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Understanding controversies in the
a-w and w-3 phase transformations
of zirconium from nonhydrostatic
thermodynamics

Lin Zhang'*, Ying-Hua Li%, Yan-Qin Gu? & Ling-Cang Cai'

Significant debate has been noted in the a-w and w-B phase transformations of zirconium. The initial
pressure of the a-to-w transformation at room temperature has been reported to vary from 0.25 to
7.0GPa, while the hydrostatic transformation is believed to occur at approximately 2.2 GPa. Shear
stress is commonly considered as a key factor leading to the discrepancy. However, the principal
mechanisms previously proposed concluded that the phase transformation pressure would be
decreased in the presence of shear stress. The experimental results of the ai-w transformation in
zirconium are contrary to this conclusion. In the w-3 phase diagram of zirconium, the d7/dP along
the phase boundary near the a-w-(3 triple-point was reported to be either positive or negative, but
no theoretical explanation, especially a quantitative one, has been proposed. This article aimed

to quantitatively investigate and explain the controversies reported in the a-w and w-3 phase
transformations of zirconium by applying a new nonhydrostatic thermodynamic formalism for solid
medium, which has recently been proposed and is capable of quantitatively estimating the impact of
shear stress on phase transformations in solids.

The phase structure, phase transformation and phase diagram of zirconium have attracted the interest of many
researchers because of their scientific significance and widespread applications in aerospace, nuclear, and biomed-
ical industries'~?!; however, studies in the past few decades have revealed some controversies in its a-w and w-(3
phase transformations. For the a-w transformation, the initial transition pressure at room temperature was found
to vary from 0.25 to 7.0 GPa!->!"12, which exhibits a great discrepancy. For the w-3 phase transformation, earlier
measurements discovered a positive dT/dP slope of approximately 6 K/GPa along the w-3 phase boundary near
the triple point of the c-w-(3 phase diagram?®2. It was found that the w phase can be transformed into the 3 phase at
room temperature by pressure at approximately 30 =2, 33 and 35+ 3 GPa®®, as well as by shock at approximately
26 GPa”?*, These indicate that the w-(3 phase boundary of zirconium must return toward the room temperature
axis at high pressure at some point. However, thus far, no published reports of theoretical multiphase equation
of state (mEOS) have noted such behaviour. Zhang et al.”!° re-measured the phase diagram of zirconium using
synchrotron x-ray diffraction and time-of-flight neutron scattering techniques, and a negative dT/dP slope of
approximately 15.5 K/GPa was obtained along the w-3 phase boundary near the triple point, which was contrary
to the earlier results. Similar controversies were also found in many other substances'>!*?*-?7. Although some
studies were devoted to explain these controversies?>*!, their understanding remains an open issue. Impurity is
often considered as a main factor that may cause these controversies. In general, impurity may change the energy
barrier for phase transformation, resulting in a change in its transition pressure®®. Shear stress is another factor
exerting high impact on phase transformation. There are two principal viewpoints on how shear stress affects
phase equilibrium and phase transformation. One states that shear stress is influential to the potential energy
for phase transformation, however it is commonly accepted that shear stress usually decreases the height of the
potential barrier?-*. The other viewpoint?**"*>-* explains that shear stress causes plastic deformation of the sam-
ple and leads to dislocations in return, and the dislocations are further densely piled up against grain boundary or
other obstacles, thus strong concentrators of stress tensor are generated. As a result, the local stresses near stress
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concentrators may reach the required level for high-pressure phase nucleation, even though the externally applied
pressure is much lower than the transition pressure. Two review papers focused on the studies can be found in*4!.
These two viewpoints concluded that shear stress leads to a decrease in transition pressure. Although the conclu-
sion was supported by many experiments performed on some substances, the a-w transformation in zirconium is
contrary to this because the hydrostatic transition pressure at room temperature of the transformation is usually
believed to be approximately 2.2 GPa*”, much lower than most experimental measured values. Thus, a more
reasonable and persuasive theoretical interpretation is highly necessary. In a recent study, we proposed a nonhy-
drostatic thermodynamic formalism*? (referred to as ZLC formalism hereinafter), which is capable of quantita-
tively estimating the impact of shear stress on phase transformations in a solid. According to the formalism, the
transition pressure of a solid-solid phase transformation is extremely sensitive to the shear stress level and the
material shear modulus as a function of pressure and temperature of both relevant phases, i.e., the G(P, T) rela-
tionships for both phases. This conclusion gives birth to a new mechanism of the influence of impurity on phase
transformation. In other words, by changing the yield stress level and the G(P, T) relationship of the material, a
tiny amount of impurities may exert great impact on phase transformations. In this article, we aimed to explain
the controversies observed in the a-w and w-f transformations in zirconium by applying the formalism. We
believe that a comprehensive quantitative explanation of these controversies may provide a general understanding
and a theoretical approach to explain similar controversies that were widely observed in pressure-induced phase
transformations in other solids.

Methods
ZLC formalism. ZLC formalism is an approximate approach for nonhydrostatic thermodynamics which is
applicable for phase equilibrium, phase diagram and phase transformation problems under nonhydrostatic sit-
uations from a macroscopic view, and is based on the following assumptions that are widely adopted in solid
mechanics:

(1) The object system could be regarded as a homogenous continuum, and the heterogeneities in meso- and
micro-scales could be ignored or managed based on the average.

