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Time-resolved x-ray diffraction techniques for bulk polycrystalline materials

under dynamic loading
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We have developed two techniques for time-resolved x-ray diffraction from bulk polycrystalline ma-
terials during dynamic loading. In the first technique, we synchronize a fast detector with loading
of samples at strain rates of ~10°~10* s~ in a compression Kolsky bar (split Hopkinson pressure
bar) apparatus to obtain in situ diffraction patterns with exposures as short as 70 ns. This approach
employs moderate x-ray energies (10-20 keV) and is well suited to weakly absorbing materials
such as magnesium alloys. The second technique is useful for more strongly absorbing materials,
and uses high-energy x-rays (86 keV) and a fast shutter synchronized with the Kolsky bar to pro-
duce short (~40 us) pulses timed with the arrival of the strain pulse at the specimen, recording the
diffraction pattern on a large-format amorphous silicon detector. For both techniques we present
sample data demonstrating the ability of these techniques to characterize elastic strains and poly-
crystalline texture as a function of time during high-rate deformation. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4893881]

I. INTRODUCTION

The response of materials to high-strain-rate mechanical
deformation is of interest in many fields including the auto-
motive, aerospace, and defense industries. The compression
Kolsky bar®” (also called the split Hopkinson pressure bar)
is commonly used to study the stress-strain behavior of ma-
terials over strain rates of ~10°~10° s~!. Information about
structural evolution in these experiments is usually inferred
from the starting and ending microstructures, or by perform-
ing recovery experiments at various levels of strain. However,
post-mortem microstructures may be different from the non-
equilibrated structures present during the dynamic event.

Time-resolved x-ray diffraction can provide important
insights into the evolution of the structure of a material during
dynamic loading, such as the elastic strains in individual
phases, crystallographic texture, and the development of new
(possibly metastable) phases. Earlier work demonstrated the
utility of x-ray diffraction studies of single crystals under
shock loading.®~!* In this paper, we describe two techniques
for obtaining structural information via x-ray diffraction from
polycrystalline materials during dynamic deformation at
strain rates of ~10° s~!. Diffraction provides complementary
information to imaging, which has previously been used to
track damage evolution at similar strain rates.'*

Our two techniques take different approaches to achiev-
ing the microsecond-scale temporal resolution necessary for
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in situ studies during dynamic loading in a Kolsky bar test,
which has a typical duration of ~100 us for studies of ductile
metals. The most straightforward approach is to use an x-ray
detector capable of recording multiple frames with integration
times on the microsecond scale, such as the Keck pixel array
detector (PAD) developed at Cornell University.!> The x-ray
absorption in the silicon detection layer used in this PAD is
directly related to the x-ray sensitivity of the detector, which
falls quickly for x-ray energies above 25 keV. High energies
are desirable, however, for studies of strongly absorbing ma-
terials and for bulk specimens (~mm thickness) in general.
For such cases, we use a different approach to temporal res-
olution in which we produce a short pulse of x-rays using a
high-speed shutter and record the diffraction pattern onto a
detector slower than the Keck PAD but with better sensitivity
to high-energy x-rays. In this case, we can only record one
diffraction pattern per experiment and must build up a picture
of the evolution of the structure during loading from separate
experiments on multiple, nominally identical specimens.

Il. FAST DETECTOR TECHNIQUE
A. Experimental setup

Figure 1(a) shows a schematic of the experiment in which
we used a fast Keck PAD for temporal resolution. We con-
ducted these experiments in hutch G3 at the Cornell High

© 2014 AIP Publishing LLC
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FIG. 1. (a) Experimental setup used for fast detector experiments, showing
scattering in a vertical plane and the scattering vector transverse to the load-
ing axis. Strain gauges 1 and 2 were used to extract stress-strain data; strain
gauge 3 was used to trigger the PAD. (b) Timing signals for the fast detector
experiments.

Energy Synchrotron Source (CHESS) using a I mm x 1 mm
beam of 10 keV x-rays. We used a multilayer monochroma-
tor which produced a relatively broad bandpass beam (AE/E
~ 2%) with a flux of approximately 2 x 10'* phs~! mm~2.

We positioned a Kolsky bar (with 3 mm diameter alu-
minum bars) in the incident beam. For most of our experi-
ments, the incident beam was normal to the bar and the detec-
tor rotated in a vertical plane about the loading axis (i.e., the
x axis in Figure 1), so that the scattering plane was vertical
and the scattering vector ¢ perpendicular to the loading direc-
tion. In this geometry the structural information comes from
scattering planes parallel to the loading direction. For some
experiments we rotated the bar and detector about a vertical
axis (the z axis in Figure 1(a)), making the scattering plane
horizontal and choosing the incident and scattering angles so
that the scattering vector was parallel to the loading direction;
in this geometry the scattering planes were perpendicular to
the loading direction.

