
On the Onset of a Steady State in Body-Centered Cubic Iron
during Severe Plastic Deformation at Low Homologous
Temperatures

A. VORHAUER and R. PIPPAN

Armco Iron was severely deformed by means of a high-performance, high-pressure torsion
(HPT) tool at a hydrostatic pressure of 5.4 GPa at low homologous temperatures, Tm, between
0.08 and 0.40 Tm. The flow stress was estimated from the measured torque during severe plastic
deformation (SPD). At all investigated deformation conditions, a saturation in the flow stress at
large strains without any decline was obtained. It is shown that this occurrence of a ‘‘steady
state’’ at low homologous temperatures is significantly influenced by the deformation param-
eters, whereby an increase in deformation temperature or a decrease in strain rate results in a
decrease in onset strain and an increase in flow stress in both the steady state and the size and
aspect ratio of the structural elements. The Zener–Hollomon parameter is used to analyze the
mechanical and microstructural properties as a function of the processing parameters; this
shows that the investigated range of deformation conditions is divided into two regimes. For
comparable high-deformation temperatures, the occurrence of a steady state is ascribed to a
process similar to geometric dynamic recrystallization (DRX). Possible reasons for the occur-
rence of a different behavior in the low homologous temperature regime are discussed; the size
of the crystallites formed during straining by the subdivision of the initial grains is considered to
play an important role.
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I. INTRODUCTION

INTEREST in the methods of severe plastic defor-
mation (SPD) has increased in recent years because
these methods are serious candidates for providing
nanograined or at least submicrometer-grained bulk
metals and alloys in industrial dimensions.[1] This
interest is reflected in the continuously growing number
of research groups, special conferences, and papers that
are focused on SPD or SPD-related topics.

The large hydrostatic pressures,[2,3] together with the
special design of SPD tools[4–7] or certain ingenious
processing method tricks, inhibit failure at high strains
during low-temperature material processing. Topics
such as microstructural fragmentation[8–10] at the early
stages of SPD and the resulting mechanical proper-
ties[1,11–15] are well investigated for a wide range of
materials and for different processing techniques and
deformation conditions. The methods of SPD provide
nearly unlimited strains at low homologous tempera-
tures. Despite the numerous publications in this field of
materials science, there actually exists no systematic

investigation of the possibility of the formation of a
steady state that would limit strain hardening and
microstructural refinement at large strains.
The present article deals with the influence of the

processing parameters temperature and strain rate on
the flow stress obtained during SPD and the corre-
sponding microstructures. It is related to the question of
whether a steady state during the SPD of Armco Iron at
low homologous temperatures is obtained and the
possible mechanism that would provide such a steady
state, even at low homologous temperatures.

II. EXPERIMENTAL PROCEDURES

A. Materials and Materials Processing

The material investigated in this study is Armco Iron;
the chemical composition is given in Table I. An
annealing for 1 hour at 873 K was performed on the
rod-shaped base material, in order to remove existing
deformation patterns. The resulting mean grain size
was approximately 40 lm. To investigate the influence
of temperature and strain rate on the possible occur-
rence of a steady state at larger plastic strains at cold-
working conditions, samples have been deformed by
means of high-pressure torsion (HPT), which provides
well-defined and nearly pure torsional deformation of
the billet. For additional details about the special design
and the benefits of such a tool, see References 7 and 16.
The strain is well defined as simple shear,[17] c, and is
calculated according to
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c ¼ 2pr
t

n ½1�

where r, t, and n are the distance from the torsion axes,
the thickness of the cylindrical sample, and the number
of applied revolutions, respectively.

The HPT at elevated temperatures (warm HPT) was
performed using the same tool, by placing both anvils
and the sample into the inductor of an induction
heating. A sketch of the tool used is depicted in
Figure 1. For warm HPT, the loaded sample and both
anvils of the tool were heated up to the deformation
temperature several minutes prior to HPT processing, in
order to achieve a uniform distribution of temperature
that was permanently controlled by a pyrometer within
±5 K of the chosen temperature during deformation.
The total torque C was measured at all deformation
temperatures in situ by means of strain gages above the
sample on one of the anvils. The gages were protected

from overheating by a cooling unit that was situated
directly below them. After materials processing at
elevated temperatures, the samples were immediately
removed from the deformation zone and were cooled by
putting them on a cold steel plate, in order to freeze the
microstructure. Since the thickness of the sample is only
0.7 mm, the cooling to ambient temperature was very
fast and the heating during HPT deformation is very
small.

