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Preface
This thesis is submitted in candidacy for a PhD degree from the Technical University of Denmark.
The work titled “Parametric study of interior climate in electronic device enclosures and corrosion
reliability” has been carried out at the department of Mechanical Engineering, section of Materials
and Surface Engineering, under the supervision of Professor Rajan Ambat, Senior Researcher
Morten Stendahl Jellesen and Professor Jesper Hattel. The PhD project was supported in part by the
Danish Council for Independent Research Technology and Production Sciences through the ICCI
project (improved climate control inside electronic equipment) and in part by the Innovation Fund
Denmark through the IN-SPE project (innovation consortium for sustained performance of
electronics). The duration of the PhD programme was from November 2013 to November 2017.
As a part of the PhD project, a study on the humidity ingress into automotive electronic housings
has been conducted at the company Robert Bosch GmbH, Automotive Electronics, in Reutlingen,
Germany, where the work was carried out under the supervision of Lutz Müller, senior expert for
corrosion and chemistry of materials (from October to December 2015).
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Abstract
The current PhD work is supported in part by the Danish Council for Independent Research,
Technology and Production Sciences through the ICCI (improved climate control inside electronic
equipment) project and in part by the Innovation Fund Denmark through the IN-SPE (innovation
consortium for sustained performance of electronics) project at DTU. The aim of this project is to
obtain a deeper understanding and improvement of climatic reliability of electronic devices by
performing parametric studies of interior climate in electronic enclosures.
Electronic control systems are used in all sorts of modern technological devices be it outside
or indoors. Uncontrolled local climate inside the enclosures for these systems causes several
humidity related failures, especially on the printed circuit board assemblies (PCBAs) placed inside.
This PhD project focusses on detailed parametric studies of the influencing factors, such as outdoor
climatic profiles and enclosure design, but also of humidity control solutions and materials and
corrosion humidity related failures.
Paper 1 focusses on printed circuit board surface finish and effects of chloride contamination,
electric field, and humidity on corrosion reliability. Papers 2 and 3 are related to the contamination
profile on typical PCBAs caused by soldering processes, and on the decomposition of no-clean
solder flux systems and their effects on the corrosion reliability of electronics. Paper 4 concerns
water absorption in electronic materials such as PCBA laminates and solder masks, while Paper 5
focusses on the humidity build-up in typical electronic enclosures exposed to constant conditions,
investigating the effect of parameters such as hole size, hole shape, casing material, and the resistorcapacitor (RC) approach for modelling was attempted. Paper 6 is a study of the humidity build-up
in a typical electronic enclosure exposed to cycling conditions and studies the effect on corrosion
reliability specifically investigating the “pumping effect” due to delay in temperature change in
presence of heavy thermal mass. Paper 7 is about the study carried out during external research stay
at Robert Bosch, Germany and concerns the dynamics of moisture ingress in first and second level
electronic housings with in-situ measurement of T and RH in an epoxy mold compound. Paper 8 is
a study of climate profiling of different geographical locations, with RC modelling of humidity
build-up in electronic enclosures and their reliability prediction. Paper 9 concerns the use of
desiccant as a humidity control in electronic enclosures.
Overall, the investigations clearly showed the importance of the presence of contamination
of flux residues and sodium chloride on the surface of the PCBAs, which will reduce the humidity
thresholds at which failures (corrosion and electrochemical migration) appear on the PCBAs. The
solder mask material absorbs more moisture than the laminates of the PCBAs, however the
presence of moisture in laminate as well as solder mask material will increase the dielectric
properties and can create voids and blisters during the reflow soldering process.
The moisture ingress into the electronic enclosures will arise by any presence of leaks or
cracks in the casing walls, while diffusion and solubility of the polymeric casing material have to be
considered, especially when exposed to cyclic conditions. Electronic products are used in varying
geographical locations, where climate conditions can be very different, and the moisture inside a
fully hermetic polymeric enclosure can reach a saturation level in few weeks due to temperature
change. The presence of thermal mass inside the device can also act as a site for local humidity
build-up due to its high thermal capacity, and enhances the moisture uptake inside the electronic
device. Due to their high ability to absorb water, desiccant can be used as humidity control inside
electronic enclosures, but a regeneration process is needed in order to avoid desiccant water
saturation and even humidity increase in inside the enclosures.
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Dansk resume
Dette ph.d.- arbejde, støttet af Det Frie Forskningsråd, Teknologi og Produktion via projektet
”Improved climate control inside electronic equipment (ICCI)” og af ”Innovationskonsortiet for
pålidelig elektronik” (IN-SPE) har til formål at opnå en øget forståelse af klimatiske påvirkninger
på elektroniks pålidelighed. Primært fokuseres der på veldefinerede undersøgelser af det interne
klima i kabinetter til indkapsling af elektronik. Elektronik anvendes som styresystemer i mange
anvendelser og kabinetter med elektronik kan være placeret inde såvel som udendørs. Et
ukontrolleret klima inde i sådanne kabinetter kan forårsage fugt relaterede fejl, især på printkort.
Dette ph.d.-projekt resumerer detaljerede undersøgelser af faktorer som udendørs klimatiske
profiler, indkapslingsdesign, fugtstyringsløsninger samt materialerelaterede fejl og effekten af
temperatur og fugt på klimatisk pålidelighed af elektronik.
Artikel 1 fokuserer på printkort overflader og effekten af kloridforurening, elektrisk felt og
fugtighed. Artiklerne 2 og 3 er relateret til forureningsprofilen på printkort og omhandler
lodningsprocessen, dekomponering af flus systemer og deres indvirkning på elektronikkens
pålidelighed. Artikel 4 vedrører vandabsorption i materialer såsom printkort laminater og
loddemaske, mens artikel 5 fokuserer på fugt opbygning under konstante betingelser inde i
elektronik kabinetter og undersøger effekten af parametre som hulstørrelse, hulform og materialers
vandoptag. Artikel 6 beskriver en undersøgelse af fugtopbygning i en elektronik indkapsling udsat
for cykliske forhold og undersøger "pumpeffekten" på grund af forsinkelse i temperaturændring
forårsaget af termisk masse. Artikel 7 beskriver arbejde gennemført under eksternt
forskningsophold hos Robert Bosch i Tyskland og vedrører dynamikken i fugtindtag med in-situ
måling af temperatur og fugt i epoxy støbte materialer. Artikel 8 indeholder en klimaprofilering af
forskellige geografiske placeringer med modellering af fugt opbygning. Artikel 9 vedrører
anvendelse af tørremiddel som fugt kontrol i elektronik kabinetter.
Samlet set viste undersøgelserne tydeligt betydningen af forurening (flusrester eller salte) på
overfladen af printkort, hvilket vil reducere tærskelværdien hvor fejl (korrosion og elektrokemisk
migration) kan forekomme på printkort. Loddemaskematerialet absorberer mere fugt end printkort
laminat materialet og tilstedeværelsen af fugt i disse materialer kan ændre de dielektriske
egenskaber.
Fugtindholdet i indkapslet elektronik er afhængig af indkapslingsmaterialet og eventuelle
utætheder eller revner i foringsvægge. Diffusionsparametre og vandopløselighed af selve
indkapslingsmaterialet skal overvejes, især når det udsættes for cykliske betingelser. Elektronik
produkter anvendes i forskellige geografiske områder, hvor klimaforholdene kan være meget
forskellige, og fugtigheden inde i et fuldt hermetisk lukket polymer indkapsling kan nå et
mætningsniveau i løbet af få uger på grund af temperaturændring. Tilstedeværelsen af termisk
masse inde i enheden kan også fungere som et sted for lokal fugtopbygning på grund af høj termisk
kapacitet. På grund af stor evne til at absorbere vand kan tørremiddel anvendes som fugtkontrol
inde i elektroniske kabinetter, men en regenereringsproces er nødvendig for at undgå vandmætning
af tørremidlet der kan forårsage øget fugt indhold inde i kabinettet.
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Chapter 1 - Introduction

1. Introduction

1.1 Overall Objective
Electronics devices, like any other engineered products, are prone to degradation, and loss of
performance resulting in either repair or replacement. Factors such as inherent material defects in
the electronic devices, manufacturing defects occurring while processing such as mounting and
soldering onto the printed circuit board assembly (PCBA) surfaces etc. have been known to play a
major role in the device reliability. Recently, the effect of external climatic conditions such as
humidity and temperature on the performance of these devices is increasingly becoming a key
factor in design considerations due to ever-growing demand for miniaturization of electronic
devices and products, as well as energy efficiency and sustainability. Factors such as surface
contamination due to external factors, or due to residues from processing such as soldering, are
playing a vital role in the humidity related failures in electronics. In addition to this, the
combination of extreme in-service climatic conditions is aggravating the degradation processes such
as general corrosion and short circuiting due to electrochemical migration, conductive anodic
filament formation etc, leading to premature failure of electronic devices and components. In view
of this, the current PhD project was conceived as a part of the ICCI (improved climate control
inside electronic equipment) project administered by the Danish Council for Independent Research,
Technology and Production Sciences. The overall scope of the ICCI project is to study and develop
the necessary empirical and theoretical knowledge based on the synergistic use of experimental and
theoretical modelling tools to enable better design of electronic enclosures.
The objective of this PhD project has been to acquire more knowledge on the humidity buildup in electronic devices and understanding the effect of various parameters related to enclosure
design and material use, and aspects related to PCBA. This requires a detailed parametric
investigation of the influencing factors. The humidity build-up in an electronic device has direct
connection to enclosure design (casing material, openings, interior arrangement of electronic
materials, presence of thermal mass etc.), and the outdoor climatic conditions (humidity,
temperature, and cyclic climatic conditions). Figure 1.1 schematically shows two main aspects
focused in this PhD project: (i) internal humidity build-up in the electronic enclosures [1] and (ii)
effect of humidity on PCBA materials and corrosion reliability.
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Fig 1.1

Importance of local climate [1] and PCBAs cle anline s s on corros ion
re liability.

1.2 Background
1.2.1 Climatic conditions
Electronic devices and control systems are part of almost all installations, and are marketed
worldwide, exposing them to all sorts of climatic conditions, from harsh outdoor climates to more
soft indoor conditions. The effect of external climatic conditions such as humidity, temperature,
contaminants and their combinations, in addition to the variations in these parameters due to
changes in weather, day-night cycling, and device on-and off periods, play a critical role in the
performance of electronic devices, and contribute to the reliability. While high level of humidity
and harsh temperature fluctuations are harmful towards the electronic reliability, other factors such
as wind speed, solar radiation and atmospheric contaminants are also enhancing the climatic
reliability issues [2-5]. Currently, the general approach to combat the effects of external
contaminant, humidity and temperature is to use conformal coatings on PCBAs, and to place the
assemblies in a housing. However, local build-up of humidity inside these enclosures, and presence
of aggressive contaminants on assembly surfaces and exposure to varying temperatures leads to
premature failure.

1.2.2 Humidity build-up in the electronic enclosures
Protection of the electronic devices can be achieved with a good enclosure design in order to
avoid any entry of contaminant particles and to reduce the internal humidity level. While the entry
of atmospheric particulate contamination into the enclosure can be controlled to a high degree by
2
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the use of appropriate gaskets and air-filter systems [6], control of humidity inside enclosures is not
easy to attain except in hermetically sealed enclosures, which are costly and not practical as
equipment enclosures [1]. Openings are usually necessary for electrical connections and screw
locations or hinges, which provide pathway for humidity entry. Further many electronic enclosures
are made using polymeric materials that are permeable to humidity at various levels. Diffusion of
humidity is the main mechanism contributing to the attainment of moisture equilibrium between
interior and exterior humidity levels [7-8]. Placing desiccants inside the electronic device is one
way to postpone the rise and/or reduce the level of RH as they absorb moisture from the
surrounding environment. Limit of such measures is the saturation of humidity absorption by these
desiccants, which then need to be replaced or regenerated periodically. The interior arrangement,
such as presence of polymer materials or heavy thermal mass, is also contributing to local humidity
differences. Moisture can be trapped in the electronic devices during assembly, related to the water
absorption capacity of the components (e.g., foam, wadding, felt, plastic, etc.) within the packaging
system. Any abrupt changes of outdoor air temperature can lead to water release of plastic
materials, and in combination with delay in temperature changes of heavy materials, this will
contribute to high level of humidity. Therefore, the best approache to control interior moisture build
up is an improved electronic enclosure design based on scientific understanding of various involved
geometrical parameters together with a better selection of electronic materials and feasible humidity
lowering measures during product design phase.

1.2.3 Degradation of polymer materials used in electronics
Humidity related failures of polymer materials used in electronics can be due to
morphological and mechanical degradation of the materials. Absorption of water and exposure to
temperature cycles are loads on polymeric materials, and degradation such as plasticisation,
swelling, delamination, cracking can be observed in coatings [9-11], encapsulations (such as epoxy
mold compounds) [12-14], in the enclosure casing materials [1;15-16], and also in the PCBAs
laminates. During the soldering process, the moisture present inside PCBAs and solder mask will
vaporize and produce high internal pressure [17-19]. This affects the package reliability and can
lead to serious issues.

1.2.4 Water layer formation and corrosion issues
Water layer formation due to local humidity and temperature sequences inside the enclosure
can cause flash overs (leak currents) and short circuit failures due to electrochemical migration
(ECM) [20-26]. Figure 1.2 shows some of the typical humidity related failure modes on PCBAs
occurring due to uncontrolled local enclosure climate, which amount to more than 40% of the total
failures and increase rapidly due to increased outdoor exposures [27-29]. The vast majority of
failures attributed to the moisture are due to electrically conductive aqueous paths on surfaces and
interfaces. These can lead to both soft and hard failures as shown in Figure 1.2. Soft failures are
caused by the substrate resistance degradation below the tolerance of some attached components,
which are often (mis)diagnosed as no-fault-founds (NFF) and, as such, are frequently missing from
field failure data bases [27-33]. The latter are usually due to some type of corrosion process under
bias, typically electrolytic metal migration (most frequently silver on ceramic hybrid and copper in
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PCB’s) leading to electric shorts and/or open circuits. The reliability of electronics is also
compromised by the presence of contamination on the PCBAs from the atmosphere or from the
manufacturing stage (soldering process), which will reduce the critical relative humidity for water
layer formation and therefore reduce the corrosion reliability.

Fig 1.2 Typical mois ture re late d failure mode s in e le ctronics due to e xpos ure
unde r humid conditions .

1.3 Scope of the current thesis
Focus of the work in this Ph.D thesis is related to the detailed experimental understanding of
the effect of different parameters determining the humidity build-up inside electronic devices,
including the effect of hygroscopic contamination. Individual factors at various levels of electronic
device assemblies and enclosures are studied, namely:
 Cleanliness, and contamination related failure due to internal moisture, and dew point related
water layer formation (contamination profiles, hygroscopicity and aggressiveness of solder flux
residues).
 Humidity absorption by PCBA laminates and solder masks, and effect of moisture during the
reflow soldering processes (analysis of composition and internal microstructures/failures).
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Effect of enclosure material and opening in the enclosure on humidity build up inside the
electronic devices including the effect of prior absorbed humidity in the casing material.
Changes in internal humidity due to local heating or cooling inside the device, resulting from
heavy thermal mass materials or from retained or absorbed humidity from components in the
electronic assembly.
Climate profiling of different geographical locations (determination of acceleration factors) and
related internal humidity in electronic enclosures (estimation of the protection level of different
casing materials (RC simulation)).
Internal humidity control by use of desiccant with study of optimised parameters such as water
capacity of the desiccants and regeneration process (use of heat dissipated from the electronic
device).

1.4 Structure of the thesis
Figure 1.3 shows the bird view diagram of the thesis as it is presented in the following
chapters. The thesis is divided in 15 chapters. Chapters 1, 2 and 3 introduce the current thesis,
background, and available literature on various topics, and the materials and experimental methods
used. Chapter 4 is a summary of the appended papers (published or in the manuscript form), which
form the results and discussion part of the thesis. Among the appended papers, Chapter 5 shows the
synergic effect of PCB surface finish, NaCl contamination, and humidity on corrosion reliability.
Chapters 6 and 7 focuses are on solder flux residues contamination profile on PCBAs, and on the
thermal degradation of the solder fluxes and aggressiveness of the residues towards corrosion.
Chapter 8 concerns the moisture uptake of electronic materials and the effect on dielectric property
and on a reflow simulation with morphological analysis of the PCBA laminates and solder mask.
Chapters 9-11 are related to the humidity build-up in electronic enclosures, exposed to constant
(Chapter 9) and cyclic conditions with a study of the pumping effect (Chapter 10), while Chapter 11
is the study of moisture ingress in two levels of automotive housings, with in-situ humidity and
temperature measurement next to the chip (in epoxy mold compound). Chapter 12 focuses on
reliability prediction of electronics during long exposure to different climatic locations based on RC
model. Chapter 13 focusses on the use of desiccant as a humidity control. Overall discussion of the
thesis outcome and conclusions are presented in Chapters 14 and 15.
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Fig. 1.3 Structure of the Ph.D the s is .
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2. Review of Climatic Reliability of Electronic Devices

2.1 Climatic reliability of electronics and influencing factors
Corrosion reliability is a serious issue today for electronic devices, components, and
multimetallic layers on printed circuit board assembly (PCBA). Both industrial and consumer
electronics sectors experience serious corrosion reliability problems. The results are reduced life
span for their products and heavy economic loss due to failures. The electrochemical corrosion of
electronics occurs in a locally formed aqueous environment on a PCBA due to the co-existence of
three factors namely: (i) potential bias, (ii) metals/alloys and (iii) humid environment. Presence of
contamination such as hygroscopic solder flux residues will absorb water at relatively low levels of
humidity and will increase the conductivity of the formed electrolyte, therefore accelerating the
corrosion process (Fig. 2.1).

Potential bias

Contamination

Corrosion

Leak current
Harsh climatic
conditions
Humidity

Fig. 2.1.

Metals and
alloys
Multi materials
combination

Parame te rs promoting e le ctronic corros ion on PCBAs .

Using an integrated approach to the corrosion reliability of electronic devices, better reliability can
be achieved by combining number factors at material, component, PCBA and device levels, such as
a better choice of materials, improving the cleanliness, and attenuating the environmental loads by
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better electronic enclosure design [1-3]. All single factors individually and combinedly add to
corrosion reliability depending on the type of problems involved.
Cleanliness is an important aspect regarding the electronic reliability. Ionic residues present
on PCB surfaces can arise from soldering process [4-7] or from the PCB manufacturing process [89], while the residues from service conditions depend on the type of electronic device. The ionic
residues can be hygroscopic, resulting in lowering the critical relative humidity (cRH) level for the
water layer build-up through the process of deliquescence of contamination, while the dissolution of
the residue into the water layer increases its ability for current conduction. This introduces the first
level of reliability problem as the increased levels of leak current between the closely spaced and
oppositely biased terminals on the PCBA interfere with the functionality of the device [6-7;10].
Therefore the water layer formation and resulting surface insulation reduction have close
connection to ionic residues on the board and interior humidity level in the device.
Some degree of isolation of the electronic device structure from the outside environment is
required and is provided by the use of protective or passivating films and by packaging [11]. The
protection of the electronic products against harsh environments highly depends on the enclosure
design concept, as well as the whole interior geometrical arrangements of parts, which will
influence the internal humidity. Some examples are: (i) type of casing materials, (ii) openings in the
enclosure (input-output ports for electrical connections, hinges, screws and so forth), (iii)
geometrical arrangement of PCBA, (iv) presence of thermally heavy components, (v) air flow, etc.
Nevertheless, relatively little knowledge exists on how to design for robustness and how to predict
lifetime for electronics in moist environments and in condensing applications. But through design,
packaging, and environmental control, many corrosive interactions can be minimized or eliminated.
More detailed knowledge and understanding of the climatic environmental load, of the specific
local humidity and condensing conditions inside electronic enclosures, and their effects on
performances degradation of electronic devices and on the packaging materials themselves are very
important.
This chapter focusses on the importance of enclosure design controlling internal humidity.
Available information of the importance of humidity and related electronic reliability has been
reviewed, as well as the importance of external climates on electronic materials degradation
(plasticisation, micro-cracking etc.) and on electronic device failure. This review also presents the
different approaches regarding enclosures design and geometry, to mitigate the moisture ingress and
local condensation formation, and literature on the modelling temperature and moisture profiles into
electronic enclosures.

2.2 Fault in electronic devices and climate relationship
Products reliability is one of the key factors for electronic manufacturers. Electronic
components can fail in various stages of applications due to defects in design or materials used, or
the failures could be due to defects in manufacturing or environmental conditions. Some failures
can be observed during the use of the products. The Reliawind project [12] has investigated the
failure distribution among power electronic components. It was found that components (capacitors
and semiconductors) are the most vulnerable. The investigation conducted by the U.S. Air Force
Avionics Integrity Program in 1980s on the three major stressors (temperature, vibration, and
humidity) that directly or indirectly induce failure in power electronic components, reached the
conclusion shown in ZVEI association publication [13] that the climate (temperature and humidity)
is the most dominant stressor. Wang et al. [14] have summarized these surveys as shown in Figure
2.2.
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shock
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and dust
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Humidity /
moisture
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Temperature,
steady state and
cyclical
55%

b.

Fig. 2.2.
Surve ys on failure s in powe r e le ctronic s ys te ms . a) failure
dis tributio n among major compone nts , b) s ource of s tre s s dis tribution for failure s
(Wang e t al., 2013 [14]).

Jones et al. [15] have collected number of field-failure information over a 10 years period
from leading British and Danish electronic manufacturing companies in 1997. The diagram in
Figure 2.3 represents the field return failure categories, and it has been found that in approximately
45% of the cases, no component failure can be identified when a failure event is analysed. This
occurrence of a failure without an identifiable root cause is known as a no fault found (NFF). It is a
possibility that many of these NFF reported can be due to severe climate condition during service
life of the electronic product, however as the product is analysed in less stressful laboratory climate
conditions, the failure is no longer reappearing (e.g. leakage current failures for example). This can
typically due to the evaporation of the water layer without leaving any traces of corrosion between
points.
Vichare and Pecht [16], Qi et al. [17], Moffat et al. [18] and Khan et al. [19] reviewed the
possible causes and effects for NFF observations and intermittent failures in electronic products and
systems. They reached the similar conclusion on failures in power electronic systems that among
the major causes categorized, the environmental conditions (temperature, moisture, chemicals) are
major feasible causes of NFF failures. The system design (electrical and mechanical), operator
handling (ergonomics, training) and ageing and damaged components (interconnect failures, PCB,
disconnected solder points, damaged wiring or cabling) are among the other causes for NFF
observations.
This shows that a majority of electronic failures are due to the environmental conditions,
especially due to the temperature and humidity loads on the PCBs and components. Therefore
detailed understanding on the humidity build up inside the electronic devices and failures modes
caused on PCBA surface is an important factor.
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Fig. 2.3.

Fie ld re turn failure cate gorie s of company A in a ye ar (Jone s e t al.,
2001 [15]).

2.3 Humidity related failure mechanisms
2.3.1 Structural degradation of polymer materials
Polymer materials used for electronics such as PCBA laminate materials are susceptible to
moisture absorption, which can lead to various reliability issues. One type of structural degradation
of the electronic packages upon humidity exposure is referred as the “popcorn failure” [20-22]. The
condensed moisture present inside PCBAs, during exposure to factory environmental conditions,
will vaporize and produce high pressure inside the laminate during the soldering process. PCBAs
are placed in a reflow oven in which the peak temperature ranges typically from 220 to 260 ˚C,
which is above the glass transition temperature of the laminate materials. As a result, delamination
may occur due to the combined effects of thermo-mechanical stresses, hygroscopic stresses, vapor
pressure, material softening, and adhesion degradation.
Another moisture-induced failure mechanism concerns the package reliability during a
lifelong service period under humid environmental conditions [20], which results in swelling of
polymer materials upon moisture absorption. Hygroscopic swelling creates dimensional changes in
materials where hygroscopic stresses are induced. In addition, aging effect becomes a concern for a
long-period exposure to humidity conditions, where delamination may take place along the weaker
interfaces to cause electrical failures of devices.
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2.3.2

Corrosion related failure modes

Another type of moisture-assisted failure is due to corrosion in the presence of both electrical
bias and moisture. Some of the important failure modes are leak current (LC) issues,
electrochemical migration (ECM), and conductive anodic filament (CAF) formation [7;10;23-25],
while gas phase corrosion is also promoted by humidity. There are many other corrosion failure
modes such as galvanic corrosion and fretting corrosion, however they are beyond the scope of the
present thesis.
2.3.2.1 Surface insulation resistance (SIR) issues or leak current failures
Leakage current is the term used for current passage between conducting points on a PCB,
and the basic phenomenon is that current is ‘leaked’ from a conductor and travels along various
conductive paths to an opposite conductor. Under humid environment, conduction path is the water
layer acting as the electrolyte layer for current conduction. The current is conducted by electrons in
the metallic parts of the system and by ions in the surrounding environment between adjacent
conductors after a charge-transfer process at the electrode surface due to faradic reactions causing
corrosion of involved electrodes. Under dry conditions, current leaking will normally not be an
issue for electronic PCBs, because the resistivity of the surrounding dielectric material is high
enough to prevent any significant conduction of current. However, in humid conditions, the
resistivity of especially the surface of the PCBs can be severely decreased due to the formation of a
water layer with dissolved ionic residues. This parasitic current through the water layer can interfere
with the functioning of the circuitry or the output signal of the electronic product. The electrical
leakage failures differ from corrosion, in the sense that the failures may occur without any
significant chemical or physical change of the failed circuit, making them extremely hard to detect.
In field-conditions, currents stray off due to high humidity and condensed moisture can result in
failure, while they would not appear with subsequent testing under other laboratory conditions.
A large number of reports in literature have studied the effect of solder flux residues on SIR
[5-7;10;26-32], where the effect of the amount and type of the solder flux combined with
temperature and humidity are investigated. Conformal coating protection has been determined by
the measurement of current leakage on coated SIR PCBs [23;25;33-36]. Verdingovas et al. [7]
showed that solder flux systems are characterized by different threshold RHs, above which a sudden
decrease in SIR by 2-4 orders of magnitude was observed, attributed to the hygroscopic properties
of WOAs in the flux. Figure 2.4 shows SIR measurements of different flux systems [7]. At low
humidity levels, the flux residues were characterized by high values of SIR, corresponding to
leakage currents as low as µA. The reduction of the resistance of the water layer on the test PCB
below 100 MΩ corresponded to the threshold for ECM (equivalent to current level of 0.1476 mA).
This limit is referred to as SIR failure in IPC J-STD-004 (IPC J-STD-004B Requirements for
Soldering Fluxes, 2008) and IPC-TM-650 (IPC-TM-650 Test Methods Manual, 2.6.3.3 Surface
Insulation Resistance, Fluxes, 2004).
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Fig. 2.4.

SIR from le akage curre nt me as ure me nts at 10 V DC of diffe re nt flux
s ys te ms (Ve rdingovas e t al., 2015 [7]).

2.3.2.2 Electrochemical migration
Electrochemical migration (ECM) occurs when two oppositely biased and closely spaced
electrodes are connected by an aqueous electrolyte. The two biased points could be a pair of
exposed conduction lines, legs of components or two electrodes on a bipolar component (resistor or
capacitor) on a PCBA, on which a layer of water has developed (Fig. 2.5) [37]. During ECM, metal
ions are dissolved into the solution layer from the anode (due to corrosion reactions) and migrate
towards the negatively charged cathode due to the effect of high electric field, where they can be
deposited in the form of a dendrite depending on the local chemistry of the solution [38]. Whether a
specific metal ion deposit on the cathode or not depends on the stability of the ion in the aqueous
solution and local chemistries generated between the electrodes at high potential levels. Therefore,
only few metals are susceptible to ECM such as Sn, Pb, Cu, Ag, Au etc., while other metals just
precipitate as hydroxides or other compounds as corrosion products. The dendrites formed by ECM
are fragile and may be destroyed by oxidation, changes in surface tension during moisture
absorption, drying, cooling or heating, or burned if the current is sufficiently large. As a result,
leakage short circuits created by dendrites tend to be intermittent and are difficult to find during the
failure analysis of the products.
Minzari et al. [37;39] have studied the ECM of tin on electronics components. They
determined that the complex mechanism of ECM of tin is due to the formation of strong pH
gradients within the micro-volume of the electrolyte due to the electrode reactions involving
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dissociation of water and hydrolysis of the tin ions. This produced hydrogen ions creating an acidic
pH at the anode extending toward the cathode, while the opposite happened at the cathode (alkaline
pH) due to cathodic dissociation of water producing hydroxyl ions. Therefore, the tin ions could
exist in all different forms in the solution (Sn2+/Sn4+ ions, stannate ions and Sn(OH)4 ) depending on
the pH and tin ion concentration on the component surface, and this would determine the
composition of the dendrite. Resistance of the dendrite and therefore the shorting current varied
with (i) the chemistry of the solution that determines the stability of tin ions and (ii) bias voltage
which determines the amount of tin dissolution into the micro-volumes of environment.
Other literatures studied the effect of surface finish on PCBs and different solder alloys
composition on ECM formation, by water droplet test and thermal humidity bias, where effect of
surface contamination such as NaCl and solder flux residues are studied [5;40-45].

a.

b.

Fig. 2.5.
Example of ECM on a ce ramic chip re s is tor: a) SEM image of the
de ndrite -anode contact point and b) optical micros copy image s howing the whole
de ndrite . (Th e cath ode i s on th e ri gh t an d th e an ode i s on th e l e ft ) (M inzari e t al., 2011 [37]).

2.3.2.3 Conductive anodic filament formation
Conductive anodic filament (CAF) formation is a phenomenon which occurs in sub-surface of
PCB, associated with glass fibres/epoxy resin interface. Figure 2.6 shows examples of CAF
formation paths in PCBs [46] and shows a conductive filament bridging two conductors [17]. In
CAF, the filament is composed of metallic salt unlike deposited metal atoms for the dendritic
growth. The formation of CAF can be defined as a two-step process namely [47]: (i) degradation of
the epoxy/glass interface, which will create a path for migration of the copper-conductive filament
and (ii) the absorbed water at these locations providing an aqueous medium for electrochemical
reactions on Cu conductors. During CAF formation, the hydrolysis of water generates a pH gradient
between the anode and the cathode, and due to the pH drop at the anode, the Cu corrosion products
become soluble. This makes the corrosion product to deposit and moves through the weak openings
in the laminate from the anode to the cathode. The conductive filament can bridge two conductors
and lead to intermittent electrical short and then burn out due to a high current passing through the
filament (similar to the burning of the fuse wire). The conductive filament can then reform again.
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These intermittent phenomena tend to be diagnosed as NFF or cannot duplicate (CND) failures
[17].
Studies from literature showed that factors affecting the CAF reliability are (i) the packing
substrate material, i.e. the type of PCB laminate and epoxy/glass bonding, (ii) the spacing between
two conductors sites, (iii) the presence of ionic contaminants , (iv) the RH level and (v) the voltage
applied [46-53].

a.
Fig. 2.6.

b.

Example of CAF: a) illus tration of CAF formation paths (Caputo e t
al. 2010 [46], and b) SEM image of CAF (Qi e t al., 2008 [17]).

2.3.2.4 Gas phase corrosion
Various gases such as sulphur gases, ozone, ammonia, etc., can cause corrosion of various
parts on a PCBA depending on the surface finish, especially on silver and copper conduction lines.
In humid conditions, gases can dissolve into the water layer generating various acid species,
therefore presence of gases in the surrounding environment can lead to chemical corrosion and
electrochemical corrosion in presence of moisture. Figure 2.7 shows silver sulphide dendrites on
silver conduction lines surfaces [54]. Silver forms silver sulphide by the reaction [55]:
1

2Ag + HS- → Ag2 S + 2 H2 (g)

(2.1)

This reaction is not dependent on the presence of water, however the presence of water is known to
dramatically increase the speed of reaction [54]. Schueller et al. [56] studied the creep corrosion of
copper on PCBs in high sulphur environments, where Cu2 S has been formed in a layer of moisture
on the PCB surface and has precipitated out of solution as it formed (since Cu2 S is insoluble in
water). Rice et al. [57] have shown that the rate of Cu2 S growth increases exponentially with
increasing RH while Ag2 S grows at the same rate regardless of RH.
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a.

b.

Fig. 2.7.
Example of corros ion of s ilve r conduction line s on a hybrid PCBA
e xpos e d to pig farm conditions with H 2 S a) optical micros copy and b) SEM image
(M inzari e t al., 2011 [54]).

2.4 Fundamentals of water and moisture sorption into materials and surfaces
Moisture, in all its states (liquid, solid, vapor and adsorbed states or phases) is a molecule
with two positively charged hydrogen atoms, and one negatively charged oxygen atom: H 2 O. Water
molecules have the property to hydrate ionic species and dissolve ionic and polar molecules. Water
has the ability to form hydrogen bonds, by cohesion (interaction between water molecules) and by
adhesion (interaction with other molecules).
The mixture of water vapor and air is characterized by the four variables: Absolute amount of water
(Χ), Temperature (T), Pressure (P), and Enthalpy (H). The ideal gas law is defined by:

p.V = m.R.T

(2.2)

where p is the absolute pressure [N·m-2 ], V is the volume of gas [m3 ], m is the mass of gas [kg], R is
the specific gas constant [J·(kg.K)-1 ] [Rwater vapour = 461.5 J·(kg.K)-1 ], and T is the absolute
temperature [K].
The total pressure in moist air (pt) is the sum of the partial pressure of dry air (pair) and the partial
pressure of water vapor (pw):
pt = pair + pw

(2.3)

Each component of the air mixture is driven by the partial pressure of respective component. Even
though water vapor can move independently of air, when air is heated or cooled, the water vapor
should be considered as part of the air-vapor mixture. If air is exposed to changing temperatures, the
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air will be driven from an area of higher partial pressures to an area of lower partial pressures. One
of the components of air, water vapor, is also act upon by partial pressure. It is this natural
phenomenon which moves water vapor though the air or any porous material.

2.4.1 Absolute humidity (AH)
AH is the absolute amount of water in air. It can be defined as the mass mixing ratio
𝑔 𝑤𝑎𝑡𝑒𝑟 𝑣𝑎𝑝𝑜𝑟

(x) [ 𝑘𝑔 𝑑𝑟𝑦 𝑎𝑖𝑟 ]:
𝑀𝑟 (𝐻2𝑂)

x =

1000.

𝑀𝑟

𝑝

𝑤
.
(𝑎𝑖𝑟) 𝑃−𝑝

(2.4)

𝑤

where Mr is the molecular mass [18 and 29 g·mol-1 for water and air respectively], pw is the water
vapor pressure, and P is the absolute pressure.
Generally AH is defined as the total mass of water vapor (𝑚 𝐻2𝑂 ) [g] present in a given volume of
air (𝑉𝑎𝑖𝑟) [m3 ]:

AH =

𝑚𝐻2𝑂

(2.5)

𝑉𝑎𝑖𝑟

AH does not take temperature into consideration, and is expressed in [g·m-3 ]. Figure 2.8 shows the
amount of moisture content at saturation as a function of temperature.
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Fig. 2.8.

M ois ture conte nt at s aturation at various te mpe rature s
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2.4.2 Relative humidity (RH)
RH is the actual pressure of water vapor expressed as a percentage of the saturated vapor
pressure, therefore it depends on temperature and the air pressure. It requires less water vapor to
attain a specific RH at low temperatures, while the amount of water vapour required for a specific
RH increases with temperature. By definition, RH is always less than 100%.

RH =

𝑝𝑤
𝑝0

. 100

(2.6)

where 𝑝𝑤 is the actual water vapor pressure and 𝑝0 is the saturation water vapor pressure.

2.4.3 Dew point (DP)
Any drop of temperature below the DP temperature will lead to condensation (presence of
liquid water). By definition, the DP temperature is always less than the actual air temperature, and
condensation will take place on surfaces at or below the DP temperature [58].
The Mollier diagram (Fig. 2.9) shows the relation between the temperature and water vapour
content of air. The saturation line i.e. 100% RH, is the point where liquid water and water vapor are
in equilibrium, which means rate of evaporation is equal to rate of condensation. This temperature
is referred as DP. Since the RH cannot exceed 100%, if the temperature drops below DP, air will
give up moisture in the form of condensation.

Fig. 2.9.

M ollie r diagram s howing wate r vapour-te mpe rat ure re lations hip.
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From Figure 2.9, the difference between a relative moisture scale and an absolute moisture
scale can be observed. Let us assume room air conditions of 25 °C and 60% RH. The amount of
water vapor in the air under this condition is 0.012 kg/kg. If the temperature increases to 40 °C, RH
will drop to 27% even though the amount of moisture by volume remains at 0.012 kg/kg. RH
changes when the temperature changes, while AH changes only when water vapor is added or
removed from the atmosphere.

2.4.4 Water activity (aw)
The water activity (aw) describes the equilibrium amount of water available for hydration of a
material. It is a dimensionless number, comprised between 0 and 1. Water activity is the ratio of the
vapor pressure of water in a material (𝑃𝑤 ) to the vapor pressure of pure water (𝑃0) at the same
temperature. When vapor and temperature equilibrium are obtained, the water activity of the sample
is equal to the relative humidity of air surrounding the sample in a sealed measurement chamber.
Multiplication of water activity by 100 gives the equilibrium relative humidity (ERH) in percent.

aw =

𝑃𝑤
𝑃0

=

𝐸𝑅𝐻 (%)

(2.7)

100

If the water content in a sample is less than the water vapor pressure over the sample, i.e. if aw <
RH, the sample will absorb moisture, while if aw > RH, the sample will release moisture.

2.4.5 Electrical property of water
2.4.5.1 Resistivity of water
The self-ionization of water is expressed by the general equilibrium:
H2 O ⇋ H+ + OH-

(2.8)

The conductivity and resistivity of water due to the mobility of hydrogen and hydroxyl ions is given
by [59]:
+

−

𝜅(𝑇) = 10−3 𝑑 (𝜆𝜊𝐻 + 𝜆𝜊𝑂𝐻 ). (𝐾𝑤 )0.5

(2.9)

−6
𝜌(𝑇) = 10 ⁄𝜅(𝑇)

(2.10)
+

where 𝜅(𝑇 ) is the conductivity [S·cm-1 ] at the temperature T [K], 𝑑 is the density [g·m-3 ], 𝜆𝜊𝐻 and
−
𝜆𝜊𝑂𝐻 are the limiting equivalent conductances of the hydrogen and hydroxyl ions [cm2 ·Ω-1 ·equivl
], 𝐾𝑤 is the ionization constant of water at T in molal units, and 𝜌 (𝑇 ) is the resistivity of water
[MΩ·cm] at the temperature T [K].

20

Chapter 2 - Review of Climatic Reliability of Electronic Devices

The resistivity of pure water is dependant of temperature (18.2 MΩ·cm at 25 ˚C and 4.2 MΩ·cm at
60 ˚C). The resistivity of the water is reduced in the presence of hygroscopic contaminants (Table
2.1 [60]), which depends on number of physical properties of the contaminants i.e. adsorption,
absorption, and solubility in water, ionic conductivity, and dependency of temperature [6,7,32,6162]. The resistivity change in the water film has direct connection to the reliability of electronics
due to the possibility of increased leak currents and faradaic reactions at the electrodes connected
by the water film causing corrosion failures as described before.
TABLE 2.1
RESISTIVITY (𝑀Ω. 𝑐𝑚) AT 25 ˚C OF SOLUTIONS OF
WEAK ORGANIC ACID (0.0100 𝑔. 𝑙 −1 ) AND 𝑁𝑎𝐶𝑙 (0.0156 𝑔. 𝑙 −1 ) [60]
Pure water
18.2
Adipic acid

0.11

Glutaric acid

0.27

Malic acid

0.04

Succinic acid

0.10

NaCl

0.03

2.4.5.2 Dielectric property
Typical electrical properties of electronic materials are the dielectric constant (Dk or ε’), the
loss factor (Df or ε’’), and the loss tangent (tan δ) given by:
tan δ = Df / Dk

(2.11)

The Dk determines the transmission characteristics of a PCB, and therefore important parameters
concerning the electrical circuit on a PCBA. Depending on the size of the board, Dk can influence
the signal propagation speed as well as the characteristic impedance, and introduces issues such as
cross talk in devices where this is important. The Df is related to the dielectric losses and hence the
integrity of the signal across distance. Both Dk and Df influence the extent to which energy is
absorbed from a propagating pulse by the surrounding dielectric material. The values of Dk and Df
are not constant, but vary as a function of frequency, temperature, and moisture uptake. Water
possesses a high dielectric constant (Dk) greater than most of the dielectric constants of electronic
materials (Table 2.2). Therefore water absorption into the polymers causes significant changes to
the dielectric properties. The moisture absorbed by an insulator causes a decrease in volume
resistivity and an increase in the dielectric loss tangent [63-64], which can lead to a reduction in
circuit switching speeds and to an increase in propagation delay times in PCBA laminates [65-66].
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TABLE 2.2
TYPICAL VALUES OF DIELECTRIC CONSTANT 𝐷𝐾 OF ELECTRONIC MATERIALS
Water
78.5
PCBA laminate

5.4

Solder mask

3.7

Silicon coating

2.7

Acrylic coating

2.6

Epoxy mold compound

3.9

Polycarbonate

2.9

Polyamide

2.5

2.4.6 Moisture sorption mechanisms in materials
Sorption is usually a synonym for absorption or may also be used referring to equilibrium
uptake. Absorption is the uptake of liquid or vapor by a material, while adsorption is the physical
bonding of molecules or clusters of molecules at surfaces or specific binding sites. Desorption is
then the loss of liquid or vapor from a material. Moisture refers to water in liquid and/or vapor
phase.
The critical relative humidity (cRH) is the water vapor pressure at which a material starts to
absorb significant amount of water (e.g. salt becomes deliquescent). It is also used for the RH level
where a certain change in a material occurs (e.g. transformation), while the critical water content is
the water content, which if exceeded during transport or storage may cause the onset of depreciative
phenomena such as mold, fermentation, rot, self-heating/spontaneous combustion depending on the
materials. Below the critical value, desiccation losses may occur, which can lead to fragmentation,
drying-out, or cracking.
Presuming the water vapor pressure in the atmosphere is greater than in the interior of the
material, water will be absorbed by the material by physiosorbtion (capillary condensation or weak
interactions (dipol-dipol, H-bonds)) and/or by chemisorbtion (chemical binding). The moisture
sorption behaviour is the ability of a material to absorb or release water vapour from or into the
surrounding atmosphere until a state of equilibrium is reached. The moisture sorption isotherm is a
graphic representation of the sorption behaviour of a material. It represents the relation between the
water content of a product and the RH of the ambient air (equilibrium) at a particular temperature.
A sorption isotherm can be obtained by subjecting a relatively dry material to an atmosphere
of constant RH and measuring the weight gained at equilibrium due to water and repeating this
procedure for different RH conditions. The desorption isotherm is found by placing the wet material
into an atmosphere of lower RH and then again determining its equilibrium moisture content [67].
The percentage weight gain over time 𝑋 (𝑡) in (wt .%) of a material refer to the water content (C),
which is the quantity of water contained in the material:
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X (t) =

∆𝑚 (𝑡)
𝑚0

. 100

(2.12)

where m0 [kg] is the initial weight of the sample and Δm(t) is the change of weight of the sample
[kg] after exposure for a time period t.

The water content can be relative to the dry mass (Cd ) or to the wet mass (Cw). By definition, Cd >
Cw. It is important to state if the reference is the dry substance (𝑚 0 = 𝑚 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (𝑑𝑟𝑦) ) or the
wet substance (𝑚 0 = 𝑚 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (𝑑𝑟𝑦) + 𝑚 𝑤𝑎𝑡𝑒𝑟 ).
General types of sorption isotherms are shown in Figure 2.10 and are described by Brunauer
[68]. Type I isotherms are given by microporous solids having relatively small external surfaces
(e.g. activated carbons, molecular sieve zeolites, certain porous oxides etc.). The type II is most
common for adsorbents with a wide distribution of pore sizes, in which sorption occurs through
molecular monolayer followed by the multilayer sorption. The interaction between the solid surface
and the adsorbate is strong in this case. Type III corresponds to a relatively weak gas-solid
interaction. The adsorbate does not effectively spread on the solid surface. Isotherms of this type are
not common, but there are a number of systems (e.g. nitrogen on polyethylene) which give
isotherms with gradual curvature. The types IV and V isotherms are characteristic of vapor sorption
by capillary condensation into small pores, in which the sorption reaches an asymptotic value as the
saturation pressure is approached. Type IV corresponds to porous surfaces, and is associated with
capillary condensation taking place in mesoporeus surface. The type V corresponds to small
adsorbate-adsorbant interactions with capillary condensation in porous surfaces.
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Fig. 2.10.
Clas s ification of mois ture s orption me as ure me nts (Sing e t al., 1985
[113]) a) Type I, b) Type II, c) Type III, d) Type IV and e ) Type V .

The sorption isotherms of hydrophilic polymers and desiccants like silica gel and clay can be
characterized as type II [69-70], and is shown in detail in Figure 2.11. The typical moisture sorption
isotherm can be divided into three regions depending on the state of water present. Three
mechanisms are hypothesized by which water is held by the material.
- Region A: Initially the water vapor is adsorbed in monolayer onto the outer surface of the material
including the existing pores. The water molecules are then diffused into the polymeric chain and
interact with the functional groups of polymer, which are the specific adsorption sites for the highly
polar molecules, e.g. water. This kind of adsorption is referred as ‘bounded water’ which can be
noticed at pseudo-plateau region of the isotherm before the region B.
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-Region B: Sorption occurs by condensation process via multilayer sorption which is referred as
‘free water’. This is the stage where the swelling of the polymer also occurs in a significant manner
[71].
- Region C: Excess water is present in micro-capillaries or as part of the liquid phase in high
moisture materials. It exhibits nearly all the properties of bulk water, and thus is capable of acting
as solvent.

% moisture content

Desorption

A

C

B
0

20

40

60

Sorption

80
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RH (%)
Fig. 2.11.

De tails of Type II mois ture s orption is othe rm.

