Strain Rate Effect on the Evolution of Deformation
Texture for ␣-Fe
A. BHATTACHARYYA, D. RITTEL, and G. RAVICHANDRAN
The effect of strain rate on the deformation texture of alpha-iron (␣-Fe) is studied at different strain
levels during the deformation. Two shear compression specimens (SCS) were deformed in three consecutive stages at room temperature, one at 10⫺3/s and the other at 10⫹3/s, to the same strain level. The
crystallographic textures were determined using electron backscattered diffraction. The textures at each
deformation stage were found to be unaffected by the wide variations in strain rate. By comparing the
stress–strain curves and crystallographic texture at the two strain rate levels, it is realized that for ␣-Fe
there is no marked increase in strain hardening at high strain rate with respect to quasi-static tests, so
that the deformation texture remains unchanged. The temperature increase that develops at high strain
rates is deemed to sharpen the texture.

I. INTRODUCTION

CRYSTALLOGRAPHIC texture, defined as the distribution of orientation of crystals (or grains) in a sample,
plays a significant part in the material response and in influencing the anisotropy of macroscopic physical quantities.
Knowledge of initial texture has been found to be of particular importance in controlling the “earing” of metal sheets
during deep drawing and other sheet-metal forming operations carried out, for example, in the automobile industry.[1–6]
Texture studies, in addition to the stress–strain response,
also improve our understanding of the underlying crystal
plasticity behavior and help in developing crystal-based plasticity models.[7,8,9] So far, researchers have carried out texture analysis as a function of composition,[10,11] strain,[11,12]
temperature,[13,14] and moderate strain rates from 10⫺3/s to
10⫺1/s.[15,16,17] However, there have been only a few studies
done at very high strain rates of the order of 103/s.[18,19] Such
studies are very much needed to model the material behavior during high rate deformation events such as high-speed
machining and ballistic failure, where the texture plays an
important role.[20,21] In this article, we have tried to understand the texture evolution as a function of strain rate by
performing quasi-static and dynamic deformations to the
same strain level, at room temperature. Texture comparisons
were made at three different strains by using the same specimens throughout the experiment. In the past, however, independent studies have been conducted at low strain rate of
0.001/seconds[22] and high strain rate of 4500/seconds[23] to
understand the texture evolution.
In the present case, analysis is carried out on alpha-iron
(␣-Fe). The material was deformed at room temperature up
to large strains (⬃1.4) and over large variations in strain
rates (10⫺3/s to 103/s). Texture characterization was done
at each intermediate strain level. The role of stacking fault
energy (SFE) on texture for FCC metals has already been
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documented,[24,25] and therefore it is expected that the material strain hardening would play a similar role in controlling
the textures at various strain rates. Thus, the texture results
are analyzed with respect to the corresponding mechanical
response, and an explanation is provided for the textural
behavior based on dislocation theory.
It has always been an engineering challenge to design a
single sample type that can be used over a wide range of
strains and strain rates. Recently, Rittel et al. developed a
unique sample geometry that could be used throughout to
achieve large deformations uniformly over wide strain
rates.[26,27] This new specimen is known as shear compression specimen (SCS) and is shown schematically in Figure 1.
Two equal slots are machined on either side of the specimen at 45 degrees to the loading axis for maximum shear
in the gage region. Under normal compression, the gage section experiences a shear dominant deformation, while the
bulk of the specimen remains undeformed. Large strains of
the order of 1.0 to 1.5 can be achieved with the proper choice
of gage dimensions. Similarly, strain rates ranging from
10⫺4/s (quasi-static) to 10⫹4/s (dynamic) can also be easily
reached. The validation of such a specimen has already been
carried out on OFHC Cu,[27] 1018 cold-rolled steel,[28] and
a tungsten heavy alloy[29] by comparing the SCS results with
the solid cylindrical specimen under compression. A detailed
numerical characterization of the SCS can be found in Dorogy
and Rittel.[30,31] In this article we use the SCS for carrying
out a study on ␣-Fe. The mechanical response from such a
specimen can then be easily compared with the data already
available in the literature from cylindrical specimens under
compression. Also, SCS is a convenient sample for carrying out large shear dominant deformation at large strain rates
⬃103/s to 104/s.
The article is organized as follows: first, the basic aspects
of the SCS with some modifications for the present case are
outlined in Section II. The experimental details are mentioned
in the second part of Section II. The texture results, along
with the stress–strain response from the high rate and quasistatic tests, are laid in Section III. Section IV carries the
discussion part, where the texture results from the SCS are
compared with the known torsion results (at low strain rate)
and correlation is drawn between texture and strain hardening. This section is followed by concluding remarks.
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Fig. 1—Schematic of the two cross-sections of the SCS specimen showing (a) the gage width (W) and (b) the gage thickness (t). The EBSD
measurements were made on the outer surfaces of the gage section. The
sample height (H), width (D), breadth (⌽), clearance ( ⫽ 3.3 mm), and
initial gage dimensions were same for the two specimens studied in this
case, one deformed quasi-statically in the MTS and the other deformed
dynamically in the split-Hopkinson bar.