(2) The substance of two phases that coexist at equilibrium could be regarded as a solution (completely mixed
together), and the effect of interface between the two phases might be ignored.

(3) A quantity E; was introduced to depict the total stored energy produced by various meso- and micro-scales
defects such as dislocations and grain boundaries. E; could be dealt with as being homogenously stored
throughout the object, based on the average. In addition, the inelastic work done by internal stresses
should be the dominant contribution to the increment of E,.

(4) The constitutive relationships among the components of deviatoric stress and deviatoric elastic strain are
linear at fixed pressure and temperature. However, the elastic coefficients may change with pressure and
temperature.

Based on the above assumptions, the first law of thermodynamics under nonhydrostatic situation was derived
as follows:

dE, = TdS — RgdV + pdn (1)
in which:
E,=E—-E;—E, (2)
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where P, T, V, S, E and E, are the pressure, temperature, volume, entropy, total energy and total elastic potential
energy related to shear deformation of the system, respectively; 1 is the general chemical potential, # is the num-
ber of moles of the substance; Cijmn(i, j, m, n=1-3) are the elastic coeflicients, components of a fourth-order
tensor, and satisfy Gy, = Cpnyi 75 2and fi,e (ij = 1-3) are the components of deviatoric stress and deviatoric elastic
strain, respectively; lowercase “s” and “v” denote the specific entropy and volume per mass unit; T, and P,.q are
the conjugate quantities to entropy and volume with respect to the thermodynamic potential Ey, and have the
units of temperature and pressure, respectively. It is worth noting that T,z and P,gare derived to correlate with the
constitutive relationships between stress and strain, and this has essential significance; this implies that deviatoric
quantities can effectively affect volumetric quantities in non-hydrostatic situations, while in classical solid
mechanics volumetric quantities are usually believed to have no relationship with deviatoric quantities. By the
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variation method, the two-phase equilibrium conditions under nonhydrostatic situation were derived as
follows:

1 o pl oI o1 i
where the superscripts “I” and “II” represent variables for phase I and II, respectively. Furthermore, the expression
for the general chemical potential was derived as:

= (Ey — TgS + PgV)/n = ey — Tqs + Bggv (6)

For isotropic solids (in the strict sense, when an isotropic solid is subjected to nonhydrostatic load, its iso-
tropic symmetry will be broken due to the nonhydrostatic stress produced inside the body; however, for most
engineering materials, especially metals, the isotropic approximation for stressed bodies is extensively adopted,
especially in engineering), the relationships between deviatoric stresses and deviatoric strains become 7, = 2G¢.¢

(i,j=1-3), in which G=G(P, T) is the material shear modulus, and the expressions for the quantities T zand P:ﬁ

are Challged to
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where e_ is the specific elastic shear deformation energy, which is defined as follows:
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J, refers to the second invariant of the deviatoric stress tensor. Making use of Eqs (5-9), the generalised
Clausius-Clapyron relationship for isotropic solids under the above restrictions is derived as follows:
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The expressions for the partial differentiations in Eq. (10) can be found in our previous work*.

ZLC formalism indicates that for a solid in nonhydrostatic stressed states, the traditional phase boundary
line between two solid phases in (P, T) space is extended to a phase boundary face in (P, T, J,) space under the
isotropic approximation, and the P=P(T, J,) phase diagram can be constructed from the P= P(T) phase diagram
using Eq. (10).

mEOS for zirconium. To quantitatively evaluate the shear stress effects on phase transformation through
ZLC formalism, the hydrostatic multiphase equation of states and the G= G(P, T) relationships for related phases
of the material must be constructed. The mEOS of a-, w-, 3- and liquid-Zr have been constructed in this article.
The liquid state was included because the G(P, T) model we adopted in this work correlates with the melt line,
i.e., the phase boundary between the corresponding solid and liquid phases. The mEOS were constructed using
an average mean field potential model which is based on calculations of the specific Helmholtz free energy f(v,
T). The equations used to calculate f{v, T) in this work are the same as those in our previous work*?, which are
summarised as follows:

f, T)=ev) + f

on

v, T)+ f,(v, T) (11)
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B, Vo fo €y r Ve
(GPa) | B’ | (m%kg) (s (J/kg) a |ny |(J/kgK?) |(mPkg) |d
a 94 4.0 | 1.527e-4 2.0el3 0 4/3 1 0.5 |0.0153 1.527e-4 | 0.7
w 100 3.2 | 1.4945e-4 2.162e13 —38.585548 | 4/3 | 0.5 | 0.0153 1.527e-4 | 0.7
5} 79 3.9 | 1.52e-4 1.75e13 40438.613 4/3 1 0.5 |0.0153 1.527e-4 | 0.7
L 77 4.1 | 1.535e-4 9.0e12 4086.7004 4/3 1 0.5 |0.0153 1.527e-4 0.7
Table 1. EOS parameters for o, w, 3 and liquid-zirconium.
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Figure 1. Isothermal line for a-,w- and 3-Zr at room temperature. Scatter symbols are experimental data
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Figure 2. Isobaric lines under ambient pressure for 3- and liquid-Zr. Scatter symbols are experimental data®>>3;
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Figure 3. Hugoniot lines of zirconium. Scatter symbols are experimental data>**; lines represent theoretical
results.