B. Microstructural Investigations

The microstructure was studied in a section perpen-
dicular to the radial direction of the samples, as
illustrated in Figure 2. All microstructural examinations
were performed within a Zeiss 1525XP scanning electron
microscope (SEM) equipped with a field emission gun
by using backscattered electrons (BSE). Therefore, a
perfectly flat and well-prepared surface is required. A
suitable sample preparation for that purpose was found
by mechanical grinding and polishing, followed by a
combined etching-polishing procedure using Nital etch-
ant and polishing with colloidal silica (60 nm) for
15 minutes.
Micrographs were captured by detecting BSEs. These

micrographs allow an estimation of the typical micro-
structural morphology, because in a single-phase mate-
rial, the energy and intensity of the BSE depend strongly
on the orientation of the crystallites, with respect to the
direction of the incident electron beam, among other
things (the order number of elements and the topogra-
phy). Accordingly, microstructural elements are ob-
served, even if they are subgrains that are disorientated
less than one degree. This technique, however, does not
permit us to determine the crystallographic disorienta-
tion between crystallites. The quantification of BSE
micrographs with respect to microstructural features is
based on the reinforcement of the boundaries between
the microstructural elements by hand-drawn bold lines.
The quality of this procedure is good, because most of
these lines are well supported by high contrast in the
BSE micrograph. In those cases in which the gray level
of the BSE micrographs changes more smoothly
between adjacent microstructural elements, the lines
may be frequently subjective, even though plausible. The
resulting map of hand-drawn lines was automatically
analyzed by the line-sectioning technique and gives the
mean values of the size and aspect ratio of the

Fig. 1—Schematic representation of the HPT tool that was used,
providing well-defined materials processing at low and elevated tem-
peratures.[14]

Table I. Maximum Content of Impurities (Weight Percent)

in the Armco Iron Used in the Experiment

Element C Si Mn P S Cr Ni Cu

Weight pct
maximum

0.007 0.007 0.08 0.008 0.011 0.02 0.03 0.02

laidar

r

Fig. 2—Direction and position of observing microstructures.[15]
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microstructural elements. This type of procedure for
evaluating microstructural features was already used to
analyze substructures formed during SPD.[16]

The local texture (microtexture) was measured by
means of electron backscatter diffraction (EBSD), by
detecting Kikuchi patterns produced by BSEs. For the
present investigation, an EBSD unit from EDAX was
used. The orientation maps were analyzed with respect
to the disorientation between neighboring microstruc-
tural elements, resulting in boundary maps and the
mean angle of disorientation between crystallites. Only
EBSD scans with a very low number (below 10 pct) of
misindexed pixels are used, in order to avoid significant
changes of the micrographs after the cleanup procedure.

III. EXPERMENTAL RESULTS

Samples with a diameter and height of 8 and 0.8 mm,
respectively, were severely deformed at the same nom-
inal hydrostatic pressure of p = 5.4 GPa, at tempera-
tures between 77 and 723 K and strain rates _e ¼ 2pr

t
_n of

2:5� 10�3s�1 and 6:5� 10�2s�1 at the rim of the sample
(r = 4 mm). A summary of the results for all investi-
gated samples, with the corresponding processing
parameters, are given in Tables II and III.

A. Torque Curves

The total torque vs shear strain at the rim of the
sample measured in situ during severe plastic deforma-
tions at different temperatures and at strain rates of
_e ¼ 2:5� 10�3s�1 (slow) and _e ¼ 6:5� 10�2s�1 are rep-
resented in Figures 3 and 4, respectively. All curves
show the same behavior: a steep rise in torque at low
strains that diminishes with increasing deformation
until, at a certain shear strain, cs, a saturation torque
Cs, is reached. Only the curve measured at 723 K,
_e ¼ 2:5� 10�3s�1, exhibits a very small smooth decrease
of torque above the saturation shear strain. In all other
cases, the torque above cs remains constant. The torque
and the onset strain for saturation at different process-
ing parameters are given in Figures 5 and 6, respec-
tively. It is clearly seen that the processing temperature

significantly affects both saturation torque and satura-
tion shear strain; specifically, an increase in processing
temperature causes a distinct decrease in these two
parameters.
The effect of the strain rate is much smaller: an

increase results in a small increase in saturation torque
and onset strain.

