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The first study of the effect of the initial microstructure on its evolution under hydrostatic com-
pression before, during, and after the irreversible &« — w phase transformation and during pressure
release in Zr using in situ x-ray diffraction is presented. T'wo samples were studied: one is plastically
pre-deformed Zr with saturated hardness and the other is annealed. Phase transformation o — w
initiates at lower pressure for pre-deformed sample but above volume fraction of w Zr ¢ = 0.7, larger
volume fraction is observed for the annealed sample. This implies that the general theory based on
the proportionality between the athermal resistance to the transformation and the yield strength
must be essentially advanced. The crystal domain size significantly reduces, and microstrain and
dislocation density increase during loading for both a and w phases in their single-phase regions.
For the a phase, domain sizes are much smaller for prestrained Zr, while microstrain and dislo-
cation densities are much higher. For the cold-rolled sample at 5.9 GPa (just before initiation of
transformation), domain size in « Zr decreased to ~ 45nm and dislocation density increased to
1.1 x 10" lines/m?, values similar to those after severe plastic deformation under high pressure.
Despite the generally accepted concept that hydrostatic pressure does not cause plastic straining, it
does and is estimated. During transformation, the first rule was found: The average domain size,
microstrain, and dislocation density in w Zr for ¢ < 0.8 are functions of the volume fraction of w Zr
only, which are independent of the plastic strain tensor prior to transformation and pressure. The
microstructure is not inherited during phase transformation. Surprisingly, for the annealed sample,
the final dislocation density and average microstrain after pressure release in the w phase are larger
than for the severely pre-deformed sample. The significant evolution of the microstructure and its
effect on phase transformation demonstrates that their postmortem evaluation does not represent
the actual conditions during loading. A simple model for the initiation of the phase transforma-
tion involving microstrain is suggested. The results suggest that an extended experimental basis
is required for the predictive models for the combined pressure-induced phase transformations and
microstructure evolutions.

I. INTRODUCTION

It is generally accepted, starting with classical Bridgman’s work [1], and is used in all plasticity books [2, 3] that
hydrostatic loading of void-free materials does not cause plastic deformation. However, even within liquid or gas
pressure transmitting media, various defects, like dislocations, twins, grain boundaries, and their junctions, cause es-
sential local internal stresses with deviatoric/shear stress components, which may cause plastic deformations. Change
in volume and shape during phase transformation causes strong internal stresses leading to significant plasticity, which
in turn affects the phase transformation progress. Traditionally, plasticity is characterized in terms of residual (plastic
strain), but under hydrostatic conditions, the shape of a macroscopic sample should not change, thus, plasticity is
not measurable. However, the width of the x-ray diffraction (XRD) peaks broadens, and we can extract from this
broadening the dislocation density, domain size, and microstrain, and utilize them for physical (instead of geometric)
in situ characterization of plasticity under hydrostatic conditions. We are not aware of similar efforts in the existing
literature.
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A special industry produces nano-grained materials by severe plastic deformation under high pressures, and corre-
sponding basic science studies the evolution of microstructural parameters [4]. However, the individual role of plastic
straining and pressure is not clear.

It is well known that plastic deformation strongly affects phase transformations in various materials [5-12], however,
its general understanding and quantitative descriptions are still lacking. For example, the well-known hep («) to simple
hexagonal (w) phase transformation of Zr has been reported over a broad pressure range of 0.67 - 7 GPa [7, 13-19],
which shows largely scattered data from various researchers, some results are even contradictory. In comparison,
under hydrostatic loading, this PT occurs in the pressure range of 5 - 17 GPa [20-23]. It is also found for various
materials, including Zr, Ti, and Fe, that plastic straining (e.g., by hydroextrusion) prior to transformation increases
pressure hysteresis under hydrostatic loading (defined as the difference between pressures for the initiation of the
direct and reverse transformations) [7]. However, it is also reported that if transformation occurs during the plastic
straining (e.g., during plastic shearing at high pressures), then the pressure hysteresis for &« — w phase transformation
in Zr and Ti reduces down to zero [7, 13].

The early studies of the effect of plastic strain on phase transformations recognized that there are different types of
phase transformation under high pressure [5, 6], namely pressure-, stress-, and plastic strain-induced phase transfor-
mations. Both pressure-induced phase transformations under hydrostatic loading and stress-induced phase transfor-
mations under non-hydrostatic loading but below the macroscopic yield strength initiate at pre-existing defects in the
sample (e.g., dislocations and various tilt boundaries), which represent stress (pressure) concentrators. This implies
that the initiation of phase transformation should depend (in addition to the concentration of impurities [20]) on the
initial microstructure of the sample. However, initial microstructure is seldom [10, 23] characterized or reported in
high-pressure studies. This could be one of the reasons for the scattered data in the reported transformation pressure
for many materials (including Zr) by different researchers. Besides, microstructure itself may evolve even under hy-
drostatic pressures before, during, and after the phase transformations which to the best of our knowledge was never
studied in situ in literature. This should affect the PT’s progress.

Plastic strain-induced phase transformations under high pressure occur during plastic flow by nucleation at new
defects generated during plastic flow [5, 6]. They require completely different experimental characterization and
thermodynamic and kinetic treatment, e.g. as described in the four-scale theoretical approaches [11] and the most
advanced experimental measurements with rotational diamond anvil cell (DAC) on o — w phase transformation
in Zr [18]. Still, the kinetic equation for the strain-induced phase transformations contains as a parameter phase
transformation pressure under hydrostatic conditions [5, 6, 11]. Currently, the pressure for initiation of transformation
under hydrostatic conditions is used in this equation for describing experimental data [18], while it depends on the
volume fraction of the high-pressure phase ¢, microstructure, and plastic strain. This kinetics has been utilized
in the macroscopic finite element analysis of strain-induced phase transformations in rotational DAC [24-26]. Thus,
knowledge of the evolution of kinetics of volume fraction ¢ and microstructural parameters under hydrostatic conditions
with pressure p is important for the description of the strain-induced phase transformations as well.

