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Abstract 

An aluminium alloy tube produced using linear high frequency welding of a strip 

consisting of a 3xxx-series alloy core with an embossed inner part and a thin 7xxx-series outer 

clad layer has been investigated in this work. Characterization techniques such as scanning 

electron microscopy, energy dispersive X-ray spectroscopy, electron backscatter diffraction, 

optical microscopy, and X-ray tomography have been utilized to understand the change in 

microstructure due to embossing and welding process. It is found that welding creates a high-

quality joint without any observable flaws along the weld. The weld region contains a deformed 

microstructure within 150–250 µm across the weld due to compression applied during welding. 

On both sides adjacent to the weld region there are approximately 250–300 µm wide and 

partially recrystallized heat-affected zones. The rest of the tube retains the deformed 

microstructure of the embossed strip. The microhardness of the welded tube follows the 

microstructural variations, with higher values in the deformed regions and lower values in the 

partially recrystallized heat-affected zones. The influence of the manufacturing process on the 

observed microstructural characteristics is discussed. 

Keywords: Aluminium; High Frequency Welding; Embossing; Microstructure; Hardness. 

1. Introduction 

Today there are major efforts in the Heat, Ventilation, Air Conditioning and Refrigeration 

(HVAC&R) industry for finding ways to increase performance, energy efficiency, durability and 

recyclability of the HVAC&R equipment in a sustainable way. A special focus is on replacing 

copper tubes and other copper components in industrial conditioning systems with aluminium 

products. Thanks to its attractive strength to weight ratio, good formability, efficient 

recyclability, inherent corrosion resistance and possibility of surface engineering [1,2], 

aluminium has found a wide range of applications in the aerospace, automotive, construction, 

electronics, marine and food packaging industries [3,4]. Additionally, more stringent global 

requirements for energy efficiency in air conditioning systems and raw material costs are driving 

a continuous search for more efficient heat transfer systems. This has led to recent developments 

of tubes with enhanced inner surfaces for optimizing performance and reducing unit footprint of 

material related costs [5]. As a result of this innovating process, there is growing interest in the 

production of so-called microfin tubes with a variety of inner surface patterns [5]. Such microfin 

tubes demonstrate outstanding performances in enhancing heat transfer for both evaporation and 

condensation purposes without excessive pressure drop. For this reason, such tubes are widely 

used for air conditioning and refrigeration, where the benefit of an improved performance 

compensate for the increased cost [6]. In recent years, increasingly complex design patterns have 

been developed for optimizing the heat transfer requirements for both condensation and 
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evaporation applications [7-9]. As a result, demand for tubes with non-axial symmetric patterns 

(i.e. herringbone and helical cross-grooved patterns) for the inner surface has increased. 

Therefore, there is also an increased need for manufacturing processes different from the classic 

manufacturing of helically patterned tubes produced by extrusion. 

The traditional extrusion of Al microfin tubes is conducted using a rotating groove mandrel 

inserted inside the tube and connected by a tie rod to a floating plug [5]. The latest generation of 

the Al microfin tubes with non-axial symmetric patterns are produced through a manufacturing 

cycle divided into 2 main stages, namely (i) embossing and (ii) tube high frequency (HF) 

welding [10-12]. The embossing stage consists of thread cold rolling of a strip on the surface, 

which later becomes the inner surface of the finished tube [13]. Subsequent process is the HF 

welding of the embossed strip. The HF welding process includes longitudinally forming the 

embossed flat strip into a tube geometry and then welding the two strip edges together. To 

achieve this, the strip is fed into a forming mill that shapes the strip by different consecutive 

forming steps performed by several forming rolls. As the strip approaches the end of the forming 

line, it passes through an inductor coil, which induces electrical current, mostly concentrated at 

the strip edges to be joined (see Fig.1a). The edges are resistance-heated, therefore rapidly 

reaching the melting point. The molten edges are forged together by side squeeze rolls. When 

passing through these rolls, the oxidized and molten material is extruded out of the joint and the 

clean underlying material is bonded [10,14] (see Fig.1b). The process is completed by an in-line 

surface scarfing stage to remove the obtained weld bead on the outer tube surface, followed by 

sizing rolls to give the desired final geometry to the tube. 

An additional advantage of HF welding for aluminium tubes is the possibility of obtaining 

bi-material products. In fact, the above process allows the use of aluminium alloy strips with 

cladded surfaces (hot-rolled aluminium alloy liner on top of a core alloy) as precursor material. 