II. EXPERIMENTAL PROCEDURES
A. Specimens and Testing
Two rectangular ␣-Fe samples were cut from the same
material batch and selected for carrying out compression tests
at widely different strain rates. These samples were made
into SCS by machining two equal slots at 45 degrees on either
side along the height (i.e., the compression direction) of the
sample (Figure 1). The initial height (H) was 20 mm, the
gage width (w) was 2.60 mm, and the gage thickness (t) was
2.35 mm, same for both the specimens.
Specimen 1 was compressed quasi-statically, under displacement control, at strain rates of the order of 10⫺3/s using
a computer-controlled servo-hydraulic machine (MTS Model
No. 11,019). The test involved placing the specimen in a compression fixture made of hardened steel with the compression
rods being perfectly aligned so as to minimize any shear forces
at the loading rod–sample interface. The fixture (along with
the sample) was in turn placed between the platens of the
MTS machine. The load-displacement data obtained from the
crosshead movement were later corrected by taking into
account the machine and the fixture compliance.
Specimen 2 was compressed dynamically at strain rates of
the order of 10⫹3/s using the split-Hopkinson (Kolsky) pressure bar apparatus. The bars were made of precision-ground
high-strength C350 maraging steel. The bars had a common
diameter of 19.05 mm, with the incident bar being 59.5 cm
long and the transmitted bar being 62.1 cm long. The technique has been well established for high strain rate tests.[32]
The experiment involved compressing the two SCS’s to
the same strain at these two widely different strain rates. The
1138—VOLUME 37A, APRIL 2006

compression was carried out in three stages, with the height
of the sample (H) being reduced by 9 pct, 7 pct, and 9 pct
successively. To control the amount of compression of specimen 2 dynamically in the Kolsky bar, a stop-ring made of
high-strength C350 maraging steel was placed on the transmitted bar of the split-Hopkinson pressure bar surrounding
the specimen. After the impact, the specimen was compressed
to a height that was governed by the length of the stop-ring
(undergoing minimal deformation). Therefore, the stop-ring
length was made such that would result in the reduction of
the height of specimen 2 to the same level as that of the
quasi-statically compressed specimen 1. For further controlled
dynamic compressions of specimen 2, the height of the stopring was remachined each time to the desired requirement.
Crystallographic orientation measurements were carried
out on the outer surfaces of the gage section (Figure 1). The
determination was done by using an HKL Technology Channel 5 software, which employs fully automated (computerized) identification of the electron backscattered diffraction
(EBSD) patterns and an automated computation of the crystal lattice orientation. For proper detection and recording of
the diffraction patterns from the gage section in the SEM
chamber, a clearance () was made along the sides of the
notched section (Figure 1). This also helped in electropolishing the gage section every time after the deformation for
better EBSD results. The gage section was initially characterized before any deformation. The undeformed crystallographic texture in the gage section was observed to be random
for both the test specimens. Such random textures were also
observed at the top and bottom flat surfaces of the specimen.
In addition, the average initial grain size was found to be
around 75 m. The initial microstructure in the gage section is shown schematically in Figure 2, which is representative of the two specimens studied here. Successive EBSD
measurements were carried out in the gage section after every
compression, for both the specimens.

