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Abstract

The mechanical behavior and microstructure of pure iron subjected to dominant shear loading has been characterized over a wide range of
strain rates. Pure iron is found to be highly strain-rate sensitive. Iron exhibits marked strain softening at ¢ ~ 8000s~! — ¢ ~ 850 MPa that is
unexpected for the annealed material, as characterized by TEM, but is identical to that of iron preshocked at 40 GPa [G.M. Weston, J., Mater. Sc.
Lett. 11 (1992) 1361]. The microstructure is found to undergo significant refinement with increasing strain rate, from large initial grains (50 pm),
through dislocation cells and large twinning, and finally micro-twins and dynamically recrystallized 200 nm grains at the higher strain rates. In situ
temperature measurements indicate the release of an external heat source, other that the thermomechanical conversion of plastic work, which is
identified as dynamic recrystallization. The present results suggest the operation of the & (BCC) < ¢ (HCP) phase transition that is known to occur
during hydrostatic or shock loading at 13 GPa. The combination of the high strain-rate sensitivity and dominant shear loading conditions seem to
trigger this phase transition, thus supporting recent work [K.J. Caspersen, A. Lew, M. Ortiz, M., E.A. Carter, Phys. Rev. Lett. 10 (2004) 115501]

emphasizing the role of shear.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The mechanical behavior of pure iron has been extensively
studied in many different contexts, ranging from its rate sensi-
tivity [1-8], deformation micromechanisms and microstructural
issues [9—19], and shock physics [20-21]. These topics are often
interrelated and an underlying issue is that of the allotropic
o (BCC) < ¢ (HCP) phase transition. This phase transforma-
tion, discovered by Bancroft et al. [22], is known to be totally
reversible, and occurs at large (hydrostatic) pressures, starting
at 13 GPa and completing around 23 GPa [23-25]. While such
high pressures are not easily attainable at low strain rates (e.g.
using diamond anvils), it can more easily be applied using pla-
nar shocks [20,26]. Consequently, a very large fraction of the
available literature has been dedicated to the shock behavior of
a-iron, including impacts at very large velocities of the order of
km/s [19]. Naturally, the materials community has extensively
characterized several aspects of the microstructural evolution of
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this material at various strain rates. One of the first problems
addressed was that of the deformation micromechanisms, in
terms of twinning [9,13,15,17]. A very extensive microstructural
characterization was produced by Smith [11], followed by Dieter
[12] and by Leslie et al. [16]. A recent review was dedicated
to micro-twins and Neumann bands [19]. Unfortunately, these
studies cannot be generalized to all grades of pure Fe, as it was
shown that twinning is strongly affected by the material purity,
as minute traces of other elements would promote twinning as
opposed to an even purer grade [13]. The same problem arises
for pre-strain, as the latter may also hinder twinning [15]. There-
fore, the first problem that arises when establishing comparisons
among various experiments relates to the starting material con-
dition. While all authors agree on a marked microstructural
refinement as a result of high-rate deformation, one central issue
remains related to the very reversibility of the phase transition.
In other words, one cannot identify traces of the metastable ¢
phase once unloading has taken place. One noticeable exception
is the recent paper of Sano etal. [27], who claim having quenched
some ¢ phase using femtosecond laser pulses. However, the char-
acterization of the quenched phase is still preliminary, relying on
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electron backscattering diffraction (EBSD), without transmis-
sion electron microscopy (TEM) work. More generally, TEM
technique has not been extensively used for pure Fe as a result
of its ferromagnetism that complicates the characterization.

As mentioned before, high-rate shock experiments seem to
be the best technique to investigate phase transitions in this (and
other materials), but as pointed out by Jones and Graham [28],
the shear component that is inherent in that experiment should
not be overlooked (see also direct measurements by Millett et al.,
[26]). Recent work has focused on the role of shear stresses in
the critical pressure for phase transformation. Specifically, Von
Bargen and Boehler [29] have shown that shear stresses in the
pressure-transmitting medium systematically affect the transfor-
mation pressure and hysteresis loop observed upon unloading.
However, shear stresses are still considered as “stray” stresses in
these references. By contrast, atomistic calculations have shown
the significant contribution of shear strain, event of modest mag-
nitude, to the o < ¢ transition [30]. However, this result has not
been yet supported by direct experimental evidence, mostly due
to the scarcity of high strain-rate shear tests performed so far on
pure Fe. Therefore, the characterization of the mechanical prop-
erties of pure iron at high strain rates cannot be dissociated from
the potential phase transformation, when almost no experimen-
tal evidence is available on the role of shear. Finally, one should
mention the great interest in iron and its phase transitions in
the geophysics community, as iron is a major constituent of the
Earth’s core [31,32]. The physical properties of Fe at extreme
pressures are therefore of prime interest to this community to
understand basic problems related to wave propagation such as
earthquakes, among others.