B. Steady-State Flow Stress

The saturation flow stress is determined by the
procedure described in the appendix of this work. It is
reasonable to assume deformation of the material in the
burr zone during HPT, because microstructural inves-
tigations have exhibited clear deformation patterns.[18]

By using this assumption, it is necessary to choose a
value for the parameter j, which describes the increase
in the flow stress of the materials in the burr-zone of
HPT due to the higher strain rate that is present in this
region. We have chosen j = 0, because we do not know
the accurate value; additionally, in the appendix it is

Table II. Summary of Processing Parameters and Dimensions of the Investigated HPT Samples (the Term t is the Final
Thickness, and ri and ro are Described in the Appendix, Figure A1)

Sample

Deformation Conditions Dimensions

Temperature (K) _e (s-1) Z ¼ _e � exp
Qdef
RT t (mm) ri (mm) ro (mm)

F1 293 6.55 · 10-02 2.32 · 1053 0.72 4.10 4.60
F2 453 6.38 · 10-02 1.22 · 1034 0.74 4.10 4.75
F3 543 6.53 · 10-02 1.78 · 1028 0.74 4.20 4.65
F4 633 6.06 · 10-02 1.08 · 1024 0.79 4.16 4.60
F5 723 6.45 · 10-02 8.25 · 1020 0.74 4.15 4.55
S1 293 2.56 · 10-03 9.06 · 1051 0.75 4.15 4.70
S2 453 2.56 · 10-03 4.91 · 1032 0.74 4.10 4.70
S3 543 2.62 · 10-03 7.14 · 1026 0.74 4.20 4.75
S4 633 2.52 · 10-03 4.47 · 1022 0.78 4.25 4.75
S5 723 2.66 · 10-03 3.40 · 1019 0.72 4.15 4.60
C1 77 3.42 · 10-02 1.28 · 10206 0.72 4.10 4.55

Table III. Summary of Obtained Properties at the Onset of

Steady State

Sample

Steady-State Properties

Torque
Curve

BSE
Micrographs

Orientation
Maps,

x > 15 deg

cs
[1]

Cs

(nm)
d

(nm)
Aspect
Ratio[1]

d
(nm)

Aspect
Ratio[1]

F1 24.4 195.7 127 2.67 183 2.62
F2 16.3 154.2 173 2.85 253 —
F3 10.1 121.3 244 2.90 515 2.31
F4 8.4 111.0 315 2.32 — —
F5 6.5 104.6 369 1.73 719 2.50
S1 17.7 180.6 149 2.24 189 2.13
S2 10.0 135.3 183 2.53 — —
S3 4.3 103.0 264 2.53 518 2.49
S4 4.7 88.0 339 2.26 — —
S5 2.7 89.5 432 1.76 1080 2.38
C1 65.0 585.0 70 — 90 —

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 39A, FEBRUARY 2008—419



shown that a change in this parameter does not change
the resulting shear strain significantly.

C. Microstructures at the Onset of Saturation

Selected microstructures obtained at strains some-
what larger than the onset strain are depicted in
Figures 7 and 8, and the evaluated characteristic
parameters are shown in Figures 9 through 12.

1. Boundary maps
Boundary maps of selected deformation conditions

measured in a section perpendicular to the radial
direction at the onset strain of saturation are depicted
in Figure 7, where boundaries that exhibit angles of
disorientation of 2 through 7 deg, 7 through 15 deg, and
above 15 deg are illustrated by light gray, dark gray,
and black lines, respectively. From each measured
boundary map, the mean size of crystallites with
boundaries larger than 15 deg and their mean angle of
disorientation were determined; the results are summa-
rized in Figures 9 and 10. Approximately 400 grains are
used to obtain the present result.
It is obvious that the mean size of the crystallites

