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Abstract

A nondestructive probe for mapping elastic strains within polymers
would be an asset for materials engineering: for validation of mechani-
cal models and for understanding damage nucleation. As a step towards
this aim we demonstrate an X-ray wide angle diffraction methodol-
ogy probing strain tensor components on mesoscopic length scales, in
the range 3-50 Å. We demonstrate its use on a 50 % semi-crystalline
polyethylene sample subjected to tensile straining up to 8.8 %. The
mesoscopic strains derived for the crystalline phase scale linearly with
the macroscopic strain, in contrast to the crystallised volume frac-
tion and the texture evolution. In the crystalline phase, the material
becomes softer and exhibit a larger degree of alignment with decreas-
ing distance in direct space. The inherent strain sensitivity is 10−5. The
prospect of 3D mapping of local strain and stress tensors is discussed.
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1 Introduction

Elastic strain plays a crucial role in the structural organisation of crystalline
specimens. Examples are the formation of nanodots in semiconductors, dis-
location structures in plastically deformed metals and the phase morphology
generated by solid-state phase transformations. In terms of engineering, con-
trol of the elastic strain is vital to increase product lifetime. X-ray and neutron
diffraction methods [1, 2] allow determination of the elastic strain tensor
non-destructively as a function of (x,y,z) position within the specimen. Fur-
thermore, using synchrotron radiation and x-ray optics, the dimension of the
X-ray beam can be varied from 10 nm to 1 mm [3–6]. This has led to the estab-
lishment of a number of methods for strain scanning on the engineering scale
[2, 7] as well as on the scale of the (embedded) grains and sub-grains [8–10].

In Poulsen et al. [11] it was demonstrated that wide angle diffraction with
hard x-rays can be used also for characterising bulk stress and strain fields in
glasses. The strain accuracy is approximately 10−4. This approach has been
used extensively for studies of inorganic glasses [12]. In these studies it is
typically found that the macroscopic response is less stiff than the atomic
next-neighbour bonds because of structural rearrangements at the scale of
4-10 Å.

To our knowledge, characterisation of strain in amorphous polymers with
diffraction methods has not been reported and even for semi-crystalline poly-
mers results are precious few. Stress characterisation is therefore largely based
on destructive techniques, or optical methods relying on changes in the refrac-
tive index with stress, both with limited applicability [13]. Several studies
[14–17] establishes that a constant relationship εlocal/εmacro between the strain
measured with SAXS and the externally applied strain exist in the pre-yield
elastic strain domain. For PE at 25oC specifically εlocal/εmacro is 0.5 even
as the crystallinity changes although the ratio changes slightly with temper-
ature and for other materials. But rather than a method for mapping local
strain the investigations are investigating the influence of straining on the
lamellae stacks and the spherulites in semicrystalline polymers to understand
the structural behaviour. The relative scarcity of non-destructive bulk inves-
tigations is remarkable, as the impact of understanding strain and stress in
polymers within materials science and engineering parallels that of crystalline
materials. As examples, polymers are extensively used as adhesive joints and
as matrix material in fibre reinforced composites, both with major applica-
tions in the aerospace, automotive and wind energy sector. Residual stresses
developed during the manufacturing process will often have undesired impact
on the mechanical performance [18, 19] such as reduction of fatigue lifetime,
distortion of shape and lower ductility.

For thermoplasts we are aware of three X-ray diffraction based stud-
ies. Nishida et al. reported strain behaviour in fibre reinforced high density
polyethylene (HDPE) using the sine-square-psi method on one diffraction peak
[20]. Hughes et al., also studied a single peak of HDPE but without an analy-
sis of the texture evolution 2011 [21]. Schneider performed a study of injection
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molded polypropylene at strains up to 800 % using both small angle and wide
angle diffraction [22].

It is characteristic of these publications that analysis schemes for strain
characterisation of classical crystalline materials were applied. However, in
contrast to metals or ceramics we lack a microscopic understanding of the
generation of strain in polymers, and even a definition. The energy absorbed
during loading is primarily transformed into entropic terms, and in a tensile
experiment the pair correlation function between atoms - which is what is
measured by wide angle x-ray scattering (WAXS) - will therefore change much
less with increasing elongation than is the case for hard materials, such as
the crystals and inorganic glasses. Moreover, the strain is likely to vary with
distance in the mesoscopic 3-50 Å range, leading to corresponding variation
of the WAXS signal with distance in reciprocal space, | ~Q |. In a semicrys-
talline polymer the process is further complicated by possible loadsharing with
the amorphous phase, and by texture evolution. As a result the measurement
of strain based on wide angle diffraction may not be linearly related to the
external load, and will depend on which mesoscopic length scale one probes.

In this article we aim to make a comprehensive study of WAXS based strain
analysis to a prototype thermoplast, of relevance for engineering: polyethy-
lene (PE). We introduce the above mentioned methodology for characterising
glasses [11, 23], and show it provides an excellent strain resolution. Using this
we study simultaneously the strain and texture evolution during an in situ
tensile experiment, as a function of mesoscopic length scale. We believe such
data is a good starting point for deriving a micromechanical model of strain
in thermoplasts. In this article, however, the focus is on elucidating if and how
x-ray diffraction can be used by engineers for mapping the strain tensor in
thermoplasts. From the strain tensor the stress tensor can be determined by
means of Hooke’s law assuming a linear elastic material response.

2 Experimental set-up

The in-situ experiment took place at beamline BL04B2 at the SPring-8 syn-
chrotron facility. A schematic of the set-up is shown in Fig. 1. The energy
of the incident radiation was 61.4 keV. The X-ray beam was monochroma-
tised and focused in the horizontal plane by means of a Si 220 bent crystal
monochromator. The samples were illuminated with a 3 × 3 mm2 beam in
transmission geometry. The acquisition time of the diffraction patterns was on
average 120 s. The area detector used was a XRD1621XN ES CT-grade detec-
tor from Perkin-Elmer (now Varex Imaging) with 2048×2048 pixels and an
active area of 409.6×409.6 mm2. With the detector positioned 329.5 mm from
the sample, the transmission set-up allowed the acquisition of data within a Q-

range of 0.5 to 6.2 Å
−1

. The detector was positioned asymmetrically relative
to the direct beam such that the Q-range was extended in the upwards direc-
tion (in the direction η = 0, cf Fig. 1). The beam stop shadowed for a region
of the image; we use a software mask to disregard the signal from this region.



Springer Nature 2021 LATEX template

4 Multiscale characterisation

Fig. 1 Schematic diagram showing the high-energy X-ray diffraction setup used in the
experiment. The sample was fixed in the stress rig at the side facing the detector, which
is contrary to the schematic. An optical video sensor was mounted at an angle to capture
optical images of the position of the sample during straining. The image on the 2D detector
is an example of raw data with indication of zero points of the polar coordinates (s,η) used.

The material of choice was PE, acquired from Carlson & Möller, Helsing-
borg. The degree of crystallinity was determined using differential scanning
calorimeter (DSC) Discovery from TA Instruments, USA. The specimens were
exposed to heating/cooling at a rate of 10 ◦C min−1 in nitrogen atmosphere.
The DSC measurement was repeated three times and results were averaged
to give a final crystallinity of 50.1 ± 0.5%.The density was determined using
a pycnometer bottle and liquid immersion to be 0.922 g cm−3. The sample
was machined to a tensile test dog-bone with dimension 31mm×7mm×2.1mm
(height, width, depth); the waist of the dogbone was machined as a round
cutout 6.7 mm long and narrowing the test piece to 3.1 mm in the centre of
the cutout making the smallest cross section area of the sample 6.5mm2. The
specimen geometry is also shown in Fig. 2.

Ionising radiation is known to influence the structure of polymers, giving
rise to beam damage, see e.g. [24]. However, traditionally x-ray diffraction
experiments are performed at much lower energies with a less favourable ratio
between diffraction and absorption cross sections than in this experiment. In
many cases the beam is furthermore poly-chromatic and originates from a small
volume. The use of a high energy, monochromatic beam and a large sample
volume at BL04B2 is assumed to make beam damage of the sample negligible.
We performed a test of this assumption on a separate PE sample mounted
in the same way as in the in situ experiment. Here diffraction patterns were
continuously acquired during radiation for 2500 seconds. The acquisition time
of each pattern was 1 second. The median of 12 exposures was used for each
data point and including dead time each data point corresponds to 22 seconds
of exposure.

