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Laser-driven shock loading was performed on thin samples of iron, tantalum, and titanium at strain-rates up
to 107 s−1, and over a range of temperatures extending from 120 through 800 K, to investigate the influence
of temperature on the early stages of yielding and plastic flow in materials of distinct crystal structure and
initial defect density. The onset of yielding was identified using time-resolved velocimetry of the target rear
surface to reveal the peak elastic state in the precursor wave front. Measurements on as-received iron reveal
a trend of decreasing peak elastic stress (σE) with increasing temperature and electron microscopy of the
recovered material revealed evidence of mobile dislocations coalescing into subgrains. This is in contrast to
the results for the annealed iron where the σE remains constant with increasing temperature and recovered
samples showed indications of deformation twinning. For tantalum, the yield strength remains constant for
the most part, but has a jump in yield strength at 815 K, indicative of a possible twinning to slip transition
with increasing temperature. For titanium, the yield strength was generally constant with temperature.
These results provide insight into studying deformation mechanisms, such as slip and twinning, in high rate
loading of materials.

I. INTRODUCTION

Studying the effect of temperature and microstructure
on dynamic strength of materials is important for appli-
cations ranging form condensed matter physics studies to
nuclear engineering. Under dynamic loading, a shock will
be generated in a material and as it propagates through,
the faster moving elastic compression wave separates
from the plastic wave. Deformation sources, such as dis-
locations or twins, in the plastic wave emit elastic relax-
ation wavelets through the compressed material ahead
which contribute to the sharp decay in elastic shock am-
plitude during the initial stages of deformation1–3 which
allows the material to reach an equilibrium elastic limit.
For this reason, the relaxation behavior of the elastic
wave is innately tied to the plastic deformation behind
it. This paper aims to describe plastic deformation mech-
anisms as a function of temperature and microstructure
to understand material strength and relaxation.

It has been seen in several materials that flow stress
as well as the peak elastic stress of a material increases
as the strain rate increases4–9. Temperature dependence
has also been investigated for bcc, hcp, and fcc mate-
rials. Generally, under quasi-static and low strain rate
loading conditions, the yield strength of bcc metals will
decrease with increasing temperature as a result of ther-
mal fluctuations contributing to the thermal activation
required for dislocation propagation. Due to the close-
packed geometric configuration of the dislocation core10,
fcc metals have a significantly lower Peierls’ stress than
bcc. Therefore, bcc metals have a more noticeable depen-
dence on thermal assistance to overcome Peierls’ barriers,
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as fcc metals have an over-sensitivity and will have a less
pronounced thermal dependence. Rather, for fcc metals,
motion is limited by the athermal process of dislocation
breakaway from dislocation forests11,12. Hcp metals are
considered to have behavior somewhere between bcc and
fcc metals12,13. In particular, hcp titanium has a Peierls’
stress closer to that of bcc10.

At higher strain rates, it has been seen for some ma-
terials with strong nonlinear properties, including alu-
minium and copper, that the peak elastic stress will ap-
pear increase as a function of increasing temperature
as a result of dislocation drag effects14–18. Addition-
ally, as mentioned before, there is a possibility for sev-
eral materials that under certain conditions, deforma-
tion will occur by twinning12,13,19,20, which can be said
to present a more modest, nearly athermal, tempera-
ture dependence6,19,21–24. Previous work on bcc met-
als at high strain rates showed that at a range of strain
rates, temperature-dependent yield behavior of bcc met-
als would vary depending on whether conditions favored
twinning or slip19,25–27.

Factors that dictate whether a material will twin or
slip include inherent material properties along with ex-
ternal loading conditions. Fcc and hcp metals with low
stacking fault energies, like copper28–30 have a higher
propensity to twin even under quasi-static loading at am-
bient conditions. Some bcc metals have shown signs of
twinning at either low temperatures or high strain rate
loading19,31–35. Additionally, Arnold saw a strong depen-
dence of twinning as a function of grain size in dynamic
loading experiments20,36. Thus, in addition to inherent
material susceptibility, twinning is favored over slip at
low temperatures, high strain rates, large grain sizes, and
high strains.

