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a b s t r a c t 

Group-IV transition metal zirconium is used in nuclear and chemical industries as a choice material 

for operating in extreme environments. At ambient-conditions, zirconium has a stable hexagonal-close- 

packed structure ( α-phase), but under high-pressures it transforms into a simple-hexagonal structure 

( ω-phase). Experimental studies involving high-pressures have reported retention of ω-phase upon re- 

covery to ambient-pressures, which is undesirable since the ω-phase is brittle compared to the α-phase. 

Understanding the α-to- ω transformation is relevant for enhancing the applicability of transition metals. 

In this work using in-situ synchrotron X-ray diffraction, we show that deformation twins in the α-phase 

lower the transformation pressure and increase the amount of retained ω-phase. Our analysis concludes 

that the characteristics of the stress fields associated with the twins promote the α-to- ω transformation 

while making the reverse transformation energetically unfavorable. This work reveals a plausible way to 

design Zr microstructure for high-pressure applications via controlling twinning and retained ω-phase. 

Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
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. Introduction 

Group IV transition hexagonal close packed (HCP) metals

 α-phase), such as Ti, Zr, and Hf, undergo structural transforma-

ions upon changes in temperature and/or pressure due to the

asy transfer of electrons between the s and d bands [1 , 2] . Among

hem, Zr is particularly attractive for use in aggressive environment

pplications as it is biocompatible and displays excellent resistance

o corrosion and radiation damage. Common present-day applica-

ions include biomedical implants and structural components in

hemical and nuclear reactors [3] . Increasing temperature trans-

orms the HCP α-phase structure to a body centered cubic (BCC)

 β-phase) structure, while increasing pressure transforms it to a

imple hexagonal (Hex) ( ω-phase) structure [1] . The high-pressure

-Zr phase is significantly stiffer, more brittle, and more plastically

nisotropic than the α-phase [4–7] . Consequently, the properties

f post-transformed Zr with retained ω-phase differ significantly

ompared to those of the α-Zr [7] ; among them, yield stress

which goes from 250 MPa to 650 MPa when the ω-phase content

ncreases from 0% to 80%), ultimate strength, and strain hardening.
∗ Corresponding author. 
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The martensitic α-to- ω phase transformation has been studied

ver the last several decades. In these studies, the ω phase was

ntroduced via hydrostatic pressure testing [1 , 8–10] , shock loading

7 , 11] , and high-pressure torsion (HPT) [12 , 13] . Based on static

ressure experiments, the α-to- ω phase transformation has been

lassified as a hysteresis transformation because, upon removal

f the imposed pressure, most of the ω-phase reverses back

o the α-phase [5] . Yet interestingly, when the transformation

ccurs as a result of shock or HPT, a significant fraction of the

-phase is retained as a meta-stable phase in the α -phase Zr

fter the high pressure is removed [7 , 11 , 12] . For example, Cerreta

t al. [7] observed around 80% retained ω-phase in shock-loaded

r, and Perez-Prado et al. [12] observed nearly 100% retained

ano-crystalline ω-phase in a HPT Zr-sample. The major difference

etween shock and HPT conditions versus the static pressure test

s that the former methods impose severe plastic deformation,

hereas static pressure experiments impose predominantly hy-

rostatic pressure with negligible deviatoric stress and plastic

eformation. It is evident that when plastic deformation accompa-

ies high pressure, the phase composition and stability of the ω 

hase is altered. The heterogeneous deformation states associated

ith shock loading and HPT deformation, combined with limita-

ions imposed by the experimental conditions, make it difficult to

tudy the role of plasticity on phase transformations using either

n-situ or ex-situ analysis. 

https://doi.org/10.1016/j.actamat.2019.12.006
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2019.12.006&domain=pdf
mailto:marulkr@lanl.gov
https://doi.org/10.1016/j.actamat.2019.12.006
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Despite a number of high-pressure experimental studies per-

formed over seven decades, the role of plastic deformation and mi-

crostructure on the α-to- ω phase transformation is not well under-

stood [1 , 2 , 5 , 9 , 14–16] . Most studies have considered other aspects

of the transformation, like effects of pressure medium, pressure

rate, impurities, etc. [5 , 8 , 10 , 15 , 17] . Three distinctive characteristics

of shock loading and HPT conditions are worth noting: (i) both im-

pose significant shear to the material and as such, naturally ac-

tivate large amounts of twinning in addition to dislocation glide

[18 , 19] ; (ii) postmortem microscopy analysis of shock-loaded Zr

shows that the retained α-grains are lath-shaped, which resembles

closely the conventional morphology of deformation twins [7 , 20] ;

