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ABSTRACT

Dynamic transformation from alpha (HCP) to beta (BCC) phase in a zirconium alloy was revealed by the
use of in-situ neutron diffraction during hot compression. The dynamic transformation was unexpectedly
detected during isothermal compression at temperatures of 900°C and 950°C (alpha + beta two-phase re-
gion) and strain rates of 0.01 s! and 0.001 s~', even though equilibrium two-phase states were achieved
prior to the hot compression. Dynamic transformation was accompanied by diffusion of Sn from beta to
alpha phase, which resulted in changes of lattice parameters and a characteristic microstructure of alpha
grains. The lattice constant of alpha phase measured by the in-situ neutron diffraction increased during
the hot compression, while the lattice constant of beta phase exhibited an initial increase and subse-
quent decrease during the hot compression. As a result, the magnitude of lattice (elastic) strain as well
as stress (elastic stress, or phase stress) in alpha phase was found to become much greater than those in
beta phase. According to an atomistic simulation, the Gibbs free energy of alpha phase increased with hy-
drostatic compressive pressure more evidently than that of beta phase. It could be concluded from such
results that the occurrence of the dynamic transformation from alpha to beta is attributed to an increase
in the Gibbs free energy of alpha phase relative to beta phase owing to the difference in the phase stress;
i.e., the larger lattice distortion made alpha phase thermodynamically more unstable than beta phase. The
present result suggests that deformation of two-phase materials can dynamically make Gibbs free energy
of plastically harder phase higher than that of the softer phase through increasing elastic energy in the
harder phase, which might lead to dynamic transformation from harder phase to softer phase.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

formation can enhance toughness and strength of steels by pro-
ducing ultrafine grains [4-7]. It has been argued that the nucle-

Dynamic transformation is the phase transformation happen-
ing during deformation [1,2]. Dynamic transformation of austen-
ite phase with face centered cubic (FCC) crystal structure to fer-
rite phase with body centered cubic (BCC) structure in steels was
first reported by Yada et al. [3] using in-situ X-ray diffraction test-
ing during deformation at high temperatures. The dynamic trans-
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ation of product phase in dynamic transformation is activated dis-
placively and nuclei grow diffusionally [1,8]. In case of titanium
alloys, dynamic transformation from alpha phase having hexagonal
close packed (HCP) crystal structure to beta phase (BCC) may lead
to excellent superplasticity and improve tensile elongation. The dy-
namic transformation often contributes to stress accommodation
and accounts for a large proportion of flow softening [9,10]. Hence,
it is important to reveal the mechanism of dynamic transformation
as well as its influence on hot deformation behaviors of metallic
materials.
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In titanium alloys, dynamic transformation during hot deforma-
tion was first predicted by Gegel and Nadiv [11] in a Ti-6Al-2Sn-
47r-2Mo alloy. Later it was observed in near alpha and two-phase
titanium alloys by the use of ex-situ technique in which phase
fractions were measured at ambient temperature after hot defor-
mation and rapid cooling. For example, Prada et al. [12] showed
that the beta phase fraction in a Ni modified Ti-6Al-4V alloy in-
creased gradually during straining from strain of 0 to 1.65 at 815°C
that corresponded to alpha + beta two-phase region. Later Koike
et al. [13] reported an evident increase in beta phase fraction dur-
ing tensile testing of a Ti-5.5Al-1Fe alloy at temperatures ranging
from 777°C to 927°C (alpha + beta two-phase region). Specifically,
the beta phase percentage increased from 15% prior to deformation
to 41% after deformation to a strain of 1.6 at a strain rate of 103
s~1 at 827°C. Recently, dynamic transformation was observed dur-
ing hot compression of a near alpha titanium alloy (IMI 834). The
beta phase percentage increased by 20% during deformation to a
strain of 1.0 at a strain rate of 0.01 s~! and 1000°C (two-phase
region). It was concluded that the flow softening observed was at-
tributed to the dynamic transformation observed, because newly
formed beta phase was softer than alpha at deformation temper-
ature [14]. However, as the ex-situ observations were used in the
aforementioned works, the observed microstructures might include
static phase transformation (e.g., beta to alpha) during unloading
and quenching even though rapid cooling was taken. The ex-situ
observations make it difficult to accurately characterize the phase
components during hot deformation. In addition, martensitic phase
transformation of beta during quenching makes it impossible to
study the phase status and microstructures at elevated tempera-
tures. As a result, the mechanism of dynamic transformation has
not been fully clarified yet.

Previous works regarding dynamic transformation have focused
mainly on steels and titanium alloys. Recently, It has been pre-
dicted [2,14] that dynamic transformation is likely to take place in
zirconium alloys having similar phase diagrams and crystal struc-
ture phases to titanium alloys. The present work aimed to clarify
dynamic transformation behavior of a zirconium alloy for the first
time, using in-situ neutron diffraction during hot deformation. It
is expected that the present investigations can throw light on the
real-time transformation characteristics at high temperatures. The
driving force of dynamic transformation has been revealed for the
first time, on the basis of neutron diffraction results in the current
study.