B. Data Reduction
When the SCS is compressed, the gage section actually
experiences a three-dimensional state of stress with the dominance of shear stress. From the past computational analysis done on the SCS by Rittel et al.,[27,28] the stresses and
strains in the gage section are reduced to the equivalent
von
#
Mises stress (e), strain (e), and strain rate (e). The constitutive relations for the SCS are given by
⭈
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se ⫽ K1(1 ⫺ K2e)

where d ⫽ the vertical displacement of the gage section, h ⫽
the initial gage height, P ⫽ the applied load, and D and t ⫽
the sample width and gage thickness shown in Figure 1. The
parameters K1, K2, and K3 were found to be functions of the
gage width and the material. By comparing the SCS loaddisplacement data for ␣-Fe with the corresponding data available from the cylindrical samples, K1, K2, and K3 were taken
as 1.0, 0.05, and 1.0, respectively.
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Fig. 3—Stress–strain response of SCS ␣-Fe under (a) quasi-static (specimen 1) and (b) dynamic (specimen 2) loading. Also shown are the actual
strain rates during the deformation. Although the sample (H) was compressed by 9 pct, 7 pct, and 9 pct successively, the equivalent strain (e)
in the gage section was around 0.5, 0.9, and 1.4, based on Eq. [1]. The dotted line is drawn by joining the yield points for the high rate tests.

for ␣-Fe[33,34] as the deformation in the gage section is shear
dominated. With the increase in shear strain, it is also carefully noticed that the texture rotates counter-clockwise about
the normal axis (out of the plane of the paper). This feature
has also been reported by other researchers for ␣-Fe under
torsion tests.[33,34]
B. Dynamic Deformation

Fig. 2—Initial microstructure of bcc Fe, which is representative of specimens 1 and 2, showing (a) an average grain size of 75 m and (b) a random texture.

III. RESULTS
A. Quasi-Static Deformation
1. Mechanical response
Figure 3(a) shows the stress–strain curves of specimen 1
under quasi-static deformation during loading/reloading during the three stages of compression. Apart from a slight increase
in the flow stress after every reloading, the material exhibits
a marked upper and lower yield point. These features are typically observed in iron and steel due to the presence of interstitial impurities and strain aging mechanisms.
2. Deformed grain structure
Figure 4(a) shows the micrograph of the deformed grains
in the gage region after the final deformation. The sample
was chemically etched using a solution of 5 mL nitric acid
and 95 mL ethanol to reveal the grain structure. The grains
appear compressed and sheared after the deformation.
3. Crystallographic texture analysis
Figure 5(a) shows the evolution of texture in the gage section with strain starting from the initial random texture. The
axes were chosen (shown in Figure 1) in such a way that the
(⫹x0) axis is along the negative shear in the gage section. At
large strains, the texture resembles the known torsion texture
METALLURGICAL AND MATERIALS TRANSACTIONS A