There is a contradiction in understanding the effect of pre-existing plastic deformation on pressure-induced trans-
formation. As we mentioned, experiments in [7] report proportionality between the pressure hysteresis and material
hardness, which is varied by varying plastic strain prior to transformation. Since plastic deformation increases the
yield strength and hardness (which are related by a coefficient in the range from 0.333 to 0.386) with the plastic strain,
it should increase pressure hysteresis. Assuming equal deviation of the pressures for direct and reverse transformations
from the phase equilibrium pressure, this means that the deviation increases with increasing plastic strain. This result
was formalized in the theory for pressure- and stress-induced phase transformations in [27-30] in the form X = k and
k = Loy, where X is the thermodynamic driving force for the phase transformation, £ > 0 is the athermal resistance
to the transformation (dissipative threshold), which is proportional to the yield strength with a proportionality factor
L. It was explicitly used in [27-30] in the analytical solutions and in [31] for the finite element simulations of various
phase transformation problems. However, it is also known that dislocations serve as nucleation sites for the initiation
of phase transformation [5, 6, 32], which is confirmed by more recent phase-field simulations [33-36]. Consequently,
an increase in plastic strain increases the number of dislocations and promotes nucleation. Recent experiments [23]
on o — w phase transformation in Zr show that plastic compression by 5% and 10% prior to transformation shifts
the entire kinetic curve to lower pressures with increasing plastic strain which contradicts the expected increase in
pressure hysteresis according to [7]. This was explained by the increasing role of stress concentrators due to increasing
activation of twinning in o Zr during the plastic compression.

One more general question is whether microstructural parameters measured post-mortem after pressure release
represent those under high pressure. To address it, one needs, in particular, to study microstructure evolution during
pressure release.

With these motivations, we performed here the first in situ XRD study of the effect of the initial microstructure
(domain size, microstrain, and dislocation density) produced by severe plastic deformation and annealing, respectively,
on its evolution before, during, and after the o — w phase transformation in Zr under hydrostatic compression and
during pressure release. We follow the program presented in the viewpoint article [10] and focus on two initial states:



one is severely pre-deformed up to maximum hardness, which does not change with further plastic deformation,
and the other is annealed at 600°C. Note that studying materials with maximum saturated hardness significantly
simplified understanding of strain-induced phase transformations [18].
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FIG. 1: Vickers hardness of cold-rolled Zr sample as a function of sample thickness.
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FIG. 2: Vickers hardness of annealed Zr samples as a function of annealing temperature.

II. SAMPLE PREPARATION

The material studied here is commercially pure (99.8%) « Zr (Fe: 330 ppm; Mn: 27 ppm; Hf: 452 ppm; S: < 550
ppm; Nd: < 500 ppm) with an equiaxed grain size of 13 um. Zr samples with varying initial microstructures were
prepared from cold-rolled pure-Zr samples plastically deformed to saturated hardness. To achieve saturated hardness,
the initial sample (in the form of plate ~ 5.2 mm thick) was cold-rolled in several steps, and at each step, its Vickers



4

hardness [37] was measured using LECO LM 247AT micro-indentation hardness tester at Metallography Laboratory
at Towa State University. The saturated hardness of ~ 200HV was achieved at a final thickness of ~ 300 um (Fig.
1). Several small pieces (~ 1 x 1 cm) were then cut from this cold-rolled thin sheet. Also, the powdered sample was
prepared by the diamond filing of the sheet and subsequent grinding in mortal pastel for about 2 hours. These small
pieces of sheets along with some amount of powdered Zr sample were then annealed in several batches to different
annealing temperatures ranging from 300°C to 750°C' in an inert (Ar) environment and subsequently cooled down
to ambient temperature at a rate of 100°C per hour for each sample set. After annealing treatment, no further
material processing was done on the powdered sample and small pieces of sheets to avoid any further changes in the
microstructure and retain the same microstructure in the sheet and the powdered samples in each sample set.

III. EXPERIMENTAL METHODS
II1.1. Characterization of initial microstructure

To characterize the initial microstructure of each sample set, Vickers hardness measurements were carried out on
the small pieces, and XRD measurements were carried out on the powdered sample in each sample set. As shown in
Fig. 2, Vickers hardness drastically reduces above 400°C annealing temperature and reaches the lowest hardness at
annealing temperature above 600°C'.

The XRD measurements were carried out on the powdered Zr samples from each sample set using monochromatic
X-rays of wavelength 0.3093A at the bending magnet beamline 16-BM-D at Advanced Photon Source at Argonne
National Laboratory, USA. The measurements were carried out in transmission geometry using a focused X-ray beam
of size ~ 7pum x 6 um. Two-dimensional diffraction images were collected at Perkin Elmer flat panel detector and
were converted to one-dimensional diffraction pattern using FIT2D software [38, 39] and subsequently analyzed using
GSAS-II [40] and MAUD [41] software. For sample-detector distance calibration and deconvolution of instrumental
broadening, XRD data was recorded on the NIST standard CeO5 sample. X-ray diffraction patterns of cold rolled
and annealed samples are shown in Fig. 3. The samples annealed to 400°C and 500°C' exhibit some impurity peaks
after annealing. These diffraction patterns were analyzed to estimate the average crystalline domain size, microstrain,
and dislocation density for each sample. Details of microstructural analysis using XRD and estimation of dislocation
density are described in Appendix A. As shown in Fig. 4, the average crystalline domain size increases from ~ 60 nm
to a saturated value of ~ 300 nm at annealing temperatures above 400°C'. The average microstrain reduces nearly by
an order of magnitude from 0.0031 for the cold-rolled sample to 0.00049 for the annealed sample at 600°C. Estimated
dislocation density also reduces from ~ 6 x 10'* lines/m? to ~ 1.7 x 10'3 lines/m?.

There is some inconsistency between the hardness test studies and the microstructural results as we observed a
significant change in average crystalline domain size and dislocation density for the sample annealed at 400°C', whereas
the hardness of the sample annealed at the same temperature is comparable to that of the cold rolled sample. The
XRD measurements were carried out on powdered annealed samples, whereas hardness testing was carried out on
thin sheets of samples annealed at the same temperature. The powdered samples with a relatively larger surface area
are more prone to impurities during annealing, which is also evident from the XRD pattern, which might have led to
the discrepancy. The cold-rolled sample and the sample annealed at 600°C, however, exhibit pure « Zr phase. So,
high-pressure studies were carried out on these samples only.