2. Experimental

The material used in the present study is a Zircaloy-4 alloy with
a composition of 1.5 Sn, 0.21 Fe, 0.1 Cr, 0.12 O (in weight per-
cent), and balanced Zr. The initial material at room temperature
was characterized to have full alpha phase with an equiaxed grain
structure. Transus temperatures between alpha single-phase region
and alpha + beta two-phase region, and alpha + beta two-phase
region and beta single-phase region of the alloy were 810°C and
980°C, respectively. A physical simulator for thermo-mechanical
processing was equipped in the beam line (BL) 19 “TAKUMI” of
the Materials and Life Science Experimental Facility (MLF) at Japan
Proton Accelerator Research Complex (J-PARC). The schematic dia-
gram of the facility for the in-situ neutron diffraction during hot
compression is shown in Fig. 1(a) [7]. A white pulsed neutron
beam was irradiated to the cylindrical compression specimen and
diffraction information was collected by two neutron detectors set
at opposite positions perpendicular to the direction of incident
neutron beam. The height and width of the incident beam were
5 mm and 5 mm. The dotted area in Fig. 1(a) denoted the thermo-
mechanical processing simulator, in which a compression deforma-
tion system with two anvils as well as induction heating system
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were installed. A thermocouple was welded on the side surface
of the specimen to track the temperature of the specimen dur-
ing processing. In Fig. 1(b), the lattice planes parallel to the com-
pression axis which produce diffraction are illustrated. The neutron
diffraction was collected from the starting time of initial heating to
the end of the hot deformation. In order to obtain peak positions
and integrated intensities, diffraction peaks were fitted using Voigt
function. The volume fraction of BCC beta phase was measured ac-
cording to the equation given by:
I
S
] ]

%Z?:l }lgﬁ +1 Yia %
Here Igcc and I,{ICP denote the integrated intensity of any diffrac-
tion peak of BCC (beta) and HCP (alpha) phases, respectively. R rep-
resents the material scattering factor, and n is the number of peaks
used for the phase fraction calculation. Phase fractions were calcu-
lated through considering multiple peaks in each phase to mini-
mize the effects of texture on peak intensity. Six peaks of HCP and
five peaks of BCC were detected during holding at 900°C for 20
min prior to deformation as shown in the supplementary mate-
rial (Fig. S1). Three peaks of alpha phase (i.e. (002), (101), (102))
and three peaks of beta phase (i.e. (110), (200), (211)) were used
to calculate phase fractions according to Eq. (1). Evolution of the
texture was analyzed by using the MAUD (material analysis us-
ing diffraction) program. The spherical harmonics model with as-
suming a fiber texture along the compressive direction was used,
and the analysis was based on eighth-order harmonic function. It
was demonstrated that texture of BCC was very weak with a slight
increase in (101) direction after hot deformation (Fig. S2). Lattice
elastic strain &y is expressed by:

dyy —d
Enl = %00 (2)

(1)

Vbee =

where d; is the reference lattice spacing measured under the free
of stress condition, dp is the lattice spacing of (hkl) plane dur-
ing the deformation. Relations between lattice constants of alpha
and beta phases and interplanar spacing dy, are given by: 1/dﬁkl =
4(h? + hk + k?)/3a® + 1?/c® and 1/d%,, = (h? + k* +1?)/a?, respec-
tively.

The alloy was machined into cylindrical compression specimens
with height of 11 mm and diameter of 6.6 mm. Mica sheets were
applied to the top and bottom surfaces of the samples as a heat
insulator. A nitrogen gas atmosphere was used to minimize oxida-
tion during the hot compression in a chamber. The specimens were
heated at 2°C s~! to a compression temperature and then held for
20 minutes prior to deformation for homogenizing temperature of
the specimen. The specimens were uniaxially compressed to a log-
arithmic compression strain of 0.7 at a strain rate of 0.01 s~! or
0.001 s~! at temperature of 900°C and 950°C. The specimens were
water quenched immediately after the hot compression to preserve
microstructures at elevated temperatures. Hot-compressed speci-
mens were cut along the longitudinal direction and cut sections in-
cluding the center position of the specimens were eletro-polished
in a solution of 10 vol. % perchloric acid and 90 vol. % methanol
at -40°C and 25 V for 90s. Microstructures of the specimens prior
to and after the hot compression were characterized using a field-
emission scanning electron microscope (FE-SEM) equipped with a
back scattered electron (BSE) detector.