increases significantly with the increasing temperature of
SPD. The HPT at 293 K, 2:5� s�1, results in crystallites
that exhibit a mean size of approximately 180 nm,
whereas crystallites in the range of approximately
750 nm are observed after deformation at 723 K at the
same strain rate. A decrease in strain rate is comparable
to an increase in deformation temperature. However, it
is clearly visible that the effect of the strain rate is
relatively small in relation to the effect of temperature.
The mean angle of disorientation at the onset strain of
saturation is in a range between 35 and 42 deg for all
investigated deformation conditions, and shows a
behavior opposite to that of the mean size of the
crystallites: an increasing deformation temperature or
decreasing strain rate results in somewhat smaller mean
angles of disorientation. The difference in the mean
angle of disorientation between the strain rates may be
affected by the different strains at which the microstruc-
tures are taken.
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Fig. 3—In-situ torque curves for different temperatures at strain rate
_e = 0.0025 s-1.[16]
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Fig. 4—In-situ torque curves for different temperatures at strain rate
_e = 0.0625 s-1.[17]
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Fig. 5—Steady-state torque as a function of processing temperature
for both strain rates.[18]
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Fig. 6—Steady-state shear strain as a function of processing temper-
ature for both strain rates.[19]
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Fig. 7—Selected collection of boundary maps showing the boundary structure at strains somewhat larger than the onset strain of saturation after
HPT at 293 (top row), 473, and 723 K (bottom row), at strain rates of 2.5 · 10-3 s-1 and 6.5 · 10-2 s-1 (c = 64 at 293 K and 2.5 · 10-3 s-1;
c = 33 at 293 K and 6.5 · 10-2 s-1; c = 31 at 543 K and 2.5 · 10-3 s-1; c = 7 at 543 K and 6.5 · 10-2 s-1; c = 32 at 723 K and 2.5 · 10-3 s-1;
and c = 6 at 723 K and 6.5 · 10-2 s-1).[20]
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Fig. 8—Sequence of BSE micrographs in radial direction (shear direction horizontal) of the steady-state microstructure after HPT at different
temperatures (rows) and strain rates (columns). The corresponding shear strains are: (a) 64, (b) 33, (c) 31, (d) 111, (e) 32, (f) 33, (g) 14, (h) 7, (i)
6, and (j) 6. All micrographs were captured at the same SEM magnification. The horizontal edge of the micrographs is parallel to the shear
plane.[21]
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2. Substructure
Orientation maps measured by means of EBSD are of

limited spatial and orientation resolution. Therefore, a
sequence of BSE micrographs, all captured at the same
SEM magnification in the radial direction, at a radius
of 3.7 mm, shows the substructure in more detail, in
Figure 8. However, it should be noted that these
micrographs do not give quantitative information
regarding the disorientation between adjacent micro-
structural elements. Instead, they provide an overview of
the saturation microstructure obtained under different
deformation conditions. The micrographs of the left
column (Figures 8(a) through (e)) correspond to HPT
deformation temperatures T of 293 (top row), 453, 543,
633, and 723 K (bottom row), respectively. The strain
rate _e is 2:5� 10�3s�1, and is constant for these five
samples. The most conspicuous feature of the micro-
structure is that the size of the microstructural elements
increases from approximately 150 to 450 nm after HPT
at 293 and 723 K, respectively (Figures 9 and 11). This
increase in the size of the microstructural elements is in
good agreement with the EBSD boundary maps. There
is a large fraction of blurred boundaries after SPD at
ambient temperature, which is characterized by smooth
changes in grayscale between adjacent microstructural
elements. With increasing processing temperature, the
boundaries are more clearly visible, due to steep changes
in the gray level. Additionally, it should be noted that
the aspect ratio of the microstructural elements
decreases with increasing temperature of SPD.
The micrographs in the right column in Figure 8 show

the saturation microstructure after HPT at the same
temperatures as in the left row, but at a higher strain
rate, _e of 6:5� 10�2s�1. The relative changes in the size
of microstructural elements, the contrast of boundaries,
and the aspect ratio of the observed microstructural
elements are qualitatively the same as they are for the
lower strain rate. A comparison of the micrographs
corresponding to the same temperature of SPD
but different deformation strain rates gives the clear
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Fig. 9—Mean size of crystallites with boundary disorientation angle
larger than 15 deg, obtained from orientation maps as a function of
the temperature of SPD for both investigated strain rates.[22]
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Fig. 12—Mean aspect ratio of microstructural elements for both
investigated strain rates, as a function of the processing temperature
determined from BSE micrographs of the steady-state microstruc-
ture.[22]
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dy-state microstructure.[22]
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impression that the microstructural elements are smaller
when the materials processing is performed at higher
strain rates.

These qualitative statements are supported by the
quantitative results that are summarized in Figures 8
through 12, which show the mean size and the aspect
ratio of the microstructural elements for the different
deformation conditions.

Even if one takes into account the uncertainty in the
quantification of the BSE micrographs, the main
results are quite evident: the mean size of the micro-
structural elements increases and their aspect ratio
decreases with increasing processing temperature; the
resulting microstructural sizes are smaller and their
aspect ratio is somewhat larger when the strain rate is
increased. It is important to note that the aspect ratio
remains about the same for deformation temperatures
below 543 K.