I11.2. High-pressure studies

To study the effect of initial microstructure and its evolution on the high-pressure phase transition in Zr, we carried
out high-pressure hydrostatic compression experiments on the end member samples, i. e., the cold-rolled sample,
and the 600°C' annealed sample. Silicone oil was used as a pressure-transmitting medium and Cu was used as a
pressure marker. Silicone oil is as good as methanol: ethanol mixture for low pressure <20 GPa and even better
than methanol: ethanol mixture above 20 GPa [42]. Solidification of silicone oil under high pressures is not precisely
reported as the process could be gradual with pressure in this case [43]; though Klotz et al. [44] have shown a slight
increase in standard deviation in pressure in DAC at 2.5 GPa which reduced at further higher pressures, which could
be a signature of solidification. Torikachvili et al. [43] have shown that even methanol: ethanol mixture solidifies
at 6 GPa but is considered hydrostatic up to 12 GPa [44]. In the pressure range of our study, non-hydrostatic
stresses in silicone oil are negligible. Silicone oil can also be relatively easily loaded in diamond anvil cells (DAC)
due to non-volatility. For high-pressure experiments, a sample chamber was prepared by drilling a hole of diameter
~ 250 um at the center of a pre-indented steel gasket thinned down from ~ 250 um to ~ 60 um. The culet size of
diamond anvils used in high-pressure cells was ~ 500 ym. The sample was loaded along with a pressure marker and
the pressure transmitting medium in the sample chamber. Pressure at the sample was estimated using the well-known



600 oC annealed

500 0C annealed

400 oC annealed

Intensity (arbitray units)

# #
Cold rolled
~~ ~ o~
S o = a s 8388 o0 & <
s g2 g = S8Z8 2 § ¢
~ ~ Z 9 ~ ~
| | | | |
4 6 8 10 12 14 16

20(Degree)

FIG. 3: X-ray diffraction patterns of cold rolled sample and samples annealed to different temperatures. * markers
show the diffraction peaks from impurities that appeared during the annealing process and # mark indicates the
(111) and (200) diffraction peaks of Cu.

equation of state of Cu [45]. Experiments were performed in our rotational DAC [46] in compression mode because
using motorized loading in a rotational DAC system allowed much smaller controllable load steps than membrane
systems for traditional DACs at beamline 16-BM-D. Thus, XRD images were recorded in pressure steps of 0.2 GPa
to have sufficient data points across the o — w phase transformation in Zr.

IV. RESULTS AND DISCUSSION

Figs. 5 and 6 show stacked diffraction patterns of cold rolled and 600°C annealed samples at a few representative
pressures. Both samples exhibit @ — w phase transition. In both cases, the w phase does not transform back to the
« phase on the complete release of pressure.

IV.1. Equations of state

These diffraction patterns were analyzed to obtain pressure-dependent lattice parameters, phase fractions, and
microstructural evolution in each phase as a function of pressure. As can be seen in Figs. 7 the p — a, p — ¢, and
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FIG. 4: Average crystalline domain size, microstrain, and estimated dislocation density as a function of annealing
temperature.

p—V data for pressure-dependence of the lattice parameters a and ¢ and the unit cell volume V for cold-rolled sample
shows relatively lower compressibility as compared to the annealed sample for the a Zr phase. For w Zr phase, the
p—a, p—c, and p—V data (Fig. 8), are very close to each other for the cold-rolled and annealed samples within the
experimental errors. The lower linear and bulk compressibility of the cold-rolled o Zr could be due to much smaller
grain size (see below), more grain boundaries, and lower compressibility of the grain boundaries in comparison to the
bulk crystal. For w Zr, due to the irreversibility of transformation, we were able to determine all three curves during
unloading down to zero pressure, i.e., including a metastability region. During loading and unloading, the behavior
of p—a, p—rc, and p—V is very close but still with some scatter.

The 3"-order Birch-Murnaghan equation of state (BM-EOS) [47] has been fitted to the p—a, p—c and p—V data
for both a and w phases of Zr to obtain bulk and linear moduli and their pressure dependence. The obtained results
are given in Table I. Note that tensor F. = {a/ag;a/ap;c/co} characterizes an anisotropic deformation gradient
state under hydrostatic loading for hexagonal and tetragonal crystals [48]. It is utilized in [49] for finding analytical
solutions and post-processing of the heterogeneous XRD patterns in the Zr sample plastically compressed without
pressure transmitting medium and determination of the fields of stress components in the entire sample. It is now
clear that data for tensor F, for the cold-rolled Zr should be used in [49]. While the p —a, p — ¢, and p — V' behaviors
for w Zr do not significantly differ visually for the cold-rolled and annealed samples, it turns out the difference in
parameters in the Birch-Murnaghan equation is essential. This is not important in the pressure range under study
but may lead to essential differences while extrapolating to a higher pressure. To illustrate the quality of fit, the
F — f plot for both the « and the w phases for 600°C annealed and cold rolled samples are given in the appendix B.
Scatter in data in Figs. 15a, 16a, 15b, and 16b is, in particular, due to evolving microstructure and contributions of
the defects in producing non-hydrostatic stresses, which affect EOS. The larger scatter for the w phase is because of
very different microstructural parameters during pressure increase and decrease.

IV.2. Phase transformation

For cold-rolled sample with saturated hardness the @ — w phase transformation initiated at ~ 5.1 GPa and
completed at ~ 13.0 GPa, whereas for the 600°C annealed sample, phase transformation initiation and completion
pressures were ~ 5.9 GPa and ~ 10.9 GPa respectively (Fig. 9). The intersection point of curves in Fig. 9 is
at a pressure of ~ 6.6 GPa and volume fraction of w Zr of 0.7 The results suggest that large plastic straining
prior to transformation promotes multiple nucleations because of more and stronger stress concentrators (various
dislocation configurations, twins, and grain boundaries) but suppresses growth (i.e., reduces slope of the kinetic curve)
by producing more obstacles (dislocation forest, point defects, grain boundaries) for interface propagation. Reverse
phase transformation is not observed down to zero pressure for both samples, therefore the hypothesis of symmetric
hysteresis enlargement due to plastic straining cannot be tested here. However, the reduction in pressure for initiating
the direct transformation contradicts the proportionality of the pressure hysteresis and hardness suggested in [7] for
multiple materials. Consequently, general theory based on the equations k = Lo, utilized in the phase transformation
condition X = k, and analytical and numerical solutions in [27-31] must be essentially advanced. A possible reason
for this discrepancy is that results in [7] (see also more experimental detail in [51]) have been obtained in piston-
cylinder by recording force-displacement curves without in situ XRD probing. Pressure is determined by force using
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FIG. 5: High-pressure X-ray diffraction patterns of cold rolled sample at a few representative pressures. # mark
indicates the (111) and (200) diffraction peaks of Cu. Arrow marks indicate diffraction peaks of w Zr.