Dynamic transformation in pure zirconium was predicted by an
atomistic simulation. Structural phase transformation is driven by
the change in Gibbs free energy G(p,T) that is determined as:
G =H-TS. Here H, T and S denote the enthalpy, temperature and
entropy of the system, respectively. Accordingly, the phase with the
lowest Gibbs energy (or the lowest enthalpy at T=0 K) will be the
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Fig. 1. (a) Schematic diagram of the facility of the in-situ neutron diffraction during hot compression settled at BL19 of J-PARC. (b) Geometric relationships between incident

white neutron beam and lattice planes as well as the compression axis.

thermodynamically stable phase at a given condition (p, T). In or-
der to calculate the Gibbs energy for dynamic transformation in
zirconium, atomistic simulations were performed using the open-
source parallel molecular dynamics code LAMMPS [15]. The inter-
atomic interaction was calculated by an embedded atom method
(EAM) potential [16]. A prefect hcp-Zr single crystal with cubic
simulation shape (675,840 atoms) with the X, Y and Z axes par-
allel to [-2110], [01-10] and [0001] crystallographic directions, or a
bce-Zr single crystal (628,864 atoms) with the X, Y and Z axes par-
allel to [100], [010] and [001] crystallographic directions, respec-
tively. Periodic boundary conditions were applied along three di-
rections for simulating the effect of hydrostatic compressive pres-
sure on the phase stability between alpha and beta phases in pure
Zr, removing any influence of surface or edge effects. All samples
were minimized initially using the conjugate gradient method [17].
Then, hydrostatic compression stress was applied by rescaling the
atomic coordinates at T=0 K and the total energy E:;, was calcu-
lated in strained sample. Average energy for each atom was calcu-
lated as Hqtom = Etor/N, where N is the number of atoms in each
sample. In current calculation, the system with lower Hgyom (thus
lower G at 0 K) at a given pressure will be more stable and domi-
nant in dynamic transformation of zirconium.

3. Results and discussions

3.1. Change of phase fractions (Direct observation of dynamic
transformation)

Figure 2(a) shows a two-dimensional description of neutron
diffraction profile of the Zr alloy obtained during the hot com-
pression at 900°C at a strain rate of 0.001 s~!. The time of flight
(TOF) corresponds to the diffraction peak positions of two phases
[18]. During holding at 900°C, alpha phase partially transformed
to beta phase. For example, (110) peak of beta phase slightly in-
creased during holding while intensities of (101) and (002) peaks
of alpha phase decreased. But the intensities became almost con-
stant during holding, which indicated the phase fractions reached
the equilibrium values at this temperature. The fractions of al-
pha phase and beta phase calculated by Eq. (1) at the end of the
isothermal holding for 20 minutes were 12.8% and 87.2%, respec-
tively, which was comparable to the volume fractions at 900°C es-
timated from the theoretical equilibrium phase diagram [19]. This

conformed that the phase fractions reached equilibrium before the
hot-compression.

During isothermal compression, an evident increase in the in-
tensity of beta phase, such as (110) peak of beta, was observed.
Such variations of peak intensity were compared in Fig. 2(b) fur-
thermore. It could be clearly seen that the intensity of (110) peak
of beta phase increased while the intensities of (101) and (002)
peaks of alpha phase decreased during hot-deformation, which
could be recognized by comparing the blue curve (just before de-
formation) with the red curve (deformation: at 120 s) and black
curve (deformation: at 300 s) in Fig. 2(b). Figure 2(c) is a three-
dimensional plot of another in-situ neutron diffraction result dur-
ing hot-compression at 950°C at a strain rate of 0.01 s='. A dras-
tic increase in the intensity of beta phase during hot compression
could be observed again at this higher temperature. In Fig. 2(d), it
is confirmed that the intensity of alpha (101) and (002) peaks de-
creased, while the intensity of beta (110) peak increased from the
stage of just before deformation (red curve) to the stage of defor-
mation (black curve).

The results shown in Fig. 2, i.e.,, the decrease of alpha peaks
and the increase of beta peak suggest the occurrence of dynamic
transformation from alpha phase to beta phase during hot defor-
mation. However, the peak intensities can be affected by crystal
rotation during deformation. All major diffraction peaks before and
after the hot compression at 900°C at a strain rate of 10~3 s~ are
shown in Fig. S1 in the supplementary materials. The intensities of
all alpha peaks decreased, while the intensities of most beta phase
decreased. Exceptionally, the intensity of (200) beta decreased by
the hot deformation, which might be caused by the crystal rota-
tion during hot-compression as BCC metals and alloys tend to form
a fiber texture with <100> + <111> parallel to the compression
direction in compression. However, the pole figures (Fig. S2 in the
supplementary materials), which was reconstructed by MAUD (ma-
terial analysis using diffraction) program, did not show strong tex-
tures both in alpha and beta phases. Therefore, it is considered that
the changes of peak intensities were not dominated by crystal ro-
tation or texture formation during deformation.

