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Crystal Grain Growth During Room Temperature High
Pressure Martensitic a to ® Transformation in Zirconium

Nenad Velisavljevic, Lewis L. Stevens, Gary N. Chesnut, and Dana M. Dattelbaum

Los Alamos National Laboratory, Los Alamos, New Mexico 87544

Systematic increase in transition pressure with increase in interstitial impurities is
observed for the martensitic o— structural phase transition in Zr. Significant room
temperature crystal grain growth is also observed for the two highest purity samples at
this transition, while in the case of the lowest purity sample interstitial impurities obstruct
grain growth even as the sample is heated to 1279 K. Our results show the importance of
impurities in controlling structural phase stability and other mechanical properties

associated with the a— structural phase transition.
PACS numbers: 61.50Ks, 8130Kf, 9160Gf

Mechanical properties of materials are greatly influenced by structural phase transitions,
which can occur during both high temperature and high pressure applications. One of the
most studied structural phase transitions are the diffusionless martensitic phase
transitions. Martensitic transitions occur in a broad range of materials, such as iron [1,
2], group IV metals: titanium (T1), zirconium (Zr), and hafnium (Hf) [3], and shape
memory alloys [4]. In group IV metals room temperature compression leads to a
martensitic transformation from a ductile o to a brittle @ phase at ~8 GPa for Ti, ~8 GPa

for Zr, and 14 GPa for Hf. The a—® phase boundary decreases to lower pressures at



high temperatures [5] and can severely limit the use of group IV metals in industrialis severeiyampengs

applications. Impurities also play an important role on the phase boundary as they can - «wv visarir o
either aid or suppress the o— transition. Substitutional impurities such as aluminum

can decrease d-electron concentration and increase the stability of a phase to higher

pressures, on the other hand d-electron rich impurities like molybdenum increase d-

electron concentration and decrease the a— transition pressure [6]. In the case of

interstitial impurities results of ab initio calculations show that oxygen, nitrogen and

carbon occupying the hexahedral and octahedral sites increase the energy barrier and

block the a— transformation [7].

In addition to their influence on the a—® transition pressure impurities also raise other
questions as to their effect on kinetics and nucleation and growth of ® phase, as well as
other high pressure phases of group IV metals. Using electrical resistivity technique,
isothermal compression studies indicate that the growth of ® phase in Ti is very sluggish
[8]. Furthermore, in examining the possibility of high-pressure formation of buik
metallic glass in elemental Zr and Ti it was shown that compressing ultrahigh purity Zr to
8.3 GPa and subsequently heating to 650°C can lead to large grain growth [9]. The fairly
smooth x-ray diffraction rings of Zr become very spotty during the o—P(bcc) as reported
in ref. 9. Change in crystallite size is very important as it can greatly influence measured
quantities such as elastic moduli and it can also affect materials ability to plastically
deform [10]. Kinetics and grain growth effects are experimentally challenging to detect
at high pressures. Historically a majority of high pressure experimental studies have been

performed using energy dispersive x-ray diffraction (EDXD) technique. With EDXD a



w1 :Solid-state point detector measures diffraction only over alimited.area of a twé

- dimensional diffraction pattern and grain growth effects could easily be missed [9]. It is
therefore advantageous to use angle dispersive x-ray diffraction (ADXD) technique
which allows for the whole two dimensional diffraction pattern to be observed.
Likewise, kinetics studies are also difficult due to the time delay of increasing pressure
and the time it takes to record ADXD or EDXD spectra, which can depend on the
diffraction technique used, x-ray source, and the type of detector used. For this reasoh
static high pressure phase transition kinetics studies have predominantly been
investigated using the electrical resistance measuréments technique, as was done in Ti
study [8]. However advancements in synchrotron radiation sources as well as increased
availability of ADXD equipped beamlines is allowing for further insight into the behavior
of materials at high pressures. In this letter we report on measurements which show a
direct correlatibn between increase in a— phase transition pressure and increase in
interstitial impurity concentration. Furthermore, we also show that initial sample texture
can lead to significant grain growth at the onset of room temperature and high pressure

a— phase transition.

