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High-pressure experiments allow us to induce and control chemical reactions or synthesize materials of unique
properties. Furthermore, they are our primary means to replicate the conditions of geological processes and
thus of studying, measuring, and understanding compositions and conditions in planetary interiors or asteroid
impacts and subduction, etc. In all those experiments, time is a critical factor, as the compression rate or strain
rate defines and alters the sample environment. Until recently, most experiments have been performed with
either quasistatic strain rates, <10~> s~ in diamond anvil cell and large volume press apparatus, or at very high
strain rates, >>10° s~!, using gas gun, laser shock, and ramp compression. The work presented here focuses on
intermediate compression rates applied to hcp Zn, using the dynamic diamond anvil cell. The evolution of the
lattice parameters depends on the choice of the pressure transmitting medium. Nevertheless, at nonhydrostatic
conditions we observe a significant change in the evolution of the lattice parameter when compressed at strain
rates of 2x1072s7! or 2.7x10%s™!. At 2.7x10%s~!, the c/a ratio does not correlate with the results of slow
nonhydrostatic experiments, but its trend resembles closer with hydrostatic, quasistatic data. The deviation
indicates that strain rates of 2.7x10?s~! interfere with the otherwise predominant deformation mechanism at

quasistatic conditions.
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I. INTRODUCTION

The c¢/a ratio for an ideal hcp structure is 4/8/3 = 1.633
[1]. Zinc (Zn) is a hexagonal close-packed (hcp) metal with an
unusually large c¢/a ratio of 1.856 at ambient conditions, com-
parable only to 1.886 of cadmium [1]. The distinctive large
c/a ratio has long been a topic of debate. Despite findings
suggesting factors such as the potential dominance of specific
bonding contributions [2], e.g., bonding through hybridization
of the d bands [3-6] or alterations in the Fermi surface [1,7],
our understanding of Zn’s crystal structure, particularly its
axial ratio, remains incomplete and has prompted investiga-
tions into the behavior of Zn under compression.
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Under compression, the c¢/a ratio has been reported to
decrease, down to a value of /3 (~1.73), approximately
10 GPa. Beyond this critical threshold of c/a, further com-
pression leads to diverging trends, which appear to depend on
the degree of hydrostaticity [8]. A hydrostatic pressure trans-
mitting medium, helium (He), resulted in a continuous linear
decrease, whereas nonhydrostatic stress conditions, such as
those induced by a methanol-ethanol-water (MEW) mixture,
lead to a sudden drop in the ¢/a ratio beyond c/a: +/3 [8-10].
The discrepancies may arise from varying strain and stress
conditions during experiments, influenced by the choice of the
pressure transmitting medium (PTM) or experimental method
[11]. Prior findings by total-energy-electronic-structure calcu-
lations [12] and an experimental DAC study [11] observed a
change of the c/a ratio development between 8 to 10 GPa, at
V/Vo = 0.91-0.89. The studies by Takemura were triggered
by these and earlier investigations by Lynch and Drickamer
(1965), suggesting a significant increase in the c/a ratios at
V/Vy = 0.95 [1], a finding later corroborated by Sharma et al.
(1992) [13] at V/V = 0.94.

In recent years, interest has shifted toward identifying the
primary deformation mechanisms in hcp metals, driven by
their industrial applications [14-20] and the significance of
hcp phases in planetary sciences [21-24]. In this work, the
evolution of the ¢ and a axes is used as a parameter to
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identify and discuss changes in the deformation mechanisms
of Zn, while it is compressed in a dynamic diamond anvil
cell (ADAC) under hydrostatic and nonhydrostatic conditions.
With higher load rates, one has to find a balance of a reason-
able time resolution and data quality needed for the analysis.
Zn is subject to compression rates ranging from 2.9 GPa/s to
32.5 TPa/s, corresponding to intermediate strain rates of the
order of 1072 to 10%>s~'. The compression rate refers to the
maximum pressure change per second, while the volumetric
strain rate, hereafter strain rate, applies to the sample, describ-
ing the unit cell volume change (AV/Vy) over time (s~h. By
comparing the results under hydrostatic and nonhydrostatic
conditions, we demonstrate that the compression rate signifi-
cantly influences the evolution of the c/a ratio.