The samples tested in these experiments were magne-
sium alloy AZ31 with a typical grain size of 3 um produced
by equal-channel angular extrusion. We cut samples from the
extruded ingots by electric discharge machining (EDM) and
mechanically polished them into ~0.6 x 1 x 1.5 mm right
rectangular prisms with loading surfaces polished to a finish
of 5 um. Samples were loaded along the 1.5 mm direction and
x-rays were transmitted through the 0.6 mm direction to min-
imize clipping of the x-ray beam by the bars and to maximize
X-ray transmission, respectively.

B. Detector and timing

The detector used for these experiments was based on
analog pixel array detector chips with a minimum integration
time of 150 ns or less."” Each chip consists of a 128 x 128
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array of 150 um pixels. We assembled a 2 x 3 array of in-
dividual PAD chips to produce a detector with a total area
of 57.6 x 38.4 mm, which covered an azimuthal angle range
of ~48° in our experimental setup. The PAD can store eight
frames before readout, so it was necessary to trigger the de-
tector at an appropriate time relative to the arrival of the strain
pulse at the specimen. We did this by placing a semiconductor
strain gage (strain gauge 3 in Fig. 1) near the end of the input
bar close to the projectile; the rise in signal from this strain
gage triggered a delay generator which in turn triggered the
Keck PAD via a transistor-transistor logic (TTL) pulse after a
suitable delay (based on the speed of sound in the incident bar
and the distance from strain gage to specimen). By appropri-
ate choices of delay time, integration time, and time between
frames we were able to capture diffraction patterns during the
entire course of deformation or during any portion of inter-
est. In various experiments we used integration times ranging
from the shortest possible with this detector (150 ns) to ap-
proximately 10 us.

Timing experiments on the microsecond scale require at-
tention to the pulsed nature of synchrotron radiation. During
these experiments the positron bunch structure in the Cor-
nell Electron Storage Ring (CESR) consisted of five trains of
bunches with each train having a duration of 70 ns. The five
trains were equally spaced over a span of 1.19 us followed
by a 1.37 us gap, for a ring period of 2.56 us (Fig. 2). Un-
der these conditions the x-ray exposure during the time the
detector is counting can vary depending on when the integra-
tion time starts relative to the position of the bunches in the
ring. For example, a 1 us integration might occur during the
1.37 s gap, when there are no x-rays incident on the speci-
men. To avoid this we implemented an additional delay that
inhibited the detector from triggering until it received a timing
signal indicating the arrival of the first bunch in the next ring
period (Fig. 1(b)). Because we had no way to time the arrival
of the strain pulse at the specimen relative to the positions of
the positron bunches this introduced a jitter in the timing
of the first diffraction pattern of up to 2.56 us (correspond-
ing to the worst-case scenario where the detector has to wait a
full ring period before beginning counting). We also arranged
the timing so that each frame after the first occurred an inte-
gral number of ring periods after the preceding frame. In this
way we were able to ensure consistent x-ray exposures for
each frame.

1.19 ps

A
210ns§_

70 ns positron
train

1.37 ps

FIG. 2. The bunch structure for the fast detector experiments consisted of
five 70 ns positron trains separated by 210 ns, with an overall ring period of
2.56 us.
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FIG. 3. True stress-true strain curve of AZ31 magnesium alloy overlayed
with Keck PAD signal indicating the start of data collection by the x-ray
detector.

C. Sample data

Figure 3 shows a stress-strain curve obtained at CHESS
along with the times over which each diffraction pattern was
collected. The exposure time for these patterns was 3.75 us,
corresponding to two 2.56 s ring periods minus the trailing
1.37 us gap. After background subtraction, we azimuthally
integrated the powder diffraction data from the Keck PAD
to produce plots of scattered intensity vs. scattering vector
magnitude ¢ = 4msin6/X, as shown in Fig. 4 for data col-
lected with g transverse to the loading direction. The {1010},
{0002}, and {1011} peaks from Mg are clearly defined, and
we are able to track changes in peak position and peak area for
all three. In particular the decrease in intensity of the {0002}
peak intensity coupled with the increase in the {1010} peak
is suggestive of deformation by {1012}(1011) twinning of
magnesium. '®