Multiple experiments were performed on Zr having 25 pm initial grain size and of
various purity, as shown in Table I. All three samples were subjected to static high
pressures in a diamond anvil cell under both hydrostatic, using methanol-ethanol (4:1)
mixture, and non-hydrostatic conditions. Since the stress distribution inside the sample
chamber, and ultimately the pressure over which the plastic deformation of the sample

occurs, can depend on the anvil culet size [10] we have performed all studies using an




anvilawithsa 300 um diameter culet and samples loaded in.a 9Q@um:-hole drilled in a pre-
indented spring steel gasket. In all cases ADXD technique was used and pressure was
determined based on the room temperature equation of state of copper [11, 12]. All three
samples were investigated at room temperature and up to 15 GPa, and in éddition the
lowest purity sample was also investigated up to 11 GPa and 1279 K. Experiments were
performed at beamline 16 ID-B and 16 BM-D, of HPCAT, Advanced Photen-Source
(APS), at Argonne National Laboratory and at beamline B2 at Cornell’s:High -Energy

Synchrotron Source (CHESS). U GBS

Initially all three samples are observed to be in a phase, hep, at RTP and having lattice
parameter a, = 3.232+0.002 A and ¢, = 5.146+0.002 A (c/a = 1.593) and volume/atom =
23.270 A>. As the pressure is increased all three samples, under both hydrostatic and
non-hydrostatic conditions, undergo a structural phase transitibn from o to @ (hexagonal
with three atoms per unit cell) phase [3]. We also observe that for all three samples this
structural phase transition is accompanied by ~1.5% discontinuous volume decrease and
occurs systematically at a lower pressure when samples were subjected to non-
hydrostatic versus hydrostatic conditions, Table I. This is consistent with previous
studies, which showed that under non-hydrostatic conditions shear stresses drive the
a—o structural phase transition and reduce the transition pressure in Ti [13]. Inthe case
of ZrI and ZrII we also observe that the diffraction images become very grainy during
room temperature a—o transition. Figure 1 shows the ADXD pattern collected from
Zr1l sample at onset of a— transition at 7.5 GPa under hydrostatic conditions. As can

be seen in figure 1, diffraction from © phase consists of numerous Bragg spots, rather




than smooth diffraction rings as observed for the a phase and the copper: pressare:marker.
The occurrence of few diffraction spots indicates that the @ phase consists of several
single crystals, rather than many smaller crystals. Room temperature grain growth during
the a—® transition is very unusual, as grain growth is typically attained in materials
trough high temperature treatment which leads to a decrease in defect density by
reduction of surface area per unit volume. As mentioned, both ZrI and ZrII are ebserved-
to have large grain growth during the a—® transition, while full diffraction rings-anearines::
observed, suggesting no significant grain size increase, for the lowest purity zirconiumgea:ns..
ZrIIL. Figure 2 shows the image plate recording and the integrated diffraction pattern for
the three samples during the start of the o—® transition under non-hydrostatic conditions.
Due to the sluggish growth rate of @ phase, as reported for Ti [8], multiple ADXD
spectra were recorded at constant pressure at each pressure point on approach, during,
and after the a— transition. This allowed us to better determine the onset of this
transition, as well as the transition kinetics. Furfhermore, diffraction patterns were
collected over a sufficiently long enough period as to allow for possible formation of any
smooth diffraction rings to be observed. However, as can be seen in ﬁgure. 3 (a)-(c),
when consecutive diffraction patterns are recorded at constant pressure we do not see the
formation of smooth diffraction rings for the ® phase over a period of ~20 minutes (five
minutes per spectra plus ~2 minutes in-between spectra). At the same time extremely
slow growth of ® phase in the o matrix can be seen in the same figure, as the relative
density of Bragg spots is observed to increase with time and stabilizes after ~20 minutes.

Diffraction pattern from the ® phase continues to be spotty, although becoming
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somewhat smoother as the pressure is inereased up to 13.4 GPa, figure 3 (c), and then:xzre a8 a5 s sesony

released to ambient pressure, figure 3 (d).

The room temperature grain growth in our experiments occurs at a much lower
temperature and during the o—o transition compared to the grain growth observed in Zr
by T. Hattori et al. [9] at 8.3 GPa and 650°C at the onset of ®—f transition. The very
unusual formation of several single crystals at a temperature that is less than half the
melting temperature was attributed to anomalous lattice dynamics and the resulting
anomalous fast self diffusion associated with bee Zr and Ti [9]. Although purity of Zr
sample investigated by T. Hattori et al. [9] using a multianvil high-pressure apparatus is
reported to be same as our Zrl sample, no information is given about the initial sample
texturing, which could be responsible for the room temperature grain growth observed. in
our experiments. All three Zr samples in this study were upset forged and clock rolled
followed by annealing at 550°C, which resulted in a strongly textured plate with the
normal nearly aligned with the c-axis [14]. Based on the lowest energy barrier pathway a
transition model for the titanium a—w transformation has been proposed [15], in which a
direct six-atom transformation proceeds without a metastable intermediate phase and can
possibly lead to the resulting ® matrix being oriented to the original o matrix such that
(0001), || (0T11), and [1120], || [01T1],. Since sample history is known to effect the
a— transformation pressure in Ti [8] a more detailed comparison of the starting sample
texturing and the resulting influence on relation between a-o crystal orientation needs to
be made in order to resolve the discrepancy between the observed grain growth in our

experiments and what was reported by T. Hattori et al. [9]. In addition it should also be
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SRR noted that grain growth during room temperature a—® transition-observed in our
experiments for Zrl and Zrll occurs under both hydrostatic and non-hydrostatic sample
conditions. By performing experiments under hydrostatic conditions texturing effects,
which can also develop at high pressures, can be reduced and in addition sample
conditions would more closely resemble conditions of a sample subjected to high

pressures in a multianvil apparatus.

