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Abstract

The effect of initial microstructure and its evolution across the α → ω phase

transformation in commercially pure Zr under hydrostatic compression has been

studied using in situ x-ray diffraction measurements. Two samples were studied:

one is plastically pre-deformed Zr with saturated hardness and the other is

annealed. Phase transformation α → ω initiates at lower pressure for pre-

deformed sample, suggesting pre-straining promotes nucleation by producing

more defects with stronger stress concentrators. With transformation progress,

the promoting effect on nucleation reduces while that on growth is suppressed

by producing more obstacles for interface propagation. The crystal domain

size reduces and microstrain and dislocation density increase during loading

for both α and ω phases in their single-phase regions. For α phase, domain

sizes are much smaller for prestrained Zr, while microstrain and dislocation

densities are much higher. On the other hand, they do not differ much in ω-

Zr for both prestrained and annealed samples, implying that microstructure is

not inherited during phase transformation. The significant effect of pressure
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on the microstructural parameters (domain size, microstrain, and dislocation

density) demonstrates that their postmortem evaluation does not represent the

true conditions during loading. A simple model for the initiation of the phase

transformation involving microstrain is suggested, and a possible model for the

growth is outlined. The obtained results suggest an extended experimental basis

is required for better predictive models for the pressure-induced and combined

pressure- and strain-induced phase transformations.

Keywords: phase transition, α− ω Zr, x-ray diffraction, high-pressure,

microstructure

1. Introduction

It is well known that plastic deformation strongly affects phase transforma-

tions in various materials [1, 2, 3, 4, 5, 6, 7], however, its general understanding

and quantitative descriptions are still lacking. For example, the well-known hcp

(α) to simple hexagonal (ω) phase transformation of Zr has been reported over a

broad pressure range of 1.2 - 7 GPa [8, 9, 10, 11, 12, 3, 13], which shows largely

scattered data from various researchers, some results are even contradictory. 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) [3]. However, it is also re-

ported that if transformation occurs during the plastic straining (e.g., during

plastic shearing at high pressures), then the pressure hysteresis for α → ω phase

transformation in Zr and Ti reduces down to zero [8, 3].

The early studies of the effect of plastic strain on phase transformations

recognized that there could be different types of phase transformation under

high pressure [1, 2], namely pressure-, stress-, and plastic strain-induced phase

transformations. Both pressure-induced phase transformations under hydro-

static loading and stress-induced phase transformations under nonhydrostatic

loading but below the macroscopic yield strength initiate at pre-existing defects
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in sample (e.g., dislocations and various tilt boundaries), which represent stress

(pressure) concentrators. This implies that the initiation of phase transforma-

tion should depend on the initial micro-structure of sample. However, initial

microstructure is seldom characterized or reported in high-pressure studies. This

could be one of the reasons for the scattered date in the reported transformation

pressure for many material (including Zr) by different researchers. Besides, mi-

crostructure itself may evolve even under hydrostatic pressures. In particular,

dislocation core energy and structure, and elastic moduli change with pres-

sure, which may lead to redistribution of dislocation configurations, increase

in dislocation density, domain and grain refinement, etc., which can influence

the initiation and progress of phase transformation. Even within liquid or gas

pressure transmitting media, internal stresses due to various defects, like dislo-

cations, twins, grain boundaries and their junctions, cause large local internal

stresses with deviatoric/shear stress components, which may cause plastic de-

formations. Change in volume and shape during transformation causes strong

internal stresses leading to significant plasticity, which in turn affects the phase

transformation progress.

Plastic strain-induced phase transformations under high pressure occur dur-

ing plastic flow by nucleation at new defects generated during plastic flow [1, 2].

They require completely different experimental characterization and thermo-

dynamic and kinetic treatment, e.g. as described in the four-scale theoretical

approaches [7] and the most advanced experimental measurements with rota-

tional diamond anvil cell (DAC) on α → ω phase transformation in Zr [13]. Still,

kinetic equation for the strain-induced phase transformations contains as a pa-

rameter phase transformation pressure under hydrostatic conditions [1, 2, 7].

Currently, the pressure for initiation of transformation under hydrostatic con-

dition is used in this equation for describing experimental data [13] , while it

depends on volume fraction of the high-pressure phase c, microstructure, and

plastic strain. This kinetics has been utilised in the macroscopic finite element

analysis of strain-induced phase transformations in rotational DAC [14, 15, 16].