calibration based on known pressure for phase transformation in bismuth. Thus, nucleation of a small amount of
high-pressure phase could not be detected and the determination of pressure has significant error. Our results on
reduction in pressure for initiation of w Zr in commercially pure Zr are consistent with those for extra pure Zr in
[23] after plastic compression by 5% and 10% prior to transformation. However, in [23] the entire kinetic curve ¢(p)
is shifted to lower pressures with increasing plastic strain, i.e., there is no suppression of growth. This shows that
the effect of plastic strain is non-monotonous, i.e., the small plastic strain does not produce obstacles for growth, but
the large plastic strain, significantly reducing grain size and increasing the dislocation density, suppresses it. Also,
reduction in PT pressure in [23] is larger for straining by 5% and then reduces for straining by 10%, which is difficult to
explain from the physical point of view. However, the experiments in [23] were performed in multi-anvil apparatuses
without hydrostatic pressure-transmitting medium, i.e., in the presence of non-controllable non-hydrostatic stresses.
This may be the reason for the above result. Also, in situ evolution of the microstructure was not recorded in [23] and
pressure was estimated based on XRD measurements in an alumina piston, which is less precise than based on a Cu
marker placed in the same pressure transmitting medium like a sample, as we did here. In any case, more detailed
microstructure-related studies are required.
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FIG. 6: High-pressure X-ray diffraction patterns of 600°C annealed sample at a few representative pressures. #
mark indicates the (111) and (200) diffraction peaks of Cu. Arrow marks indicate diffraction peaks of w Zr.

IV.3. Microstructure evolution

A closer look at the diffraction images (Fig. 10) shows that the diffraction rings are relatively smooth and broad
for the cold-rolled sample as compared to the annealed sample, which suggests finer domain size in the cold-rolled
sample. For the annealed Zr the diffraction ring becomes smoother, suggesting a reduction in domain size with
pressure. Spotty data of Zr-w phase is suggestive of grain growth across phase transition (see below), in agreement

with previous experiments [20, 52].

Fig. 11 shows the results from microstructural analysis of XRD data versus pressure for both a and w Zr before,
during, and after the phase transformation. They will be analyzed in Sections IV.3.1, IV.3.2, and IV.3.4. Fig. 12
shows the same parameters in both phases across the phase transformation versus pressure, which will be discussed

in Sections IV.3.3.

Note that twinning is essentially involved in the plastic deformation of Zr [23, 53-56]. Since twins can be presented
as arrays of partial (twinning) dislocations at their interfaces, they are caught by the XRD approach as well.
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FIG. 8: Lattice parameters and unit cell volume as a function of pressure for wZr.

1V.8.1. « Zr before phase transition

For the cold-rolled sample, domain size decreases from ~ 60nm to ~ 45nm before phase transition whereas
substantial reduction in domain size D has been observed for the annealed sample from ~ 300nm to ~ 120 nm,
with a very sharp reduction between 3.5 and 5.9 GPa. Dislocation density pg in « phase increases linearly with
pressure from 6 to 11 x 10 lines/m? for the cold-rolled sample and from 0.2 to 2.1 x 10* lines/m? for the annealed
sample. Note that results for the cold-rolled sample are comparable to those in [19]. Thus, after multiple rolling,
with pg = 10%lines/m? and D = 75nm; after plastic compression with smooth anvils, immediately before initiation
of the strain-induced o — w phase transformation at 1.36 GPa, with pg = 1.26 x 10lines/m? and D = 65 nm; after
compression with rough diamond anvils, which intensify plastic flow, also just before initiation of the strain-induced
a — w transformation at 0.67 GPa, pg = 1.83 x 10*lines/m? and D = 48nm. This finding has two important
consequences for nanostructured Zr produced by severe plastic deformation at normal pressure, e.g., by rolling. (a)
High hydrostatic pressure produces further domain refinement and an increase in dislocation density similar to large
plastic deformations with increasing pressure. (b) Hydrostatic pressure allows to easily further refine grain and
increase dislocation density in « Zr, while plastic straining causes transformation to w Zr at low pressure.

The simplest Orowan’s equation for plastic shear is v, = pqbl, where b is the modulus of the Burger’s vector,
and [ is the averaged travel distance of dislocation [57]. An increase in dislocation density (assuming for simplicity
that a new dislocation loop travels by the same distance [ as already existing dislocations while forming) produces
an increment of plastic deformation. If domain boundaries are small-angle boundaries, they can be represented as
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TABLE I: Bulk modulus, linear modulus, and their pressure derivatives obtained for o and w Zr phases by fitting
Birch-Murnaghan equation of state to p— V', p — a and p — ¢ data using EOSFIT7-GUI software [50]. The estimated

standard deviation in each parameter is given in brackets.

Fitted parameters

cold rolled sample 600°C annealed sample

a Zr

Ambient unit cell volume V, (A%)
Bulk modulus K, (GPa)
Pressure derivative K,
ao (A)

Linear modulus M, (GPa)
Pressure derivative M
co (A)

Linear modulus M, (GPa)
Pressure derivative M,

46.652(0.055)
100.26(5.57)
2.03(1.21)
3.2344(0.0012)
295.90(13.63)
2.06(2.70)
5.1496(0.0029)
300.81(30.69)
21.93(8.74)

46.669(0.021)
86.90(3.21)
2.63(1.11)
3.2345(0.0005)
265.51(9.26)
4.43(3.08)
5.1510(0.0009)
248.22(11.45)
16.94(4.69)

w Zr

Ambient unit cell volume V, (A?%)
Bulk modulus K, (GPa)
Pressure derivative K,
ao (A)

Linear modulus M, (GPa)
Pressure derivative M}

o (A)

