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Abstract In the present paper, results of plate impact
experiments designed to investigate the onset of incipient
plasticity in commercial purity polycrystalline magnesium
(99.9%) under weak uniaxial strain compression and elevated
temperatures up to melt are presented. The dynamic stress
at yield and post yield of magnesium, as inferred from the
measured normal component of the particle velocity histo-
ries at the free (rear) surface of the target plate, are observed
to decrease progressively with increasing test temperatures
in the range from 23 to 500 °C. At (higher) test temperatures
in the range 500-610 °C, the rate of decrease of dynamic
stress with temperature at yield and post-yield in the sample
is observed to weaken. At still higher test temperatures (617
and 630°C), a dramatic increase in dynamic yield as well
as flow stress is observed indicating a change in dominant
mechanism of plastic deformation as the sample approaches
the melt point of magnesium at strain rates of ~10/s. In
addition to these measurements at the wavefront, the plateau
region of the free surface particle velocity profiles indicates
that the longitudinal (plastic) impedance of the magnesium
samples decreases continuously as the sample temperatures
are increased from room to 610 °C, and then reverses trend
(indicating increasing material longitudinal impedance/
strength) as the sample temperatures are increased to 617
and 630 °C. Electron back scattered diffraction analysis of
the as-received and annealed pre-test magnesium samples
reveal grain coarsening as well as grain re-orientation to a
different texture during the heating process of the samples.
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Introduction

Hexagonal close-packed (HCP) materials have seen increas-
ing use in structural applications. This has mainly been
owing to their high specific strength relative to traditional
structural materials. This increased usage has led to a surge
in research and development activities in the area of HCP
materials for structural applications. As a result, the pre-
vious deficit in understanding of the mechanical behavior
of HCP materials relative to face-centered cubic (FCC)
and body-centered cubic (BCC) materials has been drasti-
cally improved over the past 10 years [1, 2]. Despite these
advances in our understanding, significant questions still
remain—in particular with regards to how hcp materials
behave under high strain-rate loading.

In general, at room temperature, plastic deformation in
HCP lattice structure is accommodated by easy glide of dis-
locations along the basal, prismatic and pyramidal planes
in the (1 12 0) directions, commonly referred to as (a) type
slip systems. Owing to the three easily activated (a) type
slip systems having the same slip direction, they reduce to
only four independent slip systems. However, to accomodate
compatible plastic strains in a polycrystalline metal, a total
of five independent slip systems are required [3, 4]. Thus,
to meet the criteria for compatible plastic strains, a further
non (a) type slip system must be activated. Typically, this
is accommodated by a so-called (¢ + a) type (pyramidal)
slip system.
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The critically resolved shear stress (CRSS) required to
activate the different slip systems in magnesium, varies
significantly depending on the temperature and composi-
tion. Generally, the CRSS for the (¢ + a) type slip system
is higher than that of the {a) type slip systems, leading to
anisotropic plastic deformation behavior at the single-crys-
tal level. The CRSS of basal slip has been observed to be
nearly independent of the temperature [5]. On the contrary,
the CRSS of prismatic and pyramidal slip decreases with
the increasing temperature. Thus, at elevated temperatures,
enhanced activity of pyramidal {c + a) slip is expected to
accommodate the plastic deformation along the c-axis [6].
Also, it is well established that increasing the strain rate
increases the CRSS by decreasing the time for a given dis-
location to overcome a barrier to its motion. At extremely
high strain rates, the glide of dislocations is further inhibited
by mechanisms such as phonon drag [7, 8].

It has been argued that incompatible plastic strains in
polycrystalline HCP metals can also be accommodated by
the activation of deformation twinning. Deformation twin-
ning results in a reorientation of the crystal lattice around
a given plane and in a given direction. This reorientation
accommodates plastic strain and, more importantly, typically
re-orientates the crystal lattice for easier crystallographic
slip. The most commonly observed twinning modes in
magnesium are {1012} < 1011 > extension twinning and
{1011} < 1012 > contraction twining, which sometimes are
also referred as tensile twinning and compression twinning,
respectively. It is generally accepted that {1012} < 1011 >
extension twinning is the most easily activated twin system
in magnesium. Deformation twinning is particularly impor-
tant at high strain rates, where it has been observed that
twinning becomes more prevalent.