For the tensile straining the dogbone sample was mounted in a Linkam
TST350 thermomechanical tensile testing cell. The load stage was equipped
with a 200 N load cell and self-centring grips which assured that the applied
load was uniaxial. The load resolution of the cell was 10 mN, strain rates were
50 µm s−1 and strain resolution was specified to 1 µm.
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During the experiment, the specimen was stretched in 11 steps of 40 µm,
four steps of 120 µ m and two steps of 200µ m. Between each step the specimen
was allowed to relax for ≈ 3 minutes; the stress values determined directly
after each step has been used in the subsequent analysis. The drawing began
from an unloaded state with a distance of 7.9 mm between stress rig grips
and continued until an average elongation of 7.4% was achieved. At this point
the specimen slipped in the grips. This final point is excluded from the data
analysis, as well as the initial points until a positive stress on the sample was
achieved.

Modelling the test-geometry using a 3-dimensional finite element model, a
relation between the overall average strain, εa measured between the grips and
the average strain, εcent, in the 3 × 3−2 mm central illuminated gauges section
can be calculated. Taking an linear elastic isotropic material with E = 203 MPa
and ν = 0.46, a relation of εcent = 1.41εa is found. In addition, the centre
region will due to the constraining effect in the width direction in the notched
region, have a lower apparent Poisons ratio given by νcent = 0.34ν.

Based on the average strain in the centre part of the test-geometry and the
stresses calculated by the applied load divided by the narrow 3.1× 2.1 mm2

cross-section, the recorded macroscopic stress-strain curve is reproduced in
Fig. 2 with the strain steps indicated. A linear fit between 0% and 6.2% was
used to determine macroscopic Young’s modulus of 203 MPa in correspondence
with the typical range of LDPE of 100-350 MPa [25].

3 Data analysis scheme

The data analysis follows the procedure established in Neuefeind et al. [23]
- it is illustrated in Figs. 1 and 3. The nearly circular symmetric diffraction
patterns are parameterised with respect to polar coordinates (s,η), see Fig.
1. In this work we divided the η-range of [0 2π] into 36 segments. Hence for
i = 1...36 the i’th segment starts at ηi = (i−1) ∗ 2π/36. For each segment the
intensity distribution

I ′i(Q) =

∫ ηi+π/18

ηi

I(Q, η)dη; i = 1..36 (1)

is determined, with Q = Q(s) defined by Bragg’s law. An example of such an
intensity distribution I ′i(Q) is shown in Fig. 3.

As a part of the conversion from raw data to 1D diffraction pattern the
influence of the detector was corrected in terms of solid angle coverage and
efficiency following the methodology in van Driel et al. [26]. The sample cross
section decreases during strain according to the Poisson’s ratio of the mate-
rial leading to a decreasing diffraction interaction volume. In our analysis we
assume that this effect decreases intensity isotropically and thus uniformly
for all I ′i(Q). This assumption is valid when the sample is much larger than
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Fig. 2 The macroscopic stress-strain curve for the PE dogbone sample acquired during the
experiment. The stress data is taken from the stress sensor directly as the strain step was
reached disregarding any subsequent relaxation of stress before the next strain step. The
strain was determined from the cumulative sum of steps taken from the operational interface
since the strain from the images acquired with the optical camera had a considerably lower
measurement precision. The insert shows the PE dogbone with dimensions indicated.

the beam in both directions perpendicular to the beam direction and when
diffraction angles are small.

The diffraction pattern in Fig. 3 exhibits several distinct maxima, that we
will associate with the “crystalline” phase. Following Bunn [27] and Nishida et
al. [20] we identify the peaks (110), (200),(210) and (020) in Fig. 3 as belonging
to an orthorhombic structure, with space group 62 (Pnma). From these data
we find a = 7.24 Å and b = 4.88 Å. In comparison, Nishida et al. reported
7.4 Å and 4.9 Å for the same unit cell parameters for HDPE.

For each of these four main peaks of the “crystalline” phase and for each
I ′i(Q) the relative shift in position of the peak is determined with respect to

the unloaded situation (subscript 0): qi =
Qi−Qi,0
Qi,0

. In the small strain limit qi
is the inverse of the corresponding strain in direct space εi = −qi. We have
conservatively taken the threshold strain where this assumption holds to be
3%. To increase sensitivity, this analysis is performed by treating the unloaded
distribution in the vicinity of the peak as a correlation function. The angular
variation of the relative shifts εi thus obtained is fitted to the expression:

εi = ε11 sin2(ηi) + 2ε12 sin(ηi) cos(ηi) + ε22 cos2(ηi) i = 1..36 (2)
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Fig. 3 Data analysis procedure. The raw data shown on the detector in Fig.1 are integrated
azimuthally within 36 segments, an example of which (η = 0) is shown with the abscissa in
units of Q. Four of the peaks belong to an orthorhombic phase - these are marked according
to Miller indices.

As a result, three components of the strain tensor are determined: the axial
(ε11), tangential (ε22) and in-plane shear component (ε12). The expression
comes from regular solid mechanics definition of the nine strain components
[28]. The other strain components that are not in the plane perpendicular to
the incoming beam can be determined from an experiment where the specimen
is rotated around an axis perpendicular to the incoming beam.

To derive information on the mechanical properties we made a simple
model of the diffraction intensity for PE as comprised of contributions from an
“amorphous” phase and from the crystalline phase. As illustrated in Fig. 4 the
crystalline part is represented by the four main peaks modelled as Gaussians.
Following Monar et al. [29] in a crude approximation we model the amorphous
phase by a Gaussian distribution. The model for the amorphous phase was
fitted to the residual of the acquired pattern and the initial crystalline fit.
The crystalline fit was then refined by fitting the model to the residual of the
acquired pattern and the “amorphous” fit, and this refinement cycle was then
repeated. This gave a satisfactory fit to the acquired diffraction pattern of the
sample within the entire Q-range 1 to 3−1 Å. This decomposition scheme was
applied to the diffraction pattern acquired at each η to find the crystallinity
from

Xc−WAXS =
∑
η I

′
(110)+I

′
(200)+I

′
(020)/

∑
η I

′
total (3)



Springer Nature 2021 LATEX template

8 Multiscale characterisation

Fig. 4 Model of the diffraction pattern for the unstrained state in the Q-range 0.5 Å−1

to 3.0 Å−1. The experimental data (circles) is fitted to the sum of six Gaussian functions
(solid line). Four Gaussians represent the four peaks associated with the “crystalline” phase
(dashed lines, indexed as peaks in Fig. 3 ). Two Gaussians (dotted lines) are used for fitting
the “amorphous” phase and background.

We compared the fits at each external load step to determine the shifts
in positions of the elements. The resulting shifts as function of η were subse-
quently used to determine the three strain components for each element, cf.
Eq. 2. The shifts were found by cross-correlating the strained element with
the corresponding unstrained element. The data points for both the strained
and unstrained distributions were fitted with a smoothed spline intersect-
ing all identified data points. The resulting intensity distributions for the
strained state were cross-correlated with the unstrained reference measurement
as illustrated in Fig. 5.

The well defined maximum of the cross-correlation curve is seen to corre-
spond to the maximum position in the strained fit. We estimate the accuracy of
this shift in position to be better than twice the distance between interpolation
point, 5× 10−6 Å−1.

4 Results

4.1 Radiation damage test

As a representative result of the beam damage test, the time evolution of the
most intense peak, (110), is shown in Fig. 6. For radiation exposures substan-
tially exceeding that of the strain experiment, presented below, we saw no
correlated evolution of the position nor the amplitude of the diffraction peaks.



Springer Nature 2021 LATEX template

Multiscale characterisation 9

Fig. 5 Illustration of the cross correlation method. Experimental data for the (110) peak
for unstrained (circles) and strained (crosses) PE are fitted with splines (blue and red line,
respectively). The cross correlation between the two fits is calculated for different shift of the
strained curve relative to the origin. The result is overlaid on the plot as a dashed curve. The
dashed vertical line is a guide to the eye representing the maximum of the unstrained curve.