IV. DISCUSSION

In the entire range of the investigated deformation
conditions, the shear stress approaches a saturation
without any notable drop at large strains. When the flow
stress becomes constant, the size of the structural
elements, the texture, and the dislocation density also
become constant. Only the disorientation distribution of
the neighboring elements is somewhat changed; it
becomes more and more random with increasing strain
and reaches saturation at larger strains.[19] Therefore, it
seems to be legitimate to term this state ‘‘steady state,’’
consistent with the terminology used at warm- or hot-
working conditions for the comparable phenomenon.
The dynamic processes that provide such a steady state
during SPD even at low homologous temperatures will
be discussed here.

In recently published works on the structure of copper
subjected to SPD,[16,20] it has been proposed that a kind
of ‘‘dynamic recrystallization’’ (DRX) might be respon-
sible for the occurrence of a steady state during SPD at
low homologous temperatures. In the field of warm and
hot working, the characteristics of DRX have been
clarified.[21–25] In general, DRX is merely the terminol-
ogy for numerous restoration processes, all of which
result in ‘‘new’’ grains being developed dynamically
during deformation at large strains,[26] and which
include the following, among other things.

(a) Discontinuous dynamic recrystallization (DDRX),
which is understood as a two-stage process com-
posed of the nucleation and growth of recrystal-
lized grains surrounded by high-angle boundaries
(HABs); this process usually results in a significant
bimodality of microstructural sizes and a distinct
drop in flow stress when strain exceeds the onset
strain for DRX.[27]

(b) Continuous dynamic recrystallization (CDRX),[28,29]

which is considered a one-stage process, without
nucleation and without any large-scale migration
of HABs; terminologies such as geometric recrys-
tallization,[30] in-situ recrystallization,[31] rotation

recrystallization,[32] extended recovery,[24,33] etc.,
are used for comparable mechanisms that differ in
their details. The CDRX process results in a narrow
distribution of microstructural sizes and the occur-
rence of a steady-state flow stress without any
decline,[26,27,34] apart from the Taylor-factor
softening[24,35] when strain exceeds the onset strain
for the steady state.

The present results show clearly that the onset of a
steady state during SPD in Armco Iron, and the
corresponding microstructural and mechanical proper-
ties, are significantly dependent on both deformation
temperature and strain rate. It is well accepted that, at
temperatures at which thermally activated deformation
and restoration processes occur, these two parameters of
deformation are incorporated into a single (partly
empirical) one, the Zener–Hollomon parameter, Z,
which is defined as

Z ¼ _e � exp
Qdef
RT ½2�

where _e is the strain rate (s-1), R is the gas constant
(8.314 kJ/mol K), Qdef is the apparent activation energy
of deformation (J/mol), and T is the absolute temper-
ature (K). In the present study, we do not know the
exact value of the activation energy of deformation, but
it has been shown for many pure metals that this energy
is similar to the activation energy of self diffusion.[36–39]

The applied hydrostatic pressure during SPD can reduce
diffusion and will consequently retard recovery kinetics.
This is taken into account by using the relation between
the activation energy of self diffusion Q and hydrostatic
pressure p, which is given by

Q ¼ Q0 þ apb3 ½3�

where Q0 is the activation energy of self-diffusion at zero
pressure, a is a coefficient dependent on the crystal
lattice type, and b3 is the atomic volume.[40] Taking
Q0 ¼ 257 kJ/mol from Reference 41, b = 0.248 nm
from References 41 and 42, a = 0.6 from Reference
40, and p = 5.4 GPa, for a-iron, one obtains Qdef of
about 306 kJ/mol, to estimate Z. The increase in
temperature due to heat generation during deformation
was neglected, because of the low strain rates and the
thin samples that were deformed in this study. In
Figures 13 through 16, the determined steady-state
values of the size of the microstructural elements, their
aspect ratio, the steady-state shear stress,* and onset

strain are plotted against the Zener–Hollomon param-
eter. In addition, the number of subgrains (microstruc-
tural size taken from BSE micrographs) per grain (the
size of the region bounded by HABs taken from
orientation maps) as a function of Z is given in
Figure 17.

*Steady-state shear stress is obtained under the assumption that the
material deformation was deformed during HPT in the burr zone,
j = 0. Additional details on the estimation of flow stress from torque
curves measured during SPD are given in the Appendix.
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It is evident that the steady state of each property
does not gives a unique relation with rising Z. Such
behavior is an indicator for a change in the underlying
mechanism that is responsible for the occurrence of a
steady state at given processing parameters. Thus, it is
reasonable to discuss a low and a high Z regime
separately.