Linear modulus M, (GPa)
Pressure derivative M}

68.873(0.032)
102.61(1.64)
3.19(0.22)
5.0378(0.0007)
303.57(4.31)
8.07(0.55)
3.1336(0.0008)
315.23(9.36)
13.61(1.41)

68.711(0.022)
101.577(2.02)
3.29(0.39)
5.0328(0.0007)
299.83(6.11)
9.32(1.14)
3.1324(0.0004)
314.10(7.63)
11.25(1.54)
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FIG. 9: Volume fraction of w Zr phase as a function of pressure.

dislocation walls. When domain size reduces, the dislocation wall moves covering distance [, producing additional
plastic strains. For a rough estimate of plastic shear, let us use for the cold-rolled sample increase in dislocation density
of 5 x 101 lines/m? with [ = 50nm (intermediate domain size). Substituting these numbers along with b = 0.32nm
(using intermediate lattice parameter) in Orowan’s equation, we obtain -, = 0.80%. Similarly, for the annealed
sample, an increase in dislocation density of 1.9 x 10'* lines/m? with [ = 200 nm result in vp = 1.21%. In reality,
dislocations may annihilate and be absorbed by grain boundaries, and new dislocations are generated, moved, and
absorbed again, thus they pass domain size multiple times, and the resultant plastic shear could be much larger. Thus,
hydrostatic pressure produces essential plastic strain, which can be characterized in terms of change in pg and also
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annealed samples as a function of high pressures.

domain size. Since there is no preferred direction under hydrostatic loading, these heterogeneous shears compensate
each other and are geometrically invisible at the scale of the sample. A similar situation is for martensitic phase
transformation under hydrostatic loading or cooling/heating. While each crystal has significant transformation shear,
they compensate each other and are geometrically invisible at the scale of the polycrystalline sample. The physical
reason for plastic deformation under hydrostatic loading is that various defects (dislocations, twins, grain boundaries,
and their junctions) cause significant local internal stresses with deviatoric/shear stress components reaching the yield
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strength, which causes plastic deformations. In addition, dislocation core energy and structure, and elastic moduli
change with pressure, which may lead to redistribution of dislocation configurations, increase in dislocation density,
domain and grain refinement, etc.

The microstrain in « phase increases from 0.0031 to 0.0042 at the transition point with some saturation near the
transition point for the cold-rolled sample, and from 0.0005 to 0.0032 with some saturation and then drops to 0.0026
at the transition point for the annealed sample. We will use these data while rationalizing the phase transformation
pressures for both sample types.

IV.8.2.  Microstructure evolution in o and w Zr during phase transition versus pressure

The domain size for w phase at the initiation of phase transformation is ~ 100 nm for both cases and increases to
a maximum ~ 140nm and ~ 200nm for cold-rolled and annealed samples, respectively at ~ 8 GPa pressure (Fig.
11). Surprisingly, the initial domain size of w phase, ~ 100 nm, and the growing parts of the curves up to ~ 145nm
are independent of the plastic strain tensor prior to transformation. The initial domain size of ~ 100 nm probably
characterizes size of operational nucleus, which will grow rather than collapse [32]; it is smaller than ~ 120nm in «
phase at the initiation of the transformation for the annealed material and larger than ~ 45nm for the cold-rolled
material. Observed growth of the domain size in w Zr during phase transformation is presumably related to the
growth of the transformed regions. After reaching the maximum in D for both cases, there is a plateau followed by
monotonous domain size reduction up to the completion of the transformation.

The domain size of o Zr at the initial stage of transformation reduces for the annealed sample and increases for the
cold-rolled sample. This may indicate the different nucleation mechanisms for annealed and cold-rolled samples. There
is always quite a broad distribution of the domain sizes. Reduction of the domain size of a Zr for annealed sample
may be caused by nucleation mostly in large grains, reducing the size of the averaged o Zr domains. This corresponds
to the general trend that under hydrostatic loading, the transformation pressure for various materials increases with
the reduction of the grain size. In contrast, an increase in the domain size in « Zr for the cold-rolled sample may be
caused by transformation mostly in small grains, eliminating them from the contribution to the averaged size. This
transformation is caused by additional stress concentrators generated by severe plastic deformation.

The dislocation density in the w phase at the beginning of the transformation is much lower than in o Zr for
the cold-rolled sample and larger than in « Zr for the annealed sample. That means that dislocation structure is
not inherited during this reconstructive transformation. This may happen if moving a-w interfaces sweep away the
entire microstructure (domains and dislocations) in the « phase and new domains and dislocations are formed in
the w Zr. In the w phase, during the initial stage of phase transformation, dislocation density reduces from 2.78
to 1.4 x 10 lines/m? for the cold-rolled sample and from 2.84 to 1.39 x 10'*lines/m? for the annealed sample.
That means that it is independent of the severe plastic strain tensor prior to transformation, similar to the domain
size. Then there is a plateau for the annealed sample followed by growth, much slower than for the cold-rolled,
with 1.39 x 10 lines/m? at the end of transformation for the annealed sample versus 2.74 x 104 lines/m? for the
cold-rolled sample. This is consistent with the variation of the domain size during transformation.

During transformation, dislocation density in o phase reduces with pressure down to 7.5 x 104 lines/m? for the
cold-rolled sample and practically does not change for the annealed sample.

The microstrain in the w phase is nearly the same at the transformation initiation pressure for both cases, 0.0023 for
pre-deformed and 0.0022 for annealed samples. It reduces during phase transformation to 0.0013 for the cold-rolled
sample and 0.0017 for the annealed sample, demonstrating stress relaxation caused by transformation strain; it is not
transformation-induced plasticity, because dislocation density reduces at this stage. Then it monotonously increases
for both cases. Surprisingly, the microstrain versus pressure is practically independent of the plastic strain tensor
prior to transformation during the entire transformation. More general rule will be formulated below in terms of
volume fraction of w phase instead of pressure. In the o phase during the phase transformation, microstrain remains
the same for the annealed sample and grows in the pre-strained sample, showing that due to smaller yield strength
in the annealed sample, stress relaxation is much more pronounced than in the pre-strained sample.

1V.8.8. Microstructure evolution across the phase transformation versus volume fraction of w Zr

The evolution of all three microstructural parameters in terms of the volume fraction of w Zr (Fig. 12) looks much
more informative than versus pressure. In particular, for all three microstructural parameters in w Zr results for the
cold rolled and annealed samples are very close for ¢ < 0.8. This constitutes the following rule: The average domain
size, microstrain, and dislocation density in w Zr for ¢ < 0.8 are functions of the volume fraction of w Zr only, which
are independent of the plastic strain tensor prior to transformation and pressure.