The present paper contains a thorough experimental char-
acterization of the shear dominant, large strain mechani-
cal response of pure Fe over strain rates ranging from & ~
10~*to 10* s~ 1. The evolution of the microstructure is described
as a function of the strain rate. The deforming gauge’s temper-
ature is monitored in situ throughout the high-rate experiments
and is presented here. In addition to monotonous loading, jump
tests are performed to probe the response of the material to a
sudden change in applied strain rate. The paper is organized
as follows: first, the material, specimen and experimental tech-
niques are presented. The experimental results are described in
the next section, followed by a discussion section. Conclusions
of this work are drawn in the last section.

2. Experimental
2.1. Material and specimens

The material of this study is high purity (99.8%) iron, sup-
plied as a 25.4 mm diameter rod (see composition in Table 1).
As will be shown in the sequel, the material has been annealed
and a typical grain size is 50 pm. Shear compression speci-
mens (SCS—[33]) were machined from the rod. For the sake
of brevity, it will be reminded that the SCS is a cylinder or par-
allelepiped with two 45° slots on each side (Fig. 1). As the speci-
men is loaded, the material in the gauge section between the two
slots experiences a three-dimensional stress state with a domi-

Table 1

Composition of the investigated a-Fe

Element wt. %
Fe 99.8

C 0.006
Si 0.021
Mn 0.058
P 0.003
S 0.002
Cr 0.023
Ni 0.027
Mo 0.003
A% <0.0002
Wu <0.0007
Co 0.0041
Cu 0.01
Sn 0.004
Al 0.003
Ti 0.0004
Pb 0.0002
B 0.0001
Nb <0.0004
N 0.005

nant shear component [33]. The initial slot width is variable and
the strain rate can be varied by altering it. One of the main advan-
tages of this specimen is that it can be used in a seamless manner
over a wide range of strain rates, from quasi-static to high-rate
dynamic loading [34]. The strains and stresses can be reduced to
equivalent strains and stresses in Mises’ sense. The simplified
relations between displacement, load, geometrical parameters
and equivalent strain (£eq) and stress (0¢q) are as follows:

d

Eeq = 75 Eeq = T (D
h h
P

Oeq = ki(1— k2£eq)E (2)

where d is the prescribed displacement, 4 the gauge height, P
the applied load, D the specimen diameter, and ¢ is the gauge
thickness, as shown in Fig. 1. k; are constants whose value were
determined as in [34], by comparing SCS results with those
obtained from compression cylinders. Three different gage
widths were used, w=2.55, 1.65 and 0.6 mm. The value of the
k; coefficients is summarized in Table 2 for each gauge width.

2.2. Mechanical testing

Quasi-static testing was carried out on a computer controlled
MTS servo-hydraulic machine, operated under displacement
control. The machine stiffness was taken into account when pro-
ducing stress—strain data. High-rate constitutive behavior was

Table 2
K coefficients as a function of the gauge width w (Egs. (1) and (2))
w = 2.6 mm w = 1.3mm w = 0.5mm
K 1.0 1.0 1.0
K> 0.05 0.0 0.0
K3 1.0 0.7 0.43




D. Rittel et al. / Materials Science and Engineering A 432 (2006) 191-201 193

20

-+ L

l:P

A

[ h = variable
Y

——— -

|
I
|
I
I
|
i
I
I
I
I
I
I
[
b
b
[N
[
[
I
I
I
I
I
I
I
I
|

!

