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Abstract. At high pressures zirconium is known to undergo a phase transformation from the 
hexagonal close packed (HCP) alpha phase to the simple hexagonal omega phase. Under 
conditions of shock loading, a significant volume fraction of high-pressure omega phase is 
retained upon release. However, the hysteresis in this transformation is not well represented by 
equilibrium phase diagrams and the multi-phase plasticity under shock conditions is not well 
understood. For these reasons, the influence of peak shock stress and temperature on the 
retention of omega phase in Zr has been explored. VISAR and PDV measurements along with 
post-mortem metallographic and neutron diffraction characterization of soft recovered 
specimens have been utilized to quantify the volume fraction of retained omega phase and 
qualitatively understand the kinetics of this transformation. In turn, soft recovered specimens 
with varying volume fractions of retained omega phase have been utilized to understand the 
contribution of omega and alpha phases to strength in shock loaded Zr. 

1.  Introduction 
Under shock loading conditions, zirconium has been observed to undergo a phase transformation from 
hexagonal close packed (HCP) α-phase to simple hexagonal ω-phase [1, 2]. This phase transformation 
displays a hysteretic behavior [3, 4]. Specifically, upon shock-loading zirconium to stresses in excess 
of the phase transformation stress (7 GPa) and then unloading to ambient pressure, soft-recovered 
specimens have been observed to retain as much as 40% omega phase [5]. Many studies performed to 
examine this behavior have primarily focused on determining the pressure for the phase 
transformation, crystallography of the transformation, subsequent mechanical properties, and 
electronic structure calculations [6-10]. While the post-mortem nature of the retained ω-phase has 
been characterized, there are a number of unaddressed questions with regard to this high-pressure 
phase transformation. For example, few studies have focused on the role of dynamic drive condition 
on the hysteresis of the phase transition. 

Currently, material models material models do not represent the physics of the relationship between 
microstructure and loading conditions well enough to enable predictive representation of non-
equilibrium, extreme event processes such as phase transformation under dynamic loading conditions. 
Traditional polycrystalline models have been based on heterogeneous response at the multi-crystal 
length scale but have relied on continuum single crystal theories, which incorporate plastic 
deformation processes like dislocation slip and twinning in a highly homogenized way. A robust 
model for high-pressure phase transformations would account for the coupled physical processes of 
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plasticity and solid-solid phase transformations in materials. To do this, the hysteresis and meta-
stability of the α- to ω-phase transition needs to be characterized in a way that determines 
microstructure and allows for the development of models that are not based on the concept of an 
“equilibrium” phase boundary. As such, the phase diagram under dynamic conditions, with hysteretic 
windows, must be mapped and microstructure evolution due to phase change, deformation twinning, 
and plasticity understood.  

To address this, a study has been performed that examines the role of dynamic drive condition on 
the α- to ω-phase transformation in high-purity Zr. Plate impact experiments were conducted to peak 
stresses of 8 and 10.5 GPa at room temperature and at 200 °C to examine the role of peak stress and 
temperature on the transformation. In situ particle velocity measurements were made and all 
specimens were soft recovered for post-mortem analysis. Quantitative measurements of the volume 
fraction of omega phase retained upon unloading and the texture evolution of the α-phase were 
performed via neutron and x-ray diffraction. Subsequent properties of the shock-loaded specimens 
were examined via quasi-static reload experiments. 

The results of this study indicate that the α to ω high-pressure phase transformation is particularly 
sensitive to small changes in dynamic drive condition. Additionally the subsequent strength of the 
material due to both plastic and phase transformation processes is altered as a function of this drive 
condition. These data yield insight toward an advanced understanding of the dynamic rather than 
equilibrium phase diagram for Zr and in this way lend important constraints for the development of 
phase aware strength and damage models. 