For the a Zr, the following results have been obtained.
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annealed samples as a function of volume fraction of w Zr.

The domain size of « Zr at the initial stage of transformation reduces for the annealed sample and increases for the
cold-rolled sample. Then the domain size in « Zr remains constant through the entire transformation for the annealed
Zr and has plateaus for 0.06 < ¢ < 0.35 and 0.8 < ¢ < 1 with the growing portion between. Dislocation density for
the annealed remains constant up to ¢ = 0.71, then increases. For the cold-rolled Zr, it first reduces, then remains
approximately constant, and sharply increases toward the end of the transformation. Microstrain has roughly similar
trends for both samples, with larger values for the pre-strained sample.

1V.3.4. w Zr after completing phase transition and during pressure release

In the single w phase region, domain size reduces with pressure, continuing the curves during transformation.
Dislocation density increases to 5.6 x 1014 lines/m? for the cold-rolled sample at 15.9 GPa (the last available point
for the pre-deformed sample) and to 3.03 x 10'* lines/m? at 15.6 GPa and 4.2 x 10'*lines/m? at 19.6 GPa for
annealed sample. The microstrain increases to 0.0039 for both samples at 15.9 GPa (the last available point for the
pre-deformed sample) and continues growing to 0.0050 for the annealed sample at 19.6 GPa.

Microstructure and properties after pressure release are of paramount importance for practical applications. The
microstructural evolution for the annealed and the cold-rolled samples with increasing and decreasing pressure, shown
in Figs. 13 and 14, contains nontrivial results. On pressure release, average domain size remains nearly the same as at
the highest measured pressure, i.e., ~ 150 nm and ~ 80 nm for the annealed and the cold-rolled samples, respectively.
Such irreversibility in the domain size is of practical meaning for producing nanograined materials. While the final
domain size for the annealed sample is reduced from ~ 300nm in « phase to ~ 150nm in w phase due to high-
pressure treatment and phase transformation, for plastically pre-strained sample it increased from ~ 60nm in «
phase to ~ 80 nm in w phase.

The average microstrain and the dislocation density for the annealed sample, while remaining unchanged down
to 3.5 GPa, reduce from 5.0 to 4.2 x 103 lines/m? and from 4 to 3.4 x 104 lines/m?, respectively, after complete
pressure release. Both final values are an order of magnitude larger than for the initial a phase. Similar behavior is
observed for the dislocation density for the cold-rolled sample but with the final value in the w phase 2 times smaller
than in the initial o phase. More complex variation for the cold-rolled sample is found for the average microstrain:
it slightly reduces when the pressure drops from 15 to 11 GPa, then remains constant till 3.5 GPa, and reduces from
3.4 to 2.1 x 10 with full pressure release, which is 1.5 times smaller than for the initial o phase. Surprisingly, for
the annealed sample, the final dislocation density and average microstrain (and the domain size, which is, however,
expected) in the w phase are larger than for the severely pre-deformed sample. Thus, if the goal is to improve the
microstructure due to pressure treatment and irreversible phase transformation, it should be done on the annealed
sample for the dislocation density and average microstrain and on the severely pre-strained sample for the domain
size. Based on the obtained rules, one can easily determine from Figs. 13 and 14 the final microstructural parameters
for unloading from lower pressures. Also, one can conclude that post-mortem measurements after pressure release
give correct results for high pressures for domain sizes, slightly underestimate values of the dislocation density and
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average microstrain for the anneal sample, and strongly underestimate the dislocation density and microstrain for the
cold-rolled sample.
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All the above results demonstrate the essential and complex microstructure evolution for single-phase samples and
during phase transformation and pressure cycling. The significant evolution of the microstructure and its effect on
phase transformation demonstrates that their postmortem evaluation does not represent the actual conditions during
loading.
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IV.4. Rationalizing the effect of the microstructure on the EOS and phase transformation

We assume that among three microstructural parameters, domain size, microstrain, and dislocation density, the
microstrain plays the dominant role in EOS. Indeed, EOS for w Zr for cold-rolled and annealed samples are close
(Fig. 8), similar to the microstrain versus pressure (Fig. 11). At the same time, the domain size and dislocation
density versus pressure is essentially different for the cold-rolled and annealed samples (Fig. 12). Then the difference
in EOS for a Zr for the cold-rolled and annealed samples can also be connected to different microstrains. Microstrain
characterizes internal strains and stresses with significant non-hydrostatic components. It is well known that the EOS
under hydrostatic and non-hydrostatic loadings are different, which explains the difference in the EOS for « Zr for
the cold-rolled and annealed samples. Scatter in data in Figs. 15a, 16a, 15b, and 16b is, in particular, due to evolving
microstructure and contributions of the defects in producing non-hydrostatic stresses, which affect EOS. The larger
scatter for w phase is because of very different microstructural parameters during pressure increase and decrease (Fig.
13 and 14).

In the attempt to rationalize phase transformation initiation conditions using the above results, let us assume that
averaged microstrain in « phase ; generates local volumetric strain 3z¢; and maximum internal pressure at the phase
transformation point of 32K (p)e;, for both samples, where z > 1 is the strain concentration factor. Assuming that
the total local pressure at the phase transformation point, p; in both samples is the same,

P2 —p1 (1)

= 3zK = = 3zK N =
pin = p1+ 32K (p1)en = pi2 = p2 + 32K (p2)ere 2 K en = Kpa)en)”

where subscripts 1 and 2 designate cold-rolled and annealed samples, respectively, and p; are the applied pressure for
the initiation of the phase transformation for these samples. Substituting p; = 5.1 GPa, ps = 5.9 GPa, ¢; = 0.0042,
g9 = 0.0026, K(p1) = 110.61GPa, K (p2) = 102.39G Pa, we obtain z = 1.34, which is reasonable.