A. Low Z Regime

In the low Z regime, no reduction of the flow stress
is observed when the strain is larger than the steady-
state strain; the microstructure exhibits a bimodality in
microstructural sizes that is not very pronounced and
that is a significant fraction of small-angle boundaries.
Thus, we assume that, in the low Z regime, a process
similar to geometric DRX[30,43] is responsible for the
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occurrence of a steady state rather than a DDRX; the
latter seems to be impossible, due to the low grain-
boundary mobility at these temperatures. This is
supported by the fact that the observed behavior is
similar to that reported for the pure iron[44] that was
torsional deformed at warm-working conditions, cor-
responding to Zener–Hollomon parameters between
1 · 108 and 1 · 1018. In this case, the occurrence of a
steady state at large strains was also ascribed to
geometrical DRX.

Increasing Z (i.e., decreasing the temperature of
deformation) reduces the thermally activated mobility
of dislocations and, therefore, the rate of DRX. The
larger remaining density of defects is stored in smaller
microstructural elements (cells and cell blocks) (Fig-
ure 13), with boundaries of larger disorientations
(Figure 10), which results in an increase in the steady-
state flow stress (Figure 15). Because the geometrical
DRX is characterized by a small-range migration of
high-angle dislocation boundaries,[43] it is plausible that
increasing Z leads to the observed increase in onset
strain, as can be seen in Figure 16. The reduced
thermally activated mobility of microstructural bound-
aries may inhibit the dynamical formation of equiaxed
microstructural elements, which is observed during
materials processing at warm-working condi-
tions.[26,27,45–47] Therefore, the mean aspect ratio of
the microstructural elements increases with increasing
Z, as depicted in Figure 14.

B. High Z Regime

In the high Z regime, the flow curves again did not
show any noticeable reduction when the strain exceeds
the onset strain for the steady state. However, the
fraction of low-angle boundaries (LABs) is now very
small, and the slopes of the log (property) vs log (Z)
curves are significantly smaller than in the low Z regime.
Possible reasons for this significant change in the Z
behavior of the steady-state properties are discussed
here.

One reason for the occurrence of a high Z regime
might be a significant change in the structural restora-
tion process.

(a) In the low Z regime, the migration of microstruc-
tural boundaries (geometrical DRX) might be the
dominating process in the steady state, in which
dynamic recovery might play a minor role. The sit-
uation is possibly opposite in the high Z regime.
At high Z, dynamic recovery may become more
important, because with increasing Z, the volume
fraction of highly disordered boundaries increases.
These boundaries can act as sufficient sinks for
glide dislocations, where the consumed dislocations
may annihilate readily, due to the huge density of
defects that are concentrated in these boundaries.
This type of change in the structural restoration
process would describe the shift of the onset strain
of the steady state toward higher values, as one
would estimate by simple extrapolation of the low
Z regime because, due to the extended dynamic

recovery, a higher amount of deformation would
be necessary to initiate a process such as geometri-
cal DRX. However, it would be difficult to
describe the observed evolution of the microstruc-
ture solely by this change in the restoration mecha-
nism. Another reason for the occurrence of a high
Z regime might be a change in the dominant
deformation mechanism.

(b) Below a certain size of the microstructural
elements, it is possible that new glide dislocations
are more frequently emitted from microstructural
boundaries, because they become too small to acti-
vate dislocation sources in their interior. If these
glide dislocations are then frequently consumed by
opposite boundaries (as described earlier), the
material is deformed without any significant
change in the overall density of stored defects.
Such a change in deformation micromechanism
was proposed for SPD copper,[48] with microstruc-
tural elements between 600 and 200 nm in size.
This type of change would again explain the
observed shift in the onset of steady state toward
larger shear strains, as can be seen in Figure 16.
However, such a mechanism would lead to very
elongated microstructural elements; these were not
observed in the present study.

