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Abstract

Polycrystalline magnesium (Mg) and its alloys have been widely investigated in order to better understand and improve
their mechanical properties. However, significant questions remain as to how these materials behave under ultra—high
strain-rate loading conditions, especially at elevated temperatures. In view of this, in the present study, elevated temperature
combined pressure—and—shear plate impact experiments are employed to investigate the dynamic shearing resistance of
polycrystalline commercially pure (99.9%) magnesium at strain-rates in excess of 10° s~!, temperatures up to 500 °C, and
shear strains > 100%. The results of the study provide important insights into the shearing resistance of polycrystalline pure
Mg under extreme thermomechanical loading conditions and its relationship to the evolution of various inelastic deforma-
tion modes — dislocation-mediated slip, deformation twinning, and geometric strain softening — with different mechanisms

becoming dominant at different levels of inelastic strains and test temperatures.

Introduction

Magnesium has a hexagonal close—packed (hcp) crystal
structure, which exhibits significant anisotropic mechanical
properties when compared to the higher symmetry face-cen-
tered cubic (fcc) and body-centered cubic (bcc) crystalline
materials. The large anisotropy in the mechanical proper-
ties of Mg can be attributed to the very different Critical
Resolved Shear Stress (CRSS) of the available slip and twin-
ning modes [1, 2], which are understood to be sensitive to
both temperature [3, 4] and strain-rates [5, 6].

At room temperature, plastic deformation in hcp crys-
tals is understood to depend on the c/a ratio. For hcp crys-
tals with an axis ratio ¢/, > 1.63, the most densely packed
planes and directions are the (0001) basal plane and the three
<1120> directions. For crystals with ¢/, < 1.63, the basal
plane is not the most densely packed plane anymore, but
comparable to the prism and pyramidal planes. In this case
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slip can also occur on the prism and pyramidal planes, and,
correspondingly, many more slip systems are likely to be
activated. Polycrystalline Mg has a near optimum c/a ratio
of ~1.624. Consequently, plastic slip can be accommodated
by easy glide of dislocations along the basal, prismatic and
pyramidal planes in the 1 120 directions, commonly referred
to as the a type slip systems. However, to accommodate
compatible plastic strains, a non a type slip system must
also be activated. Accordingly, despite their relatively higher
CRSS levels, the c-prismatic and ¢ + a-pyramidal slip sys-
tems are also activated to accommodate strains along the
c-axis [7, 8].

Along with dislocation mediated slip, deformation twin-
ning is understood to be an important deformation mecha-
nism in hcp lattice structures, especially at high strain-rates
and low temperatures, where it has been found to be more
prevalent [9]. In general, the three types of twinning modes
that are expected in Mg include extension twinning, contrac-
tion twinning, and double twinning [10-13].

Table 1 summarizes the most commonly observed < a
>and < c+a> type dislocation slip systems along with the
extensional and contraction deformation-twinning modes
for hcp-Mg. Also shown in Table 1 are their corresponding
CRSS levels, estimated at room temperature and quasi-static
loading conditions [14].
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Table 1 Summary of the commonly observed<a>and<c+a>ty
pe dislocation slip systems along with the extensional and contrac-
tion deformation twinning modes. The corresponding CRSS range at

room temperature and quasi-static strain rates for each of these defor-
mation modes is provided in Column 5 [14]

Dislocation slip and deformation twin- Slip/twin plane

Slip/twin direction

Number of slip/twin CRSS at RT and

ning modes systems quasi-static strain rates
(MPa)

<a>Basal slip {0001} (11 20) 3 0.5

<a> Prismatic slip {1100} (11 20) 3 10 to 45

<a> Pyramidal slip {1011} (11 20) 6 10 to 45

<c+a>Pyramidal I & 1T slip {1122} (1123) 6 35 to 80

Extension Twinning {10 12} (10 10) 6 2t05

Contraction Twinning {1011} (1012) 6 30 to100

Since polycrystalline Mg exhibits strong plastic flow ani-
sotropy, classical plasticity theories developed for isotropic
materials are generally not applicable in the description of
their inelastic behavior. Also, since strain hardening of flow
stress in Mg is understood to be different in the presence
of twinning (than with just dislocation slip) [15], the shape
of the measured stress—strain curves can provide impor-
tant insights into the dominant deformation mechanism(s).
Accordingly, extension twinning dominant deformations
exhibit a clear sigmoidal shape in their stress—strain curves
with only a modest dependence of flow stress on strain hard-
ening and temperature, whereas slip-dominated deforma-
tions show more consistent strain hardening [14]. Also, since
extension twinning leads to lattice reorientation within the
parent grain, within the twinned region ¢ + a — pyramidal
slip can become the major deformation mechanism along
with a — basal slip as the minor. At the exhaustion of exten-
sion twinning, an increase in local strain hardening rate and
temperature sensitivity is expected, giving rise to a sigmoi-
dal shape to the stress vs strain curve. On the other hand,
for orientations where contraction twinning is favorable, the
stress—strain curves exhibit a spike at the onset of plastic
deformation followed by a decrease in flow stress with fur-
ther straining [14]. The latter can be attributed to the activa-
tion of relatively low CRSS slip mechanisms, e.g., basal slip,
within the previously twinned region.

The temperature dependence of CRSS for the various
dislocation slip modes in pure Mg has been investigated in
the quasi-static strain-rate regime [3, 4]. In the temperature
range from room to 500 °C the a type basal slip has been
found to be nearly independent of temperature; however, a
lower CRSS for a prismatic slip and ¢ + a pyramidal slip has
been reported as the sample temperatures are increased. Fur-
thermore, twin-slip interactions can contribute to additional
slip hardening with the introduction of twin boundaries,
which can act as further barriers to dislocation slip. Also, it
has been postulated [16, 17], that at strain-rates in excess of
5x10*s™" and elevated temperatures, inelastic deformation

can be controlled by mechanisms other than thermal activa-
tion, such as viscous (phonon) drag, which can considerably
increase the resistance to dislocation slip, and consequently
the material strength in pure metals.