(iii) atomistic calculations show that under shock loading, coher-

ent twin boundaries in Ti act as favorable nucleation sites for the

α-to- ω phase transformation compared to incoherent twin bound-

aries and random grain boundaries [21] . Taken together, we spec-

ulate that under shock loading and HPT conditions, α-grains first

twin and then the ω-phase nucleates at or in the vicinity of twin

boundaries. Thus, in this work we hypothesize that deformation

twins in α-Zr favor the pressure-induced α-to- ω transformation

and the stability of the ω phase at ambient condition. 

Twins introduce coherent and semi-coherent boundaries into

the microstructure. In this light, many boundary-driven phase

transformations have been reported such as in polycrystalline Fe

(from α-to- ε) [22] , rolled Ti (from HCP to FCC) [23] , uranium

dioxide [24] , and the Cu/Ag system [25] . A few studies have linked

deformation twinning in β-phase Ti alloys and Zr alloys to the

ω-phase transformation [26–28] . Under uniaxial and/or cyclic

loading, these β-phase alloys may undergo either β-twinning or

the β-to- ω phase transformation, or both, depending on alloying

composition. Addition of vanadium in β Ti-16–22%V alloys pro-

motes β-twinning over the stress-induced ω-phase transformation

[26] . In Niobium-rich Ti alloys, however, β-twinning and ω-phase

transformation have been observed together [27 , 28] . Yet, the role

of twinning on the α-to- ω phase transformation is not understood

clearly. 

In this work through in-situ high-pressure X-ray synchrotron

experiments, we systematically investigate the effect of pre-

existing deformation twins on the α-to- ω phase transformation in

pure Zr. Samples are pre-deformed to introduce different amounts

of deformation twins. The high-pressure experiments reveal that

deformation twins: (i) promote the α-to- ω phase transformation

by lowering the critical pressure for the phase transformation and

(ii) stabilize the ω-phase, such that most of it is retained when

the pressure reverses to ambient condition. Based on calculations

of the local twin stresses and their influence on the strain en-

ergy associated with the α-to- ω phase transformation, we show

that the local stress state produced within and around the defor-

mation twins energetically favors the α-to- ω phase transformation

and suppresses the reverse ω-to- α transformation upon pressure

release. 

2. Experimental details 

To study the effect of deformation twins on the α-to- ω phase

transformation, we prepare three different samples with and with-

out deformation twins for the high-pressure experiments. The ini-

tial material for this study is high-purity crystal bar Zr ( < 100 ppm)

arc-melted, cast into an ingot, and clock-rolled at room temper-

ature with a strong basal texture and twin-free equiaxed grains

with an average diameter of 17 μm (see Fig. 1 (a)). The chemical

composition of other elements O, C, N, Fe, Al, V, Hf and Ti (in

ppm) is < 50, 22, < 20, < 50, < 20, < 50, 35 and < 25, respectively

[29] . Cylindrical compression specimens were machined from the

rolled plate and annealed at 550 °C for 1 h. Twinned samples

are made by compression deformation at 77 K to a strain of ei-
her 5% or 10%. Electron Back Scatter Diffraction (EBSD) is used

o identify and measure the twin volume fractions. Tensile twins

f the { 10 ̄1 2 }〈 1 ̄1 01 〉 type is formed in the 5% and 10% strained

amples, with associated volume fractions of 5% and 16%, respec-

ively [30] . A relatively small number of { 11 ̄2 1 } tensile twins was

eported, representing a volume fraction of less than 2% in the 10%

trained sample [31] . Thus, only { 10 ̄1 2 } tensile twins are consid-

red in the present study. EBSD images in Fig. 1 b and c shows that

he twin thickness is much smaller than the grain size and most

winned grains contain multiple twin lamellae [30] . 