Several studies regarding strain-rate dependence of flow
stress of pure magnesium at room temperature have been
published over the last decade. For example, magnesium
single crystal samples loaded at room temperature under
compression at about 10° from the c-axis under quasi-
static (~107%/s) and intermediate strain-rates (10°—10°/s),
have revealed a high sensitivity of mechanical strength and
hardening to strain-rates [9]. On the contrary, similar stud-
ies performed on specimens loaded perpendicular to the
c-axis of most grains, have shown a lack of sensitivity to
strain-rate [10]. These results are a few among many which
demonstrate the sensitivity of the mechanical strength and
rate-dependent behavior of magnesium to varying texture.
The rate dependencies of the flow stress of magnesium and
magnesium alloys with different textures are summarized
in [11] at strain-rates ranging from 10~ to 10%/s. High sen-
sitivity of flow stress to strain-rate is observed when plastic
flow is accommodated by dislocation slip, and contrariwise
when plastic flow is accommodated by extension twinning.
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The temperature dependence of the mechanical strength
of magnesium has also been investigated by several research-
ers [12—14]. Experiments performed on high purity sin-
gle crystal magnesium loaded in tension perpendicular to
the c-axis at temperatures ranging from 23 to 450 °C and
strain-rates in the range 2.3 X 1073-2.3x 10~ !/s, have shown
remarkable thermal softening [12]. Microstructural stud-
ies of the post-test specimens indicate plastic deformation
to be accommodated primarily by non-basal slip systems
[12]. Similarly, pure magnesium single crystals subjected
to plane-strain compression along the c-axis at a constant
strain rate of 107/s and at temperatures ranging from 200
to 370 °C also showed a decrease in material strength with
increasing temperatures [13]. More recently, annealed pure
magnesium single crystals were shock-loaded along direc-
tions parallel to and at 45° to the c-axis at temperatures rang-
ing from 20 to 503 °C and strain rates in the range 10*~10%s
[14]. In these experiments, an increase in the dynamic yield
stress under uniaxial strain compression, inferred from
free surface particle velocities at the Hugoniot elastic limit
(HEL), was observed with increasing temperatures along
both the c-axis and at 45° to c-axis. Even though, there is
no consensus to explain the mechanism of the increase in
the dynamic stress at HEL of magnesium, similar studies
on pure polycrystalline cobalt, which also displays an hcp
crystal structure, indicate that the growth in dynamic stress
at HEL with temperature (in magnesium and cobalt) may be
controlled by phonon drag [15]. However, similar growth
in dynamic flow stress with temperature was not observed
in zinc single crystal (another hcp metal), when impacted
on the prismatic plane [14], suggesting that strengthening
effects induced by phonon drag may not be dominant when
extension twinning is highly favored.

The motivation for the present series of experiments is
driven by the critical need for experimental data on commer-
cial purity polycrystalline magnesium at ultra-high loading
rates and elevated temperatures up to the melt point of mag-
nesium, which can aid in providing a better understanding
of the dominant deformation mechanisms in polycrystalline
magnesium under extreme thermo-mechanical loading con-
ditions. In order to conduct these experiments, the recently
developed elevated-temperature reverse geometry plate
impact configuration is utilized, where a heated flyer carried
by a custom designed heat-resistant sabot is made to impact
a stationary target plate. A description of the experimental
approach employed in the present experiments is provided
in “Experimental Work”. “Experimental Results and Discus-
sion” provides the experimental results on the temperature
dependence of the dynamic yield stress under uniaxial strain
compression and the dynamic flow stress post yield of com-
mercial purity magnesium (99.9%) under shock compression
at temperatures ranging from 23 to 630 °C, along with the
effects of micro-structural changes due to coarsening of the
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grain size and texture development on the measured dynamic
mechanical response. The key points of the present study are
summarized in ”"Summary”.

Experimental Work
Flyer (Sample) and Target Materials

For the experiments conducted in the present study, a 99.9%
commercial purity polycrystalline magnesium rod having
a diameter of 76 mm was procured from Goodfellow Cor-
poration. Select physical properties of the polycrystalline
magnesium are shown in Table 1. Sample disks of diameter
76 mm and thickness 5.6 mm were machined from the as-
received rod. In order to achieve the flatness tolerance of
the sample disks, they were ground flat to within 12 pm and
then lapped to within 2-3 Newton’s rings across the sample
diameter. The flatness was ensured using a A/10 optical flat
placed in contact with the polished sample surface under a
green monochromatic light source [16].

The microstructure of the as-received magnesium was
examined using electron backscatter diffraction (EBSD)
analysis in the extrusion direction (ED) of the rod (thick-
ness direction of the sample). The [0001]and [1010] poles of
the hcp crystal along with the extrusion and radial directions
of the pure magnesium rod are shown in Fig. 1a. The nor-
mal to the {1010} planes are parallel to the impact direction
(extrusion direction) while the normal to the {0001} planes
(c-axis) lies parallel to the radial direction of the magnesium
rod. The initial grain size and the texture of the as-received
samples are demonstrated by the grain orientation map and
the pole figure shown in Fig. 1b, c respectively. A weighted
average grain size of ~77 um is inferred for the as-received
material from the EBSD data.

Similar microstructural characterization was performed
on the annealed samples heated for at least 0.5 h at 600°C
and then allowed to cool slowly in vacuum. From the EBSD
grain orientation map (Fig. 2a), extensive grain coarsening
is revealed. The weighted average grain size is ~547 um,
which is much larger when compared to the grain size in
the as-received material. Additionally, development of a tex-
ture is observed as a consequence of the [0001] basal poles
reorienting closer towards the extrusion direction (ED) after
annealing (Fig. 2b).

The target material assembly consists of a precipita-
tion hardened Inconel 718 disk (~25 mm in diameter and
~7 mm in thickness), adhered to a precision machined
aluminum ring with outer and inner diameters of 41 and
32 mm, respectively. The target assembly is housed within
a larger diameter Delrin ring, which is bolted securely to a
target holder. The Inconel target disks are machined from a
25.4 mm diameter precipitation hardened Inconel 718 rod
procured from High Temp Metals Inc. Select physical prop-
erties of Inconel 718 are shown in Table 2. The aluminum
ring comprises of six equi-spaced 1.5 mm radial slots hous-
ing six copper pins with non-conductive epoxy on a bolt
circle of diameter 34.5 mm. The copper pins are lapped flush
to the target surface to within 2-3 Newton’s rings across
the target diameter. Prior to adhering the target components
together, the rear surface of the Inconel 718 disk is polished
using 1 pm diamond polishing paste to enable laser inter-
ferometry measurements [17-20]. The dimensions of the
flyer and the target plates provide a window time of ~1.3 us
before unloading waves arrive from the lateral boundary of
the target plate at the monitoring point on the rear surface
of the target plate [16].