A hysteresis in the multilayer range of sorption isotherms is often observed. Desorption
isotherms usually give a higher water content than sorption isotherms. Water molecules get
adsorbed layer by layer, and when molecules accumulated on two opposing walls of a pore get
close enough to each other, they collapse into a thermodynamically lower energy state. This process
is called capillary condensation. When the pressure is reduced during the desorption process, the
molecules at low energy do not tend to leave their sites, therefore a higher gradient of chemical
potential (or equivalently pressure drop) is needed to pull the adsorbed molecules out of their sites.
The molecules desorb then at lower pressure, and the gap between equilibrium sorption and
desorption pressures is the hysteresis. Another explanation is that the hysteresis is due to nonreversible structural changes of the material encountered upon sorption and desorption [initial state
of the sorbent (amorphous versus crystalline), transitions taking place during sorption], and the
speed of desorption [72].
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A PCB consists of conductive path-ways embedded in a laminate, which is a glass epoxy
composite. The laminate is composed of impregnated woven glass clothes reinforcement in an
epoxy resin. While the influence of moisture is most notably present in the epoxy matrix that
absorbs moisture when exposed to humid environments, wicking mechanism at the resin/fibre glass
interfaces due to presence of voids or cracks will enhance the moisture absorption. Moreover, the
addition of fillers increases also the number of sites for wicking and capillary action. The PCB
surface areas that should not be soldered may be covered with a polymer solder resist (solder mask)
coating. Solder mask also provides some protection from the humid environment. The surrounding
water vapor first dissolves at the surface of the solder mask or of the laminate, establishing a
chemical potential gradient within the material. Diffusion then follows under the influence of this
gradient.
- Fickian diffusion
For many polymeric resin systems, diffusion can be classified as Fickian [73-76]. The
moisture uptake with constant diffusivity follows Fick’s second law of diffusion with diffusivity D
and concentration C:
𝜕𝐶
𝜕𝑡

= 𝐷.

𝜕2 𝐶

(2.13)

𝜕𝑥2

where C is taken as a function of the distance from the centre of the plate, x, and time, t.
The water absorption process in a plane sheet exposed on both sides to the same environment (Fig.
2.12) can be expressed as [77]:
𝛥𝑚(𝑡)
𝛥𝑚∞

8

−𝐷(2𝑛+1) 2 π2 𝑡

= 1 - ∑∞
𝑛=0 (2𝑛+1) 2 (π) 2 exp (

4𝑙 2

)

(2.14)

where 𝛥𝑚(𝑡) is the change of weight of the sample [kg] after exposure for a time period t, 𝛥𝑚 ∞ is
the change of weight at equilibrium [kg], 𝑙 is the thickness of the material [m], and D is the
diffusion coefficient [m2 ·s-1 ].
The diffusion coefficient of the bulk material can be found from the slope of the initial linear part of
the moisture uptake curve together with the sample weight at saturation state. The initial stage of
moisture absorption (∆𝑚 𝑡 /∆𝑚 ∞ < 0.5) can be simplified as follows:

𝛥𝑚(𝑡 )
𝛥𝑚∞

=4(

𝐷𝑡

𝜋𝑙

1/2

)
2

(2.15)

Fickian diffusion is often observed in polymer system when the temperature is well below the glass
transition temperature (Tg) of the polymer. Therefore it expects that ∆𝑚𝑡 /∆𝑚∞ is proportional to
the square-root of time [78].
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Fig. 2.12.

Fickian s orption by a plane s he e t e xpos e d on both s ide s to the s ame
e nvironme nt (Pe cht e t al., 1999 [73]).

Henry’s law of solubility states that a linear relationship exists between the external vapor
pressure and the corresponding concentration within the surface of the plastic sheet or membrane.
The relationship is commonly extrapolated from a linear sorption isotherm. If one assumes that the
diffusion coefficient to be constant, the relationship between the diffusion coefficient, the
permeation coefficient, and the solubility coefficient simplifies to:
P = D·S
S = ρ·

∆𝑚𝑓
𝑚0

(2.16)

(2.17)

where P is the permeation coefficient [kg·(m·s)-1 ], D is the diffusion coefficient [m2 ·s-1 ] and S is the
solubility coefficient [kg·m-3 ], ρ is the volumetric mass density [kg.m-3 ], 𝑚 0 and ∆𝑚𝑓 are the initial
mass and the final mass gain of the laminate [kg].

- Non-Fickian systems
Other mechanisms have been established for diffusion phenomenon. The dual stage diffusion
model for both absorption and desorption processes, i.e., Fickian and non-Fickian process, have
been studied [77;79-81]. For absorption, the Fickian diffusion is dominant in the beginning of
process, where the water molecules from the environment migrate to the microscopic pores or voids
in the material to achieve concentration equilibrium. The non-Fickian mechanism plays a large role
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with increasing time, where the water molecules become chemically bonded to the polymer chains
of hydroxyl groups and where a significant swelling of the material by the penetrant can be
observed. After long exposure times, this becomes an irreversible process. The total weight gain (m)
at time (t) may be expressed as the linear superposition of these contributions:
𝑚 (𝑡) = 𝑚 𝐹 (t) + 𝑚 𝑅 (t)

(2.18)

where 𝑚 𝐹 (t) is governed by Fick´s law and 𝑚 𝑅 (t) results from polymer relaxations.

relative mass uptake [kg.kg-1]

Figure 2.13 shows the general appearance of a “two-stage” sorption. ∆𝑚 𝑡 /∆𝑚∞ = 1 for the
(fictious) Fickian saturation level.

1

(time)1/2
Fig. 2.13.

Typical two-s tage abs orption curve (Van de r We l e t al., 1999 [114]).

The level of water absorption in laminates as a function of different temperature and humidity
exposure, and as a function of the thickness and types of laminates, have been determined [73;8183]. It was found that the moisture equilibrium level, 𝛥𝑚 ∞ , that is the level at which the moisture
content of the laminate is in equilibrium with its surroundings, depends only on RH, while 𝛥𝑚 ∞ is
generally assumed to be independent of temperature. However, the time for the water content of the
laminate to reach 𝛥𝑚 ∞ is temperature-dependent. Zecha et al. [83] studied the anisotropic diffusion
behaviour inside PCB laminates, and found that the diffusion in in-plane direction turns out to be
much faster than perpendicular. This is caused by the orientation of the reinforcing fabric in the
PCB laminates.
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Mostly, the absorption of water in laminates is determined by thermogravimetry sorption test,
while Pecht et al. [73] proposed a method by capacitance monitoring for in situ evaluation of the
moisture content in laminate. The technique involves attaching a conducting plate to a laminate to
simulate a parallel-plate electrical capacitor, where the capacitance of the dielectric material
(laminate) increases with respect to the amount of water absorbed. The limitation of the technique is
the impermeable barrier to moisture ingress from the metal copper foil of the capacitor plate. Ma et
al. [63] and Lu et al. [64] studied the dependence of dielectric constant and dissipation factor on the
moisture content of laminates, where the measurements are taken at regular interval during the
humidity exposure. They showed that the changes of the dielectric constant and dissipation factor of
the PCB laminate were linearly proportional to the moisture content.
Some examples of diffusion coefficients as a function of temperature, humidity and type of
laminates are listed in the Table 2.3.

TABLE 2.3
DIFFUSION COEFFICIENTS (D) (𝑆𝑜𝑜𝑑 𝑒𝑡 𝑎𝑙. , 2011 [75])
Average D (10-8 ) cm2 ·s-1
Laminate

50˚C / 50%
RH

50˚C / 85%
RH

85˚C / 50%
RH

85˚C / 85%
RH

FR4 a

0.74

0.99

3.22

2.27

FR4 b

0.82

1.23

2.74

0.93

HTFR4

0.64

0.97

1.06

1.02

PI a

3.30

1.64

8.17

4.65

PI b

1.24

1.24

4.33

2.74

CE

3.44

2.91

11.17

5.75

BT

1.22

1.65

4.75

3.03

Flame Retardant (FR), High Temperature Flame Retardant (HTFR), Polyimide (PI), Cyanate ester
(CE), Bismaleimide triazine (BT) are different types of laminate´s resins.

2.5 Importance of external climate on electronic device failure
Depending on the specific geographically locations, electronic devices will be exposed to
various climate conditions. The temperature and humidity conditions and the occurrence of
condensation on critical parts are important factors for the electronic reliability, and can explain the
environmental loads at the installation location and the consequential failure mechanisms during the
usage in the field. Dry and clean conditions are essential for a good reliability of electronic
products. Minimizing the humidity level and avoiding the entry of air pollutants such as CO, SO 2 ,
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H2 S, NO X, O 3 , etc. and fine particles (hygroscopic dusts) in the electronic devices are major
concerns, while the cleanliness of the electronic PCBA surfaces related to the manufacturing
processes is another issue. Presence of hygroscopic dust/residues on PCBs results and/or accelerates
the electronic failure. More details on this are presented in section 2.6. Other environmental factors
affecting the corrosion and faults of electronic devices have also to be taken in consideration by
McKay [84] and Hienonen et al. [85]. They have established some recommendations regarding the
protection of electronic enclosures from environmental exposure:
- Minimize the temperature fluctuation: High temperatures and temperature cycling are loads
that limit life time, e.g. instant over-temperature failure and fatigue failures. Fluctuation in
temperature profile with humidity can lead to condensation due to the possibility of materials
surface temperature falling below the dew point.
- Avoid excessive ventilation: It can increase the proliferation of the contamination from
outdoor and/or elevates moisture level. The contamination coming from outside can be hygroscopic,
which can increase the water absorption to the PCBA surface.
- Protect against sunshine and solar radiation: The heating on one side of the device can make
water condense on the cold side. Moreover, the solar radiation (ultraviolet) has great significance
for the corrosion (decay) of the outdoor surfaces of the polymer enclosures.
- Protect against night-time radiation of the sky: The enclosure surface pointing towards a
cold sky cools effectively and creates a condensation/frost risk.
- Protect against the rain, snow and ice: The rain can penetrate into the device due to strong
air/water pressure. Moreover the temperature of the rain can cool the devices.
- Protect against any water dripping: The presence of liquid water in the electronic device can
lead to leak current and electronic failures.
- Protect against wind: The temperatures and wind speeds have a significant effect on heat
transfer between the enclosure surfaces and their surroundings.
The climates to which the electronic enclosures are exposed also vary throughout the year
depending on the geographical locations. The monthly average temperatures during the year of
2007 in Cairo, Egypt, and in Copenhagen, Denmark, are illustrated in Figure 2.14. They are
qualified as hyper-arid and humid areas respectively according to the global humidity index (based
on a ratio of annual precipitation and potential evapotranspiration and follows the classification
used in a 1984 UNESCO study) [86].
The temperature differences between the DP and the surrounding air are extremely high in
hyper-arid zone (annual average ∆𝑇𝐷𝑃−𝑇 of -23 ˚C) and extremely low in humid zone (annual
average ∆𝑇𝐷𝑃−𝑇 of -2 ˚C), meaning that the temperature difference required for condensation is very
low in humid zones. This is due to the different level of humidity in these locations (about 24% RH
in Cairo and about 89% RH in Copenhagen in yearly average). This shows that in humid areas, a
water layer is more likely to form as soon as the surface temperature of the electronic material lacks
of few degrees Celsius. High temperatures and low levels of RH lead to low AH levels in hyper-arid
areas, therefore higher values of cooling are necessary to reach the DP.
However, consideration should also be given to temperature fluctuations, e.g. upper and lower
climate values. In these examples, the temperature change is very high in Cairo (ΔT up to 30 ˚C),
indicating a difference between worst-case and average conditions. The electronic products are
exposed to a high load of temperature fluctuations, which can lead to fatigue failures as mentioned
previously. Moreover, when the temperature and humidity rise quickly, there is a lag of temperature
difference between the electronic material surfaces and air because of their different heat capacity,
dewdrops can condense on the surface of the materials if its temperature becomes lower than the DP
of the surrounding moist air.
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Te mpe rature s during the ye ar of 2007 a) in Cairo, Egypt, and b)
Cope nhage n, De nmark, (Global s urface archive s ).
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The temperature difference required for condensation between a metal surface and the air on
various RH and temperatures of the surrounding air is shown in Figure 2.15 (Hienonen et al. [85]).
The absolute volume of saturated vapor in moist air increases with temperature rising, the more the
temperature and RH increase, the smaller the temperature difference for DP becomes [87]. For
example, at 80% RH, condensation takes place on surfaces only 2-6 ˚C cooler than the air. At a
30% RH, water condenses on surfaces 14-28 ˚C cooler than the air. Electronic products generate
their own heat during on time, therefore internal temperature can rise up to 80 ˚C. The circles in
Figure 2.15 show the most typical internal climates of a device: 70 ˚C / 10% RH, 50 ˚C / 30% RH,
20 ˚C / 50% RH and 5 ˚C / 80% RH. This shows that high internal temperature leads to low internal
RH level, where condensation is prevented, while at a level of 80% RH inside the devices, a drop of
only 3 ˚C leads to condensation.
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Fig. 2.15.

Te mpe rature diffe re nce of the s urface of the de vice re lative to air at
de w point condition (Hie none n e t al., 2007 [85]).

Temperature and humidity variations inside electronic enclosures placed outdoor is an
important aspect, therefore the ratio between day and night time duration should also been
considered. Jahkonen et al. [88] presented the average monthly night durations at different locations
(Sweden, Denmark, Japan and Singapore) (Fig. 2.16) and showed that the night durations are very
different according to the latitudes. It can been observed that in Sweden, the average night duration
varies a lot during the year, from about only 1 h in June, and up to 20 h in December. In opposite, in
Singapore, the average night duration is constant over the year, around 12 h. The combination of
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cold nights and power on during day time with many exothermic power components results in high
temperature variations during short time periods. Besides risk of condensation this also contributes
to the ‘breathing effect’ of the electronic enclosures, which is the transport of water vapor due to
changes in either air temperature or air pressure, changes rising the natural convection [89].
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Fig. 2.16.

Ave rage monthly night durations at diffe re nt latitude s ( Jahkone n e t
al., 2013 [88]).

Local condensation can even occur in indoor enclosures. The indoor air has the same AH as
the outdoor air and follows the same humidity changes (Fig. 2.17), even if the building is air
conditioned [90]. The temperature related RH difference between the outdoor and indoor air does
not influence the moisture ingress rate (the temperature difference will influence diffusion
coefficients and permeability). On the other hand, the relative stability of the indoor air temperature
should render condensation and failure less likely.
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Indoor and outdoor de w point variation in a data ce nte r (Schappe rt
e t al., 2012 [90]).

Jahkonen et al. [88] have studied the effects of temperatures and wind speeds on heat transfer
between the enclosure surfaces and their surroundings. Wind speed is, on average, at a measurable
speed above 0 m/s over 90% of the time, suggesting that its effect on convective cooling of outdoor
electronic enclosures should not be neglected. McKay [84] has observed that in the case of better
thermal spreading within the enclosure, higher wind speeds lead to better convective heat transfer.
During winter, when the enclosure temperatures are lower, the effects of wind speed are less
significant.
Force convection is also a common mechanism due to the cooling of electrical and electronic
equipments by the use of vents or exhaust fans, etc., while natural convection happens also with
partial openings and/or heat sources in indoor locations [91]. This will interfere with the mass flow
rate, therefore creating a humidity gradient in the electronic devices.

2.6 Laminate surface morphology and importance of cleanliness on electronic reliability
The surface morphology of the electronic materials (such as polymer, laminate, or solder
mask) influences the water film formation due to the presence of porosity and roughness acting as
capillaries for adsorption and absorption of water. A rough solder mask can increase the chance for
short distance continuous water layer formation (Fig. 2.18). Compared to a smooth solder mask,
less time is needed for connection between biased points by coalescing fine droplets of water under
near and fully condensing conditions. This is an important factor as the water layer build up on a
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PCBA surface occurs only for short time under conductive climatic conditions, where a
discontinuous water layer can stop LC and subsequent failures, for example. Therefore the solder
mask surface morphology (which depends on the composition of the solder mask such as fillers and
application methods) is an important factor [92-93] in determining the corrosion reliability of
PCBA.

Fig. 2.18.

Sche matic s howing the e ffe ct of s urface roughne s s on wate r film
formation unde r conde ns ing conditions .

While a number of service-related contamination can settle on the PCBA surface depending
on the conditions to which it is exposed (corrosive gases, coarse and fine particles [94]), the
process-related residues (contamination) on the PCB surfaces resulting from all stages of the
manufacturing process (starting from the base PCB production to the components mounting,
soldering, inspection and testing, device assembly, and packing) can already compromise the
electronic reliability when combined with the exposure to humidity. Condensation of water on a
surface will occur, when a critical RH (cRH) threshold value for the specific surface is reached. For
clean non-hydrophilic surfaces, this value will be almost 100% RH, but for contaminated surfaces,
it can be much less, because hygroscopic substances will act as moisture trapping agents (cRH for
NaCl is 75% and for CaCl2 30%) [95]. A continuous moisture film between the biased conductors is
a prerequisite for corrosion failure modes on a PCBA surface such as leak current [surface
insulation reduction (SIR)], ECM, or other modes. Effect will increase with increase in thickness of
the water layer. So lowering of the cRH value through the presence of hygroscopic contamination
will highly increase the susceptibility of migration-induced failure by increasing the susceptibility
for moisture condensation [41;96].
Verdingovas et al. [97] studied the effect of the level of moisture on LC and ECM on
standardized SIR pattern pre-contaminated with weak organic acids (WOAs) commonly found in
solder flux residues (100 µg·cm-2 ). The PCBs were exposed to humidity from 60% RH to 100%
RH, while the temperature was fixed at 25 °C. It has been found that the increase of humidity
resulted in increase of LC, while the type of contamination on the PCB led to ECM at different
levels of humidity (Fig. 2.19). However, the humidity level at which the formation of dendrite
found was different for WOAs. Succinic acid contaminated PCBA showed dendrite formation at
98% RH, while only 80% RH was sufficient for glutaric acid due to lower deliquescent point. This
clearly shows that the type of the contaminants on the materials surface is of great importance
regarding the reliability under humid conditions. Ionic residues can assist electrolyte formation
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The European Pharmacopoeia has estimated the degree of hygroscopicity of a material as
follow: (i) deliquescent: sufficient water is absorbed to form a liquid, (ii) very hygroscopic: more
than 15 wt.% of water can be absorbed, (iii) hygroscopic: 2 to 15 wt.% of water can be absorbed and
(iv) slightly hygroscopic: 0.2 to 2 wt.% of water can be absorbed. Table 2.4 provides a summary of
the deliquescence RH for most commonly found contaminants on the PCBA. A clear correlation
can be seen between the deliquescence RH and solubility of the ionic contaminants. The
contaminants with higher solubility in water show lower deliquescence RH. The deliquescence RH
also varies with temperature as the solubility is a function of temperature. For most organic
compounds, solubility typically increases with an increase in temperature which will lead to a
decrease in deliquescence RH. The thermodynamics of temperature effects on deliquescence in
detail can be found elsewhere [98-100].
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TABLE 2.4
DELIQUESCENCE RELATIVE HUMIDITY OF COMMON CONTAMINANTS
ON THE PCBAS (𝑉𝑒𝑟𝑑𝑖𝑛𝑔𝑜𝑣𝑎𝑠 𝑒𝑡 𝑎𝑙. , 2015 [115])
Deliquescence RH (%)

Solubility in water (g/kg
H2 O) [116]

Adipic

99.6a; ≥99c

1515°C

Succinic

98a; >94b ; 98.8b *; ≥98c

83.525°C

Glutaric

84a; 83.5-85b ; 88.0-88.5b *; 8999c; 85±5d

140025°C

DL-malic

86a; 78e;

144026°C

Oxalic

97.3b *

95.220°C

Maleic

83±5g

78925°C

Malonic

65.2b *

73620°C

Citric

79e

144020°C

Suberic

No deliquescence <90%RH h

2.4325°C

Palmitic

-

0.00720°C

Abietic

-

Common contaminant
Activators in the flux systems

Hygroscopic salts
NaCl

76a; 75-76f

35925°C

NaF

97a

43.3425°C

NaBr

84a ; 45i , 58i

94525°C

KCl

84a; 83.3i , 91i

35525°C

MgCl2

44a

56025°C

CaCl2

29a; 32.3i

81225°C

a

– calculated [117]; b – single particle levitation using an electrodynamic balance at 25 °C [118]; b* – saturated solution
at 25 °C [118]; c – predicted by UNIFAC [119]; d – by using tandem differential mobility analyser system (TDMA)
[120]; e – [121]; f – [122]; g – single particle levitation using an electrodynamic balance [123], and h – [124]; i – from the
references provided by S. T. Martin [125]; **critical RH of PEG is strongly dependent on the molecular weight [126]

37

Chapter 2 - Review of Climatic Reliability of Electronic Devices

2.7 Humidity protection of electronics devices
Today, electronic enclosures are mainly designed to avoid any penetration of dusts or ionic
contaminations. Regarding the limitation of moisture ingress, designs with openings in the
enclosure walls are introduced to allow a free air flow inside the devices or by making the
enclosures as watertight as possible using hermetical sealing with more rugged O-rings or gaskets.
The most common materials [85] for casings of electronic and electric appliances continue to
be steel and aluminium. Plastics and especially coated plastics are the most popular casing materials
for smaller devices. Therefore, external moisture diffusion through polymeric enclosure walls or
through surrounding sealants and openings are primary pathways of moisture ingress into the
electronics enclosures. Jacobsen et al. [51] has published a basic overview of the moisture related
problems in electronic packaging, and have summarized the different possible ways of moisture
entry into electronics enclosures (Fig. 2.20). All these mechanisms need to be addressed to secure
reliability and desired lifetime.

Fig. 2.20.

A s che matic s howin wate r ingre s s paths from ambie nt into e le ctronics
e nclos ure (Jacobs e n e t al., 2014 [58]).

The openings may be intended openings such as ventilation holes for thermal management
and drain holes, or unintended openings such as imperfect seals between a box and its cover, cable
feedthroughs, and cracks and porosities such defects in the solid materials. Convective transport
through these openings may be forced convection (cooling fans), natural convection (chimney
effects), or breathing. Diffusion takes place through the same openings and through permeable
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materials. Liquid water may enter and leave through openings if not retained by surface tension.
Often, breathing and diffusion are the only relevant ingress mechanisms. Both mechanisms will
contribute to the approach to moisture equilibrium between the inside and the outside, which at least
in the absence of thermal gradients will mean the same RH. The time to reach this equilibrium is
typically of the order of weeks for relatively tight enclosure. This time is long compared to the
timescale for temperature changes inside and outside the enclosure [58]. Thus, there is a risk of
condensation inside the enclosure whenever the temperature drops outside the enclosure
Regarding the humidity management inside enclosure, Tencer et al. [101] discussed the basic
approaches to mitigation of humidity related failures. The relative humidity control module
(RHCM) relies on ensuring that critical surfaces are hotter than ambient dew point by a specified
delta T (ΔT > 10 ˚C). The absolute humidity control module (AHCM) relies on minimizing the
amount of water in the enclosure by a suitable mechanism such as the use of desiccant (eg. silica gel
which at best adsorbs water more than 35% of its weight at 80% RH) or utilisation of potting and
conformal coating. Potting and coating are widely used as an attempt to improve reliability and to
ensure high insulation impedances. Nevertheless, it does not stop the humidity to diffuse through
the coating towards the PCBA and component surface. It can then combine with solder flux residue,
or other organic or ionic contamination left on the surface, thereby dramatically degrading the
coating (blister formation) and increasing the effective component leakage current [23;25;3336;102-103].
The “Cold water path” is also widely used in industry. It is a cold water path away from any
critical areas where water would preferentially condense when a cold front passes and store it
temporarily or let it run off the PCBA product at a safe place.
Stentoft [104] mentioned also a periodic heating during off periods to maintain an inside
temperature always 7 ˚C higher than outdoor to reduce the relative humidity level inside the device.
If this is not possible due to long power off periods, delayed start up may also be a solution, such as
heating the system on at least 30 minutes before the electronic product is powered up. This will
remove the humidity on the surface of the electronics, but may not be sufficient to dry out the
absorbed water in the plastic parts, coating, and on other PCB materials or components.
Pressure inside the electronic enclosures is also a very important factor to be considered. Mara
[105] proposed to equalize pressure between the inside and outside of the enclosure and then
eliminate stress on the enclosure seals by installing a vent to create an enclosure that lets air and
gases flow freely without letting in contaminants. A diffusion plug is a filter which should have
very low surface energy to prevent ingress of liquid water by capillary action, but at the same time
let moisture exchange between the ambient and enclosure through diffusion of water vapor.

2.8 Humidity ingress in electronic devices – prediction and modelling
Modelling is a useful tool for predicting local climate inside the electronic enclosures. The
development of moisture transfer models is highly important to predict the reliability of electronics
and therefore defining reliable electronic devices design. Tencer [106] studied the rate of moisture
ingress into enclosures theoretically and experimentally. A simple quasi - steady state model was
developed enabling to calculate easily time constants for moisture diffusion through plastic walls,
rubber gaskets and openings, and allowed to clarify the relative importance of moisture
permeability vs. diffusion constant of wall materials. Dahan et al. [107] have adapted the quasi
steady state model to the case of moisture ingress into a polymer package with walls or elements of
different thicknesses or properties.
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Electrical circuit analogy [or RC approach (resistor-capacitor modelling)] has also been
investigated to model the humidity ingress into electronic enclosures. In this case each element of
the package (wall, seal) an electrical resistance Rp and a capacitance Cp are associated in series
representing the ability of the polymer to resist the flow of water vapor and to store water molecules
respectively. The humidity inside the package cavity is found by calculating the voltage passing
through a capacitor Cv which represents the ability of the cavity to store water [108-110]. It is a
simple and easy tool to simulate moisture ingress.
Computational fluid dynamics (CFD) modelling allows to model complex climate profiles,
and can provide detailed information on temperature and humidity distributions. Air and moisture
transport into an enclosure can be simulated with perfect control of all boundary conditions.
Nevertheless, one major drawback of CFD though, is the high computational cost. Belov et al. [111]
investigated a CFD modelling methodology including experimental validation for investigation of
anti-moisture measures in a non-hermetic aluminium electronics enclosure containing a number of
FR4 PCBs which are exposed to cycling climatic condition. They achieved to maintain a level of
RH below 60% with a sufficient power budget of a heater solution and to cope with the dew
formation. But this would require high-power heaters which might not be feasible for all
applications. Belov et al. [112] also showed that by choosing appropriate size and location of the
local PCB heater, and utilizing logic control function, it is possible to improve the quality of local
humidity management to maintain a local temperature difference higher than 9 ˚C while reducing
the power consumption of the heater.
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3. Materials and experimental methods
3.1 Electronic materials
3.1.1 Hygroscopic contamination
3.1.1.1 Sodium chloride
The contamination levels investigated (Chapters 5, 8, 9, and 10) were based on the IPC
standard “J-STD-001D requirements for soldered electrical and electronic assemblies”, which
specifies a maximum allowed surface contamination level of 1.56 μg·cm−2 NaCl equivalent for the
assembled electronic components.
3.1.1.2 Solder flux systems and WOAs
For investigations related to the effect of process related contamination, conventionally used
no-clean flux systems for wave or selective soldering processes were used consisting of three
different WOAs as active components. Additionally, pure WOAs were used for comparison with
respective flux systems. The WOAs tested in pure condition as well as with flux systems were
adipic acid, glutaric acid and succinic acid (Chapter 7).
3.1.2 Industrial PCBAs
A set of industrially processed PCBAs soldered using reflow, wave, and selective soldering
were used for various humidity and contamination testing as part of the investigation in Chapter 6.
3.1.3 SIR PCBs
Investigations on surface finishes (Au, Cu, and Sn) have been performed in Chapter 5 using a
surface insulation resistance (SIR) PCB test pattern with a line width of 500 μm and pitch distance
of 500 μm (Fig. 3.1). In the case of Au surface finish [electroless nickel immersion gold (ENIG)], a
base Cu layer with 15 μm electroless nickel was coated on the PCB, followed by 3 μm Au. The tin
surface finish was made by hot levelling with lead-free solder (Sn 99 wt.%, Ag 0.3 wt.% and Cu 0.7
wt.%).
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Test pattern contamination area prior to test

5 mm
Fig. 3.1

Picture of the te s t SIR PCB patte rn us e d for s urface finis h
inve s tigation (Chapte r 5).

The droplet test in Chapter 5 has been performed on a second type of SIR PCB test pattern
(Fig. 3.2), which is a Cu pattern on an IPC B-25 board with Cu finish and without solder mask. A
DC voltage was applied to the comb pattern, and the resulting leakage current (LC) flowing through
the droplet was measured every 1 s until a significant increase in LC was observed.

Fig. 3.2 Picture of the te s t SIR PCB patte rn us e d for drople t te s t: (1)
conne ction to pote ntios tat, (2) Cu IPC B -25 te s t board, and (3) drople t o n
patte rn with large pitch s ize (Chapte r 5).

Effect of humidity on the electrical functionality of electronics was assessed by measuring the
LC across a third type of SIR PCB test pattern (Chapters 7, 9 and 10). The SIR PCB was made in
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accordance with IPC-4101/21 using a flame retardant (FR4 type) substrate with the dimensions of
80.5 × 23.1 mm2 and a thickness of 1.6 mm (Fig. 3.3). The surface finish of the SIR comb pattern
was Sn–Pb finish for the study in Chapter 10 and hot air solder levelled surface finish (Sn/Ag/Cu
solder alloy) for the studies in Chapters 7 and 9. The pattern dimension was 13×25 mm2 with a
pitch distance of 0.3 mm. The overlapping area was 10.8 mm in height, and there were 41 sets of
common overlap providing 442.8 mm as the total length of the opposing faces. The ratio of the total
length of the opposing faces and the spacing of segments yields the nominal square count, which is
1476 for the pattern. For reference, the standard IPC-B-36 and IPC-B-24 comb patterns have 3538
and 1020 squares. The sensitivity of an SIR pattern increases with increasing the number of squares.

5 mm

Fig. 3.3

Picture of the te s t SIR PCB patte rn us e d for re liability te s ting
(Chapte rs 7, 9 and 10).

3.1.4 Laminates and solder masks
Sorption tests have been carried out with high-temperature flame retardant type laminates
(HTFR-4) composed of an epoxy resin reinforced with electrical grade (E-glass) glass fibres. The
glass transition and decomposition temperatures are 180 and 340 °C respectively. The laminates (90
× 90 mm2 ) are studied with and without coated photo-imageable two-component solder resists
(Chapter 8).
3.1.5 Electronic enclosures
Enclosures made of polycarbonate with dimensions: 28 × 19 × 13 cm3 and of aluminium with
dimensions 26 × 16 × 9 cm3 with an ingress protection (IP) rating of 66/67, and with a gasket in
polyurethane have been used for the study of humidity build up during exposure to constant
conditions (Chapter 9). The polycarbonate enclosures have been used for the study of humidity
build up during exposure to cyclic conditions and for the study of humidity control with desiccant
(Chapters 10 and 13). Polymeric enclosures of same dimensions (28 × 19 × 13 cm3 ) with polyamide
material reinforced with 30% of glass fibres and polycarbonate material have been used for the
study of reliability prediction using RC modelling (Chapter 12).
Additionally, polybutylene terephthalate housings of 16 and 1.9 cm3 and epoxy mold
compounds of 1.1 cm3 have been used for the study of humidity transfer from outdoor to first and
second level housings (Chapter 11).
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3.1.6 Desiccants
Three types of commercial desiccants have been investigated: (i) molecular sieve: synthetic
zeolite of A-type crystal structure in potassium-sodium form with a pore opening of 0.3 nm, (ii)
bentonite with Na exchange cation and (iii) a mixture of bentonite and CaCl2 (80/20 weight ratio) in
Chapter 13.

3.2 Climatic testing
3.2.1 Climatic chamber
A climatic chamber (Espec PL-3KPH) was used for all the tests. The operational range for
temperature and humidity conditions is -40 ˚C to +100 ˚C and 20% RH to 98% RH. The accuracy
of temperature and humidity control in the climatic chamber is ± 0.3 ˚C and ± 2.5% RH, as
specified by the manufacturer.
Calibrated temperature and humidity sensors were placed at appropriate places inside the
chamber and in the electronic devices during testing (PT1000 and HIH4021 from Honeywell). The
accuracy of the humidity sensor is ± 3.5% RH. A data logging system (Keithley Model 2700
multimeter) was used for recording the data with a sweep time of 2 min.
Additionally, a different climatic chamber (CTS Hechingen, GER, type C 40/200) and RH
sensor (HC1000 – capacitive sensor) with a data logger (GMH 3350, Greisinger electronic,
Regenstauf, GER) with a sweep time of 2 min were used for the study of humidity transfer from
outdoor to first and second level housings (Chapter 11). The accuracy of the humidity control of the
chamber is ± 3.0% RH and of the humidity sensor is ± 1.5% RH.
3.2.2 Reflow simulation
Wherever required, the laminates were subjected to a simulated reflow soldering process
(Techno- HA-06, Technoprint), with a pre-heat at 170 °C for 90 s and a reflow at 260 °C for 100 s
(Chapter 8).
3.2.3 Sorption tests
Weight gain measurements of samples were carried out on a balance having a resolution of
0.1 mg. Water absorption studies were carried out by immersion in water as well as by exposure to
saturated water vapour (Chapter 8) and exposure to 85% and 93% RH (Chapter 11). The study of
water absorption and desorption of the desiccants (Chapter 13) has been performed with a moisture
sorption analyser (Vsorb, ProUmid) at 25 ˚C and at different levels of humidity (RH range from 20
to 95%).

3.3 Chemical characterisation
3.3.1 Localized cleanliness test system
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A localized cleanliness test system C3 (Foresite Inc., USA) was used to extract the residues
from localized areas of PCBAs. The system purges steam onto a localized area (0.65 cm2 ) and the
condensed water (2.5 ml) with dissolved contamination (flux residue) was extracted to a cell for
further analysis (Chapter 6).
3.3.2 Ion chromatograph
Ion chromatograph (Dionex ICS 2000) was used for quantification of WOA. The residues
from C3 extraction solutions (Chapter 6) or solder fluxes and WOA residues dissolved in isopropyl
alcohol solutions after different heat treatments (Chapter 7) were quantified using an AS11-HC
column with a gradient feeding KOH eluent system.
3.3.3 Platinum set-up
A set-up with a pair of platinum electrodes was used to measure the possible leakage current
through a droplet of the C3 extracted solutions. The results (similar to ROSE testing) provided the total
ionic strength of the extracted solutions and allow estimating the localized NaCl equivalent concentration
on the PCBA surfaces. Droplets of 100 µl were placed on an ethanol-cleaned polystyrene substrate
and the platinum electrodes were immersed into the droplet. The length and diameter of the
electrodes, and distance between them, were 1.3, 0.5 and 3.0 mm, respectively (Chapter 6).
3.3.4 Fourier transform infrared spectroscopy
FT- IR (Nicolet iN10 MX FT-IR microscope, Thermo Scientific, supported by Omnic Picta
software) with attenuated total reflection (ATR) was employed to identify the functional groups of
WOAs on PCBA surfaces (Chapter 6) and for identification of the acid type and investigation of the
chemical thermal degradation of the WOAS (Chapter 7).
3.3.5 Residues reliability assessment testing (Residues RATTM)
Visualization of the WOAs in the flux residue was performed with a patented product called
Residues RATTM gel method. The gel was heated and sprayed on to the surface consisting of
residues. The colour change of the gel, due to the chemical reactions with the indicator in the gel
and the active acid in the residues revealed the presence of residues on the surface (Chapters 6 and
7).
3.4 Thermal characterisation
Thermogravimetric analysis (TGA) was employed to investigate the decomposition of
materials, and the corresponding weight loss as a function of temperature. The differential scanning
calorimetry (DSC) analysis was employed to determine the endothermic melting transition and the
decomposition temperature. The tests were performed in alumina crucibles in the temperature range
from 30 to 400 ˚C at a heating rate of 10 ˚C·min-1 (TGA/DSC 1, Mettler Toledo). WOAs and solder
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fluxes have been analysed (Chapter 7) and dry and water saturated desiccants, with additional
isothermal steps at 40, 60, 80 and 100 ˚C (Chapter 13).

3.5 Electrochemical characterisation
The electrical measurements wherever required have been carried out with a multichannel
workstation (BioLogic model VSP, Bio-Logic Instruments). The workstation has 20 V compliance
voltage with adjustable range (upper limits at -20 V to +20 V) and a 760 pA current resolution. The
SIR measurements under various humidity and temperature conditions have been performed with a
DC measurement at 5 V or 10 V (Chronoamperometry at fixed potential).

3.6 Dielectric properties
Change in the dielectric dissipation factor of the laminates due to moisture absorption was
measured using a frequency response analyser (PSM 1735 NumetriQ (N4L)). Data was recorded in
the frequency range from 1 KHz to 10 MHz under ambient conditions. In order to perform the
measurements, dry and water saturated laminates were sandwiched between two electrodes thus
making the system act as a capacitor (Chapter 8).

3.7 Surface and microstructural analysis
3.7.1 Optical microscopy
Stereo microscope (Leica MZ 125) equipped with a digital camera (Leica DFC450 C) was
used to image the surface of PCBAs and SIR patterns (Chapters 5, 6 and 10) and to image in situ
dendritic growths and structures on SIR patterns during droplet testing (Chapter 5).
3.7.2 Scanning Electron Microscopy
The microstructure, morphology and composition of the PCB laminates and the SMs were
investigated using a SEM (Model Quanta 200 ESEM FEG, FEI) equipped with EDS (Oxford
Instruments 80 mm2 X-Max). Cross-sections of the samples were prepared in the transverse
direction and mounted in a cold setting epoxy. The surfaces were polished using different grades of
SiC paper and further fine polished using diamond grit of 250 nm size. In addition, for detailed
analysis, high resolution observations were performed on cross-sections prepared in-situ using a
focused ion beam (FIB)-SEM (Helios EBS3 Nanolab DualBeam, FEI) (Chapter 8). SEM
investigation of SIR PCBs placed inside electronic enclosures and after exposure to cyclic
conditions has been performed (Chapter 10).
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3.7.3 Scanning acoustic microscopy
SAM (Sonix echo-vs) was employed to observe the presence of any voids or cracks within a
large surface area of the SMs, prior to and after moisture absorption, and reflow soldering process
simulation (Chapter 8).
3.7.4 X-Ray diffraction
X-ray diffraction analysis (Model Bruker Discover D8) was performed on the laminates and
SMs using Cu Kα radiation at 40 kV and 40 mA for investigating the crystalline filler materials.
Diffraction patterns were recorded in the 2θ range from 10° to 100° with an incidence angle of 1°,
step size of 0.03° and a scan step time of 4 s (Chapter 8).
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4. Summary of Papers

4.1 Printed circuit board surface finish and effects of chloride contamination, electric field,
and humidity on corrosion reliability

Objectives:
Understand the synergistic effect of: (i) contamination, (ii) humidity, (iii) printed circuit board
surface finish, (iv) pitch distance, and (v) potential bias on leak current under different humidity
levels, and electrochemical migration probability under simulated condensing conditions. The
surface finish of the SIR pattern (namely Au, Cu, and Sn) were pre-contaminated with NaCl levels
relative to the IPC J-STD-001D guideline for cleanliness (1.56 µg·cm-2 ).
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Findings:
Under humid conditions and applied voltage, the leakage current between electrodes was less
dependent on the surface finish of the SIR pattern, but more on the contamination level, with high
levels of leakage current (LC) beyond the deliquescent relative humidity of the NaCl. Above this
humidity level, the LC values stabilized at a magnitude dependent on the NaCl concentration on the
PCB surface.
The probability of dendrite formation and ECM increased with the potential bias and contamination
level (tests on Cu test pattern). However, high potential and contamination level in general showed
greater tendency for formation of hydroxide species and copper chloride species rather than
dendrite formation. This is related to the stability of copper ions in the water layer due to increased
concentration.
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Fig. 4.1. a) LC on Cu comb patte rn s urface finis h for diffe re nt NaCl
conce ntrations and b) comparis on of LC value s at 75% RH as function of
NaCl conce ntration.
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4.2 Contamination profile on typical printed circuit board assemblies vs soldering process

Objectives:
Analyse typical PCBAs processed by reflow, wave or selective wave soldering for levels of
process-related residues. Typical solder flux residues distribution pattern, composition, and
concentration on a number of PCBAs were profiled and reported. The effect of such contaminants
on conformal coating performance under humid conditions was tested.
Findings:
Residue RATT M gel test revealed intense red coloration indicative of high levels of flux residues on
wave and selective soldered PCBAs, where high levels of WOA residues have been quantified,
between a range of (0.4-5.7) µg·cm-2 and (1.3-8.9) µg·cm-2 of NaCl equivalent respectively.
Selective soldered PCBAs also revealed selective masking tool´s aperture region as the trapping
areas. No significant level of coloration was found on as reflow processed PCBAs showing that
they are relatively clean (range of (0.3-2.6) µg·cm-2 of NaCl equivalent). In wave and selective
soldering processes, flux is sprayed, therefore resulting in a wider distribution of flux on the surface
(also on to the top part of the PCBAs through via-holes) and sweeping of flux under the pallet in the
case of selective soldering. For the reflow soldering process, the use of flux in the form of paste and
a screen printing process limited the location of residues to only localized areas, i.e. very close to or
under the components.
Presence of high levels of flux residues on wave and selective soldered PCBAs resulted in the
degradation of the conformal coating under exposure to humidity revealed by blisters formation, but
were found to reduce by prior cleaning.

a. a.

a.

b.
b.

b.

c.c.

Fig. 4.2. Re s idue s RAT TM ge l te s t on a) re flow, b) wave and c) s e le ctive wave
s olde re d PCBs .
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4.3 Decomposition of no-clean solder flux systems and their effects on the corrosion reliability
of electronics

Objectives:
This investigation focused on the chemical degradation of solder flux systems as a function of
temperature, thus simulating the soldering process. The effect on corrosion reliability was
investigated on pre-contaminated SIR patterns with solder flux, by measuring the charge transferred
between electrodes under applied potential bias. The aggressiveness of the residues, i.e. of the type
and amount of weak organic acid (WOA) still present in the residues after exposure to heat
treatment has been studied.
Findings:
The solder fluxes did not decompose fully within the temperature regime of the soldering process,
leaving behind significant level of WOA residues. The residue depending on the type and amount
can be very aggressive towards the corrosion on the PCBAs. The glutaric acid based flux showed
highest LC when exposed to humidity compared to the adipic and succinic based fluxes. This was
related to their deliquescence relative humidity level and their acid value. Therefore, the corrosion
failure due to the contamination on PCBAs is related to the amount of the WOAs, its chemical
nature, but also to the climatic conditions at which the PCBAs is exposed.

Fig. 4.3. a) Acid value of s olde r fluxe s afte r diffe re nt he at tre atme nt and b)
Charge trans fe rre d be twe e n the e le ctrode s of SIR patte rn ve rs us time for
s olde ring fluxe s afte r e xpos ure to 250 ˚C for 45 s .
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4.4 Investigation of moisture uptake into printed circuit board laminate and solder mask
materials

Objectives:
Investigate the water uptake, composition and microstructure analysis of different polymer
electronic materials: laminates, solder masks (SM), and PCBAs. The moisture absorption
characteristics such as diffusivity, permeability, and solubility, as well as the effect of absorbed
moisture on dielectric properties were determined. The effect of reflow simulation on the
morphological changes and water uptake behaviour of the laminates and solder mask has been
investigated.
Findings:
The roughness of the SM surfaces appeared to be arising from the fillers that are present in the
material, which vary in size, shape, and morphology. The SM in general contains voids of about 0.3
to 1.5 µm diameter.
The water absorption into the laminates was enhanced in the presence of SM on the surface, which
has a moisture diffusion coefficient higher than the laminates. Presence of hygroscopic
contaminations increased the thickness of the adsorbed water layer at the surface of the laminates,
but it did not affect the diffusion mechanism through the bulk material. The presence of components
on the PCBAs increased the overall water uptake, and could be associated with the water absorption
of the components mainly encapsulated in EMC resin, and by the water trapped in the gaps between
components and PCBA surface. The presence of water inside the laminates caused a decrease in
volume resistivity, and prior to a reflow soldering process increased the number of voids and cracks
along the materials and weaker interfaces. This has further increased the water uptake by wicking
and capillary absorption.

20 µm

a.

Fig. 4.4. SEM of a) the s urface and b) the cros s s e ction of the laminate with
s olde r mas k SM with prior wate r abs orption afte r be ing s ubje cte d to the
s imulate d re flow s olde ring proce s s .
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4.5 Humidity build-up in electronic enclosures exposed to constant conditions

Objectives:
Investigate the effect of hole/vent size and water permeability through polymer enclosure casings
using experimental testing and RC circuit modelling. Polycarbonate and aluminium enclosures with
hole diameter between 0 and 10 mm, and length between 2 and 50 mm have been used for the tests.
Effect of Gore vent on humidity profile has also been studied. Polymer materials with different
range of diffusion and solubility coefficients have been selected for a RC simulation on humidity
profile.
Findings:
Time constant values in the order of days have been found for the moisture to ingress into the
enclosures. The study showed that the temperature was the main significant factor for humidity
ingress, and that below 1 mm diameter hole of an opening, the moisture diffusion through the
enclosure casing wall was an important mechanism. The hygroscopic coefficients (diffusion and
solubility) of the casing polymer determined the rate of moisture ingress and its capacity to store
water. The humidity build-up, which depends on the conditions, could reach levels higher than the
critical point for corrosion failures in few days when exposed to 25 ˚C and 98% RH. The data
shown in this paper can be used for prediction as shown by the RC modeling to determine the
relative moisture effects without more complex fluid flow modeling.
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the inte rnal humidity build up in the e nclos ure s e xpos e d to 60 ˚C and 98%
RH.
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4.6 Humidity build-up in a typical electronic enclosure exposed to cycling conditions and
effect on corrosion reliability

Objectives:
Investigate the effects of cyclic temperature and humidity conditions, presence of thermal mass and
port/opening size on humidity uptake (pumping effect) into electronic enclosure. Effect of internal
humidity level in the enclosure and level of condensation regime on the leakage current of SIR
PCBs pre-contaminated with NaCl has been investigated.
Findings:
The results show that the exposure to cycling temperature caused significant change of internal
humidity profile. The maximum value of humidity reached was a function of the opening size and
the volume of the thermal mass. A pumping effect was observed due to the cyclic temperature. The
delay of temperature change of the thermal mass attached to the PCB during the increase of the
chamber temperature has caused the accumulation of water vapor or condensed water when its
surface temperature became lower than the air dew point temperature. Condensation could be
observed by sudden increase in LC on the SIR PCB as high as 1 mA, which was a function of
opening size, volume of thermal mass and NaCl concentration.
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4.7 Experimental study of moisture ingress in first and second level electronic housings

Objectives:
Investigate the humidity transfer from outdoor to the second and through the first level housings up
to the chip (in-situ measurements) of automotive electronic devices. Exposures to constant
conditions and to cyclic conditions have been performed to understand the effect of different
parameters such as diffusion coefficient and moisture capacity of polymeric materials, internal
heating and temperature fluctuation.