Controlled hydrostatic pressure experiments are carried out on

ll three Zr samples: the annealed (twin-free) and the 5% and 10%

re-strained (twinned) samples. For these tests, a multi-anvil appa-

atus, the Deformation-DIA (D-DIA), at beam line 13-BM-D of the

dvanced Photon Source at Argonne National Laboratory is used

31] . D-DIA consists of three pairs of mutually perpendicular car-

ide anvils with square tips of 3 mm that can be controlled inde-

endently to ensure a condition of hydrostatic pressure. This setup

an also be used to impose deviatoric stresses at high pressures.

wo vertical anvils are fixed to lower and upper guide blocks while

he other two pairs of wedge shaped thrust anvils are in the hori-

ontal plane and at 90 ° to each other ( Fig. 2 (a)). 
A small-sized assembly is compressed using differential hy-

raulic rams in a controlled manner to impose hydrostatic pres-

ure while minimizing deviatoric stresses [31] ( Fig. 2 (b)). The as-

embly is shaped as a cube located between the six anvils in a

onfiguration that enables the anvils to make perfect contact with

ach face of the sample assembly. Due to the symmetry imposed

y the guide blocks combined with the differential ram and anvils

apabilities, the cubic sample assembly allows one to impose equal

train in all directions and thus a dilatational deformation. How-

ver, to guarantee a pure hydrostatic pressure state, fine-tuned

orrections are applied manually on the lateral pistons in order

o control the differential stress throughout the duration of the

xperiment. Because of the low rate of deformation required for

venly transmitting and equilibrating the pressure applied to the

ample during loading and unloading, each experiment lasts about

1 h. 

The outer portion of the sample assembly is the pressure

edium consisting of a 3 mm boron-epoxy cube containing a

ample chamber stacked with the following materials: crushable

lumina, sintered alumina, a thin gold sheet, the Zr sample sur-

ounded by a Boron Nitride sleeve, a thin gold sheet, sintered

lumina, and crushable alumina. The thin gold sheets are used as

arkers to follow the axial straining of the sample. Pyrophyllite

askets at the edges of the Boron Epoxy cube are used to maintain

lignment of the sample with the x-ray beam. 

The test samples consist of cylindrical specimens of 0.5 mm

iameter and 0.8 mm length fabricated by an Electric Discharge

achining (EDM) process. The axial direction of the samples is

he in-plane compression direction along which the samples were

re-strained. A 0.20 6 6 Å wavelength X-ray beam collimated to

00 × 200 μm is used to obtain diffraction signals from the Zr

ample. The diffraction images are recorded with a charge-coupled

etector binned to 2048 × 2048 pixels (pixel size of 0.079 mm) for

00 s (see Fig. 2 (a)). Diffraction from the alumina pistons is simul-

aneously recorded for calibration and pressure estimation. Sample

mages are collected using an X-ray radiographic camera and the

ontrast provided by the gold sheets is used to calculate the strain

mposed on the sample. Collected diffraction images are analyzed

y the Rietveld method using the software MAUD, which fits the

iffraction profiles while minimizing the difference between the

xperimental observation and model predicted crystal structures

nd microstructural characteristics [32–34] . The post-processing of

iffraction images provides the evolution of phase fraction and

exture. 
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Fig. 1. Orientation maps (standard stereographic triangle showing rolling directions, RD) and pole figures of crystal orientations of the (a) annealed (twin-free microstruc- 

ture), (b) 5% and (c) 10% pre-strained (twinned microstructures) Zr samples. Orientation map sections normal to RD. Annealed Zr possesses a strong basal texture. Pre- 

compression is applied along the transverse direction, TD (vertical in the orientation map) at 77 K to activate { 10 ̄1 2 } tensile twins. The twin volume fractions in the 5% and 

10% compressed samples are measured using EBSD and determined to be 5% and 16%, respectively. 

Fig. 2. D-DIA high pressure experiment setup and sample assembly. (a) Schematic representation of the D-DIA setup used for high pressure experiments at APS 13-BM-D. 

Here only four horizontal anvils are shown. The sample assembly is placed at the center of the D-DIA setup, and the X-ray beam passes through the entire sample assembly. 