II. MATERIALS AND METHODS

Compression experiments were conducted using the dDAC
platform described by Jenei et al. [25-27] at the Extreme Con-
ditions beamline, P02.2, PETRA III, DESY [28]. Zn powder
(99.995% purity, Sigma-Aldrich/Merck: 324 930) was loaded
into 200-um-thick rhenium (Re) gaskets, which were prein-
dented to 30 um. The gaskets were placed between 300 um
culet diamonds of symmetric DACs, enabling pressures of
18-38 GPa at a piezoelectric actuator voltage of 400-600 V,
which ensured reusability of the diamond anvils after each
cycle. Ramp profiles and resulting pressures are shown in
Fig. 1. A total of four dDAC (hereafter L1ne, L2, L3ne, and
L4) were prepared, resulting in a total of eight—four initial,
and four consecutive—room temperature compression and
decompression cycles. L1y, and L3y were loaded with neon
(Ne), providing hydrostatic conditions, using the gas load-
ing system at the Extreme Conditions Science Infrastructure
(ECSI), PETRA 1III, DESY, Hamburg, Germany. L.2 and L4
were loaded without a PTM, inducing nonhydrostatic condi-
tions, Table S.I. Angle-dispersive x-ray powder diffraction
(XRD) images were collected using two LAMBDA GaAs
2M detectors [29], D; and D,. The photon energy was set to
25.6 keV and the x-ray beam was focused down to 8 (hori-
zontal) x 3 (vertical) um?> FWHM using compound reflective
lenses [28]. A Cr,0Oj3 standard (NIST SRM 647b) was used to
calibrate the detector distance, tilt and rotation and to correct
for instrumental broadening. The open source software pack-
age DIOPTAS [30] was used for data analysis and azimuthal
integration of the raw XRD data. The integrated data were
processed using a Python peak fitting routine based on the
pseudo-Voigt function along with baseline corrections, which
resulted in the determination of the lattice parameters, unit
cell volume, and microstrain. The detectors were off-centered
in respect to the incident beam position, providing angular,
20, coverages of (D) 10 — 26° and (D;) 15 — 30° for the two
detectors, respectively. This configuration enabled the detec-
tion of lattice planes (002, 100, 101, 102, 210, 103, 004, 212,
200, 201) on D, and (102, 210, 103, 004, 212, 200, 201, 104,
202) on D;, see Supplemental Material Figs. S.1 and 2 [31].
No standard calibrants, such as Au or Pt, were used in either
of the loadings to avoid overlap between their high-intensity
Bragg reflections and the low-intensity peaks of the sample
and to inhibit these calibrants from influencing the compres-
sion mechanism. Pressure was instead determined based on
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FIG. 1. The voltage applied to the piezoelectric actuator (solid
line, right axis) and corresponding pressure response (circles, left
axis) are shown as a function of time and as recorded by two
LAMBDA detectors (D; and D,). [(a), L2)] A slow, continu-
ous trapezoidal ramp profile, reaching a maximum strain rate of
2x1072s7! and [(b), L4] a steplike profile achieving a strain rate
of 2.7x10%s~!. The shadowed area highlights the interval of (1) an
increasing or high compression rate (dark-gray) and (2) decreasing
compression rate or constant load (light gray).

Vo = 30.450 (4) [10] and the Zn equation of state (EoS)
obtained by Errandonea et al. [32], Ky = 63 K = 5.6, and
Takemura [9,10], Ky = 58 K|} = 6. Despite the absence of a
calibrant, only three (D) to six (D, ) Bragg diffraction features
persisted in all individual exposures.

III. RESULTS

A summary of the conditions for the four initial com-
pression experiments is presented in Table I. Representative
batch views of the azimuthal integration as a function of time
are given in Supplemental Material Figs. S.4-S.7 [31]. Four
consecutive cycles were measured in L2 and L3y., Table
S.I. A one-to-one comparison with the initial cycles is not
possible, because the starting conditions, e.g., strain, grain
size and lattice preferred orientation (LPO) are altered by
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TABLE I. Overview of the experimental conditions of the four loaded cells, using 300 um culet diamonds with Re gaskets. Loadings with
Ne (PTM) and without to investigate hydrostatic and nonhydrostatic condition, respectively.