RH (%) and Temperature (oC)

Findings:
The moisture ingress into the second level housings was influenced by the temperature, the volume
of the housing and the presence of the PCB, which acted as a humidity buffer. The exposure to
simulated tropical profile showed that the internal RH tended to reach a steady state, close to the
mean value of the cyclic outdoor profile. The heat induced during the short periods of simulated
driving time was not enough to dry out the housings, and could actually create higher level of
humidity inside the housings due to release of moisture from the wall material. The in-situ
measurement of moisture ingress inside EMC allowed to observe the transfer function of humidity
from outdoor into the second level housing and into the first level housing. The low diffusion
coefficient of the EMC material has induced a high attenuation factor of moisture ingress to the
chip, up to 55% RH after 4 months of exposure to the cyclic profile.
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4.8 Reliability prediction of electronic devices using RC modelling of humidity build up in
electronic enclosures exposed to different geographical locations

Objectives:
Investigate the long exposure to different geographical locations (classified as hyper-arid, arid,
semi-arid, dry-sub humid, humid and cold areas) on electronic device reliability using actual
climate data analysis and RC modelling. The degree of protection of two different sealed polymeric
electronic enclosures (polycarbonate and polyamide) has been investigated.
Findings:
The electronic enclosures would be exposed up to 90% RH in all geographical locations, except in
hyper-arid location where the humidity levels are low. The build-up of humidity inside the
electronic enclosures happened by diffusion through the wall casing material, and the steady state
was reached faster in areas with high temperature (hyper-arid, arid, semi-arid, and dry-sub humid).
The high water capacity of polyamide has acted as a buffer between the internal and external
climates, and has highly reduced the peak to peak variation inside the electronic enclosures.
Acceleration factors showed that semi-arid and dry sub-humid climates were worst locations
regarding thermal and humidity stresses on epoxy packaging. The protection of the enclosures has
not significantly increased the time to failure: the protection of the polymeric enclosures had no
effect on the thermal stress, while no significant protection towards the humidity could be noticed,
even small increases of the calculated acceleration factors were observed during certain months.
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4.9 Humidity control by desiccant: water absorption/desorption properties and related
humidity build-up in electronic enclosures

Objectives:
The general aim of this work is to evaluate the possibility of using dissipated heat from the
electronic device during on time to dry out the desiccant, while the dried desiccant can be used
during the off time to control humidity build-up in the device. Studies on the absorption and
regeneration process of different desiccants (zeolite, bentonite and a mixture of bentonite + CaCl2 )
have been performed and their effect on reducing the humidity in electronic enclosures exposed to
cyclic climate has been investigated.
Findings:
The study shows that bentonite had a high water capacity through a large range of RH (about 12 to
37 wt.%), and its regeneration temperature could be as low as 40 ˚C. The deliquescence property of
CaCl2 was a limitation for the regeneration process. Zeolite showed the lowest water capacity and
its regeneration temperature should be higher than 80 ˚C to be optimal.
The use of the desiccants for humidity reduction in electronic enclosures showed that bentonite
performed better than the other desiccants, and the internal humidity range was between [40-62]%
RH during the steady-state assuring a safe area for the electronics operation. The simulated
dissipated heat from the electronic devices (about 50 ˚C in the surrounding air) showed satisfactory
regeneration of the bentonite, while a better design of the device needs to be performed to allow a
better pathway for the released water from desiccant to go out of the enclosures.
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5. Printed Circuit Board Surface Finish and Effects of
Chloride Contamination, Electric Field, and
Humidity on Corrosion Reliability

Abstract
Corrosion reliability is a serious issue today for electronic devices, components, and printed
circuit boards due to factors such as miniaturization, globalized manufacturing practices which can
lead to process related residues, and global usage, such as bias voltage, and unpredictable user
environment. The investigation reported in this paper focuses on understanding the synergistic
effect of the parameters namely contamination, humidity, printed circuit boards surface finish, pitch
distance, and potential bias on leak current under different humidity levels, and electrochemical
migration probability under condensing conditions. Leakage currents have been measured on interdigitised test comb patterns with three different types of surface finishes typically used in the
electronics industry namely: gold, copper, and tin. The susceptibility towards electrochemical
migration has been studied under droplet conditions. The level of the base leakage current is similar
for the different surface finishes and NaCl contamination levels until a relative humidity of 65% is
reached. A significant increase in leakage current was found for the comb patterns contaminated
with NaCl above 70-75% RH, which is close to the deliquescent relative humidity of NaCl. The
results of droplet test on Cu comb pattern with varying pitch size show that the initial base leakage
current before the dendrite formation increases with increase in NaCl contamination level, whereas
the electrochemical migration and the frequency of dendrite formation increase with bias voltage.
Effect of different surface finish on leakage current under humid condition was not very prominent.
Key words: Corrosion, ionic contamination, leakage current, moisture, printed circuit boards,
reliability.

Published as: Conseil-Gudla, H., Jellesen, M. S., and Ambat, R., “Printed circuit board surface finish and effects of
chloride contamination, electric field, and humidity on corrosion reliability”, Journal of Electronic Materials, 46(2),
817-825, 2016. doi: 10.1007/s11664-016-4974-7.
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5.1 Introduction
The risk of corrosion in electronics is significant today due to device miniaturization in
combination with factors such as applied bias voltage, process and service related contamination
issues, and use of multi-material combinations. The service environment is unpredictable, and an
increasing share of electronic products/devices is used in exterior applications. This needs higher
degree of corrosion reliability across wide temperature and humidity ranges for products.
In general, fairly corrosion resistant materials are used in electronic products, (e.g. Au, Cu,
and Sn). However, corrosion related failures are still a problem due to the effects of temperature,
humidity, and corrosion accelerating species. The surface region of the printed circuit boards
(PCBs) in electronic products is often contaminated by various chemical species – either directly on
the surface, or present in the immediately surrounding air [1-4]. Often, these contaminants are ionic
compounds which are hygroscopic, i.e., capable of absorbing moisture from the surrounding
environment. Absorption is possible up to a relative humidity (RH) level at which the humidity
becomes saturated around the compound, thereby initiating a deliquescence transition from the
crystalline to aqueous phase and thus forming a condensed aqueous droplet. This is referred to as
the deliquescence relative humidity (DRH) [5-6]. The resulting condensed water layer, together
with the bias voltage applied on the printed circuit board assembly (PCBA), forms an
electrochemical cell and results in unwanted leakage current due to metal dissolution (corrosion),
electrolysis of water, and other reactions depending on the ionic species in the contaminant that are
dissolved in the condensed water layer. Continued dissolution of metal ions from the positively
biased terminal and subsequent deposition at the nearby oppositely (negatively) charged electrode
leads to dendrite formation and electrochemical migration (ECM). Dendrite formation due to ECM
causes short circuits, resulting in immediate failure of the electronic product. In addition,
intermittent failures are also possible due to leakage currents on the PCBA surface [7-9].
Recent studies on corrosion reliability [10-15] have focused largely on failures due to
contamination on PCBAs, especially from NaCl and solder flux residues. Contamination of the
PCBA surface by NaCl is widely prevalent in most service environments, and the critical relative
humidity (cRH) level for this system is ~75% [16]. Studies have also reported the effect of surface
finish [17-18], conductor spacing, and potential bias [19-20], or the ionic contamination level on
ECM occurrence under condensing conditions [8;11;21-22].
The investigation reported in this paper focuses on understanding the synergistic effect of all
the above-mentioned parameters, namely contamination, humidity, PCB surface finish, pitch
distance, and potential bias, on leakage current under different humidity levels, and the probability
of ECM under condensing conditions. The investigation considered: (1) the effect of humidity and
NaCl contamination levels on leakage current between closely spaced conducting lines with
different surface finishes (Cu, Au, and Sn) and (2) the effect of NaCl contamination, pitch distance,
and applied potential bias on ECM susceptibility under droplet conditions. The contamination levels
used in the investigation are based on IPC (association connecting electronics industries) standard JSTD-001D ‘‘Requirements for soldered electrical and electronic assemblies,’’ which specifies the
allowable level of ionic contamination on PCBAs to be 1.56 μg·cm-2 of NaCl equivalent of ionic or
ionizable residue after the manufacturing process.

5.2 Materials and experimental methods
5.2.1 Leak current measurement
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A PCB test pattern with a line width of 500 μm and pitch distance of 500 μm was used for the
investigation (Fig. 5.1). Three different types of surface finish were used, namely Au, Cu, and Sn.
In the case of Au surface finish [electroless nickel immersion gold (ENIG)], a base Cu layer with 15
μm electroless nickel was coated on the PCB, followed by 3 μm Au. The tin surface finish was
made by hot levelling with lead-free solder (Sn 99 wt.%, Ag 0.3 wt.% and Cu 0.7 wt.%).

Fig. 5.1. Surface ins ulation re s is tance (SIR) te s t patte rn us e d for humidity
e xpos ure te s ting.

Different concentrations of aqueous NaCl solution were prepared using analytical-grade NaCl
and deionized (DI) water. Test patterns were pre-contaminated with prepared solution using a
micropipette. The desired amount of solution was spread on the surface of the pattern so as to
control the level of contamination in terms of µg·cm-2 . The contaminated solution was then allowed
to evaporate under ambient conditions, after which the samples were stored in a desiccator
containing silica gel for 24 h prior to the experiment to avoid exposure to moisture. The test
samples were exposed to humidity in a climatic chamber (Espec, Escorp PL-3KPH) with RH
ramping up in 2-h steps from 20% to 95% at constant temperature of 25 ˚C. The test pattern was
biased with 5 V direct-current (DC) potential, and the current output was measured using a
potentiostat (Biologic VSP Modular, Bio-Logic Instruments, France). The investigated parameters
are listed in Table 5.1.

69

Chapter 5 - Printed Circuit Board Surface Finish and Effects of Chloride Contamination, Electric Field, and
Humidity on Corrosion Reliability

TABLE 5.1
PARAMETERS USED FOR LEAKAGE CURRENT MEASUREMENTS ON TEST PATTERNS WITH DIFFERENT
SURFACE FINISHES, 𝑁𝑎𝐶𝑙 CONTAMINATION LEVELS, AND RH LEVELS
Surface finishes

Sn, Au and Cu

NaCl concentration [µg·cm-2 ]

0 (DI water), 0.156, 1.56, 15.6, and 156

RH level [%] (step time 2 h)

20, 30, 40, 50, 60, 70, 75, 80, 90, 95

5.2.2 Droplet test
The droplet test is an accelerated test to evaluate the time to failure (TTF) using a surface
insulation resistance (SIR) test pattern. For this test, a droplet of NaCl solution of constant volume
is placed between two adjacent electrodes of the SIR pattern to connect between the conduction
lines under a DC bias voltage. This creates an aggressive condition, thereby prompting high leakage
current followed by ECM and dendrite formation. A Cu pattern on an IPC B-25 board [22] with Cu
finish and without solder mask (Fig. 5.2) was used for the present investigation.

Fig. 5.2. Te s t patte rn us e d for drople t te s t: (1) conne ction to pote ntios tat, (2)
Cu IPC B-25 te s t board, and (3) drople t o n patte rn with large pitch s ize .

A droplet of electrolyte solution was placed on top of the comb pattern using a micropipette. An
amount of 1 μl of solution over an area of 1 mm2 area was used to fix the level in μg·cm-2 , enabling
conversion between g·L-1 and μg·cm-2 with a factor of 100. The area of the droplet was kept
constant for all the experiments. Comb patterns were designed on the IPC board with three different
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pitch distances (0.159 mm, 0.318 mm, and 0.635 mm), referred to hereinafter as small, medium,
and large.
A DC voltage was applied to the comb pattern, and the resulting leakage current flowing
through the droplet was measured every 1 s until a significant increase in leakage current was
observed. The investigated parameters are listed in Table 5.2, with each combination repeated four
times. Figure 5.3 shows the calculated variation of the electric field as a function of pitch size and
applied potential bias. The electric field between the conductors is inversely proportional to the
distance between the electrodes. These calculation results show that the electric field between the
conducting lines increased with increasing applied potential bias and decreasing pitch distance.

TABLE 5.2

VARIABLES FOR DROPLET TESTING ON 𝐶𝑢 TEST PATTERNS WITH DIFFERENT PITCH SIZES, POTENTIAL
BIASES, AND CONTAMINATION LEVELS
Potential bias [V]
Pitch sizes [mm]

2.5, 5.0, 7.5, 10.0
0.159, 0.318, 0.635

NaCl concentration [µg·cm-2 ]

0 (DI water), 1.56, 15.6

Fig. 5.3. Ele ctric fie ld be twe e n conducting line s on IPC B -25 SIR patte rn te s t
boards as function of pitch s ize and pote ntial bias .
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5.3 Results
5.3.1 Leak current measurement with increasing humidity and contamination levels
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Figure 5.4 shows the resulting leakage current as a function of the contamination level with
increasing humidity levels for the Sn, Au, and Cu surface finishes. Regardless of the NaCl
concentration level, a low and stable leakage current of ~ 1·10 -6 mA to 9·10-6 mA was observed up
to RH of ~ 60%. This was followed by an increase in the leakage current up to 75% RH, except for
the board without contamination. Above 75% RH, the level of leakage current was found to be a
function of the NaCl contamination level with a five- decade increase (from ~ 0.1 µA to 100 mA)
for the increase in NaCl concentration from 1.56 ug·cm-2 to 156 ug·cm-2 . The initial decrease in
leakage current at 20% RH was caused by the climatic chamber adjustment of RH from ambient
conditions. All curves show that, once the deliquescent point of NaCl was reached, further increase
in the leakage current was negligible.
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Figure 5.5 shows the leakage current values as a function of NaCl concentration at 75% RH
level, extracted from Figure 5.4. It is clear that the leakage current increased exponentially with
increasing contamination level, although the effect of the various surfaces finishes was not very
prominent.
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Fig. 5.5. Comparis on of le akage curre nt value s at 75% RH as function of NaCl
conce ntration.

5.3.2 Investigation of ECM susceptibility using droplet test
A typical leakage current versus exposure time plot from the droplet test is shown in Figure
5.6. The initial base current shows the level of current leaking through the droplet, while the sudden
increase in current corresponds to ECM. Two parameters were extracted from various leakage
current versus exposure time plots, namely the base leakage current (BLC) level as a function of
various parameters, and the TTF due to ECM.
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Fig. 5.6. Curre nt–time curve of non-contaminate d (DI wate r) Cu comb patte rn
with large pitch dis tance at 2.5 V bias .

Figure 5.7 shows the level of BLC versus the NaCl concentration as a function of potential
bias and pitch distance. In general, irrespective of the applied potential bias or pitch distance, the
leakage current increased with the NaCl concentration (Fig. 5.7). An approximately three-decade
increase in leakage current was observed between PCBs in clean state and when contaminated with
15.6 µg·cm-2 of NaCl. However, under the droplet condition, leakage current of 1 µA to 100 µA
was measured even without contamination. The difference between the BLC levels at the two
different NaCl concentrations for the same applied potential bias was a factor of 10. The results
presented in Figure 5.7 also show that the effect of contamination was dominant compared with the
applied potential bias or pitch distance. At all contamination levels, the increase in leakage current
due to higher potential bias or shorter pitch distance was significantly smaller compared with the
overall increase in leakage current due to contamination.
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Fig. 5.7. BLC as function of NaCl conce ntration and pote ntial bias for Cu
comb patte rns with (a) large , (b) me dium, and (c) s mall pitch.

Figure 5.8 shows the TTF values obtained from leakage current versus time plots from droplet
testing. The failure mode was classified as migration or precipitation, i.e., either observing growth
of dendrites from cathode to anode, or precipitation of Cu compounds within the space between
anode and the cathode. Out of a total of 144 experiments, 86.1% of the tests showed failure by
migration in various forms, 12.5% showed failure by precipitation, and the remaining 1.4% showed
no failure. In Figure 5.8, experiments in which all four replicas showed failure by precipitation
instead of dendrite formation are indicated by crosses. Precipitation was in general observed to
predominate in experiments with the highest conductivity (more aggressive solution, 15.6 μg·cm-2 )
and the frequency of these failures increased with increasing electric field strength.
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Fig. 5.8. TTF as function of NaCl conce ntration and bias voltage for Cu comb
patte rns with (a) large , (b) me dium, and (c) s mall pitch dis tance .

Figure 5.9 shows typical in situ images of large-pitch-size patterns during droplet testing. The
appearance of these images is representative for all three pitch sizes investigated, but the kinetics of
corrosion and gas evolution was observed to be more vigorous for patterns with smaller pitch size.
Distinct dendritic structures (Fig. 5.9) were observed on non-contaminated and NaClcontaminated samples at lower applied potential bias levels (2.5 V and 5 V). However, increase of
the applied potential bias or contamination level tended to reduce the susceptibility towards ECM,
although the electrode showed severe gas evolution. In contrast, higher applied potential bias levels
(7.5 V and 10 V) for both levels of NaCl contamination showed an increasing tendency towards
failure by precipitation close to the anode. The morphology of the dendrites formed in DI water at
2.5 V for large pitch was investigated using scanning electron microscopy (SEM). SEM
micrographs (Fig. 5.10) revealed that the branching of the dendrites became wider as one
approaches the anode due to the more dispersed electric field gradients.
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Fig. 5.9. Effe ct of NaCl and pote ntial bias on ECM of Cu patte rns with large
pitch s ize at time corre s ponding to TTF: (a) 2.5 V, 0 μg·cm- 2 , (b) 10 V, 0
μg·cm- 2 , (c) 2.5 V, 1.56 μg·cm- 2 , (d) 10 V, 1.56 μg·cm- 2 , (e ) 2.5 V, 15.6
μg·cm- 2 , (f) 10 V, 15.6 μg·cm- 2 . The cathode is the bottom Cu e le ctrode .
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Fig. 5.10.

Typical de ndrite morphology afte r te s ting in DI wate r at 2.5 V
for large pitch dis tance .

5.4 Discussion
Overall, the presented results reveal the importance of the contamination level for the leakage
current and electrochemical failure compared with other parameters under humid and condensing
conditions similar to those simulated in the droplet testing. Negligible leakage current was observed
below 60% RH, regardless of the NaCl concentration. The increase of leakage current for the
contaminated comb patterns with Sn, Cu, and Au surface finishes observed at 75% RH is in
accordance with the cRH level of NaCl reported in literature [2]. Above this humidity level, the
leakage current value stabilized at a magnitude dependent on the NaCl concentration on the PCB
surface. Overall, the increase in the NaCl concentration from 0.156 µg·cm-2 to 15.6 µg·cm-2
increased the leakage current by six decades, above the cRH level of 75% RH. This is due to
adsorption of molecular layers of water on the surface from the surrounding moisture, having
thickness depending on the actual RH level. The conductivity of the condensed water film will be
higher in the presence of NaCl, with a deliquescent point that is greater than the dew point of the
surrounding air. The salt will therefore dissolve in the adsorbed moisture, forming a liquid solution,
and the chloride ions will diffuse into the adsorbed surface film layer already present on the
material surface. Given the fact that NaCl is capable of adsorbing moisture up to 180% of its own
weight, it is clear that the concentration of NaCl will influence the amount of water dissolved with
the deliquescing salt crystal; i.e., higher concentrations of salt will lead to thicker water layers than
those found on a corresponding clean surface [4]. The stable leakage current regime observed to be
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dominant for all three PCB materials in the sub-cRH region, regardless of the contamination level,
is solely attributed to the conductive properties of the adsorbed water film, which is due to the
intrinsic self-ionization of water.
Chloride ions are highly aggressive in terms of corrosion of materials, especially metals.
Therefore, an increased concentration of NaCl results in greater dissolution of metallic ions at the
anode, providing a higher concentration of metal ions in the solution layer. An increased
concentration of metal ions in the condensed solution layer favors dendrite formation up to a
particular level of concentration, but when this concentration exceeds the solubility limits of the
corrosion products, such as metal hydroxides, precipitation of these hydroxides is favored compared
with migration of metal ions and dendrite formation. Furthermore, the leakage current was found to
be less dependent on the surface finish of the test pattern, and more dependent on the contaminant
concentration, as seen in Figure 5.5 and also reported elsewhere [23]. This shows that the current
resulting from electrolysis of water is more dominant compared with the current arising from metal
dissolution at potential levels higher than the stability of water.
The inhomogeneous distribution of NaCl crystals on the electrode pattern during prior
contamination after evaporation of the solvent water could explain the observed deviations in
leakage current in the sub-cRH environment. Large cohesive salt crystals provide low surface area
for water adsorption compared with fine granular salt crystals [1].
Under droplet test conditions, the observed slow and gradual increase of BLC with test time is
related to the overall reduction in resistance of the cell, which constitutes serial coupling of the
electrolyte resistance and the resistance of the resulting dendrite, as long it is in the build-up phase.
The electrolyte has high resistivity compared with the dendrite. Thus, with increasing outgrowth of
a dendrite, its effect on the total coupled resistance of the cell will be greater, resulting in a
reduction in the total resistance of the cell. The measurements of the BLC levels (Fig. 5.7) for the
surfaces contaminated with 1.56 μg·cm-2 and 15.6 μg·cm-2 of NaCl at the same applied potential
levels show a constant molar conductivity, in accordance with the fully dissociating characteristic of
the NaCl ionic compound.
The ECM process consists of the three steps mentioned above: dissolution of metal, ionic
migration under the applied electric field and by diffusion, and conducting filament (dendrite)
formation and growth by electron transfer and deposition [24]. The TTF for such conditions can be
correlated with the applied electric field strength and the NaCl concentration. Even for pure water, a
minimum level of ionic conduction is possible due to the proton hopping mechanism [23] as shown
in Eq. 5.1:
H2 O + H2 O+ → H2 O+ + H2 O,

(5.1)

The results obtained in this work show that dendrite formation can occur even in noncontaminated conditions, if the water layer is sufficiently thick, as is the case during the droplet test.
This is due to current build-up due to ions created by electrolysis of water under the applied electric
field. The DI water solution contained a low level of ionic species, and its conductivity derived
from the BLC measurements was thus found to be approx. 0.065 μS·cm-1 , in accordance with the
value of 0.042 μS·cm-1 stated in literature for pure water at 20 ºC [26].
Increasing the applied potential bias causes an increase of the dissolution rate of metal ions
(until the limiting corrosion current density is reached) as well as an enhanced driving force for
migration of metal ions. Reducing the pitch spacing shortens the distance that metal ions have to
migrate to the cathode for deposition. The rate of migration increased with increasing applied bias
voltage or decreasing distance between the electrodes of opposite polarity [20]. Increase in the NaCl
concentration increased the dissolution rate and decreased the TTF, while the pH of the solution
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layer determines the stability of dissolved metal ions in the water layer for migration and deposition
to occur. Localized pH changes are also likely to occur during migration due to water dissociation
and hydrolysis at the electrodes [11]. Hydrolysis of metal ions and anodic dissociation of water will
produce hydrogen ions, resulting in acidic pH at the anode extending toward the cathode, while the
opposite (alkaline pH) occurs at the cathode due to cathodic dissociation of water producing
hydroxyl ions. For metal ions to deposit at the cathode, due to the local pH changes, ions have to
transverse high-acidity regions (close to the anode) to a highly alkaline region (close to the
cathode). The stability of metal ions in the solution layer depends on their concentration and the pH,
with the possibility of hydroxide precipitation if the level exceeds the solubility limits of the
products [26]. The pH gradient is largely influenced by the distance between the electrodes. This
will have an important influence on the stability of metal ions in solution and their migration
through the solution, and therefore on the electrochemical migration properties [26].
High applied potential bias showed an increasing tendency towards precipitation of metal ions
rather than deposition and formation of dendrites. Also, the dendrites were thicker and showed a
greater degree of branching at lower compared with higher potentials [21;27]. This phenomenon
can be explained by the high electric field at high potential between the electrodes, resulting in
migration of metal ions to the tip of the dendrite, which leads to one direction extension rather than
a branched structure [11], which can shorten the TTF [19]. Minzari et al. [8] showed that the
probability of dendrite formation in general increases initially with increasing aggressiveness of the
solution (increase of ion concentration), then decreases when the aggressiveness of the solution
exceeds a certain value, due to precipitation of copper hydroxide and copper chloride species [28].

Conclusion
1) Under humid conditions, the leakage current between electrodes was less dependent on the
pattern material. A significant increase in leakage current was observed for patterns contaminated
with NaCl at humidity levels above 70% to 75%.
2) Above 75% RH, the leakage current level depends on the level of NaCl contamination, with the
possibility of dendrite formation at higher concentrations.
3) Droplet investigations showed that the initial base current level before dendrite formation
increased with increasing NaCl contamination. The leakage current level was less dependent on the
pitch distance compared with the potential bias and contamination level.
4) The probability of dendrite formation and ECM increased with the potential bias and
contamination level, but high potential and contamination level in general showed greater tendency
formation of hydroxide species and copper chloride species rather than dendrite formation.
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6. Contamination Profile on Typical Printed Circuit
Board Assemblies vs Soldering Process

Abstract
The purpose of this paper was to analyse typical printed circuit board assemblies processed by
reflow, wave or selective wave soldering for typical levels of process-related residues, resulting
from a specific or combination of soldering processes. Typical solder flux residue distribution
pattern, composition and concentration are profiled and reported. The effect of such contaminants
on conformal coating was tested. Presence of localized flux residues was visualized using a
commercial residue reliability assessment testing gel test and chemical structure was identified by
Fourier transform infrared spectroscopy, while the concentration was measured using ion
chromatography, and the electrical properties of the extracts were determined by measuring the leak
current using a twin platinum electrode set-up. Localized extraction of residue was carried out using
a commercial critical contamination control extraction system. Results clearly show that the amount
and distribution of flux residues are a function of the soldering process, and the level can be reduced
by an appropriate cleaning. Selective soldering process generates significantly higher levels of
residues compared to the wave and reflow process. For conformal coated printed circuit board
assemblies, the contamination levels generated from the tested wave and selective soldering process
are found to be enough to generate blisters under exposure to high humidity levels. Although it is
generally known that different soldering processes can introduce contamination on the printed
circuit board assemblies surface, compromising its cleanliness, no systematic work is reported
investigating the relative levels of residue introduced by various soldering processes and its effect
on corrosion reliability.
Key words: Flux, solder, board assembly, conformal coatings.
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6.1 Introduction
Electronics manufacturing use no-clean flux technology for all types of soldering process and
the assumption is that the amount of residues left behind is minimal and benign. It is expected that
the use of low solid content in the no-clean flux leads to almost a full decomposition of the
constituting components during the soldering process. However the decomposition of the flux
depends on number of factors, such as temperature variation over the printed circuit board
assemblies (PCBAs), soldering process, amount and type of flux, flux application procedure,
heating rate, decomposition temperature of chemicals etc.
Therefore, in actual practice the PCBAs are contaminated with substantial amounts of flux
residues [1-2] including the activator components, mainly weak organic acids (WOAs). The typical
WOAs found in the no-clean flux systems are di-carboxylic acids such as adipic, glutaric, succinic
and malic acids, which result in ionic residues on the PCBA surface, of hygroscopic nature [3]. The
combination of adsorbed moisture and ionic contaminants associated with the flux residues leads to
the formation of an electrolyte which can provide a medium for leak currents leading to
electrochemical migration, and therefore be a potential acceleration for corrosion [4-6].
However, the amount and distribution of the flux residue vary considerably with the specific
type of soldering process and the related parameters [7-8]. The reflow soldering is the process
employed for PCBAs with surface mount components and the no-clean flux is applied in the form
of a paste using stencil printing followed by the mounting of components and then passing through
the soldering oven. Although the amount of flux applied in this case is specific to the component
foot print area, trapped residues can be found under components, which could eventually cause
corrosion issues under exposure to humid conditions [9]. On the other hand, wave soldering usually
uses spraying of liquid flux at the bottom side of the PCBA.
However, a fraction of the spray could also rise to the top side by spillage or through via
holes. In this case, the soldering is carried out at the bottom of the PCBA where the temperature
rises to 250 ˚C, while the top part of the PCBA experiences only ~ 170 ˚C. This leads to differential
decomposition of the flux on the top and bottom side [10]. Selective wave soldering also uses liquid
flux type in most cases, however the process can be carried out in various ways including the use of
a pallet for masking unwanted areas. However, irrespective of the process, differential heating
within the soldering area and surroundings results in building up of flux residues around the
selective soldered area. Lack of optimization of the amount of flux sprayed can result in significant
levels of residues trapped under the pallet [11].
Although it is generally known that different soldering process can introduce contamination
on the PCBA surface compromising its cleanliness, no systematic work is reported investigating the
relative levels of residue introduced by various soldering process and its effect on corrosion
reliability. Investigations in this paper aim to show the relative difference in contamination levels
introduced by soldering, investigated using a set of PCBAs, which have undergone various types of
soldering process. Relevant surface conditions on actual production of PCBAs, including the
distribution, the composition and the concentration of contaminants such as residues of fluxes used
in the solder assembly process have been analysed. Localization and identification of flux residues
have been done with Residues RATT M (Reliability Assessment Testing) gel test method, and
Fourier transform infrared (FT-IR) analysis. Localized contaminations have been extracted using
steam purge, with a critical contamination control (C3) equipment, and quantified by ion
chromatography (IC) analysis and leakage current measurement with a platinum electrodes set up,
allowing getting information about the localized WOA and NaCl equivalent concentrations. Effect
of cleaning and the influence of contamination on silicone conformal coating performance were
tested.
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6.2 Materials and method
6.2.1 Printed circuit board assemblies
A set of industrially processed PCBAs soldered using reflow, wave, and selective soldering
process was used for investigation. All the PCBAs were soldered using no-clean flux systems,
containing different flux systems but still belonging to WOA type.
6.2.2 Contamination profiling on PCBAs
Visualization of contamination profile on the selected PCBAs was done using a commercial
test method called Residue RATT M [12]. The test includes spraying a hot gel onto the PCBA surface
and observing the visual colour change, after two minutes, at localized areas. The areas on the
PCBA with flux residues will reveal a colour change from yellow to pink to reddish depending on
the amount. The application by spraying combined with the high viscosity of the gel ensures that
the colour change is fixed to the site where the residue was originally present and no smearing of
the residues occurs. Further, infrared spectroscopy was used to identify the type of flux residue on
the PCBA surface, a Nicolet iN10 MX FT-IR microscope from Thermo Scientific with attenuated
total reflection (ATR) mode was used for analysis directly on the surface of the PCBAs.
6.2.3 Localized extraction of residues and ionic analysis
A localized cleanliness test system C3 (Foresite Inc., USA), has been used to extract the
residues from localized areas of the PCBA. The system purges steam onto a localized area (0.65
cm2 ) and the condensed water with dissolved contamination (flux residue) will be extracted to a
cell. An ion chromatograph Dionex ICS 2000 was used for quantification of WOA. A set up with a
pair of platinum electrodes was used to measure the possible leakage current through a droplet of
extracted solution. Droplets of 100 µl were placed on an ethanol cleaned polystyrene substrate and
the platinum electrodes were immersed into the droplet. The length and diameter of the electrodes,
and distance between them are 1.3 mm, 0.5 mm and 3 mm respectively. Detailed description of the
test can be found elsewhere [13]. The leakage current between the electrodes was measured using a
“Biologic VSP” multichannel potentiostat under an applied potential of 10 V. A calibration curve
obtained with different concentrations of NaCl solutions has been used to estimate the localized
NaCl equivalent concentration on the PCBA surfaces, taking in to consideration that the IPC JSTD-001D has guideline for cleanliness of 1.56 µg.cm-2 of NaCl equivalent ionic or ionisable flux
residue. Ion chromatography analysis provides the WOA content of the extracted residue from the
PCBA surface, while the results using platinum electrodes (similar to ROSE testing) provide the
total ionic strength of the extracted solution from the PCBA surface. Therefore tiny levels of
additional contamination such as chloride and other ions are included in the values.
6.2.4 Conformal coating of PCBAs and humidity exposure
Silicone coating “Dow Corning (R) Silicone RTV SE 9157 clear” has been applied by
manual immersion on typical PCBAs, following by curing at room temperature for five days. The
thickness of the coating was measured around 280 µm. Performance of the conformal coating on
PCBAs processed by various soldering methods is evaluated by observing the blister formation,
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after exposure to 40 °C and 98% RH for a duration of 3 weeks. Optical microscopy was conducted
on the exposed surfaces to analyse the blisters formation.

6.3 Results
6.3.1 Residues RATTM gel test
Figures 6.1- 3 show partial images of typical PCBAs tested with Residue RATT M, revealing
the localized contaminations on the PCBA surface as a function of involved soldering process. For
better statistics three PCBAs are shown in each case for which flux types are same or different. The
patented Residues RATT M gel makes use of pH change due to the presence of acid in the flux
residue to reveal the colour change in an optimized manner [12].

Fig. 6.1.

Fig. 6.2.

Fig. 6.3.

a. b. c. Re s idue s RATTM ge l te s t on re flow s olde re d PCBs .

a. b. c. Re s idue s RATTM ge l te s t on wave s olde re d PCBs .

a. b. c. Re s idue s RAT TM ge l te s t on s e le ctive wave s olde re d
PCBs
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As shown in Figure 6.1, reflow soldered PCBAs in general did not show any red coloration
indicative of the absence of residues. On the other hand, PCBAs that have undergone wave and
selective soldering process (Fig. 6.2 and 6.3) have shown intense colour change including clear
indication of the mark of pallet used in the case of selective soldering. The red coloration in both
cases indicates the presence of high levels of flux residue. While red coloration was seen all over
the surface of the wave soldered PCBAs (Fig. 6.2) (although only part of it is shown), selective
soldered PCBAs showed residues only over a selected area depending on the application procedure
(Fig. 6.3).
Although only few PCBAs are shown in Figures 6.1-3, the results shown here represent
typical levels of residues found based on the test carried out on a large number of PCBAs with
various designs and three soldering processes. Therefore the results are applicable as a relative
comparison between the cleanliness levels of various soldering processes using no-clean flux
systems.
Reflow soldering flux residue can be concealed initially due to the presence of the binder and
the resin part of the flux, and WOA may not be immediately released [9]. Figure 6.4 shows the
residue RATT M gel test of the reflowed PCB after five cycles of water spraying following by slow
drying under an UV light in order to open up the residues. It can be seen that after this treatment a
small red spot appears under the component, showing the release of WOA.

Fig. 6.4.

Re s idue s RATTM ge l te s t on re flow s olde re d PCBA afte r s e ve re
humidity e xpos ure .

Figure 6.5 shows images of Residue RATT M gel test, of a typical wave and selective soldered
PCBAs similar to the ones shown above in Figures 6.2.a and 6.3.c, however, after a simple cleaning
process, by rinsing with a solution of Isopropyl alcohol and MilliporeT M water at 3:1 ratio and
scrubbing with a soft tissue, and rinsed again with the same solution to avoid any additional
contaminations from the tissue. It is clearly showed that the acid residues have decreased, however
little residues were found at some localized regions.
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Re s idue s RATTM ge l te s t on cle ane d a) wave s olde re d PCBAs
and b) s e le ctive wave s olde re d PCBAs .

Fig. 6.5.

6.3.2 Fourier Transform Infrared spectroscopy
In order to confirm that the contamination revealed by the residue RATT M gel corresponds to
flux residue, FT-IR analysis were performed directly at the contaminated areas on the PCBA
surface, using a microscopic IR spectrophotometer with ATR. Typical spectra shown in Figure 6.6,
clearly show that the chemistry of the contaminated area of the PCBA of the Figure 6.3.a.
corresponds to WOA (succinic acid in this case), the active part of the flux systems.
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Fig. 6.6.

FTIR s pe ctra on the s urface of a wave s olde re d PCBA .
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6.3.3 Ion chromatography

WOA (g.cm-2)

Residues were extracted from the localized areas on the PCBAs using C3 extraction set up
and analysed using the IC with an aim to quantify the WOAs present in the residues. A large
number of spots on the PCBAs have been identified, with and without contamination, for
extraction. Although some unidentified peaks were seen, IC spectra show distinct peaks for adipic
and succinic acids (depending on the flux types on various boards). The distribution and average of
the measured concentrations of WOA contained in all the extracted solutions are shown in Figure
6.7.
The level of WOAs on the reflow soldered PCBAs were below detection limit, which is in
agreement with the Residue RATT M results. However as shown in Figure 6.7, wave and selective
soldered PCBAs showed contamination levels up to 17.2 µg·cm-2 and 44.1 µg·cm-2 of WOAs
respectively. These concentrations were reduced to a maximum of 8.4 and 11.4 µg·cm-2
respectively, after a carefully cleaning of the PCBAs.

40

as received
after cleaning

20

6.2

11.4

6.2
4.0
0

0

0

reflow
Fig. 6.7.

wave

selective

WOA conce ntration dis tributio n and ave rage value s in
localize d e xtracte d s olutions .

6.3.4 Leakage current measurements
Analysis of the electrolytic properties of the localized extracted solutions was done using a set
up consisting of a pair of platinum electrodes to measure the possible leak current through the
extracted solution. Using the calibration, leak currents can be converted to NaCl equivalent for
comparison with IPC standard limit of 1.56 µg·cm-2 .
Figure 6.8 shows a plot of NaCl equivalent concentrations calculated from the leak current
data for various PCBAs with different soldering processes before and after cleaning. Typical
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NaCl equivalent (g.cm-2)

highest NaCl equivalent levels are 2.6, 5.7, and 8.9 µg·cm-2 for reflow, wave, and selective wave
soldered PCBAs respectively. This trend is consistent with the IC analyses.
Also, the washing process used in the present study did not lead to a reduction in the maximal
values of residues below the IPC standard level on the surfaces of wave and selective wave soldered
PCBAs (2.9 and 3.3 µg·cm-2 NaCl equivalent respectively).
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6.3.5 Effect of contamination on the performance of conformal coating
Performance of the conformal coating on the contaminated PCBAs were evaluated by
exposure to 40 °C and 98% RH for 3 weeks, and by observing the change in morphology of the
coating due to blisters formation. Only typical results before and after exposure to humidity are
shown in Figures 6.10-12, and for comparison of the initial level of contamination, Figure 6.9
consists of Residue RATT M tested surface of same PCBAs with circles showing examined areas for
blisters. Figures 6.11 and 6.12 also show the results for cleaned PCBAs which are conformal coated
and tested.
Results show that the conformal coating on reflow soldered PCBA remained unaffected
during the three weeks exposure (no blisters were found on the surface). But on wave and selective
soldered PCBAs (Fig. 6.11 and 6.12), the conformal coating showed signs of deterioration and the
majority of the blisters appeared at the same areas where a high level of contaminations were found
by the Residue RATT M testing. However, in both cases, cleaning of the PCBA has enhanced the
performance of the conformal coating, indicating a direct relation between the contamination and
the blister formation.
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Fig. 6.9.

Se le cte d are as for optical micros cope picture s , of a) re flow b)
wave and c) s e le ctive wave s olde re d and coate d PCBs .

Fig. 6.10. Optical micros cope picture s of re flow s olde re d and coate d PCB,
a) b) be fore and c) d) afte r 3 we e ks e xpos ure to s aturate d humidity.
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Fig. 6.11. Optical micros cope picture s of as re ce ive d wave s olde re d and
coate d PCB, a) b) be fore and c) d) afte r 3 we e ks e xpos ure to s aturate d
humidity, and cle ane d wave s olde re d PCB, e ) f) be fore and g) h) afte r 3
we e ks e xpos ure to s aturate d humidity .
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Fig. 6.12. Optical micros cope picture s of as re ce ive d s e le ctive wave
s olde re d and coate d PCB a) b) be fore and c) d) afte r 3 we e ks e xpos ure
to s aturate d humidity, and cle ane d s e le ctive wave s olde re d PCB, e ) f)
be fore and g) h) afte r 3 we e ks e xpos ure to s aturate d humidity .
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6.4 Discussion
The present investigation clearly illustrates the contamination problems on PCBAs resulting
from the use of no-clean flux systems and its connection to the soldering process. The relative
contamination level on PCBAs is found to be a function of the soldering process and the application
of flux. Overall, the results show that the wave and selective soldering processes leave significantly
higher levels of residues, while as manufactured reflowed PCBAs showed only minor issues of
contamination. The observation can be explained by the type of flux application in different
soldering processes, while some degree of difference within each process could also result from the
type of flux and the amount applied. In wave and selective soldering processes, flux is sprayed,
therefore resulting in wider distribution of flux on the surface (also on to the top part of the PCBAs
through via-holes) and sweeping of flux under the pallet in the case of selective soldering. For
reflow soldering process, the use of flux in the form of paste and screen printing process limit the
location of residues only to the localized areas, for example very close to or under the components.
The morphology of the reflow residues are also typically different as reported earlier [9] in which
the residues were found to be concealed initially and require heavy exposure to humidity for
opening up. Similar test has been carried out in the present case to identify the potential chances of
opening up, however among the PCBAs tested only few places showed this behaviour (Fig. 6.4).
For wave and selective soldering processes, difference in the temperature of the top and bottom
parts of the PCBA also could introduce higher amounts of residue on the top part, where the
temperature reaches only up to 170 ºC. Under such conditions, flux cannot be fully decomposed due
to lack of thermal energy available [7;10].
The FT-IR results and IC analysis show that the flux residue consists mainly of WOA such as
adipic and succinic acid, which is typical for several types of flux systems. The levels of WOA are
significantly higher on wave and selective soldered PCBAs compared to reflow, which is in
agreement with the residue RATT M results. Further NaCl equivalent calculation from the leak
current data shows that the levels of contamination are on average 1.4 times higher for the wave and
2.6 times higher for the selective wave soldering processes, compared to the IPC standard levels.
The highest concentrations of WOA are from the areas close to the edges of the selective tool´s
aperture, highlighting that the solder fluxes are trapped under the selective pallet, and are not
exposed to a sufficient temperature to be degraded. These residues are more corrosive than residues
heated to the appropriate soldering peak temperature of 250 ˚C [10]. The ionic and hygroscopic
residues, even at low concentrations, can have a direct impact on corrosion reliability, especially
under humid conditions [14] and ionic contamination concentration is a good quality indicator for
the long term reliability [15]. The IPC J-STD-001D has guideline for cleanliness of 1.56 µg·cm-2 of
NaCl equivalent and this limit level therefore should also be taken into consideration also in
localized measurements [16]. The trend shows that the localized concentrations will increase with
the type of soldering, respectively with reflow, wave, and selective wave soldered PCBAs. Solder
fluxes might contain other ionic species than WOA, and the concentration higher that the IPC
standard level are also measured on reflow soldered PCBAs, especially from areas close to big
components.
The cleaning process of some PCBAs has decreased the WOA level on the surface, but did
not reduce the localized NaCl equivalent concentration below the IPC standard level. The cleaning
of PCBAs containing a high amount of components is delicate, and some areas cannot be reached
properly by the cleaning solution. The results presented in this paper just point to the fact of
delicacy related to the cleaning process of no-clean fluxes, which can some time cause more
distribution of residues.
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Conformal coatings are meant to retard moisture diffusion to the PCBA surface, and to protect
the surface of the PCBA from corrosion failure. But the presence of ionic contaminants below the
coating represents a preferential medium for moisture adsorption, and can lead to an acceleration of
the coating degradation. Results on conformal coating test shown in Figures 6.10-12 clearly indicate
that the excessive levels of contamination could introduce problems for conformal coating under
humid conditions. This is expected, as the ionic contaminants under the coating will influence the
water transport through the coating due to osmotic pressure, while the adhesion of the coating is
affected by the contamination at the interface. The blisters formed due to water absorption to the
interface and delamination of the coating can induce underfilm corrosion, which is reported to be
more severe than the open corrosion cell formation due to the nature of occluded solution [17-18].
At the gel-polymer interface, an uninterrupted conductive path of coalescing aqueous droplets will
be formed in the presence of water soluble substrate impurity [19], and water intake through the
coating can form an electrolyte at the interface by combining with the ions, and can eventually lead
to corrosion [17;20-21]. Studies have shown that the acids can also accelerate the hydrolytic
degradation of polymer of the conformal coating [22]. In the presence of low level of
contamination, with reflow soldered PCBAs, silicone conformal coating is found to be less
susceptible to blisters formation. In the presence of high level of contamination, with wave and
selective soldered PCBAs, blisters appeared in large numbers after exposure to saturated humidity,
leading to a pathway for water layer formation at the interface between the PCBA and the coating.
Under testing, majority of the blisters appeared over the same areas where a high level of
contaminations has been found by residue RATT M gel test. The degradation rate of the silicone
coating has been decreased by a cautious cleaning of the PCBAs before coating.
Overall the results clearly show the importance of process cleanliness on PCBAs based on the
soldering process and its effect on conformal coating performance. Results clearly illustrate that in
the case of wave and selective soldering processes, increased residue levels need to be considered
before the conformal coating can be introduced. However, cleaning of the PCBAs could be an
option to reduce the problems related to conformal coating if the cleaning process could be
conducted in a manner in which relocation of some of the residues is avoided.

