
Kinetics of Sub-Micron Grain Size Refinement in 9310 Steel

THOMAS KOZMEL, EDWARD Y. CHEN, CHARLIE C. CHEN, and SAMMY TIN

Recent efforts have focused on the development of novel manufacturing processes capable of
producing microstructures dominated by sub-micron grains. For structural applications, grain
refinement has been shown to enhance mechanical properties such as strength, fatigue resis-
tance, and fracture toughness. Through control of the thermo-mechanical processing parame-
ters, dynamic recrystallization mechanisms were used to produce microstructures consisting of
sub-micron grains in 9310 steel. Starting with initial bainitic grain sizes of 40 to 50 lm, various
levels of grain refinement were observed following hot deformation of 9310 steel samples at
temperatures and strain rates ranging from 755 K to 922 K (482 �C and 649 �C) and 1 to 0.001/
s, respectively. The resulting deformation microstructures were characterized using scanning
electron microscopy and electron backscatter diffraction techniques to quantify the extent of
carbide coarsening and grain refinement occurring during deformation. Microstructural models
based on the Zener–Holloman parameter were developed and modified to include the effect of
the ferrite/carbide interactions within the system. These models were shown to effectively cor-
relate microstructural attributes to the thermal mechanical processing parameters.
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I. INTRODUCTION

AS a highly alloyed low-carbon gear steel, 9310 can
be processed to exhibit both high strength and ductility.
Case hardness above 55 HRC can be obtained through a
surface carburization process followed by austenitizing,
quenching, and tempering. Although 9310 steel exhibits
a good combination of attributes and characteristics
that are suitable for use in high-performance gears and
shaft applications,[1,2] the structural properties of this
alloy may potentially be further enhanced by taking
advantage of the recent advances in grain refinement
technologies.[3,4] For structural materials, ultra-fine
grain (<100 nm) processing has been shown to enhance
both the strength and toughness simultaneously. Com-
pared to other common strengthening mechanisms, such
as work hardening, strengthening achieved via grain
refinement typically does not accompany a correspond-
ing reduction in ductility.[5] For the production of
physically large bulk structures, severe plastic deforma-
tion (SPD) techniques have been considered to be the
primary method of forming homogeneous, ultra-fine
grained material. Commonly used SPD techniques
include accumulative roll bonding,[6] accumulative
angular drawing,[7] high-pressure torsion (HPT),[8] equal
channel angular pressing (ECAP),[9,10] and multi-axial
forging (MAF).[11,12] Provided sufficiently high plastic
strains are achieved, substantial grain refinement has

been shown to be achievable by all of these meth-
ods.[13,14] Deformation temperature is also a key factor,
as it controls both the recrystallization and grain growth
kinetics. MAF at relatively low temperatures (below
that typically used in conventional forming) has been
demonstrated to be capable of inducing a fine recrys-
tallized grain size with very little subsequent growth, due
to the differences in low-temperature deformation kinet-
ics found in many alloy systems.
For conventional hot forging of steel alloys, process-

ing temperatures are selected such that the workpiece is
usually well above the austenitizing temperature (AC3)
where the material consists of a single FCC phase.
Under these conditions, the recrystallization and grain
growth kinetics have been well characterized.[15,16]

During deformation, both recrystallization and grain
growth occur rapidly at these temperatures and the
preservation of sub-micron grains during thermo-
mechanical processing becomes challenging. Below the
austenitizing temperature the transformation kinetics
are greatly reduced as dynamic recrystallization and
grain growth occur while the microstructure consists of
ferrite and carbides.[17] In order to induce grain refine-
ment under these conditions, comparatively higher
levels of plastic deformation are required due to the
higher stacking fault energy associated with the BCC
crystal structure of the ferrite. Under these conditions,
dislocations induced during deformation do not typi-
cally dissociate into stacking faults that restrict disloca-
tion climb. This leads to enhanced dislocation mobility
and makes BCC metals more likely to accommodate
deformation by recovery.[18,19] Hence, significantly high-
er overall levels of plastic strain are required in order to
induce continuous dynamic recrystallization (CDRX)
when deforming steels below their respective austenitiz-
ing temperature.[20–23] It should also be noted that the
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presence of carbides within the ferritic structure may
also effect the recrystallization and grain growth kinetics
as the physical interactions between carbides and
dislocations during deformation serve to restrict the
mobility of dislocations.