The measurement gives us a standard deviation of 2×10−4 for relative shift in
position and 2×10−3 for relative intensity variation. We consider these num-
bers as an upper limit on the measurement uncertainties of the experiment.
Note that the strain sensitivity may be improved by fits to the entire data set.
Moreover, as the intrinsic accuracy of the cross correlation methods is more
than an order of magnitude better, we conclude that the prime limitation on
strain sensitivity in this experiment is signal-to-noise.

In the work by Coffey et al. [24] the ratio of crystalline mass for PE is
shown to decrease in ionising radiation, whereby the peaks in the diffraction
pattern shift position and decrease in amplitude. Coffey et al. subjected 100 nm
foils of PE to radiation in an inert atmosphere with negligible changes, but in
atmospheric oxygen a significant mass conversion was catalysed. Our samples
were radiated in atmospheric conditions but the sample thickness was ≈ 2 mm
and even with the high oxygen permeability of PE the conversion process may
thus on average have been oxygen starved.

4.2 Initial texture

The as-received material was machined into a dogbone. This treatment will not
influence the texture of the material except within a surface layer thin enough
to not influence the diffraction signal from the bulk. The initial anisotropy is
thus originating from the production process. In Fig. 7 the initial anisotropy
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Fig. 6 Radiation damage test. Evolution of properties of the most intense diffraction peak,
the (110) peak at Q = 1.55 Å−1, as function of exposure time. Each data point represents
the median of the results from 12 consecutive diffraction patterns acquired in the span of
≈ 22 seconds exposure including dead time. Blue dots correspond to the position of the
peak relative to the average position. The standard deviation is 2 × 10−4. The red crosses
represent the relative amplitude of the peak. The standard deviation is 2 × 10−3.

of the crystalline peaks are shown. The anisotropic part of the intensity IA
and the average baseline intensity Ibl are determined from a fit Iη,ε0 = Ibl +
IA sin(η + η0). The relative amplitude IA/Ibl of this anisotropic part is shown
in Fig. 7. The (020) peak exhibit the stronger anisotropy being twice that of
the others. Not shown in the figure is the orientation of the initial texture.
The initial orientations of (200) is orthogonal to the other peaks and (200) is
aligned with the strain direction.

4.3 Strain evolution during tensile deformation

Initially we report on the evolution of strain within the crystalline phases. As
an example, the resulting azimuthal variation in position of the (020) peak is
shown in Fig 8 with external strain as parameter. An example of a fit of such
curves to the expression in Eq. 2 is shown in Fig. 9. The sinusoidal variation
is representative of the behaviour of all four “crystalline” peaks at all external
loads. (In both Figs. 8 and 9 data points in the azimuthal range from 115o to
155o are excluded, as the beam stop shadows the detector in this range 1).

The fit of the strain model to the data shown in Fig. 9 is seen as satisfactory.
In the remainder of the paper we shall adopt the terminology of ε‖ for the
axial strain, parallel to the direction of the applied strain, ε⊥ for the tangential

1For future reference, a beam-stop optimised for the size of the incident beam would be beneficial
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Fig. 7 The initial texture of the four crystalline peaks (blue bars). The azimuthal variation
in intensity was fitted with a sine function. Shown is the amplitude of the sine function
relative to the median intensity of the peak. To account for variations in detector efficiency
and beam polarity the anisotropy - calculated in the same way - is also shown for the
corresponding air diffraction signal (red bars).

strain in the perpendicular direction to the applied strain and ετ for the shear
strain.

We note that the residuals, shown in Fig. 9 indicate the possible existence
of an additional component to the diffraction model. We expect that a better
correction of detector linearity would reduce this residual correlation. Fur-
thermore since the beam width was only slightly smaller than the sample the
assumption of an isotropic decrease in intensity for all η could be challenged
for higher Q values.

The evolution of the resulting axial (ε‖), transverse (ε⊥) and shear (ετ )
strains, are shown in Fig. 10 for the “crystalline” peaks. We call these meso-
scopic strains as they are probed on a length scale of nanometers. We note
that all components have the sign corresponding to a tensile strain. The meso-
scopic and macroscopic strain are close to linearly correlated within the elastic
strain range studied and it is therefore reasonable to fit a slope to each of
these curves. From this we can determine the ratio εmeso

/
εmacro, where εmacro

is the macroscopic strain. We also determine the ratio ε⊥
/
ε‖ between meso-

scopic strain perpendicular and parallel to the tensile direction. (Note that we
in this experiment only had access to the perpendicular strain along the width
dimension of the tensile sample – both for the mesoscopic and macroscopic
measurements.)
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Fig. 8 Analysis of mesoscopic strain. The relative shifts in peak position of the (020) peak
are shown as function of the azimuthal angle η. The curves represent increasing external
strain (blue through red). Data in the η-range between 115◦ and 165◦ was removed due to
interference of the beam-stop with the diffraction signal.

Fig. 9 Above: relative shift in Q of (020) as a function of azimuthal angle η for a global
external strain of 6.2% (blue dots). The solid red line is a fit to the function in Eq. 2. Below:
the residual when subtracting the fitted values from the experimental data.
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Fig. 10 Mesoscopic strain components for the “crystalline” phases as a function of exter-
nal strain. The strain components ε⊥ (negative gradients and + markers), and ε‖(positive
gradient and + markers) and shear ετ (o markers) are shown with error bars corresponding
to the RMS error of a fit to Eq. 2. The dashed lines represent fits of straight lines through
(0, 0) to the data up to a strain of 3%.

Table 1 Table of mesoscopic mechanical parameters resulting from the linear fits in Fig.
10. The macroscopic value for the perpendicular strain are extracted from the optical
camera. The macroscopic value for elongation has been adjusted according to the FE
calculation in section 2.

Q d εmacro
εcent

ε⊥/ε‖
Å−1 Å

Macroscopic 0.54 ± 0.1
(110) 1.46-1.63 4.1 30.4 ± 2.1 0.74 ± 0.06
(200) 1.64-1.82 3.6 22.2 ± 1.7 0.73 ± 0.06
(210) 2.1-2.2 3.0 41.9 ± 3.4 0.72 ± 0.06
(020) 2.48-2.68 2.4 15.2 ± 1.0 0.55 ± 0.04

In Table 1 the resulting mesoscopic mechanical parameters are listed. The
uncertainties represent the 95% confidence intervals of the gradients in Fig. 10.
For the confidence interval each data point is weighed inversely proportional
to the errorbars in the same plot.

In this elastic regime the relation between mesoscopic and macroscopic
strain are for all peaks a factor between 10 to 40 in correspondence with
the notion that the elongation primarily give rise to entropic reconfiguration.
Moreover, the ratio decreases continuously with increasing Q (and there-
fore with decreasing direct space distance r). In fact an inverse relationship:
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εmeso/εmacro ∝ 1/Q describe the results well except for the peak (210). On the
other hand the response of the peaks show no obvious correlation to crystallog-
raphy. This in contrast to the classical strain response of crystalline materials
where bond strength depends on crystallography (Schmidt factors).

From the FE calculation the ratio between strain perpendicular and along
the drawing direction from geometric constraint should be 0.34 rather than the
traditional macroscopic value found from the Poisson ratio , ν = 0.46 [30].
Both values assumes an isotropic material and even with fairly high uncer-
tainty on these numbers the results indicate this is not the case. To resolve
this question, information from the depth dimension of our test specimen is
required.

We conclude that the mesoscopic mechanical response of the “crystalline”
phases is very different from that of a classical crystalline material due to the
dominant role of the softer amorphous phase. When the material is elongated,
part of the energy is absorbed in entropic reconfigurations of the polymers.
This leads to different shells in the atomic pair correlation function responding
differently, similar to the response of glasses [11]. It is however, intriguing that
(within the crystalline phase) the shells become harder with increasing average
distance r, while in the macroscopic limit, the response is soft. This is in direct
contrast to the response of glasses.

4.4 Texture evolution during tensile deformation

It is relevant to compare the strain evolution at different length scales to the
reorientation taking place at the same scales. To describe the evolution in
orientation distribution we determine the intensity of each of the four tracked
elements in the model for each of the segments defined in Eq. 1. Specifically,
the intensity distribution of an element is integrated over the Q-range defined
in Table 1. In Fig. 11 the variation with η is shown for each of the “crystalline”
peaks at the maximum external strain.