6.5 Conclusion
1) Distribution and concentration of no-clean flux residues left after soldering on PCBAs are
directly correlated to the type of processing. Residue RATT M gel test reveals intense red coloration
indicative of high levels of flux residue on wave and selective soldered PCBAs, while no red
coloration was found on as processed reflow PCBAs. Selective soldered PCBAs also revealed
selective mask tool´s aperture region as the trapping areas.
2) Quantity of flux residues left was found to be a function of the soldering process. The activator
part of the flux residue, weak organic acid, showed increased levels on wave and selective soldered
PCBAs reaching a level of 44.1 µg·cm-2 for selective soldering process.
3) Residue levels converted to NaCl equivalent reveals the following ranges for reflow (0.3 , 2.6)
µg·cm-2 , wave (0.4 , 5.7) µg·cm-2 , and selective (1.3 , 8.9) µg·cm-2 , in contrast to the allowed IPC JSTD-001D standard level guideline of 1.56 µg·cm-2 of NaCl equivalent. Simple cleaning of PCBA
has reduced the maximal contamination level down to 1.3, 2.9 and 3.3 µg·cm-2 NaCl equivalent
respectively.
4) Presence of high levels of flux residues on wave and selective soldered PCBAs resulted in the
degradation of the conformal coating under exposure to humidity revealed by blister formation. The
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distribution of the blisters after exposure corresponds to the pattern of flux residue on the PCBAs
surfaces, and found to reduce by prior cleaning.
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7. Decomposition of No-clean Solder Flux Systems and
their Effects on the Corrosion Reliability of
Electronics

Abstract
The no-clean flux systems are used today for the soldering of electronic printed circuit board
assemblies assuming that all the aggressive substances of the flux will vanish during the soldering
process i.e. evaporate, decompose or being enclosed safely in the residues. However this is not true
in most cases, as the flux residue left on a printed circuit board assembly is a key factor
compromising the corrosion reliability under humid conditions. This investigation focuses on the
chemical degradation of three kinds of solder flux systems based on adipic, succinic, and glutaric
acid as a function of temperature, thus simulating the soldering process. Differential scanning
calorimetry, Fourier transform infrared spectroscopy, and ion chromatography were employed for
decomposition and residue analysis. Aggressiveness of the residue was investigated using a pH
indicator gel test and by acid value determination. Effect on corrosion reliability was investigated
by exposing the test printed circuit board assemblies to humidity after pre-contaminating with pure
acids and desired solder flux systems and measuring the charge transferred between electrodes
under applied potential bias. Results showed that the fluxes do not decompose fully within the
temperature regime of the soldering process, leaving behind significant level of weak organic acid
residues. The residue depending on the type and amount can be very aggressive towards the
corrosion on the printed circuit board assemblies. The glutaric acid based flux showed highest
leakage current when exposed to humidity compared to the adipic and succinic based fluxes.
Key words: Chemistry, corrosion, decomposition, solder flux, acids, printed circuit boards.

Published as: Conseil, H., Verdingovas, V., Jellesen, M. S., & Ambat, R., “Decomposition of no-clean solder flux
systems and their effects on the corrosion reliability of electronics”, Journal of Materials Science: Materials in
Electronics, 27(1), 23–32, 2015. doi: 10.1007/s10854-015-3712-x
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7.1 Introduction
One of the predominant factors for accelerated corrosion in electronics under humid
conditions is the intrinsic contamination on printed circuit board assemblies (PCBAs) originating
from the use of no-clean flux systems during soldering. Most important factors are the flux
chemistry and its decomposition characteristics during the soldering process that result in left over
residues. The most commonly used flux systems contain: (a) Solvent: a medium for mixing all the
components of the flux, often a mix of alcohols, (b) Activators: mainly weak organic acids
(WOAs), or halogenides (less common in no-clean fluxes), and (c) Vehicle: a non-volatile
compound such as a resin or ester which is stable in the range of temperatures involved in the
soldering process [1,2]. The assumption behind the no-clean flux technology is that the aggressive
chemicals used in the flux solution will burn off, i.e. evaporate or decompose to volatile substances
during the soldering process, and only leave a minimum level of residue of aggressive nature on the
PCBA surface. However, in practice this seldom happens, and the PCBAs are contaminated with
substantial amounts of flux residues [3, 4] consisting of ionic compounds that are used as activators
in the original or decomposed form. These can interact with humidity due to their hygroscopic
nature making the adsorbed water layer a good electrolyte for current conduction and subsequent
corrosion [5]. Therefore a number of PCBA failures have been reported in the literature due to the
presence of these flux residues [6–8], which commonly cause the reduction of surface insulation
resistance (SIR) resulting in an increased leakage current, or under certain conditions,
electrochemical migration and dendrite formation [9,10]. The amount, distribution, and morphology
of the flux residue vary considerably with specific soldering process and related parameters [11–
13]. The results show that variation in process conditions such as temperature of the PCBA surface
during soldering is of great importance and can result in considerable variation in the amount of
localized residues [14].
There is limited literature [15–18] on the difference in the behaviour of various WOAs used in
the no-clean flux systems under humid conditions, and these studies focus on the effect of the
WOAs on surface insulation resistance. However, most of the studies deal with the flux chemistry
as a whole without differentiating the effect of individual activator, such as various types of WOA
[7;9;19–22], as they vary in their aggressiveness and water absorption capability resulting in
significantly different behaviour of the residues towards corrosion reliability. The potentially
aggressive and corrosive effects of flux residue related to its chemical nature must therefore be
understood in order to prevent long term reliability problems of electronics arising from the process
related residues. The investigations in this paper aim to show the importance of the flux chemistry
including the effect of WOAs as activator used for the soldering process in reducing the corrosion
reliability issues. The studies include the decomposition characteristics of some typical flux types
used today in comparison with the type of WOA activator, amount and type of residue formed, and
their effect on the leakage current and electrochemical migration under exposure to humidity.

7.2 Experimental details
7.2.1 Flux types and WOAs
Three conventionally used no-clean flux systems named SFa, SFb, and SFc for wave or
selective soldering process were selected for investigation, consisting of three different WOAs as
active component. Table 7.1 shows the characteristics of the fluxes with the type of acid and
solvent, the solid content (acids and resin part), and the acid number. Additionally three pure WOAs
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were used for comparison with respective flux systems. Solutions of WOAs were prepared using
isopropyl alcohol as the solvent. The characteristics of the short-chain dicarboxylic acids are
summarized in Table 7.2 [23].

TABLE 7.1
CHARACTERISTICS OF CONVENTIONAL NO- CLEAN WAVE SOLDERING FLUX SYSTEMS USED FOR
INVESTIGATION

IPC J-STD004
Designation*
ORL0

Solid content
[wt. %]

Acid number
[mg KOH/g]

2.2

17.5

Isopropyl
Alcohol

ORL0

2.0

14.7

Water

ORM0

4.0

36.9

Solder flux

Acid type

Solvent

SFa

Succinic acid

Isopropyl
Alcohol

SFb

Adipic acid

SFc

Glutaric acid

*First two letters specify the film-former type: OR-organic; third letter specifies the level of activator in the flux: L-low,
M-medium; and the last number specifies halides content: 0-(<0.05 % wt/wt).

TABLE 7.2
MOLECULAR STRUCTURES AND CHEMICAL CHARACTERISTICS OF WOAS
Molecular structure
Name

Succinic acid

Adipic acid

Glutaric acid

Melting point [˚C]

182

152

98

Water solubility at
20˚C [g·L-1 ]

80

14

1400

Deliquescence RH [%]

98

> 99

84

7.2.2 Decomposition treatment and analysis
In order to study the decomposition behaviour of the pure WOAs and solder fluxes, three
different heat treatments have been carried out, namely: (1) at room temperature (RT), (2) at 170 ±
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5 ˚C for 45 s (approx. temperature on top of a typical PCBA during wave and selective soldering),
and (3) 250 ± 5 ˚C for 45 s (equivalent to maximum temperature during lead free soldering, i.e.
liquid solder temperature) [11], in an air circulated oven. The temperature values were chosen to
simulate the conventional leadfree soldering process. The thermal degradation and thermal
transitions have been performed with thermo gravimetric analysis (TGA) and differential scanning
calorimetry (DSC). The chemical and quantitative analyses have been performed with Fourier
transform infrared spectroscopy and ion chromatography.
7.2.3 Thermo gravimetric analysis (TGA) and differential scanning calorimetry (DSC)
The TGA analysis was employed to investigate the decomposition of WOAs and solder
fluxes, and the corresponding weight loss as a function of temperature. The DSC analysis was
employed to determine the endothermic melting transition and the decomposition temperature. The
tests were performed on the pure acid crystals and on the flux residues (after evaporation of the
solvent at RT) in alumina crucibles in the temperature range from 30 to 400 ˚C at a rate of heating
of 10 ˚C/min (TGA/DSC 1, Mettler Toledo).
7.2.4 Fourier transform infrared spectroscopy (FTIR)
The attenuated total reflection (ATR) was employed to identify the functional groups in
organic mixtures like flux residues. This method was used for investigating the chemical bond
properties of the solder fluxes, for identification of the acid type, and the chemistry changes after
heating (Nicolet iN10 MX FT-IR microscope, Thermo Scientific, supported by Omnic Picta
software).
7.2.5 Ion chromatography (IC)
The residues of 1 mL of fluxes after heat treatments (1) and (3) were dissolved using 10 mL
of isopropyl alcohol for 15 min. Mild stirring was performed to remove the residues thoroughly and
the solution was analyzed for the quantification of WOA in an ion chromatograph (IC) using a
AS11-HC column with a gradient feeding KOH eluent system (Dionex ICS 2000).
7.2.6 Aggressiveness of residues
For a simple and rapid visualization of the decomposition of flux, a patented product called
residues reliability assessment testing (Residues RATT M) gel method was used [24]. The residues
RATT M test makes use of a gel with indicator to reveal the WOAs in the flux residue. The gel was
heated and sprayed on to the surface consisting of residues, and after 2 min the colour change was
observed due to the chemical reactions with the indicator in the gel and the active acid in the
residues. The gel was applied to the residues of 1 mL of flux exposed to various heat treatments (1),
(2), and (3) as described in section 7.2.2.
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7.2.7 Acid value titration
Acid value (or ‘‘acid number’’ or ‘‘acidity’’) was used to quantify the volume of KOH
needed to neutralize the amount of acid present in 1 g of soldering flux after different heat
treatments (1), (2), and (3). It is an indication of aggressiveness of the acid residues. The residue
was dissolved in 50 mL of isopropyl alcohol, which was titrated with a solution of 0.1 N of KOH
and with phenolphthalein as a colour indicator. The alkali was added until a faint pink colour
persisted throughout the titration solution for 30 s. Each experiment was repeated three times. The
acid value was calculated using the following formula:
Acid value

=

𝑉 . 𝑁 . 56.11
𝑀

(7.1)

where V is the volume [mL] of alkali consumed for sample, N is the normality of KOH, m is the
mass [mg] of the sample.
7.2.8 Humidity exposure and corrosion testing
Potentiodynamic leakage current measurements on the surface insulation resistance (SIR)
patterns were used for assessing the corrosive effect of flux residues and the WOAs on a surface of
a PCBA. The measurements were performed on the SIR patterns with hot air solder levelled
(HASL) finish (Sn/Ag/Cu solder alloy). The dimensions of SIR patterns are 13 mm x 25 mm, while
the pitch and spacing size is 0.3 mm. Nominal square count of SIR patterns is 1476. The test board
with SIR patterns is made on FR4 laminate, with a solder mask, and complies with IPC-4101/21.
The detailed description of the test board can be found elsewhere [25]. Prior to testing, the test
boards were cleaned with deionized MilliporeT M water. The cleaned SIR patterns were precontaminated with WOAs and soldering fluxes at approximate concentration of 100 µg cm-2 . The
measurements were conducted in the humidity range from 60 to >98 % RH in a climatic chamber
‘‘Espec PL-3KPH’’. The measurements were performed at RH levels of 60, 70, 80, 90, 95, 98 and
>98 %, while the temperature was kept constant at 25 ˚C. The leakage current was measured with
varying potential from 0 to 10 V at a sweep rate of 2 mV·s -1 using Bio-Logic VSP workstation. The
detailed description of the test method can be found elsewhere [17;26]. The results from the
humidity testing on the SIR pattern are shown in the paper as charge transferred between the
electrodes. The magnitude of charge transferred indicates the conductivity of the electrolyte and
corrosivity of the contamination on the PCBA in relation to the RH. A significant increase of charge
also indicates narrowing of the gap between the electrodes due to corrosion and dendrite growth.

7.3 Results
7.3.1 TGA and DSC
The TGA scans for pure WOAs (Fig. 7.1 a, c, e) were essentially smooth curves showing a
sudden sharp decrease starting at ~190 ˚C, and ending with a 0% weight residue at higher
temperatures, respectively at 250, 290 and 270 ˚C for succinic, adipic, and glutaric acids. The TGA
scans for the solder fluxes (Fig. 7.1 b, d, f) revealed similar degradation behaviour showing an
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evaporative regime, which level off at higher temperature with a lower amount of residue given as a
wt .% of the original sample weight. It corresponds to the resin part for the alcohol-based fluxes SFa
and SFb, which is decomposed at higher temperature and will remain during the soldering process.
The DSC scans showed two endothermic peaks: the first peak does not correspond to any weight
loss and is attributed to the melting temperature of the WOAs; second peak at higher temperature,
which corresponds to a maximum rate of weight loss in the TGA and represents the decomposition
temperature of the respective acids. The values extracted from the plots are shown in Table 7.3.
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TABLE 7.3
PHASE TRANSITION TEMPERATURES OF THE WOA AND SOLDER FLUX SYSTEMS
Melting temperature
Decomposition
wt.% of resin in the
[°C]
temperature [°C]
residues
Succinic acid

191

237

/

SFa

186

245

4

Adipic acid

154

285

/

SFb

143

270

11

Glutaric acid

96

260

/

SFc

85

245

/

7.3.2 FTIR analysis
The FTIR spectra of the solder flux systems were compared with the pure WOAs, and the
respective functional groups that are important for decomposition analysis were identified. The
spectra (Figs. 7.2 and 7.3) show C–H bonds at around 2950 and 2870 cm-1 , which are assigned to
the symmetric and asymmetric CH3 and CH2 stretching vibration bands. The C–H bending
vibrations for CH3 and CH2 were observed at around 1380 and 1460 cm-1 . The OH stretch was
observed in the range of 2750–2550 cm-1 , while the carbonyl band (C=O) appeared at 1710 cm-1 .
The alkene double bond (–C=C–) stretching vibration showed a little peak and as a shoulder
presented near the C=O band at around 1630 cm-1 [27]. In order to investigate the chemical change
of flux residues as a function of flux concentration and heating temperature, FT-IR analysis was
conducted on the residue after heat treatments (2) and (3). After heating at 170 ˚C, distinct changes
appeared in the spectrum of the flux based on succinic acid for the low concentration of 0.5 µL cm-2
of flux (Fig. 7.2 a bottom), nearly all bands decrease in intensity. Degradation of the fluxes based
on adipic and glutaric acid were not observed even at the lowest flux concentration (Fig. 7.2 b, c).
Several changes were observed on the FT-IR spectra after heating at 250 ˚C for the fluxes SFa, SFb,
and SFc when their concentrations reached respectively to 11, 5.3 and 0.5 µg cm-2 (Fig. 7.3 a, b, c).
The intensities of the CH3 - stretches [both symmetric (at 2870 cm-1 ) and asymmetric (2930 cm-1 )]
have decreased relative to the asymmetric CH2 -stretch, which was still existing and intense. The O–
H–stretch absorption from the acid (2750–2550 cm-1 ) also dramatically decreased and viewed
alongside the decrease in the ‘acidic’ C=O intensity (at 1710 cm-1 ), indicating that a substantial
amount of the acid was degraded at these concentrations and temperatures.
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7.3.3 Ion-chromatography analysis

% of WOA remained after heating at 250 C

Quantitative analysis of the ionic content of the dry residue of the solder fluxes had been
performed using IC. The solder flux SFc contained initially a high amount of WOA in the residue
(~5 wt .%), while the solder fluxes SFa and SFb contained 1.4 and 0.8 wt .% of WOAs in the residue
respectively. The results in Figure 7.4 showed that after heating the fluxes (1 mL of flux
corresponding to 53 µL·cm-2 ) at 250 ˚C for 45 s, the amount of remained WOA was about 55% for
the flux based on succinic acid (SFa), about 70% for the flux based on adipic acid (SFb), and about
95% for the flux based on glutaric acid (SFc). For comparison, pure WOAs (5 wt .%) have also been
heated at 250 ˚C for 45 s and the remaining of acid was about 52, 79, and 73% for succinic, adipic,
and glutaric acids respectively.

100
80
60
40
20
0
succinic ac.

SFa

adipic ac.

SFb

glutaric ac.

SFc

Fig. 7.4.
Ion Chromatography quantificatio n of WOA in the le ft re s idue s
of the pure acids and of the s olde r fluxe s he ate d at 250 ˚C for 45 s .

7.3.4 Residues RATTM tests
Figure 7.5 shows images of pure WOA and solder flux residue samples heated in glass dishes
(1 mL of flux corresponding to 53 µL·cm-2 ) at different temperatures and then tested with Residues
RATT M gel. The Residues RATT M gel makes use of pH change due to the presence of acid in the
flux residue by using an indicator in the gel in an optimized manner [24]. The images showed
distinct red colouration for all the residues that were evaporated at room temperature. At 170 ˚C, all
of them displayed comparable residue levels as those at RT, showing very little degradation of the
acid part. However, after heating at 250 ˚C, the amount of residues varied depending on the type of
acid or flux system. The solder flux SFc with glutaric acid showed more intense colour. Both the
behaviours can be correlated either to the higher amount of residue or more aggressive acid.
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7.3.5 Acid value determination
Figure 7.6 shows the acid value of pure WOA solutions and of solder fluxes extracted after
different heat treatments. Considering the acid value of the sample at RT as 100%, the acid value
after heating at 250 ˚C was about 65% for the pure succinic acid and for the flux SFa, while ~75%
for the pure adipic acid and the flux SFb. The conventional flux type SFc is a more aggressive water
based flux due to its high concentration of acid, but did not show any decrease in acid value after
heating.
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108

Chapter 7 – Decomposition of No-clean Solder Flux Systems and their Effects on the Corrosion Reliability
of Electronics

7.3.6 Effect of residues on leakage current and charge transfer
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The plots in Figures 7.7 and 7.8 represent the effect of WOAs and flux residue on the
electrical performance of the PCBA. The magnitude of charge transfer represents the magnitude of
leakage currents on the SIR pattern measured in the RH range of 60 to >98%.
For the WOAs and flux residues which were not exposed to the soldering temperature (Fig.
7.7), the highest charge was measured for the pure glutaric acid and glutaric acid based flux SFc.
The red arrows in the graphs indicate a significant increase of charge transferred between the
electrodes, which is attributed to the narrowing of the gap between the SIR electrodes due to the
corrosion products formation and dendrite growth. Significant corrosion and bridging of the
electrodes were observed for glutaric acid at 80% RH, and for the solder flux SFc at 70% RH, while
similar significant increase appeared for the succinic acid and SFa at a RH level of 98%. For adipic
acid and SFb, no significant increase in charge transfer was measured and the overall charge levels
were the lowest from the very beginning of experiment at 60% RH until >98% RH. The RH level at
which significant increases of transferred charge were observed are in accordance with the
deliquescence points of the WOAs, which are 80, 98 and >99 % RH for glutaric, succinic and
adipic acids respectively.
The effect of exposure to the soldering temperature on the decomposition and reduced
corrosiveness of the residues is further illustrated in Figure 7.8. A significant reduction of charge
transfer was measured after exposure to 250 ˚C for 45 s for all the WOAs and solder fluxes.
However, the trend of lowest charge for adipic, intermediate for succinic, and highest for glutaric
acid as observed before heating in Figure 7.7 remained the same. The reduced charge level
measured led to lower probability of electrochemical migration, although the increase of charge at
the highest RH level of >98% for the glutaric acid based flux SFc has nevertheless led to dendrite
formation.
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7.4 Discussion
The FT-IR analysis indicates that the degradation of succinic acid occurred at lower
temperature than the degradation of adipic and glutaric acids. After heating at 170 ˚C, only succinic
acid based flux showed degradation of the acid but for a very low initial concentration of flux (0.5
µL·cm-2 ). The degradation of the acids after heating at 250 ˚C occurred when the initial flux
concentrations were below 11, 5.3 and 0.5 µL·cm-2 respectively for succinic, adipic, and glutaric
acid based fluxes.
Further, the TGA results for pure WOAs and solder flux systems show a progressive
evaporation of the acid above the melting point without any decomposition [28]. Succinic acid
evaporates in the temperature range of 190–250 ˚C. The flux based on succinic acid shows the
lowest degradation temperature peak (10 ˚C below the solder temperature), and therefore expected
to leave the lowest level of ionic residues after the soldering process. Adipic acid evaporates in the
temperature range of 190–290 ˚C, and adipic acid based flux shows the highest degradation
temperature peak at a temperature above the soldering temperature [29-30]. Therefore adipic acid
based flux system is expected to leave the highest amount of ionic residues. These results can be
correlated with IC analysis, in which the SFa and SFb are found to leave 55 and 70% of WOA
respectively in the residues (with initial flux concentration of 53 µL·cm-2 ). The water based glutaric
acid containing flux showed a different behaviour. In spite of the fact that its degradation
temperature peak is close to the soldering temperature, the amount of WOA did not decrease after
heating. This is expected to be due to the higher latent heat of evaporation of water (2260 kJ/kg), its
evaporation is slower and therefore limiting the degradation of the acid.
The results from the tests showing the aggressiveness of the residue are in agreement with the
above observations. The Residue RATT M gel test and the acid value determination showed that all
types of acids and flux systems leave significant levels of acids even after heating. The fluxes show
the aggressive behaviour similar to the behaviour of their respective acids except for SFc. The acid
value of SFc is high due to its high content of glutaric acid (~5 wt .%), and in this case the acid
activity remains the same after heating at 250 ˚C.
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The analyses showed that the chemical nature of the WOA in the solder flux is of great
importance in the degradation of the flux during the soldering process, and therefore determined the
level of residue on the PCBA surface. The corrosion failure due to the contamination on PCBAs
will be related to the amount of the WOAs, its chemical nature, but also to the climatic conditions at
which the PCBAs will be exposed.
Significant corrosion reliability differences between the three pure WOAs and the three solder
flux systems have been found on the SIR test PCB during exposure to 25 ˚C at different RH levels.
For the residues evaporated at RT, a sudden increase in the charge transfer between the electrodes
occurred for glutaric and succinic acids and for the fluxes containing these acids. This is attributed
to the electrochemical migration and dendritic growth, which is also reported elsewhere [17;26].
Adipic acid causes only a steady increase of charge transfer with the increase of humidity, and no
significant increase in transferred charge related to the electrochemical migration. Earlier studies
also reported that there was no dendrite formation under similar conditions with adipic acid as
contaminant [17;26]. The level of charge at 98% RH for succinic acid, and at 70% RH for glutaric
acid is more than four orders of magnitudes higher than the charge value from adipic acid. Glutaric
acid and glutaric acid based flux show significant increase of charge transfer at lower humidity
levels (70–80% RH), and a similar behaviour was observed for the residue heated at 250 ˚C and
exposed to >98% RH. The residues of glutaric acid appeared to be the most aggressive among the
three WOAs tested, which is also reported earlier [16]. The residues from glutaric acid are more
hydrophilic than those from either adipic acid or succinic acid [as related to higher solubility of
glutaric acid (cf. Table 7.2)]. When the deliquescence RH level is reached, it could lead to a higher
conductive water layer on the SIR pattern causing higher leakage currents and a greater propensity
for the dendritic growth [31].
Overall the investigations show the importance of flux chemistry in determining the amount
of process related residues and its effects on corrosion reliability under humid conditions. Further,
the work shows that all the flux chemistries are not similar, while some are better than others which
is determined by the constituting ionic component in the flux system and its properties.

7.5 Conclusion
The main objectives of this investigation were to show the effect of the acid type and content, the
processing temperature, and the solder flux residues effect on the corrosion reliability of electronics.
1) Residues RATT M testing, acid value determination, and ion chromatography results showed that
significant amounts of acid residue or flux residue are left and their aggressiveness are a function of
acid type and temperature. The acid residues were easily extractable, hence no safe encapsulation of
WOA in the residues took place.
2) Results showed that no significant decomposition of fluxes and acids takes place in the simulated
temperature regime of a soldering process, which is also confirmed by FT-IR spectroscopy showing
solely the original acid in the residue.
3) TGA and DSC results showed only an evaporation regime, indicating that above the melting
point and until the peak temperature of soldering process (~250 ˚C), only evaporation takes place
without significant levels of decomposition. For the flux systems, the major evaporation is expected
to be due to the low vapour pressure solvent leaving higher amounts of aggressive residues.
4) Humidity testing showed that the corrosion failures depend on the type of flux systems, implying
the type of acid. Glutaric based flux showed higher levels of charge transfer due to leakage current
and tendency for electrochemical migration compared to succinic and adipic acid.
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8. Investigation of Moisture Uptake into Printed
Circuit Board Laminate and Solder Mask Materials

Abstract
Presence of moisture in a printed circuit board laminate, typically made of glass fibres
reinforced epoxy polymer, significantly influences the electrical functionality in various ways and
causes problems during soldering process. This paper investigates the water uptake of laminates
coated with different solder mask materials and exposed to saturated water vapour and liquid water.
The solder masks are characterised for their microstructure and constituent phases using scanning
electron microscopy and X-ray diffraction. The observations are correlated with the moisture
absorption characteristic such as diffusivity, permeability, and solubility. In addition, the effect of a
reflow soldering simulation on microstructural changes and on increase of water uptake of the
materials has been analysed.
Key words: Dielectric property, laminate, microscopy, moisture, reflow, solder mask, water.
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8.1 Introduction
Polymer based laminates and solder masks (SMs) used for printed circuit board assemblies
(PCBAs) are permeable to water [1-4]. Moisture absorption by the laminate material prior to
assembly can cause problem during subsequent soldering process. Absorption of moisture also
causes a decrease in volume resistivity and therefore an increase in propagation delay times [5-6].
Moisture absorption during service can induce conductive anodic filament (CAF) formation [7-10]
between embedded conduction lines in the case of a multi-layer PCB, where the dependence of
failure due to filament formation is proportional to the amount of absorbed moisture [11].
FR-4 is a widely used PCB material and is a composite of epoxy resin with woven fibre glass
reinforcement [12]. The PCB laminate is prepared by impregnating rolls of woven glass cloth with
resin and then laying up the necessary number of layers of impregnated cloth between sheets of
copper foil and compacting them in a hydraulic press before curing [13].
For all PCBA applications, the laminate surface is covered with a SM in order to control the
placement of the solder during the automated soldering process. The SM chemistry will also
influence the water uptake of the PCB. The SMs usually consist of a polymer such as epoxy or
acrylic, while a number of different types of fillers are used with varying morphologies and
concentration, each performing a certain function. The process used for applying SMs to PCB
laminates can vary between screen printing, dry film technique or photo-imageable liquid types.
They may also be formulated as dual- or single-component polymer systems, curable by ultraviolet
(UV) or thermal energy, and based on aqueous or chemical solvents [14].
The PCBs are subjected to reflow and/or wave soldering processes depending upon the type
of assembled components (surface mount or through-hole components), to obtain the required
PCBAs. During the soldering process, the boards are exposed to temperature profiles with values
reaching as high as 260 ˚C during a short period of time [15-16]. Instances where a low baking time
for the PCBs prior to the soldering process have been reported in the literature, where residual
moisture present in the PCBs lead to a sharp build-up of vapour pressure within the layers. This
leads to formation of voids, cracks, interfacial delamination, and/or “popcorn” failures in the PCBs
[7;17].
Water uptake of PCB laminates have been studied [1-4], while only the mechanical and
thermal properties of SMs have been reported [14;18-20]. No study of the combined effect of
moisture absorption and of the microstructure changes of these materials before and after a reflow
simulation on water absorption has been reported. In this study, water vapour and liquid water
absorptions into laminates and SMs, before and after reflow simulation, have been performed using
weight gain measurements. The composition and microstructure of the SM material were analysed
by scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and the
phase analysis using X-ray diffraction (XRD). The effects of moisture absorption on the dielectric
property and morphological changes to the laminate after a simulated reflow soldering profile have
been investigated. Exposed laminates were analysed using SEM and scanning acoustic microscopy
(SAM) to investigate the defects formed during heating due to moisture content in the laminate.

8.2 Materials and methods
8.2.1 Laminates and solder mask
The laminates used in this study are high-temperature flame retardant type materials (HTFR4) composed of an epoxy resin reinforced with electrical grade (E-glass) glass fibres. The glass
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transition and decomposition temperatures are 180 ˚C and 340 ˚C respectively. The laminates (90 x
90 mm) are studied with and without coated SM (denoted as SM I and SM II). The SM I and SM II
are both photo-imageable two-component solder resists. The thickness of the materials is listed in
Table 8.1.

TABLE 8.1
THICKNESSES OF THE LAMINATES AND COATED SOLDER MASKS MEASURED USING CROSS- SECTIONS
Laminate
SM I
SM II
400 µm

18 µm

29 µm

702 µm

21 µm

29 µm

SM II was also cast on baking sheets, allowed to cure and removed from the support. The average
thickness is about 430 µm.
8.2.2 Microstructural analysis of laminate and solder masks
The microstructure and morphology of the PCB laminate and the SMs were investigated
using a SEM (Model Quanta 200 ESEM FEG, FEI) equipped with EDS (Oxford Instruments 80
mm2 X-Max). Cross-sections of the samples were prepared in the transverse direction and mounted
in a cold setting epoxy. The surfaces were polished using different grades of SiC paper and further
fine polished using diamond grit of 250 nm size. In addition, for detailed analysis, high resolution
observations were performed on cross-sections prepared in-situ using a focused ion beam (FIB)SEM (Helios EBS3 Nanolab DualBeam, FEI). Scanning acoustic microscopy (SAM) (Sonix echovs) was employed to observe the presence of any voids or cracks within a large surface area of the
SMs, prior to and after moisture absorption, and reflow soldering process simulation.
The X-ray diffraction analysis (Model Bruker Discover D8) was performed on the laminates
and SMs using Cu Kα radiation at 40 kV and 40 mA for investigating the crystalline filler materials
in the SMs and also the laminates. Diffraction patterns were recorded in the 2θ range from 10° to
100° with an incidence angle of 1°, step size of 0.03° and a scan step time of 4 s.
8.2.3 Absorption studies in saturated water vapour and liquid water
Prior to the water absorption studies, the laminates with and without applied SM I and SM II
material were baked at 125 ˚C for a period of 24 h in an air-circulating oven. Weight gain
measurements of samples (average of three tests) were carried out on a balance having a resolution
of 0.1 mg. Water absorption studies were carried out by immersion in water as well as by exposure
to saturated water vapour. The samples for the liquid water absorption test were immersed in water
at 25 and 60 ˚C, and weighed at regular time intervals. The samples were taken out of the water
bath and their surfaces were carefully dried using a soft tissue before weight measurements. The
weighing procedure was carried out within 5 minutes and the samples were returned to the water
bath for further exposure. The samples exposed to saturated water vapour conditions were exposed
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in a chamber with controlled saturated humidity at 25 ˚C and a continuous weight measurement was
performed by hanging the specimen using a bottom loading precision balance. The experiment was
conducted until the samples were saturated with moisture, meaning that no significant weight
change was observed during further exposure. A second test of water absorption after a reflow
simulation on water saturated laminates has also been performed. The percentage weight gain X in
[wt.%] was calculated using the equation:

X (t) =

∆𝑚 (𝑡)
𝑚0

. 100

(8.1)

where 𝑚 0 [kg] is the initial dry weight of the sample and ∆𝑚 (𝑡) is the change of weight of
the sample [kg] after exposure for a time period t.
Considering the Fickian absorption behaviour, which is an ideal case of penetrant transport,
corresponding to free diffusion of penetrant without interference of polymer chain rearrangement
(structural relaxation) [21], the water absorption process obeys Fick’s second law, and the diffusion
coefficient can be expressed as:

D=

𝑙2 . 𝜋
16 . 𝑡0

(8.2)

where D is the diffusion coefficient [m2 ·s-1 ], 𝑙 is the thickness of the sample [m], and t 0 [s] is the
time when the stable water absorption is reached (saturation).
The Henry’s law of solubility states that a linear relationship exists between the external
vapour pressure and the corresponding concentration within the surface of the laminate. The
relationship is commonly extrapolated from a linear sorption isotherm. If one assumes the diffusion
coefficient to be constant, the relationship between the diffusion coefficient, the permeation
coefficient, and the solubility coefficient simplifies to:

P = D.S
S=

𝜌
𝑝𝐴

(8.3)

·

∆𝑚𝑓
𝑚0

(8.4)

where P is the permeation coefficient [kg·(m·s·Pa)-1 ] and S is the solubility coefficient [kg·m3
·Pa-1 ], ρ is the volumetric mass density [kg·m-3 ] of the material, 𝑝𝐴 is the partial water vapour
pressure in ambient air [Pa], while ∆𝑚𝑓 is the final change of weight of the sample [kg].
8.2.4

Reflow simulation on laminate after water absorption

In order to study the effect of water absorption by the laminate and subsequent effect on the
structure of the laminate due to reflow process, water absorbed laminates were subjected to a
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simulated reflow soldering process (Techno-HA-06, Technoprint), with a pre-heat at 170 ˚C for 90 s
and a reflow at 260 ˚C for 100 s.
8.2.5 Effect moisture absorption on dielectric properties
Change in the dielectric dissipation factor of the laminates due to moisture absorption was
measured using a PSM 1735 NumetriQ (N4L) frequency response analyser. Data was recorded in
the frequency range from 1 KHz to 10 MHz under ambient conditions. In order to perform the
measurements, dry and water saturated laminates were sandwiched between two electrodes thus
making the system act as a capacitor. By measuring the capacitance of this system, dielectric loss
tangent (tan δ) can be calculated. It is a dimensionless number given in terms of the loss factor (ε´´)
and the dielectric constant (ε´) by the relation:
tan δ = (ε´´) / (ε´)

(8.5)

The laminates with the thickness of 400 µm were either baked at 125 ˚C for 24 h, or
immersed in water until saturation. The difference in capacitance of the dry and water saturated
laminates can be observed in a plot of tan δ as a function of the frequency.

8.3 Results
8.3.1 Surface morphology, microstructure, and composition of the laminates and solder
masks
The surface topography of the laminate, SM I and SM II using SEM secondary electron
imaging mode are shown in Figure 8.1. Surface of the laminate was observed to be very rough and
highly porous with periodic troughs or scalloped morphology. However, the surface of the applied
SM on these laminates smoothens out the rough topography of the laminate and produces a more or
less even surface with roughness at a lower scale. The roughness of the SM surfaces arises from the
filler particles that are present in the material, protruding the surface. In addition, the surface of SM
II appeared to be having a higher degree of surface roughness and heterogeneities such as voids or
porosity when compared to that of SM I.
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a.

30 µm
b.

c.

30 µm
Fig. 8.1.

30 µm

SEM image s of laminate s : a) without s olde r mas k, b) with s olde r
mas k (SM I), and c) with s olde r mas k (SM II).

The SEM images (back scattered electron image, Z contrast) in Figure 8.2 show the cross
sectional view of the uncoated laminate and laminate with SM I and SM II. The representative
cross-section of the laminate in Figure 8.2.a shows the typical structure with woven glass fibres and
epoxy filler. Figures 8.2.b, c, and d show the upper part of the laminates, without and with coated
SM. The difference in the roughness of the three surfaces is evident when comparing the images.
The interface between the laminate and the SM showed a good filling of the laminate roughness by
the SM material as seen in Figures 8.2.c and d. Both SMs contain a large amount of fillers with
varying size, shape, and morphology. In addition, as the image is a Z contrast image, difference in
the brightness of individual features indicates a difference in their relative composition. The
presence of dark appearing voids suggests porosity in the SM layers, however there is also a

120

Chapter 8– Investigation of Moisture Uptake into Printed Circuit Board Laminate and Solder Mask
Materials

possibility of the filler material dislodging from the SM while mechanical preparation of the cross
sections.
In-situ FIB milling allows for imaging of the cross sections while reducing the otherwise
induced artefacts due to mechanical preparation techniques like polishing. In the cross-section
micrographs (Fig. 8.3) obtained using in-situ FIB milling, the very good adhesion between the
laminate and the SM can be observed, while many voids (marked with red arrows) are present
throughout the SM thickness. This confirms that there are indeed voids and porosity present in the
SM and those observed in the Z contrast electron images in Figure 8.2 are voids and not dislodged
filler particles. The average diameter of these pores was ~ 0.3-0.8 µm for SM I and ~ 0.8-1.5 µm for
SM II.

Fig. 8.2. SEM image s of the cros s s e ction of a) the laminate , uppe r part of the
b) laminate , c) laminate coate d with SM I, and d) laminate coate d with SM II .

121

Chapter 8– Investigation of Moisture Uptake into Printed Circuit Board Laminate and Solder Mask
Materials

a.

b.

SM II
Laminate

Laminate
SM I

20 µm
Fig. 8.3.

20 µm

FIB-SEM image s of laminate s : a) with SM I and b) with SM II .

The XRD spectra in Figure 8.4 show the different phases present in the laminate, SM I, and
SM II. The main filler found in all three samples analysed was talc, while SM II showed presence of
quartz in addition to talc. The SM I displayed several additional peaks in the recorded spectrum
other than those corresponding to talc and quartz. These were indexed to a family of potassium
aluminium silicates of varying stoichiometry, crystal lattice systems, and level of hydration. The
details of the individual phases are presented in Table 8.2 along with the compositional analysis
obtained using EDS (Table 8.3).
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Fig. 8.4.

XRD analys is of the laminate and the s olde r mas k SM I and SM II .

TABLE 8.2
LIST OF IDENTIFIED PHASES FROM THE RECORDED XRD SPECTRA
Resin of the laminate
SM I
SM II
Talc

Mg3 Si4 O10 (OH)2

Quartz

SiO2

Talc

Mg3 Si4 O10 (OH)2

Quartz

SiO2

K(AlSi3 O 8 )
Talc

Mg3 Si4 O10 (OH)2

Potassium
Aluminium
Silicate +
(hydrated)

K3.34 (H3 O)0.55(Al4 Si32 O72)
K10.76 ((Si0.55 Al0.45 )24 O48 )
KAl3 Si3 O10 (OH)2
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TABLE 8.3
REPRESENTATIVE EDS COMPOSITIONAL ANALYSIS IN 𝑎𝑡. % OF VARIOUS FILLERS FOUND
IN THE LAMINATE, SM I, AND SM II

Element

Laminate

SM II
total

SM I total

SM I
total

Quartz
in SM
I

PotassiumAluminiumSilicate
Filler in SM
I

Talc
in
SM I

SM II
Total

Quartz
in
SM II

Filler
in
SM II

86.0

75.8

20.2

27.6

29.4

71.0

20.4

62.0

11.3

19.6

57.7

49.1

49.0

23.6

56.3

28.2

0.2

1.2

9.5

0.4

7.4

5.4

11.5

6.1

5.1

23.3

9.7

Glass
Fibre in
Laminate

Talc in
Laminate

Resin in
Laminate

C

10.7

20.1

O

60.1

52.7

Na

0.4

Mg

0.3

11.9

Al

5.2

0.2

Si

16.1

15.1

0.1

3.7

0.1

0.0

0.2

Cl

0.1

0.1

K

0.1

S

Ca

7.2

Ti

0.1

0.2

2.9

0.1

Fe
Br

22.1

0.4

0.6

2.3
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Comparing the results obtained from the EDS compositional analysis and the phase analysis
using XRD it can be stated that the primary crystalline filler in the laminate is talc which is based
on magnesium silicate hydroxides. The glass fibre material which is amorphous is based on silicates
of Na, Mg, Al and Ca. SM I and SM II contain crystalline quartz (SiO 2 ) as a primary filler. In
addition, SM I contains fillers based on potassium magnesium silicates that contain Fe, Ti and Al
which exist in these compounds by cation exchange (common name is mica). The other filler in SM
I is based on the crystal structure of talc similar to the one observed in the laminate material but has
a different Mg to Si ratio, and higher amount of Al in it. Filler 2 in SM II displayed C, O and Si
with traces of S and could not be identified using XRD implying it is amorphous. The XRD peaks
indexed for talc in the SM II spectra suggest presence of this phase. However such compound could
not be identified using EDS on this material and hence it can be assumed that these peaks arise from
the underlying laminate material.

8.3.2 Laminate water absorption test
8.3.2.1 First water absorption of the laminates
Figure 8.5 shows the first water absorption profile over time of the laminates exposed to
saturated water vapour or immersed into water. Since the thickness of the laminates with and
without applied SM is different, a normalised plot has been chosen (square root of time/thickness)
and the absorption profile represented is therefore identical for different thicknesses of laminates.
Three regions can be observed: an initial linear dependency of X as a function of t 1/2 /l corresponding
to the water adsorption/absorption of the laminate and/or SM surface, a second linear part
corresponding to the water absorption into the bulk laminate, and a plateau region where a
saturation level of moisture concentration is reached.
At 25 ˚C, the water adsorption/absorption of the surface of the thin laminates (Fig. 8.5.a) was
up to 0.36 wt.% for the laminate and up to 0.43 and 0.48 wt.% for the laminates coated with SM I and
SM II respectively. The slopes of the second linear part describing the penetration into the bulk
were slightly higher for the laminates coated with SM. Moreover, the laminates coated with SM and
immersed in water showed slightly higher slope for the second part compared to humidity exposure
and considerable scatter in the data. Overall, the saturated water uptake levels (Csat) were higher for
the laminates coated with SM and immersed into water (Table 8.4).
While the water absorption of the thin and thick laminates without SM show the same three
regions in the profile, Figure 8.5.b shows less scatter of the weight gain for the thick laminates
coated with SM, and Csat was lower (Table 8.4). The exposure to liquid water at 60 ˚C has increased
the rate of water uptake (Fig. 8.5.b), and has slightly increased Csat, especially for the laminate
coated with SM II (Table 8.4).
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1,6

25oC

a.

1,4
1,2

X (wt.%)

1,0
0,8
0,6
w/o SM exposed to 99% RH
w/o SM immersed in water
with SM I exposed to 99% RH
with SM I immersed in water
with SM II exposed to 99% RH
with SM II immersed in water

0,4
0,2
0,0
0

20

40

60

80

Time/thickness (h1/2 / mm)
1,6

liquid water

b.
1,4
1,2

X (wt.%)

1,0
0,8
0,6

w/o SM - thick laminate - 25oC
with SM I - thick laminate - 25oC
with SM II - thick laminate - 25oC
w/o SM - thin laminate - 60oC
with SM I - thin laminate - 60oC
with SM II - thin laminate - 60oC

0,4
0,2
0,0
0

20

40

60

80

Time/thickness (h1/2 / mm)
Fig. 8.5. Wate r vapour and liquid wate r abs orption into the laminate s of a) 0.4
mm thickne s s at 25 ˚C and b) 0.7 mm thickne s s at 25 ˚C and 0.4 mm
thickne s s at 60 ˚C.
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TABLE 8.4
SATURATED WATER UPTAKE LEVELS (𝐶𝑠𝑎𝑡 ) OF THE LAMINATES AFTER FIRST ABSORPTION
Temperature (˚C)
Thin laminate
Csat (wt.%)

25 ˚C

60 ˚C

Temperature (˚C)

25 ˚C

w/o SM – saturated water vapour

0.87

w/o SM – liquid water

0.84

with SM I – saturated water vapour

0.87

with SM I – liquid water

0.95

with SM II – saturated water
vapour

1.00

with SM II – liquid water

1.00

w/o SM – liquid water

0.86

with SM I – liquid water

0.94

with SM II – liquid water

1.13

Thick laminate

Csat (wt.%)

w/o SM – liquid water

0.84

with SM I – liquid water

0.89

with SM II – liquid water

0.92

8.3.2.2 Second moisture absorption into the laminates
After the first water absorption, the laminates were either baked at 125 ˚C for 24 h, or
subjected to a simulated reflow soldering process, and then baked at 125 ˚C for 24 h. As seen in
Figure 8.6, the exposure to the reflow soldering process has changed the visual colour of the
laminates to brown, due to surface oxidation.
Figure 8.7 shows the second saturated water vapour and liquid water absorption profile into
the laminates with and without a reflow simulation on prior water saturated laminates. The curves
of the second absorption of the laminates without prior reflow simulation show that the nature of the
absorption is similar to the first absorption curves showed in Figure 8.5.a with Csat about 0.87 wt.%.
However, the simulated reflow process on the laminates after first absorption has drastically

127

Chapter 8– Investigation of Moisture Uptake into Printed Circuit Board Laminate and Solder Mask
Materials

increased the subsequent water uptake. The scatter of the weight gain for the laminates immersed
into water was very large, while Csat were higher than during the first absorption (Table 8.5).

1 cm

a.
Fig. 8.6.

b.

Photos of laminate s without SM , (a) be fore and (b) afte r re flow with
prior wate r abs orption.

1,6

2nd exposure

1,4
1,2

X (wt.%)

1,0
0,8
0,6
w/o SM exposed to 99% RH - no prior reflow
with SM I exposed to 99% RH - no prior reflow
w/o SM exposed to 99% RH - with prior reflow
w/o SM immersed in water - with prior reflow
with SM I exposed to 99% RH - with prior reflow
with SM I immersed in water - with prior reflow
with SM II exposed to 99% RH - with prior reflow
with SM II immersed in water - with prior reflow

0,4
0,2
0,0
0

20

40

60

80

Time/thickness (h1/2 / mm)
Fig. 8.7. Se cond mois ture and wate r abs orption at 25°C into the laminate s of
0.4 mm thickne s s , without and with re flow profile afte r the firs t wate r
abs orption.
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TABLE 8.5
SATURATED WATER UPTAKE LEVELS (𝐶𝑠𝑎𝑡 ) OF THE LAMINATES AFTER SECOND ABSORPTION
Temperature (˚C)
Thin laminate (no prior reflow)
Csat (wt.%)
25 ˚C
Temperature (˚C)

25 ˚C

w/o SM – saturated water vapour

0.87

with SM I – saturated water vapour

0.87

Thin laminate (with prior reflow)

Csat (wt.%)

w/o SM – saturated water vapour

1.08

w/o SM – liquid water

0.94

with SM I – saturated water vapour

0.98

with SM I – liquid water

1.12

with SM II – saturated water
vapour

1.10

with SM II – liquid water

1.12

8.3.2.3 Water absorption of the solder mask material enclosures
Figure 8.8 shows the water uptake of the SM II material at 25 ˚C, during the first and the
second exposure with and without prior reflow simulation. It can be observed that Csat were about
1.8 and 2.0 wt.% for SM II exposed to saturated water vapour and immersed in water respectively. A
second exposure of the samples did not change the absorption profile, while a reflow simulation
after the first water absorption has increased Csat up to 2.0 and 2.2 wt.% for SM II exposed to
saturated water vapour and immersed in water respectively.
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2,5

X (wt.%)

2,0
1,5
1,0
1st exposure to 99% RH
1st immersion to water
2nd exposure to 99% RH w/o reflow
2nd immersion to water w/o reflow
2nd exposure to 99% RH after reflow
2nd immersion to water after reflow

0,5
0,0
0

20

40

60

80

Time/thickness (h1/2 /mm)
Fig. 8.8.