1. Mechanical response
Figure 3(b) similarly shows the stress–strain response of
specimen 2 during the dynamic deformation. The flow stress
increases considerably with the increase in strain rate, a feature
more prominent in bcc metals as opposed to FCC metals. We
also observe that at larger strains there is lowering of strain
hardening turning eventually into strain softening. This is probably due to the adiabatic heating in the gage section during
dynamic deformation, which is commonly noted in other
dynamic room-temperature tests.
2. Deformed grain structure
Figures 4(b) and (c) show the micrograph of the deformed
grains after the final deformation. There is no observation
of recrystallized grains during the dynamic deformation after
a strain of 1.4.
3. Crystallographic texture analysis
Figure 5(b) shows the evolution of texture in the gage
section with strain starting from the initial random texture.
By comparing it with the corresponding texture results under
quasi-static deformation shown in Figure 4(a), we observe
a striking similarity in the deformation textures at intermediate strain levels (Figures 5(a1) and (a2) with Figures 5(b1)
and (b2), respectively), for a difference in the strain rate of
the order of 106/s. The texture seems to be independent of
the strain rate.
To analyze the results, some important ideal orientations observed during torsion are reported in Table I
along with their location in (110) pole figure, shown in
Figure 6.[34]
For an accurate comparison of the texture results, the orientation distribution functions (ODFs) have been plotted.
Figures 7 and 8 show the corresponding ODFs for the low
strain rate and the high strain rate tests, respectively.
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Qualitatively, the ODF maps at intermediate strain levels are
very similar to each other (Figures 7(a1) and 8(b1), and Figures 7(a2) and 8(b2)). Quantitatively, at a strain of ⬃0.5, during the quasi-static test (Figure 7(a1)) the J1 and J2 components
are the most intense (⬃8.0), followed by F ⬃4.0, whereas at
high strain rate (Figure 8(b1)) the intensity is the highest near
the J2 component (⬃8.0), followed by J1 and F ⬃4.0. The
intensity of J2 is ⬃4.0 in Figure 8(b1), which makes the intensity ratio of J1/J2 to be nearly constant (⬃1.0) for both the
cases. The E2 component appears a bit stronger at high strain
rate than that at low strain rate. The intensities of other components, D1, D2, and E1, are nearly the same in both the tests.
As the strain is increased to 0.9, all the texture components
are of nearly the same intensity at these two widely different
strain rates.
Finally, at the strain of 1.4, we observe that at high strain
rate (Figure 8(b3)), on one hand the F component disappears
(⬃0.0), but on the other hand, the intensity of the other components, J1, J2, D1, D2, and E1, becomes considerably
stronger that those at low strain rate. However, the intensity
ratios, J1/J2 and D1/D2, are nearly the same in both the tests.
Additional comparison is provided by plotting a histogram
of the volume fraction of these ideal orientations (Figure 9).
The fractions are computed for a deviation of 10 degrees from
their ideal orientation. Firstly, as expected, there is an increase
in the volume fraction of these components from their initial
values, after a strain of 0.9, during quasi-static and dynamic
tests. Secondly, the ideal texture components at these two widely
different strain rates have nearly the same volume fraction
(within the uncertainty) after a strain of 0.9. Eventually, after
the final strain of ⬃1.4, we observe strong contribution from
J1 (in particular) and J2 components at high strain rate. There
is also an increase in the intensity of other components, excepting F ((110) [001]), which disappears at the high rate. Such
difference in the texture intensities is revealed in the (110) pole
figure, where the orientation density is more concentrated at
the edges than around the central region of the pole figure at
high strain rate (comparison between Figures 5(b3) and (a3)).
Apart from this distinction at the final strain level, the most
important feature that we find here is that the texture at high
strain rate looks very similar to the texture at quasi-static strain
rates, starting with the same initial random texture, when compared at the same strain level, at low and intermediate strains
(⬍1.0). This observation clearly indicates that the deformation texture is independent of the strain rate, from 10⫺3/s to
10⫹3/s, for bcc Fe. Similar observations have also been reported
earlier. Matsuoka et al.[35] analyzed the effect of strain rate
(102/s to 103/s) during hot rolling of iron and observed no change
in the texture type when compared with the cold-rolled texture,
and Oesterle[36] observed no change in texture while studying
the effect of temperature during rolling of iron. However, unlike
our present study, none of the earlier work was geared toward
understanding the reason behind this similarity.
C. Uniformity of Deformation
Fig. 4—Micrograph showing the deformed grains in the gage section after
a strain of 1.4 in specimen 1 under quasi-static deformation (200 times
magnification) (a) and specimen 2 under dynamic deformation at two different magnifications, (b) 200 times magnification and (c) 600 times magnification. There is no evidence of dynamic recrystallization at the high
strain rates. Also indicated is the direction of shear.
1140—VOLUME 37A, APRIL 2006

To check the uniformity of the texture results, EBSD scans
were performed at random places along the midsection on
either side of the gage region. It was found that the texture
remained unchanged, which indicates that the deformation
was uniform in the SCS gage section. A numerical validation
of this particular feature has been reported by Rittel et al.[26,27]
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Fig. 5—(110) pole figure of the deformed SCS ␣-Fe in the gage section plotted in the Xo-Yo frame (Figure 1), with (a1), (a2), and (a3) showing the quasi-static
texture (specimen 1) and (b1), (b2), and (b3) showing the dynamic texture (specimen 2). 1, 2, and 3 represent the three successive compression stages of the SCS.