A sinusoidal behavior is observed for all peaks corresponding to a change in
intensity along and perpendicular to the external strain direction. The intensity
for peaks (110), (200) and (210) increase for η perpendicular to the strain
direction. The opposite is true for (020) where a (smaller) increase is observed
for the parallel direction. The four peaks related to the orthorhombic phase
all lie in the (hk0) plane and are consistent wrt. texture.

For each external strain level, curves similar to Fig. 11 are fitted to a sine
function

Iη,ε/Iη,ε0 = Ibl + IA sin(η + η0) (4)

We use the ratio of the amplitude to the baseline IA/Ibl as a measure of
the texture evolution. The resulting texture evolution is presented in Fig. 12,
for direct comparison with Fig. 10. The overall correlation between orientation
change and external load is seen as a manifestation of increased chain align-
ment in the “crystalline” phases. For peaks (110) and (200) we note that the
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Fig. 11 Texture for the maximal external load. The relative intensity difference between
fully strained and unstrained state for the 4 crystalline peaks is shown. The mean relative
intensity is lower for all peaks due to a decrease in sample thickness.

Fig. 12 Texture evolution. The relative amplitude of the sinosoidal variation of the inten-
sity difference compared to zero external strain as a function of the external strain. This
parameter corresponds to the shift in texture from the initial value as the polymer chains
align in the direction of external strain. Errorbars represents the RMS error of a fit to Eq. 4.
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Fig. 13 Correlation of mesoscopic strain ε and texture for peaks 1 to 4. The difference
between strain components, ε⊥ − ε‖, and the anisotropy IA/Ibl is shown.

development of texture increases with Q, and therefore is inversely related to r.
Hence, the innermost bonds appear to have more degrees of freedom to rotate.
This surprising result mimics that of the strain variation with Q, see Table 1.

In the previous work on mesoscale strain in elastomers, a linear corre-
lation was reported between the difference between the inter-chain strain
components, and the inter-chain ordering – measured by the relative intensity
difference of the first sharp diffraction peak at (η = 0◦) and (η = 90◦) [23]
This is the anisotropy IA/Ibl. The corresponding plot for the four “crystalline”
peaks of PE is shown in Fig. 13. Evidently, there is no universal curve and at
least three of the curves are clearly non-linear.

4.5 Crystallinity

The PE sample was measured with differential scanning calorimetry (DSC)
to 50.1 % in the as-recieved state. In the Q-range of 0.5 to 2.5 Å we assess
the integrated intensity of the diffraction signal for the crystalline and the
amorphous phases respectively based on the decomposition model illustrated
in Fig. 4. Determined in this way, initially the crystalline phase comprise 50.5 %
of the total material.

The evolution of this x-ray measured crystallinity ratio with the external
load is shown in Fig. 14. As expected [31] the crystalline fraction are constant
up to the end of the linear regime and afterwards decreases very slightly with
load and at a rate that is much lower than the corresponding evolution in
texture.
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Fig. 14 Evolution in crystallinity with external strain. Shown in blue is the ratio of the
integrated intensity associated with the crystalline phases and the total integrated intensity.
Shown in red is the corresponding curve for the amorphous phase. The crystalline phase
intensity is determined as the total integrated intensity of the Gaussian peak fits from the
decomposition.

4.6 Data analysis approach

The method presented offers a unique possibility for testing micro-mechanical
models of the response of thermoplasts like PE on several length scales. How-
ever, for basic research we would recommend to use an atomic model to
interpret the diffraction data and an improved data analysis pipeline, similar
to the previous work on mesoscale strain in inorganic glasses [11] and elas-
tomers [23]. Deriving direct space correlation functions and performing a PDF
analysis of the data is relevant, and would give direct information on the evo-
lution of interatomic bond-length as well as a better separation of the two
phases. Knowing the molecular structure of the two phases one can also pro-
vide more detailed and accurate models that predict the diffracted intensity
pattern. Likewise Legendre polynomials provide a better description of the
texture evolution [23].

For use in engineering, however, the present data analysis approach is well
suited: the analysis of shifts of peaks in Q-space does not require any a priori
knowledge of the molecular structure nor advanced data analysis tools (beyond
cross correlation). Hence, it seems likely that it can find application also for
less ideal instrumental settings and for unknown materials.
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4.7 Applicability of the mesoscale strains as a tool in
engineering

A motivation for this work is the perspective of using the mesoscale strains as a
local strain gauge for inspection and for interfacing with mechanical modelling.
The fact that within the external strain range studied, the response is linear
on all length scales, and for both phases implies that we can assume that
any of these probes is proportional to the “relevant” length scale for e.g. the
initiation of failure. For PE it would therefore be natural to focus on the shift
of the most intense peak. It is also noteworthy that the texture evolution is
not linear, and hence a less likely candidate as a proxy for determining the
local macroscopic strain.

The accuracy of the mesoscopic strain determination was determined to
be 5× 10−6 in the absence of signal-to-noise issues. Moreover, the uncertainty
on strain arising from a single segment was determined in section 4.1 to be
2× 10−4. There is strong evidence from strain characterisation of other mate-
rials that this error will be “quenched” when performing the joint fit to all
segments, by an amount of approximately

√
36. From this we make the ten-

tative conclusion that a sensitivity of mesoscopic strains of order 3 × 10−5 is
within reach. Using the correlation between mesoscopic and macroscopic strain
provided in table 1, the sensitivity to local macroscopic strain becomes below
10−3. This is an excellent result, that however eventually need verification by
definition and use of strain scanning standards.

As an input to a mechanical model the results presented may be insufficient
as the strain of the amorphous component is absent and not all components
were probed for the crystalline phase. We did perform a similar analysis to
that presented in sections 4.2-4.4 for the amorphous component, and found
indications of a load sharing. However, issues with the beamstop (and also a
too primitive model of S(Q) for this phase) implied that the uncertainties on
the results are too high. We are confident though, that the strain evolution of
the amorphous phase can be found from optimised experiments.

The generalisation to provision of all strain components is straight forward
and only requires repeating the study at 2 or more projections. The rele-
vant rotation is readily available at any instrument that support diffraction or
(diffraction) tomography.

4.8 Outlook

Similar to previous work on crystals and glasses, the next step is to extend the
characterisation to mapping of 2D or 3D strain fields by scanning slits [32],
wires [9], micro-channel plates [33] or coded apertures through the diffracted
signal. Such 3D maps would in a unique way facilitate comparison with 3D
micro-mechanical modelling, for guidance and validation of the models.

The prospect of application are wide ranging and includes studies of com-
posite materials to understand structural integrity and degradation, materials
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for high voltage applications to identify regions with decreased insulation capa-
bilities and soft robotics utilised in e.g prosthetics. Stress and strain fields are
hard to identify inside complex structures using conventional measurement
techniques and the challenges cover many length scales. Medico products based
on polymers often rely on build-in stresses in its application. Contrary to this
and at a larger scale, adhesive joints of cm thicknesses in wind turbine blades
can develop local damage due to build in stresses [34].

5 Conclusion

We have presented a simple analysis scheme to extract local strain components
with high accuracy from semicrystaline polymers. In the elastic strain regime
of PE we have shown that the correlation between average strain and local
mesoscopic strain is linear at all length scales.

The method simultaneously extracts the evolution of texture. For PE the
texture exhibited a nonlinear response to the externally applied strain mak-
ing it less suitable as a proxy for describing the local strain in engineering
applications.