P(GPa) | T(°K) | VIV, (expt) | V/V, (theoretic) | (theoretic-expt)/expt
1.01 473 0.99184 0.99315 0.13%
2.08 474 0.98175 0.98221 0.05%
3.36 474 0.96908 0.96983 0.08%
1.59 673 0.99055 0.99158 0.1%
1.27 674 0.99356 0.99498 0.14%
2.33 674 0.98218 0.98401 0.19%
3.63 674 0.96888 0.97135 0.26%
1.45 873 0.99678 0.99768 0.09%
2.63 873 0.98218 0.98535 0.32%
391 874 0.96951 0.97283 0.34%
2.67 918 0.98497 0.98594 0.1%

Table 2. Specific volumes of a-Zr at various high-pressure and -temperature points. Experimental values are
cited from Zhao et al.>’.

P(GPa) | T(°K) | V/V,(expt) | V/V, (theoretic) | (theoretic-expt)/expt
0 973 1.02491 1.0154 —0.93%
6.38 973 0.94159 0.94044 —0.12%
7.37 972 0.93515 0.93094 —0.45%
8.63 898 0.91604 0.91809 0.22%
8.63 973 0.91991 0.91951 —0.04%
10.54 974 0.90337 0.90331 —0.01%
134 975 0.88082 0.88127 0.05%
15.38 873 0.85935 0.8658 0.75%
14.82 930 0.86343 0.87048 0.82%
14.49 973 0.87116 0.87343 0.26%

Table 3. Specific volumes of 3-Zr at various high-pressure and -temperature points. Experimental values are
cited from Zhao et al.>.
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Figure 4. Hydrostatic phase diagram of zirconium. Scatter symbols are experimental data®®?* lines represent
theoretical results.
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where e, is the static energy at zero temperature, f, , is the free energy of ion motion and f, is the free energy due
to the thermal excitation of electrons. The details of derivation of the above equations and the significance of the
parameters please refer to our previous article*?. The final EOS parameters for a-, w-, 3- and liquid-Zr are listed in
Table 1, in which the parameter I"was determined from the low-temperature heat capability data*’, others were
fitted to various experimental measurements of thermodynamic and phase transformation properties. Figures 1-3
as well as Tables 2 and 3 present various comparisons between theoretic predictions and experimental results, which
demonstrate that the mEOS constructed for zirconium in this work have high precision.

Figure 4 presents the hydrostatic phase diagram of «, w, 3 and liquid phases. It shows that the theoretical
boundaries agree well with the experimental data that were collected by Tonkov and Ponyatovsky?%. Moreover, the
a-to-w transformation is predicted to occur at approximately 1.85 GPa under room temperature, accompanying
a volume change of (v, —v,)/v,,= 2.3%, which coincides with the experimental results??. The theoretical slope
dT/dP of the w-3 phase boundary was calculated to be positive near the a-w-3 triple point; however, as pressure
increases, it gradually becomes negative. Therefore, the theoretical w-3 phase boundary finally returns toward
the room temperature axis. This explains the occurrence of the pressure-induced w-to-3 phase transformation at
room temperature observed in some experiments. Here, we would like to highlight our mEOS for the curvature of
the theoretical w-f3 phase boundary of zirconium. We found no other published mEOS of zirconium having such
curvature property. Through our mEOS, the w-to- transformation is predicted to take place at approximately
56.0 GPa under hydrostatic loading at room temperature, and at approximately 36.8 GPa under shock, whereas
the corresponding experimental results are approximately (30 £ 2)-(35 + 3) GPa®® and 26.0 GPa”%, respectively.
These discrepancies can be explained by the shear stress impacts, which will be reported later in this article.

G(P, T) relationships. Numerous studies have focused on the variation of shear modulus with pressure and
temperature for solid materials, on which we made a brief review in our previous article*’. In this article, we use
the following equation:

G(P, T) = wB(p T)
’ 201 + o2, T)] (21)

where B is the bulk modulus, and its relationship of B(P, T) can be calculated from EOS; o is the Poisson ratio.
There are some advantages to calculating G(P, T) through the equation, because it is well known that the Poisson
ratio varies only slightly with pressure and temperature. Many experimental measurements on various materials
have indicated that the o(T) relationship under constant pressure can be reasonably approximated by linear line,
while the o(P) relationship under constant temperature deviates slightly from linear. Thus, we experimentally
write:

a.P, T(P)) — (P, T,)
T

c

o(P, T)=0(P, T,) + (T-T)

(P) - T, (22)
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o-Zr w-Zr oee
Shear stress | Transition

v(P, T,) v (P, T) v(P, T, v/(P,T) J,(GPa?) pressure at 293 K

case 1 constant value 0.33; constant value 0.48; constant value 0.29; | Constant value 0.48; 10 336GPa
T.=293K T.=0.95T, T.=293K T.=0.95T, : -
constant value 0.33; | constant value 0.48; 47, Constant value 0.48;

case 2 T.—293K. T.—0.95T, fitted to*; T,=293K T.—0.95T, 1.0 4.38 GPa
fitted to*; constant value 0.48; 4. Constant value 0.48;

case 3 T—203K T.—0.95T, fitted to"; T,=293K T.—0.95T, 1.0 0.64 GPa
fitted to*%; constant value 0.48; 8. T Constant value 0.48;