There has been a great deal of effort into studying
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the nucleation and growth of twins. For fcc metals,
it had originally been proposed by Cottrell and Bilby
and developed by several other researchers that a type
of pole mechanism was responsible for twin nucleation
and growth37–44. However, this mechanism would not
possible for bcc or hcp metals as the energetics and
geometry cannot satisfcatorily describe what is found
empirically42,43,45 and the circumstantial evidence for the
mechanisms governing twinning fcc metals was incon-
sistent with what was found in recovered samples46–48.
Thus other mechanisms have been put forth43,45–47,49–51.
Particular focus in this paper will be put on mechanisms
for bcc metals, specifically in regards to the mechanisms
proposed by Mahajan and by Lagerlof. Both the mecha-
nisms describe a similar process for twin nucleation, and
differ in describing twin growth. Mahajan describes twin
growth as the coalescence of nucleated twins in oppor-
tunistic encounters via a “slip band conversion” model.
Lagerlof describes twin growth through a “double cross-
slip” model based off of mechanism first proposed by
Pirouz for describing twinning in silicon45,52. For the
purposes of this paper, it is of interest to understand the
potential mechanisms for twin nucleation, as that will
lend insight into the slip/twinning transition in materi-
als.

For bcc, both models by Mahajan and Lagerlof agree
and it is now widely accepted that nucleation depends on
dissociation of a screw dislocation into 3 partials as

a

2
〈111〉 → 3× a

6
〈111〉 (1)

on adjacent {112} planes45,48–50. From here, the partials
may coalesce, resulting in slip, or they may dissociate
further, with a leading partial expanding to produce a
loop faster than a trailing (or sessile) partial, resulting
in a faulted region. Thus, twin nucleation is dependent
on factors favoring dissociation over coalescence of the
constituting partials.

Forces influencing dissociation are dislocation line
tension, stacking fault energy (SFE), lattice resis-
tance (Peierls’ stress), and interaction force between
partials45,53. The dependency on these forces drives the
conditions which are known to favor twinning deforma-
tion, namely low temperatures, high stresses, increased
strains, and larger grain sizes. As slip mechanisms will
not have to overcome additional forces of SFE and in-
teraction force, it imposes the need for high stresses
for twinning to occur. Following that, large grains and
large strains allow for longer dislocation lengths. As
with Frank Read sources, a longer dislocation will have
a lower magnitude line tension and will therefore require
less stress to bow out. Line tension is given by

τLT =
αµb

L/2
(2)

where α is a constant, µ is a lattice resistance term re-
lated to Peierls stress, b is Burgers vector, and L is dis-
location length45. In addition to grain size dependence,

there is a strong temperature dependence for the onset of
twinning. As stated before, for twinning to occur, there
needs to be a glissile leading partial and a sessile trail-
ing partial, or else the partials will coalesce and slip will
occur. The conditions for activation of either partial de-
pends on its respective Burgers vector as well as lattice
resistance, which is dependent on temperature. At low
temperatures it is possible to have one partial, the lead-
ing partial, move faster than another partial, the trail-
ing partial, which may move slowly or even not at all.
As leading partial grows, it increases in length, which in
turn allows it to increase its velocity (due to lower line
tension), resulting in an feedback process known as “ex-
plosive dissociation”53.

This work compares bcc metals iron and tantalum and
hcp metal titanium under similar loading conditions to
further understand what role microstructure plays in the
onset of plastic flow and how that process influences
temperature dependence. There is much to be under-
stood regarding the complex interplay of material defor-
mation mechanisms at high strain rates, accounting for
thermal activation, twinning, dislocation generation vs
mobility, and nonlinear elastic properties which governs
continuum-level properties such as strength. By evaluat-
ing these factors, models can be made to better predict
the constitutive response of materials under high-rate de-
formation.