This work also makes it clear that the mesoscopic response to the stress
field is very dependent on length scale. For polyethylene the response for (020)
was 2.1 times higher than the otherwise most prominent component the (110)
peak. To obtain quantitative measurements of the local macroscopic strain field
from this method for a certain (class of) materials it is thus necessary to have
performed a calibration experiment to understand the mesoscopic response
and to identify the most sensitive component.
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[13] Guevara-Morales, A., Figueroa-López, U.: Residual stresses in injection
molded products. Journal of Materials Science 49(13), 4399–4415 (2014).
https://doi.org/10.1007/s10853-014-8170-y

[14] Pepin, J., Gaucher, V., Rochas, C., Lefebvre, J.M.: In-situ SAXS/WAXS
investigations of the mechanically-induced phase transitions in semi-
crystalline polyamides. Polymer 175, 87–98 (2019). https://doi.org/10.
1016/J.POLYMER.2019.04.073

[15] Xiong, B., Lame, O., Chenal, J.M., Rochas, C., Seguela, R., Vigier, G.:
In-situ SAXS study of the mesoscale deformation of polyethylene in the
pre-yield strain domain: Influence of microstructure and temperature.
Polymer 55(5), 1223–1227 (2014). https://doi.org/10.1016/J.POLYMER.
2014.02.004

[16] Humbert, S., Lame, O., Chenal, J.M., Rochas, C., Vigier, G.: Small strain
behavior of polyethylene: In situ SAXS measurements. Journal of Polymer
Science Part B: Polymer Physics 48(13), 1535–1542 (2010). https://doi.
org/10.1002/POLB.22024
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Abstract

A nondestructive probe for mapping elastic strains within polymers
would be an asset for materials engineering: for validation of mechani-
cal models and for understanding damage nucleation. As a step towards
this aim we demonstrate an X-ray wide angle diffraction methodol-
ogy probing strain tensor components on mesoscopic length scales, in
the range 3-50 Å. We demonstrate its use on a 50 % semi-crystalline
polyethylene sample subjected to tensile straining up to 8.8 %. The
mesoscopic strains derived for the crystalline phase scale linearly with
the macroscopic strain, in contrast to the crystallised volume frac-
tion and the texture evolution. In the crystalline phase, the material
becomes softer and exhibit a larger degree of alignment with decreas-
ing distance in direct space. The inherent strain sensitivity is 10−5. The
prospect of 3D mapping of local strain and stress tensors is discussed.
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1 Introduction

Elastic strain plays a crucial role in the structural organisation of crystalline
specimens. Examples are the formation of nanodots in semiconductors, dis-
location structures in plastically deformed metals and the phase morphology
generated by solid-state phase transformations. In terms of engineering, con-
trol of the elastic strain is vital to increase product lifetime. X-ray and neutron
diffraction methods [1, 2] allow determination of the elastic strain tensor
non-destructively as a function of (x,y,z) position within the specimen. Fur-
thermore, using synchrotron radiation and x-ray optics, the dimension of the
X-ray beam can be varied from 10 nm to 1 mm [3–6]. This has led to the estab-
lishment of a number of methods for strain scanning on the engineering scale
[2, 7] as well as on the scale of the (embedded) grains and sub-grains [8–10].

In Poulsen et al. [11] it was demonstrated that wide angle diffraction with
hard x-rays can be used also for characterising bulk stress and strain fields in
glasses. The strain accuracy is approximately 10−4. This approach has been
used extensively for studies of inorganic glasses [12]. In these studies it is
typically found that the macroscopic response is less stiff than the atomic
next-neighbour bonds because of structural rearrangements at the scale of
4-10 Å.

To our knowledge, characterisation of strain in amorphous polymers with
diffraction methods has not been reported and even for semi-crystalline poly-
mers results are precious few. Stress characterisation is therefore largely based
on destructive techniques, or optical methods relying on changes in the refrac-
tive index with stress, both with limited applicability [13]. Several studies
[14–17] establishes that a constant relationship εlocal/εmacro between the strain
measured with SAXS and the externally applied strain exist in the pre-yield
elastic strain domain. For PE at 25oC specifically εlocal/εmacro is 0.5 even
as the crystallinity changes although the ratio changes slightly with temper-
ature and for other materials. But rather than a method for mapping local
strain the investigations are investigating the influence of straining on the
lamellae stacks and the spherulites in semicrystalline polymers to understand
the structural behaviour. The relative scarcity of non-destructive bulk inves-
tigations is remarkable, as the impact of understanding strain and stress in
polymers within materials science and engineering parallels that of crystalline
materials. As examples, polymers are extensively used as adhesive joints and
as matrix material in fibre reinforced composites, both with major applica-
tions in the aerospace, automotive and wind energy sector. Residual stresses
developed during the manufacturing process will often have undesired impact
on the mechanical performance [18, 19] such as reduction of fatigue lifetime,
distortion of shape and lower ductility.

For thermoplasts we are aware of three X-ray diffraction based stud-
ies. Nishida et al. reported strain behaviour in fibre reinforced high density
polyethylene (HDPE) using the sine-square-psi method on one diffraction peak
[20]. Hughes et al., also studied a single peak of HDPE but without an analy-
sis of the texture evolution 2011 [21]. Schneider performed a study of injection
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molded polypropylene at strains up to 800 % using both small angle and wide
angle diffraction [22].

It is characteristic of these publications that analysis schemes for strain
characterisation of classical crystalline materials were applied. However, in
contrast to metals or ceramics we lack a microscopic understanding of the
generation of strain in polymers, and even a definition. The energy absorbed
during loading is primarily transformed into entropic terms, and in a tensile
experiment the pair correlation function between atoms - which is what is
measured by wide angle x-ray scattering (WAXS) - will therefore change much
less with increasing elongation than is the case for hard materials, such as
the crystals and inorganic glasses. Moreover, the strain is likely to vary with
distance in the mesoscopic 3-50 Å range, leading to corresponding variation
of the WAXS signal with distance in reciprocal space, | ~Q |. In a semicrys-
talline polymer the process is further complicated by possible loadsharing with
the amorphous phase, and by texture evolution. As a result the measurement
of strain based on wide angle diffraction may not be linearly related to the
external load, and will depend on which mesoscopic length scale one probes.

In this article we aim to make a comprehensive study of WAXS based strain
analysis to a prototype thermoplast, of relevance for engineering: polyethy-
lene (PE). We introduce the above mentioned methodology for characterising
glasses [11, 23], and show it provides an excellent strain resolution. Using this
we study simultaneously the strain and texture evolution during an in situ
tensile experiment, as a function of mesoscopic length scale. We believe such
data is a good starting point for deriving a micromechanical model of strain
in thermoplasts. In this article, however, the focus is on elucidating if and how
x-ray diffraction can be used by engineers for mapping the strain tensor in
thermoplasts. From the strain tensor the stress tensor can be determined by
means of Hooke’s law assuming a linear elastic material response.

2 Experimental set-up

The in-situ experiment took place at beamline BL04B2 at the SPring-8 syn-
chrotron facility. A schematic of the set-up is shown in Fig. 1. The energy
of the incident radiation was 61.4 keV. The X-ray beam was monochroma-
tised and focused in the horizontal plane by means of a Si 220 bent crystal
monochromator. The samples were illuminated with a 3 × 3 mm2 beam in
transmission geometry. The acquisition time of the diffraction patterns was on
average 120 s. The area detector used was a XRD1621XN ES CT-grade detec-
tor from Perkin-Elmer (now Varex Imaging) with 2048×2048 pixels and an
active area of 409.6×409.6 mm2. With the detector positioned 329.5 mm from
the sample, the transmission set-up allowed the acquisition of data within a Q-

range of 0.5 to 6.2 Å
−1

. The detector was positioned asymmetrically relative
to the direct beam such that the Q-range was extended in the upwards direc-
tion (in the direction η = 0, cf Fig. 1). The beam stop shadowed for a region
of the image; we use a software mask to disregard the signal from this region.
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Fig. 1 Schematic diagram showing the high-energy X-ray diffraction setup used in the
experiment. The sample was fixed in the stress rig at the side facing the detector, which
is contrary to the schematic. An optical video sensor was mounted at an angle to capture
optical images of the position of the sample during straining. The image on the 2D detector
is an example of raw data with indication of zero points of the polar coordinates (s,η) used.

The material of choice was PE, acquired from Carlson & Möller, Helsing-
borg. The degree of crystallinity was determined using differential scanning
calorimeter (DSC) Discovery from TA Instruments, USA. The specimens were
exposed to heating/cooling at a rate of 10 ◦C min−1 in nitrogen atmosphere.
The DSC measurement was repeated three times and results were averaged
to give a final crystallinity of 50.1 ± 0.5%.The density was determined using
a pycnometer bottle and liquid immersion to be 0.922 g cm−3. The sample
was machined to a tensile test dog-bone with dimension 31mm×7mm×2.1mm
(height, width, depth); the waist of the dogbone was machined as a round
cutout 6.7 mm long and narrowing the test piece to 3.1 mm in the centre of
the cutout making the smallest cross section area of the sample 6.5mm2. The
specimen geometry is also shown in Fig. 2.