In particular, this approach can be used for manufacturing tubes with the core outer surface 

cladded with a protecting liner of another chemical composition. The clad layer is usually 5 to 

20% of the wall thickness [15]. Such tubes provide higher corrosion resistance due to the 

sacrificial outer layer (e.g. a 7xxx-series alloy clad on a 3xxx-series core alloy) [15,16]. It is 

pertinent to mention that manufacturing of such tubes with embossed inner patterns and cladded 

outer surface is impossible by direct extrusion process. 

The HF welding process relies on two main physical effects, namely skin effect and 

proximity effect. The skin effect is the tendency of current to be typically confined in a very 

shallow skin on the metal surface. As the frequency increases, the depth of the current skin 

penetration decreases. The proximity effect describes two opposite HF induced currents flowing 

near each other, leading to the current concentration on adjacent edges of the conductors [10,11]. 

The combination of these two effects in tube welding results in an operating condition, where 

most of the current (and thus induced heat) is concentrated in a shallow skin on the two opposite 

edges of the ”vee” formed by the nearly-tube-formed strip extremities [13]. It is expected that 

this multistage high-speed joining process can result in complex variations of the microstructure 

and mechanical properties along the tube. 

The purpose of this work is to investigate changes in the microstructure taking place due to 

the HF welding in a cladded Al tube with inner surface patterns. The heterogeneity of the 

microstructure induced by the HF welding is analyzed using scanning electron microscopy 

(SEM) and energy dispersive X-ray spectroscopy (EDS). The weld region is additionally 

characterized by 3D X-ray tomography, electron backscatter diffraction (EBSD) and 

microhardness measurements. 
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2. Materials and Methods 

2.1 Material 

Aluminium strips with a thickness of 0.7 mm were used in the present work. The strips 

comprised a 3xxx-series commercially available Al alloy (core – 90% of the strip thickness) and 

a 7xxx-series Al alloy (clad – 10 % of the strip thickness). Since the clad is anodic in respect to 

the core [15,16], it enables better corrosion protection owing to its sacrificial behavior. The 

chemical composition of the core and clad materials is presented in Table 1. 

Table 1: Main alloying elements (in wt. %) of the AA3xxx core and AA7xxx clad aluminium 

alloys used in this study. 

Alloy Si Fe Cu Mn Mg Zn Ti Al 
AA3xxx ≤0.25 ≤0.4 0.5-0.6 1.0 ‒ 1.3 ≤0.05 ≤0.1 0.1 ‒ 0.2 Balance 
AA7xxx ≤0.7 ≤0.7 ≤0.1 ≤0.1 ≤0.1 0.8 ‒ 1.3 - Balance 

 

Manufacturing of the strips involved joining of the core and clad alloys through hot rolling, 

such that the two sheets were roll-bonded [15]. After hot rolling, fins were embossed on one 

surface (see Fig.1), and a tube was afterwards formed and welded [10]. 

2.2 Optical microscopy 

To prepare the cross-section of the tubes for optical microscopy, specimens were placed in 

a Struers SpeciFix-20 epoxy and cured at room temperature. The molded samples were then 

subjected to mechanical grinding using silicon carbide papers finishing with 4000 grit. Fine 

polishing of the specimen surface was performed sequentially using 3 μm, 1 μm, and 1/4 μm 

diamond suspensions with intermediate ethanol rinsing. The specimen surface was then anodized 

using a Struers LectroPol-5 device to reveal grain structures [17]. The electrolyte composition 

and parameters used for the specimen preparation are given in Table 2. 

Table 2: Details of specimen electropolishing for optical microscopy and EBSD techniques  

Specimens Electrolyte Voltage 

(V) 

Time 

(s) 

Temperature 

(°C) 

Optical microscopy 40 ml HBF4, 760 ml H2O 25 70 22 

EBSD 90 ml H2O, 730 ml C2H2OH, 

100 ml C6H14O2, 78 ml HClO4 

48 35 22 

 

The back side of the molded samples was perforated until reaching the specimen surface 

inside and the holes were filled with an aluminium foil to establish the electrical contact 

necessary for anodizing to reveal grain structures under polarized light [17]. Optical micrographs 

were taken using differential interference contrast in a Zeiss Axio Vert A1 microscope equipped 

with Zeiss Lambda filter, which allowed observation of different grains being characterized by 

different colors. 