Sample Pyt Exposure Number of Voltage Comp rate Strain rate
Loading (PTM) (GPa) (ms) images max. (V) Type (0] @s!
Line Zn (Ne) 1.0 100 180 400 trapezoidal 3.8 GPa/s 3x1072
L2 Zn 1.7 100 150 400 trapezoidal 2.9 GPa/s 2x1072
L3ne Zn (Ne) 0.9 20 55 400 trapezoidal 40 GPa/s 3x107!
L4 Zn 2.4 1000 8 400 step 32.5 TPa/s 2.7x10?

preceding cycles. Nevertheless, the results are interesting,
providing information about the effect of multiple events and
different ramp intervals and can be found in Supplemental
Material D [31]. Figure 2 shows the lattice parameter evo-
lution as a function of pressure and V/V, during the initial
compression events at the different compression rates. In
Fig. 2(a), the a and ¢ axes show a linear decrease up to about
10 GPa, V/V, = 0.89, and the c axis compresses ~4.5x faster
than the a axis. Beyond 10 GPa, V/V; = 0.89, loadings with
compression rates < 4 GPa/s (L1n. and L2) show a slightly
faster decrease in the ¢ axis, while the a axis becomes less
compressible.

Line and L2, 3x1072s~! and 2x1072s71, respectively,
closely mimic the trend observed within MEW by Takemura
[9]. The close correlation of L1y, with the trend in MEW [9]
can be explained by the partial collapse of the gasket hole,
causing one side of the sample to come in direct contact
with the Re gasket, thus involuntarily yielding a nonhydro-
static environment. L2 represents nonhydrostatic conditions
at slow strain rates: 2x10~2s~!. In Fig. 2(b), at strain rates of
3x107!'s™!, L3y, the a axis hardening beyond 10 GPa is in-
hibited and both axes compress monotonously. The data show
a close correlation with the hydrostatic data by Takemura [8].
Interestingly, the data recorded in runs L4 and L3y, match
well with each other.

Figure 3 presents the c/a ratio of Zn as a function of
relative volume (V/Vj)) during the initial compression cycles
of L2, L3yn., and L4. We discuss the data of L1y, only in
Supplemental Material C [31], as the c¢/a ratio evolution of
Llne and L2 are very similar. The hydrostatic evolution, He
PTM, by Takemura [8] and nonhydrostatic data obtained in
L2, collected at slow, intermediate strain rates, 2x 102 s,
show a consistent c¢/a ratio evolution up to 10 GPa, down
to a ¢/a ratio of &~ +/3. Beyond 10 GPa, the ¢/a ratio un-
der nonhydrostatic conditions decreases faster and the trend
shows close similarity to the MEW PTM data by Takemura
[9]. In contrast, the data beyond 16 GPa, collected across the
constant load interval of hydrostatic L3y, with intermediate
strain rates of 3x 107! s~!, match with the hydrostatic He
PTM data by Takemura [8]. However, in between the 8 to
16 GPa interval, our data show increased c/a ratios, only
partially comparable to previous findings by Errandonea et al.
[32] at 300 K, whom used a NaCl PTM. L4, exhibiting strain
rates of 2.7x10%s~!, deviates significantly from its slow,
nonhydrostatic counterpart, L2, 2x 1072 s~!. It is evident that
L2 records c/a ratios that are lower than previous findings
in MEW PTM [8], whereas L4 depicts c/a ratios, trending
toward observations under hydrostatic conditions.