II. EXPERIMENTAL METHODS

High strain-rate pressure waves were applied to the
iron, tantalum, and titanium samples using the high pow-
ered laser-system at Trident Laser Facility at Los Alamos
National Laboratory. The drive beam operated at 527
nm. For the the annealed iron, tantalum, and titanium
drive energies were approximately 200 J on a 5 mm spot.
For the as-received iron, a 1 mm spot size was focused
on the target and the drive energy was approximately
60 J. The loading conditions were changed once it was
discovered that in some metals, the 1 mm spot required
significantly lower energy input to attain the desired ir-
radiance which was more difficult to control and often
the spot was too focused and would ablate through the
foil, making it more difficult to produce a stable wave
profile. The pulse shapes were constructed for the iron
such that the rise times of several hundred picoseconds.
Pulse lengths were all 5 ns in length and had gradual
increase in energy of 30% of the total energy to sustain
a constant pressure during the pulse. For these experi-
ments, the primary diagnostic was a pair of line-imaging
VISARs which interferometrically measured the particle
velocity at the rear surface of the target. The VISARs
used different etalons to vary the time delay in each inter-
ferometer. One of the VISARs had smaller etalon with
velocity-per-fringe (VPF) of 1.50 km/s per fringe to give
greater time sensitivity with a time delay of 140 ps for de-
termining strain rate and a higher VPF to confirm peak
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stress state, while the other had smaller VPF of 0.498
km/s per fringe for better velocity sensitivity to accu-
rately reveal the yield amplitude, with a time delay of
200 ps.

The annealed and as-received iron came in 125 and
100 micron foils, respectively, and were purchased from
Goodfellow, Cambridge Limited. The thinner as-received
iron meant that we would be probing the material while
it was at higher strain rate compression, but for the pur-
poses of this analysis, the magnitudes of the peak elastic
stresses were not directly compared between the two ma-
terials, rather the temperature dependent behavior and
the deformation mechanisms investigated via recovery.
Therefore, it was not necessary to incorporate the strain
rate differences into the VISAR analysis. The purity of
the annealed and as-received iron was 99.99% and 99.5%,
respectively. Tantalum was 99.9% purity, 100 microns.
Titanium was 99.6% purity and 125 microns thick. Mi-
croscopy indicated the as-received iron had a dislocation
density of 1 × 109 per m2 and the annealed iron had a
dislocation density of 5 × 108 per m2, or approximately
half that off the as-received. The dislocation density of
the tantalum before loading was found to be 1 × 109 per
m2. The annealed iron had a rather uniform pattern of
grain sizes around 40-50 microns whereas the as-received
iron had erratic arrangements of grain structures ranging
from 5-20 microns. Tantalum had elongated grains 10-40
microns in diameter. Titanium had grains approximately
20-30 microns.

The targets were 12 mm in diameter and were pressed
between two copper washers. The copper washers were
pressed in place in the target holder by a set screw.

The target holder was designed to pre-cool targets to
temperatures as low as 80 K and pre-heat as high as
800 K. Cooling was accomplished by flwoing liquid nitro-
gen through steel tubing connected to the target holder.
The target was held in place by copper washers which
made contact with the tubing to ensure maximum con-
ductivity. Two cartridge heaters that were each 3 mm in
diameter were inserted into the aluminium body of the
target holder on opposites sides of the target and would
resistively heat according an applied voltage up to 40 V.
Figure 1 shows a CAD diagram of the target holder.
A thermocouple was placed between the copper washer
and a copper fixture that was used to hold the tubing in
place on the target holder. The thermocouple was used to
determine the temperature of the target during the shot
and it was paired with a temperature controller to com-
mand the voltage supply to the heater cartridges. The
accuracy of the temperature is calculated to be within
±5 K.

There was concern that the heating set-up would an-
neal the metals. To determine if the samples had been
annealed in the target holder, samples of each metal were
heated to 800 K for 10 min and hardness measurements
were taken. The hardness measurements remained the
same after heating, indicating material was not been an-
nealed during the experimental set-up.

FIG. 1. Target holder used to cool and heat targets from 120
K through 800 K.

III. RESULTS

For all materials, the stress associated with the peak
of the elastic wave, σE , was calculated. σE was obtained
by using the Hugonio jump equations to find that

σE = 1/2ρupcL (3)

where σE is peak elastic stress, ρ is initial density up
is the particle velocity at the peak of the elastic shock,
and cL is the longitudinal wave speed. It is assumed
that the sample is not overdriven and the elastic wave is
approximately isentropic.