2.3 SEM, EDS and EBSD analysis 

SEM inspection and EDS analysis of the mechanically polished cross sections were 

performed using a field emission gun scanning electron microscope (FEGSEM) FEI Quanta 200 

equipped with a 80mm 2X-Max EDS detector from Oxford Instruments. An Aztec EDS software 

was used for the analysis of the chemical composition. 

For EBSD analysis, the specimen surface was ground and mechanically polished 

following the same procedure as for the specimens prepared for optical microscopy. The 
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mechanically polished specimens were finally electropolished in a Struers LectroPol-5 device 

using the electrolyte and parameters specified in Table 2. 

The FEI Quanta 200 SEM was employed to characterize fine details of the microstructure 

in the backscattered electron (BSE) mode. The Channel 5 EBSD system was used to measure 

local orientations using a Zeiss Supra 35 FEGSEM operated at 15 kV. A step size of 0.8 μm was 

used for orientation mapping. 

2.4 X-ray tomography 

A 2-cm-long welded tube sample was cut in half along its longitudinal axis. The half 

containing the weld was analyzed by X-ray tomography to obtain a three-dimensional 

representation of the welded region. Experiments were carried out using a Zeiss XRadia 410 

Versa device. The instrument was operated at 50 kV and 10 W using a LE2 filter and 10x 

objective. 3201 projections with an exposure time of 60 s per projection were acquired, resulting 

in a total acquisition time of ~56 min and a pixel size of 1.52 µm was obtained using 2×2 

binning. Image reconstruction was performed with an inbuilt acquisition and reconstruction 

software package provided by Zeiss, which is based on a Feldkamp, Davis and Kress algorithm 

with filtered back-projection [18]. An Avizo 9.7.0 software from FEI was used for further 

analysis and visualization. 

2.5 Microhardness measurements 

Vickers microhardness measurements were carried out across the weld on the tube cross-

section. Prior to the measurements, the surface was ground and polished following the procedure 

described in subsection 2.3. A Struers DuraScan 70 G5 hardness tester was used for hardness 

measurements with an applied load of 25 g and a step size of 70 µm. 

3 Results 

3.1 As-received material 

Figure 2 presents optical micrographs of the as-received strip. It is seen that the core 

material contains relatively large grains flattened along the normal direction (ND) and elongated 

along the rolling direction (RD). The grain length ranges from 60 μm to 120 μm along the RD 

and the average thickness of the grains is 25 μm as measured in the optical micrographs. Since 

the chemical composition of the 7xxx clad does not contain a grain refiner (such as Ti in the 

core), the clad is fully recrystallized after hot rolling. The average grain size in the clad is 

approximately 60 μm. The average Vickers hardness in the core is 58±2 HV, while the hardness 

of the clad is 34±2 HV. 

More details of the strip microstructure can be revealed in BSE images. In particular, 

Fig.3a shows a significant difference in the frequency of intermetallic particles between the core 

and clad materials. These particles are seen as bright features in the BSE images due to heavy 

elements present in their composition, which results in strong atomic number contrast. It is 

obvious that there are many more observable particles in the 3xxx core than in the 7xxx clad. The 

particles observed in the core alloy can be described as Al-Fe-Mn-Si type with different Fe/Mn 

content ratios. Based on the particle size, shape and the Fe/Mn ratio, three groups of 

intermetallics can be distinguished: Group A - big (1.5–3.5 μm) and mostly equiaxed particles 

with a large Fe/Mn ratio (0.8); Group B - fine (0.1–1 μm) equiaxed particles having a smaller 

Fe/Mn ratio (0.2); and Group C - plate-like particles having lengths between 2 μm and 7 μm with 

a high aspect ratio and the smallest Fe/Mn ratio (0.1), see Fig.3b. Table 3 provides the chemical 

composition averaged over 12 particles in each group. 