In Fig. 3(a), changes of the diffraction peak intensity normalized
by the intensity at the initial unloaded state are plotted as a func-
tion of the deformation time. The normalized intensities of (110)
and (211) peaks of beta phase increased during hot-deformation.
In contrast, the normalized intensity of (101) peak of alpha phase
decreased during the deformation. The intensities of (002) peak of
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Fig. 2. (a) A two-dimensional description and (b) changes of particular peaks of the in-situ neutron diffraction result during hot-compression at 900°C and a strain rate of
0.001 s 1. (c) Three-dimensional expression of the in-situ neutron diffraction profile and (d) changes of particular peaks during hot-compression at 950°C and a strain rate of
0.01 s~'. In (a) and (c), the colors correspond to the intensity of peaks, according to the color bar indicated. In (b) and (d), (101) and (002) diffraction peaks of alpha phase
and (110) diffraction peak of beta phase at different stages of processing are plotted for comparison. TOF indicates the time of flight of diffracted neutron, corresponding to
the lattice spacing of diffracted planes [18].
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alpha and (200) peak of beta exhibited an initial slight increase
and subsequent decrease. It should be noted that the initial slight
increase in the intensity of two phases could be probably affected
and caused by the increase of lattice defects and resultant local
heterogeneity of lattice intervals. The decrease in the intensity of
(200) peak of beta phase might be affected by crystal rotation by
plastic deformation.

Changes in the volume fraction of beta phase during hot defor-
mation at 900°C and 950°C at strain rates of 0.001 s~! and 0.01
s~1, respectively, are shown in Fig. 3(b). It should be noted that
the phase fractions were calculated by Equation (1) using multi-
ple peaks of two phases. For beta phase, (200) peak that showed a
decreasing trend during deformation was used in addition to (110)
and (211) peaks that showed increasing tends (Fig. S1), The vol-
ume fractions of beta phase maintained constant during isothermal
holding, indicating again that the equilibrium state was achieved
prior to the hot deformation. When the hot compression was car-
ried out, the beta phase fraction increased gradually during strain-
ing. For example, 8% increase in the beta phase fraction was ob-
served during deformation at 950°C at a strain rate of 0.01 s~ 1,
as indicated by the blue plots in Fig. 3(b). The increase of the
beta volume fraction during hot-compression was also recognized
under the different conditions (Fig. 3(b)), although the decreasing
trend was less at the lower strain rate of 0.001 s~!. As was men-
tioned above, the intensities of diffraction peaks could be affected
by crystal rotation during hot compression more or less, although
the textures of two phase were weak (Fig. S2). For checking the
effect of this issue on the calculation of phase fractions, the MAUD
software that incorporated the effects of textures on peak inten-
sity variations was also employed to calculate the phase fractions.
The result is shown in Fig. S3 in the supplementary materials,
where the beta phase fractions determined by two methods were
approximately the same. It can be concluded that the effect of tex-
ture formation on the calculated phase fraction calculation is not
strong and the volume fraction of beta phase certainly tends to
increase during hot deformation, indicating the occurrence of dy-
namic transformation from alpha phase to beta phase. It should be
emphasized that the dynamic transformation from alpha to beta
in the present investigation was an unexpected phenomenon, since
the specimens reached the equilibrium fractions of two phases and
there was no driving force for the phase transformation before the
hot compression. Figure 3(a) suggests that the hot deformation at
higher strain rate enhances the dynamic transformation from alpha
to beta, which will be discussed later.

True stress-strain curves in hot-compression at 900°C and
950°C at strain rates of 0.01 and 0.001 s~! are shown in Fig. 4(a).
There was an obvious flow softening (i.e., stress decrease after the
peak stress) observed particularly at lower temperatures. Dynamic
recovery is the predominant phenomenon in BCC beta phase asso-
ciated with dislocation annihilation during hot deformation, usu-
ally giving rise to a steady state flow behavior [20]. Beta phase
(BCC) is considered to be much softer than alpha phase (HCP),
since the lattice strain (the phase stress) in HCP alpha was much
higher than that in BCC beta, as shown in Fig. 7. The difference
in strength between alpha and beta at two-phase temperatures
(around 900°C - 950°C) was also investigated in the following way.
The previously reported flow stresses of alpha and beta phases
in single-phase temperatures of Zircalloy-4 [21] were plotted as a
function of reciprocal of deformation temperature (1/T), the curves
of two phases were fitted using a typical constitutive equation
[21-23], and then the curves were extrapolated into alpha + beta
two-phase temperature region. The result is shown as Fig. S4 in
the supplementary materials, and the figure clearly shows that the
flow stress of alpha phase is much higher than that of beta phase
in the alpha + beta two-phase region, which also agrees with the
experimental results obtained from the in-situ neutron diffraction
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(Fig. 7) and our conclusion. Therefore, it can be concluded that dy-
namic transformation from alpha to beta can contribute to flow
softening shown in Fig. 4 (a). In Fig. 4(b), changes of beta phase
fraction during hot deformation are plotted against true strain in
compression. It was shown that dynamic transformation was de-
tected at an early stage of deformation, which corresponded to the
initiation of flow softening. As indicated by the black curves (de-
formation at 950°C and 0.01 s~!) in Fig. 4(a) and (b), when the
flow stress reached the peak value at a strain of 0.1, approximately
2% of alpha phase had transformed to beta phase.