Fig. 1. Schematic representation of the shear compression specimen. All dimensions are in millimeters. D, & and ¢ are the geometrical parameters used for equivalent

stress and equivalent strain determination.

investigated using a 19 mm diameter Kolsky (split Hopkinson)
pressure bar [35], made of C300 maraging steel. Signal process-
ing accounted for wave dispersion according to the algorithm
of Lifshitz and Leber [36]. Strain-rate jump tests were carried
out using specially designed 30 cm long cylindrical projectiles.
Part of the projectile had a stepwise reduced diameter. Two
impacters had diameters of 19—12.7 mm and 19-9.61 mm along
15 cm each. The other set had an initial diameter of 19 mm along
8 cm and either 12.7 or 9.61 mm diameter along the remaining
22 cm. Similar projectiles were used by Nicolazo and Leroy in
their study of pure iron [8].

2.3. Microstructural characterization

The microstructure of the Fe specimens was characterized
using conventional optical metallographic techniques followed
by transmission electron microscopy carried out in a JEOL
2000FX TEM operated at 200kV. Samples for transmission
electron microscopy were prepared from the deformed gauge
section. Reference samples were taken from the undeformed
parts of the specimen. The TEM samples were cut to 3 mm
disks and mechanically polished to a thickness of 35 pum. The
samples were finally thinned in a Gatan PIPS® ion miller.
Microhardness was measured with a diamond pyramid indenter
and a load of 100 g.

2.4. Temperature measurement

The evolution of the temperature in the gauge section
was monitored using a single element, liquid nitrogen cooled,
HgCdTe high-speed infrared detector [37]. The detector size is

I mm x 1 mm and a Newtonian optical system with a 1:1 mag-
nification ratio was used to gather the infrared radiation from
the gauge onto the detector. While his technique is probably
the best available remote sensing technique for measuring tem-
perature, care must be exercised in order to obtain reliable a
reliable conversion of the detector’s voltage into temperature
of the gauge. To do so, series of calibrations were performed
as follows. A dummy specimen was instrumented with a ther-
mocouple cemented at its center. The specimen was heated in
a furnace and rapidly sandwiched between the two steel bars
to mimic the dynamic test conditions. The thermocouple volt-
age was recorded simultaneously with that of the detector to
obtain a correlation. Such calibrations were performed at least
five times for each specimen geometry (gauge width) used in
our tests. Two other factors that may influence the accuracy of
the temperature determination are the loss of focus, as the spec-
imen expands radially (for a cylinder), and the development of
a gradual surface texture resulting from deformation that affects
the emissivity of the gauge’s surface. As result of the flatness of
the SCS’ gauge, the loss of focus was deemed to be minimal in
these experiments. The development of a marked texture, similar
to the orange-peel phenomenon in coarse-grained materials was
not observed so that this factor too was not taken into account
in the present experiments.

3. Results
3.1. Mechanical behavior

3.1.1. Stress—strain
Typical stress—strain curves obtained at various strain rates
are shown in Fig. 2. As the strain rate increases, the apparent
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Fig. 2. True stress—strain curves at various strain rates. Note the gradual loss of
hardening with increasing strain rate and the strain softening at & = 84005~
and beyond.

yield stress of the material increases too, but a marked decrease in
the strain-hardening capacity of the material develops gradually.
Eventually at high strain rates of the order of & ~ 8000s~!, the
material exhibits significant strain softening. The strong rate-
sensitivity of the material can be further illustrated by plotting
the stress level corresponding to a selected strain value (¢ =0.1
in this case) as a function of the strain rate, as shown in Fig. 3. In
order to compare with previous work, experimental results from
Weston [4] have been added in the figure. This author performed
dynamic compression tests on pure iron cylindrical specimens
thathad been previously shocked to a pressure of 40 GPa, i.e. that
underwent the reversible phase transformation, and also on as-
received material. Fig. 3 reveals that for ¢ < 10* s~ specimens
from the present study behave like Weston’s (1992) as-received
material. But at higher strain rates, the strain-rate sensitivity
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Fig. 3. Strain-rate sensitivity of the flow stress at ¢ = 1. Note the jump in behav-
ior: for strain rates up to ¢ &~ 8000 s~1, the material behaves like Weston’s [4]
as-received Fe. Beyond that rate, the investigated material behaves similar to
preshocked (40 GPa) Fe.
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Fig. 4. Stress—strain curve at & = 9000s~!. While annealed Fe, similar to the
investigated material, strain hardens at this strain rate, the present material
exhibits significant softening, similar to the preshocked Fe [4].