Figure 5 shows examples of data collected with the short-
est exposure attempted, a 150 ns integration time synchro-
nized to coincide with a single 70 ns positron bunch train
(Fig. 2). As expected, the signal-to-noise ratio is poorer than
for the longer exposures in Fig. 4, but, due to the pulsed syn-
chrotron source, the x-ray intensity only drops by a factor of
10 between the two data sets while the temporal resolution is
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FIG. 4. Plots of integrated intensity vs. scattering vector for the {1010},
{0002}, and {1011} planes of AZ31 corresponding to the stress-strain curve
in Figure 3, with exposure times of 3.75 us.
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FIG. 5. Example data collected with experimental parameters similar to
those used in Figure 4 but with exposure times of 70 ns.

increased by a factor of 50. The {1010} and {1011} diffraction
peaks are still clearly discernible and changes in the peak area
are apparent. The absence of the {0002} peak is probably due
to the initial crystallographic texture of the specific specimen
being tested.

lll. CONSIDERATIONS IN EXPERIMENTAL DESIGN

When designing in situ diffraction experiments it is use-
ful to be able to estimate the expected signal given the ex-
perimental configuration and samples to be studied. This can
guide the selection of the x-ray energy or other experimen-
tal parameters, and even help one decide whether a contem-
plated experiment is feasible. For powder x-ray diffraction ex-
periments one important and easily calculated quantity is the
integrated intensity from the {hkl} planes,

2 2 3
— @ry PAF, a0h"my,

v2.87 L sin® @ cos O

x (1 — ADA gz AxAr, (1)

where @ is the incident beam flux (phs™'mm™2), r, is the

classical radius of an electron (2.82 x 10~'> m), P is the po-
larization factor (=1 for scattering in the vertical plane at a
synchrotron), A, is the absorption factor for the sample (dis-
cussed below), F,, is the structure factor, A is the x-ray wave-
length, v, is the volume of the unit cell, m,,, is the multiplic-
ity of the {hkl} planes, L is the sample-to-detector distance, 6
is one-half of the scattering angle, (1 — A,) is the efficiency
of the detector (discussed below), A,;. is the absorption factor
for x-rays in air (from the sample to detector, for instance), Ax
is the size of a pixel on the detector, and At is the integration
time. Note that I represents the intensity of the peak integrated
along g (transverse to a powder ring, analogous to integrating
over 20 for a conventional diffraction pattern) while Ax is the
pixel size in the transverse direction (i.e., around a ring).

For our experimental geometry in which the incident
beam is normal to the sides of a flat planparallel specimen
the absorption factor is!’

ut(l — sec26)
explut(l —sec20)] — 1’

As = Abeamt eXp(_HJ) (2)
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where A, ..., is the cross-sectional area of the incident x-ray
beam, ¢ is the specimen thickness, and u is the linear absorp-
tion coefficient of the specimen.

The two parameters in Egs. (1) and (2) most directly un-
der the control of the experimenter are the x-ray wavelength
and the sample thickness. It is easily shown!” that the opti-
mal thickness of a sample for a transmission diffraction ex-
periment is 1/u. For in situ loading experiments the optimal
thickness must be balanced against the needs of the loading
apparatus; in the case of Kolsky-type experiments samples
with thickness ~1 mm for a length along the compression di-
rection of ~0.6 mm (to maintain an aspect ratio I/d ~0.5-1)
are fairly routine. Thinner samples are possible but pose in-
creasing difficulties, with a practical limit of about 0.5 mm
for routine experiments.

For the magnesium specimens discussed above and
10 keV x-rays, 1/u = 0.28 mm so our 0.6 mm specimens were
thicker than would be optimal for the x-ray experiments, but
this less-than-ideal thickness kept the specimens at an accept-
able aspect ratio for the Kolsky bar experiments. Magnesium
is among the lightest metals, though, and it is clear that studies
of heavier elements would be infeasible at this x-ray energy.
The obvious solution is to select a higher x-ray energy, but the
efficiency of the Keck PAD drops due to decreasing absorp-
tion in the detection layer. To a reasonable approximation we
can assume that any photon absorbed in the Si detection layer
is detected, so the efficiency of the detector is

1 —Ay=1-—exp(ugls), 3)

where ug; is the linear absorption coefficient for Si and fg;
= 500 pm is the thickness of the detection layer. A complete
description of the efficiency of the experiment needs to incor-
porate this factor into Eq. (1). The drop in detector efficiency
at high x-ray energies means that a different approach is re-
quired to study materials with higher atomic number that are
strongly absorbing.