The microstrain evolution, Fig. 4, was obtained follow-
ing the procedure by Singh ef al. [33,34], using the FWHM
of the Bragg reflections as a measure to quantify the strain
within the sample. The microstrain analysis across the com-
pression intervals is affected by peak broadening because of
the peak shift resulting from the pressure change in a XRD
image acquisition. In L2, Fig. 4(a), the development of the
microstrain is delayed compared to the pressure dependence,
proving nonhydrostatic conditions at 2x 10~2 s~!. In contrast,
L3ne, Fig. 4(b), at 3x10~!s~!, demonstrates accumulation
of microstrain almost exclusively during the first half of the
compression interval and a release thereafter. An evolution
that proves sustainment of hydrostatic conditions throughout
the entire event. The high-resolution record in each XRD
image of L2, small pressure increments of 0.1 to 0.6 GPa,
should result in an insignificant or small effect on the gen-
eral microstrain trend, yet may slightly alter the maximum.
However, most likely its effect accounts for the majority of
the variations recorded during compression of L3y, because
of larger pressure intervals of 0.2 to 2.5 GPa and also during
the decompression of L4. Consistent with previous reports,
e.g., Konopkova et al. [35], the nonhydrostatic loadings accu-
mulate higher microstrain during the event compared to those
with a PTM. We record the highest persisting microstrain:
n = 1.2x10? at fast, intermediate strain rates, 2.7x10%s~!,
L4, Fig. 4(c). However, at constant high load the c/a ratios
in L4 differ significantly from those in L2, 2x1072s~!. In
L4, we do not have the data for changes during compression
and choose longer acquisitions at constant load to investigate
a possible delay in the microstrain and pressure dependence.
In contrast to L2, where the microstrain accumulation persists
even into the decompression interval, no extended delay is ob-
served across the constant load interval of L4. Further changes
are only observed during decompression, where peak broad-
ening is induced as pressure changes during the acquisition.
In contrast to L2, the microstrain in L4 shows only a slight
decrease with the release of the load from the piezoelectric
actuator compared to the conditions at constant high load.

IV. DISCUSSION
A. The c/a ratio: +/3

We presented the meticulously resolved lattice parameter
evolution of Zn at nonhydrostatic conditions during a sin-
gle compression event, L2, at slow, intermediate strain rates
2x1072s7! and up to approximately 19.2 GPa. Takemura
[9] initially observed a singularity at c/a = +/3, which he
later revoked, using He as a PTM [8]. In 1995, the apparent
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FIG. 2. Zinc (Zn) lattice parameter ratio a/a, and c/c, as a
function of volume during the first cycle. (a) The results of Llye
and L2 are depicted as red and orange open circles and squares. The
results of Takemura [8,9], in MEW, PTM, and He are plotted as black
and gray solid lines. (b) The results of the L3y, and L4 are depicted
as blue and green open circles and squares. The orange and gray
solid lines plot the nonhydrostatic data of L2 and hydrostatic data by
Takemura [8].

singularity turned out to be a relic of the solidification and
rapid hardening of the PTM (MEW) and resulted in deviatoric
stresses at the ¢/a ratio: +/3 and the development of strain
and LPO. With the robust and highly resolved pressure depen-
dence at nonhydrostatic conditions here reported, we confirm
hardening of the a axis and increased collapse of the c axis
beyond 10 GPa and ¢/a ratio: /3. The effects of a-axis hard-
ening and c-axis collapse are stronger compared to previous
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FIG. 3. The c/a ratio of Zn across the compression and constant
load interval. The colorful circles and stars represent the results of
the initial loadings. Previous data by Takemura [8,9] are shown as a
solid (hydrostatic) and dashed (MEW PTM) gray line, while more
recent results in the DAC are plotted as black open triangles [32].

data, where the PTM, MEW, or ME (methanol-ethanol) [9]
failed to preserve hydrostatic conditions, achieving lower c¢/a
values at 19 GPa. Despite the lower c/a values at 19 GPa,
we observe a gentler initial decline beyond the ¢/a ratio: v/3
and up to 16 GPa, Fig. 3. This trend is most likely a remnant
of our measurement methodology, as our data consists of
a series of consecutive measurements during noninterrupted
ramps and do not represent quasistatic conditions after a finite
pressure increase, with the sole exception of L4. The critical
factor in our experiments is the varying time the sample has
to adapt to its environment. Its influence is obvious in L3ye.
L3ne, 3x107!s~!, shows c/a ratios matching He PTM data
[8] beyond 16 GPa, meaning at the end of the compression
event. However, the data shows higher c/a ratios between 8
to 16 GPa, which is the interval with the highest compression
rates during the initialized ramp profile.