Radiographic images and diffraction patterns are collected using a CCD camera and detector, respectively. (b) Schematic representation of the sequence in which a Zr-sample 

is placed along with other components inside the Boron Epoxy pressure medium. 
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. Results and discussion 

Hydrostatic pressure was imposed on the Zr samples in a con-

rolled slow-rate fashion (typically at a strain rate of 10 −5 s −1 ),

nd about five diffraction images were recorded for every 1 GPa

ressure increment. The pressure corresponding to each diffraction

mage was calculated by fitting the unit cell parameters of both α
nd ω-Zr using the Birch–Murnaghan isothermal equations of state

35] . The diffraction images of the alumina piston were also used

or pressure estimation. We find that the difference in pressure es-

imates obtained between the alumina and Zr diffraction images is

ithin 0.2 GPa. The maximum uncertainties in pressure are esti-

ated to be no larger than 0.3 GPa, with higher values associated

ith higher pressures. 

Fig. 3 shows selected X-ray diffraction patterns integrated

ver the full azimuthal range for all three samples at different

ressures. Individual diffraction peaks of both α and ω phases are

ndicated with blue and red dashed lines, respectively, and impor-

ant peaks are labeled with their Miller indices. At the beginning

f the experiment ( P = = 0.0 0 01 GPa), all three samples’ diffraction

atterns exhibit only α-peaks. The diffraction patterns did not

hange significantly up to about 4 GPa for all three samples as

hown in Fig. 3 . This indicates that the texture did not change

ith pressure, confirming indirectly that the samples experienced
o relevant deviatoric stress components and the pressure did

ot induce deformation twinning. When the pressure increases

o ~4.5 GPa, peaks in the diffraction pattern corresponding to

-Zr appear in the pre-compressed (twinned) samples only. With

ncreasing pressure, the intensities of the α-Zr peaks decrease and

hose of the ω-Zr peaks increase in all three samples. At around

.5 GPa, the α-phase fully transforms into the ω-phase. 

.1. Effect of twinning microstructure 

The corresponding volume fractions of the α-phase and the

-phase were calculated using the Rietveld method [33 , 34] . Fig. 4

hows the evolution of the ω-phase volume fraction with pressure

or all three samples. The maximum uncertainty in the volume

raction is estimated to be no larger than 8%. In this analysis,

he pressure at which the ω-phase starts to appear is referred

o as the transformation start pressure and the pressure at which

ll α-Zr transforms into ω-Zr is denoted as the transformation

nd pressure. The transformation start pressure of the annealed

r sample is 5.2 GPa, significantly greater than that of the pre-

ompressed twinned samples, which are 4.0 GPa and 4.2 GPa

or the 5% and 10% pre-compressed samples, respectively. The

ransformation end pressures for the annealed and 5% and 10%

re-compressed twinned samples are 8.0, 7.4 and 7.5 GPa, re-
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Fig. 3. Evolution of diffraction peaks with pressure. X-ray diffraction patterns of zirconium at different pressures: 0.0 0 01, 1.5, 4.5, 7.5 GPa and 0.0 0 01 GPa (after pressure 

release) for (a) annealed (twin-free), (b) 5% and (c) 10% pre-compressed (twinned) samples. The blue and red lines follow the evolution and shift of diffraction peaks for 

α and ω phases, respectively. The signature of ω-phase starts to appear at around 4.5 GPa. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.) 

Fig. 4. Evolution of ω-phase volume fraction as a function of imposed pressure 

for all three samples. The vertical lines represent the transformation start and end 

pressures for the α-to- ω phase transformation. Both the transformation start and 

end pressures are lower for the twinned samples compared to twin-free sample. 
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f  
spectively. Note that once the transformation start pressure is

reached, the phase transformation progresses rapidly and becomes

complete within about 3 GPa. These measurements indicate that
he presence of twins lowers the pressure for the α-to- ω phase

ransformation. 

The diffraction profile of all three samples after releasing the

ressure to ambient conditions are shown in the top row of Fig. 3 .

hey clearly show that the pre-twinned samples mostly contain

-phase whereas the annealed un-twinned sample is comprised

f both ω and α-phases. Quantitatively, Fig. 5 (a) shows the mea-

ured percentage of retained ω-phase in all three samples at ambi-

nt condition. The volume fraction of retained ω-phase in the twin

ree sample is 24% whereas in the twinned samples it is above 90%.

o confirm, additional post-mortem EBSD imaging is performed on

ll three tested samples to analyze the retained ω-phase. For ex-

mple, Fig. 5 (b)–(d) shows the EBSD images of the retained α+ ω,

, and α-phases, respectively, for the 10% pre-compressed sample.

he black regions in Fig. 5 (b) correspond to poorly indexed points.

onsistent with the in-situ X-ray diffraction results, the area frac-

ion of the retained ω-phase given by EBSD is high in the twinned

amples compared to the twin-free sample. Quantitative values are

ffected by the large uncertainties associated with the non-indexed

oints and are not reported here. 