IV. FAST SHUTTER TECHNIQUE

For the reasons just discussed, higher x-ray energies are
required when studying transition metals and other strongly
absorbing materials. Due to the low efficiency of the present
Keck PAD at energies above 25 keV we employed an alter-
native technique in which we achieved temporal resolution
on the microsecond scale by producing short x-ray pulses. A
similar pulsed technique has been used by us and others for
studies of irreversible transformations in materials.'®-2

We conducted these experiments at beamline 1-ID of
the Advanced Photon Source (APS) using a monochromatic
86 keV x-ray beam vertically focused to a spot size
of ~30um x 1mm together with a large-format amor-
phous silicon detector centered on the transmitted beam
(Fig. 6(a)). Both the bandpass (~0.01%) and the flux
(~10'? ph s~ mm~?) of this beam were smaller than that at
CHESS. The amorphous silicon detector is too slow (30 Hz)
to capture multiple diffraction patterns during a single test, so
to track the evolution of structure during deformation we per-
formed separate tests on multiple, nominally identical spec-
imens with different shutter delays to interrogate different
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FIG. 6. Schematic (a) and timing signals (b) for the fast detector
experiments.

times during the loading. The samples for these experiments
were Monel®-400 (Cu-Ni) fabricated by EDM into 3 x 3
x 4mm (I//d ~ 1.3) rectangular prisms with loading surfaces
polished to a 3 um finish. We used a larger Kolsky bar appa-
ratus for these specimens, with § mm diameter maraging steel
bars.

A. Timing

To produce short x-ray pulses we positioned a fast shut-
ter system'® in the incident beam upstream of the specimen.
The pulses produced using this system had a full-width at half
maximum of approximately 40 us (Fig. 7) as measured by a
p-type, intrinsic, n-type semiconductor (PIN) diode mounted
on the beam stop in the transmitted beam. In previous experi-
ments with smaller x-ray beams and lower x-ray energies the
same shutters produced pulses of <20 us (Ref. 18); the longer
pulses here are due to a combination of a larger beam (requir-
ing more time to occlude) and higher energy (which reduces
the stopping power of the tungsten blades). Even with pulses
of this length we are able to clearly observe the evolution of
the structure, as described below.
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FIG. 7. An example of the signal detected on the PIN diode (indicative of
the number of photons passing through the specimen) as a function of time,
superimposed with the incident bar strain gauge signal that was obtained
simultaneously.



093901-5 Lambert et al.

In the pulsed experiments the critical timing event is the
arrival of the strain pulse at the specimen, which must be syn-
chronized with the timing of the x-ray pulse (Fig. 6(b)). In
principle we could trigger the shutters from a strain gage sig-
nal on the incident bar, but in practice the time required to
actuate the shutters (~350 us) exceeds the time for the strain
pulse to propagate down the input bar. Instead, we triggered
the shutters off of an optical gate positioned to sense the ar-
rival of the striker bar at the input bar (Fig. 6). A similar
method, using a piezoelectric pin rather than an optical gate,
has previously been used for timing high-speed phase contrast
imaging and diffraction during dynamic loading.'* '3

Variations in velocity of the striker bar, due mostly to
variations in breech pressure between shots, make this ap-
proach less reproducible than triggering off of the strain pulse
as was done in the fast detector experiments described above.
In our trials the measured variation in striker velocity was
approximately 10%, which created an uncertainty in timing
the x-ray pulse relative to the arrival of the strain pulse at the
specimen of up to 220 us. In future experiments this may be
reduced either by using a piezoelectric pin'>'3 or possibly by
using two optical gates to measure the velocity of the striker
bar and adjust the shutter trigger delay accordingly.

For these experiments the APS storage ring was operating
in its standard 24 bunch mode with 153 ns between bunches.
With 40 us exposures, each diffraction pattern therefore inte-
grates over hundreds of bunches. Improved temporal resolu-
tion would be possible with the higher flux of a broad band-
pass beam, including the possibility of synchronization to
single bunches in the APS hybrid fill mode. This would re-
quire either an improved shutter or a high-speed beam chop-
per, or a gated detector.

B. Sample data

One advantage of the large size of the detector coupled
with the high x-ray energies (which compress the scattering
into smaller angles 26) was that we could observe complete
diffraction rings associated with {111}, {200}, and {220} re-
flections in the specimens. We calculated the strain using the
method of Wanner and Dunand.?' In this method the ring di-
ameter is determined as a function of azimuthal angle ¥ by
dividing the ring into a number of evenly spaced bins (60 in
our case) and using diametrically opposed bins to minimize
errors associated with uncertainty in the beam position. Due
to elastic strain the diffraction ring is elliptical, so the ring di-
ameter is approximated as D(y) = a + (b — a)sin? i where
a and b are constants determined by fitting this expression to
the measured D(). The semiaxes of the ring are found using
a and b to calculate the ring diameter at ¥ = 0° (the load-
ing direction) and at ¥ = 90° (the transverse direction). With
the semiaxes in the strained state known the elastic strain in
the loading and transverse directions can be calculated using
the ring diameter of the unstrained specimen.?!-??