of the investigated iron and Weston’s [4] preshocked iron are
quite similar. Additional insight is gained by comparing specific
dynamic stress—strain curves of the present material with those of
Weston [4] and of Ostwaldt et al. [5] who investigated annealed
pure Fe using cylindrical specimens. As shown in Fig. 4, for
the relatively high strain rate of & = 9000s~!, the Fe specimens
under investigation exhibit a flow curve that is identical to that
of the preshocked Fe, as opposed to the annealed material that
retains its strain-hardening capacity at this strain rate.
Microhardness measurements were made across the gauge
section and typical results are shown in Fig. 5. The hard-
ness increases with the total strain reached during the exper-
iment. A comparison of the quasi-static and high strain rate
(¢ =11500s~") shows that despite the large difference in
strain rates and mechanical response, the two specimens
that were deformed to comparable strain levels reach sim-
ilar hardness values. Therefore, for pure Fe, microhardness
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Fig. 5. Vickers microhardness values measured across the specimen’s gauge.

Note that quasi-static large strain deformation yields values that are similar to
those obtained at high strain rate.



D. Rittel et al. / Materials Science and Engineering A 432 (2006) 191-201 195

"o,
w
'_
<C
o 8000f
z
<
o
'_
w

6000} . 1
I
4000 [/ 4
."’ \ \
2000F A L . 1
I | \L, \’,\J*v\_‘ TR
0 ¥ A . it ik L . D P - P
0 02 04 06 08 1 12 14 16 18
-4
time [x10%] s x10

Fig. 6. Typical strain-rate signals obtained during strain-rate jump tests. The
transition period lasts for Afr=27 ws during which the strain increases.

appears to be insensitive to the loading path in terms of
strain rate.

3.1.2. Strain-rate jump test

The typical strain rate varies from a constant level &; to the
next level &, within a certain constant time Af. According to
the initial diameter of the impacting projectile, one can perform
an ascending test in which the strain rate is increased (small
followed by large diameter), or a descending test for which the
strain rate is reduced, as shown in Fig. 6. It should be noted
that for the fixed projectile geometry employed here, a constant
time interval of Ar=27 s was needed for the strain rate to
adjust to its next values. Only the results of descending tests are
reported here. Fig. 7A shows the resulting stress—strain curve for
atypical jump test. The stress—strain curves obtained from an un-
interrupted test at a similar strain rate have been superimposed
to assess the effect of the jump. At the higher strain-rate &1, the
two stress—strain curves are similar. However, at & < &1, the
stress—strain curve seems to be below that of the un-interrupted
tests A similar behavior has been noted by Venkadesan et al.
[38] for austenitic stainless steel. These authors attributed the
asymptotic stress behavior to fading memory effects, which in
turn relate to metallurgical phenomena such as dynamic strain
aging. Venkadesan et al. [38] addressed specifically the nature
of the transient strain-rate jump, whereas this problem is usually
neglected in favor of the stabilized stress—strain curves, as in [8].

The present results also reveal that the transient in applied
strain rate causes a structured jump in the stress—strain curve.
Fig. 7B shows the details of the stress—strain curve in the
vicinity of the transition strain. Upon strain-rate reduction, the
stress—strain curve oscillates as it drops rapidly below the cur-
rent stress level and then rises again in an attempt to reach the
new stable stress condition corresponding to &;. One can there-
fore distinguish two phases: the unloading phase during which
the stress decreases followed by the loading phase during which
stress increases. For each phase, two instantaneous hardening
moduli can be defined M;; = ’%‘ for ¢; <> £, where o, ¢ and
& stand for stress, strain and strain rate, respectively, and i=1, 2
while j=i+ 1. Table 3 summarizes the various parameters and

T
o,
w
0 8300-2900 ™
o
[
w
w _
s |
o |
= |
2 H -
0 | 1 1 Al 1 1
Q 0.2 0.4 0.6
(A) TRUE STRAIN
X 10B
9 L .
w 8f
e,
w
o7t
o
|-
w
=
s
'_
5 F
4 L 1 i i 1 1
0.35 04 0.45 0.5 0.55 0.6
(B) TRUE STRAIN

Fig. 7. (A) Typical true stress—strain curve obtained for a strain-rate jump test.
Note the transient behavior resulting from the jump. Curves obtained from
monotonous tests have been superimposed to illustrate the steady state response.
In these tests, oy is the maximum stress level reached during the test. (B) Mag-
nified view of the transient section of the stress—strain curve during a typical
jump tests.