case 4 T.—203K T.—0.95T, fitted to*; T,=0K T.—095T, 1.0 1.02GPa
constant value 0.33; constant value 0.48; 48 Constant value 0.48;

case 5 T.—203K T.—0.95T, fitted to*; T,=0K T.—095T, 1.0 4.90 GPa
constant value 0.33; | constant value 0.48; 8. Constant value 0.48;

case 6 T.=203K T.—0.95T, fitted to*; T,=0K T.—0.95T, 1.7 6.81GPa

Table 4. The relationships of o(P, T) that were used for o and w phases when calculating the change of the a-w
phase boundary caused by shear stresses. The changed transition pressures at 293 K at some given shear stress
levels are also listed.
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Figure 5. Changes of the a-w phase boundary of zirconium that are caused by shear stresses. The results are
examined in the situations listed in Table 4.

where T, is a reference temperature, 0.(P, T;) the pressure-dependent Poisson ratio at the reference temperature
and T;(P) the pressure-dependent critical temperature at which the Poisson ratio begins to rapidly increase to 0.5
as the temperature increases close to the melting point. o (P, T.(P)) is the critical Poisson ratio corresponding to
the critical point (P, T.(P)). For 6 (P, T.(P)) and o,(P, T;), we proposed the following expressions**:

(P, T(P)) = 0,0, T(0)) + o exp[—(T,, — T)/T;] (23)
o(P, T.) = ¢ + o exp(c’P) (24)
T(P) = a - T,(P) (25)

where 6.%, 0,1, 0,2, 5.(0, Tc(0)), 0.}, Ty and «v are constant parameters.

There are some data on the relationship between the Poisson ratio, pressure, and temperature for zirconium.
Fisher et al.** determined the pressure derivatives of the single-crystal elastic moduli of « phase experimentally,
thus providing some data on the o(P) relationship, and these data can be well fitted by Eq. (24) with the param-
eters (0., 0.}, ,?) being (0.41915, —0.08792, —0.07034 GPa™!). Lu et al.* reported an experimental value of
0.29 for w phase at ambient conditions. Recently, Liu et al.** measured the values for « and w phases at ambient
conditions, being 0.331 and 0.311 respectively. Some high-pressure experimental values for w phase at room
temperature were reported in another of their ref.*’, and these data are well fitted by Eq. (24) with the parameters
(0,% 0,', 0,2 being (0.3392, —0.04921, —0.18431 GPa™!). In theory, Zhang et al.*® calculated by first-principles the
variation of Poisson ratio with pressure for o, w and bce phases at absolute zero, which might be fitted by Eq. (24)
with the parameters (0,°, 0,!, 0,2 being (1.28976, —0.96602, —0.0042 GPa!) for a phase, (0.4885, —0.19503,
—0.01902 GPa™!) for w phase, and (0.39435, 0.10115, —0.05739 GPa™!) for bcc phase, respectively. Wang et al.*’
also calculated the values for bcc phase under various high pressures, which might be fitted by Eq. (24) with the
parameters (0, 0.}, 0,%) being (0.32361, 0.13328, —0.03152GPa™!).
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Figure 6. Shear strength curves constructed for estimating the movements of the w-3 phase boundary caused
by shear stresses.

Results and Discussion

For the a-w transformation, we examined the movement of the phase boundary in (P, T) space at some fixed
shear stress levels. Six situations in total have been calculated. The details of o(P, T) relationship for both o and
w phases, as well as the J, levels for each situation are presented in Table 4, the altered P-T phase boundaries are
shown in Fig. 5. In Table 4, the altered transition pressures at room temperature (assumed to be 293 K) under the
six situations are also listed.

It can be found from Fig. 5 that the phase boundary may move left or right of the hydrostatic line in the
presence of shear stress, and its actual occurrence is sensitively correlated with the (P, T) relationships for both
phases. As shown in Table 4, at 293 K, the transition pressure decreases to approximately 0.64 GPa in case 3, and
increases to approximately 4.90 GPa in case 5 and 6.81 GPa in case 6. This variation range covers most scattered
data measured in different experiments. Moreover, if the shear stress continues to increase, the transition pres-
sure will display a greater change. Zirconium is known to be sensitive to various impurities, and a tiny amount
of impurities, even in the order of ppm, may lead to great changes in its mechanical properties, such as hardness
and yield strength. Thus, various samples in different experiments may satisfy various o(P, T) relationships and
hold different shear stresses. In addition, in static high-pressure experiments, powder samples are often used, as a
result, shear stresses may be generated inside particles even under quasi-hydrostatic external loading conditions
due to the friction between sample particles. Particularly, if fine powder samples are used, since the abundant
particle surfaces act as obstacles to dislocation movement, the strain-hardening inside particles may be very
strong, resulting in the emerge of high shear stresses inside particles. In*, it was found that before and after a-w
transformation, the maximum deviatoric stress in pure zirconium rapidly changed from 0.18 GPa to 1.18 GPa
over a pressure interval about 1.0~1.3 GPa, which started at about 5.3 GPa, a pressure very close to the transi-
tion pressure 6.0 GPa. Consequently, the deviatoric stress at the transition pressure can be estimated to be about
0.72~0.88 GPa by linear interpolation. However, our most examinations were performed under the shear stress
state J, =1 GPa®. Assuming that the shear stresses in the three principal directions in stress space are the same, the
corresponding shear strength is 0.84 GPa. They are consistent. Therefore, the o(P, T) relationships and the shear
stress levels assumed in the six situations are valid in actual experiments. This means that the results predicted
though our calculations are reasonable, thus it is understandable that the large scatter of the experimental meas-
ured transition pressure of the a-w phase transformation of zirconium might be attributed to the difference in
shear stress in different experiments.