Extension of the model based on the microstrain for the growth stage is impossible because microstrain in « phase
increases for the pre-deformed sample and remains constant in the annealed sample, but growth in the pre-deformed
sample is slower than in the annealed sample. The transformation pressure for the growth model can be based on
the initial hardness or yield strength o, (like in [10, 27-29, 31]). Since o, = oy + A\/1/D + B\/pq, where D is
the domain size and pq is the dislocation density, resistance to growth can be connected to the domain size and
dislocation density. The second term in the expression for o, is due to the Hall-Patch effect and the third term
is Taylor’s strain hardening. The relationship between the deviation of the actual phase transformation pressure
from the phase equilibrium pressure during the growth stage and the yield strength seems reasonable because the
deviation characterizes the resistance to a moving interface due to the materials microstructure and the yield strength
characterizes the resistance to the motion of dislocations through the same microstructure. More experiments are
required for the calibration of the growth model.

V. CONCLUDING REMARKS

Experiments under hydrostatic conditions are considered as ”clean” testing under well-defined pressure without
deviatoric stresses and, consequently, plasticity. It is generally accepted in plasticity theory that hydrostatic loading
of void-free materials does not cause plastic deformation. Phase transformation pressures in literature have a very
large scatter for the same material. In most cases, the initial microstructure and its evolution are not characterized,
implying that they are not important for EOS and phase transformations. In this paper, we address all these points
and confront some well-known paradigms in plasticity theory and the theory of phase transformations for two samples
of commercially pure Zr: after cold-rolling to the saturated maximum hardness and annealing at 600°C/, respectively.

The crystal domain size significantly reduces and microstrain and dislocation density increase during loading for
both o and w phases in their single-phase regions. For the o phase, domain sizes are much smaller for prestrained Zr,
while microstrain and dislocation densities are much higher. Despite the generally accepted concept that hydrostatic
pressure does not cause plastic straining, a change in dislocation density and domain size implies that it does. Simple
estimate offers plastic shear values in o Zr as 0.75% for the prestrained Zr and 1.14% for the annealed Zr. Since there
is no preferred direction under hydrostatic loading, these heterogeneous local shears are mutually compensated and
are geometrically invisible at the scale of the sample. Consequently, classical plasticity theory should be advanced to
include plasticity at hydrostatic conditions, characterized in terms of microstructural parameters instead of geometric
changes. The physical reason for plastic deformation under hydrostatic loading is that various defects (dislocations,
twins, grain boundaries, and their junctions) cause significant local internal stresses with deviatoric/shear stress
components reaching the yield strength, which causes plastic deformations. In addition, dislocation core energy and
structure, and elastic moduli change with pressure, which may lead to redistribution of dislocation configurations,
increase in dislocation density, domain and grain refinement, etc.
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For the maximum pressure of 5.9 GPa in a single-phase « Zr in the cold-rolled sample, the domain size reduced
to ~ 45nm and dislocation density increased to 1.1 x 10'° lines/m?2. Such values are desirable for nanostructured
materials and usually are reached by severe plastic deformation under high pressure. Consequently, hydrostatic
compression of strongly pre-deformed Zr can be used for grain refinement, with some advantages that plastic straining
may lead to a brittle w Zr at relatively low pressure, which is not always desirable. PT a — w initiates at a higher
pressure for the annealed sample as compared to the cold-rolled sample, in agreement with experiments in [23] for small
plastic straining prior to transformation and in contrast to general regularity suggested in [7] for multiple materials
and used in the models in [10, 27-29, 31]. This implies that plastic straining prior to transformation promotes
nucleation with more and stronger stress concentrators (various dislocation configurations, twins, etc), in agreement
with analytical [5, 6, 32] and computational [33-36] studies. With phase transformation progress, the promoting effect
of prior straining reduces with crossover to suppressing effect at ¢ = 0.7 (pressure ~6.6 GPa), above which volume
fraction of w Zr for the same pressure is higher for the annealed sample. Completion pressure for @ — w transformation
is higher for the cold-rolled sample than for the annealed sample by 2 GPa suggesting that prior straining suppresses
growth by producing more obstacles (dislocation forest, point defects, domain, and grain boundaries) for interface
propagation. This implies that the general theory [10, 27-29, 31] based on the proportionality between the athermal
resistance to the transformation and the yield strength must be essentially advanced.

It is rationalized that among three microstructural parameters, domain size, microstrain, and dislocation density, the
microstrain plays the dominant role in EOS. The difference in EOS for « Zr for the cold-rolled and annealed samples is
connected to different microstrains, i.e., internal strains and stresses with significant non-hydrostatic components. It
is well known that the EOS under hydrostatic and non-hydrostatic loadings are different, which explains the difference
in the EOS for o Zr for the cold-rolled and annealed samples. Scatter in data in Figs. 15a, 16a, 15b, and 16b is,
in particular, due to evolving microstructure and contributions of the defects in producing non-hydrostatic stresses,
which affect EOS. The larger scatter for w Zr is because of very different microstructural parameters during pressure
increase and decrease. A simple model for the initiation of the phase transformation involving microstrain and its
concentration is suggested, and a possible model for the growth is outlined.

During transformation, the first rule in the field was found: The average domain size, microstrain, and dislocation
density in w Zr for ¢ < 0.8 are functions of the volume fraction of w Zr only, which are independent of the plastic strain
tensor prior to transformation and pressure. Some nontrivial patterns in the evolution of microstructural parameters
for both phases and cases we found as well. Since there is a significant jump in dislocation density and domain size
from « to w Zr, the microstructure is not inherited during phase transformation.

The nontrivial microstructure evolution, different for the pre-deformed and annealed samples, was also found during
pressure release. In particular, a paradoxical result was found: for the annealed sample, the final dislocation density
and average microstrain in the w phase are larger than for the severely pre-deformed sample. The following practical
suggestion is made for the pressure treatment and irreversible phase transformation: if the goal is to increase the final
dislocation density and average microstrain, it should be done on the annealed sample; to reduce the domain size,
the treatment should be applied to the severely pre-strained sample. The significant evolution of the microstructure
and its effect on phase transformation demonstrates that their postmortem evaluation does not represent the actual
conditions during loading.