B. Methodology

The difference in Zn lattice constant evolution, due to the
utilized PTM, has been shown by Takemura [8—10]. Never-
theless, we used Ne instead of He due to the gas loading
capabilities available to us at the time of the experiment.
Studies by Klotz et al. [36] showed that changes in stress
distribution, i.e., changes of the linewidth, should be induced
only beyond the ¢/a ratio: +/3, beyond 15 GPa for Ne and
20 GPa for He. However, as mentioned in the previous section,
the comparison of the hydrostatic results, L3y, and Takemura
[8], He PTM shows higher c/a ratios in the interval between
8 to 16 GPa and matches during the constant load interval
beyond 16 GPa, Fig. 3. While a higher c/a ratio is most
evident over the compression interval in L3y, similar results
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FIG. 4. Microstrain (detectors 1 and 2: D; and D, respectively) and pressure evolution during the initial cycle of L2 to L4. The pressure

range is based on the variance of the EoS [9,32].

are observed during Lly., 6 to 12 GPa, Fig. 3, and even
during L2 which contained no PTM, 12 to 16 GPa. The con-
sistent manifestation of this observation precludes the PTM
as the cause of those altered c/a ratios, especially since the
difference between hydrostatic and nonhydrostatic conditions
observed by Takemura persists clearly in our data. Instead,
we believe that the alteration is caused by our measurement
methodology. The data consists of a series of consecutive
measurements during noninterrupted ramps and were not col-
lected after a finite pressure increase. Our assumption finds
support in L3ye, 3x 107! s™!, where the c/a ratio difference is
more evident compared to the slow L1y and L2, 3x 1072571
or 2x 1072 57!, Recent experiments by Errandonea et al. [32]
also showed increasing c/a ratios beyond 12 GPa. The in-
crease may relate to a noninterrupted event because the data
was collected with a membrane DAC, yet it may also relate to
an altered stress distribution within the utilized solid PTMs,
NaCl or MgO. Both PTMs are soft materials commonly used
in high-temperature experiments, whereby the rising tem-
perature counteracts the increasing microstrain. However, at
ambient temperature, the equalizing relief of microstrain is
inhibited. Consequently, changes in grain size, hence grain
boundaries of the solid PTM, can alter the sample environ-
ment and the accumulation and distribution of microstrain
between soft PTM and the sample material. Thus, a direct
explanation of their cause of variation is not possible without
the methodology.

C. Deformation of zinc

L4 achieved strain rates of 2.7x10?s™! across a non-
hydrostatic 0.5 ms ramp. The recorded c/a ratio does not
match the data during slow nonhydrostatic compression in L2,
2x107%s~!. Despite the absence of a PTM, we observe c/a
ratios, which are more in line with experiments that tried to
provide hydrostatic conditions [9,11]. Yet the data shows even
higher c/a ratios, further trending to match slow, hydrostatic
measurements [8,32], Fig. 3. However, the microstrain evolu-
tion of those two loadings does not support such a similarity,

Fig. 4. In hcp metals, different deformation mechanisms are
required to deform a polycrystalline sample, depending on
the ductility and c/a ratio of the selected phase [37]. These
mechanisms have been determined by radial diffraction, de-
formation DIA experiments and are supported by viscoplastic
self-consistent polycrystal plasticity modeling or molecular
simulation/molecular dynamic first-principles density func-
tional theory (DFT-MS/MD) [38-44].