The work presented in this paper is motivated by our
recent developments in experimental capabilities which
allows dynamic shearing resistance of engineering mate-
rials to be investigated at extreme thermo-mechanical
deformation states [18, 19]. Using these new capabilities,
in the present study, we have conducted elevated tempera-
ture combined pressure—and—shear plate impact (PSPI)
experiments on polycrystalline, commercially pure Mg to
investigate its dynamic shearing resistance at strain-rates in
excess of 10° s7L temperatures up to~500 °C, and shear
strains > 100%. Understanding material behavior of hcp-
Mg at elevated temperatures and very high strain rates is
particularly valuable since both slip and twinning deforma-
tion mechanisms are expected to involve evolving material
microstructures/textures as deformation precedes with dif-
ferent mechanisms becoming dominant at different levels
of inelastic strains, and also for immediate contribution to
improved high-temperature constitutive models for hcp met-
als as they approach their melt points at ultra—high shearing
rates.

Experimental Technique: Elevated Temperature
Pressure-Shear Plate Impact

The combined pressure—shear plate impact experiment
(PSPI) is a well-established technique for evaluating
dynamic shearing resistance of metals at ultra—high shear
strain rates (between 10° and 107/s) [20—23]. In the present
study a novel modification of the PSPI technique, which
allows these experiments to be conducted at elevated tem-
peratures, was employed [24]. A schematic of the exper-
imental configuration [25-28], is shown in Fig. 1. The
flyer plate assembly is modified to include a thin metal
foil specimen diffusion bonded to a (high hardness and
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high impedance) pure (99.9%) tungsten carbide flyer plate.
The rear—end of the sabot holds a sealing O-ring and a
Teflon key, which slides in the keyway of the gun barrel
to prevent rotation of the sabot during its acceleration.
To conduct the elevated temperature PSPI experiment the
sample, held at the front end of a custom heat-resistant
sabot, is heated to the desired temperature by radiation
using a non-contact 800 W resistive coil heater located
at the breech end of the gun barrel. During the experi-
ment, the temperature of the sample is monitored con-
tinuously using a K-type thermocouple probe attached
directly to the sample. Once the desired test tempera-
ture is reached, the sabot is accelerated down the gun-
barrel by means of compressed nitrogen gas to impact a
stationary target plate in the impact chamber, resulting
in combined pressure—and—shear loading of the thin Mg
foil sample. It is to be noted that in these experiments the
error in the reported sample temperatures are less than
5 °C. During acceleration of the sabot down the gun barrel
(length ~ 3 m) the sample can lose heat to the surround-
ing by three modes — conduction, convection and radia-
tion. Since the flyer plate is supported on an aluminum
silicate baseplate (thermal conductivity ~2 W/m-K) at the
front of the sabot, and the sabot accelerates down the gun
barrel in a rough vacuum (~ 60 mm of Hg), we can rule
out any appreciable heat loss from the heated flyer plate
to its surroundings by either conduction and/or convec-
tion heat transfer modes. The only other viable heat loss

82.5 mm Single Stage
Gas Gun

% Wi

Heated Magnesium

Elevated Temperature

Foil Sample
Sabot Assembly

Tungsten Carbide
Target Plate

Fig. 1 Schematic of the elevated temperature PSPI experiment. Here,
a heated sample is held at the front surface of the flyer plate, which is
inclined 22° with respect to the direction of travel. The flyer/sample
is accelerated down the gun barrel and is made to impact a station-
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source is radiation, which again is estimated to be small
since the flight time of the sabot down the gun barrel is
less than ~0.2 s. When conducting these experiments the
temperature of the sample on the sabot is set to be just
higher than the desired test temperature to compensate for
any heat loss to the surroundings.

Because of the relatively large impedance mismatch
between the Mg sample and the bounding plates (tung-
sten carbide), the normal stress in the specimen rings-up
to a uniform hydrodynamic compressive state within a few
reverberations of the longitudinal wave in the specimen.
The shear stress in the specimen also rings up quickly at
the arrival of the transverse wave at the specimen plane,
enabling the dynamic shearing resistance of the sample to
be probed under well-defined stress and strain-rate states
up to large plastic shear strains. On the rear surface of the
target plate a 500 lines/mm holographic grating is fab-
ricated to enable measurement of combined normal and
transverse particle displacement history of the free sur-
face of the target plate by using an all-fiber-optics-based
heterodyne combined normal-displacement/transverse-dis-
placement (NDI/TDI) interferometer [29, 30]. A detailed
description of the protocols for conducting these experi-
ments can be found in [18].

Heated Tungsten Carbide
Back Flyer Plate

Tilt Adjustment

Holographic

/ Diffraction Grating

Probes

Normal and Transverse
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With Heterodyne Techniques

Delrin Ring
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ary target plate forming the PSPI sandwich. Wave histories at the free
surface of the target plate are measured with normal and transverse
displacement diagnostics
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Target Assembly and Sabot

To conduct the elevated temperature PSPI experiments
flyer plates of 76.2 mm in diameter and 5.84 mm in
thickness, and target plates of 31.75 mm in diameter and
6.35 mm in thickness were fabricated from 99.9% pure
tungsten carbide (WC) procured from Research and PVD
Materials LLC. Typical elemental composition of the
WC plates was 99.9% W with <500 ppm N, <300 ppm
0, <200 ppm Fe, < 100 ppm H, <30 ppm S, and <20 ppm
Al. In addition, elements detected at < 100 ppm sensitiv-
ity level were Co, Cr, Mo, and Ni. The (minimum) den-
sity of the WC plates was 15.2 g/cm®. The high dynamic
strength [31] (Hugoniot Elastic Limit (HEL) ~6GPa) and
melting point (~ 3058 °C) of WC ensure that the flyer and
target plates remain elastic at the impact velocities and
test temperatures of interest to the present study. Three
equi-spaced holes of diameter 5 mm were machined on a
62 mm diameter bolt circle on the WC flyer plate to secure
it to a sabot using alumina screws. Moreover, six 3 mm
diameter holes were drilled on an aluminum ring to house
six voltage biased copper pins, which provide the trigger
signal for data acquisition, and measurement of flyer/target
tilt at impact.