The obtained results initiate the in situ experimental basis for future predictive structural models for the combined
pressure-induced phase transformations and microstructure evolutions. Comparison with results in [23] shows that the
effect of pre-straining may be non-monotonous, and more structural states between annealed and maximally hardened
should be studied for the same composition.
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Appendix A: Microstructural analysis

Microstructural analysis was carried out using the Modified Rietveld technique [58-60] on the XRD patterns for
each sample and each pressure step of high-pressure experiments. GSAS-II and MAUD software were used for the
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FIG. 15: Comparison of the F — f plot (a) and the K, — K, confidence ellipse plot (b) for 3"¢-order
Birch-Murnaghan equation of state fitting for the o phase of 600°C' annealed and cold rolled Zr sample.

refinement of the crystal structure as well as microstructural parameters. First instrumental parameters viz. X-ray
wavelength, sample detector distance, and instrumental broadening parameters were obtained using the XRD pattern
of the NIST standard CeOs sample. Subsequently, microstructural parameters viz. average grain/domain size and
microstrain and under isotropic size and strain model were refined for each phase of Zr at each pressure step. Using
the obtained domain size and microstrain, dislocation density was estimated as

pa = (ppps)*/?, (A1)

where pp and pg are contributions to dislocation density due to domain size and microstrain respectively [61].
Parameter pp is estimated as

PD = 3/D27 (AQ)
where D is the domain size as estimated from Rietveld refinement. Parameter pg is estimated as
ps = k(e)? /b2, (A3)

where k is material constant and given as 67 EA/(u In(r/rs)), &; is lattice strain estimated to be same as average
microstrain, b is the modulus of the Burger’s vector, ' and p are Young’s modulus and shear modulus, r is the radius
of the crystal containing the dislocation, r, is a suitably chosen integration limit [61], A is a factor depending on the
shape of strain distribution and lies between the two extremes of a Cauchy (~ 2) and Gaussian distribution (~ 7/2).
For @ and w Zr, moduli E and g and their pressure dependence has been taken from [62] and [63]. A reasonable value
for In(r/r,) has been taken as 4 [61].

For hexagonal systems, three different major slip systems are related to the three glide planes: basal, prismatic,
and pyramidal [64]. When taking into consideration different slip directions and the character of dislocations (edge
and screw) in hep crystals, there are eleven sub-slip-systems to consider. Generally, more than one sub-slip system
is activated during the plastic deformation of materials. Dislocations may also be populated in more than one slip
system. For hexagonal systems, most populated ( ~ 80%) is the basal slip system of type < a > Burger’s vector
1/3 < 1120 > [65-67]. However for o Zr most dominant slip system are prismatic slip system {1100} < 1120 >
[53-56], again with Burger’s vector 1/3 < 1120 >. For w Zr, prismatic {1120} < 1010 > and basal slip system
{0001} < 1010 > are the dominant slip system with Burger’s vector 1/3 < 1010 >[68]. Hence using Burger’s vectors
for the most populated dislocations estimated using pressure-dependent lattice constants, overall dislocation density
for each phase of Zr at each pressure step was obtained using equations (A1), (A2), and (A3). The obtained dislocation
densities may not be the most accurate, but the trend of evolution with pressure and across the phase transformation
in Zr is expected to be the same even if it is estimated using other line profile fitting or whole powder pattern fitting
methods.



18

—~ 115¢ ¢4 Cold rolled 1 — — —Cold rolled
s _BMOEOS fit ;él 4t 600°C annealed | |
— 110 4 600°C annealed | | .
o ——BM EOS fit g
2 105 E35) :
) o
& 5
= 100 b
o) S 3¢ 1
N =i
= @
g 95 o
— [a W) L ]
o 2.5
“ 90t ]
0.01 0.02 0.03 0.04 96 98 100 102 104 106
Eulerian strain fg Bulk modulus, K,(GPa)

(a) (b)

FIG. 16: Comparison of the F' — f plot (a) and the K, — K, confidence ellipse plot (b) for 3"¢-order
Birch-Murnaghan equation of state fitting for the w phase of 600°C' annealed and cold rolled Zr sample.

Appendix B: Equation of state fitting

The p — V data for both o and w phases obtained from analyzing the XRD data was fitted to the well-known 37%-
order Birch-Murnaghan equation of state (BM-EQOS) [47] using EOSFIT7-GUI software [50] to obtain bulk modulus
and its pressure derivative for both phases as mentioned in the Table I. For the « phase, only increasing-pressure p—V
data was used as the phase transformation was irreversible. For the w phase both up-stroke and down-stroke p — V'
data were used for fitting. Mostly single-phase data points or data points where phase concentration is substantial
have been used. The data points where the phase fraction of the concerned phase is small and the Rietveld refinement
does not give reliable lattice parameter values have been excluded. Usually, we use single-phase data only to determine
an EOS, and after extrapolating it in a two-phase region, we can obtain different pressures in each phase due to a
jump in volume and elastic moduli. However, we found here that the pressure difference in phases is negligible, which
allowed us to use some points from the two-phase region.

The quality of fitting and the validity of using 3"%-order BM-EOS can be illustrated by the plot between Eulerian
strain f = 0.5[(V,/V)?/3 — 1] and normalized stress F = p/[3f(1 + 2f)>/?] [69, 70], also known as the F — f plot.
The F — f plot for a and w phases for both 600°C' annealed and cold rolled samples are compared in Figs. 15a and
16a. Corresponding 68.3%(10) confidence ellipse plots between bulk modulus (K,) and its pressure derivative (K,)
are shown in Figs. 15b and 16b. Scatter in data in Figs. 15a, 16a, 15b, and 16b is, in particular, due to evolving
microstructure and contributions of the defects in producing non-hydrostatic stresses, which affect EOS. The data
points are more closely spaced in the region of phase transformation and pressure steps are larger in the beginning
as finding EOS was not the primary objective during experiments. So for the o phase number of data points is not
quite large resulting in relatively less constrained fitting for the a phase. However, there is a discernible difference
between the fittings and the obtained bulk modulus and its pressure derivative for the o phase for the cold rolled
and the annealed samples. This implies the important role of initial microstructure even for the equation of state.
For the w phase, combining increasing and decreasing pressure data, the number of data points is large so results are
relatively more constrained. However, the larger scatter for the w phase is because of very different microstructural
parameters during pressure increase and decrease. Also, the obtained bulk modulus and its pressure derivative for
the w phase are close for both samples. It is noteworthy that microstructural evolution in the w phase, especially
microstrain, is similar in both samples. Hence these observations again corroborate the inference of the important
role of microstructure in the equation of state of materials.
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