As aforementioned in the introduction section, great controversial data on the w-3 transformation have been
obtained in various experiments. One of the representatives is that both positive?* and negative®'° slopes were
reported for dT/dP in the vicinity of the a-w-3 triple-point. We believe that this controversy must be produced
by some intrinsic factors instead of some uncontrolled errors in experiments, and among the factors, shear stress
should be firstly considered. Our mEOS agrees with the phase diagram with a positive slope of dT/dP at the
o-w-f3 triple point; hence, it is critical to ascertain whether the slope would become negative in the presence of
shear stress. In other aspects, our theoretical hydrostatic phase diagram predicts that the pressure-induced w-to-3
transformation at room temperature occurs at approximately 56 GPa, much higher than the experimental value
28-38 GPa%®. The shock-induced transformation is predicted to occur at approximately 37 GPa, which is also
higher than the experimental value of approximately 26 GPa”?. The preceding part of this article is devoted to
explain these controversies.

In principle, to estimate the change of transition pressure caused by shear stress, the shear stress states should
be given in advance. However, it is difficult to re-identify the actual shear stress states in those experiments per-
formed to measure the phase boundary. Generally, if the temperature is far away from the melting point, the shear
stress will monotonically increase with the increasing hydrostatic pressure. Therefore, we artificially constructed
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w-Zr B-zr Shear strength
v(P, T)) v (P, T) v(P, T,) v (P, T) curve

case 1 constant value Constant value 0.48; | fitted to?; constant value 0.45; curve 1
029 T,=293K | T.=0.95T,, T.=0K T.=0.95T,,

case 2 constant value Constant value 0.48; | fitted to%; constant value 0.45; curve 1
03, ,=293K | T.=095T, T,—0K T.=0.95T,,

case 3 constant value Constant value 0.48; | fitted to*’; constant value 0.45; curve 2
029, T,=293K | T.=0.95T,, T.=0K T.=0.95T,

case 4 constant value Constant value 0.48; | fitted to*%; constant value 0.45; curve 2
0.31; T.=293K | T.=0.95T,, T.=0K T.=0.95T, urv

case5 fitted to?’; Constant value 0.48; | fitted to?; constant value 0.45; curve 1
T,=293K T.=0.95T,, T=0K T.=0.95T,,

case 6 fitted to*’; Constant value 0.48; | fitted to*; constant value 0.45; curve 2
T.=293K T.=0.95T, T.=0K T.=0.95T,

7 fitted to*%; Constant value 0.48; | fitted to*3; constant value 0.45; 1
case T.=0K T.=0.95T, T.=0K T.=0.95T, curve
case 8 fitted to*S; Constant value 0.48; | fitted to*%; constant value 0.45; curve 2

T=0K T.=0.95T,, T=0K T.=0.95T,,
case9 fitted to*%; Constant value 0.48; | fitted to*’; constant value 0.45; curve 3
T,=0K T.=0.95T, T,=0K T.=0.95T,

Table 5. Poisson ratio variation relationships, i.e., o(P, T) and shear strength curves that were used in the

investigation of the w-3 phase boundary movements caused by shear stresses. For shear strength curve, please
refer to Fig. 6.

1800 1800
O Datal
O Datat
1600 F @ Do 1600 F 4 Data2
ata —h—
Q Do *— Data3
25 1400 | Hugoniot l ~~ 1400 | L hydrostatic boundaries, this mEOS
goniot line hydrostatic boundaries, this mEOS N Hugoniot line it I

) V! Hate . ;/ — Hugoniot line
g 1200 | Hugoniot line g 1200 |- = = = moved boundary,case5
33 = = = moved boundary,case1 § moved boundary,case6
g‘ 1000 ~ ~ ~ moved boundary,case2 g 1000 moved boundary,case?
[2 o = 7 7 moved boundary,case3 g o moved boundary,case8

800 | moved boundary,case4 g 800 | moved boundary,case9

600 |- 600 [

400 400

200 200 F A Lasel
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Pressure (GPa) Pressure (GPa)
(a) (b)

Figure 7. Variations of the w-{3 phase diagram of zirconium caused by shear stresses. The results are examined
under the conditions listed in Table 5. Data 1: from’; Data 2: from??; Data 3: from®-%.

three appropriate J,-P relationships to depict the shear stress variation with the increasing experimental pressure.
Figure 6 shows the corresponding shear strength calculated according to the classical Mises yield model.