.2. Twin induced stresses and α-to- ω phase transformation 

The experimental evidence indicates that pre-existing twins

avor the α-to- ω phase transformation and hinder the reverse
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Fig. 5. Effect of twinning on the retention of ω-phase. (a) Volume fraction (%) of retained ω-phase in the tested samples at ambient condition. The X-ray diffraction 

measurements are performed in the sample after releasing the pressure and removing the D-DIA anvils. (b), (c) and (d) EBSD images of the retained α+ ω , ω , and α- 

phase microstructure, respectively, in the 10% pre-compressed sample. In (b) green and red colors denote α and ω phases, respectively. The amount of retained ω-phase is 

significantly higher in the initially twinned microstructures than the twin-free microstructure. (For interpretation of the references to color in this figure legend, the reader 

is referred to the web version of this article.) 

Fig. 6. Twin stresses and phase transformation. (a) Distribution of twin plane resolved shear stress (TRSS) in an HCP Zr grain after { 10 ̄1 2 } tensile twin formation (in MPa) 

[39] . Elastic energy density (in MJ/m 
3 ) associated with α-to- ω phase transformation taking place in the stress field of the twinned Zr at 5 GPa applied pressure for (b) ω- 

variant 1 and (c) ω-variant 2. Variant-3 is crystallographically equivalent to variant-2 and thus its energy profile is the same as the one of variant-2. The elastic energy 

density (MJ/m 
3 ) associated with α-to- ω phase transformation of the twin-free crystal at 5 GPa pressure is given for comparison. 
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ransformation. Deformation twins are sub-granular domains that

mpart shear on the surrounding crystal and bear a distinctly dif-

erent crystallographic orientation [30 , 36] . Twin shear transforma-

ions induce a local internal stress field in the crystal around the

win [37] . These internal stresses superimpose on any externally

pplied field such as the applied pressure. The implication is that

he twin-generated field may partially accommodate the strain as-

ociated with the α-to- ω phase transformation, thereby reducing

he pressure required to induce the transformation in a perfect

rystal. To calculate the micromechanical stress-fields produced by

 10 ̄1 2 } tensile twins in an α-Zr crystal, we use a 3D crystal plastic-

ty Fast Fourier Transform (CP-FFT) model [38 , 39] . This model cal-

ulates the tensorial stress fields induced by the shear transforma-

ion and accounts for anisotropic elasticity and plastic relaxation

ia crystallographic slip. Fig. 6 (a) maps the calculated resolved

hear stress component projected on the twin plane (TRSS) solely

ue to the formation of a tensile twin in α-Zr grain [39] . This shear

tress component is most intense along the coherent twin bound-

ry where it is negative and unfavorable to twin growth, but in the

egion ahead of the twin tip it is positive and favorable to twin

ropagation. 

To understand whether this twin-generated stress field favors

r opposes the phase transformation, we calculate the energy as-

ociated with the α-to- ω transformation taking place in the pres-

nce of a twin induced stress field. We assume that the eigenstrain

s accommodated elastically, in which case the elastic strain en-
rgy is given by E = 
1 
2 σi j ε 

trans f 
i j 

, where σ and ɛ transf are the Cauchy

tress tensor and α-to- ω transformation strain tensor, respectively.

lthough local plastic relaxation is likely to take place and par-

ially relax the transformation-induced stress, the elastic compo-

ent of the strain is still a good indicator of whether the twin-

enerated stress field favors the transformation. In the case of a

erfect twin free crystal subject to hydrostatic pressure, the elastic

nergy density associated with the α-to- ω transformation is E =
1 
2 p δi j ε 

trans f 
i j 

, the same anywhere in the domain of the crystal if the

ydrostatic pressure, p, is uniform. The elastic energy for the phase

ransformation at different pressures can be determined by super-

mposing the hydrostatic pressure components onto the stress

tate derived from the CP-FFT calculations. We choose the orien-

ation relationship of the experimentally observed Silcock mecha-

ism: ( 0 0 01 ) α| | ( 11 ̄2 0 ) ω ; [ 11 ̄2 0 ] α| | [ 0 0 01 ] ω [9 , 40] . The transforma-

ion strain tensors for all three ω variants in a system where

 = [ 11 ̄2 0 ] α; Y = [ 0 0 01 ] α and Z = [ 1 ̄1 00 ] α are: 