2.  Experimental techniques 
This investigation was performed on high-purity, crystal bar grade Zr. Table 1 gives the chemistry for 
this material and processing details are provided elsewhere [5]. To investigate the influence of peak 
shock stress on ω-phase formation, wave profile and shock recovery experiments were conducted. All 
shock recovery experiments were performed on an 80 mm-single-stage launcher utilizing a shock 
assembly consisting solely of Zr. Room temperature (RT) wave profile experiments were conducted 
on a 40 mm single-stage launcher and the wave profiles were measured with a velocity interferometer 
system for any reflector (VISAR) built at Los Alamos [11]. The precision of the wave velocity 
measurements is estimated to be approximately 1% in particle velocity. Photomultiplier circuits were 
utilized that had a 1 ns rise time. These experiments were backed with a poly-methyl methacrylate 
(PMMA) window. All elevated temperature wave profile experiments were performed on the 80 mm 
single stage gas launcher and wave profiles were measured using a photon Doppler velocimetry (PDV) 
diagnostic. No window was utilized in these experiments. 
 
Table 1: Chemistry of the Zr in wt% PPM. 

Material O C N Al V Fe 

High Purity 
Zr <50 22 <20 <20 <50 <50 

 
Neutron and x-ray diffraction were performed to characterize the as-annealed and shocked loaded 

materials. Neutron diffraction experiments were performed on the High Intensity Powder Diffraction 
(HIPD) instrument at the Los Alamos Neutron Scattering Center (LANSCE). X-ray diffraction 
experiments were performed on the 1ID-C beamline at the Advanced Photon Source (APS) at 
Argonne National Laboratory. Bulk specimens were examined without special preparation because the 
penetration is large enough to sample the entire specimen. 

Post-shock mechanical properties were examined through quasi-static compression testing. Right-
regular cylinders, 5 mm in height and 5 mm in diameter were sectioned from soft recovered, shock-
loaded specimens. The loading axes of the compression specimens were aligned with the shock 
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direction of the recovered materials. Quasi-static tests were performed at room temperature and a 
strain rate of 10-3/s to strains of approximately 15%. 

3.  Results and discussion 

3.1.  Wave profiles 
The room temperature shock-wave-profile experiments conducted on Zr were performed to quantify 
the α- to ω-phase transition as a function of peak shock stress. Experiments were performed to peak 
shock stresses of 8 and 10.5 GPa using methods described elsewhere [12].  The shock-wave profiles 
measured using VISAR are given in figure 1a. From this figure, it can be seen that a pronounced 
Hugoniot Elastic Limit (HEL) exists for both experiments. Additionally, the onset of the phase 
transformation is highlighted by black arrows in the figure.  From the Up data at these points the stress 
for transformation was calculated and is given in table 2. Stress for the transformation increases with 
peak shock stress. The rise time to the peak stress after the phase transformation differs as a function 
of peak stress. A quicker rise time to peak stress is observed in the 10.5 GPa experiment. This result is 
consistent with the idea that, for high purity Zr, the kinetics of the phase transformation are influenced 
by the loading conditions. While this has not previously been reported in Zr, studies on Fe have 
reported similar findings [13].  Finally, the lack of a rarefaction shock in both cases suggests that 
reverse phase transformation may not be appreciable within these specimens. Instead, upon recovery 
of the specimen, some meta-stable ω-phase should be retained. 

 

Figure 1. (a) RT VISAR wave profiles on windowed Zr specimens shocked to peak stresses of 8 and 
10.5 GPa, (b) 200 °C PDV wave profiles on Zr specimens shocked to peak stresses of 8 and 10.5 GPa 
with no window and (c) RT wave profiles at 8 GPa on windowed and non-windowed specimens 
measured with VISAR and PDV, respectively. 

 
The 200 °C shock-wave-profile experiments conducted on Zr were performed to identify the α- to 