Both the as-received and annealed iron were dynam-
ically loaded under similar loading conditions to strain
rates around upper 106 s−1. Figure 4 shows the σE as
a function of temperature. The as-received iron appears
to exhibit a trend of decreasing σE with increasing tem-
perature, whereas the σE of the annealed iron remains
relatively constant over the temperature range.
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FIG. 2. As-received iron velocimetry as a function of temper-
ature.

FIG. 3. Annealed iron velocimetry as a function of tempera-
ture.

FIG. 4. Annealed and as-received iron σE as a function of
temperature. The as-received iron shows a trend of decreas-
ing σE as temperature increases, whereas the annealed iron
demonstrates a nearly athermal response.

TEM of the annealed iron revealed twins, an example
of which can be seen in Figure 5. The as-received iron
showed no signs of twinning, but had significant disloca-
tion activity which resulted in subgrains throughout the
samples. This is shown in Figure 6.

Tantalum was loaded at a strain rate around upper
106 s−1. Figures 7 and 8 show the line-outs and σE as a
function of temperature for tantalum. σE measurements
were taken by analyzing the material state when the par-
ticle velocity is in the trough following the elastic wave.

FIG. 5. TEM of annealed iron which was dynamically
loaded at 791 K. Evidence of deformation twinning was found
throughout the sample.

FIG. 6. TEM of recovered as-received iron, a and b corre-
sponding to 160 K and c and d corresponding to 600 K. Both
show dislocations throughout and subgrains, with the 600 K
having somewhat more subgrain activity.

The strong pullback that results in the trough is likely a
outcome of an avalanche of dislocation motion initiated
by the high stress in the annealed material. The resulting
material state at the trough has somewhat relaxed to the
stress state the material tends toward and for this reason
is the region of interest in studying the yield behavior
of tantalum. The peak of the elastic wave is very time
dependent, and given that the resolution of the VISAR
is nearly 200 picoseconds whereas the peak is less then
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FIG. 7. Tantalum velocimetry as a function of temperature.

FIG. 8. Tantalum σE as a function of temperature. Overall,
σE appears to remain constant with temperature except at
815 K.

100 picoseconds across, it is not wide enough to be accu-
rately resolved. It is worth emphasizing that regarding
the peak or the trough as the yield point is a matter
of debate, but for this material analysis it was more in-
teresting to study the state at which the material had
intends to reach to relieve stress via plastic relaxation.
To study the peak accurately would have required a di-
agnostic with higher temporal resolution without costing
the velocity-per-fringe resolution, as this VISAR set-up
would have. Based on the analysis techniques outlined,
there appears to be a trend of the σE remaining constant
with with increasing temperature until an anomalous rise
at 815 K.

TEM of the shot at 293 K shot showed signs of twin-
ning while TEM of the 815 K shot had no twins. Figures
9 and 10 show micrograph images from each of the re-
covered samples.

Titanium was loaded at a strain rate around upper
106 s−1. It appears that the σE is approximately con-
stant over the temperature range. There is not much
pullback following the peak elastic stress state, although
the material was annealed.

FIG. 9. TEM of recovered tantalum which was shocked at
293 K. Twins were apparent throughout the sample

FIG. 10. TEM of recovered tantalum which was shocked at
815 K. No twins were observed, extensive dislocation defor-
mation was evident though.

FIG. 11. Titanium line-outs as a function of temperature.
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FIG. 12. Titanium σE as a function of temperature. There
is a general trend of σE remaining constant as temperature
increases.