Elevated Temperature Normal Plate Impact
Experiments

Previous experimental work on elevated temperature plate
impact experiments have involved normal plate impact shock
compression experiments [14, 15], where a resistive heater is
utilized to heat the target (specimen), and elevated tempera-
ture combined pressure-and-shear plate impact experiments
[21], where a thin foil metal sample is sandwiched between
the front and back target plates and heated via an induction
coil system at the target chamber end of the gas gun. Even
though, the addition of the resistive or induction coil heating
elements to the impact chamber of the gas-gun to heat the
target disk have been shown to be feasible, it leads to sev-
eral experimental challenges: first, heating the metal target
(sample) using an induction coil heating system or a resistive
heater, subjects various elements of the target holder and/
or the alignment-fixture to differential thermal expansion,
requiring remotely controlled alignment adjustment tools
with continuing feedback for maintaining parallelism of the
target and flyer plates; second, heating the target plate in
combined pressure-shear plate impact configuration requires

Table 1 Select physical properties of 99.9% pure polycrystalline magnesium

Material Density (Kg/m®)  Elastic modulus Shear modulus Poisson’s ratio  Longitudinal wave  Shear wave speed
(GPa) (GPa) speed (M/S) (m/s)
99.9% Polycrystal- 1740 44.7 17.3 0.291 5810 3032
line
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Fig. 1 a Schematic of the hcp (a)
crystal showing directions of

the [0001] and [1010] poles. The

figure on the right shows the

extrusion and the radial direc-

tions for the commercial pure

magnesium rod from which the !

samples were machined. The !

[0001] poles are parallel to the |

radial direction while the [1010] |

poles are parallel to the extru- |

sion direction. Specimens were PR N
machined from the magnesium ~
rod with the impact face normal
to the extrusion direction. b
EBSD grain orientation map
(GOM) along the ED (i.e.
normal to the impact surface)
of the as-received magnesium
samples. The weighted average
grain size is ~77 um. ¢ [0001]
an [1010] pole figures (PF) of
the as-received magnesium
along the ED (i.e. normal to

the impact surface). The figure
shows that the basal poles are
aligned with RD

[1010] prismatic pole

the fabrication of heat-resistant optical diagnostic techniques
for the measurement of the free surface particle velocity
motion during the experiments; third, the elevated tempera-
ture target plates add a limitation on the stress-states that can
be imparted on the sample in certain experimental configu-
rations, which involve sandwiched specimens between hard
elastic target plates because of possible thermal softening of
heated target plates that must remain elastic during impact
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to allow unambiguous interpretation of the experimental
results from the measured particle velocity measurements;
and lastly, differential thermal expansion, particularly for
targets that utilize an optical window, is a perpetual issue in
elevated temperature plate impact experiments, since pre-
cise tolerances between the sample, bond layer, coating(s),
and window are difficult to maintain over large temperature
ranges.
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Fig. 2 a EBSD grain orienta- (a)
tion map (GOM) along the ED
(i.e. normal to the impact sur-
face) of the thermally annealed
magnesium sample at 600 °C for
30 min. The weighted average
grain size is ~547 ym, which

is much larger when compared
to the as-received magne-

sium samples. b [0001] and
[1010] pole figures (PF) of the
annealed magnesium along the
ED. The figures show the basal
poles reorient closer towards the
ED after the thermal annealing
process

{0001}

IPF Z Color 1

010

120

35.59

{1010}

Table 2 Select physical properties of Inconel 718 alloy from High Temp Metals Inc

Material Density (Kg/m?) Elastic modulus (GPa) Shear modulus (GPa) Poisson’s ratio Longitudinal wave Shear wave speed (m/s)
speed (m/s)
Inconel 718 8260 208 80 0.3 5820 3112

To alleviate these experimental challenges, critical modi-
fications to the single-stage gas-gun at CWRU [2, 22] were
made. In this regards, our recent analyses have shown that
heating the flyer plate carried by the sabot at the breech end
of the gun barrel is more attractive when compared to heat-
ing the target assembly at the exit (impact chamber) end of
the gun barrel while conducting the elevated temperature
plate impact experiments. By doing so, experimental chal-
lenges related to optical probe/diagnostics being too close
to the heated target assembly as well as the possible loss
of alignment between the target and flyer plates due to dif-
ferential heating of the various sub-elements of the target
holder, are minimized. Moreover, at room temperatures,
the target plates are expected to remain elastic for a larger

impact velocity range, thus enabling interpretation of the
experimental measurements using one dimensional elastic
stress-wave theory.