Table 3: Results of EDS analysis (in wt.%) of intermetallic particles in the core sorted into 

groups A, B and C (see Fig.3b). 
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Element A B C 

O 1.9 ± 0.2 3.8 ± 0.4 2.2 ± 0.2  

Al 85.1 ± 0.2 89.8 ± 0.2 92.5 ± 0.5 

Mn 6.9 ± 0.1 4.9 ± 0.3 4.7 ± 0.3 

Fe 5.3 ± 0.1 0.9 ± 0.1 0.3 ± 0.1 

Cu 0.8 ± 0.1 0.5 ± 0.1 0.3 ± 0.1 

Fe/Mn ratio 0.8 0.2 0.1 

 

3.2 General characteristics of the weld 

Representative images of a 3D reconstruction based on the X-ray tomography data are 

shown in Fig.4. In this figure, the weld region shows complete bonding without observable pores 

and other flaws along the weld, while the oxidized and molten metal is seen to be extruded out of 

the joint and then solidified forming the characteristic weld bead on the tube inner surface. 

Due to the need for minimizing the height of the inner weld bead (“h” in Fig.4b) and to 

obtain stable welding, consistent condition of the edges is required. Therefore, during the 

embossing process, outer portions of the strip surface are typically not formed, so that no 

embossed material is effectively involved in welding. A heavily deformed strip edge presenting 

embossed fins, hence with irregular geometry, would deteriorate the process stability and the 

joint strength. No weld bead is seen on the outer surface of the tube because it was removed by 

scarfing. Figure 4b also indicates that the clad is not uniformly present across the sample surface 

and that there are locations close to the weld region where it is removed during the welding 

process. 

3.3 Microstructure of the welded tube 

For complete overview of the material flow behavior during welding, the microstructure 

of the weld region was at first inspected prior to scarfing. Figure 5 is an optical micrograph of 

the outer tube surface which shows that the clad layer remains essentially intact after the welding 

process, even if extruded out of the joint. The red line in this figure indicates the position, where 

the material would be removed during the scarfing operation. Removal of the clad layer will 

result in exposure of a small part of the core material to the outer environment. The exposed 

region is approximately 180–200 μm wide, and is referred in this paper to as “devoid-of-clad” 

region. 

The devoid-of-clad region is shown in the BSE image of the tube after scarfing (see 

Fig.6a). In this image, the core and clad materials can be distinguished due to a greater number 

of comparatively coarse intermetallic particles in the core. In addition, since the core and clad 

alloys have very different compositions (see Table 1), the devoid-of-clad-region can be clearly 

revealed by EDS. In the EDS maps in Fig.6b,c, the devoid-of-clad region on the outer surface is 

seen to have a higher Mn content and lower Zn content as compared to the adjacent 7xxx clad. 

Furthermore, no oxide particles are observed along the weld in Fig.6a. 

Results of the EBSD analysis of the weld region are shown in Fig.7. Several regions can 

be distinguished in this figure, namely: (i) 150–200 µm wide weld region in the vicinity of the 

weld line. This region contains fine subgrains and plenty of low angle boundaries (LABs); (ii) 

two 250–300 µm wide partially recrystallized heat affected zones (HAZs) including the fin 

closest to the weld; and (iii) the deformed microstructure of the embossed strip which appears 

unaffected by HF welding (base material). The average size of recrystallized grains in the HAZs 

is approximately 15 µm. The bead at the weld is also recrystallized (see Fig.7b) except for the 

outermost part which is re-solidified with a very small grain size, 5–6 µm. The base material is 
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characterized by a high aspect ratio of deformed grains and a high frequency of LABs. The 

thickness of these deformed grains measured as the spacing between high angle boundaries along 

the radial direction is 7 µm. Close to the fins, the deformation structure is a locally modified, 

demonstrating extended boundaries curved due to embossing (see arrow in Fig.7a). 

3.4  Microhardness 

As is evident from Fig.7c, Vickers hardness ranges from ~55 HV in the HAZ region to 

~68 HV in the weld region. The lowest hardness corresponds to the nearly fully recrystallized 

HAZs with the lowest frequency of LABs, while the highest hardness region corresponds to the 

deformed microstructure in the weld region. The deformed base material is also hard though the 

hardness of the base material is generally lower than in the weld region. The hardness of the 

embossed regions was measured separately and the average value was similar to that in the weld 

region, 66 HV. Note that the average value measured in the embossed fins does not cover the 

partially recrystallized fin closest to the weld, see Fig.7b,c. 

4 Discussion 

The X-ray tomography data obtained for the HF weld of the Al tube investigated in this 

work clearly demonstrate that the molten material formed at strip edges was effectively extruded 

out of the weld, leaving no traces of the molten and re-solidified material in the weld structure. 