IV. DISCUSSION

A. Iron

The σE is about 2-3 times higher than low strain rate
measurements9,36 which is consistent with yield behavior
of a material under high strain rate loading. Regarding
the differences between the annealed and as-received iron,
the as-received is clearly dominated by thermally acti-
vated processes whereas the annealed iron seems to ex-
hibit nearly athermal behavior. For the as-received mate-
rial, the σE as well as the peak flow stress at low temper-
atures is relatively high, which is likely a result of the rate
being dominated by dislocation mobility due to the lack
of thermal assistance. Additionally, even in relatively
pure metals, solutes such as carbon and nitrogen can have
noticeable effects on the strength properties54,55. So-
lutes can relieve shear stresses around screw dislocations
by orienting themselves into preferential interstitial sites,
forming an ordered array around the dislocation22,55,56.
This anchors the dislocation, especially at low tempera-
tures. Thermal fluctuations can allow interstitial atoms
to rearrange themselves into new preferential interstitial
positions as the dislocation traverses through the crystal.
At the middle range temperatures, between 275-500 K,
thermal activation for overcoming the Peierls stress and
depinning dislocations from solute clusters lowers the σE .
At higher temperatures, above 500 K, it is apparent that
the as-received material and the annealed material di-
verge in σE . It can been seen in the TEM images of
the recovered as-received iron, shown in Figures 6, that
the wormy-shaped dislocations coalesce together to form
subgrains. The higher temperature iron showed a higher
density of subgrains. This confirms that thermal activa-
tion assists in dislocation motion and at higher temper-
ature, the material will be able to relax more easily.

TEM of the annealed iron revealed twins, seen
in Figure 5. Twinning in iron has been seen
at low temperatures31–33 and under shock loading
conditions19,34,35. Rohde has noted the change in tem-
perature dependence of a bcc metal between whether it

experiences twinning or slip, with twinning being a nearly
athermal process and slip being a strongly thermally acti-
vated process19. Arnold’s armco iron data20 also showed
a dependence on grain size for twinning vs. slip which
Zerilli12 and Armstrong et al.36 have created constitutive
models for that take into account grain size and strain
rate. Arnold’s data demonstrated that at strain rates
103-106 s−1, the transition from slip to twinning occured
in iron samples of grain sizes of 80 microns. The data
presented in this paper shows that for grain structures
around 20 microns or less, slip is the dominant mech-
anism for deformation, whereas for grain sizes on the
order of 40 microns or more twinning is the dominant
mechanism. That the twinning occurs at slightly smaller
grain sizes in the work presented in this paper compared
to Arnold’s work corresponds to the strain rate depen-
dence of twinning stress shown by Armstrong et al.36.
It is worth noting that armco iron is generally around
99.85% purity, which may have some effects compared to
the 99.99% purity of the iron studied in this work.

This indicates the need for the right conditions such
that either a screw dislocations will either dissociate into
partials and the material will twin, or the partials will
coalesce and the material will slip. It seems that in the
annealed iron, the grain size was large enough that dislo-
cation partials were long enough to overcome line tension,
whereas in the as-received iron, the dislocation lengths
were likely too small and slip was favored. Using this
dynamic data along with Arnold’s20, it would be inter-
esting to create a model similar to that implemented by
Moulin et al.53 for silicon to determine critical length of
dislocation (i.e. grain size) that determines slip to twin-
ning transition. Armstrong et al.57 account for twinning
deformation in iron and tantalum in their constitutive
modelling of high strain rate loading by calculating the
activation volume with respect to the burgers vectors of
these partials for twinning, reduced from its value corre-
sponding to slip.

B. Tantalum

Tantalum demonstrated a sharp pullback, stronger
than the pullback seen in annealed iron. This is thought
to be an effect due to the impulsive nucleation of disloca-
tions/twins in an annealed bcc metal which allows rapid
relaxation in the material. Other than the strong pull-
back, the values for σE are promisingly consistent with
Zaretsky and Kanel’s at similar loading conditions on a
gas gun25.

At a glance, the overal athermal response would indi-
cate the tantalum had twinned. However, the rise in σE
at 815 K is outside the error bars and is significant. It
is not likely to be dislocation drag since longitudinal and
bulk sound speeds were found to be constant across all
temperatures; had this been dislocation drag, the sound
speeds would have decreased. The drive spot was 1 mm
and grain size was approximately 20 microns so it was
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not likely an effect of grains. Additionally, the laser drive
conditions were well matched between all shots.