The experimental configuration used in the present study
is shown schematically in Fig. 3. To ensure the generation
of plane-waves with a wave front sufficiently parallel to the
impact face, the flyer and target plates are aligned to be par-
allel to within 5x 10~ radians by using an optical alignment
scheme [23]. The actual tilt between the flyer and target
plates at impact was measured by those six voltage-biased
copper pins secured in the slots on the aluminum ring, which
also provide the diagnostic trigging to the oscilloscopes for
data recording [24]. Prior to the acceleration of the sabot,
the magnesium sample (also referred to as the flyer plate) is

@ Springer
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82.5 mm Single Stage Steel Sample
Gas Gun Holder Alumina Silicate

Trigger and Tilt
Diagnostics

PDV Probe

<=

Elastic Inconel
Target Plate
Aluminum Ring

Alumina Silicate
Insulator Tube

Aluminum Projectile Heated Magnesium

Flyer Plate Delrin Target Holder

and pins

Fig. 3 Schematic of the elevated temperature normal plate impact
experimental configuration used in the present study. The sabot car-
ries the pre-heated flyer plate representing the magnesium sample,
which impacts an Inconel 718 target plate. The particle velocity at
the free (rear) surface of the target plate is measured by using a PDV
probe [22]

heated to the desired temperature by thermal radiation using
a resistive coil heater accommodated in a custom designed
heater extension to the breech end of the gas gun. A sabot
carrying the magnesium sample (flyer plate) is accelerated
down the gun barrel by compressed nitrogen gas and is made
to impact the precipitation-hardened Inconel 718 plate tar-
get. The experimental approach has been reported in detail
in our previous work [2]. The impact velocity is measured
utilizing a laser based velocity system and a high-frequency
photodiode. To minimize the effects of oxidation of the mag-
nesium during the sample heating phase, and also to reduce
the effects of air cushion between the flyer and target plates,
the target and the breech end of the gas gun are evacuated to
a pressure less than 100 mTorr.

An IPG Photonics 2W Erbium fiber coupled laser with
the wavelength of 1550 nm was used to provide the linearly
polarized light to an in-house built custom fiber optics-based
heterodyne combined NDI/TDI [22] for measuring the nor-
mal particle displacement at the rear surface of the target
plate. The particle velocity versus time profile is obtained
by numerical differentiation of the measured displacement
with respect to time history using an in-house developed
data analysis program in conjunction with the commercial
package MATLAB.

Estimation of Dynamic Material Stress at the Flyer
(Pre-Heated Sample)-Target Interface

For a typical normal shock compression plate-impact experi-
ment in which a pre-heated flyer can undergo elastic—plastic
deformation at the flyer-target interface at impact, the loci of
all stress and particle velocity states for the target are repre-
sented by the line passing through the origin. Consequently,
the stress in the target plate can be expressed as

@ Springer
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Fig. 4 Time-distance diagram for simple wave traveling into the
Inconel 718 target plate with elastic unloading. C; ; is the elastic lon-
gitudinal wave speed of the Inconel target, A is an arbitrary point on
the simple wave side of the unloading wave CD, and B is the cor-
responding point at which the characteristic passing through A inter-
sects the free surface (X=L)

or(t) = por Usrv,r(t) (D)
where pyr and U, represent the mass density and shock
wave speed of the Inconel 718 target plate, respectively,
(porU,r) 1s the longitudinal impedance of the target plate,
and v,7(7) is the history of the particle velocity in the target
plate at the flyer/target interface.

Similarly, the stress in the flyer plate can be expressed as

or () = por U (Vo = vpr(D) )

where p U, is the impedance of the flyer plate, p . and
U, represent the mass density and shock wave speed of the
flyer (magnesium samples), respectively, v, () is the history
of the particle velocity in the flyer plate at the flyer/target
interface, and V| is the impact velocity.

In the analysis of the present experiments, the simple
wave, strain-rate independent, longitudinal plastic wave
analysis of Bodner and Clifton [25] is used to relate the
free-surface velocities to the compressive stress at the flyer/
target interface. Figure 4 shows a simple wave traveling into
the target plate with elastic unloading. Following Clifton
and Bodner [25],

or(A) + porCrrvpr(A) = porCrrvyr(B) 3)
where o is the compressive stress in the target, C; is the
elastic longitudinal wave speed of the Inconel target, A is
an arbitrary point on the simple wave side of the unloading
wave CD, and B is the corresponding point at which the
characteristic passing through A intersects the free surface
(X=L). The relation between particle velocity and stress at
any interior point in the target is given by [25]
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where, U,; (o) is the longitudinal wave speed through mate-
rial under a normal stress o7.

For an Inconel 718 target with a stress—strain curve that
is concave towards the strain axis, the wave speed UST(O'T)
decreases monotonically with increasing ;. Substituting
Eq. (4) into Eq. (3) and taking differentials, one obtains

PorCrrUsr (O'T(A))

do(A) =
’ Uyr(07(A)) + Cpp

dva(B) 5)

Equation (5) can be integrated by taking the point after
point C to be discretized into equal intervals h=1/f, where
f=2.5x10'% is the sampling rate of the digital oscilloscope.
Denoting = nh by ", point B = (L, L/C,; +1")by B", and
the corresponding point A by A”, we can introduce the nota-

tion o} = op(A"); Vi =v,(BY); Ul = r(c%): and

" =0 (o-T(A”)). Using the average value for1 /U, (o-T) over
a typical time interval, i.e. over ~land #*,we can write

o =" 4 IJUTCLT[V,,T—V;TI]
T = °r e [_ | 6)

T

The wave velocity U, can be deduced from the charac-
teristics travelling through A"

L

CLT

L
=+
CLT

(S)

Uy = Crr @)

[N

where L is the thickness of the target plate.
To compute the strain £"at (A"), Eq. (4) can be rewritten
in terms of strain as

Vor = f sr(€)de ®)
Integrating Eq. (8) over the time interval #*~'to " yields,

V! n—1
e = ¢! I N [I’T A ] 9)

[0 +071]