3.2. Diffusion associated lattice constant variation during dynamic
transformation

Changes of average lattice parameters of HCP alpha and BCC
beta phases during processing are shown in Fig. 5. Figure 5(a) in-
dicates that the lattice constant of HCP alpha phase maintained
approximately unchanged during holding and demonstrated an in-
creasing trend during hot-deformation. On the other hand, the lat-
tice constant of BCC beta phase showed an initial increase and
then a decrease during hot-deformation, as indicated in Fig. 5(b).
The average lattice parameters were calculated in conventional
ways according to Bragg's law, using positions of diffraction peaks
of each phase. Because of the diffraction geometry shown in Fig.
1, all diffraction peaks in the current experiments were obtained
from crystallographic planes parallel to the compression direction.
Therefore, the lattice parameters shown in Fig. 5 correspond to
those in the directions perpendicular to the compression direc-
tion. In the present compression deformation, the lattice param-
eter naturally increased from the initial value before deformation
during compression, corresponding to the elastic expansion of lat-
tices toward the directions perpendicular to the compression di-
rection. The change of the lattice constants in Fig. 5 corresponds
to the degree of elastic deformation (expansion in the directions
perpendicular to the compression direction) during compression.
The decrease of the lattice constant of beta phase after the initial
increase observed in Fig. 5(b) could be derived from the decrease
of the flow stress (Fig. 4(a)) due to dynamic transformation.

One possible reason for the change of lattice constant by dy-
namic transformation is the change of chemical composition of
beta phase. It has been reported in previous work [24-26] that
the lattice constant of beta phase (BCC) in Ti and Zr alloys reduces
with decreasing tin (Sn) content. Figure 6(a) shows a SEM micro-
graph of the specimen isothermally held at 950°C for 20 minutes
and then quenched before the hot-deformation. As was described
above, the specimen was considered to have equilibrium phase
fractions before quenching. Equiaxed alpha grains that had existed
in the alpha + beta state at 950°C were recognized. Beta grains
transformed to alpha phase with fine plate morphologies in cool-
ing. Figure 6(b) shows a SEM microstructure of the specimen hot-
compressed to a strain of 0.7 at 950°C at a strain rate of 0.01 s~!
and then quenched. Equiaxed alpha grains were again observed,
but the fraction of equiaxed alpha grains was obviously smaller
than that in Fig. 6 (a), which also confirmed the progress of the
dynamic transformation from alpha to beta during hot deforma-
tion. It should be additionally noted that the equiaxed alpha grains
only in the hot-compressed specimen (Fig. 6 (b)) showed different
appearance from those in Fig. 6 (a). That is, the equiaxed alpha
grains in Fig. 6 (b) were outlined by layers with lighter contrast
than the alpha grains, as is enlarged in Fig. 6 (c). Sn concentra-
tions in different local regions were measured by energy dispersive
X-ray (EDX) analysis in SEM, and the results are summarized in
the table inserted below Fig. 6(c). It was clearly confirmed that the
Sn concentration in the light layers (1.53 wt.%) was significantly
lower than that within the dark alpha grain (2.53 wt.%) but slightly
higher than the (former) beta regions (1.44 wt.%) transformed to
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fine alpha in quenching. The result indicates that dynamic transfor-
mation from alpha to beta involved Sn diffusion, and the light lay-
ers correspond to the transition regions of Sn diffusion. Note that
Sn is an alpha stabilizing element in Zr alloy. Figure 6(d) represents
the change of average lattice constant of BCC beta phase during
processing at 950°C and 0.01 s~!. Similar to Fig. 5(b), the lattice
constant of beta firstly increased by hot-compression and then de-
creased. The first increase of the beta lattice constant corresponds
to the elastic expansion of the lattice to the directions perpendicu-
lar to the compression axis, as described above. The next decrease
of the lattice constant could be caused by the dynamic transforma-
tion accompanied with the gradual decrease of Sn concentration in
newly formed beta phase. For confirming crystal structures in dif-
ferent regions, Kikuchi-line analysis was performed using electron
back-scattering diffraction (EBSD) in SEM. Kikuchi diffraction pat-
terns obtained from an equiaxed alpha grain (e), light layer (f) and

transformed beta region in (c) are shown in Fig. 6(e), (f) and (g),
respectively. Figure 6(e) and (f) showed nearly the same Kikuchi
pattern of HCP crystal. The Kikuchi lines determined from a trans-
formed beta region (Fig. 6(g)) showed totally different pattern from
(e) and (f). The results indicate that the light layers are the HCP
alpha phase having the same orientation of adjacent alpha grains,
although their compositions (Sn contents) are different.