Nine situations were examined for the w-§ transformation. The detailed o(P, T) relationships and shear
strength curves used in calculation are presented in Table 5, and the results are shown in Fig. 7. In case 1, for the
w-phase, o,(P, T,) was assumed to be constant, with an experimental value of 0.29, and with T,=293.0K, and
o.(P, T.(P)) was also assumed to be constant with the value 0.48 and with T.(P) =0.95T,,(P); for 3-phase, o,(P,
T,) was fitted to the theoretical data obtained via first-principles calculations by Zhang et al.*® with T,=0XK, and
0P, T.(P)) was assumed to be constant with the value 0.45, and also T.(P) =0.95T,,(P). As shown by line-casel in
Fig. 7(a), when the shear strength varies with pressure along curve 1 shown in Fig. 6, the boundary becomes con-
sistent with those experimental data obtained by Zhang et al.»!°, which has a negative slope of dT/dP. Moreover,
the transition pressure at room temperature in this case becomes approximately 36 GPa, which agrees with the
experimental measurements®8. Similar results were obtained in cases 2-6, in which different (P, T) relation-
ships constructed with various experimental and theoretic data in selected studies were used. In cases 7 and 8,
the moved boundaries calculated by ZLC formalism become even lower than the experimental line obtained by
Zhang et al.>!°. However, as shown by line-case9 in Fig. 7(b), if a lower level of shear stress represented by curve 3
in Fig. 6 is selected, the boundary moves back and coincides with the experimental data in®!°. It is simultaneously
exhibited in Fig. 7 that the hydrodynamic Hugoniot line within w-phase intersects with those altered w and 3
phase boundaries at around 22 GPa. Taking the effects of the sample’s elastic-plastic behaviour on Hugoniot lines
into consideration (a Hugoniot line will move close to the pressure axis in P-T space when taking the effects of
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sample’s elastic-plastic behaviour into consideration, hence the transition pressure should become a little higher
than 22 GPa), it explains the experimental measurements that the shock-induced w-3 transformation occurs at
around 26 GPa”*.

The shear stress levels represented by the three curves in Fig. 6 are not high, especially along curve 3. The shear
strength does not exceed 2.5 GPa, even when the pressure rises to 30.0 GPa. Thus, based on the quantitative inves-
tigations in this work, it is reasonable to believe that the controversies on the w-{3 transformation of zirconium are
mainly induced by the inevitable shear stresses in the experiments.

Summary and Conclusion

Significant debate has been noted in previous experiments for the a-w and w-f3 phase transformations in zirco-
nium. The initial pressure of the a-to-w transformation at room temperature was reported to spread in a range
from 0.25 to 7.0 GPa'~>!"12, while the hydrostatic transition pressure was believed to be approximately 2.2 GPa*~".
Earlier measurements of the w-f3 phase boundary exhibited a positive dT/dP slope near the a-w-8 triple-point?,
whereas recent experiments performed by Zhang et al.*!1° revealed a negative slope even at the a-w-f3 triple-point.
The w-to-{3 transformation pressure at room temperature was also found to be controversial, varying from 28 to
38 GPa®®. Similar controversies were simultaneously discovered in other extensive substances. How to explain
these controversies, especially in a quantitative way, remains an open issue. In this article, we present a successful
quantitative explanation for the controversies regarding the a-w and w-{3 transformations in zirconium by apply-
ing a nonhydrostatic thermodynamic formalism we proposed. We believe that the explanation is also appropriate
for similar controversies observed in other substances.
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Received: 7 August 2019; Accepted: 26 October 2019;
Published online: 15 November 2019