Some evidence of the re-solidified material is observed only in the innermost portion of the tube 

weld bead (Fig.7). 

The displacement of the molten material is caused both by the applied pressure from the 

two edges being forged together (see Fig.1a) and by electromagnetic pressure [19]. The 

electromagnetic pressure is derived from currents induced on two opposing edge surfaces. These 

currents flow in different directions and repulse each other [19]. Since the two edges melt before 

they meet in a joint, the material displacement due to the electromagnetic pressure starts earlier 

than the displacement due to deformation. 

As mentioned in Section 3.3, the weld did not contain any observable oxide inclusions. 

This is because the oxide layer is pushed out during the welding process. It should be noted that 

the melting point of aluminium oxide is approximately 2327K [20], however for a thin oxide 

layer on the aluminium surface (with a thickness of typically ~3-5 nm [22,23]) the melting point 

can be lowered to approximately 1800K [21]. At the same time, HF welding process 

temperatures reach values that are just slightly above the melting temperature of the aluminium 

alloy (933K) [10]. Therefore, the temperature is locally high enough to melt the strip edges, but 

insufficiently high to melt the thin oxide layer, which is then pushed out of the joint. Thus, 

aluminium oxides are not present on precursor strip surface in the weld. At the same time, while 

the melt material is extruded out of the joint, direct contact between the underlying non-molten 

edges and air is avoided, thus preventing any further oxidation of the forged joint. 

The microstructural characterization carried out in this work shows that the joining process 

leads to significant changes in the grain structure as a result of welding. A very fine and heavily 

distorted grain structure is formed in the weld region. This structure results from a significant 

compression strain at the joining interface (see Fig.1a) and is characterized by a high frequency 

of LABs. The adjacent HAZ regions on both sides correspond to the material affected by the 

local heating caused by induction. The EBSD analysis of these regions reveals the presence of 

fine deformed subgrains combined with larger strain-free recrystallized grains, which indicates 

that the heating was sufficient to cause partial recrystallization. As is evident from Fig.7a,b, the 

heat was confined to approximately 0.4 mm on each side across the joint, therefore beyond this 

distance, the deformed microstructure of the embossed strip is preserved (see Fig.7a,b). Such 
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narrowly confined heat penetration is obtained by optimally exploiting both the so-called skin 

and proximity effects due to the remarkably high induction frequencies (600–700 kHz) applied in 

the manufacturing of the tubes [10-12]. 

The microstructural heterogeneity observed across the weld causes variations in 

microhardness. The material is hard both in the vicinity of the joint where the microstructure is 

deformed by compression and in the base material (see Fig.7c). As expected, the partially 

recrystallized microstructure in the HAZs is much softer than the microstructure in the deformed 

regions. Thus, the hardness map is consistent with the microstructural analysis provided by 

EBSD. The change in hardness in the weld region is an important aspect in connection with the 

application of the tube and performance. The hardness map highlights critical gradients in 

mechanical properties of the core material, where failure can occur in the soft HAZs. It is 

expected that a localized hardness gradient across the tube wall can considerably reduce their 

maximum bearable pressure and also negatively affect their performance under cold forming 

steps involved in the heat exchanger assembly as a result of inconsistent behavior during 

mechanical expansion and bending. It is suggested that a post-welding heat treatment of the 

tubes may be employed for reducing the heterogeneity of the microstructure and hardness across 

the joint. 

Finally, the results presented highlight an important aspect of the required post-weld 

scarfing, i.e. that the scarfing process removes locally the clad layer, therefore directly exposing 

the core material to outer environment, with potential effects on its corrosion resistance [24,25]. 

Therefore, in order to avoid the removal of the clad, a process or strip design modification may 

be required. Otherwise, implications of such singular surface condition for the corrosion 

performance of the final products might be an important aspect to be verified and tested. 

5 Conclusions 

The microstructure and microhardness have been investigated in high frequency welded microfin 

tubes made of embossed strips consisting of a core 3xxx-series aluminium alloy with a thin outer 

layer of a 7xxx-series aluminium alloy. Based on this investigation, the following conclusions 

are obtained. 

1) A complete and pore-free joint is created by compression of induction-heated edges with 

no evidence of oxide presence found along the weld. The manufacturing process involves 

scarfing of the outer surface of the weld, which results in a narrow “devoid-of-clad” 

region along the longitudinal direction of the tube. 