To enable the desired pressure—shear loading on the
samples during impact, the Mg foil samples are diffu-
sion bonded to the WC flyer plate using a vacuum hot
press. To carry out the diffusion bonding, the WC flyer
plate is first thoroughly cleaned with acetone, then with
ethanol and lastly with de-ionized water. The chemically
cleaned WC flyer plate is baked on a hot plate at 350 °C
for ~ 10 min to remove any impurities. The foil sample is
then placed on the WC flyer plate and sandwiched between
two high-purity fine-grained (~1 pm grain size) graph-
ite disks. Next, a compressive stress of ~20 MPa is used
on the sample-graphite disk assembly while the furnace
temperature is increased slowly from room temperature
to~430 °C. The assembly is then left in the hot press for
10 h, after which the furnace is turned off and the sample
is slowly cooled down to room temperature while main-
taining the compressive stress on the assembly. Detailed
microstructural analysis of the pre-test samples is provided
in the Section on “Experimental Results and Discussion.”

Wave Analysis in the Flyer and Target Plates

Wave propagation in the flyer-sample-target assembly
is illustrated schematically as a time-distance diagram
in Fig. 2. At impact, two stress waves propagate into
the target as well as the specimen and the flyer plate: a
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Fig.2 Time vs. distance diagram used in the analysis of normal and
shear loading for a typical combined pressure—shear plate impact
experiment. The heated magnesium foil sample, which is diffusion
bonded to the impact face of the WC flyer plate, is accelerated down
the gun barrel to impact a stationary WC target plate at room tem-
perature. The solid and dashed lines in the figure correspond to the
longitudinal and transverse waves, respectively, in the WC flyer and
WC target plates at impact. The window times for normal displace-
ment interferometry (NDI) and transverse displacement interferom-
etry (TDI) for the experiment are also shown in the figure

longitudinal wave propagating at the elastic longitudinal
wave speed ¢, (represented by solid lines), and a transverse
wave propagating at the elastic transverse wave speed c,
(as represented by the dashed lines). The free-surface par-
ticle velocity measurements are made prior to the arrival
of release waves at the monitoring point from the lateral
boundaries of the target plate assembly. The dimensions of
the target and flyer plates are strategically selected to pro-
vide a window time of ~ 1 us for the measurement of the
transverse waves and ~ 1.5 ps for the longitudinal waves.
Both flyer and target plates are unstressed initially. The
target is at rest while the flyer is carried by the sabot at
a velocity, V. Using the method of characteristics for 1-D
wave propagation in elastic plates along with appropriate
boundary and initial conditions, the normal stress, o35(?),
and shear stress, 7,3(?),, in the sample can be expressed as

033(0) = =321, (1);723(8) = =3 2394 (0), (1)

where, Z;, and Z;, are the elastic longitudinal and trans-
verse impedance of the target plate; and u(¢) and v (7) are
the normal and transverse components of the particle veloc-
ity measured at the free surface of the target plate. Note that
the 3 direction is normal to the impact surface while the
1 and 2 directions define the specimen plane. The plastic
shear strain rate, y,5(¢), and shear strain history, y,5(f), in the
sample can be expressed as

@ Springer



614

Journal of Dynamic Behavior of Materials (2021) 7:610-623

t

—ZU;UT_;;)ZT’ >ny(t)] ¥a3() = { Va3 ()t

@)

In Eq. (2), & is the thickness of the sample in the unde-

formed configuration, 6 is the skew angle of impact, and

Zy(T) is the temperature-dependent transverse impedance

of the flyer plate. For the WC flyer plates used in the present

work, temperature dependence of the transverse impedance

of the flyer plate, has been characterized in our previous
work [31].

123(0) = %[Vo sin 6 — %(

Experimental Results and Discussion

A series of seven elevated temperature PSPI experiments
were conducted on polycrystalline 99.9% pure Mg foil sam-
ples at ultra-high strain-rates (10°/s—10%/s) and initial test
temperatures in the range 23 °C to 487 °C. The limit on
the highest temperature for Mg is constrained by the vapor
pressure of pure Mg foils at~50 mTorr, which is the typical
target chamber pressure prior to impact. The experimental
conditions (e.g., target plate thickness, sample thickness,
angle of inclination, impact velocities, the angle of flyer-
target misalignment (tilt) at impact and initial sample tem-
peratures) for each experiment are summarized in Table 2.
The experiments were conducted at impact velocities in the
range 99 to 103 m/s at a 22 ° skew angle. Under these impact
conditions, the WC flyer and target plates remain elastic dur-
ing the experiment. Select physical properties of the WC
flyer and target plates at ambient conditions are provided
in Table 3.

For conducting Shots PSPIMGO01 to PSPIMGO07 100 um
thick Mg foils were utilized. To conduct PSPI experiments
with different foil thickness, i.e., Shot PSPIMGO1 (with
80 um), Shots PSPIMGO02 and PSPIMGO3 (75 pm), Shot
PSPIMGO04 (50 pm) and Shots PSPIMGOS5, PSPIMGO6,
PSPIMGO7 (25 um) ~ 100 pm thick diffusion bonded foils
were thinned by appropriate lapping and polishing opera-
tions. Also, since Shot PSPIMGO07 was conducted at room

Table 3 Select physical properties of 99.9% pure Tungsten Carbide
plates at ambient conditions

Material Density Longi- Shear Longi- Shear
( g/cm3 ) tudinal wave tudinal impedance
wave speed imped- (GPa-ps/
speed (mm/ps) ance mm)
(mm/ps) (GPa-ps/
mm)
99.9% 15.4 6.858 4.300 105.61 66.22
Pure WC

temperature, the foil sample was simply securely placed on
the WC flyer plate with no diffusion bonding.