During the initial stages of CDRX, the plastic strain
induces the formation of cells that are bounded by dense
dislocation walls (DDWs). The interior of these cells
contain relatively few dislocations and their size is
dependent on the kinetics and mobility of the disloca-
tions. These cells or ‘‘subgrain’’ structures form as the
material attempts to rearrange the accumulated dislo-
cations into configurations that possess the lowest total
energy. As these structures form, the initial relative
misorientation between the adjacent dislocation walls is
typically less than 1 deg. However, as the plastic strain
levels increase, the DDWs begin to evolve and the
misorientations within the sub-grain boundaries gradu-
ally increase such that they may eventually rotate to
form high-angle boundaries and become continuously
dynamically recrystallized. The mechanisms associated
with dynamic recrystallization may be iterative as
dislocation walls and tangles may continue to form
within the newly formed grains with continued straining
and serve to further refine the system.[20,24–26]

Double-cone compression samples were used to
effectively observe the evolution of the grain size as a
function of the processing parameters and effective
strain. The characteristic geometry of these samples
results in a characteristic strain gradient along the radial
direction in the mid-plane following a compressive
height reduction. These samples have been successfully
used to correlate deformation parameters with the
resulting microstructures in Ni and Ti base alloys.[27–
29] Use of these double-cone compression samples allows
for accelerated correlation of processing parameters
with microstructures as a function of strain. The
purpose of this study was to better understand the
dynamic recrystallization response in 9310 steel at
temperatures below AC1 and to develop a thermo-
mechanical process model capable of describing the
fraction recrystallized and dynamically recrystallized
grain size as a function of effective strain and the
processing parameters.

II. PROCEDURE

The recrystallization kinetics of 9310 steel were
examined as part of this study using both cylindrical
and double-cone compression samples. The cylindrical
samples had a diameter of 12.7 mm and a height of
19.05 mm. Double-cone compression samples were
precision machined with a top diameter of 5 mm, center
diameter of 19.8 mm, center thickness of 4 mm, total
height of 15.8 mm, and a 51.4 deg declination from top.
All of the specimens were machined from a 40-mm-
diameter hot-rolled bar of 9310 steel to tolerances within
0.01 mm. The composition of 9310 steel is listed in
Table I.

Three of the cylindrical samples were heat treated
prior to deformation at a temperature of 922 K (649 �C)

for 4 hours to observe its effects on the deformation
kinetics and note any comparisons or differences from
the as-received material.
Eleven double-cone samples and six cylindrical com-

pression samples (three of which were heat treated) were
deformed at various temperatures and strain rates using
a servo-hydraulic compression machine equipped with a
cylindrical resistance furnace. The compression speci-
mens were placed between a set of tungsten carbide
anvils located within the furnace such that the specimen
and anvils were at the same temperature during defor-
mation. Boron nitride was used as a lubricant between
the sample and anvils. Thermocouples were spot welded
to the samples and mechanically attached to the anvils
to monitor the temperatures of the sample and dies
during compression. For all of the compression test
samples, the temperature of the sample was within 3 K
(3 �C) of the target temperature at the start of com-
pression. Immediately after compression, the samples
were cooled using a metal heat sink at the rate of
approximately 150 K/min to 200 K/min (150 �C/min to
200 �C/min) to preserve the microstructure representa-
tive of that which existed during deformation. Defor-
mation temperatures ranged from 755 K to 922 K
(482 �C to 649 �C) while strain rates ranged from 1 to
0.001/s. These relatively low deformation temperatures
were selected to correspond to phase equilibria with the
ferrite and carbide phases only. Under these conditions,
the height of the double-cone specimens was reduced by
65 pct; while the height of the cylindrical specimens was
reduced by 60 pct. The total time to bring to temper-
ature and compress a double-cone sample varied slightly
depending on the deformation strain rate, but did not
exceed 1 hour. Process model simulations were run
using the FORGE 2011 software package to estimate
the effective strain propagation within the samples
during compression. The flow stresses of 9310 within
this range of temperatures and strain rates were quan-
tified previously[20] and used to generate a material
database file for the process model simulations of 9310
steel. The simulated structures were initially meshed
using no less than 14,250 regular tetrahedron volume
elements and 2100 triangular surface elements that
dynamically remeshed during deformation. Friction
was treated as lubricated steel in hot forging with a
coefficient of 0.3. Isothermal deformation conditions
were simulated where the rigid anvils were assumed to
be the same temperature of the sample, as was the case
in the experimental setup.
Following deformation, the deformed samples were

sectioned along the mid-plane parallel to the axis of
deformation using a low-speed diamond saw. The
sectioned surfaces were prepared using standard metal-
lographic techniques. Scanning electron microscopy
(SEM) and electron backscatter diffraction (EBSD)

Table I. Weight Percent Composition of 9310 Steel,

as Received

C Si Mn Cr Ni Mo Cu Al Fe

0.10 0.29 0.55 1.34 3.31 0.12 0.11 0.04 bal.
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were conducted along the strain profile of the long axis
on several halved samples using a JEOL-5900 LV SEM
equipped with an Oxford Nordlys-HKL EBSD detector.
Microvickers hardness indents were used to mark
reference locations within the sample (Figure 2(b)), such
that the microstructure could be directly correlated with
the gradient of effective strain. Samples were prepared
for SEM using a 2 to 5 pct nital solution for preliminary
grain size analysis, and a 4 pct picral solution for
carbide analysis. For quantitative EBSD grain size and
recrystallization analysis, samples were metallurgically
prepared with a final polish using a 0.06 lm colloidal
silica solution. EBSD scans were conducted by searching
for BCC iron with the stringent settings of 7 bands and
43 reflectors. EBSD post-processing on the inverse pole
figure (IPF) maps was completed with the Oxford HKL
Channel 5 software package. Conservative noise reduc-
tion and extrapolation was performed prior to analysis
of the EBSD patterns. Grain boundaries were defined as
boundaries exhibiting greater than 15 deg critical mis-
orientations with respect to their neighbors.