 
1 = 

[ 

e 1 0 0 
0 e 2 0 
0 0 e 3 

] 

; ε 
2 = R ε 

1 R 
T ; ε 

3 = R ε 
2 R 

T (1) 

here e 1 = 
( c ω −a α ) 

a α
, e 2 = 

( a ω −c α ) 
c α

, e 3 = 
( 2 

√ 

3 a ω −3 
√ 

3 a α ) 

3 
√ 

3 a α
. a α , c α , and

 ω , c ω are the lattice constants of the α and ω phases, respectively,
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and R is a rotation matrix, given by 

R = 

[ 

1 / 2 0 −√ 

3 / 2 
0 1 0 √ 

3 / 2 0 1 / 2 

] 

(2)

Fig. 6 (b) and (c) shows the transformation energy for ω-phase

variants 1 and 2, respectively, forming inside the α-phase at 5 GPa

pressure. The result for the third variant is identical to that of the

second variant due to crystal symmetry. The lattice constants of

the α and ω phases at 5 GPa pressure are: a α = 3 . 177 , c α = 5 . 105 ,

a ω = 4.954 and c ω = 3 . 106 [6] . The calculated transformation en-

ergy distribution supports that the α-to- ω phase transformation is

energetically favorable (requires less energy) at and in the vicinity

of the coherent twin boundary for the first variant, and inside the

twin domain for the second variant. For reference, the transforma-

tion energy for the same variants in the twin-free perfect crystal

is given in Fig. 6 . Direct comparison of the transformation energy

for the twin-free and twinned crystals clearly supports the con-

clusion that the presence of the tensile twin lowers the pressure

required to induce the α-to- ω phase transformation, and more

specifically, this transformation is more likely to take place next

to the coherent twin interface or inside the twin domain. 

An interesting and potentially relevant result is the clear dis-

tinction between the formation of ω-phase variant 1 and variant

2. The former transformation is predicted to be favored outside

the twin domain, while the latter would be favorable inside the

twin domain. Either occurrence would lead to the formation of

an α- ω interface. In addition, it is plausible that both transforma-

tions take place simultaneously, in which case an ω- ω interface

would form. We hypothesize that the stability of these interfaces

would prevent the reverse ω-to- α transformation when the pres-

sure is removed. An alternative, but not excluding, argument would

be that the local stresses associated with the pre-existing tensile

twin boundaries, although being altered after the forward α-to- ω
phase transformation has taken place, retain the overall character-

istic shown in Fig. 6 . As a consequence, the reverse ω-to- α trans-

formation would have to occur in an energy landscape where the

sign is reversed with respect to a forward α-to- ω transformation,

which should hinder the reverse transformation. The quantification

of the local stresses associated with the transformation rely on

the modeling of the plasticity of both α and ω crystals. Through

extensive research over several decades, the plasticity of α-Zr is

well known [18 , 41–43] . On the other hand, the plasticity of the ω-

phase is not yet well understood, and will be the subject of future

studies. 

3.3. Implications from this study and future directions 

In this work we reveal a mechanism involving the coupling

between deformation twins and the α-to- ω phase transformation

in group IV transition metal zirconium. Based on the X-ray syn-

chrotron experiment results and transformation energy calculation,

we derive the following conclusions. When the twinned Zr is sub-

jected to hydrostatic pressure, the stress fields in the vicinity of

pre-existing twin boundaries help to trigger the phase transfor-

mation by lowering the pressure required for the phase transfor-

mation compared to the annealed un-twinned case. Two scenarios

are then possible, either only the matrix grains undergo transfor-

mation while the twin region retains the original α-phase, or both

the matrix grain and the twin region undergo the phase transfor-

mation. From these measurements, it is not possible to definitively

determine which scenario occurs. However, in both cases the twin

boundaries will be retained either as an α- ω interface in the for-

mer scenario or as an ω-grain boundary in the latter. These inter-

faces will be either coherent α- ω or low energy ω- ω interfaces.