Wate r vapour and liquid wate r abs orption at 25 °C of SM II .

8.3.2.4 Diffusion, solubility and permeability coefficients of the laminates and solder mask
Figure 8.9 shows a summary of the diffusion, solubility, and permeability coefficients of the
laminates and SM at 25 ˚C. It can be observed that the presence of the applied SM I and SM II on
the laminates has increased the diffusion coefficients up to ~ 1.4 and 1.2 times when exposed to
saturated water vapour, and up to ~ 2.4 and 1.4 times when immersed into water. The same trend is
observed for the thick laminates, where the presence of the SM on the laminates has increased the
three coefficients, but lesser than for the thin laminates. The water uptake of the SM material shows
that the diffusion coefficient of SM II is approximately 4 times higher than the diffusion coefficient
of the laminate. The second absorption of the laminates and SM II after a reflow profile shows an
enhancement of the increase of the three coefficients, especially of the solubility coefficients,
between 16 and 30% for the laminates coated with SM I and SM II.
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Fig. 8.9.

Diffus ion, s olubility and pe rme ability coe fficie nts at 25 ˚C of the
laminate s and s olde r mas k mate rial.

8.3.2.5 Other factors influencing moisture absorption
The IPC standard (J-STD-001D) “Requirements for soldered electrical and electronic
assemblies” specifies the allowable level of ionic contamination on the PCBA, equal to 1.56
μg·cm-2 of NaCl equivalent of ionic or ionisable residue after the manufacturing process. Figure
8.10 shows the effect of hygroscopic surface contamination on water absorption to the laminates
contaminated with 1.56, 7.8 and 15.6 µg·cm-2 of NaCl, exposed to saturated water vapour at 25 ˚C.
The initial linear plot of X as a function of t 1/2 /l, corresponding to the water adsorption/absorption
of the SM surface, has reached the value of 0.5, 1.2 and 1.8 wt.%, while Csat has reached the values
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of 0.97, 1.73 and 2.38
respectively.

wt.%

2,8

for the laminates contaminated with 1.56, 7.8 and 15.6 µg·cm-2 of NaCl

exposure to 99% RH

2,4

X (wt.%)

2,0
1,6
1,2
0,8
with SM I - 1.56 g.cm-2 of NaCl
with SM I - 7.8 g.cm-2 of NaCl
with SM I - 15.6 g.cm-2 of NaCl

0,4
0,0
0

20

40

60

80

Time/thickness (h1/2 / mm)

Fig. 8.10.

Wate r abs orption of laminate s contaminate d with NaCl and e xpos e d
to s aturate d wate r vapour at 25 ˚C.

Figure 8.11 shows the water vapour absorption of an un-populated (without component) and a
populated PCB (double-sided with components) of 2 mm thickness, at 25 ˚C and saturated water
vapour. The PCBs are FR4 laminates, made of layers of epoxy glass composite and contain copper
foils. The absolute mass uptake of the un-populated and the populated PCBs were about 0.103 g and
0.508 g respectively. Csat of the un-populated PCB was about 0.22 wt.%, while the difference of
water uptake of the un-populated and populated PCBs was about 1.00 wt.%. This means that the
electronic components, i.e. the components and their own encapsulation, have absorbed about 5
times more water than the PCB itself.
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8.3.3 Effect of moisture uptake in laminates
8.3.3.1 Dielectric relaxation measurement
Figure 8.12 shows the dielectric properties of the laminates before and after water absorption.
The loss tangent varies with the frequency and with the conditions of the dielectric: such as bulk
temperature and moisture content. At 25 ˚C, the loss tangent of the dry and water saturated
laminates has been multiplied by a factor of ~ 2 in the frequency range of 1 KHz to 10 MHz.
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8.3.3.2 Pop-corn/blistering effect during reflow process modelling
SAM is used to image the internal features of a large surface area of the SM before and after
reflow simulation with prior water absorption. The laminates coated with SM are submerged in
liquid water to ensure the ultrasound waves to propagate to and through the samples. The resulted
SAM images (Fig. 8.13) show that the SM contained voids before the reflow process (showed with
arrows in Figure 8.13.a and b), which is also in accordance with the in-situ cross section images
generated by FIB milling (Fig. 8.3). In addition, the amount of voids increased after exposure of the
water saturated laminates to the simulated reflow soldering process (Fig. 8.13.c and d).
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The microstructure of the laminates with prior water absorption and exposure to the simulated
reflow process is shown in Figures 8.14 and 8.15. Figure 8.14 shows that blisters have formed on
the surface of the laminates and are associated with presence of holes. No observable delamination
at the interface of the laminate/SM is observed, however Figure 8.15 reveals cracks through the SM
and into the laminate, along the interface of the matrix and the fillers and through the interface of
the resin and the glass fibres. These cracks can be associated with the holes observed at the blisters
on the top surface of the SM after simulated reflow soldering process.
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s imulate d re flow s olde ring proce s s .

Fig. 8.15. a) and b) Scanning e le ctron micrographs of the cros s s e ction of the
laminate with s olde r mas k SM I with prior wate r abs orption afte r be ing
s ubje cte d to a s imulate d re flow s olde ring proce s s .
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8.4 Discussion
The results presented in this paper clearly show the importance of water absorption by the
laminate and SM. Moisture absorption by these materials depends on number of factors including
the internal structure of the laminate and SM.
The laminates investigated are composites of epoxy resin with woven fibre glass
reinforcement and coated with a SM material. The SEM images showed a good filling of the
laminate roughness by the SM, while voids of ~ 0.3-1.5 µm have been detected inside the SM.
While the matrix of the SM is a modified epoxy, it contains binders and fillers that perform a wide
variety of functions and impart different properties to the SM. Binders are used to hold the molten
thermoplastic resin in place during the solder dipping operation. Fillers based on potassium
aluminium silicates with presence of Mg, Fe and Ti have been detected for SM I in addition to
quartz and talc, while SM II contains quartz and an amorphous phase based on C, O and Si along
with traces of S. Bromine has been detected in the matrix of the laminate which is part of the flame
retardant in the form of polybrominated diphenyl [20;22].
The laminates may be exposed to factory environmental conditions after they are removed
from the protective dry-bags for surface mounting to PCB. The moisture present in the factory
environment is absorbed through the package, and this study shows that at room temperature,
saturation level may be achieved during a storage period of about 14 days and 45 days for thin and
thick laminates respectively. Laminates with and without coated SM were characterized for their
diffusivities, through sorption-time experiments at 25 and 60 ˚C, by exposure to saturated water
vapour or immersion into water. Data from the experiments was used to evaluate the diffusion,
solubility and permeation coefficients. The Fickian model was used to facilitate the evaluation. The
experiments showed a higher diffusion rate and higher Csat when the laminates are coated with SM.
This is due to the higher diffusion coefficient and higher Csat of the SM material, which enhance the
water uptake of the laminate. It was found [13] that the type of curing agent has a more pronounced
effect on the response of SM to moisture than the type of flame retardant or presence of fillers in the
SM. While moisture diffuses through the material, water molecules are clustered in the free volume
(voids and porosity) of the laminates and the SM thus filling them. The absorption of the laminates
coated with SM by exposure to liquid water was enhanced comparing to the uptake by exposure to
saturated water vapour, and higher scattering in the measurement was observed. The difference
between the amounts absorbed from a liquid solvent vs. from its saturated vapour [23], has been
discussed in the literature. Among the different explanations, experiment artefacts like the failure to
attain proper vapour saturation, to the slow rate of equilibration or to the inability to obtain
gravimetric measurements in a saturated water vapour and a pure liquid under identical conditions
[24] have been mentioned, while other proposed explanation is the differential wetting of
micropores between the pure liquid and the saturated water vapour [25], and it could be related to
the high number of voids present in the SM layer (diameter about ~ 0.3-0.8 µm for SM I and ~ 0.81.5 µm for SM II). In the case of thick laminates, this effect is reduced, due to the lower ratio of SM
thickness vs. laminate thickness.
While high temperature will increase the rate of water absorption, other factors have great
effect on the water adsorption. The presence of hygroscopic contamination on the surface of the
laminates, i.e. NaCl at a concentration of 1.56, 7.8 and 15.6 µg·cm-2 has increased the level of the
adsorbed water layer on the surface of the laminates of about 1.2, 2.9 and 4.3 times respectively in
comparison with a clean laminate, while the diffusion coefficient through the bulk material
remained the same. The higher layer of adsorbed water on the surface of a PCB laminate can
generate leakage current and even short-circuiting [26-27]. Moreover, the electronic components on
a PCBA, mainly encapsulated in an epoxy resin, are also materials which can absorb water. Results

137

Chapter 8– Investigation of Moisture Uptake into Printed Circuit Board Laminate and Solder Mask
Materials

shown in Figure 8.11 shows that additional features and components on the PCB surface could
enhance the water uptake. This might be partially due to the water absorption of the electronic
components, and some water can also be trapped between the thin interface of the components and
the PCBA laminate (capillary force). Many components are encapsulated in an epoxy resin, which
can easily absorb water. The release of moisture from these components during use is a critical
source of moisture exposure for the PCBA surface. An important type of moisture assisted failure is
due to electrochemical migration (corrosion) in the presence of both electrical bias and moisture [7],
and can cause intermittent failures of the devices.
The absorption of water in the laminates will cause dimensional changes; it can generate
internal stresses and results in a reduction of the glass transition temperature and of certain
mechanical properties at elevated temperatures [15]. Because water possesses a rather high
dielectric constant (greater than most electronic materials), the moisture absorbed by the laminates
also causes a decrease in volume resistivity and an increase in the dielectric loss tangent (or
dissipation factor Df) [4;28]. A PCB laminate datasheet provides dielectric constant and dissipation
factor values that are used for design and specifications [4], but the study shows that these
properties vary with changes in the moisture content of the laminate material. The dielectric loss
tangent has increased by a factor of ~ 2 in the frequency range of 1 KHz to 10 MHz and at 25 ˚C
between the dry and water saturated laminates. The increase of the dielectric constant of the
laminates due to water absorption can lead to a reduction in circuit switching speeds and to an
increase in propagation delay times [5-6]. The uptake of water is also of importance regarding the
laminates before and after the soldering process. During the later soldering process, the absorbed
moisture will vaporize and produce a high pressure during the surface mounting process as the
boards and devices are entirely placed in a reflow oven, with a peak temperature about 260 ˚C. The
exposure to the reflow soldering program has changed the visual colour of the laminates to brown
as observed in Figure 8.6. According to Guiles [29], this is due to surface oxidation, where
sequences of seven or eight double bonds in the polymer chain (allylic bonds) are produced.
Haugan and Dalsjø [30] have shown that this does in most cases not represent any degradation of
the mechanical properties and does not significantly affect the properties of the samples. The
second water absorption of the laminates after exposure to the reflow profile showed a larger scatter
in weight gain. This might be due to wicking, which describes enhanced moisture absorption due to
the larger number of cracks. Presence of blisters on the surface of the SM and cracks or wicks
through the SM thickness, which propagate through the laminate along the interface of the matrix
and the fillers, and through the interface of the resin and the glass fibres, has been confirmed by
cross section and topography SEM images. The formation of these cracks is due to the internal
vapour pressure which is developed during the reflow process, resulting from the vaporization of
the residual moisture. This increased pressure inside leads to a sharp build-up in vapour pressure,
causing voiding, cracking, interfacial delamination, or “popcorn” failures [17], due to the combined
effects of thermo-mechanical stresses, hygroscopic stresses, vapour pressure, material softening,
and adhesion degradation [7]. Thus water not only enters the SM and laminates by diffusion but
also by capillary or wick action through the cracks, once the reflow process generates defects. Due
to the higher pressure of water on the laminate, this phenomenon is also enhanced when the
reflowed laminates are immersed into water comparing to exposure to saturated water vapour. A
baking period at a typical drying process (i.e. 125 ˚C / 24 h) prior to the reflow simulation has
allowed in this study to dry completely the laminates and no enhancement of water absorption was
observed during the second uptake.
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8.5 Conclusion
1) The application of the SM on the surface of laminates smoothens out the rough topography of the
laminate and produces a more even surface with roughness at a lower scale. The roughness of the
SM surfaces appeared to be arising from the fillers that are present in the material, varying by size,
shape, and morphology (mainly talc, quartz and fillers based on potassium magnesium silicates).
The SM contains voids of about 0.3 to 1.5 µm diameter.
2) Water absorption of the laminates is enhanced with the presence of the coated SM, which has a
diffusion coefficient 4 times higher than the laminates. The water absorption by immersion into
water has accelerated the diffusion through the material, and can be related to the presence of voids.
3) Presence of hygroscopic contamination increases the thickness of the adsorbed water layer at the
surface of the laminates, while it does not affect the diffusion mechanism through the bulk material.
4) Presence of components on the PCBAs increases the overall water uptake, and can be associated
with the water absorption of the components mainly encapsulated in EMC resin, and by the water
trapped between the gaps of the components to the PCBA surface.
5) The presence of water inside the laminates causes a decrease in volume resistivity (increase of
the dielectric loss tangent), and prior to a reflow soldering process increases the number of voids
and cracks along the materials and weaker interfaces, and further will increase the water uptake by
wicking and capillary absorption.
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9. Humidity Build-up in Electronic Enclosures
Exposed to Constant Conditions

Abstract
Electronic components and devices are exposed to a wide variety of climatic conditions,
therefore the protection of electronic devices from humidity is becoming a critical factor in the
system design. The ingress of moisture into typical electronic enclosures has been studied with
defined parameters such as openings in the enclosure (drain holes, intentional openings or leak), and
sealing and casing material. Related corrosion reliability issues due to humidity build-up have been
evaluated using an interdigitated surface insulation resistance pattern placed inside the enclosure
during exposure. The moisture build-up inside the enclosure has been simulated using an equivalent
RC circuit consisting of variables like controlled resistors and capacitors to describe the diffusivity,
permeability, and storage in polymers.
Key words: Electronic materials, electronic reliability, enclosures, humidity, moisture profile,
temperature.
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9.1 Introduction
Design of enclosures for electronics is an important aspect in controlling the humidity related
reliability issues. The geometrical design of the enclosure could influence the response of interior
humidity and local build-up to external fluctuations in the humidity and temperature. Uncontrolled
humidity build-up in the device causes water film formation on sensitive parts such as printed
circuit board assemblies (PCBAs), component surfaces, interconnects etc.[1]. Material
combinations on the PCBA, contamination, applied bias, and water film cause leak current,
electrochemical migration, and other corrosion failure modes [2-6]. Therefore, regulating the
humidity transfer between exterior and interior of the device is an important factor in reducing the
risk of humidity related failures in electronics.
In the past, the materials used for electronic enclosures were mainly metals. However, today
polymers are used for different levels of packaging applications for electronics, including device
enclosures. Polymers have several advantages over metals such as their light weight, ease of
processing and assembly, better aesthetic design options, and cost-effectiveness [7]. Among the
various available polymeric materials, polycarbonate (PC) provides the highest impact resistance or
toughness. PC is an amorphous thermo-plastic material with excellent toughness, thermal stability,
and it is a self-extinguishing material, which make it an ideal material for electronic enclosures.
Polymeric materials with appropriate fillers are being used in order to maintain the mechanical
integrity and shielding properties are not jeopardized. There are four choices regarding the use of
polymeric materials for various applications namely: unfilled polymers, metal-filled polymers,
intrinsically conductive polymers, and metalized polymers. The typical fillers used are based on
stainless steels, nickel-plated graphite fibres, and titanium dioxide [7].
Providing compliance and weatherproofing to an electronic device are important aspects in
enclosure design. The use of gaskets with polymeric materials helps to enhance the tightness
between any lids or compartments to the bulk enclosure. However, the enclosure body needs to be
designed in order to provide vents for cooling, input-output ports for electrical connections, hinges,
screw locations etc. High degree of ingress protection according to the IP standard [8] and drain
openings for letting out condensed water are conflicting design requirements. Drain openings must
have diameters (lateral dimensions) in the range of 3 mm or higher in order to be effective,
otherwise, surface tension effects may retain liquid water at the narrow passage. On the other hand,
IP4X and higher class enclosures are without drain openings since no opening must allow a solid
spherical object of 1 mm diameter to enter [9].
Humidity will tend to equilibrate between the outdoor climate and the interior of the
electronic device. Water vapour diffusion and absorption are guided by the thermodynamic factors
related to the concentration gradient namely the chemical potential difference. The diffusion can be
between the areas with high water vapour content to low vapour content in the air or through a
polymer material acting as diffusion medium. When flaws or openings exist in the wall of an
enclosure separating different levels of humidity, moisture will diffuse through the opening [10]. A
moisture-absorbing material will exchange water with the surrounding air until the relative
concentration of moisture in the material equals to the relative humidity (RH) of the air [9], which is
a function of the moisture permeability of the polymer material. Therefore, the use of polymer
material for electronic enclosure increases the chance of moisture penetration due to the possibility
of water molecules passing through the material and acting as a buffer for moisture content.
Literature focuses mainly on the moisture absorption by laminates, plastic, and mould
compounds [11-19]. Although the effect of humidity on the properties of components [20-22] has
been investigated, studies related to the humidity ingress into electronic enclosures are limited [2324], while other works focus on temperature performance [25-26]. This paper focuses on
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understanding the effect of hole/vent size and water permeability through polymer enclosure
material using experimental tests and RC circuit modelling [28-35] that implements the obtained
experimental results. Effect of humidity build-up on corrosion reliability has been assessed using an
interdigitated surface insulation resistance (SIR) PCB, while the RC circuit simulation evaluated the
interior humidity response based on diffusivity, permeability, and solubility of the polymers.
Results from the work are useful in predicting the interior humidity response in electronic
enclosures.

9.2 Materials and methods
9.2.1 Electronic enclosures
The enclosures used for the experimental investigations were made of PC with dimensions
280 x 190 x 130 mm3 , and of aluminium (Al) with dimensions 260 x 160 x 90 mm3 . The gasket for
the enclosures is made of polyurethane. The IP rating for the enclosure [8] is 66/67, which means
that the enclosures assure a total protection against dust and a protection against strong jets of water
or against the effect of immersion in water at a depth of 15 cm to 1 m. A through hole of different
diameters has been drilled on one side of the enclosures in order to simulate a possible leakage
opening (from cable feedthrough or sealing) or the presence of a drain hole. Enclosures with
different polymeric casing materials and dimensions were investigated with the RC simulations.
9.2.2 Pressure test
The tightness of the IP class 66/67 enclosures has been tested initially using air pressure test,
where either an over or under pressure of 100 mbar was applied inside the enclosure (corresponding
to a temperature differential of ~ 30 ˚C). The decay or build-up of the internal pressure p(t) was
constantly monitored and the time constant has been determined with the relation:
p(t) = p0 (1 - 𝑒

−𝑡
𝜏

)

(9.1)

where p0 is the ambient pressure [bar], t is the time [s], and 𝜏 is the time constant for the internal
pressure to reach the fraction (1 – e-1 ) = 0.63 of the ambient value [s].
9.2.3 Internal climate investigation
The calibrated sensors were placed in the enclosures for monitoring the temperature and RH
(PT1000 and HIH4021 sensors, Honeywell) (Fig. 9.1). The sensors are connected to a data logging
system (Model 2700 Multimeter, Keithley Instruments). The enclosures are exposed to constant
temperature and RH in a climatic chamber (Espec, Escorp PL-3KPH). Prior to the experiments, the
enclosures are kept inside the climatic chamber until the temperature and RH are constant. All
experiments are started at 40% RH and then the RH inside the humidity chamber was increased up
to 98% within 5 minutes.
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Fig. 9.1.

9.2.4

Polycarbonate e nclos ure with RH and T s e ns ors .

Sorption test

The moisture uptake of the PC materials has been investigated in order to determine the
diffusion, solubility, and permeability coefficients as well as the moisture saturation level of the
materials. Samples of 3 mm thickness have been taken from the lid material (transparent PC) and
from the body material (PC with TiO 2 fillers, grey colour) of the enclosure. The samples have been
dried prior to the test at 125 ˚C for 24 hours and exposed to 25 ˚C and 60 ˚C at 98% RH, and the
weight gain was measured using a calibrated precision electronic balance (0.1 mg), until the
saturation plateau corresponding to a saturation level of moisture concentration (csat). The
percentage weight gain X in [wt.%] was calculated using the equation:
X (t) =

∆𝑚 (𝑡)
𝑚0

. 100

(9.2)

where 𝑚 0 [kg] is the initial dry weight of the sample and ∆𝑚 (𝑡) is the change of weight of the
sample [kg] after exposure for a time period t.
Considering the Fickian absorption, the diffusion coefficient of the bulk material D can be
found from the slope of the initial linear part of the moisture uptake curve together with the sample
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weight at saturation state. The initial stage of moisture absorption (m(t)/m ∞ < 0.5) can be simplified
as follows:
𝛥𝑚(𝑡 )
𝛥𝑚∞

=4(

𝐷𝑡

𝜋𝑙

1/2

)
2

(9.3)

where 𝛥𝑚 ∞ is the change of weight at equilibrium [kg], 𝑙 is the thickness of the material [m] and D
is the diffusion coefficient [m2 ·s-1 ].
Henry’s law of solubility states that a linear relationship exists between the external vapour
pressure and the corresponding concentration within the surface of the material. The relationship is
commonly extrapolated from a linear sorption isotherm. If one assumes the diffusion coefficient to
be constant, the relationship between the diffusion coefficient, the permeation coefficient, and the
solubility coefficient simplifies to:
P = D∙S
S=

𝜌
𝑝𝐴

(9.4)

·

∆𝑚𝑓
𝑚0

(9.5)

where P is the permeation coefficient [kg·(m·s.Pa)-1 ] and S is the solubility coefficient [kg·m-3 ·Pa1
], ρ is the volumetric mass density [kg.m-3 ] of the material, 𝑝𝐴 is the partial water vapour pressure
in ambient air [Pa], while ∆𝑚𝑓 is the final change of weight of the sample [kg].

9.2.5 Leakage current (LC)
Effect of humidity build-up inside the enclosure on the functionality of the electronics is
investigated by measuring the leakage current (LC) across a test interdigitated SIR PCB electrode
pattern. The SIR PCB was made in accordance with IPC-4101/21 using FR4 substrate with
dimensions of 168 mm × 112.4 mm and a thickness of 1.6 mm. The SIR electrodes are made of hot
air solder levelled (HASL) surface finish (Sn/Ag/Cu solder alloy) and the pattern dimension was 13
mm × 25 mm with a pitch distance of 0.3 mm. The overlapping area was 10.8 mm in height and
there were 41 sets of common overlap providing 442.8 mm as the total length of the opposing faces.
The ratio of the total length of the opposing faces and the spacing of segments yields the nominal
square count, which is 1476 for the pattern. For reference, the standard IPC-B-36 and IPC-B-24
comb patterns have 3538 and 1020 squares. The sensitivity of an SIR pattern increases with
increasing number of squares. Detailed description of the test SIR PCB used for the testing can be
found elsewhere [27]. A constant potential bias of 5 V DC was applied to the SIR pattern and the
LC was measured constantly during the exposure test using a Biologic VSP-series potentiostat
system. Prior to testing, the SIR patterns of the test boards were pre-contaminated with 15.6 µg·cm2
of NaCl, and placed in the centre of the enclosures. The LC over the SIR was continuously
measured during the enclosure exposure to 25 ˚C and 98% RH in the climatic chamber.
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9.2.6 RC circuit simulation
Moisture response in any electronic system can be modelled using a RC approach [23,28-35],
which allows to predict humidity in any region of interest. The response of moisture is simulated by
the use of an equivalent circuit consisting of multiple resistors (R) and capacitors (C), where the
concentration of water vapour is represented by a voltage (electric potential difference). The RC
approach has the capability to combine lumped components and discretized regions in 1D, 2D or
3D dimensionality, wherein the discretized regions can be based on finite volume method (FVM)
discretization, for example. RC models would then allow the usage of any electronic circuit
simulators like LTspice, Simetrix, Pspice, and Matlab [36].
Since the transport of moisture is investigated under isothermal conditions, moisture transport
can be described by the Fick’s second law and RC hygro circuit as described in the paper [28]. In
order to model moisture inside an enclosure, a wall of enclosure was discretized into 3 elements
based on 1D approach and the air-filled volume of the enclosure was considered as a lumped
component, which is represented as the capacitance C air = Vair (Fig. 9.2). Every wall element thus
contained a combination of resistor and capacitor placed between two resistances. The diffusion
resistance described the permeation of water vapour through the walls, while the capacitor was used
to model the storage of water vapour. Here, the diffusion resistance (R) can be defined as [23,3435]:

𝑅=

𝑙

(9.6)

𝐷·𝐴

where l is the thickness of element [m], D is the diffusion coefficient [m2 ·s-1 ], A is the surface area
of element [m2 ]. Such combination was used for defining the time constant 𝜏, which represents the
time for the internal humidity inside enclosure to reach 63% of the ambient water vapour
concentration value.
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R1/2
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R1/2
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R2/2

Element-3

R2/2

c2
C2

R3/2

c3

R3/2
C3

cinterior
Vair

Wall discretization into 3 elements

Fig. 9.2.

Sche matic of the RC circuit us e d for mois ture mode lling ins ide
the e nclos ure .

The concentration of moisture is discontinuous at the environment-material or materialmaterial interfaces [37]. Since, a voltage in RC circuit represents the humidity concentration; the
voltage has to be equal at all capacitors or nodes when equilibrium is reached in the diffusion
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process. However, in the real conditions different materials have different concentration levels as
illustrated in Figure 9.3.

Polymer/wall
Humid
air

Humid
air

csurface1

csurface2

AH (g/m3)

ratioV

ratioV

Wall material represented by
the air

cA,1

cA,2

0

Thickness, (m)
Fig. 9.3.

Sche matic of the dis continuous mois ture conce ntration at the
e nvironme nt- mate rial inte rface .

Therefore, modification is needed to make the RC hygro circuit applicable for moisture
modelling through the air-material interface and it is broadly discussed by Bayerer et al. [28].
Fickian diffusion and Henry’s law were applied, i.e. capacitance and resistance do not depend on
concentration and all parameters like solubility and diffusivity are temperature dependent.
Thus, the actual volume or the capacitance needs to be transformed to the equivalent air
capacitance using equations (9.7-9).

𝑉𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 =

∆𝑚(𝑡 )
𝐶𝐴

=

𝑆(𝑇) ·𝑝𝐴 · 𝑉𝑝𝑜𝑙𝑦𝑚𝑒𝑟
𝐶𝐴

𝑝

(9.7)

𝑟𝑎𝑡𝑖𝑜𝑉 = 𝑆 (𝑇 ) · 𝐶𝐴

(9.8)

𝐶 = 𝑉𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 = 𝑉𝑝𝑜𝑙𝑦𝑚𝑒𝑟 · 𝑟𝑎𝑡𝑖𝑜𝑉

(9.9)

𝐴

where: Vequivalent is the equivalent air volume for the transformed material [m3 ], 𝐶𝐴 is the water
vapour concentration in ambient air [kg·m-3 ], S(T) is the temperature dependent solubility of water
in polymer [kg·m-3 ·Pa-1 ], 𝑉𝑝𝑜𝑙𝑦𝑚𝑒𝑟 is the geometric volume of polymer [m3 ], C is the capacitance
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representing moisture storage in any material or discretized element [m3 ], 𝑟𝑎𝑡𝑖𝑜𝑉 is the
dimensionless transformation factor relating solubility multiplied by actual water vapour pressure or
water vapour concentration in the polymer and water vapour concentration in air (reference
material).
From the equation 9.9, it can be seen that 𝑟𝑎𝑡𝑖𝑜𝑉 defines the relation between the actual and the
equivalent volumes of any discretized element. The 𝑟𝑎𝑡𝑖𝑜𝑉 is defined as ratio between the solubility
at actual vapour pressure and actual concentration of vapour in the air. Resistors representing the
diffusion also need to be transformed to the equivalent air resistance in order to avoid discontinuity.
Thus, either lumped component or each segment of air and material has to be transformed,
and the equation 9.6 of diffusion resistance should be divided by 𝑟𝑎𝑡𝑖𝑜𝑉 :
𝑅𝑑𝑖𝑓𝑓 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 =

𝑙
𝐷 ·𝐴 · 𝑟𝑎𝑡𝑖𝑜𝑉

(9.10)

After modification, the concentration gradient across the wall is larger in the solid material
(between csurface1 and csurface2 ) than in the air (between ambient water vapour concentrations in the
air cA,1 and cA,2 ) (Fig. 9.3). Thus, to gain the same amount of water penetrating the wall, the
resistance (R) has to be reduced as well (as shown in the equation 9.10). After all transformations,
the RC circuit was modelled using LTspice software [38] and the electrical circuit in Figure 9.2 was
applied for all modelling work reported in this paper. The good agreement between results obtained
from the generated RC model simulation, and the experiments performed with the PC enclosures
has given a good confidence for extending the model to simulate humidity build-up in enclosures of
different volumes and with different casing materials, based on diffusion and solubility coefficients
found experimentally.

9.3 Results
9.3.1 Pressure leak test of the enclosures
The results showed that the as-received enclosures are very tight with a time constant of the
order of 4.6 weeks. Since the humidity build-up studies involve the use of humidity and temperature
sensors connected through cables, an additional leak test experiment was conducted using the
enclosures with the presence of cable feedthrough. The test was carried out with a metal rod inside
the feedthrough and with one or two sensor cables. Due to the presence of the feedthrough, the time
constant for pressure drop has been reduced to 6 min, which is equivalent to a hole size of ~ 0.4 mm
diameter. Further, in presence of the feedthrough together with one or two sensor cables, the time
constant has been reduced to 2 and 1 min respectively.
9.3.2 Humidity build-up inside the enclosure under constant external humidity
9.3.2.1 Effect of hole size and geometry
The PC enclosures with different hole sizes have been exposed to constant conditions of 25
˚C / 98% RH and 60 ˚C / 98% RH, and the ingress of humidity has been measured as shown in
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Figure 9.4. In all the cases, the humidity build-up in the enclosure is faster with increase in hole
size. With a 10 mm hole, the profile showed an immediate build-up of humidity to the saturated
level. Test at 60 ˚C showed faster build-up of humidity compared to the test at 25 ˚C. Under both
temperature conditions, the presence of Gore vent to the enclosure gave a humidity ingress rate
similar to an enclosure with a hole size lower or close to 1 mm. Enclosures with no hole also
showed humidity build up, however slower than compared to the test with 1 mm hole size. This
might be equivalent to the ~0.4 mm hole size determined for the closed enclosure under pressure
test.
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e nclos ure s e xpos e d to 98% RH: a) 25 ˚C and b) 60 ˚C.

Knowing the diffusivity of water vapour, the time constant 𝜏 can be calculated using the
following equation (Tencer et al. [23]).

𝜏=

𝑉· 𝑙
𝐴·𝐷

(9.11)

where V is the internal volume [6.25·10-3 m3 ], l is the thickness of the hole [2.2·10-3 m], A is the
area of the hole [0, 0.78, 7.1 and 78.5 10 -6 m2 ], and D is the diffusion of water vapour at 1 atm and
at given temperature [24·10-6 m2 ·s-1 (at 25 ˚C) and 31·10-6 m2 ·s-1 (at 60 ˚C)].
Table 9.1 shows the time constants determined from the experimental data in Figure 9.4 as
well as the calculated time constants using equation 9.11. The time constants from experimental
data are significantly lower than the calculated values, especially in the case of 1 mm hole
(difference around 5 days). This shows that in addition to the equivalent hole size of ~ 0.4 mm
diameter, other mechanisms such as diffusion through the PC wall is occurring during testing and
has to be taken in consideration for the calculation of the time constant. The time constant for
humidity ingress into the enclosure with 10 mm hole diameter is close to an open enclosure with a
time constant of 4.5 hours and 2.2 hours at 25 ˚C and 60 ˚C respectively.
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TABLE 9.1
EXPERIMENTAL AND CALCULATED TIME CONSTANTS RELATED TO HUMIDITY BUILD UP
Time constant
Time constant
Time constant
Time constant
Hole diameter
(days)
(days) (from
(days)
(days) (from
(mm)
(calculated)
experiment)
(calculated)
experiment)
25 ˚C

60 ˚C

0

/

6.72

/

1.80

Gore

/

4.81

/

1.58

1

8.63

3.47

6.67

1.57

3

0.96

1.22

0.74

0.80

10

0.09

0.19

0.07

0.09

Figure 9.5 shows the effect of hole thickness (changed by attaching tubes) on the humidity
build-up.
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Effe ct of hole ge ome try on the inte rnal humidity build up in the
PC e nclos ure s e xpos e d to 25 ˚C and 98% RH.
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Results show that the humidity ingress into the enclosures with an opening of 2 mm diameter with a
tube length of 2.5 and 5 cm is similar to the moisture ingress without opening (black curve). In
these two cases, the diffusion through the PC walls has been the dominant mechanism for moisture
ingress, while the resistances of the tubes were too high. A bigger opening diameter of 3 mm and 5
cm tube length has shortened the time constant from 6.7 to 4.9 days.

9.3.2.2 Moisture diffusion through the PC casing
Effect of sealing on humidity build-up
In order to determine the level of moisture ingress into the PC enclosure without an intentional hole
and unintentional openings (due to the gasket or cable feedthrough), an additional test was
conducted by sealing all parts of the enclosure with a silicone sealant. Results of the test are shown
in Figure 9.6 with various conditions of sealing. Overall the result shows that the perfect sealing has
resulted in a slight reduction in moisture build-up, however still the profiles showed slow humidity
build-up with time indicating moisture diffusion through walls of the enclosure. Sealing around the
cable feedthrough did not show any effect showing that the contribution from this to the humidity
build up is negligible. Test using 2 mm hole size with and without sealing of the sensor cables also
showed similar results.
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and 98% RH.
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Investigation of moisture absorption by PC
Experimental test of moisture absorption into the PC materials (from the lid material (transparent
PC) and from the body material (PC with TiO 2 fillers, grey colour)) has been carried out and Figure
9.7 shows the moisture uptake profile for both types of the PC materials. Profiles show that the
moisture absorption by PC is considerably fast, especially at 60 ˚C. The time to reach the saturation
was about 5 days at 25 ˚C and 1 day at 60 ˚C.
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TABLE 9.2
DIFFUSION, SOLUBILITY AND PERMEABILITY COEFFICIENT OF THE PC CASING MATERIAL
Temperature D [10-12 m2 ·s- S [10-3 kg·m- P [10-15 kg.mMaterial
csat [wt .%]
1
3
1 -1
[˚C]
]
·Pa-1 ]
.s ·Pa-1 ]
PC transparent
PC + TiO2
filler

1.33

4.83

0.35

4.51

1.30

5.87

0.30

17.95

0.27

4.80

0.42

23.44

0.24

5.70

0.37

25 ˚C

PC transparent
PC + TiO2
filler

3.65

60 ˚C
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Using the experimental data, diffusion, solubility, and permeability coefficients have been deduced
as shown in Table 9.2. The diffusion coefficient at 60 ˚C is ~ 5 times higher than the diffusion
coefficient at 25 ˚C, while the saturation value of concentration (csat) is ~ 1.2 times higher. The
presence of the TiO 2 fillers has decreased the saturated level of moisture concentration (csat).
However, the permeability values are higher for the PC with fillers.

9.3.2.3 Comparison of moisture ingress in polycarbonate and aluminium enclosures
Figure 9.8 shows the humidity build-up in an Al enclosure in comparison to a PC enclosure.
No hole in both cases means tightly closed, however the tightness corresponds to an equivalent leak
size of 0.4 mm due to the cables feedthrough and sealing around the enclosure. The test is carried
out to understand the effect of PC material in assisting diffusion through the walls in moisture
build-up. Since the volume of the enclosures is not similar, a normalised plot has been chosen and
the represented moisture ingress is therefore identical for different volumes of enclosures. Profiles
show that the ingress of moisture into the Al enclosure is significantly slow without hole, while the
difference decreases with increasing hole size. In the case of no hole, the only pathway for moisture
ingress is through any leak in the case of Al enclosure, where no diffusion through the wall can be
expected.
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Comparis on of mois ture ingre s s into PC and Al e nclos ure s at
25 ˚C.
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9.3.2.4 Leak current with humidity build up inside PC enclosures
Figure 9.9 shows the leak current response on the contaminated SIR comb pattern due to
humidity build-up inside the enclosure as a function of hole size. The critical relative humidity
(cRH) for NaCl is about 70-75% RH at 25 ˚C, therefore current values were lower initially when the
humidity was below 70% RH. However, at humidity levels higher that 70% RH, deliquescence
occurs, and the leak current showed higher current levels and signs of electrochemical migration
(sudden jump in current). The time needed for this varies from 1-3 days depending on the hole sizes
due to different levels of humidity build up.
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9.3.3 Effect of moisture uptake by the casing material on humidity build up in the enclosure
9.3.3.1 Calculation using experimental data
Using the solubility parameter related to the PC material as well as the volume of the
enclosure, the relative effect of moisture absorption by the PC material on internal humidity buildup of the enclosure can be calculated. The ability to hold moisture by the casing walls (A) (at
saturated condition) can be calculated by:
A = m · csat

(9.12)
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While the ability to hold moisture inside the internal volume of enclosure (B) (at saturated
condition) can be calculated by:
B = Vint · dwv

(9.13)

where m is the mass of the casing material [kg], csat is the saturation level of moisture concentration
of the PC (values found experimentally as shown in Table 9.2) [wt.%], Vint is the internal volume of
the enclosure [m3 ], and d wv is the density of saturated water vapour [0.023 kg·m-3 at 25 ˚C and
0.130 kg·m-3 at 60 ˚C]. The thickness of the casing wall considered in this example is 3 mm.
In Table 9.3, the ratio A/B shows the relative amount of moisture possible to be held by the
casing wall in comparison to the amount of water needed for saturation inside the volume of the
enclosure. The calculation shows that depending on the size of the enclosure, the moisture release
from the casing walls can be significant in enhancing the moisture build-up inside the enclosure.
This means once the system is saturated, not only the diffusion through the casing is important, but
also important is the ability of the casing to hold and release moisture into the interior depending on
the conditions inside.

TABLE 9.3
IMPORTANCE OF AMOUNT OF WATER IN PC WALLS OF 3 MM THICKNESS COMPARED TO THE AMOUNT
OF WATER VAPOUR THE ENCLOSURE COULD HOLD DEPENDING ON THE ENCLOSURE DIMENSIONS

Volume enclosure
Case

A/B (25 ˚C)

A/B (60 ˚C)

L (mm)

l (mm)

h (mm)

1

28

19

13

296

63

2

140

95

65

40

8

3

280

190

130

19

4

4

1400

950

650

3.7

0.8

5

2800

1900

1300

1.8

0.4

6

14000

9500

6500

0.4

0.1

In order to illustrate this, an experiment was conducted using PC and Al enclosures, where the
humidity release after the saturation has been studied. The enclosures were exposed to 25 ˚C and
98% RH for 5 days to fully saturate the casing material. Following this the enclosure is opened to
equilibrate the RH with outdoor conditions (~ 60% RH) and closed again. After closing, the
increase of humidity inside the enclosures due to release from the saturated wall is then monitored.
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Immediately after closing the lid (Fig. 9.10), the humidity level increased inside the
enclosures depending on the volume of the enclosure and material. For the PC enclosures, the
humidity level reached 91-95% RH, while for the Al enclosure, the level remind at 85% RH. In all
the cases, the humidity with time decreased due to the possible leak from the enclosures (external
condition was T = 25 ˚C and RH = 60% RH). However the PC enclosures kept high levels of
humidity significantly longer time than for Al enclosures, which was also a function of the volume
of the enclosure.
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Effe ct of mois ture re le as e from cas ing walls of e nclos ure on
inte rnal humidity.

Figure 9.11 shows the effect of the presence of condensation (liquid water) inside the
enclosures. The enclosures have been exposed to 60 ˚C and 98% RH during 3 days to fully saturate
the casing material, and then the enclosures have been exposed to room conditions (25 ˚C and 60%
RH). The AH at 60 ˚C and 98% RH is 127 g·m-3 , while it is reduced to 23 g·m-3 at 25 ˚C. During
the cooling, the excess moisture has condensed inside the enclosures, while the RH value has
reached 100% RH in all cases. The presence of liquid water (indicated by the presence of constant
100% RH) remained for 7 days in the PC enclosures with no hole, while for 6.8, 4.6 and 3.8 days
for the PC enclosures with 1 mm diameter hole, with a Gore vent, and with 3 mm diameter hole
respectively. The PC enclosure with smaller volume contained liquid water during longer time,
almost for 7.4 days, while the Al enclosure contained also liquid water up to 5.7 days, but the
internal moisture has decreased very slowly in this case as there was no diffusion through the walls.
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9.3.3.2 Simulation of humidity build up using RC circuit modelling
The developed RC simulation has modelled the effect of the moisture release from the PC
casing walls on internal humidity build-up in enclosures with specific volumes listed in Table 9.3.
The conditions for the simulation are a temperature of 25 ˚C, a RH of 40% outside and inside the
enclosure, the casing wall of the enclosure is saturated with moisture (containing 0.32 wt.% of
moisture), and the diffusion coefficient of PC is 4.5·10 -12 m2 ·s-1 (25 ˚C). The moisture absorption of
the PC walls has been calculated based on equation 9.14:
X=

𝛥𝑚𝑓
𝑚0

∙ 100% =

𝑐 𝑠𝑎𝑡
𝜌

. 100%

(9.14)

where 𝑐𝑠𝑎𝑡 is the saturation level of moisture concentration [4.16 kg·m-3 at 25 ˚C], and ρ is the
density of PC material [1300 kg·m-3 ].
As shown in Table 9.3, in case 1, at 25 ˚C, the PC casing walls can hold roughly 300 times
more water than the internal volume, while the ratio is almost 0 for case 6. Figure 9.12 shows
clearly that the release of moisture from the PC walls in case 1 has increased the internal humidity
level up to 100% RH, while in case 6, the RH level has barely reached only 50% RH, showing good
agreement with experimental results.
Figure 9.13 shows the large range of diffusion, solubility and permeability coefficients at 60
˚C of commercially available thermoplastic materials used in electronic enclosures, namely
materials A, B, C, D and E (confidential data [39]), and PC.
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The developed RC simulation has modelled the moisture ingress into the enclosures made of
different polymers exposed to 60 ˚C and 98% RH (Fig. 9.14), and the effect of the moisture release
from the different saturated polymer casing walls on internal humidity build-up in the enclosures, at
60 ˚C, with a humidity of 40% RH outside and inside the enclosure (Fig. 9.15). The specific volume
of the enclosures is 6916 cm3 , the wall thickness is 3 mm, and the diffusion, solubility and
permeability parameters are extracted from Figure 9.13, and equations 9.8 and 9.9 have been used
for the calculation.
While the internal humidity has barely increased of 0.4% RH inside the enclosure made of
material A after 90 days of exposure to 98% RH due to its low diffusion coefficient, the time
constants to reach 63% of the outdoor condition are respectively 59.5, 18.5, 8.5, 9.5, and 4.3 days
for the enclosures made in materials B, C, D, E and PC (Fig. 9.14).
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Fig. 9.14. RC s imulation of the e ffe ct of diffe re nt type s of polyme r walls
on the inte rnal humidity build up in the e nclos ure s e xpos e d to 60 ˚C
and 98% RH.

The large range of diffusion and solubility coefficients of the polymers has also led to
different profiles of internal humidity build-up due to the moisture release of the polymer walls.
Figure 9.15 shows that the relatively low solubility coefficient of the PC walls has indeed increased
the internal RH up to 79% RH, but the relative high diffusion coefficient of the PC walls has
allowed the internal humidity to diffuse towards the lower RH outdoor air. Therefore, the internal
humidity has been reduced to 40% RH after around 15 days. In the case of material C walls, the
relative solubility coefficient is high, while its relative diffusion coefficient is low. The internal RH
has reached 97% RH, while it took around 65 days to reduce it to 40% RH.

161

Chapter 9 – Humidity Build-up in Electronic Enclosures Exposed to Constant Conditions

100
material A
material B
material C
material D
material E
PC

90

RH (%)

80
70
60
50
40
0

10

20

30

40

50

60

70

Time (days)
Fig. 9.15. RC s imulation of the e ffe ct of mois ture re le as e of diffe re nt
type s of polyme r walls on the inte rnal humidity build up in the
e nclos ure s e xpos e d to 60 ˚C.