Ionising radiation is known to influence the structure of polymers, giving
rise to beam damage, see e.g. [24]. However, traditionally x-ray diffraction
experiments are performed at much lower energies with a less favourable ratio
between diffraction and absorption cross sections than in this experiment. In
many cases the beam is furthermore poly-chromatic and originates from a small
volume. The use of a high energy, monochromatic beam and a large sample
volume at BL04B2 is assumed to make beam damage of the sample negligible.
We performed a test of this assumption on a separate PE sample mounted
in the same way as in the in situ experiment. Here diffraction patterns were
continuously acquired during radiation for 2500 seconds. The acquisition time
of each pattern was 1 second. The median of 12 exposures was used for each
data point and including dead time each data point corresponds to 22 seconds
of exposure.

For the tensile straining the dogbone sample was mounted in a Linkam
TST350 thermomechanical tensile testing cell. The load stage was equipped
with a 200 N load cell and self-centring grips which assured that the applied
load was uniaxial. The load resolution of the cell was 10 mN, strain rates were
50 µm s−1 and strain resolution was specified to 1 µm.
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During the experiment, the specimen was stretched in 11 steps of 40 µm,
four steps of 120 µ m and two steps of 200µ m. Between each step the specimen
was allowed to relax for ≈ 3 minutes; the stress values determined directly
after each step has been used in the subsequent analysis. The drawing began
from an unloaded state with a distance of 7.9 mm between stress rig grips
and continued until an average elongation of 7.4% was achieved. At this point
the specimen slipped in the grips. This final point is excluded from the data
analysis, as well as the initial points until a positive stress on the sample was
achieved.

Modelling the test-geometry using a 3-dimensional finite element model, a
relation between the overall average strain, εa measured between the grips and
the average strain, εcent, in the 3 × 3−2 mm central illuminated gauges section
can be calculated. Taking an linear elastic isotropic material with E = 203 MPa
and ν = 0.46, a relation of εcent = 1.41εa is found. In addition, the centre
region will due to the constraining effect in the width direction in the notched
region, have a lower apparent Poisons ratio given by νcent = 0.34ν.

Based on the average strain in the centre part of the test-geometry and the
stresses calculated by the applied load divided by the narrow 3.1× 2.1 mm2

cross-section, the recorded macroscopic stress-strain curve is reproduced in
Fig. 2 with the strain steps indicated. A linear fit between 0% and 6.2% was
used to determine macroscopic Young’s modulus of 203 MPa in correspondence
with the typical range of LDPE of 100-350 MPa [25].

3 Data analysis scheme

The data analysis follows the procedure established in Neuefeind et al. [23]
- it is illustrated in Figs. 1 and 3. The nearly circular symmetric diffraction
patterns are parameterised with respect to polar coordinates (s,η), see Fig.
1. In this work we divided the η-range of [0 2π] into 36 segments. Hence for
i = 1...36 the i’th segment starts at ηi = (i−1) ∗ 2π/36. For each segment the
intensity distribution

I ′i(Q) =

∫ ηi+π/18

ηi

I(Q, η)dη; i = 1..36 (1)

is determined, with Q = Q(s) defined by Bragg’s law. An example of such an
intensity distribution I ′i(Q) is shown in Fig. 3.

As a part of the conversion from raw data to 1D diffraction pattern the
influence of the detector was corrected in terms of solid angle coverage and
efficiency following the methodology in van Driel et al. [26]. The sample cross
section decreases during strain according to the Poisson’s ratio of the mate-
rial leading to a decreasing diffraction interaction volume. In our analysis we
assume that this effect decreases intensity isotropically and thus uniformly
for all I ′i(Q). This assumption is valid when the sample is much larger than
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Fig. 2 The macroscopic stress-strain curve for the PE dogbone sample acquired during the
experiment. The stress data is taken from the stress sensor directly as the strain step was
reached disregarding any subsequent relaxation of stress before the next strain step. The
strain was determined from the cumulative sum of steps taken from the operational interface
since the strain from the images acquired with the optical camera had a considerably lower
measurement precision. The insert shows the PE dogbone with dimensions indicated.

the beam in both directions perpendicular to the beam direction and when
diffraction angles are small.

The diffraction pattern in Fig. 3 exhibits several distinct maxima, that we
will associate with the “crystalline” phase. Following Bunn [27] and Nishida et
al. [20] we identify the peaks (110), (200),(210) and (020) in Fig. 3 as belonging
to an orthorhombic structure, with space group 62 (Pnma). From these data
we find a = 7.24 Å and b = 4.88 Å. In comparison, Nishida et al. reported
7.4 Å and 4.9 Å for the same unit cell parameters for HDPE.

For each of these four main peaks of the “crystalline” phase and for each
I ′i(Q) the relative shift in position of the peak is determined with respect to

the unloaded situation (subscript 0): qi =
Qi−Qi,0
Qi,0

. In the small strain limit qi
is the inverse of the corresponding strain in direct space εi = −qi. We have
conservatively taken the threshold strain where this assumption holds to be
3%. To increase sensitivity, this analysis is performed by treating the unloaded
distribution in the vicinity of the peak as a correlation function. The angular
variation of the relative shifts εi thus obtained is fitted to the expression:

εi = ε11 sin2(ηi) + 2ε12 sin(ηi) cos(ηi) + ε22 cos2(ηi) i = 1..36 (2)
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Fig. 3 Data analysis procedure. The raw data shown on the detector in Fig.1 are integrated
azimuthally within 36 segments, an example of which (η = 0) is shown with the abscissa in
units of Q. Four of the peaks belong to an orthorhombic phase - these are marked according
to Miller indices.

As a result, three components of the strain tensor are determined: the axial
(ε11), tangential (ε22) and in-plane shear component (ε12). The expression
comes from regular solid mechanics definition of the nine strain components
[28]. The other strain components that are not in the plane perpendicular to
the incoming beam can be determined from an experiment where the specimen
is rotated around an axis perpendicular to the incoming beam.

To derive information on the mechanical properties we made a simple
model of the diffraction intensity for PE as comprised of contributions from an
“amorphous” phase and from the crystalline phase. As illustrated in Fig. 4 the
crystalline part is represented by the four main peaks modelled as Gaussians.
Following Monar et al. [29] in a crude approximation we model the amorphous
phase by a Gaussian distribution. The model for the amorphous phase was
fitted to the residual of the acquired pattern and the initial crystalline fit.
The crystalline fit was then refined by fitting the model to the residual of the
acquired pattern and the “amorphous” fit, and this refinement cycle was then
repeated. This gave a satisfactory fit to the acquired diffraction pattern of the
sample within the entire Q-range 1 to 3−1 Å. This decomposition scheme was
applied to the diffraction pattern acquired at each η to find the crystallinity
from

Xc−WAXS =
∑
η I

′
(110)+I

′
(200)+I

′
(020)/

∑
η I

′
total (3)
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Fig. 4 Model of the diffraction pattern for the unstrained state in the Q-range 0.5 Å−1

to 3.0 Å−1. The experimental data (circles) is fitted to the sum of six Gaussian functions
(solid line). Four Gaussians represent the four peaks associated with the “crystalline” phase
(dashed lines, indexed as peaks in Fig. 3 ). Two Gaussians (dotted lines) are used for fitting
the “amorphous” phase and background.

We compared the fits at each external load step to determine the shifts
in positions of the elements. The resulting shifts as function of η were subse-
quently used to determine the three strain components for each element, cf.
Eq. 2. The shifts were found by cross-correlating the strained element with
the corresponding unstrained element. The data points for both the strained
and unstrained distributions were fitted with a smoothed spline intersect-
ing all identified data points. The resulting intensity distributions for the
strained state were cross-correlated with the unstrained reference measurement
as illustrated in Fig. 5.

The well defined maximum of the cross-correlation curve is seen to corre-
spond to the maximum position in the strained fit. We estimate the accuracy of
this shift in position to be better than twice the distance between interpolation
point, 5× 10−6 Å−1.