2) It is found that within 150–250 µm along the weld, the microstructure is deformed as a 

results of a significant compression strain at the joining interface and contains fine 

subgrains separated by mostly LABs. Adjacent to this weld region, there are two 250–

300 µm wide HAZs. The HAZs are partially recrystallized with an average recrystallized 

grain size of 15 µm. The microstructure of the embossed strip characterized by a high 

frequency of LABs is preserved at a distance greater than 0.4 mm from the joint. 

3) The microhardness in the welded tube varies in response to the microstructural variations. 

The Vickers hardness ranges from ~55 HV in the partially recrystallized HAZ region to 

~68 HV in the deformed weld region. The average microhardness was also high, 66 HV, 

in the embossed core alloy beyond the HAZs. 

Acknowledgements 

The authors would like to thank Norsk Hydro and Innovation Fund Denmark (grant 5189-

00144B) for their technical and financial support of the project. We also thank Mr. A. 

Mangelsdorf, Dr. M. Pasqualon and Mr. T. Guillaume from Norsk Hydro for their support. The 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



8 
 

3D Imaging Centre at the Technical University of Denmark is gratefully acknowledged. Dr. C. 

Gundlach is grateful for financial support from Innovation Fund Denmark via grant 5152-

00005B. 

Data Availability 

The raw/processed data required to reproduce these findings cannot be shared at this time as the 

data also forms part of an ongoing study. 

References 

[1] M. Leary, Materials selection and substitution using aluminum alloys. In: Roger Lumley 

(Ed.). Fundamentals of Aluminum Metallurgy: Production, Processing and Applications, 

Cambridge UK: Woodhead Publishing Limited; 2011, p. 784–827. 

[2] C. Vargel, M. Jacques, M.P. Schmidt, Chapter A.1 - the advantages of aluminum. In: 

C.V.J.P.B.T.-C. of A. Schmidt. Elsevier. Amsterdam; 2004, p. 9–16. 

[3] T. Dursun, C. Soutis, Recent developments in advanced aircraft aluminum alloys, Mater. 

Des. 56 (2014) 862–871. 

[4] W.S. Miller, L. Zhuang, J. Bottema, A.J. Wittebrood, P. De Smet, A. Haszler, A. Vieregge, 

Recent development in aluminum alloys for the automotive industry, Mater. Sci. Eng. A 280 

(2000) 37–49. 

[5] M. Hofuku, Development trends in inner-grooved tubes in Japan, Hitachi Cable Review. 26 

(2007) 1–3. 

[6] L.P.M. Colombo, A. Lucchini, A. Muzzio, Flow patterns, heat transfer and pressure drop for 

evaporation and condensation of R134A in microfin tubes, Int. J. Refrig. 35 (2012) 2150–2165. 

[7] R. Kaji, S. Yoshioka, H. Fujino, The effect of inner grooved tubes on the heat transfer 

performance of air-cooled heat exchangers for CO2 heat pump system. International 

Refrigeration and Air Conditioning Conference; Purdue, 2012 July 16-19. 

[8] Z. Wu, B. Sundén, Vishwas V. Wadekar, W. Li, Heat transfer correlations for single-phase 

flow, condensation and boiling in microfin tubes, Heat Transfer Eng. 36 (2015) 582–595. 

[9] J.A. Olivier, L. Liebenberg, J.R. Thome, Heat transfer, pressure drop, and flow pattern 

recognition during condensation inside smooth, helical micro-fin, and herringbone tubes, Int. J. 

Refrig. 30 (2007) 609–623. 

[10] Robert K. Nichols, PE, H.N. Udall, High frequency welding of aluminum. A Thermatool 

Corp. Publication, T.P. n. 111, Rev. 2. March 1999. 

[11] J. Wright, Optimizing efficiency in HF tube welding processes. Tube & Pipe Technol. 

(1999). 

[12] K. Hyun-Jung, Y. Sung-Kie, Three dimensional analysis of high frequency induction 

welding phenomena, Trans. Korean Soc. Mech. Eng. A, 30 (2006) 865–972. 

[13] D. Zhou, X. Chengdong, J. Lv, L. Li, inventors; Yinbang Clad Material Co., LTD, assignee. 

Aluminum alloy composite strip for internal threaded heat exchange tube and manufacturing 

therefor. World Intellectual Property Organization Patent WO 2018049585 A1. 2018 Mar 22. 