9.4 Discussion
A large number of electronic devices are exposed to environments with no climate control,
and different types of enclosures are used in electronics varying in size, geometry, and material. The
main casing materials used today are PC and Al, or a combination of them. In addition, most of the
enclosures are not perfectly sealed, and consequently are permeable to water through slight leak
through some parts of the enclosure or through intentional hole (example drain hole) as part of the
enclosure. The humidity build-up inside the device will lead to electrical issues and corrosion on the
electronics [40-42] due to the electrochemical process resulting from the water film connecting
closely spaced metallic parts under potential bias [43-45]. It is important to predict sufficient
internal conditions, at the known climatic conditions, in order to keep both the air inside the
enclosure at low RH and the surface temperature of the PCBA higher than the dew point
temperature [1]. The level of contaminations on the PCBA surfaces is also a critical factor regarding
the moisture adsorption and the formation of an electrolyte solution, which can lead to electronic
failures even at low RH level.
When exposed to cycling conditions, the ingress of water by breathing effect is the most
important phenomena. But when exposed to constant conditions, with high level of humidity in the
surrounding air, the ingress of water by diffusion becomes the most important mechanism.
Diffusion of water molecules through the material or opening will be proportional to the difference
in absolute concentration of water (AH) outside and inside. The level of entry of moisture will be
governed by the openings in enclosures (through drain hole, other intentional openings, or leak) and
diffusion through sealing or walls of the enclosure if it is made by polymer.
Results of moisture ingress into the PC enclosures (volume: 6916 cm3 ) exposed to constant
climatic conditions (to 25 and 60 ˚C at 98% RH) show relative importance of the opening and
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permeation though the wall in building-up internal humidity levels. The time constant 𝜏,
representing the time to reach 63% of the outdoor RH condition, showed clear influence of these
two parameters. The fast moisture ingress into the enclosure with a 10 mm hole (Fig. 9.4) showed
that it can be considered as an open enclosure, in which the humidity will equilibrate in short time
with the outdoor conditions (𝜏 = 4.5 and 2 h at 25 and 60 ˚C). The time constant for moisture
equilibration in the case of an opening of 3 mm is up to 29 and 19 h at the two temperatures, while
1 mm hole or Gore vent showed 𝜏 values in the order of days (3.5 - 4.8 days at 25 ˚C and ~1.6 days
at 60 ˚C). Gore vents are meant to secure dry enclosures, but for moisture its behaviour is close to
having 1 mm hole, they are not vapour barriers; they aim to equalize pressure between the inside
and outside of the enclosure. The experiments show that moisture exchange was allowed between
the enclosure and the outside through the diffusion of water vapour. Gore vents can only repel
liquid water from coming in, but also for going out, therefore they cannot replace drain hole. This
means that the function of a Gore-vent is only a relatively well-defined breathing and diffusion path
through the enclosure [9]. In all cases, the ingress of moisture was faster than expected for PC (even
after considering the leak of 0.4 mm based on tightness testing) according to the time constant
calculation using the equation from Tencer et al. [23]. Further experiments with sealing around the
gasket and the cables feedthrough (Fig. 9.6) did not show any relevant change in humidity ingress
into the enclosures showing that the preferential pathway for moisture ingress under these
conditions was mainly through the PC walls. Sorption test (Figure 9.7) showed that the time to
saturate a PC material of 3 mm thickness is about 5 days at 25 ˚C and 1 day at 60 ˚C, which is
relatively short compared to the time scale of the humidity ingress reported in Figure 9.4 for various
openings. The diffusion coefficient of PC material (Table 9.2) is 4.5·10 -12 m2 ·s-1 and 23.4·10-12
m2 ·s-1 at 25 ˚C and 60 ˚C, and accordingly, the time constant for the moisture ingress into the closed
enclosure at 60 ˚C is around 4 times less than the time constant at 25 ˚C (Table 9.1).
Overall, the results show that the humidity build-up in PC enclosures compared to the Al
enclosures is significantly affected by the diffusion through the PC material. The effect is noticeable
especially for lower hole sizes and openings via tubes irrespective of the temperature. By knowing
diffusion parameters for applied polymers, the ingress rate can be calculated and hence the
enclosure can be dimensioned to reduce climatic issues during life time [9], providing calculations
and tests showing that low internal RH is guaranteed within the device’s lifetime [34]. Plastic
materials are all permeable to water, even in perfect void-free condition. Water transport properties
of various types of polymers used for electronic enclosure differ enormously (Fig. 9.13). In
moisture-critical situations, it is absolutely essential to know the materials properties and to choose
the right material.
The storage of moisture inside electronic enclosure is determined by the solubility of moisture
in polymers, and moisture can also be stored on the surfaces of the internal walls [28]. When the
concentration of moisture in air reaches the saturation level, condensation takes place, and the RH
will reach 100%. Then, the condensed water will evaporate when the level of humidity falls below
the saturation level. This could significantly affect the humidity build up inside the enclosure made
of polymers as shown in Figures 9.10 and 9.11, which show that either under humid or condensing
conditions, the solubility and the diffusion of moisture into the internal walls could highly influence
the humidity build up. In both cases, the volume of the enclosure and the presence of opening play a
large role. While opening allowed a faster moisture diffusion and a faster equilibrium with outdoor
conditions (and consequently a faster evaporation of condensed water), the release of moisture from
the wall has increased the internal RH of small enclosures considerably. Table 9.4 shows the ability
of the enclosure walls vs. the ability of the enclosure interior volume to hold water. It can be seen
that in some cases polymer walls can contain large amounts of water compared to the air volume
inside the enclosure.
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A RC approach allowed modelling the effect of the volume and the type of polymer of the
casing wall on the moisture ingress and on the moisture release from the walls. Considering a same
wall thickness (3 mm), it can be observed (Fig. 9.12) that RH has reached 100% in the case of
moisture release from PC walls of enclosures of 7, 900, and 7000 cm3 , while only an increase of
10% RH was observed in the case of bigger volume (1.7 m3 ) at 25 ˚C. This is in agreement with
experimental observations. The developed RC model has also shown the effect of the water
transport properties of different polymers used in electronic enclosures. While the diffusion
coefficient is the main parameter regarding the moisture transfer for equilibrium between indoor
and outdoor climates, the ability of the polymer to store water (related to the solubility coefficient)
is important in the case of temperature or RH change in the surrounding environment during which
water release from the wall inside the enclosure is happening [9,28]. The 1D RC modelling has
found to be an excellent tool to predict such processes, which convenient and simple to use without
rigorous fluid flow modelling. Such models can also allow simulating complex climate profiles
within minutes [28].
Figure 9.9 shows the effect of hole size and related ECM due to humidity ingress inside the
enclosures. When the level of 70-75% RH is reached, which corresponds to the deliquescence point
of NaCl, a sudden increase of current is observed. The drop in surface insulation resistance due to
deliquescence caused higher leak current, which eventually led to electrochemical migration on the
SIR PCB. The level and type of contamination left on the surface of a PCBA [46] will determine
the threshold of humidity at which electronic failures may occur, and then represents the safe
humidity level to be maintained in the electronic enclosure. The sources of contaminants can be
from the solder flux residues, handling, storage, and from user environment [41,46-49]. Critical
humidity levels of some of the common ionic contaminations found on PCBA surfaces have been
reported for example 84% for glutaric acid, 75% for NaCl, 29% for CaCl2 , and only 11% for LiCl
[50]. Recently, number of papers [2-6] have reported corrosion failure due to contamination on
PCBAs, and especially from NaCl.
Overall the work shows the importance of enclosure material and openings on the humidity
build up inside the enclosure, which depending on the conditions can reach levels higher than the
critical point for corrosion failures. The data shown in this paper can be used for prediction as
shown by the RC modelling to determine the relative moisture effects without more complex fluid
flow modelling.

9.5 Conclusion
1) Exposure of the PC enclosures to 98% RH at 25 and 60 ˚C gave time constants values of 6 and 2
days respectively for the moisture ingress into a thigh enclosure. The presence of 1 mm hole, Gore
vent, 3 and 10 mm hole in the casing wall has reduced the time constants to (3.5 and 1.6 days), (4.8
days and 1.6 days), (1.2 days and 19 h) and to (4.5 and 2 h) respectively at 25 and 60 ˚C.
2) Sorption tests showed that moisture saturation of 3 mm thick PC walls has been reached in 5
days at 25 ˚C and 1 day at 60 ˚C. The diffusion through the PC walls had a large contribution in the
moisture ingress in the enclosures with a leak size less than 1 mm diameter.
3) Experiments and RC modelling showed that the release of moisture from the polymer walls can
lead to a saturated humidity level and even to condensation inside the enclosures, depending on the
properties of the polymers (solubility and diffusion coefficients) and the volume of the enclosure.
4) In presence of NaCl surface contamination, increase of leak current on SIR PCB pattern inside
the enclosures appeared when the moisture ingress reached 70-75% RH. This level can be reached
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in 4.4 and 1.3 days in a tight PC enclosure exposed to 25 ˚C and 60 ˚C, and will be reduced to 2.2
and 1.0 days with a hole of 1 mm diameter in the casing wall.
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10. Humidity Build-Up in a Typical Electronic
Enclosure Exposed to Cycling Conditions and
Effect on Corrosion Reliability

Abstract
The design of electronic device enclosures plays a major role in determining the humidity
build-up inside the device as a response to the varying external humidity. Therefore, the corrosion
reliability of electronic devices has direct connection to the enclosure design. This paper describes
the internal humidity build-up in a typical enclosure prescribed for electronic applications as a
function of external humidity conditions and enclosure-related parameters. Investigated parameters
include external temperature and humidity conditions, the temperature and time of the internal
heating cycle, thermal mass and port/opening size. The effect of the internal humidity build-up on
corrosion reliability has been evaluated by measuring the leakage current on interdigitated test
comb patterns, which are pre-contaminated with sodium chloride and placed inside the enclosure.
The results showed that the exposure to cycling temperature causes significant change of internal
water vapor concentration. The maximum value of humidity reached was a function of the opening
size and the presence of thermal mass inside the enclosure. A pumping effect was observed due to
cycling temperature, and the increase in the level of absolute humidity at each cycle led to
condensation, which caused a sudden increase in leakage current.
Key words: Electronic reliability, enclosures, humidity, internal climate, temperature, thermal
mass.
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10.1

Introduction

Today, electronic products are exposed to various kinds of climatic conditions; therefore, the
protection of interior parts from external conditions is a critical factor. The interaction of humidity
with internal parts, such as printed circuit board assemblies (PCBAs), can cause several
functionality issues due to corrosion [1-5]. The corrosion of electronic products due to humidity
exposure is a serious issue today, leading to the reduced life span of the products and heavy
economic loss due to failures.
The design of enclosure plays a huge role in determining the interaction of electronic device
interior parts to the harsh environmental conditions. The enclosure body needs to be designed for
providing holes/openings for cooling, input–output ports for electrical connectors, hinges, screw
locations, and so on [6]. The geometrical and relative arrangement of various electronic parts, such
as the PCBAs, is another important design factor. An electronic enclosure is seldom perfectly
sealed, and the moisture ingress is dependent on the material of the enclosure and openings.
Polymer enclosures cause moisture diffusion through the walls, while the moisture can also enter
through the sealants and other openings as part of the design, such as cable openings and so on [7].
Heat sinks are commonly used in electronics as part of the PCBA or as a base, where they are
expected to extract the heat from the devices under working conditions. Heat sinks and other heavy
metallic parts can act as a thermal mass, causing a time delay in the heating up and cooling down
processes, thus introducing a differential temperature with respect to the surroundings. Under
varying temperature conditions, the high thermal conductivity of the heat sink material combined
with its heat capacity and volume leads to a delayed response to the temperature fluctuations, and
therefore affects the interaction of humidity with the surface of the attached PCBA surface. This is
the reason for condensation in most cases, especially on the PCBAs if they are attached to a heat
sink or a metallic frame.
Corrosion occurs on PCBA surfaces when a water layer forms due to humidity in addition to
other driving forces, such as applied potential bias and contamination. The presence of ionic
residues on the surface of the PCBAs can arise from the soldering process [8-12], degassing from
PCBA materials or deposited species from external environment (gases, aggressive ions, dust, and
so on) [13-18]. The ionic residues on the PCBA surface are hygroscopic [10;11;19], and therefore,
significantly reduce the level of critical humidity level needed for the substantial thickness of the
water layer formation and initiation of corrosion failures [for example, leak current and
electrochemical migration (ECM)] on the PCBAs.
Only few papers investigate the experimental study of humidity build-up inside the electronic
enclosures [7;20;21], whereas huge focus is on the improvement of the thermal management of
electronic devices, and thus on the performance of the heat sink, by improving its geometry and
design [22–26]. However, its effect on local humidity build-up has not been investigated.
In this paper, the response of internal humidity level in a standard polycarbonate enclosure is
monitored as a function of various parameters with an aim to understand the humidity build-up and
its effects on actual electronic equipment. Possible effect of humidity build-up on leak current and
corrosion reliability was assessed by placing a test PCB pattern, which measures the leakage current
(LC) between comb-shaped electrodes with the build-up of humidity. The placement of the test
PCB was to simulate appropriately the arrangements of the PCBAs in electronic devices, such as
with and without heat sink acting as thermal mass. Other parameters used for testing were the
opening size on the enclosure, the volume of thermal mass inside the enclosure, and the
concentration of NaCl contamination on the test board. The internal heating and external cycling of
temperature were used to simulate the alternate power/temperature extremities under the
functioning of the device.
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10.2

Materials and methods

10.2.1 Details of enclosure and humidity profile for testing
The enclosures used for investigations were made of polycarbonate with dimensions: 280 ×
190 × 130 mm3 and an IP rating [27] of 66/67. Holes through the casing material of 1 or 3 mm
diameter were drilled on one side of the enclosure in order to simulate a possible leakage or an
opening. Calibrated humidity and temperature sensors were placed inside the enclosure at
appropriate places on the heating element, on the heat sink, and on the PCB surfaces as shown in
the schematic in Figure 10.1.

PC enclosure

Heat sink

PCB

Comb pattern
Pre-contaminated
with NaCl

Heater below
the heat sink

T sensors

RH sensor

Controlled leak

Fig. 10.1.

Two dime ns ional s che matic of the inte rior of e nclos ure us e d for
te s ting.

Sensors used for monitoring the temperature and relative humidity (RH) were PT1000 and
HIH4021 from Honeywell. A data logging system using Keithley Model 2700 multimeter was used
for recording the data. In order to generate internal heating that simulates a functioning device, a
heating element (silicon mat type) was placed inside the enclosure. During testing, the heating
element inside the enclosure was switched on for the duration of 45 min and off for the duration of
2 h 15 min to create a time lag with the external temperature cycle. The enclosure was exposed to a
constant RH condition of 98% in an Espec, Escorp PL-3KPH climatic chamber, while the
temperature of the chamber was cycled between 10 °C (for 2 h, which is 15 min less than the OFF
time for the heating element inside the enclosure) and 50 °C (for 1 h, which is 15 min higher than
the ON time for heating element) as shown in Figure 10.2. Therefore, the temperature in the
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chamber increases from 10 °C to 50 °C, 15 min before the heating element inside the enclosure is
switched on. This will simulate the conditions necessary for condensation due to lower temperature
inside the device, while ramping up the temperature outside. The simulated conditions can be
correlated to a spring morning when outside temperature is increasing at high humidity level, while
the temperature of the device placed outside lag behind in equilibrating the temperature due to its
thermal mass.
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20
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Fig. 10.2.
M e as ure d climate profile in the climatic chambe r with inte rnal
he ating profile in the e nclos ure (Le ft s ide Y-axis s hows the chambe r
condition (s olid line in the graph) and right s ide Y-axis s hows the on/off
conditions ins ide e nclos ure (das he d line s in the graph).

10.2.2 Water layer formation and resulting leak current measurement
Possible effect of humidity build-up inside the enclosure on the electrical functionality of the
electronics was assessed by measuring the LC across a test surface insulation resistance (SIR) PCB
comb pattern. The test SIR PCB was made in accordance with IPC-4101/21 using FR4 substrate
with the dimensions of 80.5 × 23.1 mm2 and a thickness of 1.6 mm (Fig. 10.3). The surface finish of
the SIR comb pattern was Sn–Pb finish, and the pattern dimension was 13×25 mm2 with a pitch
distance of 0.3 mm. The overlapping area was 10.8 mm in height, and there were 41 sets of
common overlap providing 442.8 mm as the total length of the opposing faces. The ratio of the total
length of the opposing faces and the spacing of segments yields the nominal square count, which is
1476 for the pattern. For reference, the standard IPC-B-36 and IPC-B-24 comb patterns have 3538
and 1020 squares. The sensitivity of an SIR pattern increases with increasing the number of squares.
A detailed description of the test SIR PCB used for the testing can be found elsewhere [28]. A
constant potential bias of 5 V dc was applied to the SIR pattern, and the LC was measured
constantly during the exposure test (Biologic VSP-series potentiostat system).
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5 mm

Fig. 10.3.

Picture of the te s t SIR PCB patte rn us e d for te s ting.

The SIR comb patterns were pre-contaminated with 1.56 or 15.6 μg·cm−2 of NaCl. For
reference, a comb pattern was also tested without contamination. The details of the experimental
setup are provided in Table 10.1. The contamination levels investigated are based on the IPC
standard J-STD-001D Requirements for soldered electrical and electronic assemblies, which specify
a maximum allowed surface contamination level of 1.56 μg·cm−2 NaCl equivalent for the
assembled electronic components [29].

TABLE 10.1
DETAILS OF ENCLOSURE PARAMETERS, THERMAL MASS,
AND 𝑁𝑎𝐶𝑙 CONTAMINATION LEVEL USED FOR SPECIFIC EXPERIMENTS
Arrangement inside
enclosure

Test using 1 mm diameter
hole at the bottom

Test using 3 mm diameter
hole at the bottom

empty

No SIR PCB

No SIR PCB

No thermal mass

SIR PCB with 1.56 µg·cm-2
of NaCl

SIR PCB with 1.56 µg·cm-2
of NaCl

SIR PCB with 1.56 µg·cm-2
of NaCl

SIR PCB with 1.56 µg·cm-2
of NaCl

SIR PCB with 0 µg·cm-2 of
NaCl (Clean)

-

SIR PCB with 1.56 µg·cm-2
of NaCl

SIR PCB with 1.56 µg·cm-2
of NaCl

Small thermal mass 40 cm3

Big thermal mass 80 cm3
SIR PCB with 15.6 µg·cm-2
of NaCl
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10.3

Results

10.3.1 Effect of hole diameter on internal temperature and humidity profile
The results of the temperature profile [temperature T and dew point (DP)] and moisture
ingress [RH and absolute humidity (AH)] into the enclosures with 1- and 3-mm-diameter hole
exposed to the cycling condition are shown in Figure 10.4. The DP temperature was calculated
according to [30]:
DP = ((0.66077 − s) · 237.3)/(s− 0.816077)

(10.1)

where s = 0.66077+7.5·T/(237.3+T)+(log (%RH)−2); %RH = relative humidity (%); and T =
temperature (°C).
The cycling of temperature in the chamber between 10 °C and 50 °C at 98% RH caused a
similar cyclic increase and decrease of humidity profile inside the enclosure, as shown in Figure
10.4. However, the temperature cycling inside the enclosure has caused the increase of RH above
saturation level (at 10 °C) and the increase of residual humidity in the enclosure with time (number
of cycles).
The residual AH content in the enclosures has increased with time, showing an irreversible
effect of the build-up of water content as the temperature increased to 50 °C. The build-up of water
inside the enclosure with 3-mm hole size was faster due to easy transfer of humidity in and out from
the chamber. The internal temperature followed the external cycling temperature, while the internal
humidity showed a different profile. Even if the external RH condition was constant (98% RH), a
continuous increase of RH at each cycle was observed when the external temperature raised to 50
°C. Under this condition, the water vapor inside the enclosure did not reach the saturation value
after 24 h (at 50 °C, the AH is 81 g·m−3 according to Mollier diagram), while at 10 °C excess water
was present (RH profile from the sensor shows AH = 10 g·m−3 ). The amount of water vapor during
the last cycle at 10 °C was ∼10 g·m−3 , while it was about 36 and 51 g·m−3 at 50 °C inside the
enclosures with 1- and 3-mm-diameter hole, respectively. A change in the hole diameter from 1 to 3
mm has increased the build-up of water vapor of almost 1.5 times. The constant AH level under 10
°C showed the possibility of condensation, while the RH sensor showed the saturation value.
Therefore, with a 3-mm hole size, one expects more condensation due to the higher level of water
build-up at 50 °C. The DP was equal to the air temperature inside the enclosures at 10 °C, while the
increased hole size has raised the DP temperature at 50 °C closer to the air temperature inside the
enclosures (with a difference of only 11 °C). This resulted in the increased risk of build-up of water
layer.

174

Chapter 10 – Humidity Build-Up in a Typical Electronic Enclosure Exposed to Cycling Conditions and Effect
on Corrosion Reliability

60

T

T

DP

b.

T and DP [oC]

50

40
30
20

40
30
20

10

10

100

100

80

RH
60
40

AH
20
0

RH [%] and AH [g.m-3]

T and DP [oC]
RH [%] and AH [g.m-3]

60

a.

DP

50

80

RH
60
40

AH
20
0

0

2

4

6

8

10

12

14

Time [hours]

16

18

20

22

24

0

2

4

6

8

10

12

14

16

18

20

22

24

Time [hours]

Fig. 10.4.
Inte rnal T, DP, RH, and AH ins ide an e mpty polycarbonate
e nclos ure e xpos e d to cycling conditions with a controlle d le akage s ize of:
a) 1 mm diame te r and b) 3 mm diame te r.

10.3.2 Effect of internal heating and thermal mass on internal temperature and humidity
profile
A thermal mass was introduced inside the enclosure to simulate the actual placement of
PCBA as well as internal heating of the device under working conditions. The results of the
temperature profile and moisture ingress into the enclosure with 1- and 3-mm-diameter hole with an
internal heater and an SIR PCB placed on a thermal mass of volume 40 or 80 cm3 are shown in
Figure 10.5. The thermal conductivity of the thermal mass material (aluminium) is 205 W·m−1 ·K−1
(at 25 °C). Due to the internal heating, the temperatures on the PCB and on the thermal mass were
slightly above 50 °C when the chamber temperature was at 50 °C. Similarly, during the cooling
cycle, the temperature did not drop to 10 °C despite chamber temperature was at 10 °C. Similar to
the empty enclosure, the humidity profiles show that the residual humidity level (RH and AH)
increased at each cycle. At the last cycle, the AH range inside the enclosures with 1-mm-diameter
hole and a thermal mass of 40 and 80 cm3 was between 12–51 g·m−3 and 12–58 g·m−3 , respectively
[Fig. 10.5(b) and (c)], while it was between 12 and 56 g·m−3 for the enclosure with 3-mm-diameter
hole and a thermal mass of 80 cm3 (Fig. 10.5.d). A stable AH value at 10 °C showed that there
might have been excess water, which has condensed during each cycle, keeping the air humidity at
saturation level. The DP on the surface of the PCB was very close to its surface temperature when
the external temperature was at 10 °C, and the level of humidity reached beyond the upper detection
point of the RH sensor showing a flat line. Overall, the level of AH increased in comparison with
the level of humidity inside the enclosure without thermal mass, where the internal AH was
between 9 and 34 g·m−3 (Fig. 10.4.a). The larger thermal mass increased the humidity level inside
the enclosure (Fig. 10.5.b and .c), while the transition part of the humidity profile was broader
inside the enclosure with the bigger leak size (Fig. 10.5.d). The effect of thermal mass on humidity
build-up reduced with increase in hole size to 3 mm.
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Fig. 10.5.
Inte rnal humidity profile in a polycarbonate e nclos ure e xpos e d
to the cycling conditions with an inte rnal he ate r and an SIR PCB: (i)
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The overall effect of the thermal mass on the AH content inside the enclosure when the temperature
was 50 °C is shown in Figure 10.6. The AH content inside the box doubled with a minimal hole size
of 1 mm with thermal mass, while the difference reduced with a hole size of 3 mm. The AH level in
both the boxes with 1- and 3-mm holes was almost similar after eight cycles. However, with 1-mm
hole size and a thermal mass of 80 cm3 , the AH content in the box increased by ∼5 units.
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The temperatures on the surface of the SIR PCB and on the thermal mass are compared in
Figure 10.7. The temperature of the thermal mass was approximately 2 °C–3 °C warmer than the
surrounding air temperature in the chamber. For the enclosure with an opening of 1-mm diameter,
the cooling temperature on the PCB surface had a delay compared to the thermal mass temperature,
while their temperatures are similar when placed inside the box with 3-mm diameter. The increase
of airflow over the thermal mass due to a wider 3-mm hole has promoted the cooling of the PCB
laminate.
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10.3.3 Effect of hole size, thermal mass, and level of contamination on leakage current
The correlation of the LC, size of thermal mass, hole size, and the level of contamination as a
function of cycling time is shown in Figure 10.8. The SIR patterns were pre-contaminated with 1.56
and 15.6 μg·cm−2 of NaCl together with a clean SIR and placed at the centre of the enclosure with
1- and 3-mm-diameter hole. The SIR patterns were attached to the thermal mass of different
volumes, namely, 40 or 80 cm3 .
The profile obtained on the non-contaminated sample shown in Figure 10.8.a indicates that
the fast change of temperature from 10 °C to 50 °C led to a high increase of AH during each cycle
inside the enclosure. The increased humidity level with repeated cycling caused higher LC on the
SIR pattern. The leak current value increased as the temperature in the enclosure increased from 10
°C to 50 °C because the temperature on the PCB lags behind the increase in temperature to 50 °C
with internal thermal mass. However, for the clean PCB, maximum current levels did not exceed 1
μA.
The introduction of the NaCl contamination of 1.56 μg·cm−2 (Fig. 10.8.b) on the surface of
the PCBA did not lead to an increase of the LC under low temperature conditions (10 °C), while
with higher temperature the LC reached values as high as 1 mA. The increase of contamination
level to 15.6 μg·cm−2 has increased the current level ∼10 times. Similarly, a comparison of Figures
10.8.b and 10.8.d shows the effect of thermal mass. The LC levels are ∼10 times higher for the
PCB attached to the thermal mass with a volume of 80 cm3 compared to the thermal mass volume
of 40 cm3 . Figures 10.8.d and 10.8.e and Figures 10.8.b and 10.8.f show the effect of the hole size
on the AH and LC profile. Irrespective of the thermal mass, the increased hole size has increased
the AH response, therefore causing a higher LC.
Figure 10.9 shows the data extracted from Figure 10.8 to show the combined effect of the
hole size, volume of the thermal mass, and the contamination level on the LC as a function of
cycling. It shows that the contamination was the most important factor in increasing the LC on the
board, while the change in temperature profile due to the thermal mass further led to an increase in
the LC. Increase in opening size also slightly increased the LC due to higher AH build-up.
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Fig. 10.8.
AH on PCB s urface and corre s ponding le akage c urre nt profile
as a function of NaCl pre -contaminatio n on various volume s of the rmal
mas s in a polycarbonate e nclos ure with 1 and 3 mm diame te r le ak hole .
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The images of the SIR PCB comb patterns after the cyclic exposure are shown in Figure
10.10. The test with no contamination on the PCB did not show any degradation of the comb
pattern, while corrosion products appeared on the SIR PCBs placed on the thermal mass and
contaminated with NaCl.
The presence of thermal mass has clearly increased the corrosion level of the electrodes, while
the worst case is observed with the high-volume thermal mass and the high contamination level of
15.6 μg·cm−2 of NaCl. The SEM images of the SIR pattern after climatic testing show clear
differences between the effect of thermal mass and the contamination level (Fig. 10.10). The Sn–Pb
solder finish on the FR4 laminate can be observed in Figure 10.10.b and at higher magnification in
Figure 10.10.c. It shows a typical microstructure of the Sn–Pb eutectic. The bright-appearing phases
are rich in Pb (α-Pb), whereas the dark-appearing phases are pure Sn (or α-Sn). After exposure to
the cycling conditions, the dissolution of Sn and Pb from the SIR pattern and the contamination of
the FR4 laminate with corrosion products of Sn and Pb can be observed (Fig. 10.10.e). The higher
magnification image in Figure 10.10.f shows the formation of pits on the Sn–Pb solder finish and a
preferential pitting on the Pb-rich phase is observed. This tendency of pitting corrosion increases
with the presence of thermal mass of 80 cm3 , as observed in Figure 10.10.i.
The SIR pattern pre-contaminated with 15.6 μg·cm−2 of NaCl, and placed on a thermal mass
of 80 cm3 shows even higher degree of corrosion of the Sn–Pb SIR pattern. In Figure 10.10.k,
alternating bright- and dark-appearing SIR pattern lines indicate the formation of corrosion products
on Sn and Pb (like oxides) on the anodes, whereas the cathodes are relatively cleaner and show only
pitting in the Pb-rich phase. In addition, severe corrosion is observed at certain locations (Fig.
10.10.l), where the Cu layer below the Sn–Pb solder finish is leached out and results in the
formation of Cu-based blue corrosion products (appear blue in Fig. 10.10.j).
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to 50˚C.
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10.4

Discussion

The results clearly show the effect of the combination of enclosure opening, thermal mass,
and contamination in the humidity build-up and condensation regime inside the enclosure as a
response to device heating and change in the external temperature. The aim here was to simulate the
cycling climatic conditions, such as day and night cycles together with device ON and OFF,
although the level of temperature change used was higher to accelerate the process similar to
accelerated humidity testing. The rate of change of internal temperature was fast as shown in Figure
10.4, while the change of internal humidity was slower due to mass transfer restrictions depending
on the opening size of the enclosure. Even though the external humidity condition was maintained
at 98% RH, the level of water vapor inside the enclosure did not reach the saturation level (within
the test time of 24 h) when the temperature was at 50 °C. Warmer air has a greater capacity to hold
water vapor than cold air; therefore, at 50 °C, air can hold 81 g·m−3 , while at 10 °C, the amount
decreases to 9 g·m−3 . The pumping effect due to the change in temperature and the humidity entry
through the opening did not reach the maximum value of 81 g·m−3 (saturation level at 50 °C) within
the number of cycles extending for 24 h. In this experiment, the time of the cycle was shorter than
the time constant for water vapor to diffuse through the leak and reach the equilibrium. Therefore,
at each cycle at 50 °C, the AH increased but did not reach its maximal value, while at 10 °C, the
AH was close to its saturation value. The rate of change in the humidity plot in Figures 10.5.a and
10.5.d shows that in the presence of the thermal mass of 80 cm3 and a 3-mm-diameter hole leak, the
AH increased up to 1.2 g·m−3 /cycle, while it increased only up to 0.7 g·m−3 /cycle in the case of no
thermal mass and 1-mm-diameter hole leak; therefore, the saturation level at 50 °C would have
been reached after 41 and 83 h, respectively.
Heat sinks are included in electronic products to extract the heat produced from components
during the operation of the device especially for the components with higher heat output. Therefore,
the heat sinks are designed to maximize their surface area that is in contact with the surrounding
cooling medium, such as air. The choice of material, its surface area, and the air velocity are the
primary factors [22;24;26] that affect the performance of the heat sink, which essentially acts as a
thermal mass to assist the transfer of heat from the component to the cooling medium. The most
commonly used heat sink material is aluminum, which has a thermal conductivity of 205 W· (m ·
K)−1 (at 25 °C) [22]. However, under cyclic conditions with varying temperature, a thermal mass
can act as a site for local humidity build-up due to its slow heating during the cycling of
temperature. The area of heat sink acting as a thermal mass is prone to condensation when the
surrounding air temperature is high with a high water content, while the temperature on the thermal
mass can lag behind, for example below the DP [31], where water vapor will condense on its
subcooled surface.
By comparing the temperature profiles inside the empty enclosure (Fig. 10.5.a) and with the
thermal mass [Fig. 10.5(c)], the interior of the enclosure responds to the temperature change
instantaneously, while the thermal profile over the thermal mass shows a time delay. Figure 10.11
shows a magnified view of the surface temperature of the PCB without thermal mass and with a
thermal mass of 80 cm3 . It is clear that the temperature of the PCB without thermal mass reached
the air temperature of 50 °C, while the temperature on the PCB in presence of thermal mass under
similar condition was only 30 °C. While the air temperature increased to 50 °C, the temperatures on
the thermal mass and on the attached PCB are lower. This contributes to the accumulation of
condensed water or water vapor inside the enclosure at each cycle.
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The presence of the larger thermal mass (80 cm3 ) has led to an AH value of 58 g·m−3 at the
last cycle, while only a level of 51 g·m−3 of AH has been measured in the presence of thermal mass
of 40 cm3 (Fig. 10.5). The rate of change of humidity was faster with a higher leak size (3-mmdiameter hole) than with a smaller leak size (1-mm-diameter hole). Tests performed at the constant
condition of 40 °C and 98% RH have shown that the time constant to reach the humidity fraction of
0.63 of 98% RH [20] is 70 h and 32 h for the enclosures with 1- and 3-mm-diameter hole,
respectively. The bigger leak size allowed also a better airflow due to the temperature difference
between inside and outside (natural convection). The higher air flow and the higher thermal
conductivity of the thermal mass combined with its large surface area resulted in the rapid transfer
of thermal energy and cooled the PCB at the same rate as for thermal mass, which is in direct
contact with it (Fig. 10.7.b).
At 10 °C, the AH reached its saturation limit inside the enclosures and led to a thin water
layer on the surface of the PCB, and resulted in a low resistance of the water layer forming on the
surface. Verdingovas et al. [10] showed that in condensing conditions, the level of the LC on
similar SIR test pattern was similar, about 0.01 μA at 5 V bias. The following sudden increase of
the LC on the SIR PCB is a result of the increased moisture content of the vapor phase at higher
temperature (50 °C), which led to more moisture adsorption by the board [32].
The introduction of NaCl contamination on the surface of the PCBA has caused the increase
of the LC as much as three to four orders of magnitude, representative of high level of moisture
condensation. The NaCl contamination layer added to the SIR surface is a crystalline solid and can
form a discontinuous layer between the electrodes. Upon adsorption of water onto the surface, a few
of the salt crystals dissolve and dissociate to form an ionic conduction pathway, thereby increasing
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the resulting LC. The higher concentration of ionic residues will increase the water layer thickness
(due to their hygroscopic nature) and increase the conductivity of the electrolyte. Verdingovas et al.
[10] found similar level of the LC, i.e., about 1 mA, in the case of the presence of NaCl and harsh
condensing conditions, when the SIR PCB was biased with 5 V, exposed to 98% RH and cooled
down to about 8 °C below the surrounding air temperature. The measured LC values showed that
the adsorbing water layer was very thick when the temperature was 50 °C.
The overview of the corroded SIR patterns (Fig. 10.10) did not show any ECM, confirming
that dendrites did not cause the intermittent drops of the LC and that the high levels of NaCl
contamination have led to the higher amount of corrosion products that bridge the gap between the
oppositely biased electrodes of the SIR pattern. The lack of dendrite formation due to ECM might
be due to the total time of higher water layer thickness and time needed for dendrite formation. This
is highly significant from the point of view of the application of electronic devices, as it indicates
that the temperature differential that leads to a significant level of water layer formation on the
surface can be reduced due to the presence of ionic contamination [10;33;34]. The bigger leak size,
the bigger volume of thermal mass, and the higher contamination level caused the highest level of
internal AH, and also the highest level of the LC. Overall, the effect of internal thermal mass
creating the temperature gradient is evident, and the experimental data can be used for calculating
the time delay in equilibrating the temperature and dew formation.

10.5

Conclusion

The results in this study showed that:
1) The time constant for achieving temperature equilibrium in the tested conditions was shorter than
the time constant for humidity equilibrium. Even at constant humidity the outdoor cycling
temperature led to a cyclin humidity inside the electronic device. In the presence of openings, such
as feedthrough of cables, or ventilation the humidity equilibrium reaches faster than without
openings.
2) The level of humidity increased at each temperature cycle, both with and without thermal mass in
the enclosure. The increase in the level of the AH was higher in the enclosures with thermal mass in
comparison to the level of humidity inside the enclosure without thermal mass, where the internal
AH (with 1-mm hole size) was between 9 and 34 g·m−3 at the last cycle, and were between 12 and
51 g·m−3 , and 12 and 58 g·m−3 with a thermal mass of 40 and 80 cm3 , respectively. Increased hole
size led to a broader transition part of the humidity profile.
3) While the saturated level of humidity has been reached at low temperature (10 °C—AH = 10
g·m−3 ), the delay of temperature change due to the thermal mass attached to the PCB during the
increase and decrease of the chamber temperature has caused the accumulation of water vapor or
condensed water inside the enclosure at each increase in temperature, known as the pumping effect.
4) The maximum current levels on clean SIR pattern reached 1 μA (at high temperature and high
AH), while the introduction of NaCl contamination of 1.56 and 15.6 μg·cm−2 on the surface of the
PCBA caused the LC to peak to 1 and 10 mA. The LC levels are ∼10 times higher for a PCB
attached to a thermal mass with a volume of 80 cm3 compared to the thermal mass volume of 40
cm3 . Irrespective of the thermal mass, increased hole size has increased the AH response, therefore
caused higher LC.
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11.

Experimental Study of Moisture Ingress in
First and Second Levels of Electronic

Abstract
Moisture uptake of polymer materials used for electronic packaging, and moisture ingress into
automotive electronic sensor housings have been studied by exposure to constant and cyclic
humidity and temperature conditions. The first level housing is made of epoxy molding compound
(EMC) and encapsulates the sensor silicon-chip. The second level housing is made of polybutylene
terephthalate (PBT) and contains the EMC attached to a printed circuit board (PCB). The novel
approach was to perform in-situ measurements of the temperature and the relative humidity (RH)
inside the EMC next to the silicon-chip, and to measure the humidity transfer from outdoor to the
second, and through the first level housings up to the chip. The effect of the presence of PCB, and
the self-heating of components have been investigated. The results showed that the time constants
for humidity to reach 63% of outdoor conditions are about 2 days and 7 days at 60 °C, for the
second and first level housings respectively. Exposure to cyclic conditions showed that the internal
RH tends to reach a steady state, close to the mean value of the cyclic outdoor profile, while
presence of polymeric materials (as PCB) can act as a humidity buffer, and absorb and desorb water
when subjected to temperature fluctuations.
Key words: Epoxy molding compound, housings, humidity, moisture diffusion, printed circuit
board, temperature.

Published as: Conseil-Gudla, H., Hamm, G., Müller, L., Hain, M., & Ambat, R., “Experimental study of moisture
ingress in first and second levels of electronic” in IEEE Transactions on Components, Packaging an d Manufacturing
Technology, 1-10, 2018. doi : 10.1109/TCPMT.2018.2799233
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11.1

Introduction

In order to design and manufacture robust electronic packages, it is important to understand
the response of the electronic housings to different and sometimes extreme climate conditions to
which they will be subjected in service. Electrical and electronic devices are generally protected
from the external environment by the use of enclosures (the second level housing), while the
semiconductor devices and components are encapsulated in a resinous thermoset material (the first
level housing), often referred to as epoxy molding compound (EMC).
Diffusion of moisture from the atmosphere into these devices and components is one of the
major concerns in electronics reliability. Several issues related to the device performance
degradation and failures are often found to involve diffusion of moisture during manufacturing,
storage, or operation as the root cause of failure [1-2]. Automotive electronic housings in particular
are exposed to environments in which the temperature and moisture contents can vary drastically
depending on the geographical location and the location of the housings inside the automobile. The
three important factors to be considered for better reliability of such devices with respect to external
climate conditions are: (i) the temperature, (ii) the relative humidity (RH), which is the actual
pressure of water vapour expressed as a percentage of the saturated vapour pressure, and (ii) the
dew-point temperature (DP), which is the temperature to which vapour at a given pressure must be
cooled to reach saturation, and then condensed as liquid water. The temperature and humidity levels
within the housings are important factors for the electronic reliability, and are indicators of the
environmental loads at the installation location and the consequential failure mechanisms during the
usage in the field.
Polymer based materials are widely used for housings of electronic devices and as parts of the
electronic assembly. Polymeric materials generally absorb moisture from the atmosphere and
undergo degradation by plasticization, swelling and micromechanical damages [3-7], hydrolytic
cleavage of polymeric chains etc., thus reducing the overall mechanical properties and integrity of
the housings, such as decreasing their elastic modulus, shear strength or fracture toughness etc..[7].
In addition, the polymeric housings also act as a medium for the diffusion of moisture to the interior
of the housing, which greatly affects the reliability of the electronic circuits [8-9]. Several reports
have illustrated the effect of humidity on reliability of electronic devices, and studied the different
types of moisture induced corrosion failure modes such as electrochemical migration (ECM) and
short circuit [10-17], conductive anodic filament (CAF) formation between embedded copper
conduction lines in glass epoxy laminates [18-20] etc. The internal moisture inside the polymeric
second level housing further aggravates these failures due to diffusion into the first level housing.
This increases the local moisture concentration inside the EMC and induces other intermittent and
permanent electronic failures due to interfacial delamination, reduction of the interfacial adhesion
strength, material expansion, and mechanical failure [21].
Optimal designing of the electronic packaging for reliable electronic device performance thus
requires a full understanding of the underlying mechanism of moisture diffusion into the second
level polymer packaging materials used in electronics, and how it leads to humidity build-up inside
the housing. Studies on water absorption in polybutylene terephthalate (PBT) material [22-23], in
printed circuit board (PCB) laminate [4;24-26], and in EMC material [3;6;28-31] have been
investigated, but to a limited extent, and very little is known about moisture penetration and build
up inside the electronic housing under the actual climate conditions with different levels of
electronic packaging.
In view of this, the current study focuses on the moisture profiles in industrial automotive
electronic sensor housings. Moisture diffusion and storage capacities of plastic packages have been
investigated quantitatively by employing sorption tests using plane sheet materials. The ingress of
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moisture into the housings has been studied and measured with RH and temperature sensors by
exposing the automotive electronic sensor devices to various external climate conditions. The
moisture ingress into the EMC package has been studied by molding of the EMC material directly
on a lead frame with RH and T sensors for in situ measurements of moisture diffusion. Therefore,
the ingress of moisture through the different levels of housings protection has been measured.
11.2

Materials and methods

11.2.1 Materials used for investigations
The materials selected for the sorption tests are plane sheets of PBT with and without
hydrolysis resistance (HR) property (casing material for the second level housings), plane sheets of
EMC (material of the first level housing), and PCBs (which are placed in the second level
housings). The tests have been performed in order to determine the diffusion and solubility
coefficients of each material involved in the humidity build-up into the housings. PBT material is a
thermoplastic, semi-crystalline polyester reinforced with 30% glass fibers (30GF). EMC is a
composite material made up of an epoxy matrix (Biphenyl material) with silica fillers (~ 88 wt .%),
which also contains stress relief agents, flame retardants, and other additives. The PCBs are made of
halogen and halogen-free FR4 laminates, which are glass fibers reinforced epoxy resin with copper
foils bonded on to the sides for etching out the circuits. Table 11.1 summarizes the different sample
materials used for the investigations along with the notations used for them in this paper.
The humidity build-up inside the automotive electronic sensor housings industrial housings
has been studied in two different second level housings, namely Housing I and Housing II, for
which the casing wall materials are in PBT 30GF with and without HR respectively. Tests with and
without PCB placed inside the housings have been performed (respectively PCB I and PCB II). RH
and T sensors were placed inside the housings and connected to existing electrical pins avoiding
any extra hole for external electrical connection. The setup of second level housing, cables and
connector, typically has a helium leak-rate of < 10-6 mbar·L·s-1 , i.e. it is air-tight. For the in-situ
measurement of humidity build-up in the first level housing, the RH and T sensors have been
connected to a lead frame PLCC44 (Cu) (due to the size requirement of the sensors) using an Agfilled epoxy with a curing process at 120 °C for 2 h. The lead frame has then been molded with the
EMC material at 175 °C and 87 bar pressure followed by a post-mold-cure at 150 °C for 5 h. Then
the leads were stamped and trimmed followed by a Sn plating of the leads (Fig. 11.1). Figure 11.2
summarizes the different configurations used for the humidity build-up tests in the housings.
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TABLE 11.1
DETAILS OF MATERIALS USED FOR THE WATER SORPTION STUDY
Abbreviation
PBT HR

PBT no HR

EMC

PCB I

PCB II

Fig. 11.1.

Material
Poly-butyleneterephthalate –
30% glass fibers –
hydrolysis resistant
Poly-butyleneterephthalate –
30% glass fibers – no
hydrolysis resistant
Biphenyl material –
~ 88 wt.% silica fillers
(Printed circuit board from
Housing I)
halogen FR4 laminates
(Printed circuit board from
Housing II)
halogen-free FR4 laminates

Thickness (mm)
4

4

1.3

1.5

1.25

Picture s of a) Cu le ad frame PLCC44 with conne cte d T and RH
s e ns ors and b) EM C mate rial afte r molding proce s s .
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RH and T sensors

RH and T sensors

PCB I
PCB II

Housing I, volume: 1.9 cm3
wall: PBT HR, thickness: 2.6 mm

RH and T sensors

EMC, volume: 1.1 cm3
total thickness: 3.9 mm, on top of sensors: 1.1 mm

Fig. 11.2.

Housing II, volume:16 cm3
wall: PBT no HR, thickness: 1.6 mm

RH and T sensors

EMC inside Housing II

Sche matic of the four configuratio ns us e d for the humidity
build up te s ts in the indus trial hous ings .

11.2.2 Sorption test of the polymer materials
The moisture uptake by the polymers was investigated to determine the diffusion and the
solubility coefficients as well as the moisture saturation level of the packaging materials. The two
PBT materials with and without HR, EMC material, and PCBs used for the investigation were
tested at conditions of 25 °C and full immersion in water, 40 °C and 93% RH, 60 °C and 93% RH,
and 85 °C and 85% RH. These are the test conditions of the automotive components, required by
the specifications of vehicle manufacturers (IEC standard 60028-2-56).
The materials were dried prior to the test to remove any residual humidity. A standard baking
condition for electronic packaging namely 24 h at 125 °C was employed. The initial weight was
measured using a calibrated precision electronic balance (0.1 mg) followed by the exposure of the
samples in a climatic chamber (CTS Hechingen, GER, type C 40/200). The samples were removed
periodically from the climatic chamber to measure the increase in weight (within 5 min) and placed
again in the chamber for further sorption. Assuming an initial dry sample at the start of the tests, the
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weight gain of the samples during the sorption experiment corresponds to the weight of moisture
uptake into the materials (average value of three samples).
The percentage of weight gain X (wt.%) was calculated using the following formula:
𝑋 (𝑡) =

𝛥𝑚 (𝑡)
𝑚0

x 100

(11.1)

where m0 (kg) is the initial weight of the sample and Δm(t) is the change of weight of the sample
(kg) after exposure for a time period t. Considering the Fickian absorption for one-dimensional case
of an infinite plate of thickness l and the integration over the thickness of the bulk film, the
fractional mass uptake of the specimen as a function of time is [32]:
𝛥𝑚(𝑡 )
𝛥𝑚∞

= 1−

8

1

𝜋

(2𝑛+1)

∑∞
2 𝑛=0

− 𝐷 (2𝑛+1 )2 𝜋 2

exp (
2

4𝑙 2

𝑡)

(11.2)

where Δm∞ is the change of weight at equilibrium [kg], l is the thickness of the material [m], and D
is the diffusion coefficient [m2 ·s−1 ]. The diffusion coefficient of bulk materials D can be found from
the slope of the initial linear part of the moisture uptake curve together with the sample weight at
saturation state. The initial stage of moisture absorption (𝛥𝑚(𝑡)/ 𝛥𝑚∞ < 0.5) can be simplified as
follows:
𝛥𝑚(𝑡 )
𝛥𝑚∞

=4(

𝐷𝑡

𝜋𝑙

1/2

)
2

(11.3)

The solubility coefficient can be calculated from the following equation:

S=

𝜌
𝑝𝐴

·

∆𝑚𝑓
𝑚0

(11.4)

where S is the solubility coefficient [kg·m−3 ·Pa−1 ], ρ is the volumetric mass density [kg·m−3 ] of the
material, 𝑝𝐴 is the partial water vapor pressure in ambient air [Pa], while ∆𝑚𝑓 is the final change of
weight of the sample [kg].