TEM of the shot at 293 K shot showed signs of twin-
ning as well as low angle grain boundaries while TEM of
the 815 K shot had no twins or grain boundaries. Fig-
ures 9 and 10 show micrograph images from each of the
recovered samples. It is known that transition between
twinning and slip as dominant deformation mechanisms
is temperature and strain rate dependent21, such that at
lower temperatures and higher strain rates, twinning is
more prominent. It is possible that through this temper-
ature range at these loading conditions, the materials is
transitioning from being twinning dominated to slipping.
Like the transition in iron between slip and twinning as
rate-controlling mechanisms that happens between grain
sizes of merely a couple tens of microns, this transi-
tion happens within 100 K. The authors do not know
of any dynamic loading experiments that have seen this
transition while systematically changing temperature, al-
though this transition in bcc metals is well known to oc-
cur quasi-statically and at low strain rates31–33. Further
experimentation is needed to verify this result and addi-
tionally to quantify the discreteness of such a transition
with temperature and assess the strain rate dependence
of this transition temperature.

Armstrong modelled how dislocation generation at
high strain rates raises flow stress in tantalum57. It ap-
pears the shot at 815 K would be consistent with Arm-
strong’s dislocation generation model. The σE in this
work is about an order of magnitude higher than the qua-
sistatic and low strain rate strength of tantalum6, indica-
tive that under these high strain rate loading conditions
the elastic wave has not substantially relaxed, due to to
nonlinear elastic effects18. The data is above the crit-
ical stress for twinning, appoximately between 750-950
MPa58. Thus, the twinning to slip transition in tanta-
lum as a function of temperature may be able to account
for tantalum’s unusual temperature-dependent behavior.

It would be interesting to again use a model similar to
Moulin et al.53 to determine critical temperature for par-
tial dissociation and transition from twinning to slip at
high pressures. This could be used in physically predic-
tive dislocation dynamics codes which account for loading
conditions and initial microstructure to give probability
of twinning.

C. Titanium

Titanium varies very little with temperature, likely
because of titanium’s propensity to twin under shock
loading7, which empirically has shown to have an ap-
proximately athermal trend21,59. It also has considerable
strain hardening after the σE , indicating there is an ap-
preciable initial dislocation density that impedes plastic
flow. The values of σE are significantly higher than the
values Chichili et al.7 at strain rates up to 105 s−1. The
magnitude of this increase, approximately threefold, is

Temperature,
K

Elastic wave
speed, m/s

HEL wave
speed, m/s

Tantalum 293 4516 4288

553 4490 4318

603 4465 4288

654 4461 4242

707 4461 4262

815 4487 4265

TABLE I. Table of sound speeds deduced from arrival of elas-
tic wave and onset of plasticity as a function of temperature
in tantalum. Sound speed uncertainty was ± 70 m/s.

substantial but not anomalous, and is comparable strain
rate-dependent behavior of iron9.

D. Comparison to fcc metals

In all cases, longitudinal sound speed and bulk sound
speed do not lower with temperature, and there is no
marked increase of σE with temperature, which indi-
cates that lattice drag arising from anharmonic phonon
interactions18 does not have a prominent effect. This
particularly is important to note in tantalum, since the
unexpected rise in σE at 815 K could easily be presumed
to be an effect of dislocation drag. One would not nec-
essarily expect these metals to have the the same strong
indication of nonlinear elastic effects on the temperature
dependence of σE that has been seen in other metals like
aluminum, copper, and silver16,60,61 because these metals
do not present strong indications of phonon anharmonic-
ity, as suggested by their comparatively lower Gruneisen
parameters18.

V. CONCLUSION

The dynamic strength properties of annealed and as-
received iron as well as tantalum and titanium were stud-
ied using a high powered laser system in an effort to
further understand the effect of temperature and mi-
crostructure on transition metals. Experimental results
showed the role dislocation density and grain size plays
can have a large effect on the temperature dependence of
the onset of plastic flow, as seen in the annealed iron and
the as-received iron. It seems that the as-received iron
was dislocation mobility limited and would yield more
readily at higher temperatures due thermal assistance
in overcoming Peierls’ barriers, resulting in dislocations
coalescing into subgrains, while the annealed iron had
undergone significant deformation twinning. Tantalum
also twinned and exhibited a temperature dependence
similar to the annealed iron, however the tantalum had
a stronger, sharper pullback. Tantalum experienced a
transition to slip-mediated plasticity at 815 K. Titanium
exhibited an athermal response, typical of twinning be-
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havior in this material. This all demonstrates the com-
plexity of predicting material behavior, accounting for
thermal activation, twinning vs. slip, dislocation genera-
tion vs. mobility, and dislocation drag.
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