Thus, knowledge of the evolution of kinetics of volume fraction c and microstruc-
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tural 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 the pressure-induced transformation. As we mentioned, experi-

ments in [3] 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 deviation increases with increasing plastic strain. This result was

formalized in the theory for pressure- and stress-induced phase transformations

in [17, 18, 19] and used there in the analytical solutions and in [20] for the finite

element simulations. However, it is also known that dislocations serve as nucle-

ation cites for the initiation of phase transformation [21, 1, 2], which is confirmed

by more recent phase-field simulations [22, 23, 24, 25]. Consequently, increase in

plastic strain increases number of dislocations and promote nucleation. Recent

experiments [26] on α → ω phase transformation in Zr show that plastic com-

pression 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. This was explained by increasing role of stress

concentrators due to increasing activation of twinning in α-Zr during the plastic

compression.

With these motivations, we have studied the effect of the initial microstruc-

ture (domain size, microstrain, and dislocation density) produced by severe

plastic deformation and annealing, respectively, and its evolution across the

α → ω phase transformation in Zr under hydrostatic compression. We follow

the program presented in the viewpoint article [6] 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. To the

best of our knowledge, so far there are no reports on the systematic experimen-
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tal study of the microstructural evolution in Zr under high pressures. Note that

studying materials with maximum saturated hardness significantly simplified

understanding of strain-induced phase transformations [13].

2. Sample preparation

The material studied here is commercially pure (99.8%) αZr (Fe: 330 ppm;

Mn: 27 ppm; Hf: 452 ppm; S: < 550 ppm; Nd: < 500 ppm) with an equiaxed

grain size of 13 µm. Zr samples with varying initial microstructure were pre-

pared from cold-rolled pure-Zr sample plastically deformed to saturated hard-

ness. To achieve saturated hardness, initial sample (in the form of plate ∼ 5.2

mm thick) was cold-rolled in several steps and at each step its Vickers hardness

[27] was measured using LECO LM 247AT micro-indentation hardness tester

at Metallography Laboratory at Iowa State University. The saturated hardness

of ∼ 200HV was achieved at a final thickness of ∼ 300µm (Fig. 1). Several

small pieces (∼ 1× 1 cm) were then cut from this cold-rolled thin sheet. Also,

powdered sample was prepared by 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 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 same microstruc-

ture in the sheet and the powdered samples in each sample set.

3. Experimental Methods

Characterization of initial microstructure. To characterize initial microstruc-

ture of each sample set, Vickers hardness measurements were carried out on

the small pieces and x-ray diffraction (XRD) measurements were carried out on

the powdered sample in each sample set. As shown in Fig. 2, Vickers hardness
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Figure 1: Vickers hardness of cold-rolled Zr sample as a function of sample thickness.

drastically reduces above 400◦C annealing temperature and reaches a lowest

hardness at annealing temperature above 600◦C.

Figure 2: Vickers hardness of annealed Zr samples as a function of annealing temperature.

The XRD measurements were carried out on the powdered Zr samples from

each sample set using monochromatic X-rays of wavelength 0.3093Å 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 ∼ 7µm× 6µm. Two-dimensional
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diffraction images were collected at Perkin Elmer flat panel detector and were

coverted to one-dimensional diffraction pattern using FIT2D software [28, 29]

and subsequently analyzed using GSAS-II [30] and MAUD [31] softwares. For

sample-detector distance calibration and deconvolution of instrumental broad-

ening, XRD data was recorded on NIST standard CeO2 sample. Details of

microstructural analysis using XRD and estimation of dislocation density is de-

scribed in Appendix A. As shown in Fig. 3, the average crystalline domain

size increases from ∼ 60nm to a saturated value of ∼ 300nm at annealing

temperatures above 400◦C. Average microstrain reduces nearly by an order of

magnitude from 0.0031 for cold-rolled sample to 0.00049 for annealed sample at

600◦C. Estimated dislocation density also reduces from ∼ 6× 1014 lines/m2 to

∼ 1.7× 1013 lines/m2.

Figure 3: Average crystalline domain size, microstrain, and estimated dislocation density as

a function of annealing temperature.