ω-phase transition at elevated temperature. Again, experiments were performed to peak shock stresses 
of 8 and 10.5 GPa. The shock-wave profiles measured using PDV are given in figure 1b. From this 
figure, it can be seen that a pronounced Hugoniot Elastic Limit (HEL) exists only for the lower stress 
experiment and that while there is a clear signature of the α to ω-phase transition for the 8 GPa 
experiment, this is not the case for the 10.5 GPa experiment.  
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It is well recognized that HCP metals, and Zr in particular, display enhanced slip activity under 
elevated temperature testing at conventional stresses and strain rates [14, 15]. This enhanced slip, if 
still present under these dynamic loading conditions, would be expected to be an important energy 
dissipation mechanism. The fact that enhanced slip exists under the 200 °C loading condition is 
supported by the lack of a well-defined HEL for the higher stress experiment. Instead, an almost 
immediate transition to plastic behavior is observed there. Such energy dissipation is believed to be 
important to the relief of the local stress concentrations that may drive shear processes like twinning 
and phase transformation [16]. From the RT experiments, figure 1a, it can be seen that the 
transformation is on the cusp of occurring for the 8 GPa drive condition. Therefore taken together, it 
suggests that the enhanced slip at 200 °C is enough to mitigate the stresses for the phase 
transformation under this drive condition.  
 
3.2 Quantification of the retained ω-phase 
Shock recovery experiments with experimental details given in table 2 were performed. These 
specimens were examined for quantification of the volume fraction of the retained metastable, high-
pressure phase as a function of dynamic drive condition. Neutron and x-ray diffraction techniques 
revealed the bulk volume fraction of retained ω-phase and these values are reported in table 2. It can 
be seen from these data that the hysteresis of the transition depends significantly on the initial 
temperature and peak stress of the plate impact experiment. This correlates well with the steep 
transition in particle velocity slope after the onset of transition in the 10.5 GPa, RT experiment as 
compared to the 8 GPa RT experiment, figure 1a, as well as the lack of an indication for 
transformation in the 8 GPa, 200 °C experiment, figure 1b.  

 
Table 2: Percent retained ω-phase as a function of dynamic drive condition. 

Sample 
thickness 

(mm) 

Impactor Peak 
 stress 
(GPa) 

 
Phase 

transition 
stress (GPa) 

Temperature 
(ºC) 

Retained 
omega 

(%) Material Thickness  
(mm) 

Velocity  
(m/s) 

5.0 Zr 2.5 834 10.0 6.4 25 80 

5.0 Zr 2.5 658 8.5 5.8 25 65 

5.0 Zr 2.5 825 10.0 6.6 200 10 

5.0 Zr 2.5 643 8.5 none 200 ~0 

 
3.3 Quasi-static reload properties as a function of retained ω-phase 

 
The results from quasi-static compression testing of each of the microstructures given in table 2 are 

shown figure 2 and plotted along with the mechanical response of Zr loaded along the through-
thickness direction in the as-annealed state. Enhanced hardening is observed in all shock loaded 
specimens as compared to the as-annealed material. The 80% retained ω-phase microstructure and the 
~0% retained ω-phase microstructure display the highest and lowest enhanced hardening due to shock 
loading, respectively. This difference in subsequent materials properties is likely the result of the 
relative contribution of ω-phase volume fraction to deformation and the relative resistance of the ω-
phase as compared to the α-phase to plastic processes [17]. The enhanced hardening behavior of the 
65% and 10% retained ω-phase microstructures display intermediate states of enhanced hardening 
response due to shock loading but this response does not directly correlate with the volume fraction of 
retained ω-phase. This suggests that the role of stored plastic work within the α-phase is also 
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important to the subsequent mechanical response of shock loaded Zr just as has been observed 
previously in FCC metals that do not undergo phase transformation [4, 18].  

 
 

Figure 2. The stress-strain response in RT, quasi-static, compression of the shock recovered Zr as 
compared to that of as-annealed Zr.  

4.  Summary 
The current study was designed to gain an understanding of the role of dynamic drive condition of the 
high-pressure ω-phase transformation in Zr and then the influence of this transformation on 
subsequent material properties. Small differences in the peak stresses and temperatures during 
dynamic loading were found to affect the kinetics of transformation as well as the activation of 
important deformation mechanisms, like slip, which can modify the shear stresses necessary for 
transformation. This then resulted in recovered specimens with differing volume fractions of retained, 
high-pressure ω-phase and evolved plasticity. The resulting microstructures displayed enhanced 
hardening over the as-annealed Zr. However, this enhanced hardening did not directly scale with the 
volume fraction of retained ω-phase, except at the extremes of the volume fraction values for the 
retained ω-phase.  
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