The results in the present study suggest a possible dynamic
transformation process described below: During the compression
deformation, Sn tends to diffuse within alpha phase along the
chemical potential gradient caused by any means. When the Sn
content in some area of alpha phase decreases to a certain level,
dynamic transformation from alpha to beta is initiated. This might
be analogous to the phase transformation from alpha to beta dur-
ing heating of a titanium alloy (Ti-Mo) studied by Fu et al. us-
ing in-situ TEM observation [27]. In their work, there was an in-
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Fig. 6. (a) SEM-BSE micrograph of the specimen held at 950°C for 20 minutes and then quenched before hot-deformation. (b) SEM-BSE image of the specimen hot-
compressed to a strain of 0.7 at 950°C and 0.01 s~!, and then quenched. (c) SEM-BSE micrograph of the same specimen as (b) in higher magnification. The inserted
table indicates Sn concentrations at different local regions measured by EDX in SEM. (d) Change of the lattice constant of beta phase during processing at 950°C and 0.01
s~1, which was derived from the in-situ neutron diffraction. (e), (f) and (g) Kikuchi patterns measured from different regions corresponding to (c), i.e., within dark equiaxed
alpha grain, light layer surrounding the dark alpha grain, and transformed beta region, respectively.

termediate step during phase transformation, at which beta sta-
bilizer (i.e., Mo in their alloy) first aggregated in a zone of al-
pha phase and then the alpha phase zone enriched in Mo trans-
formed into beta phase. They claimed that such an intermediate
state could lower the energy barrier of phase transformation as
well. The energy barrier for phase transformation might dependent

on the structure of interface between two phases. The alpha/beta
interfaces in titanium and zirconium have been found to be par-
tially coherent [28,29] and the interfacial mismatch due to the loss
of coherency can be accommodated by misfit dislocations [29] or
ledges [30]. These defects will increase interfacial energy and thus
impede phase transformation. Recently Cui et al. [31] proposed a
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Fig. 7. Variation of (a) lattice strain and (b) phase stress of alpha and beta phases as a function of time during the hot compression at 900°C and a strain rate of 0.001 s~!.

novel atomic-scale process based on the periodically differential
interfacial energy and insisted that the new phase was constructed
by displacive process of a group of atoms in a short range order
state in Mg-Li alloy. In this process, extra driving force was re-
quired to overcome the periodic energy barriers so that a cell (a
group of atoms) could transform from one metastable state to the
next one via a displacive manner. Cui et al. proposed that the driv-
ing force came from thermally-activated diffusion of atoms in the
transformation cell. In the current work, the authors captured a
diffusion of Sn between beta and alpha phases, which seems to
have a similarity to the atom-scale mechanism proposed in [31].
However, the phase transformation studied in Ref. [31] occurred
without external load (i.e., static transformation), while we stud-
ied dynamic transformation in different alloy system during load-
ing in the current study. Although we cannot assess the atom-scale
mechanism proposed by Cui et al. [31] in this paper, we indicate
that the driving force for the current dynamic transformation in Zr
alloy is basically the elastic energy stored preferentially in alpha
phase. Another possibility to explain the present results is that the
light layers were formed by reverse transformation from dynami-
cally transformed beta to alpha during cooling. The process might
happen in a similar way to the epitaxial growth of alpha phase in
titanium alloy [32]. Additionally, plastic accommodation of elastic
stress in beta phase would also contribute to the decrease of the
lattice parameter to some extent.

3.3. Mechanism of dynamic transformation

In the former sections, dynamic transformation from alpha
phase to beta phase during hot-compression in alpha + beta two
phase temperature was confirmed and various characteristics of
the dynamic transformation were shown. In this section, mecha-
nism of the dynamic transformation observed in the present study
is discussed based on another results from the in-situ neutron
diffraction and atomistic calculation. Figure 7(a) shows the varia-
tion of lattice strains (epy) of alpha and beta phases during hot
compression at 900°C and a strain rate of 0.001 s~!. The lattice
strains were obtained from the peak shifts of hkl diffractions in
the in-situ neutron investigation during hot deformation. It should
be noted again here that all the diffraction peaks observed in the
present in-situ neutron diffraction were obtained from the crystal
planes perpendicular to the compression axis. As indicated by the

yellow and grey zones, lattice strains of alpha (HCP) and beta (BCC)
phases, respectively, increased gradually with the progress of hot
compression. The lattice strains of alpha phase were much greater
than those of beta phase, which indicates that the alpha phase
plastically harder and involved higher internal (elastic) strain than
beta phase. Stress partitioning between alpha and beta phases was
calculated by Hooke’s law using the lattice strains (&p) and elas-
tic moduli along the directions perpendicular to (hkl) plane. Lat-
tice stresses evaluated from (002) alpha and (110) beta (in other
words, phase stresses or elastic stresses in alpha and beta phases)
are plotted as a function of the deformation time in Fig. 7(b). It can
be seen that the phase stresses of alpha were substantially greater
than those of beta phase during the hot deformation. As elastic
moduli of HCP alpha phase are generally larger than those of BCC
beta phase [33,34], the elastic energy stored in alpha having higher
elastic strain and larger elastic modulus must be greater than that
in beta phase.