References
1. Jamieson, J. C. Crystal structures of titanium, zirconium, and hafnium at high pressures. Science 140, 72-73 (1963).
2. Olinger, B. & Jamieson, J. C. Zirconium: phases and compressibility to 120 kilobar. High. Temp.-High. Press. 5,123-131 (1973).
3. Zilbershtein, V. A., Chistotina, N. P,, Zharov, A. A., Grishina, N. S. & Estrin, E. I. Alpha-omega transition in titanium and zirconium
during shear deformation under pressure. Fiz. Met. Metalloved 39, 445 (1975).
4. Vohra, Y. K. Kinetics of phase transformations in Ti, Zr and Hf under static and dynamic pressures. J. Nucl. Mater. 75, 288-293
(1978).
. Sikka, S., Vohra, Y. & Chidambaram, R. Omega phase in materials. Prog. Mater. Sci. 27, 245-310 (1982).
6. Xia, H., Duclos, S. J., Ruoff, A. L. & vohra, Y. K. New High-Pressure Phase Transition in Zirconium. Metal. Phys. Rev. Lett. 64,
204-207 (1990).
7. Xia, H., Ruoff, A. L. & Vohra, Y. K. Temperature dependence of the w-bcc phase transition in zirconium metal. Phys. Rev. B 44,
10374-10376 (1991).
8. Akahama, Y., Kobayashi, M. & Kawamura, H. Studies on pressure-induced phase transition in zirconium. High Press. Res. 10,
711-715 (1992).
9. Zhang, J. et al. Experimental constraints on the phase diagram of elemental zirconium. J. Phys. Chem. Solids 66, 12131219 (2005).
10. Zhang, J., Zhao, Y., Rigg, P. A., Hixson, R. S. & Gray III, G. T. Impurity effects on the phase transformations and equations of state of
zirconium metals. J. Phys. Chem. Solids 68, 2297-2302 (2007).
11. Srinivasarao, B., Zhilyaev, A. P. & Pérez-Prado, M. T. Orientation dependency of the alpha to omega plus beta transformation in
commercially pure zirconium by high-pressure torsion. Scripta Materialia 65, 241-244 (2011).
12. Zhilyaev, A. P. et al. Effect of Nb additions on the microstructure, thermal stability and mechanical behavior of high pressure Zr
phases under ambient conditions. Mater. Sci. Eng. A 528, 3496-3505 (2011).
13. Blank, V. D. & Estrin, E. I. Phase Transitions in Solids under High Pressure (CRC Press, Boca Raton, 2014).
14. Brown, D. W. et al. Stability of the two-phase (o/w) microstructure of shocked zirconium. Acta Materialia 67, 383-394 (2014).
15. Zong, H. et al. The kinetics of the w to o phase transformation in Zr, Ti: Analysis of data from shock-recovered samples and
atomistic simulations. Acta Materialia 77, 191-199 (2014).
16. Low, T. S. E. et al. Isothermal annealing of shocked zirconium: Stability of the two-phase o/w microstructure. Acta Materialia 91,
101-111 (2015).
17. Motta, A. T, Couet, A. & Comstock, R. J. Corrosion of zirconium alloys used for nuclear fuel cladding. Annu. Rev. Mater. Res. 45,
311-343 (2015).
18. Dewaele, A. et al. The a—w phase transformation in zirconium followed with ms-scale time-resolved x-ray absorption spectroscopy.
High Press. Res. 36, 237-249 (2016).
19. Edalati, K. & Horita, Z. A review on high-pressure torsion (HPT) from 1935 to 1988. Mat. Sci. Eng. A 652, 325-352 (2016).
20. Feng, B. & Levitas, V. I. Plastic flows and strain-induced alpha to omega phase transformation in zirconium during compression in
a diamond anvil cell: finite element simulations. Mat. Sci. Eng. A 680, 130-140 (2017).
21. Feng, B., Levitas, V. I. & Kamrani, M. Coupled strain-induced alpha to omega phase transformation and plastic flow in zirconium
under high pressure torsion in a rotational diamond anvil cell. Mat. Sci. Eng. A 731, 623-633 (2018).
22. Tonkov, Y. E. & Ponyatovsky, E. G. Phase Transformations of Elements under High Pressure (CRC Press LLC, New York, 2005).
23. McQueen, R. G., Mash, S. P, Tayor, J. W,, Fritz, J. N. & Carter, W. J. The equation of state of solids from shock wave studies. In: High
Velocity Impact Phenomena (ed. Kinslow, R.) p341. (New York: Academic, 1970).
24. Lipinska-Kalita, K. E., Kalita, P. E., Hemmers, O. A. & Hartmann, T. Equation of state of gallium oxide to 70 GPa: comparison of
quasihydrostaic and nonhydrostatic compression. Phys. Rev. B 77, 094123 (2008).
25. Jenei, Z. et al. Structure phase transition in vanadium at high pressure and high temperature: influence of nonhydrostatic conditions.
Phys. Rev. B 83,054101 (2011).
26. Ji, C. et al. Shear-induced phase transition of nanocrystalline hexagonal boron nitride to wurtzitic structure at room temperature
and low pressure. Proc. Natl. Acad. Sci. USA 109, 19108-19112 (2012).
27. Budnitzki, M. & Kuna, M. Stress induced phase transitions in silicon. . Mech. Phys. Solid. 95, 64-91 (2016).
28. Velisavljevic, N., Chesnut, G. N., Stevens, L. L. & Dattelbaum, D. M. Effects of interstitial impurities on the high pressure martensitic
« to w structural transformation and grain growth in zirconium. J. Phys.: Condens. Matter 23, 125402 (2011).
29. Surh, M. P, Louie, S. G. & Cohen, M. L. Band gaps of diamond under anisotropic stress. Phys. Rev. B 45, 8239-8247 (1992).

1521

SCIENTIFIC REPORTS |

(2019) 9:16889 | https://doi.org/10.1038/s41598-019-53088-3


https://doi.org/10.1038/s41598-019-53088-3

www.nature.com/scientificreports/

30. Van Camp, P. E., Van Doren, V. E. & Devreese, J. T. Theoretical study of diamond under strong anisotropic stresses. Solid State
Commun. 84,731-733 (1992).

31. Gogotsi, Y. G., Kailer, A. & Nickel, K. G. Pressure-induced phase transformations in diamond. J. Appl. Phys. 84, 1299-1304 (1998).

32. Gogotsi, Y. G., Kailer, A. & Nickel, K. G. Materials: Transformsation of diamond to graphite. Nature 401, 663-664 (1999).

33. Hennig, R. G. et al. Phase transformation in Si from semiconducting diamond to metallic 3-Sn phase in QMC and DFT under
hydrostatic and anisotropic stress. Phys. Rev. B 82, 014101 (2010).

34. Xiao, J. et al. Phase stability limit of c-BN under hydrostatic and non-hydrostatic pressure conditions. J. Chem. Phys. 140, 164704
(2014).

35. Levitas, V. I. High-pressure mechanochemistry: conceptual multiscale theory and interpretation of experiments. Phys. Rev. B 70,
184118 (2004).

36. Feng, B. & Levitas, V. I. Coupled phase transformations and plastic flows under torsion at high pressure in rotational diamond anvil
cell: effect of contact sliding. J. Appl. Phys. 114, 213514 (2013).