11.2.3 Humidity exposure of housing and measurement of internal humidity build up
The housings were baked-out at 125 ˚C for 24 hours prior to the test, and were exposed to
temperature and humidity conditions in a climatic chamber (CTS Hechingen, GER, type C 40/200).
The T sensor (PT1000) and RH sensor (HC1000 – capacitive sensor) placed inside the housings as
described before were used to record the interior temperature and humidity with a sweep time of 2
min (Datalogger GMH 3350, Greisinger electronic, Regenstauf, GER).
The constant climatic conditions used for the investigations were: 40 °C / 93% RH and 60 °C /
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93% RH (IEC standard 60028-2-56). The build-up of the internal relative humidity RH(t) was
monitored and the time constant τ has been determined using the relation:
−𝑡

RH(t) = RH0 (1 - 𝑒 𝜏 )

(11.5)

where RH0 is the set RH in the climatic chamber, t is the time [s], and τ is the time constant for the
internal RH to reach the fraction (1 – e-1 ) = 0.63 of the ambient value [s].
Additionally, two cyclic conditions were studied. The first condition represents 24 h climate
measured in Jakarta, Indonesia (1st of July 2012) repeated for 115 days (Fig. 11.3), while the second
condition corresponds to T and RH data recorded inside an engine compartment of a car driving in
southern China in the summer season, including the simulation of driving and parking periods. The
conditions were 30 °C / 85% RH for 22 h and 80 °C / 10% RH for 2 h respectively.
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Results and discussion

11.3.1 Sorption test of the polymer packaging materials
11.3.1.1. Moisture uptake of PBT GF30 and EMC materials
While the reliability of equipment is mostly related to the RH [12;33], the process of moisture
diffusion through materials is related to the AH, i.e. the moisture concentration in air [34], and is
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dependent on the temperature. As the studied housings are truly air-tight, determining the moisture
characteristic of the housing materials is important as permeation through the housing walls is the
dominant transport mechanism for moisture equilibrium between the inside and the outside of the
housing to reach similar AH levels.
Sorption tests have been performed with the different packaging materials. Figure 11.4 shows
the plots of the experimental weight gain data showing moisture uptakes as a function of the square
root of time for PBT and EMC materials. The sorption test shows that the rate of water absorption
and the saturated water content (i.e. water content in equilibrium with its environment) of the
different materials are dependent on the temperature. The water uptakes of the PBT samples in
Figures 11.4a and b show an initial slope related to the relative rate of moisture absorption followed
by a plateau region corresponding to the saturation level. The EMC material on the other hand
showed two-stage water absorption (Fig. 11.4c) with the first part saturating after about 120 h
followed by a new increase of moisture absorption slope. The moisture uptake stabilized after about
700 h of exposure. This type of water absorption has been defined as a dual stage diffusion model
[30;35-38]. During the first stage, the water molecules from the environment migrate to the
microscopic pores or voids in the material to achieve a pseudo-concentration equilibrium. With
increasing time (second stage), the water molecules become chemically bonded to the polymer
chains of hydroxyl groups, leading to a significant swelling of the material.
Since the PBT material contains ester group, it is prone to hydrolysis and embrittlement in hot
and moist environments [22]. Although some stabilizers are added to increase the hydrolysis
resistance of PBT, the HR property of the PBT did not have a significant effect on the diffusion at
the tested temperatures.
Figure 11.5 shows the value of the temperature dependent parameters such as diffusion and
solubility coefficients calculated from the absorption data. The diffusion and solubility coefficients
of the EMC material were lower than for the PBT materials, and are in accordance with published
results [6-7;31]. This could be attributed to the higher amount of fillers in the mold compound
(about 88 wt.%) than in the PBT material (about 30 wt.%), which do not absorb moisture [23].
Therefore the presence of fillers could extend the path of diffusion through the thickness of
the material with higher fillers content [39], while Shirangi et al. [1] showed that a higher amount of
maximum moisture content could be expected at the interface between the lead frame and the bulk
molding compound in the actual package. These results show that diffusion through the second
level housing will be faster (higher diffusion coefficient), but also that the amount of water stored in
the casing wall of the second level housing will be higher.
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11.3.1.2. Moisture uptake of PCBs
The moisture absorption profiles of the PCB I and PCB II at 40 and 60 ˚C and at 93% RH can
be observed in Figure 11.6. Regardless of the temperature, the moisture absorptions of the PCBs
show an initial linear increase followed by a slow increase without reaching a plateau after 45 days
of testing under humid conditions. The weight of the PCBs continued to increase up to 0.35 and
0.44 wt.% for the PCB I and up to 0.28 and 0.35 wt.% for the PCB II respectively at 40 °C and 60 °C.
This corresponds to the water absorption of the laminates and of the components in the PCBs.
Conseil-Gudla et al. [27] showed that the first linear part corresponds to the water
adsorption/absorption of the solder mask coated on the PCB laminate, and the second linear part
corresponds to the water absorption into the bulk PCB laminate. In absolute value, PCB I and PCB
II can hold up to 4 and 16 mg of water respectively from the surrounding humid air coming through
the second level housings. The water absorption as well as the water storage capacities of these
materials will influence the moisture ingress and profile inside the housings.
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Fig. 11.6.

M ois ture abs orption by the PCB as s ociate d with the Hous ing I
and II.

11.3.2 Exposure of the housings to constant conditions
11.3.2.1. Effect of temperature, volume of housing, and presence of PCB
The automotive housings have been exposed to constant conditions (40 ˚C and 60 ˚C at 93%
RH) for investigations. Figure 11.7 shows the moisture ingress into the Housing I and Housing II
(with and without PCB), into the EMC package, and into the EMC package placed inside the
Housing II. Some residual moisture prior to the exposure can be observed in Housing II and in the
EMC placed inside Housing II, showing that the baking process did not fully dry-out the packages.
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Nevertheless, the calculated time constants τ (time to reach 63% of the outdoor condition) takes in
account the initial RH level, and published work of semi-empirical prediction of humidity build-up
[40] showed that the initial RH level is not an influential factor on the moisture transfer time
constant.
The lower volume of the Housing I led to a faster humidity build-up than in the Housing II.
The time constants τ were respectively 6.8 and 1.6 days for the Housing I, and 10 and 2.7 days for
the Housing II, at 40 ˚C and 60 ˚C (Table 11.2). The humidity ingress in the Housing I was slower
in the presence of the PCB I, with a reduction of 4% and 8% RH at the end of the test. The presence
of the PCB II has slightly reduced the final RH inside the Housing II, however no significant
difference was observed. The volume ratio of PCB / Housing is about 14% and 6% respectively for
the Housings I and II, which could explain the higher effect of water absorption of the PCB I on the
overall reduction of internal humidity in the Housing I, while its low rate of water absorption
implies a slow rate of internal humidity reduction in comparison to without PCB I in Housing I.
Moreover, some residual moisture in PCB II could have been released inside Housing II when
exposed to high temperature (i.e. 60 ˚C) and has to be considered.
The in situ measurement of humidity build-up inside the EMC mounted on the lead frame was
investigated under 60 ˚C. Figure 11.7 shows the humidity profile measured using the embedded RH
sensor (taken in consideration that the thickness of the EMC material on top of the sensor is about
1.1 mm). It can be observed that the low diffusion coefficient of the EMC has induced a slower
moisture ingress in the first level housing (EMC) compared to the second level housing (PBT).
Moreover, three regions of the curve indicate: i) the diffusion through the thickness of the material
until reaching the humidity sensing top part of the RH sensor, ii) the moisture diffusion through the
bulk material, and iii) a saturated plateau. The time interval for the first region was about 17 h,
while the time constant τ was reached after around 7 days of exposure (Table 11.2). In order to
determine the transfer function of the humidity through the second and first level housings, in situ
measurements of the RH profile in the EMC package placed inside the Housing II has been
performed. Figure 11.7 shows the RH profile where a delay of the time constant τ about 11 days can
be observed in comparison to the humidity build-up in the Housing II (Table 11.2). The humidity
had to diffuse through the second level housing wall and then through the EMC material to be
detected by the molded sensors.
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11.3.2.2. Effect of self-heating
In order to simulate the effect of self-heating inside the enclosure on humidity build-up, a
heater (in this case a LED) has been placed inside the Housing II. Preliminary analysis of thermal
profile of PCB has shown possible self-heating of components (mainly from ASIC: applicationspecific integrated circuit) up to an over-temperature of 25 °C in such devices. Figure 11.8 shows
the moisture profiles in the Housing II with an internal temperature of 5 and 10 ˚C higher than the
outside condition. The effect has been to lower the internal RH level up to 79% and 69% RH after 8
days of exposure, while 93% RH was reached in the Housing II without internal heat. The moisture
ingress into the housing tends to equilibrate the internal AH with the outdoor AH, while higher
internal temperature leads to lower internal RH.
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The time constant of the housings (Table 11.2) is in the order of days or weeks depending on
the temperature level when exposed to constant conditions. The time is long compared to the
timescale for temperature and humidity changes of the weather during a typical day. Actual outdoor
temperature and humidity are not constant; therefore the housing protection and time constant for
moisture penetration can play a major role.
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TABLE 11.2
TIME CONSTANTS OF THE HUMIDITY INGRESS IN THE HOUSINGS
40 °C / 93% RH
60 °C / 93% RH
Type of Housing

Time constant 𝜏 (days)

Housing I

6.8

1.6

Housing I with PCB I

7.7

1.9

Housing II

10.0

2.7

Housing II with PCB II

10.0

2.2

Housing II with self-heating of 5˚C

/

3.3

Housing II with self-heating of 10˚C

/

3.9

EMC

/

8.1

EMC in Housing II

/

13.7

11.3.3 Exposure of housings to cyclic conditions
11.3.3.1. Simulated climate conditions of the day/night profile in Jakarta, Indonesia
The profile simulating the weather in Jakarta, Indonesia (Fig. 11.9) shows that the internal RH
level in the housings increased smoothly and did not follow the cyclic profile of the outdoor
condition. Instead the internal humidity profile tends to reach a steady state value. After 115 days of
exposure, the RH reached the maximum values corresponding to the steady-state of 78 and 89% RH
for the Housing I and II. The in situ measurements of RH profiles in the EMC package and in the
EMC package placed in the Housing II showed an increase of the internal RH starting after 9.5 and
14.2 days respectively. A smooth increase of the internal RH was then observed, and reached a
steady-state around 47% RH inside the EMC, but did not reach a plateau even after 4 months of
exposure for the EMC placed inside the Housing II. Similar to the constant exposure conditions,
final RH in the EMC is lower than the surrounding air.
An important function of moisture protection by the housing materials is the attenuation of the
ever changing ambient conditions, and in this tropical exposure simulation, the attenuation factor of
the second level housing was about 10 to 20% RH, and this factor was enhanced up to 55% (after 4
months of exposure) in the EMC placed inside the second level housing.
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11.3.3.2. Simulated climate inside the engine compartment

Figure 11.10 shows the internal RH profiles of the Housings I and II with and without PCB
exposed to the simulated climate inside the engine compartment of a car driven in South China. In
both cases without PCB, a similar profile can be observed. During the first step at 30 ˚C / 85% RH,
the internal RH increased slowly. When the temperature is suddenly changed to 80 ˚C, a drop in the
internal RH can be observed. However, when the outdoor RH level was 10%, the internal RH
continued to increase despite its level was above the outdoor level of humidity. This excess of
humidity can only come from the release of moisture from the inner wall. When the new step at 30
˚C / 85% RH started, the internal RH increased suddenly at a higher level than at the previous step
at 30 ˚C / 85% RH. This shows that more humidity has been accumulated in the internal volume
during the step at high temperature (80 ˚C). Then the RH level decreased slowly until the next step,
suggesting a re-absorption of moisture into the internal walls of the housings. This aspect is
confirmed by the plots of the AH profiles (Fig. 11.11), where an increase of the air water
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RH (%) and Temperature (oC)

concentration is observed at each cycle at 80 ˚C, and reached higher levels than the outdoor
conditions (up to 125 g·m-3 , while outdoor AH is about 29 g·m-3 ). This shows that the packaging
materials that have absorbed moisture from a humid environment can release this moisture when
exposed to a dry air (release only to external climate) or at higher temperature (release to internal
and external climate) [2;9]. This is clear from the results in Figures 11.10 and 11.11, where the
moisture diffused and absorbed by the walls during the step at 30 °C and 85% RH has been released
during the step at 80 °C and 10% RH. The drying period of the cycle (corresponding to the driving
time of 2 h per day) has allowed the humidity absorbed by the wall material of the housing to be
released outside and inside of the housing volume, while this step was not long enough to dry out
completely the housing.
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Figure 11.12 shows the profile of the internal RH in the Housing I when the last step at 80 ˚C
/ 10% RH (after 12 days of exposure to the cyclic conditions) has been maintained for 48 h. It can
be seen that 4 h was almost necessary to observe the first decrease of the internal humidity, while
48 h of exposure to 80 ˚C did not allow to reach fully the equilibrium with the outdoor (RH is still
above 10% RH). This shows that the heat induced during short periods of driving time is not
enough to dry out the housings inside the car, which on the other hand could create higher level of
humidity inside the housings due to release of moisture from the wall material.
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However, the presence of PCB has a similar effect in both cases on the internal RH, the
absorption and release of moisture from the PCB have contributed to act as a buffer, and have
reduced the variation of the internal RH during the simulated driving period. Nevertheless, the
humidity profile in the Housing II with PCB II is quite different, where a higher AH level (Fig.
11.11) can be observed compared to the profile without PCB during the step at 80 ˚C. It seemed that
the PCB II did not absorb moisture, but released a large quantity of water during this step. A main
difference between PCB I and PCB II is that PCB II contained a capacitor component with high
thermal capacity. Therefore, a new experiment has been carried out (Fig. 11.13) with the Housing II
using the same PCB II, but without the capacitor component. The new profile is then similar to the
one obtained in the Housing I with the PCB I. That shows that the delay in the temperature change
of the heavy thermal mass capacitor during the step at 80 ˚C may have been a specific place for the
condensation to occur, and the presence of liquid water may have increased the overall level of
internal RH in the Housing II. The accumulation of moisture inside the PCB can be detrimental for
the electronic reliability, which will lead to abrupt unpredictable loss of insulation resistance when a
voltage is applied, with the formation of short circuit due to the growth of a subsurface filament
known as CAF [10;42] or other types of failure modes.
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The in situ measurements in the EMC package (Fig. 11.10 and 11.11) did not show any
increase of humidity until day 4 of the exposure, which can be attributed to the low diffusion
coefficient of the EMC material. Then, a slow smooth increase of RH is observed, with an increase
of RH and of the internal water concentration (𝐶𝑖𝑛𝑡) at each step at 80 ˚C suggesting that the EMC
material released also moisture during the step at high temperature. In that case, there is no air gap
between the material and the sensor, and any release of moisture from the EMC material will
directly be in contact with the RH sensor surface. The in situ RH measurement in the EMC inside
the Housing II did not show any increase of humidity until day 12 of the exposure. However, an
increase of RH and 𝐶𝑖𝑛𝑡 were also observed during the step at 80 ˚C due to the release of residual
moisture present at the beginning of the test in the EMC material.

11.4

Conclusion

The investigations reported in this paper clearly show the influence of temperature, presence
of PCB, and self-heating on internal humidity build-up, and the transfer of humidity from outdoor
to second and first level of protection, with PBT and EMC material. Further experimental
simulations of the cyclic climatic conditions such as day and night cycles in tropical area, and
climate in an engine compartment of a car, have shown how the external fluctuation in humidity
and temperature influences the internal humidity conditions inside the housings.
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1) While the moisture diffusion coefficient of PBT materials did not seem to be greatly influenced
by the hydrolysis resistance property, it is around 6 times higher than the diffusion coefficient of
EMC at 60 °C. The in-situ measurement of moisture ingress inside EMC allowed to observe the
transfer function of humidity from outdoor into the second level housing and into the first level
housing. The low diffusion coefficient of the EMC material has induced a high attenuation factor of
moisture ingress, up to 55% RH after 4 months of exposure to a tropical profile, when the first level
housing was placed inside the second level housing.
2) The presence of plastic parts inside the housing, like PCB laminates which absorb water, acted as
a humidity buffer and reduced the internal variation of humidity changes. Components with high
thermal mass can show delay in temperature changes, and condensation can occur if their surface
temperature is below the dew point.
3) While self-heating during on time can reduce the moisture ingress in the housing, the heat
induced during short periods of driving time may not be enough to dry out the housings inside the
car, and could actually create higher level of humidity inside the housings, due to release of
moisture from the wall material.
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12. Humidity Build-Up in Electronic Enclosures
Exposed to Different Geographical Locations by RC
Modelling and Reliability Prediction

Abstract
Electronic devices are exposed to a wide range of climatic conditions. This study shows a reliability
prediction of electronic devices exposed to different climates (from arid to humid and cold to hot
regions). Temperature and humidity probability distribution functions have been calculated to
indicate the change of climate exposure along year. While temperature and relative humidity (RH)
are important factors in terms of water diffusion and electronic reliability, the internal climatic
condition of 25 ˚C and 60% RH is widely used as threshold for electronic safety. Acceleration
factors according to this steady state (25 °C and 60% RH) have been calculated for the different
climates, and the protection offered by the enclosures has been estimated under different casing
materials and resistor-capacitor (RC) simulation. This method offers a way to predict the average
value of failure rate for electronic devices based on climate information and enclosure material.
Key words: Acceleration factor, electronic devices, humidity, RC simulation, reliability prediction,
temperature.
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12.1

Introduction

Product reliability under various climatic conditions is one of the key factors for electronic
manufacturers. Electronic components can fail in various stages of storage and applications due to
errors in design or materials used, but failures can also be due to environmental conditions during
the service life of the products. Temperature, moisture, and presence of dust or hygroscopic
contaminations are high feasible causes of intermittent failures in electronic products and systems
[1-5].
Temperature cycling can cause fatigue failures occurring mainly at the baseplate of printed
circuit board assemblies (PCBAs) solder joints, chip solder joints, and wire bonds. Moreover, the
coefficients of thermal expansion for different materials in electronic assemblies are different,
leading to stress formation in the packaging and continuous degradation with each cycle until the
material fails. Humidity level is an important factor as it can cause moisture degradation such as
plasticization, swelling and micromechanical damages of polymers [6-8], and cause condensation
on the PCBAs surfaces, which is the worst case scenario concerning the reliability of electronic
devices. The important mechanisms causing electrical failures under humidity include current
leakage, electrochemical migration (ECM), and conductive anodic filament (CAF) formation.
Electronic products are used in varying geographical locations, where climate conditions can
be very different [9]. In certain locations, the surrounding air is saturated with a certain amount of
water vapour, which depends on a number of different factors. The highest moisture content is in
the vicinity of large water basins (like oceans, seas, large lakes, water reservoirs etc.) in humid
tropical regions, and in coastal areas. High air humidity is also characteristic of some industrial
premises where the manufacturing process employs large amounts of water. High humidity in air is
also periodically encountered in any geographical region where sharp temperature fluctuations are
liable to occur [10]. The three important factors to be considered for electronic enclosure design in
such cases are the temperature, relative humidity (RH), and dew-point temperature (DP). RH is the
ratio of actual pressure of water vapour to its saturated vapour pressure, and it is expressed in
percentage. DP is the temperature to which vapour at a given pressure must be cooled to reach
saturation and condensation. The temperature and humidity conditions and the occurrence of
condensation are important factors for the electronic reliability, and can explain the environmental
loads at the installation location and the consequential failure mechanisms during usage in the field
[11]. In locations where the temperature and humidity rise quickly, a lag of temperature change
between the device or PCBA and the surrounding air can occur because of their different heat
capacities (especially for heat sink or heavy thermal materials). If the temperature of the device or
surface is lower than the DP of the surrounding moist air, dewdrops will condense on the surface of
the device or PCBA. As the absolute volume of saturated vapour in the moist air increases rapidly
with increasing temperature, the higher the temperature and RH, the closer the device surroundings
to reach the DP. For example, the temperature difference for reaching DP is 14.5 ˚C at 25 ˚C - 40%
RH, but it is reduced to as little as 4.1 ˚C at 85 ˚C - 85% RH [12]. The combination of cold night
time temperatures and warmer day time temperatures due to power ‘on’ with added exothermic
power components results in high temperature variations during short time periods [13]. Besides,
the risk of condensation and cracks, this also contributes to the ‘breathing effect’ of the electronic
enclosures.
Design of enclosure for electronics is an important aspect in controlling the humidity related
reliability issues. The geometrical design of the enclosure could influence the response of interior
humidity to external climate fluctuation as well as the local humidity build-up and condensation.
Regulating humidity transfer between exterior to interior of the device is an important factor in
reducing the risk of humidity related failures. In the past, the materials used for electronic
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enclosures were mainly metals. However, today polymers are used for different levels of packaging
applications in the industry including for device enclosure. Polymers have several advantages over
metals such as the lighter weight, ease of assembly, more aesthetic design options, ease of
processing, and cost-effectiveness [14]. Humidity will tend to equilibrate the concentration of water
vapour (absolute humidity AH) between the outdoor climate and the interior of the electronic
device. Water vapour diffusion and absorption are guided by the thermodynamic processes related
to the concentration gradient namely the chemical potential difference. The diffusion can be
between the areas with high water vapour content to low vapour content in the air or through a
polymer material acting as diffusion medium. A moisture-absorbing material will exchange water
with the surrounding air until the concentration of moisture in the material reaches equilibrium with
the concentration of moisture in the air [15], which is a function of the moisture solubility of the
polymer material. Therefore the use of polymer material for electronic enclosure increases the
chance of moisture penetration due to the possibility of water molecules passing through the
material and acting as a buffer for moisture content [16-17].
The humidity build-up inside the device will lead to electrical issues and corrosion on the
electronics [18-20] due to the electrochemical process resulting from the water film connecting
closely spaced metallic parts under potential bias [21-24], affecting the integrity of electrical
circuits through electrical shorts and open circuits, or ECM [25-28]. It is important to predict
sufficient internal conditions, at known outdoor climatic exposures, in order to keep both the air
inside the enclosure at low RH and the surface temperature of the PCBA higher than the DP [21],
but the level of contaminations on PCBA surfaces is also a critical factor regarding the moisture
adsorption and the formation of an electrolyte solution, which can lead to electronic failures even at
low RH level. The sources of contaminants can be from the solder fluxes residues, the handling, the
storage and use environment [19;29-32]. Recently, a large number of literatures [27;33-36] has
reported corrosion failure due to contamination on PCBAs. The effect of contamination on surface
insulation resistance (SIR) [25-27;37-38] has been largely studied and especially from NaCl due to
its high hygroscopicity. Decreasing levels of SIR values at RH level corresponding to the
deliquescence relative humidity (DRH) of contamination are reported. The moisture containing
environment will lead to adsorption of water by the contamination on the PCBA surface, and the
thickness depends on the actual RH level. This water layer together with the bias voltage on a
PCBA can cause unwanted leakage currents and can lead to ECM [25-27]. Therefore it is widely
accepted that by maintaining the internal RH in electronic enclosure below 60%, the risk for dew
formation on the electronics assembly is highly reduced [39-40].
Focus of this paper is to analyse the effect of typical climates on electronic device reliability
using climate data and a resistor-capacitor (RC) modelling. Analysis in this paper focus on
comparing electronic equipment reliability exposed to six different geographical locations;
classified as hyper-arid, arid, semi-arid, dry-sub humid, humid and cold [41]. The temperature and
humidity probability distribution function would indicate the variation of temperature and humidity
stresses of electronic materials [42-43], as well as electronic reliability. A RC simulation has
modelled the degree of protection of electronic enclosures made in polycarbonate (PC) and
polyamide with 30% of glass fibres (PA66-30GF). The results of the simulation have been used in
the study to compare the internal temperature and humidity profiles. The Peck’s temperature and
humidity model [44] has been used to estimate the acceleration factors (AF) for the time to failure
(TTF) of a device exposed to the six locations. Results reported in this paper clearly show the effect
of variation in climatic exposure on the interior humidity response in electronic enclosures.

12.2

Climate information and RC simulation methods
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12.2.1 Climate data
Depending on the specific geographically locations, various climate conditions will occur.
Climate data of the year 2007, related to six different places in the world, classified as hyper-arid
(Cairo, Egypt), arid (Kiffa, Mauritania), semi-arid (Natal, Brazil), dry-sub humid (Chennai, India),
humid (Copenhagen, Denmark) and cold (Lhasa, China) locations are illustrated in Figure 12.1
(according to the global humidity index (based on a ratio of annual precipitation and potential
evapotranspiration, and follows the classification used in a 1984 UNESCO study) – hourly data
[41]).
Aridity is a physical attribute used to characterise the extent of dryness or availability of water
in an area. Therefore, arid areas are characterised by high temperatures and low humidity (annual
averages of 27 ˚C and 24% RH in hyper-arid location (Cairo), and 26 ˚C and 45% RH in arid
location (Kiffa)). Humid areas show high level of RH [45] (annual averages of 10 ˚C and 89% RH
in humid location (Copenhagen)). The cold location (Lhasa) shows low temperature and low RH
level (annual averages of 10 ˚C and 32% RH). The amount of water vapour (AH) present in the free
atmosphere varies in relation to the geographic location and time (seasonal changes and day/night
changes). T and RH are dependant parameters, therefore abrupt changes of temperature lead to
abrupt changes in values of RH.

12.2.2 RC circuit simulation method
To analyse the response of moisture and temperature in the electronic enclosures exposed to
the non-isothermal climates, the prior documented in-house code based on the RC approach is used
(Staliulionis et al. [46]). The main reason to choose the in-house code is its flexibility of coupling
temperature and moisture concentration. Similar RC approach has been used in literature to solve
heat and moisture transport based on heat conduction equation and Fick’s second law [47-50]. Indepth details regarding the theoretical considerations, the solution techniques implemented in the
in-house code and its application in simulating non-isothermal heat and moisture transport can be
found in the literature [46;51-52].
In the current case, the developed code is applied to study the internal climate profile in
electronic enclosures, made of PC and PA66-30GF, with dimensions of 280 mm x 190 mm x 130
mm and wall thickness of 3 mm. The electronic enclosures are considered totally sealed and thus,
the diffusion (D) and the solubility (S) coefficients of the material of the electronic enclosure
become significant parameters for controlling the RH response inside the electronic enclosure. The
thermo-hygro-circuit used for simulation is shown below in Figure 12.2.
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Fig. 12.2.

12.3

RC circuit for mode lling (a) te mpe rature and (b)
mois ture [46].

Climate data analysis

Temperature and humidity probability distribution functions have been determined, and
indicate the law of temperature and humidity stress variation for the electronic devices [43]. The
monthly average values of T, (T-DP), RH and AH are used to calculate these distributions over the
year. This information is further used for subsequent analysis in this paper.
12.3.1 Importance of climate in moisture ingress into electronic devices: temperature and AH
distribution
Diffusion of water molecules through the enclosure casing material is dependant of the
outdoor temperature and will tend to equilibrate the difference of absolute concentration of water
outside and inside. The distribution functions of the temperature and AH over the year have been
calculated using the following equations:
𝒇(𝑻𝒖 ) = 𝑨𝟎 . 𝐬𝐢𝐧 (𝑻

𝑻𝒖− 𝑻𝒖 𝒎𝒊𝒏
𝒖 𝒎𝒂𝒙 −

𝑻𝒖 𝒎𝒊𝒏

. 𝝅)

(12.1)
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𝑨𝟎 =

𝝅

(12.2)

𝟐 ( 𝑻𝒖 𝒎𝒂𝒙 − 𝑻𝒖 𝒎𝒊𝒏 )

where Tu is the monthly average temperature (K), Tu min is the minimum monthly average
temperature (K) and Tu max is the maximum monthly average temperature (K).
𝑨𝑯 𝒖− 𝑨𝑯 𝒖 𝒎𝒊𝒏

𝒈(𝑨𝑯𝒖 ) = 𝑩𝟎 . 𝐬𝐢𝐧 (𝑨𝑯
𝑩𝟎 =

𝒖 𝒎𝒂𝒙 −

𝑨𝑯 𝒖 𝒎𝒊𝒏

. 𝝅)

(12.3)

𝝅

(12.4)

𝟐 ( 𝑨𝑯 𝒖 𝒎𝒂𝒙 − 𝑨𝑯 𝒖 𝒎𝒊𝒏 )

where AHu is the monthly average absolute humidity (g·m-3 ), AHu min is the minimum monthly
average absolute humidity (g·m-3 ), and AHu max is the maximum monthly average absolute humidity
(g·m-3 ).
Figure 12.3 shows the temperature and the AH distribution functions over the year 2007 of
the different locations. It shows that monthly average temperatures vary a lot (over a range of 20
˚C) in Lhasa, Copenhagen and Cairo, while they vary over a range of 10-13 ˚C in the other
locations. The monthly AH averages are low in Lhasa and Cairo (cold and hyper-arid areas), while
high AH levels can be observed in Chennai and Natal (high temperature and high RH levels).
Monthly AH averages for Copenhagen and Kiffa are found in between.
High temperature in outdoor climate means that the rate of moisture ingress into the
polymeric enclosures can be expected to be fast in Cairo, Kiffa, Natal and Chennai, as the diffusion
coefficient of water increases when the temperature rises, while humidity equilibrium will be slower
when exposed to Copenhagen and Lhasa locations.
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12.3.2 Importance of climate on reliability of electronics: leakage current, RH and DP
distribution
Corrosion reliability of electronics depends on RH level and temperature differences. The
distribution functions of RH and temperature difference for reaching the dew point (T-DP) over the
year have been calculated:
𝑅𝐻𝑢 − 𝑅𝐻𝑢 𝑚𝑖𝑛
𝑢 𝑚𝑎𝑥 − 𝑅𝐻𝑢 𝑚𝑖𝑛

ℎ(𝑅𝐻𝑢 ) = 𝐶0 . sin (𝑅𝐻
𝐶0 =

. 𝜋)

(12.5)

𝜋

(12.6)

2 ( 𝑅𝐻𝑢 𝑚𝑎𝑥 − 𝑅𝐻𝑢 𝑚𝑖𝑛 )

where RHu is the monthly average relative humidity (%), RHu min is the minimum monthly average
relative humidity (%), and RHu max is the maximum monthly average relative humidity (%).
(

) 𝑢 − ( 𝑇−𝐷𝑃) 𝑢 𝑚𝑖𝑛

𝑇−𝐷𝑃
𝑖(𝑇 − 𝐷𝑃)𝑢 = 𝐷0 . sin ((𝑇−𝐷𝑃)

𝑢 𝑚𝑎𝑥

𝐷0 =

𝜋
2 (( 𝑇−𝐷𝑃) 𝑢 𝑚𝑎𝑥 − ( 𝑇−𝐷𝑃) 𝑢 𝑚𝑖𝑛 )

− ( 𝑇−𝐷𝑃) 𝑢 𝑚𝑖𝑛

. 𝜋)

(12.7)
(12.8)

where (T-DP)u is the monthly average (temperature – dew point) (K), (T-DP)u min is the minimum
monthly average (temperature – dew point) (K), and (T-DP)u max is the maximum monthly average
(temperature – dew point) (K).
Verdingovas et al. [25;53] have performed leakage current measurements on SIR patterns
contaminated with weak organic acids (WOAs) and NaCl, as a function of applied potential under
RH levels from 60% to > 99% at 25 ˚C. The saturated leakage currents at 10 V DC at each level of
RH have been extracted for each chemical and plotted in Figure 12.4 with the RH and (T-DP)
distribution functions. Figure 12.4 shows that the RH levels in Copenhagen, in Chennai, and to a
less extend in Natal and in Kiffa, are more susceptible to create ECM and the electronic reliability
will be highly affected. In Copenhagen and in Chennai, where RH and T values are high, the
difference of temperature to reach the DP and get condensation is only about few ˚C, therefore the
presence of such hygroscopic residues further reduce the gap between temperature and DP.
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12.4

RC simulation of moisture ingress into electronic enclosures

In order to estimate the level of enclosure protection, the RC model has been used to
investigate the moisture ingress into enclosures made in PC and PA66-30GF, exposed to the six
locations for a period of three years (three repetitions of the year of 2007).

12.4.1 PC and PA66-30GF properties
Experimentally determined water diffusion, solubility, and permeability coefficients of PC
and PA66-30GF materials at 10 and 25 ˚C are shown in Figure 12.5. It can be observed that PA6630GF has a lower water diffusion coefficient than PC (about 0.3 times), but its water solubility
coefficient is almost 15 times higher than PC. This will lead to slower moisture diffusion through
the casing walls of PA66-30GF enclosure, with a slower internal moisture build-up, while the
amount of stored water (capacity) is higher in the case of PA66-30GF. This means that any change
in temperature may lead to a higher water absorption or release from the walls of the enclosure.
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10 ˚C and 25 ˚C of PC and PA66 -30GF.

12.4.2 RC simulation results
Figure 12.6 shows the internal moisture profiles in the PC and PA66-30GF enclosures for
three study-cases: a) the initial conditions are 25 ˚C / 40% RH, then the external RH is changed to
98%, b) the initial conditions are 25 ˚C / 40% RH, then the external T is changed to 10 ˚C and c) the
initial conditions are 10 ˚C / 40% RH, then the external T is changed to 25 ˚C. Figure 12.6.a shows
the effect of RH change, and shows that the humidity build-up inside the PA66-30GF enclosure is
slower than inside the PC enclosure, due to its lower water diffusion coefficient. Figures 12.6.b and
c show the effect of T change. The sudden decrease of T (Fig. 12.6.b) has introduced a sudden
increase of RH (AH constant inside the enclosure), followed by a very fast re-absorption of water
by the internal walls, and consequently a fast decrease of RH, especially in the PA66-30GF walls
which have a high capacity of water storage. Then the water diffusion process through the walls
occurred in order to reach the equilibrium of AH level with the outdoor conditions (40% RH).
Figure 12.6.c shows the opposite scenario, i.e. a sudden increase of the outdoor T has led to a
sudden decrease of RH inside the enclosure, followed by a fast release of water from the walls
inside the enclosures. Then the water diffusion process occurred in order to reach the equilibrium of
AH with the outdoor conditions. The high water capacity of the PA66-30GF material has led to
faster absorption and release of water inside the enclosures, and acted like a buffer in regards of
internal humidity changes.
Although the rates of T and RH change are slower, these phenomena will occur during the
exposure to the cyclic weather profiles of the six locations, and will lead to different internal
humidity profiles due to the different properties of the casing materials.
222

Chapter 12 – Humidity Build-Up in Electronic Enclosures Exposed to Different Geographical Locations by
RC Modelling and Reliability Prediction

100
PC
PA66-30%GF

90

RH (%)

80
70
60
50
40

a.
0

10

20

30

40

50

60

70

80

90

Time (Days)
100

100
90

RH (%)

80

70

80
70

50
40

60

30

60

0,0

0,2

RH (%)

RH (%)

70

40

90

80

RH (%)

90

0,4

Time (Days)

50
40
30

20

60

0,0

0,2

Time (Days)

0,4

50
40
30

PC
PA66-30GF

20
10
0

5

10

15

20

b.

PC
PA66-30GF

20

c.

10
25

30

Time (Days)

35

40

45

50

0

5

10

15

20

25

30

35

40

45

50

Time (Days)

Fig. 12.6.
RC s imulation of inte rnal humidity build up in the PC
and PA66-30GF e nclos ure s : a) initial conditions 25 ˚C / 40% RH and
e xpos ure to 25 ˚C and 98% RH, b) initial conditions 25 ˚C / 40% RH
and e xpos ure to 10 ˚C and 40% RH and c) a) initial conditions 10 ˚C /
40% RH and e xpos ure to 25 ˚C and 40% RH.

The internal climate inside the PC and PA66-30GF enclosures exposed to the six different
locations over three years has been modelled. The chosen initial conditions were 25 ˚C and 40%
RH, which is a common indoor climate. Figure 12.7 shows the modelled results in Cairo, Natal and
Copenhagen locations.
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Overall, the internal RH in the PC and in the PA66-30GF enclosures (Fig. 12.7) followed the
profile of the outdoor conditions with a reduction of the peak to peak variation of RH (in
comparison with outdoor conditions in Fig. 12.1). This effect is more pronounced for PA66-30GF
enclosures, while the internal temperature was similar to the outdoor conditions.
The chosen initial conditions of 25 ˚C and 40% RH had a high effect on the RH profile during
the first year of exposure. The exposure of a warm enclosure (25 ˚C) to a cold outdoor climate (the
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average temperatures in January 2007 are about 17 and 4˚C respectively in Cairo and Copenhagen
locations) has led to a sudden increase of RH inside the enclosures, where the internal humidity
even reached up to 100% RH in the PC enclosures for few hours (Fig. 12.7 a and e), and up to 8084% RH in the PA66-30GF enclosures (Fig. 12.7 b and f). Then the absorption of water from the
internal walls has reduced the internal RH (as shown in the examples in Fig. 12.6.b).
The low diffusion coefficient of the PA66-30GF has delayed the rate of moisture ingress in
the enclosures, while its high solubility coefficient has led to smaller peak to peak RH variations.
However, the less variation of internal humidity has also led to overall higher values of internal RH
when exposed to Natal and Copenhagen locations.
Figure 12.8 shows the box whisker plots of the internal climates in the PC and PA66-30GF
enclosures exposed to the six different locations during the three successive years of exposure. The
profile of RH was different during the first year in Lhasa, Copenhagen, Chennai and Natal, which
can be explained by the initial conditions inside the enclosures (i.e. 25˚C and 40% RH), while the
profiles of the second and third years of exposure were similar. It can be noticed that in the case of
exposure to hot climates [Cairo and Kiffa locations (Fig. 12.8.a and b)], the internal RH seems to
have reached a steady-state during the first year of exposure. This can be explained by faster
diffusion process, i.e. faster equilibrium with the outdoor due to high temperature exposure. The
difference between the 25th and 75th percentiles values of the internal RH in the enclosures were
reduced (the peak to peak values of RH were reduced), especially inside the PA66-30GF
enclosures, as mentioned previously. Long-time exposure tended to reach a steady-state where the
yearly average values of RH (during second and third years of exposure) were equals to the yearly
average values of the outdoor climates.
12.5

Acceleration factors

It is widely accepted that by maintaining the internal RH in electronic enclosure below 60%,
the risk for dew formation on the electronics assembly is highly reduced. Figure 12.9 shows the
percentage of time over one year when the humidity level is above 60% RH in the outdoor climates
and in the PC and PA66-30GF enclosures exposed to the six locations. It can be observed that
regarding electronic reliability, the risk of unwanted leakage currents and ECM is very low in Cairo
and in Lhasa, where only 3 and 58 days (accumulated) per year the RH level is above 60% RH. In
Cairo, Kiffa, and Lhasa, the number of days where RH is above 60% has been reduced by the
protection of the PC and PA66-30GF enclosures, while in Natal, Chennai and Copenhagen, the
humidity was above 60% RH more than 50% of the year, even with the protection of the enclosures.
The internal humidity tended to reach a steady-state around the mean outdoor RH value (Fig. 12.7
and 12.8), and the decrease of the peak to peak variation has therefore reduced the probability for
the internal humidity to reach low levels of RH observed in the cyclic outdoor conditions.
Especially during the third year of exposure, when the steady state was reached, the number of days
where the internal RH is above 60% RH in the enclosures was higher than in outdoor.
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The effects of climate exposure, i.e. of thermal and humidity stresses applied on electronic
devices, can be estimated by the calculation of the AF. It indicates the acceleration factor for the
TTF of a device exposed to the six climates. The Peck’s temperature model and humidity model
[54] give the temperature and humidity acceleration factors of an epoxy packaging. Epoxy mold
compounds (EMCs) are widely used in electronic packages to protect the integrated circuits (IC)
from the environment. Stresses and strains will alter the functionality of the device. Fischer et al.
[55] states that package induced stress can lead to a change of the sensitivity by ± 4% and of the
offset voltage up to 60% of full-scale in a Hall sensor (alteration of the electrical properties due to
the piezo properties). The outdoor climates and the climates in the PC and PA66-30GF enclosures
exposed to the six locations have been compared to a threshold of a steady-state of 25 ˚C and 60%
RH.
For each Tj in the environment profile of one region, the temperature acceleration factor
(𝐴𝐹𝑇𝑗 ) at Tj compared to 25 ˚C shall be calculated according to equation 12.9:

𝐴𝐹𝑇𝑗 = 𝑒

𝐸𝑎
𝑘

1
𝑇𝑟𝑒𝑓

(

−

1
)
𝑇𝑗

(12.9)
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where j is comprised between 1~12, 𝐴𝐹𝑇𝑗 is the temperature acceleration factor at Tj, Ea is the
activation energy, it is a product or material characteristics (eV), k is the Boltzmann constant (k =
8.617 × 10–5 eV·K -1 ), Tref is the reference temperature (278 K), and Tj is the monthly average
temperature of the different regions (K).
For each RHj in the environment profile of one location, the humidity acceleration factor (𝐴𝐹𝑅𝐻𝑗 )
shall be calculated according to equation 12.10:
𝐴𝐹𝑅𝐻𝑗 = (

𝑅𝐻𝑟𝑒𝑓
𝑅𝐻𝑗

)

−𝑛

(12.10)

where j is comprised between 1~12, 𝐴𝐹𝑅𝐻𝑗 is the humidity acceleration factor at RHj, RHref is the
reference relative humidity (60%), RHj is the monthly average humidity of the different locations
(%), n is the exponent characteristic of the failure mode.
The Peck’s temperature - humidity model [44] gives the relationship between T, RH and AF for an
epoxy packaging.
𝐴𝐹𝑇𝑗 .𝑅𝐻𝑗 = (

𝑅𝐻𝑟𝑒𝑓
𝑅𝐻𝑗

)

−𝑛

.𝑒

𝐸𝑎
𝑘

1
𝑇𝑟𝑒𝑓

(

−

1
)
𝑇𝑗

𝑇𝑇𝐹 𝑇𝑗 .𝑅𝐻𝑗 = 𝐴𝐹𝑇𝑗 .𝑅𝐻𝑗 . 𝑇𝑇𝐹 𝑇𝑟𝑒𝑓 . 𝑅𝐻𝑟 𝑒𝑓

(12.11)

(12.12)

where 𝑇𝑇𝐹 𝑇𝑟𝑒𝑓 . 𝑅𝐻𝑟𝑒𝑓 and 𝑇𝑇𝐹 𝑇𝑗 .𝑅𝐻𝑗 are the time to failure of the reference conditions and of the
monthly average conditions of the different locations.
In the Peck’s temperature-humidity model, n and Ea depend on the failure mechanism and the
materials involved. In this example, n = 2.7 and Ea = 0.79 eV.
Figure 12.10.a shows that the high temperatures in Cairo can accelerate the thermal stresses
on the packaging up to 3 times (𝐴𝐹𝑇 ) in comparison with a steady state at 25 ˚C, while the
temperatures in Kiffa, Natal and Chennai can accelerate it up to 2 times. Lower temperatures in
Copenhagen and Lhasa have led to 𝐴𝐹𝑇 less than 1. Figure 12.10.b shows that the high levels of RH
in Copenhagen, Chennai and Natal can increase the TTF between 2 and 3.5 times (𝐴𝐹𝑅𝐻 ) in
comparison with a steady state at 60% RH. Figure 12.10.c shows the combined effect of T and RH,
and 𝐴𝐹𝑇 .𝑅𝐻 expresses the acceleration factor of the RH and T levels of the six locations on the
combined humidity and temperature stresses on the packaging material. It can be noticed that the
climate in Natal accelerates the TTF up to 3 times at the beginning of the year, in comparison to an
exposure to a steady state of 25 ˚C and 60% RH, and up to 2.8 times, 2 and 1.5 times in Chennai,
Kiffa and Copenhagen respectively, while 𝐴𝐹𝑇 .𝑅𝐻 was less than 1 over the year for Cairo and Lhasa
locations, due to their relative low T and low RH levels respectively.
Overall, the protection of the polymeric enclosures had no effect on the thermal stress (no
change of 𝐴𝐹𝑇 ), while no significant decrease of the 𝐴𝐹𝑅𝐻 can be noticed during the third year of
exposure, where even small increases of 𝐴𝐹𝑅𝐻 are observed during certain months.
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Conclusion

Six locations have been studied; Cairo in Egypt, Kiffa in Mauritania, Natal in Brazil, Chennai
in India, Copenhagen in Denmark and Lhasa in China, representatives of the hyper-arid, arid, semiarid, dry-sub humid, humid and cold regions respectively. An RC simulation has modelled the
moisture ingress in enclosures with the dimension of 280 mm x 190 mm x 130 mm, a wall thickness
of 3 mm, and made in PC and in PA66-30GF materials, exposed to the six different locations over
three years.
While exposure to high temperatures and high RH will induce high thermal and humidity
stresses on the electronic materials, the exposure to RH level above 60% will increase the risk for
dew formation on the electronics assembly surfaces in presence of hygroscopic contaminants, and
affects the integrity of electrical circuits through electrical shorts and open circuits, or ECM.
Temperature and humidity probability distribution functions have been used to estimate the
law of temperature and humidity stress variation for the electronic devices, and the Peck’s
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temperature and humidity model gave the temperature and humidity acceleration factors for failure
of a packaging exposed to these climates, hence the protection of the enclosures can be estimated.
The results showed that:
1) Among the investigated climate profiles, electronic enclosures will be exposed to high
temperatures in hyper-arid, arid, semi-arid, dry-sub humid locations, while they will be exposed up
to 90% RH in all cases, except in hyper-arid location where the humidity levels are low.
2) RH levels in humid, dry-subhumid, semi-arid and arid locations are more susceptible to create
ECM, especially in presence of hygroscopic contaminants on PCBA surfaces.
3) The high capacity of the PA66-30GF has acted as a buffer between the internal and external
climates, and has highly reduced the peak to peak variation inside the electronic enclosures, while
the low diffusion coefficient of PC has reduced the moisture ingress rate through the casing wall.
4) The RC model has shown that low internal RH was not guaranteed within the three year device’s
exposure. The number of days where the humidity is above the threshold for electronic reliability
(60% RH) has been reduced by the protection of the PC and PA66-30GF enclosures in Cairo, Kiffa,
and Lhasa, while in Natal, Chennai and Copenhagen, the RH levels were above 60% more than
50% of the year, even with the protection of the enclosures.
5) By comparing the climates and the internal humidity in the enclosures with a steady state of 25
˚C and 60% RH, acceleration factors have been calculated and showed that semi-arid and dry
subhumid climates were worst locations regarding thermal and humidity stresses on epoxy
packaging. The protection of the enclosures has not significantly increased the TTF.