High-pressure studies. To study the effect of initial microstructure and its evo-

lution 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

pressure transmitting medium and Cu was used as pressure marker. Silicone oil

is as good as methanol:ethanol mixture for low pressure <20 GPa and even bet-

ter than methanol:ethanol mixture above 20 GPa [32]. Solidification of silicone

oil under high pressures is not precisely reported as the process could be gradual
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with pressure in this case [33] though Klotz et al [34] have shown 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

[33] have shown that even methanol:ethanol mixture solidifies at 6 GPa but

is considered hydrostatic up to 12 GPa [34]. 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 cell (DAC) due to non-volatility. For

high pressure experiments, sample chamber was prepared by drilling a hole of

diameter ∼ 250µm at the center of pre-indented steel gasket thinned down from

∼ 250µm to ∼ 60µm. The culet size of diamond anvils used in high pressure

cell was ∼ 500µm. The sample was loaded along with pressure marker and

the pressure transmitting medium in the sample chamber. Pressure at sam-

ple was estimated using well-known equation of state of Cu [35]. Experiments

were performed in our rotational DAC [36] in compression mode because using

motorized loading in rotational DAC system allowed much smaller controllable

load steps than membrane system for traditional DACs at beamline 16-BM-D.

Thus, XRD images were recorded in pressure steps of 0.2 GPa in order to have

sufficient data points across the α → ω phase transformation in Zr.

4. Results and discussion

As can be seen in Figs. 4 the p − a, p − c, and p − V data for presure-

dependence of the lattice parameters a and c and the unit cell volume V for

cold-rolled sample shows relatively lower compressibility as compared to the

annealed sample for the α Zr phase. For ω Zr phase, the p − a, p − c and

p − V data (Fig. 5), are very close to each other between the cold-rolled and

annealed samples within the experimental errors. The lower linear and bulk

compressibility of the cold-rolled α-Zr could be due to a much smaller grain

size (see below), more grain boundaries, and lower compressibility of the grain

boundaries in comparison to the bulk crystal. For ω-Zr, due to the irreversibility

of transformation, we were able to determine all the three curves for ω-Zr during
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unloading down to zero pressure, i.e., including a metastability region. During

loading and unloading, the behavior of p− a, p− c, and p− V are very close.

Figure 4: Lattice parameters and unit cell volume as a function of pressure for α− Zr.

Figure 5: Lattice parameters and unit cell volume as a function of pressure for ω − Zr.

The Birch-Murnaghan equation of state has been fitted to the p−a, p−c and

p− V data for both α and ω phases of Zr to obtain bulk and linear moduli and

their pressure dependence. The obtained results are given in Table 1. While the

p− a, p− c, and p− V behaviors for ω 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.

For cold-rolled sample with saturated hardness the α → ω phase transfor-

mation initiated at ∼ 5.3 GPa and completed at ∼ 13.0 GPa, whereas for the

600◦C annealed sample, phase transformation initiation and completion pres-
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Table 1: Bulk molulus, linear modulus and their pressure derivatives obtained for α and ω

Zr phases by fitting Birch-Murnaghan equation of state to p− V , p− a and p− c data using

EOSFIT7-GUI software [37]

Fitted parameters cold rolled sample 600◦C annealed sample

α Zr

Ambient unit cell volume V◦ (Å3) 46.633(6) 46.677(1)

Bulk modulus Bo (GPa) 99.9(3) 86.5(1)

Pressure derivative B′

o 2.4(9) 2.6(8)

a◦ (Å) 3.234(1) 3.234(7)

Linear modulus M◦ (GPa) 294.2(7) 264.0(6)

Pressure derivative M ′

◦
3.3(5) 4.6(4)

c◦ (Å) 5.149(0) 5.151(2)

Linear modulus M◦ (GPa) 280.6(8) 247.5(5)

Pressure derivative M ′

◦
29.8(3) 16.9(5)

ω Zr

Ambient unit cell volume V◦ (Å3) 68.824(9) 68.801(3)

Bulk modulus Bo (GPa) 105.4(7) 81.3(3)

Pressure derivative B′

o 2.8(3) 8.1(3)

a◦ (Å) 5.037(8) 5.034(8)

Linear modulus M◦ (GPa) 301.9(4)) 244.4(4)

Pressure derivative M ′

◦
8.2(2) 22.0(5)

c◦ (Å) 3.131(6) 3.132(4)

Linear modulus M◦ (GPa) 347.3(6) 253.0(5)

Pressure derivative M ′

◦
9.3(8) 28.5(7)

sures were ∼ 5.9 GPa and ∼ 10.9 GPa respectively (Fig. 6). The results

suggest that large plastic straining prior to transformation promotes nucleation

because of more and stronger stress concentrators (various dislocation configu-

rations, twins, and grain boundaries) but suppresses growth by producing more

obstacles (dislocation forest, point defects, grain boundaries) for interface prop-
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Figure 6: Volume fraction of ω − Zr phase as a function of pressure.

agation. 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, reduction in pressure

for initiating the direct transformation clearly contradicts the proportionality

of the pressure hysteresis and hardness suggested in [3] for multiple materials.