D. Texture Studies in the Underformed Region
During the deformation, texture measurements were also
carried out at the top and bottom flat surfaces of the specimens. As expected, there was no change in the texture with
respect to its initial texture—i.e., the texture remained “random” during the deformation, for both the specimens, indicating that deformation was fully restricted in the gage
region.
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IV. DISCUSSION
To understand the textural similarity at these two widely
different strain rates, the corresponding mechanical response
is looked at for analysis. The high strain rate stress–strain
curve exhibits higher yield strength than the quasi-static one
after every loading, and interestingly the difference between
the two remains nearly constant. In other words, the initial difference in the yield stress is around the same when computed
VOLUME 37A, APRIL 2006—1141

Table I. Euler Angles of Important Ideal Orientations
Under Torsion of ␣-Fe
Orientation
D1
D2
E1
E2
F
J1
J2

Phi1 (1)

Phi (⌽)

Phi2 (2)

125.3
54.7
39.2
90.0
180.0
30.0
90.0

45.0
45.0
65.9
35.3
45.0
54.7
54.7

0.0
0.0
26.6
45.0
0.0
45.0
45.0

The location of these orientations in (110) pole figure is shown in
Figure 6.[34]

isons for OFHC Cu after a single hit (i.e., single deformation stage). It was found that the texture at high rate was
different than the texture at quasi-static strain rate, and from
the stress–strain curves it was observed that the high strain
rate deformation test had a higher initial strain hardening
than the quasi-statically deformed test.
Therefore, from these two experimental observations we
have found a direct one-to-one correlation between the strain
hardening and the deformation texture. An increase in strain
hardening at high strain rate modifies its texture corresponding to its low rate result, whereas a similarity in hardening results in the similarity in textures.
One can estimate the temperature rise (⌬T) in the gage
section during the dynamic deformation by considering that
a significant part of the mechanical work gets converted into
heat
⌬T ⫽

Fig. 6—The (110) pole figure showing the ideal orientations observed
during torsion for bcc Fe.[34]

at the strains of 0.45 and 0.9 and is ⬃450 MPa. This aspect
further leads to the consideration that if the deformations at
high strain rates were carried out incrementally (i.e., small
increase in strain), then the resulting strain hardening curve
plotted by connecting the yield points would look very similar to the corresponding curve under quasi-static deformation. Such a curve is plotted by the dotted line in Figure 3(b).
We can therefore surmise that strain hardening is independent of strain rate, in the studied range, if the thermal softening is neglected at high strain rates, for bcc Fe, as is
observed in general for bcc metals at quasi-static strain rates
from 10⫺6/s to 1.0/s.[37]
The effect of the strain hardening on texture is realized
when we also notice that the texture remains unchanged with
the strain rate for ␣-Fe. It is important to mention here that
Bhattacharyya et al.[38] performed similar texture compar1142—VOLUME 37A, APRIL 2006

b 
se dee
rCp ∫0

[3]

where ␤ ⫽ the fraction of the plastic work converted into heat,
e and ee ⫽ the equivalent stresses and strains, and  and Cp ⫽
the density and specific heat capacity, respectively. In the case
of ␣-Fe,  ⫽ 7874 kg/m3 and Cp ⫽ 452 J/kg K. Assuming
␤ ⫽ 0.9, ⌬T is estimated from Figure 3(b) to be 75 K during
the first deformation stage, 79 K during the second deformation stage, and 101 K during the third deformation stage. In
the present experiments, adiabatic heating effects were necessarily limited as a result of the interrupted nature of the tests.
However, we note that the effect of dynamic recovery is more
prominent during the third stage (or the final stage) of deformation, which thereby results in the sharpness of its deformation texture compared to the corresponding quasi-static case.
Similar results have also been reported by Lee et al. on bcc
Ta[18] when tested with cylindrical specimens.
To understand the extent to which texture is being controlled by strain hardening, we base our analysis on the
dislocation theory. It is known that strain hardening is primarily governed by dislocation–dislocation interaction—i.e.,
higher strain hardening indicates that larger stresses are
needed to free the dislocations from its entanglements. As
the dislocations glide toward the grain boundary and become
accumulated, an increased misorientation between the adjacent grains results that contributes to an observed grain rotation. At high strain rates, the stress needed for the initiation
of dislocation motion increases, resulting in higher yield
strength. For bcc metals, at room temperature and under
quasi-static deformation, the material exhibits very low strain
hardening due to the ease with which the dislocations can
cross-slip and overcome obstacles. There are 48 possible
slip systems for bcc metal, and therefore it has a low strain
hardening coefficient (n), which is given by d(ln e)/d(lne).
In our present experiment, n is ⬃0.25 at quasi-static strain
rate, which is close to the reported value in the literature.[39]
Consequently, changes in strain rates (or temperature) have
less effect on n, thereby resulting in similar hardening even
when the strain rate is increased by a factor of six decades.
Since the dislocation network is unaffected at high strain rate,
so are the grain rotation and texture. In the case of FCC
metal, the propensity for cross-slip is directly related to stacking fault energy (SFE), which is a strong function of temperature (and hence also a function of the strain rate). Cu
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Fig. 7—Orientation distribution function (ODF) of the quasi-static deformation textures (Figures 5(a1), (a2), and (a3)) developed during the three successive compression stages of the SCS. The location of ideal orientations based on Table I is indicated in the ODFs.