results of the strain-rate jump tests. Since each test was carried
out at a different range of strain rates and therefore different tran-
sitional strains, the following parameters are defined to establish
a comparative basis: M2 and M>3: the unloading and loading
and moduli, oy: the maximum stress reached during the test (at
the onset of plastic flow—Fig. 7A), e1and &: the strains at which
unloading started and reached the next stable state (Figs. 7A
and B), and W(ey) = f(f ! ode: the strain energy invested up to
unloading strain €. Fig. 8 is a plot of M1, (unloading) as a func-
tion of W. This figure indicates a possible correlation between
these parameters, in the sense that M, decreases as W increases,
to reach some constant value at W~2.5 x 108 J/m>. Fig. 9 is a
plot of M1> and M»3 as a function of o1. From this plot, both
slopes are relatively similar and well correlated to o . The plot
shows an inflexion point at oy & 850 MPa. It should be noted
that this stress level is reached at £ ~ 8000s~! (Fig. 9). As a
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Table 3

Summary of parameters for strain-rate jump tests: w and ¢ are the width and thickness of the gauge, respectively, €| and &, are the strains at which unloading starts
and stabilizes with corresponding strain rates ¢; and &, M1, and M»3 are hardening moduli, and W is the strain energy up to &}

SPEC w (mm) ¢ (mm) & — & (s &1 — & M), (GPa) M»3 (GPa) W(e1) J/m3)
AL2 2.55 2.50 2800-1300 0.15-0.18 81.9 80 7.8¢e7
AL3 2.55 2.50 4500-2900 0.24-0.27 33.7 38.4 1.5e8
AL4 2.55 2.50 6000-2000 0.33-0.38 34.1 32.5 2.22e8
AM1 1.65 2.61 8300-2900 0.42-0.51 3.0 16.3 3.05e8
AM2 1.65 2.55 6700-2200 0.34-0.41 16.4 7.2 2.46e8
AM3 1.65 2.51 7600-2700 0.4-0.48 9.14 14.7 2.43e8
AM4 1.65 2.57 6800-3700 0.19-0.24 3.0 14.3 1.55e8
AM6 1.65 2.60 2.8e-2-4e—4 0.11 144 225 3.05¢7
AS1 0.6 2.50 13000—4300 0.67-0.82 6.9 7.0 4.5¢e8
AS2 0.6 2.50 5500-9000 0.29-0.42 3.1 1.5 1.65e8
AS4 0.6 242 13700-5000 0.62-0.83 32 12.6 4.62e8
AS5 0.6 2.35 14500-8000 0.42-0.51 4.0 5.5 3.10e8
90 y y . reminder, the materials exhibit noticeable softening at this strain
. rate (Fig. 2).
— 80t .
[0]
o
% 701 1 3.2. Microstructural characterization
D
= 60t . .
= 3.2.1. Optical metallography
O s5pb ] Fig. 10 describes the evolution of the microstructure at the
s . . . .
® center of the gauge section, as taken from polished mid-section
Z 407 1 specimens. The initially equiaxed grains tend to align with the
=) = " . . .
£ ol | shear direction, and develop an increasingly oblong shape to
g the point where individual grains are no longer discernable at
> oot J & = 115001, As the strain rate increases, the microstructure
= gets darker upon etching (the various grades of etching of the
10r . e grains do not bear any significance in terms of strain or crystal-
& ) . o ‘ s lography, as observed in [11]). It is also noted that for all strain
0 1 2 3 4 5 rates, relatively few twins or Neumann bands were observed as
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Fig. 8. Plot of the unloading modulus M, as a function of the strain energy
W(El).

100 - - . -
UNLOADING
: © LOADING
80 | & ,
=
o
o,
P 60 | i
= |
—
s
CD) 40
s o
20 + i
q, & &
£ +. %90
0 f i £ G " = N
600 700 800 900 1000 1100
MAXIMUM STRESS [MPal]

Fig. 9. Plot of the moduli M, and M»3 as a function of o (Fig. 7A).

long as the individual grain remains discernable. The microstruc-
tures shown in Fig. 10 should be contrasted with those obtained
after hydrodynamic shock loading, since the present specimens
undergo extensive shear as opposed to almost purely elastic
deformation (see e.g. [11]). Therefore, the present grains do not
retain their initial shape. By contrast, it is interesting to compare
the present microstructures with those resulting from ballistic
impact at several km/s, for which both shear and pressure load-
ing develop as well as high temperatures [19].