Figure 5 shows the stress versus strain curve obtained
by using Eq. (1-9) for a symmetric impact test on Inconel
718 alloy, which represents the target plate material in the
present experiments. The thickness of the target plate is
7.145 mm. The impact velocity used in the experiment is
~149 m/s. The solid red line shows the calculated stress
versus strain curve from the experimental free surface par-
ticle velocity data, whereas that dashed line represents a
line with a slope equal to (1 — v)E/(1 + v)(1 — 2v), where
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Fig. 5 Stress versus strain curve for symmetric impact test on
Inconel 718 alloy at 23 °C, the impact velocity is ~149 m/s. The slope
of the dashed line is equal to (1 —v)E/(1 + v)(1 —2v), where v and
E are Poisson’s Ratio and the elastic modulus of the Inconel 718 tar-
get, respectively. Small deviations from linear behavior are observed
above a compressive stress of ~0.75 GPa

v and E are Poisson’s ratio and the elastic modulus of the
Inconel 718 target, respectively. Small deviations from
linear behavior are observed above a compressive stress
level of ~0.75 GPa. Since the measured yield strength of
Inconel 718 are of the same order as the applied stress
levels used in the present experiments, longitudinal elastic
wave speed C, ; is replaced by the inelastic, stress-depend-
ent wave speed of the Inconel target U, to estimate the
dynamic stress and particle velocity history at the flyer/
target interface from the measured free surface particle
velocity profiles. Consequently, using Eq. (1), the dynamic
material stress, ox(?), in the heated magnesium sample at
the target-flyer interface can be estimated at conditions
of incipient plasticity and post yield in terms of the free-
surface particle velocity vfs(t), as [26, 27].

or(t) = op(t) = porUsr [ U7 ] V(1) (10)
CLT

An average value for U, is estimated as 5769 m/s from
the symmetric impact experiment on Inconel 718. It is
to be noted that even though post impact the magnesium
sample (flyer) is expected to become highly anisotropic
during impact, the use of Eq. (10) to estimate the dynamic
stress in the Mg sample at the flyer-target interface at the
onset of incipient plasticity and post yield, only involves
the knowledge of the room temperature impedance in the
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direction of impact and the free surface particle velocity
measurements in the isotropic Inconel 718 target plate.

Experimental Results and Discussion

In the present study, a series of seven normal plate impact
experiments are conducted on commercial purity (99.9%)
polycrystalline magnesium samples at test temperatures in
the range from room to near melt (~630 °C) under dynamic
uniaxial strain shock compression. These experiments are
conducted to gain insights into the temperature dependence
of dynamic material stress of magnesium at incipient plastic-
ity. The experimental conditions (e.g. flyer and target plate
thickness, impact velocities, the angle of flyer-target mis-
alignment (tilt) at impact and initial sample temperatures)
for each experiment are summarized in Table 3. As noted
from the table, the impact velocities used in the experiments
lie in the narrow range of 100 to 110 m/s, which are suffi-
cient to take the Mg samples to their inelastic (elastic—plas-
tic) deformation regime at the target-flyer (sample) interface
at impact.

Shock Response of Commercial Purity 99.9%
Polycrystalline Magnesium at Elevated Test
Temperatures

As mentioned in "Experimental Work”, the velocity history
at the free surface of the target can be used to determine
the dynamic stress at the flyer/target interface at incipient
plasticity and subsequent plastic flow. If one focuses on
the initial rise (wavefront) of the particle velocity profiles
shown in Fig. 6, three distinctive regions can be observed—
an initial sharp rise, followed by a less steep rise region,
which eventually reaches a plateau. The initial linear rise
in the particle velocity profile is controlled by the elastic
behavior of the flyer and target materials, while the sub-
sequent ramp region provides information on the dynamic
stress in the magnesium samples at the interface of the tar-
get/flyer plates at onset of plasticity and post-yield. These
profiles indicate progressively lower levels of dynamic

35
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Fig. 6 The onset of incipient plasticity in commercial purity
99.9% polycrystalline magnesium samples in the temperature range
23-630°C. Progressively lower dynamic stresses with increas-
ing sample temperatures were observed. However, the rate of ther-
mal softening is observed to weaken at test temperatures from 500
to 610°C; this trend found to even reverse itself at 617 and 630°C,
where strengthening effects overtake the thermal softening

material stress (strength) for the shock loaded magnesium
as the test temperatures are increased from room to 500 °C.
A distinct knee in the free-surface particle velocity profile
is observed at the transition from the initial nearly linear
rise to a more gradual rise in particle velocity. This knee
corresponds to a stress level ~320 MPa for the room tem-
perature experiment, and then decreases to ~290 MPa as the
test temperature is increased to 400 °C. Further softening
in stress to ~240 MPa is observed at the test temperature of
500°C. At sample temperatures in the range 500-610 °C,
however, there is no apparent net change in the dynamic
material stress, indicating that other dynamic strengthen-
ing mechanisms come into play that compete with thermal
softening. The dynamic yield stress in this temperature range
is ~240 MPa. At still higher test temperatures, approach-
ing the melt point of magnesium (617 and 630°C), a clear
reversal in this trend occurs with a distinct increase in the
dynamic material stress when compared to those observed
at test temperatures in the range 23-610 °C. The free surface

Table 3 Summary of the

: i Experiment  Flyer thickness  Target thickness Impact velocity  Tilt at impact Initial sample
¢ evat.ed temp, eratqre norma no. (mm) (mm) (m/s) (mrad) temperature (°C)
plate impact experiments
conducted in the present 1 5.9 72 104+2 0.56 23+1
study on commercial purity 2 59 79 10542 0.84 400+ 1
magnesium

3 59 7.1 110+2 1.33 5001

4 59 7.2 1062 0.42 605+1

5 5.8 7.2 100+2 0.88 6101

6 59 7.1 102+2 0.65 617+1

7 5.8 7.1 103+2 1.40 630+1
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particle velocity at the wave-front, in the two highest tem-
perature experiments is observed to increase nearly linearly
before reaching a plateau.