has low SFE at room temperatures and therefore has a moderately high n of ⬃0.50[39] (in addition to the fact that the
number of possible slip systems is 12), which is enhanced
at higher strain rate. Correspondingly, the grain rotation is
adversely affected due to the lack of dislocation motion
across obstacles, leading to the textures being different at
different rates.
Thus, deformation texture is influenced by strain hardening rate. The similarity in texture observed for ␣-Fe is
expected to be independent of the mode of deformation (i.e.,
not just restricted to shear, as in this case).
The temperature increase at high strain rate results in dislocation annihilation, thereby causing strain softening. Also,
the grain boundaries that had a gradual variation in orientation (due to the high density of dislocations at the grain
boundary) become sharper due to dislocation annihilation.
This leads to the appearance of a sharper pole figure (FigMETALLURGICAL AND MATERIALS TRANSACTIONS A

ure 5(b3)) due to the strong enhancement of particular texture components such as J1 and J2 (Figures 8(b3) and 9).
This reorientation also leads to disappearance of other components such as F. We believe that the temperature rise during each dynamic test is in the recovery region and is below
the temperature needed for dynamic recrystallization (⬃600
°C).[40] For further validation of this aspect in the current
study, a misorientation profile is plotted between the neighboring points after the final deformation for both the quasistatic and the dynamic case (Figure 10). We can readily
see that at higher strain rate the low-angle grain boundaries
(selected arbitrarily as 15 degrees) disappear and there is a
corresponding increase in high-angle grain boundaries due
to the thermal softening. This effect is similar to the conventional dynamic softening (or recovery). Sharper textures were also noticed by Lee et al.[18] at high strain rates
for Ta.
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Fig. 8—Orientation distribution function (ODF) of the dynamic deformation textures (Figures 5(b1), (b2), and (b3)) developed during the three successive
compression stages of the SCS. The location of ideal orientations based on Table I is indicated in the ODFs.

V. CONCLUSIONS
The effect of strain rate, up to (10⫹3/s), on deformation
texture of ␣-Fe has been investigated at room temperature
by means of EBSD. For this range of strain rates, the following conclusions can be drawn from this study:

Fig. 9—Volume fractions (pct) of the ideal orientations mentioned in Table
I under quasi-static (Q-S) and high strain rate deformation (H-R) at various strains. 2 and 3 refer to strain of 0.5 and 1.4, respectively. “Initial”
refers to the undeformed state. The values are computed for a variation of
10 degrees from their respective orientations.
1144—VOLUME 37A, APRIL 2006

1. There is no observable change in texture at low and intermediate strains (⬍1.0) when the strain rate is increased from
quasi-static level (10⫺3/s) to dynamic level (10⫹3/s).
2. At large strains (⬎1.0), the texture appears sharper for
the high strain rate deformed sample vs the low strain
rate deformed sample.
3. A direct correspondence is found between the strain hardening rate and deformation texture. Material with a high
initial strain hardening exponent (n ⬃0.5) increases with
strain rate; this restricts the grain rotation, which therefore
affects the texture. Alternately, material with a low strain
hardening exponent has no significant increase in strain
hardening, thereby causing no observable change in texture. Pending further investigation, strain rate has little effect
on texture for bcc Fe.
METALLURGICAL AND MATERIALS TRANSACTIONS A

Fig. 10—(a) The misorientation angle between neighboring pixel points for
the quasi-statically deformed sample (specimen 1) and the dynamically
deformed sample (specimen 2). The low-angle grain boundaries (⬍15 degrees)
for the dynamically deformed sample are converted into high-angle grain
boundaries during thermal softening. (b) A representation of image quality
map in the gage section after the final deformation. Out of 21,000 pixel points
interrogated, 36 pct were indexed as bcc Fe.

4. The moderate temperature rise during the dynamic tests
(i.e., dynamic recovery) seems to sharpen the texture.
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