A possible reason for this discrepancy is that results in [3] (see also more ex-

perimental detail in [38]) have been obtained in piston-cylinder by recording

force-displacement curves without in situ XRD probing. Pressure is determined

by force using calibration based on known pressure for phase transformation in

bismuth. Thus, nucleation of small amount of high-pressure phase could not

be detected and determination of pressure has significant error. Our results on

reduction in pressure for initiation of ω-Zr in commercially pure Zr are similar

to those for extra pure Zr in [26] after plastic compression by 5% and 10% prior

to transformation. However, in [26] the entire kinetic curve c(p) is shifted to

lower pressures with increasing plastic strain, i.e., there is not 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. Thus, more detailed microstructure-related studies are required.

A closer look at the diffraction images (Fig. 7) shows that the diffraction
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Figure 7: Cake view of X-ray diffraction images recorded at 4 GPa and 11 GPa for the

cold-rolled and 600◦C annealed samples.

rings are relatively smooth and broad for cold-rolled sample as compared to

annealed sample, which suggests finer domain size in cold-rolled sample. For

the annealed Zr the diffraction ring becomes smoother, suggesting reduction in

domain size with pressure. Spotty data of Zr-ω phase is suggestive of grain

growth across phase transition, in agreement with previous experiments [39].

Fig. 8 shows the results from microstructural analysis of XRD data for both

α and ω Zr across phase transition. For cold-rolled sample, domain size decreases

from ∼ 60nm to ∼ 45nm before phase transition whereas substantial reduction

in domain size has been observed for the annealed sample from ∼ 300nm to

∼ 120nm, with very sharp reduction between 3.5 and 5.9 GPa. The domain

size for ω phase at the initiation of phase transformation is ∼ 100nm for both

the cases and increases to a maximum ∼ 140nm and ∼ 200nm for cold-rolled

and annealed samples, respectively at ∼ 8 GPa pressure. At higher pressures,

the domain size monotonously reduces up to the maximum pressure. Thus, in
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Figure 8: Average domain size, microstrain, and dislocation density in each phase of Zr for

the cold rolled and 600◦C annealed sample as a function of high pressures.

single-phase regions domain size reduces with pressure. The initial domain size

of ω phase, ∼ 100nm, is independent of the plastic strain prior to transformation

and probably characterizes size of operational nucleus, which will grow rather

than collapse [21]. Growth of the domain size during phase transformation is

probably related to growth of the transformed regions.

The microstrain in α phase increases from 0.0031 to 0.0042 at 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 drop to 0.0026 at

the transition point for the annealed sample. The microstrain in ω phase is

nearly same at the transformation initiation pressure for both the 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 and

transformation-induced plasticity. Then it increases to 0.0037 for both samples

at 13 GPa (the last available point for pre-deformed sample) and continues

growing to 0.0050 for annealed sample at 20 GPa. In α phase during the phase

transformation, microstrain remains the same for 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-
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strained sample.

Dislocation density in α phase increases linearly with pressure from 6 to

11×1014 lines/m2 for the cold-rolled sample and from 0.2 to 2.1×1014 lines/m2

for the annealed sample. During transformation, dislocation density in α phase

reduces with pressure down to 7.5×1014 lines/m2 for the cold-rolled sample and

practically does not change for the annealed sample. In ω phase, dislocation

density reduces during phase transformation from 2.78 to 1.4×1014 lines/m2 for

the cold-rolled sample and from 2.84 to 1.39 × 1014 lines/m2 for the annealed

sample. Then it increases to 5.6 × 1014 lines/m2 for the cold-rolled sample

at 15.9 GPa (the last available point for pre-deformed sample) and to 3.03 ×
1014 lines/m2 at 15.6 GPa and 4.2 × 1014 lines/m2 at 19.6 GPa for annealed

sample.