This dramatic increase in particle velocity is understood
to be indicative of a transition in plastic deformation mecha-
nism for magnesium from thermal activation at tempera-
tures in the range from room to 610 °C. For example, in the
recent past, a modest increase in testing temperature has also
been shown to affect the shock response of Mg, primarily
the elastic precursor [28]. For instance, large increases in the
elastic precursor were observed at temperatures approaching
the sample melting point. This was also seen in aluminum
[29]. This was attributed to the Frenkel disorder [29], i.e.
spontaneous nucleation of point defects at the elevated tem-
peratures from their normal lattice positions to interstitial
positions. Theoretically, the end result is increased resist-
ance to activation and motion of dislocations. However, it

40

| Elevated Temperature Plate Impact Experiments
|- Heated Flyer: Commercial Purity (99.9%) Mg
35 Target: Inconel 718 Alloy

15 4
3 N RT (104 m/s)
s 400 °C (105 m/s)

o 500°C (110 m/s)
e 605°C (106 m/s)
> 610 °C (100 m/s)
o 617 °C (102 m/s)
< 630 °C (103 m/s)

Normal Free Surface Particle Velocity (m/s)

o R
005 01 015 02 025 03 035 04 045 05 055 06
Time After the Arrival of the Longituinal Wave (ps)

Fig. 7 Shock response of commercial purity 99.9% polycrystalline
magnesium samples in the temperature range 23-630 °C. The experi-
ments were conducted in a narrow impact velocity range of ~100-
110 m/s. It is observed that the levels of particle velocities decrease
continuously as the sample test temperatures are increased from room
to 610°C; as the sample temperatures are increased the decrease in
particle velocity trend is reversed and the free-surface particle veloc-
ity increases at test temperatures of 617 and 630°C

is not clear that this process would occur quickly enough to
result in the observed strengthening in magnesium during
shock loading. Similar behavior has also been reported in
heated single crystals of aluminum where the cause of the
strength increase was attributed to phonon drag on dislo-
cations [30]. This transition in plastic flow mechanism to
viscous (phonon) drag near melt temperatures leading to net
dynamic material strengthening has also been reported for
pure cobalt (hcp phase) at elevated temperatures under pla-
nar impact at strain-rates ~10°-10%s [15]. A comprehensive
insight into the contribution of the microstructural evolution
to the dynamic response observed in the present experiments
is currently being investigated and will be reported in future
publications.

Next, focusing attention to the plateau region of the
measured free surface particle velocity profiles in Fig. 7, it
is observed that the levels of particle velocities decrease con-
tinuously as the sample test temperatures are increased from
room to 610°C. As the sample temperatures are increased,
the decreasing trend in particle velocity is reversed and
the particle velocity is observed to increase at test tempera-
tures of 617 and 630°C. It is to be noted that the free sur-
face particle velocity profiles can be related to the plastic
impedance of the flyer plate at various sample temperatures
employed in the present experiments. By equating Eqgs. (1)
and (2), the magnitude of the plastic impedance of the flyer
(sample) can be related to the measured free surface particle
velocity, the impact velocity, physical properties of the flyer
and target plates, and the known impedance of the target
plate:

77 Por Usrvpr(1)
PorYsk = 70— 3 11
[Vo - va(t)] (v
Recall that at the impact interface
VPF(I) = va(l) = Vf_y(t) (12)

1+ L]
[ + CLT

Table 4 Plastic impedance of

. 3 7 Experiment ~ Sample tempera- Impact velocity Average free-surface veloc- Plastic impedance of
the commerc1al purity 99.9% No. ture (°C) (m/s) ity at plateau (m/s) magnesium flyer (kg/
magnesium samples for seven m’s)
experiments

1 23 104 31.10 7312862
2 400 105 30.08 6945948
3 500 110 28.06 6306797
4 605 106 27.81 6256386
5 610 100 24.78 5851555
6 617 102 27.38 6413393
7 630 103 27.40 6417704
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Average values for shock wave speed U of the Inconel
target plate and free-surface velocities vy, at plateau are esti-
mated from the particle velocity profile for each experiment.

Based on Eqgs. (11) and (12), the plastic impedance of
magnesium flyer (sample) p,U,p, at different test tempera-
tures are estimated, and summarized in Table 4. As noted
from the table, the longitudinal (plastic) impedance of mag-
nesium samples decreases continuously as the sample test
temperatures are increased from room to 610°C. As the sam-
ple temperatures are increased to 617 and 630 °C, the trend
is observed to decrease indicating an increase in material
strength.