37. Feng, B. & Levitas, V. I. Effects of gasket on coupled plastic flow and strain-induced phase transformations under high pressure and
large torsion in a rotational diamond anvil cell. . Appl. Phys. 119, 015902 (2016).

38. Feng, B., Levitas, V. I. & Ma, Y. Z. Strain-induced phase transformation under compression in a diamond anvil cell: simulations of a
sample and gasket. J. Appl. Phys. 115, 163509 (2014).

39. Feng, B., Levitas, V. I. & Zarechnyy, O. M. Strain-induced phase transformations under high pressure and large shear in a rotational
diamond anvil cell: simulation of loading, unloading, and reloading. Comput. Mater. Sci. 84, 404-416 (2014).

40. Levitas, V. I. High pressure phase transformations revisited. J. Phys.: Condens. Matter 30, 163001 (2018).

41. Levitas, V. I. High-pressure phase transformations under severe plastic deformation by torsion in rotational anvils. Materials
Transactions 60, 1294-1301 (2019).

42. Zhang, L., Li, Y.-H. & Cai, L.-C. A formulism of two-phase equilibrium and phase diagram for elastic-plastic deformed system under
non-hydrostatic stress conditions: Formulations and verification. Int. J. Plast. 104, 147-172 (2018).

43. Kittel, C. Introduction to Solid State Physics. (fifth ed.) (John Wiley & Sons, Inc., 1978).

44. Fisher, E. S., Manghnani, M. H. & Sokolowski, T. ]. Hydrostatic pressure derivatives of the single-crystal elastic moduli of zirconium.
J. Appl. Phys. 41, 2991-2998 (1970).

45. Lu, Z. W,, Singh, D. & Krakauer, H. Equilibrium properties of hep titanium and zirconium. Phys. Rev. B 36,7335-7341 (1987).

46. Liu, W,, Li, B., Wang, L., Zhang, J. & Zhao, Y. Simultaneous ultrasonic and synchrotron x-ray studies on pressure induced o-w phase
transition in zirconium. J. Appl. Phys. 104, 076102 (2008).

47. Liu, W, Li, B., Wang, L., Zhang, J. & Zhao, Y. Elasticity of w-phase zirconium. Phys. Rev. B 76, 144107 (2007).

48. Zhang, S. et al. First-principles investigation on elastic and thermodynamic properties of zirconium under pressure. Comput. Mater.
Sci. 61, 42-49 (2012).

49. Wang, B.-T,, Zhang, P, Liu, H.-Y,, Li, W.-D. & Zhang, P. First-principles calculations of phase transition, elastic modulus, and
superconducticity under pressure for zirconium. J. Appl. Phys. 109, 063514 (2011).

50. Zhao, Y. & Zhang, ]. Enhancement of yield strength in zirconium metal through high-pressure induced structural phase transition.
Appl. Phys. Lett. 91, 201907 (2007).

51. Zhao, Y. et al. Thermal equations of state of the o, 3, and w phases of zirconium. Phys. Rev. B71, 184119 (2005).

52. Paradis, P-F & Rhim, W.-K. Thermophysical properties of zirconium at high temperature. J. Mater. Res. 14,3713-3719 (1999).

53. Korobenko, V. N. & Savvatimskii, A. I. Temperature Dependence of the Density and Electrical Resistivity of Liquid Zirconium up to
4100K. High Temp. 39, 525-531 (2001).

54. Marsh, S. P. LASL Shock Hugoniot Data (University of California Press., 1980).

55. Greeff, C. W. Phase changes and the equation of state of Zr. Modelling Simul. Mater. Sci. Eng. 13, 1015-1027 (2005).

Acknowledgements
This work is supported by the Foundation of National Key Laboratory of Shock Wave and Detonation Physics
[No. JCKYS2019212001], the Science Challenge Project [No. TZ2016001].

Author contributions
Lin Zhang conceived and designed the project. All authors analysed the data, discussed the results and
contributed to the writing of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to L.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:16889 | https://doi.org/10.1038/s41598-019-53088-3


https://doi.org/10.1038/s41598-019-53088-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Understanding controversies in the α-ω and ω-β phase transformations of zirconium from nonhydrostatic thermodynamics

	Methods

	ZLC formalism. 
	mEOS for zirconium. 
	G(P, T) relationships. 

	Results and Discussion

	Summary and Conclusion

	Acknowledgements

	Figure 1 Isothermal line for α-,ω- and β-Zr at room temperature.
	Figure 2 Isobaric lines under ambient pressure for β- and liquid-Zr.
	Figure 3 Hugoniot lines of zirconium.
	Figure 4 Hydrostatic phase diagram of zirconium.
	Figure 5 Changes of the α-ω phase boundary of zirconium that are caused by shear stresses.
	Figure 6 Shear strength curves constructed for estimating the movements of the ω-β phase boundary caused by shear stresses.
	Figure 7 Variations of the ω-β phase diagram of zirconium caused by shear stresses.
	Table 1 EOS parameters for α, ω, β and liquid-zirconium.
	Table 2 Specific volumes of α-Zr at various high-pressure and -temperature points.
	Table 3 Specific volumes of β-Zr at various high-pressure and -temperature points.
	Table 4 The relationships of σ(P, T) that were used for α and ω phases when calculating the change of the α-ω phase boundary caused by shear stresses.
	Table 5 Poisson ratio variation relationships, i.