All the above result demonstrate essential and complex evolution of mi-

crostructure for single phase samples and during phase transformation. Gener-

ally, crystal domain size, microstrain, and dislocation density do not differ in

ω-Zr between the cold-rolled and annealed samples, implying that microstruc-

ture is not inherited during phase transformation. This may happen if moving

α-ω interfaces sweep away the entire microstructure (domains and dislocations)

in the α phase and new domains and dislocations are formed in the ω-Zr. The

significant pressure effect on the microstructure demonstrates that their post-

mortem evaluation, e.g., with scanning and transmission electron microscopy,

would not represent the true conditions during loading.

In the attempt to rationalize phase transformation initiation conditions us-

ing the above results, let us assume that averaged microstrain in α phase εl

generates local volumetric strain 3zεl and maximum internal pressure at the

phase transformation point of 3zK(p)εl, for both samples, where z > 1 is the

strain concentration factor. Assuming that the total local pressure at phase

transformation point, pl in both samples is the same,

pl1 = p1 + 3zK(p1)εl1 = pl2 = p2 + 3zK(p2)εl2 →

z =
p2 − p1

3(K(p1)εl1 −K(p2)εl2)
, (1)
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where subscripts 1 and 2 designate cold-rolled and annealed samples, respec-

tively, and pi are the applied pressure for the initiation of the phase transforma-

tion for these samples. Substituting p1 = 5.1 GPa, p2 = 5.9 GPa, ε1 = 0.0042,

ε2 = 0.0026, B(p1) = 112.14GPa, B(p2) = 101.84GPa, we obtain z = 1.29,

which is reasonable.

Extension of the model based on the microstrain for the growth stage is im-

possible because microstrain in α 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 σy (like

in [17, 18, 19, 20, 6]). Since σy = σy0+A
√

1/D+B
√
ρd, where D is the domain

size and ρd is the dislocation density, resistance to growth can be connected

to the domain size and dislocation density. The second term in the expres-

sion for σy is due to Hall-Patch effect and the third term is the Taylor’s strain

hardening. The relationship between the deviation of the actual phase trans-

formation pressure from the phase equilibrium pressure during growth stage

and the yield strength seems reasonable because the deviation characterizes

the resistance to a moving interface due to material’s microstructure and the

yield strength characterizes the resistance to the motion of dislocations through

the same microstructure. More experiments are required for calibration of the

growth model.

5. Concluding remarks

In this paper, a detailed in situ study of the pressure-induced α → ω phase

transformation in commercially pure Zr and evolution of microstructural param-

eters is performed for two initial microstructural states obtained by cold-rolling

to the saturated maximum hardness and by annealing at 600◦C. PT α → ω

initiates at higher pressure for annealed sample as compared to cold-rolled sam-

ple, in agreement with experiments in [26] for small plastic straining prior to

transformation and in contrast to general regularity suggested in [3] for multiple
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materials and used in the models in [17, 18, 19, 20, 6]. This implies that plastic

straining prior to transformation promotes nucleation with more and stronger

stress concentrators (various dislocation configurations, twins, etc) , in agree-

ment with analytical [21, 1, 2] and computational [22, 23, 24, 25] studies. With

phase transformation progress, promoting effect of prior straining reduces with

crossover to suppressing effect at c = 0.7 (pressure ∼6.6 GPa), above which

volume fraction of ω-Zr for the same pressure is higher for the annealed sample.

Completion pressure for α → ω transformation is higher for cold-rolled sample

than for the annealed sample by 2 GPa suggesting that prior straining sup-

presses growth by producing more obstacles (dislocation forest, point defects,

domain and grain boundaries) for interface propagation. The microstructure

evaluated by averaged crystal domain size, microstrain, and dislocation density

in sample evolves even under hydrostatic compression both in a single-phase

state and during phase transformation. Domain size reduces, and microstrain

and dislocation density increase during loading of both α and ω phases in the

single-phase regions. For α phase, domain size are much smaller for cold-rolled

Zr, while microstrain and dislocation density are much higher. On the other

hand, they differ much less in ω-phase between cold-rolled and annealed Zr, im-

plying that microstructure is not inherited during phase transformation. This

may happen if moving α-ω interfaces sweep away the entire microstructure (do-

mains and dislocations) in the α phase and new domains and dislocations/twins

are formed in the ω-Zr. A simple model for initiating of the phase transforma-

tion involving microstrain is suggested, and possible model for the growth stage

is outlined.