Finally, it is important to mention that none of the speci-
mens investigated by optical methods disclose any sign of shear
localization (e.g. such as adiabatic shear bands) or apparent dam-
age mechanism. This observation is all the more important that
shear localization is well known to cause a macroscopic strain-
softening response.

3.2.2. Transmission electron microscopy (TEM)

Typical microstructures observed by TEM are shown in
Fig. 11. The undeformed material has the typical microstruc-
ture of annealed Fe, namely equiaxed grains and very low
dislocation density (Fig. 11A). Quasi-static deformation (¢ =
2; &~ 107357 1) results in the formation of dislocation cells,
while the original grain size is preserved (Fig. 11B). At higher
strainrate (¢ = 0.3; ¢ & 10° s~1) the microstructure is quite het-
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(C) 50 um

(D) 50 um

Fig. 10. Typical microstructures of the investigated Fe. Nital ecthant (3%). (A) Undeformed material, (B) ¢ = 0.40; & = 3500 s71,(C)e =0.38; £ = 6300s~!, and

(D)e =1.4; & =11500s"".

erogeneous, consisting of micro-twins, large twins and a few
dislocation cells (Fig. 11C). By contrast, the very high-rate
(e = 0.7; £ ~ 10*s~!) microstructure is more homogeneous,
comprising micro-twins and 200 nm dynamically recrystallized
grains (Fig. 11D). At this stage, the original microstructure has
undergone considerable refinement. Identification of the remain-
ing microstructure has long been known to be a delicate point as
the phase transformation is fully reversible. While twinning has
been addressed in the introductory section, it should be men-
tioned that marked microstructural refinement occurs when the
shock pressure exceeds 13 GPa [17]. Leslie et al. [16] attribute
the difficulty in identification of the residual microstructure to
the fact that the phase transition is incomplete until a pressure
of 23 GPa is reached, thus causing the coexistence of trans-
formed and untransformed phases. These authors also claim
that at higher pressures, the adiabatic heating effects responsi-
ble for recrystallization may erase any specific signs of a former
transformation. The results shown here indicate first of all a
noticeable microstructural refinement with clear evidence of
dynamic recrystallization.

3.3. In situ temperature measurement

Fig. 12A shows a representative stress—strain and
temperature—strain relationship for a representative high
strain-rate experiment (¢ &~ 8400 s~!). While this measurement
provides an averaged temperature value, it nevertheless gives a
valuable indication of the evolution of the temperature in this

nearly adiabatic process. The “efficiency” of the thermomechan-
ical conversion can be assessed by defining Bin = % [39].
This coefficient characterizes the ratio of thermal to mechanical
energy. One would naturally expect from thermodynamic con-
siderations that Bj,; <1 if no additional heat input, other than
that due to the deformation process, is generated. Fig. 12B shows
the evolution of By at alower (¢ = 3800s~!) and a higher (¢ =
8400 s~!) strain rate. A very surprising, yet consistently repeat-
able result is that for the high strain-rate experiments, By > 1
which can be meaningful if an internal heat source other than
plastic dissipation assumed. One should note that at this strain
rate (¢ = 84005~ "), the material is observed to strongly strain
soften (Fig. 4). In addition, this strain rate belongs to the range
of strain rates where M1, and M»3 reach minimal values (Fig. 9).

4. Discussion

This study addresses the mechanical response of pure iron
subjected to dominant shear loading over a large range of strain
rates. As mentioned throughout the paper, many studies of the
dynamic response of iron have been made over the years, with
the emphasis being either on dynamic uniaxial compression,
torsion to a much lesser extent, and on shock loading. While
the first type of study addressed mostly the mechanical response
and to some extent the underlying microstructure, the second
type of studies have essentially emphasized various aspects of
the reversible o (BCC) < ¢ (HCP) phase transition, as well as
some microstructural aspects.
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Fig. 11. Typical microstructure of pure iron. Transmisson electron microscopy. (A) Undeformed material, (B) quasi-static rate of & = 2; & ~ 107> s~!. Dislocation
cells structure, (C) & = 0.3; & ~ 10° s~!. Micro-twins (MT), dislocation cells (DC) and large twins (LT). Both pictures taken at the same magnification at different

areas. Note the heterogeneous microstructure, (D) ¢ = 0.7; ¢ &~ 10%s~!