Estimated Strain-Rates and Strain in Shock
Compressed Magnesium Sample at Elevated
Temperatures

Knowledge of physical properties of magnesium, e.g.
density, bulk wave speed, etc. as a function of tempera-
ture is required to estimate the strains and the strain-rates
in the sample under the uniaxial strain impact loading
conditions. The linear thermal expansion coefficient e;
(107%/°C) of commercially pure polycrystalline magnesium
at any temperature 7 (°C) is described by the relationship
€r = 24.66 4+ 0.01952T [31]; this relationship can be used
to estimate the density of shock loaded magnesium, p, at
various test temperatures. The molar heat capacity of mag-
nesium C, (J/K/mole) as a function of temperature 7' (°C)
can be described, within sufficient accuracy, by the relation-
ship C,, = 24.5337208 + 1.0704764 x 1072T — 0.4803232x
107872 [32]. Since the measurement of the plastic wave
arrival times cannot be made within the test window of the
present reverse geometry plate impact experiments, the plas-
tic wave speeds of magnesium flyer, U, in the direction of
impact can be estimated using [33]

U

F=C,+ 1.26va (13)
where C,, is the bulk wave speed of magnesium samples at
zero pressure, defined as \/K/p,r, where K represents the

Voigt average bulk modulus of the sample [34]. The Voigt

average bulk modulus of hcp magnesium can be expressed
using the temperature dependent elastic constants C;;, Cs3,
C,,and Cj5as

K = (2C11+C53+2C1,+4Cy3)

9 (14)
with the bulk wave speed given by the relationship
Cyp = VQ2Cy + C33 +2Cy, +4C13)/Ipor (15)

The temperature dependent elastic constants for mag-
nesium in Eq. (15) can be obtained from the experimental
data provided in [35] at 27 °C, combined with estimates for
dC,-j/dT provided in [36]:

C,; =59.40 - 0.024 (T — 27) GPa (16)
C;3 = 61.60 — 0.026 (T — 27) GPa (17)
C,, =25.61 -0.005 (T —27) GPa (18)
C;3 =21.44 GPa (19)

The important physical properties for commercial purity
magnesium are listed in Table 5.

To estimate the strain-rate and strain histories in the
impact loaded magnesium samples in the present experi-
ments, the speed of plastic wave propagation in the sample,
U,y is expressed as

Uy = 4/ 22l (20)
Por

where, pyp, represents the mass density of magnesium
sample (flyer), o and e represent the stress and strain in
magnesium sample, respectively. Note, because of the use
of reverse plate impact geometry used in the present study,
the plastic wave speeds of magnesium samples cannot be
directly obtained from the measurements of the free surface
particle velocity profiles on the target plate.
Manipulating Egs. (10) and (20), yields

1 1
dep(t) = mmd"ﬁ(ﬂ @D

Table 5 Select physical and

o5 f Sample tempera- Density (kg/m?) Bulk wave Linear thermal expansion Molar heat

thermal p.ropertl.es or the ture (°C) speed (m/s) coefficient (107%/°C) capacity (J/K/

commercial purity 99.9% mole)

magnesium samples as a

function of temperature 23 1740 4504 25.109 24.78
400 1678 4356 32.468 28.815
500 1657 4318 34.42 29.885
605 1634 4278 36.47 31.008
610 1633 4276 36.567 31.062
617 1631 4274 36.704 31.137
630 1628 4269 36.958 31.276

@ Springer



J. dynamic behavior mater. (2017) 3:497-509

507

and

1 1

éF(t) = 14Uy /Crp U_vlvfs (22)

Consequently, Egs. (21) and (22) can be used to pro-
vide estimates for strain and strain-rates in the magne-
sium samples. Analysis performed on the all seven data
sets shows comparable strain-rate levels in the range of
6x10*-1.3%x107s.

The dynamic yield stress at the “knee” for the experi-
ment at room temperature (~320 MPa) is comparable to the
previously reported value at the HEL (~390 MPa) for high
purity (99.999%) magnesium single crystal shock loaded
along [1010] orientation at similar strain-rates on the order
of 10%/s [14].

Estimated Temperature Rise in Magnesium Sample due
to Plastic Work to Heat Conversion During High Strain
Rate Deformation

The temperature of magnesium sample subjected to dynamic
loading can be increased by the conversion of the dynamic
plastic work into heat during the high strain-rate deformation
of the magnesium sample. The heat capacity of magnesium
is assumed to be constant over the pressures of interest in the
present experiments, but dependent on sample temperature
[32, 37]. The upper bound of the temperature rise in mag-
nesium sample is obtained using a common assumption of
B=0.9 (the ratio of plastic work to heat conversion), even
though considerably smaller factor for pure magnesium has
been reported [38], and by assuming an adiabatic deforma-
tion process. Also, the melting temperature of magnesium
is assumed to increase proportionally with pressure [39].
The melting temperature and sample temperature profiles
for shock loaded magnesium, for the case of Experiments
4 and 7, are shown in Fig. 8. Both the melt and sample
temperatures are observed to increase after impact. How-
ever, the melt temperatures increase at a much faster rate
when compared to the sample temperatures. This trend can
be observed from the dotted lines, which show the ratio of
the instantaneous sample temperature to the instantaneous
melt temperature (T/T,,). This ratio, in both experiments,
decreases as the sample is shock loaded, indicating that the
sample temperatures diverge from the corresponding melt
temperatures with time after impact. Also, the result shows a
sharper initial increase in melt temperatures for Experiment
No. 7, which is in a good agreement with the fact that the
dynamic stress of magnesium in this experiment increases
to a higher level within a shorter time. Following the initial
rise, the melt and sample temperatures both reach a plateau
and remain nearly constant thereafter.

900 11

:_ Melting Temperature (No.7, 630 °C)  Sample Temperature (No.7, 630 °C) ]}

800 " —10.975
r Melting Temperature (No.4, 605 °C)[ Sample Temperature (No.4, 605 °C)~| ¥~

1 0.95

- 0.925

0.9

Ts/Tm

400F ™,

..............................