Electron Backscatter Diffraction Analysis
of the Mg foil Samples

Electron Backscatter Diffraction (EBSD) analysis was con-
ducted on the as received and annealed 100 um thick Mg
foil samples in a direction normal to the foil surface (i.e.,
along the impact direction). A step size of 2 um was used to
acquire the EBSD images. The corresponding pole figure for
the as-received Mg foil is shown in Fig. 3a. A typical rolled
texture is observed with the [0001] basal poles aligned with
the foil surface normal. To anneal the Mg foil samples the
as-received foils were heated for at least 8 h at 450 °C in
argon atmosphere and then allowed to cool slowly. The moti-
vation for annealing the foils was to minimize sample to
sample variation in foil microstructure due to grain growth/
coarsening during diffusion bonding and during the sample
heating phase to achieve the desired test temperatures. It is
to be noted that to conduct the elevated temperature PSPI
experiments the annealed samples are heated inside the gun
barrel to the desired test temperatures prior to conducting the
experiments. Previous work by the authors [19, 32] on shock
compressed Mg samples at elevated temperatures has shown
that sample heating results in grain coarsening in the sample
microstructure, with larger grains being present at higher

Table 2 Summary of the
elevated temperature normal
plate impact experiments
conducted in the present

study on commercial purity
magnesium

Experiment no Thickness of the Thickness of the Angle of Impact Tilt at Sample
WC target (mm) Mg Sample (pm) inclination velocity impact temp (°C)
(degrees) (m/s) (mrad)
PSPIMGO1 6.3 80 22 103 0.7 23
PSPIMGO02 6.3 75 22 100 1.0 205
PSPIMGO03 6.3 75 22 103 0.5 305
PSPIMG04 6.3 50 22 100 1.1 487
PSPIMGO05 6.3 25 22 100 0.2 390
PSPIMGO06 6.3 50 22 101 0.4 23
PSPIMGO7 6.3 25 22 99 0.6 23
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A2i

Fig.3 a [0001] pole figures (PF) of the as-received magnesium along
the foil surface normal (i.e., along the impact direction). The figure
shows that basal poles of the as-received foil are aligned with the

test temperatures. Pre-test annealing helps to mitigate this
problem by providing a more uniform material microstruc-
ture in the Mg samples at all test temperatures of interest to
the present study.

The corresponding pole figure (PF) and grain orienta-
tion map (GOM) for the 100 pm thick annealed Mg foil
sample are shown in Figs. 3b and 4, respectively. The
EBSD data were used to obtain information on material
microstructure (texture and grain size) of the foil samples
prior to impact. As inferred from the figures, the [0001]
basal poles are inclined at an angle of ~ 65 ° respect to
the foil surface normal. The weighted area average grain

00035 4

- 00025
o

=2

00015 4

00003 -

(b)

0004 -

0003 4

0002 4

0001 4

10 20 30 40 a0

Angle [degree]

60

70

a0

foil surface normal. b Pole figure (PF) showing that the [0001] basal
poles are inclined at an angle of ~ 65 ° respect to the foil surface nor-
mal

size for the annealed sample is ~37 um. Also, no deforma-
tion twinning is observed in the annealed samples. These
100 pm thick Mg foils were used as samples to conduct
the PSPI experiments (Shots PSPIMGO1 to PSPIMG06)
in the present study.

It should be noted that there are approximately one
to three grains across the thickness of the polycrystal-
line Mg foil samples. Nevertheless, the shearing strength
data obtained from these experiments is still representative
of sample bulk shearing behavior since the lateral dimen-
sion (diameter) of the sample is much larger when com-
pared to the sample grain size (~30 mm), and thus there are
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Fig.4 EBSD grain orienta-
tion map (GOM) along the

foil surface normal (i.e., along
the impact direction) of the
annealed magnesium samples
with initial thickness of 100 um.
The weighted average grain size
is~37 pm

1270

0170

large number of grains available for averaging in the sample
shearing direction.

Normal and Transverse Particle Velocity
Profiles at the Target Free Surface

The normal and transverse free-surface particle veloc-
ity profiles obtained from the elevated temperature high-
strain-rate PSPI experiments are shown in Figs. 5 and 6,
respectively. The abscissa shows the time of arrival of the
longitudinal/shear wave at the free surface of the target plate.
The solid lines correspond to the room temperature experi-
ments — PSPIMgO01, PSPIMg05 and PSPIMg06 conducted
on 80 pm, 50 pm and 25 pm thick foil samples, respectively,
— while the dash-dot curves represent the elevated tempera-
ture experiments, PSPIMg02, PSPIMg03, PSPIMg05 and
PSPIMg04 conducted at 205 °C, 305 °C, 390 °C and 489 °C
on 80 pm, 50 pm, 25 pm thick Mg foil samples, respectively.
The rise time in the measured normal particle velocity pro-
files is dictated by the ring-up of the longitudinal waves in
the sandwiched sample, which depends on the sample thick-
ness and its wave speed, before reaching a particle velocity
plateau governed by the impedance of the heated WC flyer
plate and the room temperature WC target plate. The particle
velocities at the plateau level, for all the experiments, lie
within a narrow range from 92 m/s to 95 m/s, which corre-
sponds to a normal compressive stress o3;~4.6 GPa.

@ Springer

The free surface transverse particle velocity profiles for
the seven PSPI experiments are shown in Fig. 6. Consistent
with Fig. 5, the solid lines in Fig. 6 represent the room tem-
perature experiments while the dashed-dot lines represent
data obtained from the elevated temperature experiments.
The gradual rise (~75 ns) in the transverse particle velocity
profiles is dictated by the ring-up time of transverse waves
in the sample, which is followed by a gradual rise and then
a much sharper increase in particle velocity at~600 ns (after
the arrival of the shear wave), which are both directly related
to the dynamic shearing resistance of the Mg samples. These
particle velocity profiles are used along with Egs. (1) and (2)
to obtain the shearing resistance (shear stress) and the plastic
shearing rates in the samples, respectively. The shear strains
are calculated by taking the integral of the shear strain-rate
with time.