However, there is little if no overlap between the two types
of studies, as the issue of a potential phase transformation has
always appeared to require stress levels that greatly exceed those
achieved during dynamic uniaxial compression. One noticeable
exception is found in the work of Weston [4] who pointed out
the influence of a prior transformation (preshocked to 40 GPa)
on the subsequent high strain-rate properties of pure Fe. The
present work addresses the mechanical behavior of this mate-
rial under dominant shear conditions, using a single specimen
geometry in a seamless manner over a wide range of strain

. Micro-twins (MT) and recrystallized grains (R).

rates. Various experimental techniques have been used through-
out this work, ranging from macroscopic mechanical behavior to
detailed microstructural description in order to address various
aspects of many outstanding issues. Several interesting results
have emerged from this work that must be understood, as dis-
cussed next.

The optical and TEM characterization indicates that the start-
ing material is annealed as evidenced by the large equiaxed
grains with a very low dislocation density. This observation
stands immediately at odds with the results of the mechanical
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Fig. 12. (A) Typical true stress—strain-temperature record. ¢ = 8400s~". (B)
Plot of b factors as a function of strain at two strain rates. Note that > 1 at
&= 8400571,

tests. While the rate sensitivity of our material is that classically
observed, Figs. 2 and 4 show that, at relatively high strain rates
of the order of ¢ 2~ 8000 s~! and above, significant strain soften-
ing develops from the very onset of plastic flow. This behavior is
unexpected for the annealed material while it fits exactly that of
a similar iron preshocked (40 GPa) beyond the phase transfor-
mation threshold (*13 GPa). Here, the preshocking treatment
must be related to the residual microstructure that results from
the phase transformation. Strain softening cannot be attributed
to thermal softening, as a result of adiabatic heating, since the
latter is well known and shown to be insignificant at small plastic
strains. Another potential factor for strain softening is that of the
material instability caused by shear localization, adiabatic shear
bands in this case. However, such bands were not observed, in
accord with previous researchers [6]. The TEM study failed to
reveal any trace of residual HCP phase, as expected from the
reversible nature of the phenomenon. However, the evolution of
the microstructure at various strains and strain rates was char-
acterized and a global refinement of the structure was observed

with increase of strain rate (coarse twins to dislocation cells to
fine twins and recrystallized grains).

Another interesting observation is that of dynamic recrys-
tallization. This phenomenon has been reported to develop in
various impact configurations, including ballistic impacts that
generate pressures in excess of the transformation pressure.
Dynamic recrystallization is generally reported to occur after
the phase transformation (see e.g. [19,21,40]). However, some
uncertainty remains as to this phenomenon. While Murr and
Esquivel [19] report dynamic recrystallization following impact
loading at several km/s, Johnson et al. [40] showed a very fine
apparently recrystallized structure which they attribute to the
inverse phase transformation only, based on their observation
that the kinetics of recrystallization require a long time. It should
again be emphasized that in the latter shock loading experiment,
plastic deformation is minimal as opposed to the experiments
reported here. It is interesting to note that fine recrystallized
grains are identified to be part of adiabatic shear bands [19]
that might contribute to the overall strain-softening behavior,
provided they formed at the onset of plastic flow in the present
case. While this eventuality does not seem likely, one could spec-
ulate that the formation of a fine-grained second (transformed)
phase at o might have the same destabilizing effect on the
mechanical response. The temperature measurements showed
an abnormal behavior, at the higher strain rates only. Namely,
to justify the fact that Bj, > 1, one can either invoke an exper-
imental error, or assume the operation of an extra heat source
in addition to the thermomechanical conversion of plastic work
into heat. The very same equipment and experimental proce-
dures has been used in previous measurements for other metals
[37], yielding credible and repeatable results, so that the exper-
imental error is not very likely. However, to verify the present
results, a series of HSLA100 steel specimens were tested in
identical conditions and for none of them did one observe that
Bint > 1. On the other hand, recrystallization of Fe is exother-
mic [41], and while there are no reported measurements of the
heat released during dynamic recrystallization in particular, the
present results suggest that the additional heat source is indeed
linked the dynamic recrystallization that was observed in the
TEM characterization.