0.875

Temperature (°C)

800 = Ts/Tm (No.4, 605 °C)
200 |
| Elevated Temperature Plate Impact Expeiments
100 Hetated Flyer: Commercial Purity (99.9%) Mg

|- Target: Inconel 718 Alloy

0.825

e .. o]
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Time After the Arrival of the Longitudinal Wave (ps)

Fig. 8 Plots showing the sample temperature 7, in the magnesium
sample as a function of time after impact due to the adiabatic conver-
sion of plastic work to heat for select experiments (Experiments Nos.
4 and 7), along with the pressure dependent melting temperature, T,
The ratio of T,/T,, (shown by the dotted lines) reveal that the sam-
ple temperatures diverge from their corresponding melt temperatures
even for the case of the highest test temperature (630 °C) experiment

Potential Effects of Grain Coarsening and Crystal
Reorientation on the Macroscopic Response of Shock
Compressed Magnesium

The microstructural evolution of magnesium during the sam-
ple heating process, as inferred from the EBSD analysis,
is noteworthy. The pre-test sample heating (annealing) is
observed to result in both grain coarsening as well as crystal
reorientation due to recrystallization in the samples. The for-
mer is understood to be important in controlling the mechan-
ical response of magnesium, since grain boundaries are
understood to act as the obstacles to dislocation motion due
to the discontinuity in slip planes caused by lattice mismatch
at the grain boundaries. When the grain size is relatively
large, higher stress concentration can occur at the bound-
ary of adjacent grains due to increased dislocation pile-up
at the grain boundaries, which can act as a driving force to
prompt dislocation motion. So, it is plausible to expect the
material with larger grain size (i.e. more intense dislocation
pile-up) to exhibit lower strengths when compared to sam-
ples with smaller grain size. Also, a decrease in strength of
magnesium (grain size over ~1 um) with increasing grain
size at quasi-strain rates and room temperature is predicted
by the Hall-Petch relationship [40, 41]. Aside from the
effect of grain size, the texture of magnesium sample rela-
tive to the loading direction can have a significant influence
on its mechanical properties because of the anisotropic hcp
crystal structure [14, 42]. From the GOM and PF in Fig. 2,
the basal poles are observed to reorient closer towards the
extrusion direction (ED) after annealing, with the c-axis of
the majority of the grains in the annealed sample at ~30°
with respect to the extrusion direction. Therefore, depending
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on the sample temperature, different deformation modes can
be activated within the magnesium samples, which could
possibly contribute to either material softening or hardening.
Further investigation is underway to better understand the
role of microstructural features including texture develop-
ment in the observed macroscopic softening/strengthening
response of magnesium, and will be reported in subsequent
manuscripts by the authors.

Summary

In the present study, temperature dependence of the dynamic
yield stress under uniaxial strain compression and the
dynamic flow stress post yield of commercial purity 99.9%
polycrystalline magnesium have been investigated in a series
of normal plate impact experiments conducted at strain rates
~10%/s and temperatures in the range 23-630°C. A progres-
sive softening in dynamic stress with increasing test tem-
peratures is observed in the temperature range 23-500 °C. At
higher temperatures ranging from 500 to 610 °C, no apparent
net increase of dynamic stress is observed. At still higher
test temperatures (617 and 630 °C), a dramatic increase in
net dynamic stress is observed. EBSD analysis of the as-
received and annealed pre-test magnesium samples reveal
grain coarsening as well as grain re-orientation during the
heating process of the samples. Since the basal poles are
aligned along the RD for the as-received samples, non-basal
slip and twinning are expected as the dominant deformation
modes, leading to a higher critical stress to initiate the plas-
tic flow when compared to primary basal slip. As the test
temperatures are increased, crystallographic texture can pos-
sibly evolve to be more favorable for basal slip as shown in
Fig. 2b; this along with the significant level of grain coarsen-
ing, could likely contribute to soften the magnesium as the
test temperatures are increased. The progressive softening
observed at temperatures in the range 23—500 °C is believed
to be controlled by the thermal activation mechanism. How-
ever, at test temperatures in the range 500-610 °C, there
is no apparent net change in the dynamic stress, which is
contrary to the assumption of thermal activation being
the dominant deformation mechanism. At even higher test
temperatures, approaching the melt point of magnesium
(617 and 630°C), a clear reversal in this trend is observed
which manifests itself as an increase in the free surface par-
ticle velocity at yield and post-yield, and is understood to be
as a result of increasing dynamic yield stress of the material.
Moreover, the measured free surface particle velocity post-
yield for the 630 °C test temperature experiment is higher
than those measured in experiments at lower test tempera-
tures. These observations suggest that at high strain-rates
and elevated test temperatures employed in the present study,
dynamic strengthening/softening mechanisms other than

@ Springer

thermal activation of dislocations past obstacles are play-
ing a dominant a role in controlling the dynamic strength
of polycrystalline magnesium. These strengthening effects
could be attributed to either phonon viscous drag acting on
dislocations at high strain rates and elevated temperatures
and/or Frenkel disorder [29], which can lead to spontaneous
nucleation of point defects at elevated temperatures, and
consequently increased resistance to activation and motion
of dislocations. A comprehensive insight into the contribu-
tion of the microstructural evolution to the dynamic response
observed in the present experiments is currently being inves-
tigated and will be reported in future publications.
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