~wsevmmesnlmpurities play a significant role in controlling grain growthiimZrs+Both a and o are
higher symmetry structures, however the atomic packing factor decreases significantly
from ~0.74 for o phase down to ~0.54 for ® phase. The smaller packing ratio ultimately
results in fewer atoms at the grain boundary which can affect the grain boundary energy,
and in turn produce conditions suitable for grain boundary migration and grain growth.
Howeyver, increase in interstitial impurity concentration as in the case of ZrIII will lead to
an increase in atomic density, especially at the gfain boundary, and a decrease in the
nearest neighbor distance [15], resulting in considerable limitation on grain boundary
mobility. Remarkably, even though grain growth is observed at room temperature for Zrl
and ZrlIl no significant grain growth is observed for ZrIII even at high temperatures.
Figure 4 shows the image plate recording for ZrIlII collected at 1279 K at 11 GPa.
Initially pressure was increased at room temperature up to 11 GPa, start of the a—®
transition, and then held constant as the sample was heated up to 1279 K. Above 1150 K
we observe the @— structural phase transition, however the diffraction rings appear to

be fairly smooth and remain so up to the highest temperature attained.
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- In conclusion we show that Zr metal undergoes large grain growth:during room
temperature high pressure a—o transition. Grain growth appears:te be:dependant on the
initial texturing of the sample, and can be hampered by interstitial impurities present in
the sample, which also increase the energy barrier of the a—« transformation and shift
the phase boundary to higher pressures. In Zrl and ZrII grain growth was consistently
observed independent of the x-ray beam diameter, which ranged from:1@:pm up to ~50
um, and under both hydrostatic and non-hydrostatic conditions, whileno significant grain
size increase was detected for ZrIIl under the same experimental conditions:«¢Fhe:-
observed grain growth in Zr metal also raises more general questions regarding room
temperature high pressure structural phase transitions. Many studies have shown that
preferred orientation and, as in case of hcp métals such as iron [16], basal plane texture
can develop during compression in a diamond anvil cell. Furthermore, since hcp, along
with fce crystal structure, has the highest atomic packing factor any subsequent structural
phase transition can result in the lowering of afomic packing factor which, as seen here,

can provide suitable condition for crystal grain growth even at room temperature.
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Tables and Figures

TABLE I. Sample purity of Zirconium samples studied (Wt ppm). All three samples
have initial grain size of 25 um. Also included is the measured pressure at the start of the

a—o transition under both non-hydrostatic and hydrostatic conditions.

Hf Fe Al V 0 N C  Pyoy(GPa) P, (GPa)

non-hydro. hydro.
Zx1 35 <50 <20 <50 <50 <20 22 4.6 6.4
Zrll 350 125 <20 <25 390 15 70 5.5 7.5
ZrlII 14,000 2,400 - - 1,200 80 270 10.8 11.6

FIG. 1. Angle dispersive x-ray diffraction image collected from mid purity
zirconium, ZrIl. Image was collected during the start of the a— o transition at 7.5
GPa under hydrostatic conditions. Bragg spots are from ® phase, while the full

rings are from a phase of zirconium and copper pressure marker.
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FIG. 2. Spectra collected at the start of the a—  transition for three different
zirconium samples. Corresponding image plate reading is also included next to each

spectrum. Large grain growth is observed for the two highest purity samples Zrl

(a) and ZrII (b), but not the lowest purity sample, ZrIII (c).



FIG. 3. Grain growth effects observed during room temperature compression of

highest purity sample (ZrI), studied under non-hydrostatic conditionss:fajs(bh), and
(c) were all taken at constant pressure during o—® transition at 4.6 GPa (see text
for additional information). As the pressure is increased to 13.4 GPa only
diffraction spots from ® phase are observed (d). Decompression to ambient

pressure indicates that the sample is a mixture of a and ® phases and o phase still

appears grainy (e).

FIG. 4. ZxI1I heated to 1279 K at 10.8 GPa undergoes ®—f transition; however, no

significant grain growth is observed.