(c) The deformation mechanism may change from
pure dislocation glide toward sliding along micro-
structural boundaries, when microstructural sizes
fall below a certain critical size. Such behavior was
proposed for pure copper,[48] for crystallites with
sizes below 100 nm, and in aluminum and its al-
loys,[8,49] and was frequently discussed for submi-
cron and nanocrystalline pure iron,[50,51] for
microstructures with sizes of approximately 100 to
200 nm. This change in the micromechanism of
plastic deformation would be a possible explana-
tion for the lower steady-state flow stresses that
are observed in the high Z regime, as one would
expect by simple extrapolation of the low Z regime
(Figure 15). Furthermore, this would be a reason-
able explanation for the observed fact that micro-
structural elements bounded by HABs are less
fragmented into subgrains, as is the case in the low
Z regime (Figure 17), because when the deforma-
tion is governed for a significant fraction by sliding
along microstructural boundaries, then the crystal-
lites themselves are not plastically deformed, which
may ‘‘protect’’ them from fragmentation. However,
if sliding along microstructural boundaries be-
comes the dominant deformation mechanism, one
would expect that the elongated microstructural
elements are more aligned with the shear direction;
this is an indicator that was not observed in the
micrographs.

(d) It is also possible that the plastic deformation is
realized by a collective, deformation-driven migra-
tion of LABs or HABs. The fact that, in the high
Z regime, the microstructural elements with HABs
are mainly subdivided by boundaries that are per-
pendicular to the direction of shear can be an indi-
cator for such behavior.
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Based on the results of this work, it is not easy to
determine whether the change in a single mechanism is
responsible for the occurrence of a high Z regime or
several changes in the underlying micromechanism have
to be taken into account simultaneously.

The Derby law is a very helpful tool for analyzing the
steady-state deformation in the high-temperature re-
gime.[52] The steady-state stress for different tempera-
tures and strain rates, rss, is plotted as a function of the
resulting size of the grains or subgrains. The rss is
usually inversely proportional to the grain size to the
power of p, where p is usually called the Derby
parameter; it is between 0.5 and 1. It is assumed that
the value depends on the proportion of grain boundaries
and subgrain boundaries. It should be 0.5 and 1, in the
case of grain boundaries and subgrain boundaries,
respectively. The p is approximately 2/3, in the case of
DRX. Plotting the values of Table III gives a p between
0.6 and 0.7. This again indicates for both the low Z and
the high Z regime, the similarity of the SPD deformation
and the restoration mechanism in the saturation region,
with the phenomena taking place during DRX in hot
working.

V. CONCLUSIONS

Armco Iron was severely deformed by means of HPT
at a constant hydrostatic pressure of 5.4 GPa in the
temperature range between 0.08 and 0.40 Tm. The flow
stress was measured for the first time in situ during SPD
and the resulting microstructure was investigated.

1. For all investigated deformation conditions (tem-
peratures and strain rates), a saturation of both the
size of the microstructural features (size of grains,
texture, etc.) and the flow stress is obtained at large
strains. Since the measured flow curves remain flat
and no reduction was observed when the strain ex-
ceeds the onset strain of saturation, it is reasonable
to term this state a steady state.

2. The decrease in deformation temperature or in-
crease in strain rate results in an increase of both
onset strain for saturation and appropriated satura-
tion flow stress, for the whole range of investigated
deformation parameters. Smaller crystallites (cell
blocks obtained by EBSD and cells taken from BSE
micrographs) were observed when deformation was
performed at lower temperatures or higher strain
rates. The microstructures exhibit solely elongated
microstructural elements; their aspect ratio and
mean angle of disorientation increase significantly
with decreasing deformation temperature.

3. The observed steady-state properties can be suffi-
ciently described by the Zener–Hollomon parame-
ter; the range of investigated deformation
parameters is divided into two regimes.

4. In a low Zener–Hollomon regime (a Z between
1 · 1022 and approximately 1 · 1035), a CDRX pro-
cess similar to geometric DRX seems to be respon-
sible for the occurrence of the observed steady state
at large strain.

5. A high Zener–Hollomon regime is observed at a Z
larger than 1 · 1035, where the slope of the ln
(property) vs ln (Z) curves are significantly smaller
than for the low Z regime; the microstructural sizes
are significantly larger than is expected from the
low Z regime; the resulting flow stress and the stea-
dy-state strain is smaller than one would expect by
simple extrapolation of the low Z regime. Different
mechanisms (change in restoration processes,
change in deformation micromechanism toward dis-
location movement from HAB to HAB, boundary
sliding, or strain-induced boundary migration) are
discussed. The transition from the low Z to the
high Z regime could not be ascribed solely to one
of these mechanisms; it might be a combination of
them. Hence, further investigations are needed to
understand better the deformation and structural
restoration mechanism during SPD.
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APPENDIX

Measurement of flow stress during HPT
For a conventional torsion test, the shear flow stress

s(c) is generally integrated over the cross sections to
equilibrate with the applied torque,[53–55] Ct (c):