We propose that if the interfacial energy of these boundaries is
ower compared to the original twin boundary, the ω-phase will

e difficult to revert back to the α-phase upon the pressure re-

ersal. However, confirmation requires atomistic calculations that

ill be considered in the future. In contrast, when the annealed-

r sample (twin-free) is subjected to hydrostatic pressure, it trans-

orms the entire α-grain into possibly up to three ω-orientations

eparated by ω- ω interfaces. Upon pressure release, it is appar-

nt from the experiment that the reverse transformation is ac-

omplished more easily than when twins are present. This ex-

lanation supports our previous speculations in connection with

hock loading or HPT tests. Under both shock loading and HPT,

-grains may twin first and afterwards pressure may trigger the

hase transformation at and in the vicinity of twin boundaries.

hose interfaces may help to stabilize the ω-phase at ambient

onditions. 

The knowledge acquired here has implications beyond the spe-

ific Zr system and conditions addressed in this work. For example,

he high strength and high ductility of metastable Ti alloys with

igh content of V, Mo, and Nb is due to both stress-induced ω
hase transformation and stress-induced twinning that take place

nder standard forming conditions [44 , 45] . It may also point to

 potential role of twinning on the formation of ω phase under

hock-loading or high torsion pressure of Zr and Ti [7 , 12] . As men-

ioned before, this work sheds light on phase transformations in

ther systems like polycrystalline Fe (from α-to- ε) [22] , rolled Ti
from HCP to FCC) [23] , uranium dioxide [24] , and the Cu/Ag sys-

em [25] . 

In the context of design of experiments, this work suggests

 way to design a material with different proportions of sta-

le ω-phase for further detailed characterization. To date, the

nderstanding of structural properties of ω-phase is limited by

ts instability at ambient condition. Prior studies on shock load-

ng and HPT methods produce samples containing high disloca-

ion content and severely augmented and complex, uncontrolled

icrostructures. On the other hand, as we have shown here, us-

ng hydrostatic pressure experiments with twinned microstruc-

ures produces materials with controlled microstructure and defect

ontent. 

Apart from all these new findings and their relevance, the

ain limitation of this work is the use of polycrystalline aver-

ge X-ray synchrotron technique to study the highly heteroge-

ous α-to- ω phase transformation phenomena. A controlled in-situ

patially-resolved microstructural characterization technique re-

uired to completely understand the local microstructure-governed

hase transformation will be performed in the future. Also, in this

ork, only a particular tensile twin and its effect on a phase trans-

ormation is studied. To develop a comprehensive understanding,

ifferent types of twins and possible combinations of grain bound-

ries need to considered. 

. Conclusions 

In this work, we have investigated the effect of microstruc-

ure on the α to ω phase transformation and the stability of ω-

hase using controlled in-situ high-pressure experiments with X-

ay synchrotron diffraction and crystal plasticity calculations. To

his effect we used twinned and twin-free microstructure samples

f high purity Zirconium. The experiment reveals that the pre-

xisting twinned microstructures lower the α-to- ω phase trans-

ormation pressure and increases the amount of retained ω-phase.

sing crystal plasticity calculations, this phenomenon is explained

y the stress field produced by twins on the surrounding crys-

al, which favors the phase transformation and hinders the reverse

ath. In addition, the presence of deformation twins stabilizes the

-phase upon release of pressure as evidenced by the fact that

he percentage of retained ω-phase at ambient condition after re-



M. Arul Kumar, N. Hilairet and R.J. McCabe et al. / Acta Materialia 185 (2020) 211–217 217 

l  

t  

i  

m

D

 

c  

i

A

 

O  

s  

p  

f  

d  

b  

f  

o  

1

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

 

 

[  

 

[  

 

 

 

[  

[  

 

 

 

[  

 

 

[  

 

[  

 

 

 

[  

 

 

 

[  

 

 

 

 

 

[  

 

 

[  

 

[  

[  

 

 

 

[  

 

[  

[  

 

[  

 

easing the pressure is much higher in the twinned microstruc-

ure compared to twin free microstructure material. This result

s also confirmed by post-mortem EBSD analysis of the recovered

aterial. 
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