4 Results

4.1 Radiation damage test

As a representative result of the beam damage test, the time evolution of the
most intense peak, (110), is shown in Fig. 6. For radiation exposures substan-
tially exceeding that of the strain experiment, presented below, we saw no
correlated evolution of the position nor the amplitude of the diffraction peaks.
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Fig. 5 Illustration of the cross correlation method. Experimental data for the (110) peak
for unstrained (circles) and strained (crosses) PE are fitted with splines (blue and red line,
respectively). The cross correlation between the two fits is calculated for different shift of the
strained curve relative to the origin. The result is overlaid on the plot as a dashed curve. The
dashed vertical line is a guide to the eye representing the maximum of the unstrained curve.

The measurement gives us a standard deviation of 2×10−4 for relative shift in
position and 2×10−3 for relative intensity variation. We consider these num-
bers as an upper limit on the measurement uncertainties of the experiment.
Note that the strain sensitivity may be improved by fits to the entire data set.
Moreover, as the intrinsic accuracy of the cross correlation methods is more
than an order of magnitude better, we conclude that the prime limitation on
strain sensitivity in this experiment is signal-to-noise.

In the work by Coffey et al. [24] the ratio of crystalline mass for PE is
shown to decrease in ionising radiation, whereby the peaks in the diffraction
pattern shift position and decrease in amplitude. Coffey et al. subjected 100 nm
foils of PE to radiation in an inert atmosphere with negligible changes, but in
atmospheric oxygen a significant mass conversion was catalysed. Our samples
were radiated in atmospheric conditions but the sample thickness was ≈ 2 mm
and even with the high oxygen permeability of PE the conversion process may
thus on average have been oxygen starved.

4.2 Initial texture

The as-received material was machined into a dogbone. This treatment will not
influence the texture of the material except within a surface layer thin enough
to not influence the diffraction signal from the bulk. The initial anisotropy is
thus originating from the production process. In Fig. 7 the initial anisotropy
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Fig. 6 Radiation damage test. Evolution of properties of the most intense diffraction peak,
the (110) peak at Q = 1.55 Å−1, as function of exposure time. Each data point represents
the median of the results from 12 consecutive diffraction patterns acquired in the span of
≈ 22 seconds exposure including dead time. Blue dots correspond to the position of the
peak relative to the average position. The standard deviation is 2 × 10−4. The red crosses
represent the relative amplitude of the peak. The standard deviation is 2 × 10−3.

of the crystalline peaks are shown. The anisotropic part of the intensity IA
and the average baseline intensity Ibl are determined from a fit Iη,ε0 = Ibl +
IA sin(η + η0). The relative amplitude IA/Ibl of this anisotropic part is shown
in Fig. 7. The (020) peak exhibit the stronger anisotropy being twice that of
the others. Not shown in the figure is the orientation of the initial texture.
The initial orientations of (200) is orthogonal to the other peaks and (200) is
aligned with the strain direction.

4.3 Strain evolution during tensile deformation

Initially we report on the evolution of strain within the crystalline phases. As
an example, the resulting azimuthal variation in position of the (020) peak is
shown in Fig 8 with external strain as parameter. An example of a fit of such
curves to the expression in Eq. 2 is shown in Fig. 9. The sinusoidal variation
is representative of the behaviour of all four “crystalline” peaks at all external
loads. (In both Figs. 8 and 9 data points in the azimuthal range from 115o to
155o are excluded, as the beam stop shadows the detector in this range 1).

The fit of the strain model to the data shown in Fig. 9 is seen as satisfactory.
In the remainder of the paper we shall adopt the terminology of ε‖ for the
axial strain, parallel to the direction of the applied strain, ε⊥ for the tangential

1For future reference, a beam-stop optimised for the size of the incident beam would be beneficial
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Fig. 7 The initial texture of the four crystalline peaks (blue bars). The azimuthal variation
in intensity was fitted with a sine function. Shown is the amplitude of the sine function
relative to the median intensity of the peak. To account for variations in detector efficiency
and beam polarity the anisotropy - calculated in the same way - is also shown for the
corresponding air diffraction signal (red bars).

strain in the perpendicular direction to the applied strain and ετ for the shear
strain.

We note that the residuals, shown in Fig. 9 indicate the possible existence
of an additional component to the diffraction model. We expect that a better
correction of detector linearity would reduce this residual correlation. Fur-
thermore since the beam width was only slightly smaller than the sample the
assumption of an isotropic decrease in intensity for all η could be challenged
for higher Q values.

The evolution of the resulting axial (ε‖), transverse (ε⊥) and shear (ετ )
strains, are shown in Fig. 10 for the “crystalline” peaks. We call these meso-
scopic strains as they are probed on a length scale of nanometers. We note
that all components have the sign corresponding to a tensile strain. The meso-
scopic and macroscopic strain are close to linearly correlated within the elastic
strain range studied and it is therefore reasonable to fit a slope to each of
these curves. From this we can determine the ratio εmeso

/
εmacro, where εmacro

is the macroscopic strain. We also determine the ratio ε⊥
/
ε‖ between meso-

scopic strain perpendicular and parallel to the tensile direction. (Note that we
in this experiment only had access to the perpendicular strain along the width
dimension of the tensile sample – both for the mesoscopic and macroscopic
measurements.)
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Fig. 8 Analysis of mesoscopic strain. The relative shifts in peak position of the (020) peak
are shown as function of the azimuthal angle η. The curves represent increasing external
strain (blue through red). Data in the η-range between 115◦ and 165◦ was removed due to
interference of the beam-stop with the diffraction signal.

Fig. 9 Above: relative shift in Q of (020) as a function of azimuthal angle η for a global
external strain of 6.2% (blue dots). The solid red line is a fit to the function in Eq. 2. Below:
the residual when subtracting the fitted values from the experimental data.
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Fig. 10 Mesoscopic strain components for the “crystalline” phases as a function of exter-
nal strain. The strain components ε⊥ (negative gradients and + markers), and ε‖(positive
gradient and + markers) and shear ετ (o markers) are shown with error bars corresponding
to the RMS error of a fit to Eq. 2. The dashed lines represent fits of straight lines through
(0, 0) to the data up to a strain of 3%.

Table 1 Table of mesoscopic mechanical parameters resulting from the linear fits in Fig.
10. The macroscopic value for the perpendicular strain are extracted from the optical
camera. The macroscopic value for elongation has been adjusted according to the FE
calculation in section 2.

Q d εmacro
εcent

ε⊥/ε‖
Å−1 Å

Macroscopic 0.54 ± 0.1
(110) 1.46-1.63 4.1 30.4 ± 2.1 0.74 ± 0.06
(200) 1.64-1.82 3.6 22.2 ± 1.7 0.73 ± 0.06
(210) 2.1-2.2 3.0 41.9 ± 3.4 0.72 ± 0.06
(020) 2.48-2.68 2.4 15.2 ± 1.0 0.55 ± 0.04

In Table 1 the resulting mesoscopic mechanical parameters are listed. The
uncertainties represent the 95% confidence intervals of the gradients in Fig. 10.
For the confidence interval each data point is weighed inversely proportional
to the errorbars in the same plot.

In this elastic regime the relation between mesoscopic and macroscopic
strain are for all peaks a factor between 10 to 40 in correspondence with
the notion that the elongation primarily give rise to entropic reconfiguration.
Moreover, the ratio decreases continuously with increasing Q (and there-
fore with decreasing direct space distance r). In fact an inverse relationship:
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εmeso/εmacro ∝ 1/Q describe the results well except for the peak (210). On the
other hand the response of the peaks show no obvious correlation to crystallog-
raphy. This in contrast to the classical strain response of crystalline materials
where bond strength depends on crystallography (Schmidt factors).

From the FE calculation the ratio between strain perpendicular and along
the drawing direction from geometric constraint should be 0.34 rather than the
traditional macroscopic value found from the Poisson ratio , ν = 0.46 [30].
Both values assumes an isotropic material and even with fairly high uncer-
tainty on these numbers the results indicate this is not the case. To resolve
this question, information from the depth dimension of our test specimen is
required.

We conclude that the mesoscopic mechanical response of the “crystalline”
phases is very different from that of a classical crystalline material due to the
dominant role of the softer amorphous phase. When the material is elongated,
part of the energy is absorbed in entropic reconfigurations of the polymers.
This leads to different shells in the atomic pair correlation function responding
differently, similar to the response of glasses [11]. It is however, intriguing that
(within the crystalline phase) the shells become harder with increasing average
distance r, while in the macroscopic limit, the response is soft. This is in direct
contrast to the response of glasses.