Dynamic Shearing Resistance
of Polycrystalline Magnesium Foil Samples

In PSPI both normal compression and shear stresses
develop in the sample during impact. Accordingly,
the stress state in the sample can be expressed as
c=—ple,@e +e,Qe,+e;Qe;) +15(6, R e;+€;Q¢,)
where p = 035 and is obtained from the normal free sur-
face particle velocity profiles, 7,5 is the measured shear
stress in the sample, and e;(i = 1,2, 3) are a set of orthog-
onal unit vectors. The eigenvalues of the stress tensor
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Fig.5 Normal free-surface
particle velocity history for
pressure—shear experiments
on 99.9% polycrystalline pure
magnesium samples. The time
axis is shifted to coincide with
the arrival of the longituinal
wave at the free surface of the
target plate

Fig.6 Transverse free-surface
velocities for pressure—shear
experiments on 99.9% polycrys-
talline pure magnesium. The
time axis is shifted to coincide
with the arrival of the shear
wave at the free surface of the
target plate
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the corresponding eigenvectors remain fixed in space and
only the magnitude of the eigenvalues change. Also, the

Accordingly, in a typical PSPI experiment, due to the
oblique nature of impact the principal stress directions in the
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sample do not align with the sample crystallographic direc-
tions and sample deformation cannot be predicted by sim-
ple CRSS analysis. Accordingly, low CRSS basal slip along
with pyramidal slip (which has a higher CRSS when com-
pared to basal slip) are the two most likely slip mechanisms
to be activated. Moreover, extension twinning is expected to
occur whenever the mismatch angle between the loading and
sample crystallographic directions results in c-axis exten-
sion. Moreover, in the present experiments, once twinning
is initiated it is expected to remain active until it completely
consumes the sample grains.

The experimental shear stress vs. shear strain profiles
obtained for the Mg samples are shown in Fig. 7. Also,
shown in the figure are the plastic shearing rates in the
samples. Shots PSPIMGO1, PSPIMGO06 and PSPIMGO07
are conducted at room temperature, while Shots
PSPIMGO2, PSPIMGO03, PSPIMG04 and PSPIMGO5
are conducted at 205 °C, 305 °C, 487 °C, and 390 °C,
respectively. In all experiments, the impact velocity is con-
trolled to be ~ 100 m/s, such that, at impact, the WC back
flyer plate and WC target plates remain elastic during the
experiment. Under these impact conditions, the hydrostatic
pressure developed in the sandwiched Mg samples is ~4.6
GPa. The sample shearing rates — which depend on the
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Fig.7 Dynamic shearing resistance and shearing strain rates versus
the accumulated shear stain for the PSPI experiments on 99.9% poly-
crystalline pure magnesium in the temperature range 23 °C to 487 °C.
In all cases, the shear-stress versus shear-strain profiles show a three-
stage deformation response, where, during Stage I the flow stress is
observed to strain harden quickly and reach a plateau level; during
Stage II the samples accumulate considerable shear strains at nearly
a constant shear stress till the beginning of Stage III, where the flow
stress is observed to increases rapidly with strain. Note that the begin-
ning of Stage III is clearly visible in all experiments except for Shot
PSPIMGO03 (Temp=305 °C and h="75 pm, where it coincides with
the arrival of the release wave from the lateral boundary of the speci-
men
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shearing resistance of the samples, the impact velocity
and the sample thickness — are controlled by strategically
changing the sample thickness, 4. Accordingly, samples
with three different thicknesses are employed in the pre-
sent study — 25 pm, 50 pm and 75-80 pm. In all cases,
the dynamic shear-stress versus shear-strain profiles show
a three-stage deformation response, where, during Stage
I the flow stress is observed to strain harden quickly and
reach a plateau level; during Stage II the samples accu-
mulate considerable shear strains at nearly a constant
shear stress level till the beginning of Stage III, where the
flow stress is observed to increases rapidly with strain.
Note that in Fig. 7, the beginning of Stage III is clearly
visible for all experiments except for Shot PSPIMGO03,
where it coincides with the end of the window time for
the experiment.

For the room temperature experiments, i.e., Shots
PSPIMGO1 (h=80 g m), PSPIMGO06 (h=50 ¢ m) and
PSPIMGO7 (h=25 u m), the shear strain rates in the sam-
ples were 4.8x10° s7!, 7.5x 10° s~, and 1.045x10° s,
respectively. In these experiments, during Stage II deforma-
tion, the samples accumulate shear strain by dislocation-
mediated slip and deformation twinning with little or no
strain or strain-rate hardening, with the shear stress remain-
ing constant at~ 170 MPa. These relatively low CRSS defor-
mation modes continue until deformation twinning is fully
exhausted within individual grains of the Mg polycrystals,
leading to reorientation of the parent crystal lattice and shift-
ing deformation to relatively higher CRSS slip and twin-
ning modes (as well as their interactions) at the beginning of
Stage I1I. As strain accumulates during Stage I1I, non-basal
slip along with contraction/double twinning are expected to
be activated and become the dominant deformation mecha-
nisms [33]. Additionally, dislocation slip is expected to be
hindered due to twin boundary-dislocation interactions, thus
increasing the shear stress required for the inelastic deforma-
tion to proceed [34].

It is to be noted that for Shot PSPIMGO1, which is
conducted at room temperature at a plastic shearing rate
of ~4.8%10° s7!, the upturn in stress (i.e., transition from
Stage II to Stage III) occurs at a shear strain of ~0.25. How-
ever, for Shots PSPIMGO06 and PSPIMGO07 conducted at
higher shear strain rates, the Stage II to Stage III transition
is observed to shift to higher shear strains. For example,
transition to Stage III occurs at a shear strain of 0.32 for Shot
PSPIMGO6 conducted at a shear strain rate of 7.5x 107 s~
and at 0.77 for Shot PSPIMGO7 conducted at a strain rate
of 1.45%10°s7!. Also, a striking feature of deformation in
Stage II is the absence of strain or strain-rate hardening even
in the case of the two highest shear strain rate experiments,
which show shear strains of 0.32 and 0.77, respectively, prior
to reaching their transition points.
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As discussed, earlier, inelastic deformation in polycrys- ) }',53
talline HCP metals is understood to occur by both disloca-  J1w < —— 4)