Ct cð Þ ¼ 2p
Z a

0

r2s cð Þdr ½A1�

where a is the radius at the circumference of the sample.
The extraction of the flow stress from Eq. [A1] can be

made at the circumference of the sample.[53,56] If only
the saturation is of further interest rather than the
detailed hardening behavior of the material, as is the
case in the present study, then the saturation shear flow
stress ss is given as

ss ¼
3

2pa3
Ct;s ½A2�

where Ct,s is the measured saturation torque.
The torque measured in situ during HPT reflects the

change of the flow stress of the processed materials at
the given parameters shear strain c, strain rate _c, and
deformation temperature T. Due to the geometry of the
HPT tool used in the present study (Figure A1), the
measured torque C consists of the torque Cd needed for
the torsional deformation of the material in the cavity
between the two anvils (deformation zone, 0 � r<ri)
and a torque Cb that arises in the area of the burr (burr
zone, ri � r<ro) that is formed during the loading of the
tool before one of the anvils starts to rotate with respect
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to the other one. The saturation shear flow stress is then
calculated by

ss ¼
3

2pr3i
Cd;s ½A3�

where Cd,s represents the saturation torque arising in the
deformation zone. This torque is calculated by subtract-
ing the saturation torque arising in the burr zone Cb,s

from the totally measured torque Cs at saturation:

Cd;s ¼ Cs � Cb;s ½A4�

Depending on the behavior of the materials in the
burr zone, the following two cases for the contribution
of the burr to the totally measured torque can be
distinguished.

A. Sliding between Burr and Tool

Assuming that slip between one side of the burr and
the anvil is present, the torque arising in this area is
given with

Cb;l;s ¼ 2pl
Z r0

ri

pðrÞr2dr ½A5�

where ri and ro are the radii of the inner and the outer
edge of the burr, p(r) describes the pressure in the burr
zone as a function of the radius, r is the distance to the
center of rotation, and l represents the coefficient of
friction. Recent results from finite element calcula-
tions[57] make it reasonable to assume for the given
HPT tool a linear decrease from about 80 pct of the
nominal hydrostatic pressure at the inner edge to the
flow stress of the undeformed material at the outer edge
of the burr. For this type of linear drop of pressure in
the burr zone, the torque arising in this region is given
by

Cb;l;s ¼ 2pl
Z r0

ri

fp � p� r � fp � p� 2s0
ro � ri

� �
r2dr

¼ l � p ro � rið Þ
6

fp � p 3r2i þ 2riro þ r2o
� ��

þ2s0 r2i þ 2riro þ 3r2o
� ��

¼ l � C

B. Deformation of the Materials That Form the Burr

In the case in which friction is sufficient to deform the
material in the burr zone, the saturation torque arising
in this area is given by

Cb;d;s ¼ 2p
Z r0

ri

r2sb;sdr ½A6�

where sb,s is the saturation flow stress in the burr zone.
Due to the geometry of the tool, the strain rate in the
burr zone is larger than in the deformation zone, which
conventionally increases the flow stress in this area a
little; this is expressed as sb;d;s ’ 1þ jð Þss, where j is a
very small number, depending on the difference in strain
rate between the deformation zone, the burr zone, and
the processed material. The contribution of the burr
zone to the total torque can then be expressed as a
constant fraction, fb, which is calculated as

fb ¼
r3o � r3i

r3i
1

1þj� 1
� �

þ r3o

½A7�

The torque from the burr zone can then be expressed
as

Cb;d;s ¼ 1� fbð Þ � Cs ½A8�

The effect in the variation of the friction coefficient of
sliding, l, and the steady-state stress increase due to the
higher strain rate in the burr regions on the estimation
of the steady-state flow stress is illustrated in Figure A2
by the fraction of the corrected steady-state flow stress,
ss, and the uncorrected flow stress, ss,uncorrected, deter-
mined from the measured torque. Assuming deforma-
tion of the material in the burr, the flow stress is only
influenced by the parameter j. In contrast, the flow
stress determined under the assumptions of the sliding of
the material in the burr against one of the anvils is much

tbt

r
r

i

o

cavity zone
burr

Fig. A1—Detailed sketch of the used tool with cavity zone and the
area of the burr.[25]
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more affected by the chosen coefficient of friction. In
addition, ss/ss,uncorrected depends on ss and, therefore, on
Cs itself. An increase in Cs reduces the difference
between ss and ss,uncorrected.
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