4.4 Texture evolution during tensile deformation

It is relevant to compare the strain evolution at different length scales to the
reorientation taking place at the same scales. To describe the evolution in
orientation distribution we determine the intensity of each of the four tracked
elements in the model for each of the segments defined in Eq. 1. Specifically,
the intensity distribution of an element is integrated over the Q-range defined
in Table 1. In Fig. 11 the variation with η is shown for each of the “crystalline”
peaks at the maximum external strain.

A sinusoidal behavior is observed for all peaks corresponding to a change in
intensity along and perpendicular to the external strain direction. The intensity
for peaks (110), (200) and (210) increase for η perpendicular to the strain
direction. The opposite is true for (020) where a (smaller) increase is observed
for the parallel direction. The four peaks related to the orthorhombic phase
all lie in the (hk0) plane and are consistent wrt. texture.

For each external strain level, curves similar to Fig. 11 are fitted to a sine
function

Iη,ε/Iη,ε0 = Ibl + IA sin(η + η0) (4)

We use the ratio of the amplitude to the baseline IA/Ibl as a measure of
the texture evolution. The resulting texture evolution is presented in Fig. 12,
for direct comparison with Fig. 10. The overall correlation between orientation
change and external load is seen as a manifestation of increased chain align-
ment in the “crystalline” phases. For peaks (110) and (200) we note that the



Springer Nature 2021 LATEX template

Multiscale characterisation 15

Fig. 11 Texture for the maximal external load. The relative intensity difference between
fully strained and unstrained state for the 4 crystalline peaks is shown. The mean relative
intensity is lower for all peaks due to a decrease in sample thickness.

Fig. 12 Texture evolution. The relative amplitude of the sinosoidal variation of the inten-
sity difference compared to zero external strain as a function of the external strain. This
parameter corresponds to the shift in texture from the initial value as the polymer chains
align in the direction of external strain. Errorbars represents the RMS error of a fit to Eq. 4.
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Fig. 13 Correlation of mesoscopic strain ε and texture for peaks 1 to 4. The difference
between strain components, ε⊥ − ε‖, and the anisotropy IA/Ibl is shown.

development of texture increases with Q, and therefore is inversely related to r.
Hence, the innermost bonds appear to have more degrees of freedom to rotate.
This surprising result mimics that of the strain variation with Q, see Table 1.

In the previous work on mesoscale strain in elastomers, a linear corre-
lation was reported between the difference between the inter-chain strain
components, and the inter-chain ordering – measured by the relative intensity
difference of the first sharp diffraction peak at (η = 0◦) and (η = 90◦) [23]
This is the anisotropy IA/Ibl. The corresponding plot for the four “crystalline”
peaks of PE is shown in Fig. 13. Evidently, there is no universal curve and at
least three of the curves are clearly non-linear.

4.5 Crystallinity

The PE sample was measured with differential scanning calorimetry (DSC)
to 50.1 % in the as-recieved state. In the Q-range of 0.5 to 2.5 Å we assess
the integrated intensity of the diffraction signal for the crystalline and the
amorphous phases respectively based on the decomposition model illustrated
in Fig. 4. Determined in this way, initially the crystalline phase comprise 50.5 %
of the total material.

The evolution of this x-ray measured crystallinity ratio with the external
load is shown in Fig. 14. As expected [31] the crystalline fraction are constant
up to the end of the linear regime and afterwards decreases very slightly with
load and at a rate that is much lower than the corresponding evolution in
texture.
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Fig. 14 Evolution in crystallinity with external strain. Shown in blue is the ratio of the
integrated intensity associated with the crystalline phases and the total integrated intensity.
Shown in red is the corresponding curve for the amorphous phase. The crystalline phase
intensity is determined as the total integrated intensity of the Gaussian peak fits from the
decomposition.

4.6 Data analysis approach

The method presented offers a unique possibility for testing micro-mechanical
models of the response of thermoplasts like PE on several length scales. How-
ever, for basic research we would recommend to use an atomic model to
interpret the diffraction data and an improved data analysis pipeline, similar
to the previous work on mesoscale strain in inorganic glasses [11] and elas-
tomers [23]. Deriving direct space correlation functions and performing a PDF
analysis of the data is relevant, and would give direct information on the evo-
lution of interatomic bond-length as well as a better separation of the two
phases. Knowing the molecular structure of the two phases one can also pro-
vide more detailed and accurate models that predict the diffracted intensity
pattern. Likewise Legendre polynomials provide a better description of the
texture evolution [23].

For use in engineering, however, the present data analysis approach is well
suited: the analysis of shifts of peaks in Q-space does not require any a priori
knowledge of the molecular structure nor advanced data analysis tools (beyond
cross correlation). Hence, it seems likely that it can find application also for
less ideal instrumental settings and for unknown materials.
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4.7 Applicability of the mesoscale strains as a tool in
engineering

A motivation for this work is the perspective of using the mesoscale strains as a
local strain gauge for inspection and for interfacing with mechanical modelling.
The fact that within the external strain range studied, the response is linear
on all length scales, and for both phases implies that we can assume that
any of these probes is proportional to the “relevant” length scale for e.g. the
initiation of failure. For PE it would therefore be natural to focus on the shift
of the most intense peak. It is also noteworthy that the texture evolution is
not linear, and hence a less likely candidate as a proxy for determining the
local macroscopic strain.

The accuracy of the mesoscopic strain determination was determined to
be 5× 10−6 in the absence of signal-to-noise issues. Moreover, the uncertainty
on strain arising from a single segment was determined in section 4.1 to be
2× 10−4. There is strong evidence from strain characterisation of other mate-
rials that this error will be “quenched” when performing the joint fit to all
segments, by an amount of approximately

√
36. From this we make the ten-

tative conclusion that a sensitivity of mesoscopic strains of order 3 × 10−5 is
within reach. Using the correlation between mesoscopic and macroscopic strain
provided in table 1, the sensitivity to local macroscopic strain becomes below
10−3. This is an excellent result, that however eventually need verification by
definition and use of strain scanning standards.

As an input to a mechanical model the results presented may be insufficient
as the strain of the amorphous component is absent and not all components
were probed for the crystalline phase. We did perform a similar analysis to
that presented in sections 4.2-4.4 for the amorphous component, and found
indications of a load sharing. However, issues with the beamstop (and also a
too primitive model of S(Q) for this phase) implied that the uncertainties on
the results are too high. We are confident though, that the strain evolution of
the amorphous phase can be found from optimised experiments.

The generalisation to provision of all strain components is straight forward
and only requires repeating the study at 2 or more projections. The rele-
vant rotation is readily available at any instrument that support diffraction or
(diffraction) tomography.

4.8 Outlook

Similar to previous work on crystals and glasses, the next step is to extend the
characterisation to mapping of 2D or 3D strain fields by scanning slits [32],
wires [9], micro-channel plates [33] or coded apertures through the diffracted
signal. Such 3D maps would in a unique way facilitate comparison with 3D
micro-mechanical modelling, for guidance and validation of the models.

The prospect of application are wide ranging and includes studies of com-
posite materials to understand structural integrity and degradation, materials
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for high voltage applications to identify regions with decreased insulation capa-
bilities and soft robotics utilised in e.g prosthetics. Stress and strain fields are
hard to identify inside complex structures using conventional measurement
techniques and the challenges cover many length scales. Medico products based
on polymers often rely on build-in stresses in its application. Contrary to this
and at a larger scale, adhesive joints of cm thicknesses in wind turbine blades
can develop local damage due to build in stresses [34].

5 Conclusion

We have presented a simple analysis scheme to extract local strain components
with high accuracy from semicrystaline polymers. In the elastic strain regime
of PE we have shown that the correlation between average strain and local
mesoscopic strain is linear at all length scales.

The method simultaneously extracts the evolution of texture. For PE the
texture exhibited a nonlinear response to the externally applied strain mak-
ing it less suitable as a proxy for describing the local strain in engineering
applications.

This work also makes it clear that the mesoscopic response to the stress
field is very dependent on length scale. For polyethylene the response for (020)
was 2.1 times higher than the otherwise most prominent component the (110)
peak. To obtain quantitative measurements of the local macroscopic strain field
from this method for a certain (class of) materials it is thus necessary to have
performed a calibration experiment to understand the mesoscopic response
and to identify the most sensitive component.
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