In previous works, two models have been developed to rational-
ize the occurrence of dynamic transformation. In the first model,
stored energy in the form of lattice defects (like dislocations) is
considered to give the driving force of dynamic transformation
[35,36]. The second model is on the mechanical activation in which
dynamic transformation is realized in a displacive manner and ini-
tiated by shear stress on habit plane [8,37]. However, both mod-
els have not yet obtained firm experimental results confirming the
ideas.

In the present study, we could provide new experimental evi-
dence in dynamic transformation, especially the stress partitioning
between alpha and beta phases, from the in-situ neutron diffrac-
tion during hot deformation. Therefore, apart from two models
previously proposed, we would like to start the arguments from
fundamental points. The dynamic transformation should be inter-
preted in the context of Gibbs free energy changes from higher
energy state to lower energy state, similar to conventional static
transformations. The difference in dynamic transformation is the
necessity to consider dynamic changes of free energy happen-
ing during deformation. Although the present results on dynamic
transformation in the Zr alloy were obtained from hot deforma-
tion in alpha + beta two-phase equilibria, let us start from ther-
modynamics in pure metals (in pure Zr) for simplicity. Figure 8(a)
schematically illustrates a temperature - Gibbs free energy (G) di-
agram for pure Zr. Gibbs free energies for alpha phase (G%*) and
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Fig. 8. Schematic illustrations showing changes of Gibbs free energy in pure Zr. (a) Gibbs free energy curves of alpha phase (G¥) and beta phase (G#) as a function of
temperature. (b) Change of Gibbs free energy of pure Zr at a temperature, T (below Tg in (a)), as a function of atomic configuration between HCP alpha and BCC beta
crystals, in static state without deformation (loading). (c) Similar illustration to (b) in dynamic state under deformation (loading).

beta phase (G#) both decrease with increasing temperature (T) and
cross to each other at the equilibrium transformation temperature
(Tg) between alpha and beta. HCP alpha phase is stable below Tg
and BCC beta stable above Tg. At a temperature (T) below Tg, the
driving force for the phase transformation from supercooled beta
to alpha (AGP~%) is generated, which is the difference between
free energy of alpha (G%¥) and that of beta (G#) at T. Figure 8(b) and
(c) schematically demonstrate the variation of Gibbs free energy of
a pure Zr system at the temperature, T, as a function of various
atomic configurations between HCP alpha and BCC beta crystals.
Figure 8(b) corresponds to the static state without deformation
(loading). As is shown in (a), the driving force for the static trans-
formation from beta to alpha (AGf""‘) arises at this temperature
(T). In the dynamic state, a load is applied to the material (system)
and it changes the free energy curve (Fig. 8(c)). Loading induces
elastic deformation in two phases and elastic energy is stored in
each phase. The elastic deformation appears as the peak shift in
diffraction peaks. The current study clearly demonstrated that al-
pha phase took on larger elastic deformation than beta phase, as
the lattice strain (and phase stress) in HCP alpha was much higher
than those in BCC beta (Fig. 7). This is because beta phase is
plastically softer than alpha phase and accommodates the applied
stress by plastic deformation. Consequently, hard alpha phase takes
higher elastic energy than soft beta phase, which affects Gibbs free
energy variation between two phases relatively. As is illustrated in
Fig. 8(b) and (c), the free energy of alpha increases from G¢ (static
state) to G§ (dynamic state), and the free energy of beta increases

from Gf to Gdﬂ , under loading. When the increase of alpha free
energy (GJ - G¢) by elastic energy is sufficiently larger than that

of beta free energy (Gdﬁ - Gf ) (which seems to be the case in the
present investigations, as was discussed in Fig. 7 based on the in-
situ neutron diffraction results), the free energy of alpha (G§) be-

comes higher than the free energy of beta (Gdﬂ ) so that the driving

force for dynamic transformation from alpha to beta (AG‘;_’ﬂ ) is
generated at T, as is shown in Fig. 8(c). By the way, for inducing
the dynamic transformation, the activation energy barrier (Q) must
be overcome. The change of the free energy curve by loading could
reduce the activation energy for the alpha to beta transformation
from Qs to Qq, as illustrated in Fig. 8 (b) and (c), as has been
shown in the explanation of plaston concept recently proposed for
considering local nucleation of deformation carriers under loading