tion-mediated slip and twinning deformation. Accordingly,
in the Stage II deformation regime, inelastic deformation
proceeds with minimal strain hardening until twinning
exhausts itself by engulfing entire sample grain(s) and
shifting deformation to higher CRSS modes as it transi-
tions to Stage III. The marked increase in strain at the tran-
sition point (i.e., the strain at twin exhaustion) observed in
the highest shear strain rate PSPI experiment (conducted
at room and 390 °C test temperatures with h=25 y m),
indicates that at increasing strain rates, dislocation medi-
ated and “other” inelastic deformation mechanism(s)
accompanying twinning delay transition to Stage III. We
believe these “other” inelastic deformation modes to be a
combination of grain boundary sliding accommodated by
grain rotation, similar to what has been observed during
room and moderate temperature cold rolling processes in
polycrystalline pure Mg. Also, since both extension twin-
ning and these geometric softening deformation mode(s)
are understood to be only weakly sensitive to strain and
strain-rate hardening [3, 5], the shear stress vs shear strain
profiles in this deformation regime remain essentially flat.

Further insights into the kinetics of twinning and dislo-
cation-mediated plastic slip mechanisms under the com-
bined pressure and shear loading is gained by studying the
transverse particle velocity versus time profiles, shown
in Fig. 6. Focusing on the room temperature experiments
(i.e., Shots PSPIMGO1 (h=80 x m), PSPIMGO06 (h=50 p
m) and PSPIMGO07 (h=25 u m), with sample shear strain
rates 4.8x 10° 57!, 7.5x10% s7!, and 1.045x 10° 571,
respectively), we note that the time at which the upturn in
shear stress (transition from Stage II to Stage III) occurs
is ~ 550 ns in all the three shots after the arrival of the
shear wave at the free surface of the target. This result
is intriguing considering the very different sample shear
strain rates in the three experiments and suggests that the
average rate of growth of twin volume fraction is nearly
the same in the three experiments.

Since, during the high rate shearing deformation dis-
location-mediated plastic flow is accompanied by twin-
ning, the total sample plastic shear strain rate, ;'/53, in the
sample in the shearing direction can be written as a sum
of dislocation mediated shear rate, 7, and twin mediated
shear rate, yp,, i.e.

753 =y, + 7 3)

The second term on the right-hand side of Eq. (3) can be
further expressed as 77, = frw 77, Where fy, is the volume
fraction of twins, and yq,, is the twinning shear defined
as the shear strain associated with the lattice orientation.

Then, from Eq. (3), it follows that

YTw

Taking the twinning shear y5, = 0.129 [35] and using
Eq. (4) along with the total shear strain rate obtained in the
lowest shear strain rate PSPI experiment (Shot PSPIMGO1
— 4.8%10% s! at room temperature), suggests a limiting
twin volume fraction growth rate of 3.72 X 10°s~!, which
cannot be exceeded in the present PSPI experiments. It
is interesting to note that this limiting twin volume frac-
tion rate is approximately two orders of magnitude greater
than~2.1x 10* s™!, which was estimated by Kannan et al.
[36] at strain rates of ~2000s~" from their study on single
crystal Mg using the SHPB.

Next, to estimate the critical time for exhaustion of
twinning during pressure-shear loading, we use the
approach developed by Johnson et al. [37], where the
expression for volume fraction of twinning as a function
of time was obtained as

t m
Vi (1) = [Lf <l—1>dt] ifr > 1 &)
Tr o \ 7,

The model parameters in Eq. (5) were determined from
experiments on single crystal Mg by Renganathan et al.
[35] as Ty = 2us, 7, = 6MPa and m=3.

Taking v = 165MPa during Stage II deformation for
Shots PSPIMGO1, PSPIMGO06 and PSPIMGO07, the time
for twin exhaustion, t.,;,, can be estimated using Eq. (5) as

exh?

) L 75.4
= ——— =754ns
exh <1_1> (6)

T()

This result suggests that in the three room-temperature
PSPI experiments, twinning is expected to be exhausted
very early (after 75.4 ns) in the loading process. The cor-
responding twin volume fraction rate is estimated to be
13.2x 10° s!, which is 3.5 times higher than the limiting
twin growth volume fraction rate determined by Eq. (4). It
must be noted that the parameters used in Eq. (5) were cali-
brated using data from normal plate impact experiments on
Mg single crystals impacted along the < ¢ >and < a> direc-
tions at room temperature, and probably need to be re-cali-
brated for the current PSPI experiments on polycrystalline
Mg. It is also equally probable that the model parameters
are applicable to the present PSPI experiments, but the pre-
dicted extremely high twin volume fraction rates are not
sustainable and result in local dynamic processes that can
hinder (quench) competing twin growth during the dynamic
shearing process, leading to saturation of the effective twin
volume fraction growth rate at a lower level.

Using the limiting strain rate estimated from Eq. (4),
instead, to obtain the twin exhaust time establishes the
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lower time limit for twin exhaustion as z,,;, > 268.8ns.
Based on the experimental profiles shown in Fig. 6, ¢,,,
can be estimated to be ~550 ns for the three room-tem-
perature experiments. Since at twin exhaustion the twin
volume fraction is unity, an average twin volume fraction
growth rate of 1.8 X 10° s~ is estimated. Also, since twin-
ning upto twin exhaustion accounts for ~0.129 shear strain,
the remaining inelastic deformation has to be accommodated
by other inelastic mechanisms, such as dislocation medi-
ated slip, grain boundary sliding, etc. This is especially
applicable to Shot PSPIMGO07, conducted at a shear strain
rate of 1.045x10° s™!, where nearly 0.63 shear strain has
to be accommodated by inelastic slip processes other than
twinning.