The hardness of the deformed material reaches values in
excess of 250 HVN for the high strain rates. While such val-
ues are often associated with a post-shock state, it was observed
that hardness is an ambiguous indicator here when large plastic
deformations are involved. Specifically, large strain quasi-static
deformation can yield very high hardness values as well (Fig. 5).

Jump tests revealed a well-structured response of the stress
to the sudden change of strain rate, similar to results reported
in [38] for an austenitic stainless steel. Two slopes are charac-
terizing this response, corresponding to unloading and loading,
respectively. As the jump requires a finite time (thus strain incre-
ment) to complete, one does not probe a “frozen” microstructure,
but rather an evolving one. The exact physical mechanism that
dictates the response has not been the subject of this study nor
has it been characterized. Yet, among various possible corre-
lations, it appears that the most instructive one is that shown
in Fig. 9 where the strain-hardening moduli (unloading/loading
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slopes) are correlated to the maximum stress. In fact, compar-
ing Fig. 8 with Fig. 9, it appears that the maximum stress o is
much better correlated to the moduli than the accumulated strain
energy. While a rational explanation for this observation is not
evident, one should nevertheless note that the transition occurs
at o ~ 850 MPa corresponding to & ~ 8000s~!.

One can now summarize all the experimental findings
as follows: the unique high strain-rate softening behavior
strongly suggests that a critical stress (o & 850 MPa) triggered
o (BCC) < ¢ (HCP) phase transformation is taking place at
strain rates of the order of (¢ = 8400s~1). This complements the
experiments of Weston [4] in which a two phase process (hydro-
dynamic preshock at 40 GPa followed by reloading) was applied,
whereas a single stage uniaxial shear compression loading was
applied here and observed to yield identical results. Weston [4]
attributed the softening behavior to the previous phase transfor-
mation that preceded the impact test. Analogous reasoning leads
to the conclusion that the present observation of strain softening
at high rates is of a similar nature. The phase transformation is
followed by later dynamic recrystallization that is an exothermal
phenomenon (Bin > 1, Fig. 12B) recorded by infrared sensing.
While the reversible character of the phase transformation makes
it difficult to assess a posteriori (e.g. by TEM), as repeatedly
pointed out in the literature, the potential role of shear defor-
mation has been recently emphasized [30,42], and the present
experiments support this suggestion. Therefore, it appears that
two important factors ought to be taken into account: the high-
rate sensitivity of pure Fe and the shear dominant nature of the
reported experiments.

Future work should concentrate of the characterization of
the phase transformation in real time, using e.g. in situ high-
speed X-ray diffraction. Similarly, other metallic systems that
possess a stable pressure induced phase transformation should
be investigated using the present SCS technique for high-rate
shear loading.

5. Conclusions

e The present work has presented new results on the dynamic
mechanical behavior of pure Fe subjected to dominant shear
loading that was largely unexplored so far.

e A high strain-rate sensitivity was observed, resulting in high
strain-rate strength levels that are comparable to the strength
of alloyed steels.

e For strain rates of the order of 8000s™!, pure Fe exhibits
significant strain softening behavior from the onset of plastic
flow.

e This observation contradicts the microstructural observation
of an annealed initial condition which is reported to retain
strain-hardening capacity at high strain rates.

e Identical high strain-rate strain softening and flow behav-
ior was reported for Fe specimens that had been previously
preshocked to 40 GPa, thus above the critical « (BCC) < ¢
(HCP) transformation [4].

e Noticeable microstructural refinement was observed as the
strain rate increases, ultimately yielding a new recrystallized
microstructure.

e Dynamic recrystallization was identified as the external heat
source causing an abnormal thermal behavior recorded during
the impact experiments.

e The o < ¢ phase transformation cannot be dissociated from
the present context and appears to be responsible for the
observed softening behavior at high strain rates and subse-
quent recrystallization.

e The observed strain softening behavior is at full agreement
with Weston’s [4] observations and claim that the « < ¢ phase
transition is causing it.

e The o < ¢ phase transformation is tentatively identified to
develop when a peak stress of o~ 850 MPa is attained at
strain rates of the order of ¢ ~ 8000 s~! under dominant shear
loading.

e The present experiments support recent reports about the role
of shear deformation in promoting allotropic phase transitions
[30].

e Additional work should concentrate on in situ X-ray charac-
terization of the phase transformation using the present SCS
technique.
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