12.7

Acknowledgements

This work was supported in part by the Danish Council for Independent Research, Technology and
Production Sciences through the ICCI Project and in part by the Innovation Fund Denmark through
the IN-SPE Project. The authors would like to acknowledge the commitment and help of the
industrial partners.

References
[1]
H. Wang, M. Liserre, and F. Blaabjerg, “Toward Reliable Power Electronics: Challenges,
Design Tools, and Opportunities,” IEEE Ind. Electron. Mag., vol. 7, no. 2, pp. 17–26, 2013.
[2]
N. M. Vichare and M. G. Pecht, “Prognostics and health management of electronics,” IEEE
Trans. Compon. Packag. Technol., vol. 29, no. 1, pp. 222–229, 2006.
[3]
H. Qi, S. Ganesan, and M. Pecht, “No-fault-found and intermittent failures in electronic
products,” Microelectron. Reliab., vol. 48, no. 5, pp. 663–674, 2008.
[4]
B. G. Moffat, E. Abraham, M. P. Y. Desmulliez, D. Koltsov, and A. Richardson, “Failure
mechanisms of legacy aircraft wiring and interconnects,” IEEE Trans. Dielectr. Electr. Insul., vol.
15, no. 3, pp. 808–822, 2008.
[5]
S. Khan, P. Phillips, C. Hockley, and I. Jennions, “No Fault Found events in maintenance
engineering Part 2: Root causes, technical developments and future research,” Reliab. Eng. Syst.
Saf., vol. 123, pp. 196–208, 2014.

230

Chapter 12 – Humidity Build-Up in Electronic Enclosures Exposed to Different Geographical Locations by
RC Modelling and Reliability Prediction

[6]
A. Fan, X. , Zhou, J. , Chandra, “Package structural integrity analysis considering moisture,”
proceeding in 58th IEEE Electronic Components and Technology Conference (ECTC), pp. 1054–
1066, 2008.
[7]
M. Ma, L; Sood, B; Pecht, “Effect of Moisture on Thermal Properties of Halogen-Free and
Halogenated Printed-Circuit-Board Laminates,” IEEE Trans. Device Mater. Reliab., vol. 11, no. 1,
pp. 66–75, 2011.
[8]
T. Y. Lin, B. Njoman, D. Crouthamel, K. H. Chua, S. Y. Teo, and Y. Y. Ma, “The impact of
moisture in mold compound preforms on the warpage of PBGA packages,” Microelectron. Reliab.,
vol. 44, pp. 603–609, 2004.
[9]
V. V. Maslov, Moisture and water resistance of electrical insulation. Moscow: MIR, 1973.
[10] H. Conseil, M. S. Jellesen, and R. Ambat, “Experimental study of humidity and temperature
profile into electronic enclosure exposed to high humidity and thermal cycles,” proceeding in
International Microelectronics Assembly and Packaging Society (IMAPS) Nordic Annual
Conference, pp. 111–117, 2015.
[11] R. Ambat and H. Conseil-Gudla, “Improving intrinsic corrosion reliability of printed circuit
board assembly,” proceeding in 18th IEEE Electronics Packaging Technology Conference (EPTC),
pp. 540–544, 2016.
[12] F. Yeung and Y. C. Chan, “Electrical Failure of Multilayer Ceramic Capacitors Caused by
High Temperature and High Humidty Environment,” IEEE Trans. Compon., Packag. Manuf.
Technol., vol. 19, no. 2, pp. 138–143, 1996.
[13] J. Jahkonen, M. Puolakka, and L. Halonen, “Thermal Management of Outdoor LED
Lighting Systems and Streetlights — Variation of Ambient,” Illum. Eng. Soc. North Am., vol. 9, no.
3, pp. 155–176, 2013.
[14] S. Mottahed, B. D., Manoochehri, “Design considerations for electronic enclosures utilizing
polymeric materials,” Polym. - Plast. Technol. Eng., vol. 38, no. 5, pp. 883 – 925, 1999.
[15] J. B. Jacobsen, J. P. Krog, A. H. Holm, L. Rimestadt, and A. Riis, “Climate-Protective
Packaging Using Basic Physics to Solve Climatic Challenges for Electronics in Demanding
Applications,” IEEE Ind. Electron. Mag., vol. 8, no. 3, pp. 51–59, 2014.
[16] H. Conseil-Gudla, Z. Staliulionis, M. S. Jellesen, M. Jabbari, J. H. Hattel, and R. Ambat,
“Humidity Buildup in Electronic Enclosures Exposed to Constant Conditions,” IEEE Trans.
Compon., Packag. Manuf. Technol., vol. 7, no. 3, pp. 412–423, 2017.
[17] P. S. Nasirabadi, H. Conseil-Gudla, S. Mohanty, M. Jabbari, R. Ambat, and J. H. Hattel,
“Semi-Empirical Prediction of Moisture Build-up in an Electronic Enclosure Using Analysis of
Variance (ANOVA),” proceeding in 18th IEEE Electronics Packaging Technology Conference
(EPTC), pp. 785–790, 2016.
[18] R. B. Comizzoli, R. P. Frankenthal, P. C. Milner, and J. D. Sinclair, “Corrosion of electronic
materials and devices,” Science, vol. 234, no. 4774, pp. 340–345, 1986.
[19] R. Hienonen and R. Lahtinen, “Corrosion and climatic effects in electronics,” Espoo,
Finland: VTT Publications, p. 413, 2007.
[20] J. S. Vimala, M. Natesan, and S. Rajendran, “Corrosion and Protection of Electronic
Components in Different Environmental Conditions - An Overview,” Open Corros. J., vol. 2, no. 1,
pp. 105–113, 2009.
[21] I. Belov, J. Rydén, J. Lindeblom, Y. Zhang, T. Hansson, F. Bergner, and P. Leisner,
“Application of CFD Modelling for Energy Efficient Humidity Management of an Electronics
Enclosure in Storage under Severe Climatic Conditions,” proceeding in International Conference
on Thermal, Mechanical and Multi-Physics Simulation and Experiments in Microelectronics and
Microsystems (EuroSimE), pp. 1–8, 2008.

231

Chapter 12 – Humidity Build-Up in Electronic Enclosures Exposed to Different Geographical Locations by
RC Modelling and Reliability Prediction

[22] B.-I. Noh, J.-B. Lee, and S.-B. Jung, “Effect of surface finish material on printed circuit
board for electrochemical migration,” Microelectron. Reliab., vol. 48, no. 4, pp. 652–656, 2008.
[23] L. C. Zou and C. Hunt, “Characterization of the Conduction Mechanisms in Adsorbed
Electrolyte Layers on Electronic Boards Using AC Impedance,” J. Electrochem. Soc., vol. 156, no.
1, p. C8, 2009.
[24] B. Song, M. H. Azarian, and M. G. Pecht, “Effect of Temperature and Relative Humidity on
the Impedance Degradation of Dust-Contaminated Electronics,” J. Electrochem. Soc., vol. 160, no.
3, pp. C97–C105, 2013.
[25] V. Verdingovas, M. S. Jellesen, and R. Ambat, “Solder Flux Residues and HumidityRelated Failures in Electronics: Relative Effects of Weak Organic Acids Used in No-Clean Flux
Systems,” J. Electron. Mater., vol. 44, no. 4, pp. 1116–1127, 2015.
[26] V. Verdingovas, M. S. Jellesen, and R. Ambat, “Relative effect of solder flux chemistry on
the humidity related failures in electronics,” Solder. Surf. Mt. Technol., vol. 27, no. 4, pp. 146–156,
2015.
[27] V. Verdingovas, M. S. Jellesen, and R. Ambat, “Impact of NaCl Contamination and
Climatic Conditions on the Reliability of Printed Circuit Board Assemblies,” IEEE Trans. Device
Mater. Reliab., vol. 14, no. 1, pp. 42–51, 2014.
[28] H. Conseil, V. Verdingovas, M. S. Jellesen, and R. Ambat, “Decomposition of no-clean
solder flux systems and their effects on the corrosion reliability of electronics,” J. Mater. Sci.
Mater. Electron., vol. 27, no. 1, pp. 23–32, 2015.
[29] P. R. Roberge, R. D. Klassen, and P. W. Haberecht, “Atmospheric corrosivity modeling - a
review,” Mater. Des., vol. 23, pp. 321–330, 2002.
[30] M. G. Song., B., Azarian., M. H., Pecht., “Impact of dust on printed circuit assembly
reliability,” proceeding in IPC APEX EXPO, vol. 3, pp. 1643 – 1659, 2012.
[31] C. Cirolia., F., Finan., “The effects of airborne contaminants on electronic power supplies,”
proceeding in 16th IEEE Applied Power Electronics Conference and Exposition (APEC), vol. 1, pp.
238 – 242, 2001.
[32] H. Conseil, M. S. Jellesen, and R. Ambat, “Contamination profile on typical printed circuit
board assemblies vs soldering process,” Solder. Surf. Mt. Technol., vol. 26, no. 4, pp. 194–202,
2014.
[33] M. S. Jellesen, D. Minzari, U. Rathinavelu, P. Møller, and R. Ambat, “Corrosion failure due
to flux residues in an electronic add-on device,” Eng. Fail. Anal., vol. 17, no. 6, pp. 1263–1272,
2010.
[34] D. Minzari, M. S. Jellesen, P. Møller, P. Wahlberg, and R. Ambat, “Electrochemical
Migration on Electronic Chip Resistors in Chloride Environments,” IEEE Trans. Device Mater.
Reliab., vol. 9, no. 3, pp. 392–402, 2009.
[35] M. S. Jellesen, D. Minzari, U. Rathinavelu, P. Møller, and R. Ambat, “Investigation of
Electronic Corrosion at Device Level,” ECS Trans., vol. 25, no. 30, pp. 1–14, 2010.
[36] V. Verdingovas, M. S. Jellesen, and R. Ambat, “Influence of sodium chloride and weak
organic acids (flux residues) on electrochemical migration of tin on surface mount chip
components,” Corros. Eng. Sci. Technol., vol. 48, no. 6, pp. 426–435, 2013.
[37] H. Conseil-Gudla, M. S. Jellesen, and R. Ambat, “Printed Circuit Board Surface Finish and
Effects of Chloride Contamination, Electric Field, and Humidity on Corrosion Reliability,” J.
Electron. Mater., vol. 46, no. 2, pp. 817–825, 2016.
[38] V. Verdingovas, S. Joshy, M. S. Jellesen, and R. Ambat, “Analysis of surface insulation
resistance related failures in electronics by circuit simulation,” Circuit World, vol. 43, no. 2, pp. 45–
55, 2017.

232

Chapter 12 – Humidity Build-Up in Electronic Enclosures Exposed to Different Geographical Locations by
RC Modelling and Reliability Prediction

[39] M. Tencer and J. S. Moss, “Humidity management of outdoor electronic equipment:
methods, pitfalls, and recommendations,” IEEE Trans. Compon. Packag. Technol., vol. 25, no. 1,
pp. 66–72, 2002.
[40] M. Tencer, “Moisture ingress into nonhermetic enclosures and packages. A quasi-steady
state model for diffusion and attenuation of ambient humidity variations,” proceeding in 44th IEEE
Electronic Components and Technology Conference (ECTC), pp. 196–209, 1994.
[41] Available online “ www.grid.unep.ch. “, [06.11.2017].
[42] A. Kleyner and J. Boyle, “Reliability prediction of substitute parts based on component
temperature rating and limited accelerated test data,” proceeding in Annual Reliability and
Maintainability Symposium (RAMS), pp. 518–522, 2003.
[43] X. Ding, Y. Sun, W. Hu, and B. Qi, “Temperature-humidity oriented reliability prediction
for electronic equipments,” proceeding in 9th International Conference on Reliability,
Maintainability and Safety (ICRMS), pp. 149–153, 2011.
[44] D. S. Peck, “Comprehensive Model for Humidity Testing Correlation,” proceeding in 24th
IEEE International Reliability Physics Symposium (IRPS), pp. 44–50, 1986.
[45] K. A. Abuhasel, P. Sattam, and B. Abdulaziz, “A Psychrometric Interpretation for
Environmental Conditions and Its Impact on Lifespan of Biomedical Electronic Devices,”
proceeding in Annual Reliability and Maintainability Symposium (RAMS), pp. 1-8, 2016.
[46] Z. Staliulionis, S. Mohanty, M. Jabbari, and J.H. Hattel, “Mathematical modelling of
moisture transport into an electronic enclosure under non-isothermal conditions”, Microelectron.
Reliab., (in press) pp. 1-7, 2017.
[47] J. M. Hong, Y. S. Kang, J. Jang, and U. Y. Kim, “Analysis of facilitated transport in
polymeric membrane with fixed site carrier: 2. Series RC circuit model,” J. Memb. Sci., vol. 109,
no. 2, pp. 159–163, 1996.
[48] S. U. Hong, J. Won, H. C. Park, and Y. S. Kang, “Estimation of penetrant transport
properties through fixed site carrier membranes using the RC circuit model and sensitivity
analysis,” J. Memb. Sci., vol. 163, no. 1, pp. 103–108, 1999.
[49] N. Dahan, A. Vanhoestenberghe, and N. Donaldson, “Moisture Ingress Into Packages With
Walls of Varying Thickness And/Or Properties: A Simple Calculation Method,” IEEE Trans.
Compon., Packag. Manuf. Technol., vol. 2, no. 11, pp. 1796–1801, 2012.
[50] R. Bayerer, M. Lassmann, and S. Kremp, “Transient Hygrothermal-Response of Power
Modules in Inverters—The Basis for Mission Profiling Under Climate and Power Loading,” IEEE
Trans. Power Electron., vol. 31, no. 1, pp. 613–620, 2016.
[51] Z. Staliulionis, M. Jabbari, and J. H. Hattel, “Mathematical Modelling of Coupled Heat and
Mass Transport into an Electronic Enclosure,” proceeding in 22nd International Workshop on
Thermal Investigations of ICs and Systems (THERMINIC), pp. 323–326, 2016.
[52] Z. Staliulionis, M. Jabbari, and J. H. Hattel, “Moisture Ingress into Electronics Enclosures
under Isothermal Conditions,” proceeding in 13th International Conference of Numerical Analysis
and Applied Mathematics (ICNAAM), p. 030041 1–4, 2015.
[53] V. Verdingovas, M. S. Jellesen, and R. Ambat, “Effect of Ionic Contamination on Corrosion
Reliability of Printed Circuit Board Assemblies,” proceeding in European Corrosion Congress
(Eurocorr), pp. 1–13, 2012.
[54] D. S. Thorpe and W. R. Peck, “Highly-accelerated stress (THB) - Test history, some
problems and solutions,” proceeding in 28th IEEE International Reliability Physics Symposium
(IRPS), pp. 4.1 – 4.27, 1990.
[55] S. Fischer, T. Fellner, J. Wilde, H. Beyer, and R. Janke, “Analyzing Parameters Influencing
Stress and Drift in Moulded Hall Sensors,” proceeding in 1st Electronic System-Integration
Technology Conference (ESTC), pp. 1378–1385, 2006.

233

Chapter 12 – Humidity Build-Up in Electronic Enclosures Exposed to Different Geographical Locations by
RC Modelling and Reliability Prediction

234

Chapter 13 – Humidity Control by Desiccant: Water Absorption/Desorption Properties and related
Humidity Build-up in Electronic Enclosures

13. Humidity Control by Desiccant: Water
Absorption/Desorption Properties and related
Humidity Build-up in Electronic Enclosures

Abstract
A common concern with electronics packaging is the reduction of moisture ingress into the
devices. One option to consider is the use of water absorption desiccant. Its criteria for selection
should be its water capacity property, while its regeneration temperature has to be taken into
account. Electronic devices are exposed to all kind of harsh cyclic environments, and assuring a low
level of humidity inside the devices implies the replacement of the desiccant once its saturation
content is reached. This may not be applicable or the frequency of replacement may represent a
high cost. Using the dissipated heat from the electronic devices during the on time may be a lowcost process for the regeneration of the desiccant, therefore increasing its lifetime. This paper
presents the experimental investigation of performance of different desiccants on water absorption
and regeneration. Analysis and test results show that the desiccant system continuously maintains a
lower humidity inside the electronic enclosures over the tested time of cyclic exposure.
Key words: Desiccant, electronic enclosure, humidity control, thermal gravimetric analysis, water
absorption capacity.

To be submitted as: Conseil-Gudla, H., Jellesen, M. S., & Ambat, R., “Humidity Control by Desiccant: Water
Absorption/Desorption Properties and related Humidity Build -up in Electronic Enclosures”.
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13.1

Introduction

The importance of proactive moisture control in electronic devices to avoid any premature
product failure is an important aspect. Controlling moisture is an imperative first step to protect the
electronic devices integrity [1]. Best approaches are better electronic enclosure design together with
a better selection of electronic materials as well as introducing other humidity control measures
such as the use of desiccant in some cases. .
Water vapor can ingress the polymeric enclosures either through a defect such as a leak, or via
direct permeation through the polymer casing material over time [2-7]. Moreover, moisture can be
trapped in the electronic devices during assembly depending on the water absorption capacity of the
components within the packaging system. All packaging or internal components (e.g., foam,
wadding, felt, polymers etc.) can hold moisture. A drop in the external temperature during shipping,
storage, or use can lead to water vapor condensation within the device.
Desiccants can postpone the rise and/or the level of relative humidity (RH) by absorbing
moisture from the surrounding environment. However, in order to use desiccant effectively for
humidity control, several factors in connection with the enclosure are important. The different
factors to take in account during the design phase include: (i) the amount of moisture that must be
removed from the interior volume of the package, (ii) the moisture ingress through the casing walls,
(iii) the environmental conditions at which the device is exposed, (iv) the expected service life, and
(v) the compatibility with the product. A level of RH below 60% inside the electronic devices is
often defined to be a safe area for electronic operation [8-9]. Consequently, the time to reach this
limit can be considered as the humidity induced lifetime (HIL) of the device [10]. The desiccant in
the electronic devices is expected to buffer the humidity at low values when exposed to cyclic
outdoor conditions, until the desiccant reaches complete saturation. The HIL is observable by the
increase in the internal water vapor concentration and in the saturation state of the desiccant.
One of the important properties of the desiccant is their reversible water absorption capacity
[11]. When the system becomes “loaded” near its saturation point, the desiccant system acts like a
water vapour capacitor. Therefore, it requires either replacement, which would be part of a normal
maintenance routine, or the desiccant could be reused after a regeneration process, where the
desiccant is subjected to high temperature for water desorption and regeneration. The desiccant has
to be regenerated to an acceptable level of capacity and in order to do this, sufficient regeneration
temperature is needed.
Different desiccants are available and their mechanisms of water absorption are different. It
can be either physical or chemical absorption. Physical absorption can proceed through dissolution
and diffusion in the desiccant or through adsorption (physisorption) at the desiccant surfaces.
Adsorption relies on a weak force of attraction (van der Waals force and electrostatic interactions)
between the water vapor and desiccant. Since the adsorption creates a weak bond, the process can
easily be reversed by applying heat. In the case of chemical adsorption (chemisorption), the water
molecules form chemical bonds with the molecules of the desiccant. The chemisorption processes
tend to be slow and in general are not reversible except under extreme conditions (such as
calcining).
The desiccants used for present investigation are bentonite, zeolite and a mixture of bentonite
and CaCl2 . Bentonite is aluminium silicate, which is an aggregate of lamellar platelets packed
together by electrochemical forces. Each platelet consists of three sandwich type layers: a central
octahedral alumina (Al2 O3 ) layer and two tetrahedral silica (SiO 2 ) layers. Na-bentonite has a high
hydration and swelling capacities. It can be successfully regenerated for repeated uses at very low
temperatures without substantial deterioration. However, this property causes clay to give up
moisture readily back into the container as the temperatures rises [12]. Zeolite is a crystalline
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aluminium silicate compound (3-dimensional network of SiO 4 and AlO 4 tetrahedral) with a porous
structure forming channels and chambers that can be occupied by water molecules. Due to its
uniform structure, molecular zeolite will not give up moisture into the package as readily as clay as
temperature rises [12]. Calcium chloride is a hygroscopic and deliquescent salt, which absorbs
water at low level of humidity.
This study aims to use the dissipated heat from the electronic device during on time to dry out
the desiccant, while this later will be used during the off time to prevent moisture ingress into the
device. Therefore, studies of the absorption and regeneration behaviour of the different desiccants
have been performed, and their use as a humidity buffer in electronic enclosures exposed to cyclic
conditions has been investigated.

13.2

Materials and methods

13.2.1 Desiccants
Three types of commercial desiccants have been investigated: (i) molecular sieve: synthetic
zeolite of A-type crystal structure in potassium-sodium form with a pore opening of 0.3 nm, (ii)
bentonite with Na exchange cation and (iii) a mixture of bentonite and CaCl2 (80/20 weight ratio).
13.2.2 Sorption test
All samples were dry-out at 125 ˚C for 24 h in a convection oven. Two investigations were
performed: (i) absorption and desorption at 25 ˚C and at the different levels of humidity 20, 30, 40,
50, 60, 70, 80, 90, and 95% RH (step time of 36 h) using a moisture sorption analyser (Vsorb,
ProUmid) and (ii) absorption at 99% RH at 25 ˚C and at 40 ˚C where the samples were stored in a
climatic chamber (Espec, Escorp PL-3KPH) which were removed periodically and weighed using
an analytical balance with an accuracy of 0.1 mg. The percentage weight gain X in [wt.%] was
calculated using the equation:

X (t) =

∆𝑚 (𝑡)
𝑚0

. 100

(13.1)

where 𝑚 0 [g] is the initial dry weight of the sample and ∆𝑚 (𝑡) is the change of weight of the
sample [g] after exposure for a time period t.
13.2.3 Thermal gravimetric analysis (TGA)
The TGA analysis was employed to investigate the thermal degradation and the weight loss of
the desiccants as a function of temperature. The tests were performed in the temperature range from
50 to 600 ˚C at a heating rate of 10 ˚C/min (TGA/DSC 1, Mettler Toledo). TGA has also been
performed in order to observe the weight loss of water saturated desiccants during isothermal
treatments of 2 h at 40, 60, 80 and 100 ˚C.
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13.2.4 Electronic enclosure set up
Investigation on the humidity control in electronic enclosure using desiccants was carried out
using an enclosure made of polycarbonate mimicking an electronic device. Dimensions of the
enclosure were 280 mm x 190 mm x 130 mm and with a gasket made of polyurethane. A through
hole of 3 mm diameter has been drilled on the bottom side of the enclosures in order to control the
leakage opening (which could come from cables feedthrough or sealing). In order to simulate the
power dissipated by internal electronics under working conditions, an internal heater (silicone mat
type + heat sink) generated 50 ˚C in the surrounding air was placed at the centre of the enclosure.
The idea is to use the internal heat produced during operation to dry out the desiccant during the on
time of the device, therefore the desiccant tray is placed at the top part of the enclosure, and an
automated opening has been created (10 mm diameter) to allow the desorbed water to go out during
the drying cycle. It is then open when the internal heater is on, and closed when the internal heater
is off (Fig. 13.1).
All desiccants were dry-out at 125 °C for 24 h in a convection oven prior to placing in the
enclosure for investigations. The desiccant (10 g) is placed in an aluminium crucible (Fig. 13.1).
For reference, tests have been performed with enclosures without desiccant (glass beads have been
used).
Internal climate is measured with a PT1000 temperature sensor and a HIH4021 RH sensor
from Honeywell. A data logging system using Keithley Model 2700 multimeter was used for
collecting the data (2 min sweep time).

Fig. 13.1.

Picture of the te s t s e t-up.
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13.2.5 Exposure to cyclic conditions
The exposure to the cyclic climate profile tends to simulate a day and night profile, where the
electronic device is switched on during the day. The two extreme conditions of the STANAG 4370
- B2 profile [13] have been chosen to simulate the day and night conditions (Fig. 13.2). The set-up
is then exposed to 26 ˚C / 100% RH (off condition) during 4 h and to 35˚C / 73% RH (on condition)
during 4 h. The internal T and RH were constantly recorded and give an overview of the water
absorption and desorption capacity of the different desiccants and regeneration and possibility of reuse.
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Results and discussion

13.3.1 Sorption of the desiccants
In order to compare the water capacity of the different desiccants, absorption and desorption
tests have been performed at 25 ˚C and at different levels of RH (Fig. 13.3). Results show that the
zeolite can absorb less water compared to bentonite (9 to 18 wt.%), while bentonite absorbs about 12
to 35 wt.% over the range of 20 to 95% RH. Water absorption of the mixture of bentonite + CaCl2
showed a different behaviour. After the step at 80% RH, due to the deliquescence of CaCl2 , the
weight gain of bentonite + CaCl2 did not reach a saturation level and the crucibles were full of
liquid water. When it absorbs moisture, CaCl2 turns into brine:
CaCl2 + 2 H2 O → CaCl2 ·2H2 O

(13.2)
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Calcium chloride will then reach different level of hydration (e.g., 2H2O, 6H2O) [14], and when it
reaches calcium chloride hexahydrate form, it melts at almost room temperature, and it will dissolve
in its own water of hydration.
Desorption isotherms of zeolite and bentonite gave higher water contents than absorption
isotherms. This can be explained by the capillary condensation happening during the absorption
process. A higher gradient of chemical potential during desorption is needed to pull the liquid water
out of the pores.
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The water uptake profiles (Fig. 13.4) at 25 ˚C and 40 ˚C show that the moisture equilibrium
level 𝑚 ∞ , which is the level of the moisture content of the desiccant in equilibrium with its
surroundings, is independent of temperature and depends only on the relative humidity (Fig. 13.3).
However, the time for the water content of the desiccant to reach 𝑚 ∞ is temperature-dependent, as
observed in Figure 13.4 where 𝑚 ∞ is reached faster at the condition of 40 ˚C compared to the
results at 25 ˚C. At 99% RH, zeolite absorbs up to 19 wt.% of its dry weight and bentonite up to 37
wt.%. The weight gain of bentonite + CaCl2 reached more than 85 wt.% and 205 wt.% at 25 ˚C and 40
˚C after few days of exposure, without reaching a saturation level.
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13.3.2 Expected lifetime of desiccant of polycarbonate and polyamide enclosures
When designing an electronic packaging, the worst case condition with respect to absolute
humidity should be taken in account. In the STANAG B2 profile, the absolute humidity during the
day time reaches 28.9 g·m-3 at 35 ˚C and 73% RH. The expected lifetime of the desiccant 𝑡𝑑𝑒𝑠 [s]
can be calculated as [2-3]:

𝑡𝑑𝑒𝑠 =

𝑓𝑋
𝐴
𝐷 ( ⁄𝑙 )
𝑐
𝑒𝑓𝑓 𝑤𝑣

(13.3)

where 𝑋 is the amount of desiccant [g], 𝑓 is the efficiency of the desiccant, D is the diffusion
coefficient of the enclosure casing material [cm2 ·s-1 ], 𝑐𝑤𝑣 is the concentration of water vapor [g·m3
] and (𝐴⁄)
𝑙 𝑒𝑓𝑓 is the effective ratio of the total surface area of the enclosure to its thickness or
diffusion length [m] (addition of all the possible routes of moisture diffusion into the enclosure).
Considering cubic polymeric enclosures made of polycarbonate (PC) [DPC (35 ˚C) = 7.5·10-12 m2 ·s1
] and of polyamide with 30% of glass fibres (PA) [DPA (35 ˚C) = 9.7·10-13 m2 ·s-1 ], with a wall
thickness 𝑙 of 3 mm, the expected life of a set-up containing 10 g of the different desiccants as a
function of the volume of the enclosure and exposed to 35 ˚C and 73% RH is shown in Figure 13.5.
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The efficiencies of the desiccants at 80% RH have been extracted from the sorption test from the
Figure 13.3.
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Expe cte d life of de s iccant as a function of the volume of PC and
PA e nclos ure s , e xpos e d to 35 ˚C and 73% RH.

With the assumption that the electronic enclosures are totally sealed, it can be observed in
Figure 13.5 that desiccant lifetimes have been achieved up to 1.5–5.5 years for a device of 10 dm3
with PC enclosures. These values increase up to 15–45 years with PA enclosures due to its lower
diffusion coefficient i.e. the outdoor water vapor will diffuse at a lower rate through the casing wall
[6]. This shows that with the hypothesis of totally sealed electronic enclosures and a constant
exposure condition, the replacement of the desiccant is necessary after few years of operation. In
reality, electronic enclosures contain openings, which may be intended openings such as ventilation
holes for thermal management and drain holes, or unintended openings such as imperfect seals in
cable feedthroughs, and cracks and porosities in otherwise solid materials [5]. Moreover, the
electronic enclosures are not exposed to constant conditions but to cyclic climatic conditions, where
they can experience harsh loads of temperature and humidity changes. These factors will highly
reduce the humidity induced lifetime of the desiccants. Therefore, regeneration of the desiccant
using the dissipated heat from the electronic devices could be a solution for increasing the desiccant
lifetimes.
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13.3.3 TGA analysis
Dry and water saturated desiccants have been exposed to [50-600] ˚C at a heating rate of 10
˚C/min (Fig. 13.6) in order to study the water desorption characteristics of the desiccants. As
mentioned in the previous section, when exposed to humidity CaCl2 dissolves in its own water of
hydration, therefore, only zeolite and bentonite have been studied in this section.
Results show that the preliminary drying process at 125 ˚C did not remove the total amount
of water in the dry desiccants. About 5 wt.% of water remained and was lost in the range of 50 ˚C to
200 ˚C during TGA analysis, while no additional weight change was observed over this temperature
until 600 ˚C. The TGA curves of the water saturated desiccants show two steps of mass loss [1517]: (1) the initial weight loss in the range of 50–100 ˚C is attributed to residual or free water
evaporation and (2) the second loss, in the range of 100 ˚C to 400 ˚C for bentonite and in the range
of 100 ˚C to 200 ˚C for zeolite, which is related to the dehydroxylation of structural water
molecules from the crystal lattices of the desiccant.
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In order to evaluate the influence of temperature on the water desorption of bentonite and
zeolite, the water saturated samples were exposed during two hours at different isothermal
conditions (Fig. 13.7) representing potential internal temperatures of electronic devices due to
power dissipation. The weight loss related to water release is already significant during the
exposure at 40 ˚C for the bentonite. A further exposure to 100 ˚C has only increased the weight loss
from 25 wt.% to 29 wt.%. However, the temperature should be above 80 ˚C to regenerate the zeolite
with an associated weight loss of about 19 wt.% . This shows that the internal heat generated in the
electronic device should be higher in order to dry-out and regenerate the zeolite in an optimised
manner compared to bentonite.
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13.3.4 Long term absorption/desorption cycle in electronic enclosures

Typical temperature rises as a function of the input power in sealed enclosures are illustrated
in Figure 13.8 [18]. It represents the temperature difference between the air inside a non-ventilated
and non-cooled enclosure and the ambient air outside the enclosure. The temperature rises are
higher in metallic enclosures due to higher thermal capacity of the casing. This shows that high
power dissipated by electronic devices (about 175 W·m-2 ) increases the internal enclosure
temperature up to 56 ˚C and 32 ˚C in metallic and non-metallic enclosures.
In the long term absorption/desorption cycle in electronic enclosures, a heat source has been
placed in the centre of the enclosure. The internal air temperature reached about 50 ˚C in the overall
enclosure volume, which correspond to the higher value of temperature rise shown in Figure 13.8.
This means that the temperature used for the regeneration of the desiccant (internal heat generated
during on time) may not be optimal to dry-out the zeolite, which needs a temperature above 80 ˚C
for an optimal regeneration process.
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The different set-ups of electronic enclosures with and without desiccant have been exposed
during 14 days to the cyclic conditions in a climatic chamber. The humidity levels have been
recorded and the results are presented in Figure 13.9. All the profiles reached a steady-state and the
effect of the water absorption and desorption of the desiccants on the internal humidity profiles can
be compared.
Figure 13.9.a shows the humidity cycle in the climatic chamber, the internal humidity in the
enclosure without desiccant (glass beads), and in the enclosure without desiccant (glass beads) with
internal heat (during the cycles at 35 ˚C and 73% RH). Figure 13.9.b shows the internal humidity
profiles in the enclosures with 10 g of zeolite, bentonite, and bentonite + CaCl2 and with internal
heating. It can be noticed that the steady-state was reached faster in the enclosure with zeolite (after
about one day), while it was reached after about 4 days in the enclosures with bentonite and the
mixture of bentonite + CaCl2 . During the steady state, the humidity varied between 73-99% RH in
the climatic chamber and in the enclosure without desiccant, while the internal heat has reduced the
internal humidity cycle between 30-90% RH. The level of RH of the steady-state was comprised
between 35-65%, 40-62%, and 30-70% respectively for the zeolite, bentonite, and bentonite +
CaCl2 desiccants and with internal heating. Figure 13.10 summarizes the RH and AH ranges for the
different configurations.
Higher levels of RH and AH in the enclosures with desiccant during the on time is due to
release of water from the desiccant, which did not fully diffuse through the intended opening on top
of the tray, therefore increasing the water content in the surrounding internal air. A higher amount
of water is released from the bentonite desiccant (humidity level reached about 40% RH during the
on period, while only 30% and 35% RH were reached with zeolite and bentonite + CaCl2 ). This
means that the temperature dissipated from the heat source, i.e. 50 ˚C, allowed a better regeneration
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of bentonite in comparison to zeolite and bentonite + CaCl2 . Nevertheless, the RH levels are below
60% RH, assuring a safe climatic condition for the operation of the electronics.
During off time, the water absorption to the desiccant has reduced the levels of humidity from
99% RH in the enclosure without desiccant to 62-70% RH. Bentonite seems to have performed
better due to its lower temperature of regeneration and its high water absorption capacity. Despite
the higher water capacity of the mixture of bentonite + CaCl2 (Fig. 13.3), the efficiency of this
desiccant towards the reduction of RH was not fulfilled. This is due to the deliquescence of CaCl2 ,
which causes water accumulation during water absorption and the generated internal heat did not
dry-out the mixture, therefore limiting its capacity to re-absorb (temperature of crystallisation of
CaCl2 is 160 ˚C [14]).
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13.4

Conclusion

1) The study showed that bentonite has a high water capacity through a large range of RH (about 12
to 37 wt.%), and its regeneration temperature can be as low as 40 ˚C.
2) Calcium chloride can absorb a large quantity of water, its deliquescence property and its
dissolution in its own water of hydration when exposed to humidity imply its recrystallization for
the regeneration process.
3) Zeolite showed the lowest water capacity and its regeneration temperature should be higher than
80 ˚C to be optimal.
4) The use of the desiccants for humidity reduction in electronic enclosures exposed to cyclic
conditions showed that bentonite performed better than the other desiccants, and the internal
humidity range was between 40-62% RH during the steady-state, assuring a safe area for the
electronics operation.
5) The simulated dissipated heat from the electronic devices (about 50 ˚C in the surrounding air)
showed satisfactory regeneration of the bentonite, while a better design has to be performed to
allow a better pathway for the desiccant released water to go out of the enclosures.
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14.

General discussion

This chapter contains a short discussion combining the investigations presented in the
appended chapters. Humidity reliability of electronic devices can be enhanced by the protection of
the electronics by an enclosure to reduce the local internal humidity level, while choice of materials
and cleanliness govern the water adsorption and absorption processes, therefore affect the electronic
reliability. The results showed the combined effects of the outdoor climates, the protection level of
electronic enclosures related to their casing material and openings geometry, the presence of
thermal mass, the hygroscopic properties of polymers used and the hygroscopic properties of solder
flux residues on humidity build up and corrosion failures.
Outdoor climates profiling showed that the electronic enclosures are exposed to high humidity
over the year especially in humid locations where the humidity will be over 90% RH. In dry-sub
humid area (Chennai, India) there are high temperature (annual average of 28 ˚C) and high humidity
(annual average of 72% RH) levels throughout the year, therefore the levels of absolute humidity
(AH) are high. The levels of AH are low in cold and hyper-arid areas (Lhasa, China and Cairo,
Egypt), while AH levels in humid area (Copenhagen, Denmark) is found in between, due to high
RH levels but low temperatures. High fluctuations of RH were observed in arid area (Kiffa,
Mauritania), and high temperature fluctuations in hyper arid area (Cairo, Egypt), where peak to
peak temperature can reach 30 ˚C.
The electronic enclosure walls are the first protection against humidity ingress towards the
sensitive electronics parts. Over time, humidity tended to equilibrate (water vapor concentration)
with the outdoor conditions, and the temperature was the main significant factor for humidity
ingress/equilibrium. Any unintentional or intentional openings in the enclosure walls are the main
pathways for humidity diffusion. However, the study showed that the humidity permeation through
the polymeric walls is an important mechanism; therefore the choice of the polymer material will be
a determining factor in the humidity ingress/profile in the electronic enclosure. Its hygroscopic
coefficients (diffusion and solubility) determined the rate of moisture ingress and its capacity to
store water, which was an important parameter in the case of cyclic temperature exposure. The
water absorbed by the polymeric materials (casing walls, PCBAs laminates, components…) was
released when exposed to heavy temperature rise, which increased the overall internal humidity.
The amounts of absorbed water at 25 ˚C were up to 0.4 wt.% for polycarbonate, 3.0 wt.% for
polyamide filled with glass fibres, 0.2 wt.% for epoxy mold compound and up to 1.0 wt.% for PCBA
laminate. A release of 10 mg of water from these materials into the studied electronic enclosure
volume (280 x 190 x 130 mm3 ) would increase the RH level from 40% to 92% at 25 ˚C, and would
be detrimental regarding the electronic reliability. This effect will be more significant for the
smaller enclosures due to the low volume ratio between interior volume and volume of polymer
materials. Studies of long term cyclic exposures showed that the internal humidity tends to reach a
mean value of the outdoor cyclic changes. The peak to peak variation of internal RH was reduced,
and especially in enclosures with polymer materials with high solubility coefficient. Their capacity
to absorb and release high amount of water made them act as a buffer between indoor and outdoor
climates.
Presence of materials with heavy thermal mass such as heat sink inside electronic enclosures
also interfered with the internal humidity profile. Due to their high heat capacity, a lag of
temperature change was observed when the external temperature was suddenly raised from 10 ˚C to
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50 ˚C. Their surface temperature became lower than the dew point temperature, and condensation
has formed on their surface. This liquid water has accumulated at each cycle of temperature creating
high leakage current values on the SIR PCBs. Consequently, when the external temperature
decreased to 10 ˚C, RH level values reached 100%.
Long cyclic exposures showed that internal humidity in polymeric enclosures can be above
60% RH (threshold for humidity reliability in electronic) about 50% of the time over a year in
humid locations. Therefore, the design of PCBAs has to take this issue in account, and especially in
the soldering manufacture process. The studies showed that the cleanliness of the PCBA surfaces
can drastically improve the reliability of the devices. Hygroscopic contaminants, like flux residues,
are hygroscopic and reduce the level of humidity for water layer formation. Glutaric acid (one of
the activators found in the no-clean flux) showed ECM at 80% RH, while NaCl, which can come
from the surrounding environment or from the users (sweat) showed ECM at only 75% RH. The
studies showed that the soldering peak temperature of PCBAs (about 250 ˚C for 45 s) did not allow
a full decomposition of the solder flux. The flux activator (mainly weak organic acids) was found
on industrial PCBAs surfaces, and high amounts were quantified on wave soldered PCBAs, and
especially below the tool´s aperture for selective wave soldering of PCBAs. Particular attention
should also be taken to the amount of absorbed water in PCBs before the soldering process. The
studies showed that blisters and cracks appeared upon the soldering, due to internal moisture
vaporization, producing a high pressure during the surface mounting process. This is detrimental for
the electronic reliability.
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15.
15.1

General conclusion

Electronic materials and PCBA cleanliness

1.
Contamination profiling of a large number of industrial printed circuit board assemblies
(PCBAs) revealed high levels of flux residues on wave and selective soldered PCBAs, where high
levels of the activator components (weak organic acids (WOAs)) have been quantified. Selective
soldered PCBAs revealed selective mask tool´s aperture region as the trapping areas for flux
residues. Low level of contamination was found on as processed reflow PCBAs. Presence of flux
residues on wave soldered PCBAs resulted in the degradation of the conformal coating under
exposure to humidity, revealed by blisters formation, but were found to reduce by prior cleaning.
2.
Simulated soldering process showed that the solder fluxes did not decompose fully within
the temperature regime of the soldering process, leaving behind significant level of WOA residues.
The residue depending on the type and amount of the flux can be very aggressive towards the
corrosion on the PCBAs. WOAs are hygroscopic, and reduced the critical level of relative humidity
for water adsorption. Glutaric acid based flux showed highest leakage current when exposed to
humidity compared to the adipic and succinic based fluxes.
3.
The water layer formation was dependent on the surface cleanliness. The presence of
hygroscopic contamination increased the thickness of the adsorbed water layer at the surface of the
PCBA laminates. Water adsorption is also influenced by the roughness of the solder mask surfaces,
arising from the fillers that are present in the material, varying by size, shape, and morphology.
4.
The water absorption in the PCBA laminates increased when they were coated with solder
mask. Micro-voids were present in the matrix, and diffusion coefficient of the solder mask was
about 4 times higher than the PCBA laminates.
5.
On assembled PCBAs, the electronic components increased the overall water uptake, and
could be associated with the water absorption of the components mainly encapsulated in EMC
resin, and by the water trapped between the gaps of the components to the PCBA surface. This
amount was about 5 times higher than the absorbed water by the PCBA laminate.
6.
The presence of water inside the PCBA laminates caused a decrease in volume resistivity,
and prior to a reflow soldering process, increased the number of voids and cracks along the
materials and weaker interfaces, and further increased the water uptake by wicking and capillary
absorption.

15.2

Electronic enclosures

1.
Electronic devices are exposed to all sorts of climatic conditions, and climate studies
revealed that humidity up to 90% RH will be met in all geographical locations, except in hyper-arid
location where the humidity levels are low. Acceleration factors showed that semi-arid and dry subhumid climates were worst locations regarding thermal and humidity stresses on electronic
materials.
2.
Time constants values in the order of days have been found for the moisture to ingress into
an electronic enclosure. The studies showed that temperature is the main significant factor for
humidity ingress in the electronic enclosures. Increased size of opening increased the humidity
ingress rate, but the experiments showed that below a diameter of 2 mm, the moisture ingress
through the enclosure polymer casing material (transport mechanism by permeation) was more
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dominant. Depending on the conditions, the humidity could reach higher level than the critical point
for corrosion failures. Therefore, the temperature dependant coefficients such as diffusion and
solubility of the polymeric packaging have to be determined to predict the internal humidity.
3.
Experiment with sealed polymeric enclosures showed that diffusion coefficient of the casing
wall determined the rate of moisture ingress. Polymeric casing materials with high solubility
coefficient acted as a buffer between the internal and external climates, and significantly reduced
the peak to peak variation of humidity inside the electronic enclosures.
4.
The volume ratio between the casing material and the internal air determined if the water
released and absorbed from the internal wall material would have an effect on the overall internal
humidity level.
5.
The presence of polymeric materials inside the electronic enclosure, like PCBAs, also
reduced the variation of internal humidity changes, due to their capacity to absorb and desorb
moisture.
6.
Cycling temperature and presence of heavy thermal mass in the enclosure led to a pumping
effect: the delay of temperature change of the thermal mass (often attached to the PCBAs) caused
the accumulation of water vapor at each temperature cycle. This can eventually lead to
condensation and sudden increase in leakage current (intermittent malfunctions).
7.
Experimental and simulated studies of long term exposures to cyclic conditions (up to 4
months experimentally and up to 3 years with RC modelling) showed that the internal RH in the
enclosures tended to reach a steady state close to the mean value of the cyclic outdoor profile
depending on the moisture properties of the casing wall material.
8.
Intermittent short periods of temperature rise during the test simulating the climate in an
engine compartment in the automotive PBT housings induced higher level of humidity inside the
enclosures. This was due to release of moisture from the polymeric materials and from the
polymeric wall casing.
9.
One option to consider for controlling the internal humidity is the use of water absorption
desiccant. The study showed that bentonite has a high water capacity through a large range of RH,
and its regeneration temperature could be as low as 40 ˚C. CaCl2 can absorb a large quantity of
water, but its deliquescence and dissolution in its own water of hydration when exposed to humidity
was a drawback for the regeneration process. Zeolite showed the lowest water capacity and its
regeneration temperature should be higher than 80 ˚C to be optimal.
10. The use of the desiccants for humidity reduction in electronic enclosures exposed to cyclic
conditions showed that bentonite performed better than the other desiccants and the internal
humidity range was between [40-62]% RH during the steady-state assuring a safe area for the
electronics operation. Using simulated experiments for regeneration of desiccants using dissipated
heat from the electronic devices (about 50 ˚C in the surrounding air) showed satisfactory
regeneration of the bentonite.

15.3

Outlook and suggestion for future work

Decomposition of solder fluxes with complex chemistry composition such as mixture of
activators, and effect of the nature of the binder (resin, rosin etc.) could be investigated. The effect
of the solder mask surface morphology combined with the presence of solder flux residues on the
water adsorption needs to be investigated.
Humidity level in the electronic enclosures could be controlled by the presence of a specific
cold spot (cold finger, Peltier element, cold chamber etc.), where humidity would condense and be
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drained out, therefore reducing the overall internal humidity level and avoiding condensation on the
PCBA surfaces.
The effect of generated heat from electronic components on convective flow should be
investigated. The use of high heat capacity of thermal mass for maintaining an internal temperature
higher than the outdoor temperature, and therefore for reducing the internal RH level should be
explored. Moisture distribution inside the enclosure could be profiled, and the related dew point
temperatures of different materials surfaces would be an indication of the local condensation (i.e. in
internal volume, on PCBAs surfaces, on internal casing walls, etc.).
The setup used for the humidity control by desiccant can be improved to allow a total
diffusion to the outside of the released water vapour from the desiccant during the regeneration
process. The test could be performed for a longer time to observe the degradation behaviour of the
desiccants towards the cycles of absorption/regeneration.
The reliability prediction of humidity build up in electronic enclosures exposed to different
geographical locations could be implemented by the consideration of leaks in the enclosure casings,
generated heat from the electronic devices, and presence of heavy thermal mass in the enclosure.
This means that convection mechanism and condensation would be taken in consideration in the
study.
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