[38-40], which would be beneficial for driving the dynamic trans-
formation from alpha to beta. According to the work by Christian
[41], the activation energy barrier for phase transformation would
be lowered under deformation. In the present study, another hot-
compression experiment was carried out at an alpha single-phase
temperature (750°C), but no phase transformation was observed.
This is probably because both AGSH'S and Qs were naturally much
larger at this temperature than those at alpha + beta two-phase
temperature (900°C and 950°C), so that the increase of the free
energy of alpha under loading could not generate the driving force
for the phase transformation from alpha to beta or/nor overcome
the activation energy barrier (Q). However, many things are still
unknown about the quantitative change of the activation energy
by elastic energy or stored energy in deformation. The unexpected
dynamic transformation from alpha to beta during hot deformation
from equilibrium state in the alpha + beta two-phase temperature
in the present investigations (which corresponds to the state at Tg
in Fig. 8 for a pure metal case) could be realized in such a way.
Gibbs free energies of alpha (G§) and beta (Gg) in the dynamic
state (Fig. 8(c)) can be increased by deformation compared with
those in the static state (Fig. 8(b)). As experimentally shown in
Fig. 7, the elastic strain and stress in alpha phase were greater
than those of beta phase in the present Zr alloy, which gave rise to
higher elastic stored energy in alpha phase than that in beta phase.
The increase in Gibbs free energy of (hard) alpha phase is evidently
greater than that of (soft) beta phase according to the work by
Jonas et al. [1,14]. Hence, it is likely that the Gibbs free energy of
alpha phase (G§) exceeds that of beta phase (Gdﬂ ) during deforma-
tion, which accounts for the initiation of dynamic transformation
of alpha to beta phase. This is further validated by an atomistic
simulation. The calculated changes of Gibbs free energies of alpha
and beta phases at 0 K are shown as a function of hydrostatic com-
pressive pressure in Fig. 9 (a). Gibbs free energies of alpha (HCP)
and beta (BCC) phases both increased with increasing the pressure,
but the increasing trends are different between two phases so that
two curves crosses to each other at a certain pressure. In order to
demonstrate the detailed changes, the pressure range in Fig. 9 (a)
was divided into three regions with different colors, and then the
curves in three regions were shown in Fig. 9 (b)-(d). In the low
pressure region (Fig. 9 (b)), the Gibbs free energy of alpha is always
lower than that of beta phase. The medium pressure region (Fig. 9
(c)) exhibits crossing of the Gibbs free energy curves of alpha and
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Fig. 9. (a) Changes of Gibbs free energies of alpha and beta phases are shown as a function of hydrostatic compressive pressure, calculated by the atomistic simulation. (b-d)
Enlarged view of (a) in different ranges of the pressure: (b) 0 - 8 GPa, (c) 8 - 12 GPa, (d) 12 - 20 GPa.

beta at around 10.5 GPa. In the high pressure region (Fig 9 (d)), the
Gibbs energy of alpha is always higher than that of beta phase.
Hence, alpha phase is more stable than beta phase under lower
pressure, while beta phase becomes relatively more stable than al-
pha phase under higher pressure. The tendency demonstrated by
the calculation that the compressive pressure makes beta phase
more stable than alpha phase matches well with the consideration
described above for explaining the experimental result of dynamic
transformation during compression in the present study

4. Conclusion

Dynamic transformation behavior in Zr alloy was thoroughly
studied by the use of the in-situ neutron diffraction experiments
during isothermal compression deformation at high temperatures
and the atomistic simulation. The main results obtained in the cur-
rent study are summarized as follows:

(1) Dynamic transformation from HCP alpha phase to BCC beta
phase was directly observed and confirmed by the in-situ
neutron diffraction, even though the specimen showed equi-
librium phase ratios at the alpha + beta two-phase temper-
ature before the uniaxial compression deformation. The ki-
netics of alpha to beta transformation and the fraction of
obtained beta phase increased with increasing the deforma-
tion temperature and strain rate. Stress-strain curves in hot

10

compression of the specimens showed gradual decreases af-
ter peak stresses at early stage of deformation, which corre-
sponded to the increase of the beta phase produced by the
dynamic transformation.

(2) The lattice parameter of alpha phase along the directions
perpendicular to the compression axis showed increasing
trends during the compression deformation, which indicated
monotonous increase of elastic deformation in this direction.
On the other hand, the lattice parameter of beta phase firstly
increased and then decreased corresponding to the initiation
of dynamic transformation from alpha to beta during the
compression deformation. The hot compressed specimens
showed a unique microstructure of alpha phase. Equiaxed al-
pha grains with dark contrast were surrounded by the light
contrast layers. It was confirmed that the light contrast lay-
ers were alpha phase with the same crystallographic orien-
tations of the surrounded dark alpha grains and had lower
Sn concentrations than the surrounded alpha grain.

(3) Changes of the lattice strain (elastic strain) of two different
phases during hot compression deformation were directly
evaluated from the peak shift of diffraction peaks obtained
by the in-situ neutron diffraction for the first time. HCP al-
pha phase always showed larger lattice strain, so that higher
phase stress (elastic stress within the phase), than BCC beta
phase. This indicated that the stress (load) was partitioned
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into two phases and the harder alpha phase took on the
higher stress than the softer beta phase. Since elastic moduli
of alpha phase were larger than those of beta phase, alpha
phase should include higher elastic energy than beta phase
during hot deformation.

(4) It was considered that the higher elastic energy in alpha
phase increased the Gibbs free energy of alpha much more
than beta, and the driving force for the dynamic transfor-
mation from alpha to beta generated. The atomistic calcula-
tion showed that beta phase would have lower Gibbs free
energy than alpha phase under higher hydrostatic compres-
sive pressure, which agreed with the above mentioned con-
sideration (Eq. 2).
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