Another important result inferred from the elevated
temperatures PSPI experiments, i.e., Shots PSPIMGO02
(205 °C, 4.8x10° s7), PSPIMGO03 (305 °C, 4.8x10° s™")
and PSPIMGO04 (487 °C, 7.5% 10° s‘l), is that the shear-
ing resistance of the samples decrease progressively as the
test temperatures are increased from room to 487 °C. This
behavior is to be expected for most polycrystalline metals
in view of the lowering of dislocation mobility barrier(s)
for thermally activated slip as the test temperatures are
increased. Also, unlike in the case for room temperature
experiments, at elevated temperatures significant strain
hardening is observed during the Stage I and II deforma-
tion, all the way up to the Stage III transition point. Note that
since extension twinning is understood to be temperature
insensitive [38] and basal slip to be only weakly sensitive
to temperature [3], the observed flow behavior in Stages I
and II requires other higher CRSS dislocation-mediated slip
deformation modes, such as, non-basal slip to sustain the
shearing deformation. The activation of this non-basal slip is
believed to be responsible for the observed strain hardening
in Stages I and II during the deformation process.

Besides strain hardening, significant strain-rate hardening
is also observed at elevated temperatures in Stages I and II.
For example, for Shot PSPIMGOS (strain-rate ~ 1.045 X 10%s
and test temperature of 390 °C), the shear stress level in
Stage II (~ 142 MPa) is higher than those measured for Shots
PSPIMGO02 and PSPIMGO3 conducted at lower test tempera-
tures of 205 °C and 305 °C, respectively, and at much lower
shear strain rates, while being lower than those measured at
room temperature for Shots PSPIMGO1, PSPIMGO06, and
PSPIMGO7.

In addition, at elevated temperatures, a consistent shift
in Stage II to Stage III transition point is observed as the
test temperatures (and plastic shearing rates) are increased,
with transition occurring at~0.25, 0.33, 0.37, and 0.9
shear strains for Shots PSPIMGO02 (205 °C, 4.8x10° s™1),
PSPIMGO3 (305 °C, 4.8 x 10° s™'), PSPIMG04 (487 °C,
7.5%10° s71) and PSPIMGO5 (390 °C, 1.045x 10° s71),
respectively. It is interesting to note from Fig. 6 that the twin
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exhaustion times for these elevated temperature experiments
are estimated to be ¢, ;,~ 550 °C, which is similar to those
observed for room temperature experiments. As discussed
earlier, the shift in transition point can again be attributed
to the saturation of the twin volume fraction growth rate
at 1.8 x 10° s™!, which requires increased dislocation slip
along with the possibility of geometric strain softening to
accompany twinning during the deformation process, thus
shifting the Stage II to III transition to higher shear strain
levels. This is an important result and states that during high
rate shearing deformation of polycrystalline pure Mg, the
average twin volume fraction growth rate is both strain rate
and temperature insensitive and remains nearly constant in
all experiments under conditions applicable to the present
study.

Estimation of Maximum Sample
Temperature Rise in the Mg samples

The Helmholtz free energy, v, is defined as the energy per
unit mass available to do work at constant temperature, i.e.,

ll/ze—’?T’ (7)

where e is the internal energy per unit mass, # is the
entropy per unit mass and 7 is the temperature.

Without loss of generality, the Helmholtz free energy can
be taken as a state function of the elastic Green—Lagrange
strain, E°, temperature, T, and a set of internal state variables
&1, &....&,, where each & may be a tensor, i.e.,

v =P(E.T.¢.6 . &) ®)

For estimating the maximum temperature rise in the Mg
samples, we consider an adiabatic deformation process with
all heat generated by elastic—plastic work going solely to
increasing the sample temperature with no energy being
stored within the sample., i.e., the Taylor Quinney coeffi-
cient is one.

Under these conditions, for isotropic materials, the
change in sample temperature can be expressed as [24, 39]

(7dy” + aTdP)

ar=—' """’ ©)
pCr

In Eq. (9), 7 is the effective shear stress, 7" is the equiva-
lent plastic shear strain, 7dy, is the plastic work, EE is the
specific heat at constant strain, and « is the volumetric coef-
ficient of thermal expansion. The first term on the RHS con-
tributes to the temperature rise due to the plastic work in the
sample while the second term is the contribution from the

change in pressure, P.
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The pressure, effective shear stress and the equivalent
plastic shear strain can be calculated from measurements
taken during a typical pressure-shear experiment. The den-
sity p, the coefficient of thermal expansion «, and the spe-
cific heat capacity, EE, are all known for polycrystalline pure
Mg at ambient conditions. Also, since the applied pressure
in the present experiments is modest, we consider variations
of all thermodynamic quantities of interest to be only a func-
tion of temperature.

The linear thermal expansion coefficient (107%/K) of
commercially pure polycrystalline magnesium at any tem-
perature T (°C) is described by the relationship
o(T) = 24.66 + 0.01952T for temperatures in the range
20 °C<T <500 °C [40]; this relationship can also be used
to estimate the density of magnesium foil samples at the

. . _ p
various test temperatures using p(7T) = m, where
7 is 1.740 g/cm? at ambient conditions. Moreover, the spe-
cific heat capacity of magnesium Cy J/(K-mole) as a function
of temperature T (°C) can be described, within sufficient
accuracy, by the relationship Cg(T) =24.5337208
+1.0704764 x 1072T — 0.4803232 x 1073T? [41].

The melting temperature of pure Mg is taken to increase
proportionally with pressure P, as [42]

T, (P) ~ —0.6212P* + 63.04P + 925.93, (10)

where, P is estimated to be equal to the compressive
stress 035(¢) and can be estimated from the measurement of
the normal component of the free surface particle velocity

ufs(t)., as

C
P oy = %uﬁ(n. (11)

Since the WC target plate remains elastic at room tem-
perature during the experiments, the longitudinal impedance
(pCL)T is taken to be constant in Eq. (11).