It was demonstrated that even under hydrostatic loading within a pressure-

transmitting medium, there are various structural changes in single-phase mate-

rials and especially during phase transformation. They significantly affect both

nucleation and growth and explain significant scatter in phase transformation

data for the same material. Also, a significant pressure effect on the microstruc-

tural parameters demonstrate that their postmortem evaluation would not rep-

resent the true conditions during loading, therefore in-situ studies are of great
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importance.

The obtained results initiate the experimental basis for future predictive

structural models for the pressure-induced phase transformations, and combined

pressure- and strain-induced phase transformations. Comparison with results

in [26] 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 was carried out using Modified Rietveld technique

[40, 41, 42] on the XRD patterns for each sample and each pressure step of

high-pressure experiments. GSAS-II and MAUD softwares were used for the

refinement of the crystal structure as well as microstructural parameters. First

instrumental parameters viz. X-ray wavelength, sample detector distance, in-

strumental broadening parameters were obtained using XRD pattern of NIST

standard CeO2 sample. Subsequently microstructural parameters viz. average

grain/domain size and microstrain and under isotropic size and strain model
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were refined for each phase of Zr at each pressure step. Using the obtained

domain size and micro strain, dislocation density was estimated as

ρd = (ρDρS)
1/2, (A.1)

where ρD and ρS are contributions to dislocation density due to domain size

and microstrain respectively [43]. Parameter ρD is estimated as

ρD = 3/D2, (A.2)

where D is the domain size as estimated from Rietveld refinement. Parameter

ρS is estimated as

ρS = k(εl)
2/b2, (A.3)

where k is material constant and given as 6πEA/(µ ln(r/r◦)), εl is lattice strain

estimated to be same as average microstrain, b is the modulus of the Burger’s

vector, E and µ are the Young’s modulus and shear modulus, r is the radius of

the crystal containing the dislocation, r◦ is a suitably chosen integration limit

[43], A is a factor depending on the shape of strain distribution and lies between

the two extremes of a Cauchy (∼ 2) and Gaussian distribution (∼ π/2). For α

and ω Zr, moduli E and µ and their pressure dependence has been taken from

[44] and [45]. A reasonable value for ln(r/r◦) has been taken as 4 [43].

For hexagonal systems there are thee different major slip systems that are

related to the three glide planes: basal, prismatic, and pyramidal [46]. When

taking into consideration different slip directions and the character of dislo-

cations (edge and screw) in hcp crystals, there are eleven sub-slip-systems to

consider. Generally, more than one sub-slip system is activated during 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 < 112̄0 > [47, 48, 49]. However for

α Zr most dominant slip system are prismatic slip system {11̄00} < 112̄0 >

[50, 51, 52, 53], again with Burger’s vector 1/3 < 112̄0 >. For ω Zr, prismatic

{112̄0} < 1̄1̄00 > and basal slip system {0001} < 1̄1̄00 > are the dominant slip

system with Burger’s vector 1/3 < 1̄1̄00 >[54]. Hence using the Burger’s vectors

18



for the most populated dislocations, overall dislocation density for each phase

of Zr at each pressure step was obtained using equations A.1,A.2 and A.3. 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 same even if it is estimated using other line profile fitting or whole powder

pattern fitting methods.
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[52] C. N. Tomé, P. J. Maudlin, R. A. Lebensohn, G. C. Kaschner, Mechanical

response of zirconium-I. Derivation of a polycrystal constitutive law and

finite element analysis, Acta Mater. 49, 3085-3096 (2001).

24



[53] M. Knezevic, I. J. Beyerlein, T. Nizolek, N. A. Mara, T. M. Pollock,

Anomalous Basal Slip Activity in Zirconium under High-strain Deforma-

tion, Mater. Res. Lett. 1, 133-140 (2013).

[54] H. R. Wenk, P. Kaercher, W. Kanitpanyacharoen, E. Zepeda-Alarcon, Y.

Wang, Orientation Relations During the α − ω Phase Transition of Zirco-

nium: In Situ Texture Observations at High Pressure and Temperature,

Phys. Rev. Lett. 111, 195701 (2013).

25


	1 Introduction
	2 Sample preparation
	3 Experimental Methods
	4 Results and discussion
	5 Concluding remarks
	6 Acknowledgments
	Appendix  A 