[14] R. Maksuti, Microstructural changes in the forge weld area during high-frequency electric 

resistance welding, Proc. XIII Int. Congress “Machines, Technologies, Materials” 1 (2016) 59–

62. 

[15] B. Ren, inventor; Arconic Inc., assignee. Multi-layer aluminum alloy sheet product for tubes 

for heat exchangers. United States Patent US 9964364 B2. 2018 Mar 08. 

[16] E. Bardal, Corrosion Protection by Coatings. In: Corrosion and protection, Springer-Verlag 

London Limited, UK, (2004) 282-291. 

[17] A. Hone, E.C. Pearson, Metal Progr. 53 (1948) 363–366. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



9 
 

[18] L.A. Feldkamp, L.C. Davis, J.W. Kress, Practical cone beam algorithm, J. Opt. Soc. Am. A 

1 (1984) 612–619. 

[19] H. Haga, K. Aoki, T. Sato, Welding phenomena and welding mechanisms in high frequency 

electric resistance welding-first report, Weld. J. 59 (1980) 208–216. 

[20] M.W. Chase, J. Phys. Chem. Ref. Data, Monograph, 9 (1998), p. 1. 

[21] E.L. Dreizin, D.J. Allen, N.G. Glumac, Depression of melting point for protective aluminum 

oxide films, Chem. Phys. Lett. 618 (2015) 63–65. 

[22] V.Y. Gertsman, Q.S.M. Kwok, Microsc. Microanal. 11 (2005) 410–420. 

[23] F. Reichel, L.P.H. Jeurgens, G. Richter, E.J. Mittemeijer, J. Appl. Phys., 103 (2008) 

093515. 

[24] M. Edo, S. Kuroda, A. Watanabe, K. Tohma, Localized corrosion of aluminum clad sheets 

in alkaline solution, 53 (2003) 55–60. 

[25] T. Fukui, H. Irie, S. Kimura, Z. Tanabe, A study on application of sacrificial anode Al-Zn 

alloy to aluminum heat exchangers, J. Japan Inst. Light Metals, 29 (1979) 410–417. 

Figure captions: 

Figure 1: Schematic representation of the weld formation (a) and material displacement process 

resulting in extruded material (b) during HF welding. Adapted from [16]. 

Figure 2: Optical micrographs from different sections of the as-received strip: (a) section 

containing the normal direction (ND) and the transverse direction (TD); (b) section containing 

the ND and the rolling direction (RD). 

Figure 3: BSE images of the as-received strip: (a) a low magnification image showing both the 

core and clad materials, where core/clad interface is indicated by the dashed line; (b) 

intermetallic particles of different morphologies in the core. 

Figure 4: Reconstructed X-ray tomography images of the HF weld: (a) overview image of the 

weld region, where arrows schematically represent directions of the material flow during joining; 

and (b) image showing the core-clad interface, the weld line and the height “h” of the inner weld 

bead. 

Figure 5: Optical micrograph of the tube cross section showing the outer weld bead before 

scarfing. 

Figure 6: SEM analysis of the weld cross-section: (a) BSE image; (b,c) EDS maps 

demonstrating concentrations of Mn (b) and Zn (c) in the area shown in (a). 

Figure 7: Orientation maps and hardness data measured in the cross-section of the welded tube: 

(a) orientation map colored according to the color code in the inset. The arrow shows a locally 

modified deformation structure with extended boundaries curved due to embossing; (b) 

misorientation map displaying low angle (2–15°) boundaries in red and high angle (>15°) 

boundaries in black. The black feature in the HAZ close to the outer surface is a scratch 

introduced during specimen handling, where no indexing of EBSD patterns was possible; (c) 

hardness map superimposed on the misorientation map. Note that the EBSD data and hardness 

maps were obtained on two different specimens taken from the welded tube. 
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Highlights 

 The core of embossed strips is deformed, with a characteristic flow pattern observed near 

cold formed regions. 

 High frequency aluminium tubes welding creates a high-quality joint without any 

observable flaws along the weld. 

 The material within 150–250 µm along the HF weld is deformed by compression. 

Adjacent to the weld region, there are two 250–300 µm wide and partially recrystallized 

heat-affected zones. 

 Microhardness of the welded tube follows the microstructural variations. 

 Morphology and distribution of the clad layer on the outer surface of tubes is directly 

affected by the manufacturing route. 
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