In estimating the temperature rise from the measured
normal and transverse wave profiles, the normal stress and
shear stress versus time plots are time-shifted in accordance
such that the sample is subjected to both components of
stress starting at impact (t=0). The temperature increment
and temperature dependent material properties (e.g., den-
sity, specific heat capacity, linear thermal expansion coeffi-
cient) are updated at each time step. The sample temperature
(solid lines), pressure dependent sample melt temperature
(dashed lines), and the sample temperature as a percentage
of the melting temperate (dashed-dot lines), are presented
in Fig. 8 for Shots PSPIMGO1, PSPIMGO02, PSPIMG04 and
PSPIMGOS. The estimated temperature rise in the samples
for these experiments under adiabatic conditions are ~38 °C,
34 °C, 106 °C, and 68 °C for the 23 °C (PSPIMGO01), 205 °C
(PSPIMGO02), 390 °C (PSPIMGO05) and 487 °C (PSPIMGO04)

Shots, respectively. Shot PSPIMGO0S5 shows the largest
increase in sample temperature because of the relatively
large plastic deformation that occurs in the sample during
the high-rate shearing, which greatly contributes to the plas-
tic work.

The T/T,, ratio for pure Mg at impact is observed to drop
off quickly during the initial phase of the shearing defor-
mation due to the large increase in the melt temperatures
(~ 125 °C), but then increases with deformation as the plastic
work is converted to heat. The final sample temperatures
for PSPIMGO1, PSPIMGO02, PSPIMGO0S5, PSPIMGO04 are
estimated to be 61 °C, 249 °C, 496 °C, and 555 °C with T/
T,, of ~6%, 28%, and 53%, 60%, respectively, showing that
the sample remain in its solid state during all experiments
conducted in the present study.

Summary

In the present study, a series of elevated temperature pres-
sure—shear plate impact experiments are conducted on poly-
crystalline 99.9% pure magnesium foil samples at ultra—high
strain rates (10°/s—10%s) and test temperatures of 23 °C,
205 °C, 305 °C, 390 °C and 487 °C. In all cases, the dynamic
stress—strain profiles show a three-stage deformation process
where at the transition from Stage II to Stage III the shear
stress increases rapidly with strain. At room temperature,
during Stages I and II, the sample flow stress shows little or
no strain- or strain-rate hardening, with the shear stresses
remaining at a level of ~170 MPa. This lack of hardening
is attributed to the presence of geometric strain softening
deformation modes and twinning that can accommodate
inelastic strains during the deformation process. Transition
to the Stage III deformation regime is understood to mark
the exhaustion of twinning during Stage II, when the twinned
grains reorient themselves shifting deformation to higher
CRSS slip and twinning modes [10, 11, 19]. It is interest-
ing to note that, while for the thicker foil sample (with shear
strain rate ~4.8 X 10° s~!) the upturn in shear stress (transition
from Stage II to Stage III) occurs at a strain of ~0.25, which
shifts to the right as the strain rates are increased, i.e. the
strain at the transition point increases to 0.32 as the strain rates
are increased to 7.5x 10° s~! in the 50 um thick sample, and
to 0.77 at 1.45x10° s™! in the 25 um thick foil. The shear-
ing resistance of the samples decreases progressively as the
test temperatures are increased from room to 487 °C. This
behavior is to be expected in most polycrystalline metals in
view of the lowering of barrier(s) for thermally activated slip
with increase in sample temperatures. In addition, contrary
to the room temperature experiments, at elevated tempera-
tures, significant strain hardening is observed during in the
Stage I and II deformation regimes all the way to the transition
point. Since extension twinning is understood to be nearly

@ Springer



622 Journal of Dynamic Behavior of Materials (2021) 7:610-623
Fig.8 Temperature Ts in the 1400 L T 1T T T T 1T T T T 1T T T T 1 100
magnesium samples as a func- - Evolution of Melt and Sample Temperatures ]
tion of time after impact due to | . i ]
the adiabatic conversion of elas- = Polycrystalllne 99.9% Pure Mg Foil -190
tic—plastic work to heat along 1200 - Melt Temperatures (Dashed Lines) .
with the pressure dependent B -— - 80
melting temperature, Tm. B PSPIMG01 PSPIMG04 PSPIMGO07 ]
1000 P~ PSPIMG02 PSPIMGO5 470
— —
e ]
o__ ]
~— e —— 160 =
@ 800 : e et ——— - ] é
2 Ts/Tm (DashDot lines) PSPIMGO5 =
© — 50 =
Q 600 [ Sample Temperatures (Solid Lines) PSPIMG04 | )
Q_ ]
£ B -~ —40
o L ]
- » .
400 —’\.\. . —: 30
- T T T PSPIMG02 -
B > —20
200 = = |
[~ PSPIMGO07 - 10
_________________ — -~ PSPIMGO1
O | L | | I L | | L I | | L I | L L | I L 1 0
0 0.2 0.4 0.6 0.8 1

Time After Shear Wave Arrival (us)

temperature insensitive and basal slip to be only weakly sen-
sitive to temperature [11], the observed hardening behavior
suggests that other higher CRSS deformation modes, such
as non-basal slip and contraction/double twinning, are acti-
vated as the test temperatures are increased. Besides higher
strain hardening, increased rate sensitivity at ultra—high strain
rates and elevated temperatures is observed in the sample. For
example, at a sample strain-rate of ~ 1.45 X 10%s, the stress
levels in Stages I and I at 390 °C is higher than those obtained
at 205 °C and 305 °C, but still lower than those obtained in the
room temperature experiments. This response is in contrast
to the rate sensitivity observed in the room temperature PSPI
experiments, where the stress levels in Stages I and II are
all very similar at markedly different strain rates. Moreover,
a limiting twin volume fraction growth rate of 1.8 x 10 s~
is identified in the study, which is found to be both strain
rate and temperature independent and remains constant in all
experiments under conditions applicable to the present study.

To the best of the authors knowledge the results pre-
sented herein are the first on dynamic shearing resist-
ance of polycrystalline Mg at elevated temperatures (up
to 487 °C) and ultra—high shearing rates (in the range
10° to 10° s7!). The only other studies on dynamic shear-
ing resistance of polycrystalline Mg and its alloys was
conducted by Zhao et al. [43] and Ravindran et al. [44],
where they reported high strain rate pressure—shear plate
impact experiments at strain rates of up to~ 10/s at room
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temperature and shear strains of only ~0.25, which are
a factor of four lower than those achieved in the present
study.
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