In Zn {1012}, twinning is a key element contributing to
the development of texture (LPO) [38,45], and under truly
hydrostatic strain it does not favor any specific directions
or is mostly inactive. At low pressure and strain, <10 GPa
or above the c/a > V3, {1012} twinning results in c-axis
alignment orthogonal to the compression direction while basal
slip {0002}(2110) is the main deformation mechanism [38].
Beyond 10 GPa, c/a < /3, the property of {1012} twinning
changes from compressive to tensile and the ¢ axis flips to
be parallel to the compression direction. Nevertheless, basal
slip prevails as the main deformation mechanism, whereas
tensile twinning is not as prevalent as compressive twinning
above c/a = V3 [38,45]. Close to or at c/a =~ «/3, twinning
is not observable due to the change of compression to ten-
sile activation [45]. A change of the activity of those two
mechanisms, basal slip and twinning, would explain higher
c/a ratio, as elongation and compression of the axes are
inhibited by time. In hcp metals, twinning was shown to
account for fast changes (us) at ambient temperature, whereas
stress relaxation via edge or slip dislocation requires longer
timescales (ms) [46]. Furthermore, the effect of the strain rate
on the deformation mechanisms was explored for multiple hcp
phases, e.g., Refs. [47-49], including beryllium (Be) [39,50].
Be has a higher shear resistivity compared to Zn, but both
hcp phases are brittle at ambient temperature, show the same
{1012} single twinning direction restriction, and are prone
to exhibit crack nucleation [37]. Sisneros et al. [39] per-
formed deformation at compression rates below 10°s~! and
above 10*s~!. They found that both basal slip and twinning
act to align the basal poles with the straining direction. At
higher strain rates, the twinning activity increases, resulting
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in a much faster texture evolution and beyond strain rates of
5%103s71, twinning is the most active mechanism, as indeed
basal slip seems to be inhibited by time. We observe LPO in
Figs. S. 9.1 and 9.2 [31], however, due to the nature of the fast
compression events, preventing us to rotate the cell during the
exposure, determination of the deformation mechanism within
the sample is not possible.

Furthermore, an important factor for the variance between
L3ne and L4 could also be the exposure time. In L3xe, hydro-
static, an image was collected across 20 ms, allowing us to
meticulously track the development during compression, con-
stant load, and decompression, whereas in L4, nonhydrostatic,
all high-pressure data were collected after the compres-
sion event and with 1 s exposures. The applied strain rate,
2.7x10%s~!, may have been insufficient to fully inhibit stress
relaxation and distribution via basal slip during and after the
compression event. Both processes may have lowered the c/a
ratios.

Another important property of a material is dislocation
density. With higher strain rates, dislocations within the mate-
rial increase, yet recent results by Hansen et al. [51] showed
that much higher strain rates, 108s~!, would be required to
affect the axial stress distribution behavior. It should be noted
that Ref. [51] aimed to model the deformation of single crys-
tals, hence direct correlation to multigrain or powder samples
is not possible and would require additional studies.

V. CONCLUSION

Hydrostatic and nonhydrostatic XRD data of Zn were col-
lected using the dDAC at strain rates spanning five orders
of magnitudes (1072—10%s~"), and equivalent to compres-
sion rates of &~ 2.9GPa/s —32.5TPa/s. As described by
Takemura [8-10], the c/a ratio depends strongly on the
PTM, resulting in divergent trends beyond the c/a ratio:
V3. Nevertheless, it also depends on competing deformation
mechanisms during slow or fast compression. Previous results
for beryllium [39] reported that twinning is the preferred de-
formation mechanism in hcp metals at strain rates of 103s71,
with the first observation of its influence appearing at strain
rates of 10°s~'. At lower strain rates (< 10~'s™!), basal
slip is the main deformation mechanism [38]. No data were
available for strain rates within the range of 10°—10%s7".
We observe that at nonhydrostatic conditions L4, intermediate
strain rates of the order of 2.7x10% s~! inhibit a-axis harden-
ing and a fast c-axis collapse beyond the ¢/a ratio: /3. The

c/a ratio deviates from quasistatic nonhydrostatic conditions
and trends to approach quasistatic hydrostatic data. Based on
the timescales of different deformation mechanisms [46] and
on the deformation mechanisms associated and found in hcp
phases [38—44], we propose that the change in ¢/a ratio is due
to an increasing activity of twinning at the intermediate strain
rates. To be more specific, the rapid development of twins
impedes crystal reorientation. Our findings demand further
studies, using different PTMs and a variety of compression
rates. Yet, more importantly, it is indispensable to incorporate
radial diffraction capabilities [52] to offer the means to inves-
tigate in situ the LPO and grain size evolution across the fast
compression intervals.
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