A plot of the elastic strain in the loading direction as a
function of time for {111} planes is shown in Fig. 8. Using
the point of maximum intensity from the PIN diode signal
and the signal recorded by the strain gauges (Fig. 7), each
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FIG. 8. Measured elastic strain in the loading direction as a function of time
for {111} planes in the Monel®)-400 specimens, superimposed with pre-
dicted strain in the loading direction for grains with their {111} plane nor-
mals aligned along the loading direction, from the Kolsky bar stress-strain
data and the Kroner elasticity model.>3

diffraction pattern could be assigned a time point relative to
the onset of deformation. We note, however, that each data
point actually represents an integration over a longer period
of time. Also shown in Fig. 8 is the lattice strain as a function
of time for {111} planes with their normals along the loading
direction, calculated from the global average stress (from the
Kolsky bar strain gage data) using the diffraction elastic con-
stants for Monel®)-400 (Ref. 23). The measured strain agrees
reasonably well with the calculation, allowing for the fact that
the diffraction patterns average over a longer interval of time
(during parts of which the sample sees lower load).

Figure 9 shows an intensity map of the {111} and {200}
powder rings as a function of scattering vector magnitude g
and azimuthal angle ¥ made using a 40 us exposure taken
~107 us before the onset of deformation.>* Figure 10 shows
an intensity map of these same rings with an exposure of the
same duration taken ~32 us after the onset of deformation.
In the undeformed specimens the {111} and {200} rings
are continuous and have nearly uniform intensity, indicative
of a material that has little crystallographic texture. During
dynamic loading crystallographic texture clearly develops,
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FIG. 9. Intensity map as a function of scattering vector and azimuthal angle
on the detector for the {111} and {200} planes of Monel®-400, made using a
40 s exposure taken 107 us before the onset of deformation in the specimen.
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FIG. 10. Intensity map as a function of scattering vector and azimuthal angle
on the detector for the {111} and {200} planes of Monel(®)-400, made using
a 40 ps exposure taken 32 us after the onset of deformation in the specimen.

which appears most obviously as an increase in the intensity
of the {111} ring near ¥ = £45°, £90°, and £135°. A
similar but less pronounced variation in the {200} ring
intensity can also be observed.

V. CONCLUSIONS

The results shown here demonstrate the ability to perform
transmission x-ray diffraction on bulk metallic specimens dur-
ing dynamic loading with microsecond-scale temporal resolu-
tion. This allows for the observation of irreversible dynamic
microstructural evolution, including the evolution of lattice
strains and texture. In principle it also allows for the observa-
tion of stress- or strain-induced phase transformations during
high-strain-rate loading, including the appearance of transient
phases.

The techniques we have demonstrated here offer both
advantages and disadvantages for characterizing materials.
The fast PAD technique provides excellent temporal resolu-
tion and reliable timing and permits observation of the struc-
tural evolution of individual specimens. However, the existing
Keck PAD is relatively small (limiting the range of g space
that can be covered) and has poor sensitivity for high-energy
x-rays that are necessary to study strongly absorbing materials
such as transition metals. The fast shutter technique permits
the use of high x-ray energies to study such specimens, but
at the expense of less reliable timing and the ability to pro-
duce only one diffraction pattern per test. We anticipate that
future developments in detector technology will permit the
use of fast high-energy x-ray detectors, overcoming many of
these limitations. Specifically, the Cornell participants are ex-
ploring larger arrays of Keck PADs utilizing sensor materials
with higher atomic number for greater efficiency at high x-ray
energy.

Although to date we have only performed experiments on
samples loaded in uniaxial compression, the Kolsky bar tech-
nique has the flexibility to provide other loading conditions
such as tension, compression/shear, and pure shear. 227 We
expect, therefore, that the techniques described here can read-
ily be adapted to a wide range of loading conditions. It should
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also be possible to combine in situ diffraction with in situ ra-
diography and/or phase contrast imaging (as has previously
been done in the context of rapid phase transformations®®).
With a polychromatic x-ray beam it should be possible to ex-
amine single crystals under dynamic loading, and one might
even imagine small-angle x-ray scattering (SAXS) studies of
damage evolution.
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