III. RESULTS

As seen in Figure 1(a), the microstructure of the hot-
rolled 9310 steel consists of ferritic sheaves and thin
plate-like carbides that are characteristic of a bainitic
structure. The average initial grain diameters of the 9310

steel in this condition were approximately 40 to 50 lm.
EBSD analysis of the hot-rolled billet material clearly
shows the interlocking nature of ferritic sheaves and the
lack of inherent crystallographic texture present in the
as-received material (Figure 1(b)). Deformation of the
samples at the various temperatures and strain rates
were found to significantly alter the underlying micro-
structure of the 9310 steel samples.
The geometry of the double-cone specimens was

designed to induce a strain gradient following compres-
sion. With a single specimen, the influence of strain on
the microstructure can be readily elucidated while
maintaining a constant temperature and strain rate. By
reducing the height of the double-cone specimen from
15.8 to 5.53 mm (Figure 2(a)), the strain along the mid-
plane of the sample varied from 0.2 along the periphery
to 1.6 at the center. The magnitude and variation
of the strain gradient induced in the samples was
also confirmed in the process modeling simulations
(Figure 2(b)).
Consistent with the deformation temperatures used,

SEM analysis revealed that the microstructures were
composed entirely of ferrite and carbides. The size of the
recrystallized ferrite grains was largely dependent on
temperature, effective strain, and strain rate (Figures 3
and 4). For nominally equivalent levels of strain, low
deformation temperatures coupled with high strain rates
resulted in the smallest recrystallized grains. Compara-
tively coarser grains were observed in samples deformed
at the higher temperatures and lower strain rates. For
example, at a constant deformation temperature of
922 K (649 �C) and effective strain of 1.6, the recrystal-
lized grain size decreased from 1.6 to 1.1 lm as the
strain rate increased (Figure 3). Conversely, at a con-
stant strain rate of 0.001/s, the sizes of the recrystallized
grains were found to increase from 1.2 to 1.6 lm as a
function of temperature from 755 K to 922 K (482 �C
to 649 �C) (Figure 4). The observed microstructural
correlations with the processing parameters derived

Fig. 2—(a) Images showing deformation of the double-cone samples
and (b) process modeling simulation showing the effective strain gra-
dient present along the mid-plane centerlines. Approximate locations
of the fiducial HV indents shown in (b) as diamonds, at sample cen-
ter, 4 mm from center, 8 mm from center, and 12 mm from center.

Fig. 1—The as-received microstructure of 9310 hot-rolled billet (a)
viewed optically after etching with Klemm’s I reagent, and (b) its
IPF map obtained from EBSD.
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from the double-cone specimens were found to be
consistent throughout the range of deformation tem-
peratures and strain rates investigated. The cylindrical
compression specimens were used to validate these
findings and samples were compressed to different
effective strain levels at various temperatures and strain
rates. The correlations between the microstructure and
processing parameters were found to be consistent in
both sets of specimens.

Scanning electron microscopy analysis was also con-
ducted along the strain gradient of the double-cone
samples in order to characterize the morphology, size,
and distribution of the carbides as a function of
deformation strain. Following deformation at the range
of temperatures and strain rates investigated, carbides
were distributed throughout the microstructure (Fig-
ure 5). The distribution of carbides within the micro-
structure, however, was not homogeneous as the density
of carbides varied as a function of deformation temper-
ature, strain rate, and effective strain in all samples
(Figure 5 insets). Along the strain gradient in the
compressed double-cone samples, quantitative assess-
ment of the variations in carbide area fraction was
performed using the digital image analysis software
ImageJ. These results confirmed that the area fraction of
carbides was influenced by the processing parameters.
The sample that demonstrated the largest difference in
area fraction as a function of effective strain was
compressed at 866 K (593 �C) with a strain rate of
0.1/s (Figures 5(a) through (c)). This sample had a

carbide area fraction of approximately 10 pct at the
periphery where the effective strain was 0.32, going
down to approximately 3 pct in the center where the
effective strain was 1.55. In contrast, the sample that
demonstrated the smallest difference in carbide area
fraction as a function of effective strain was the double-
cone compression sample deformed at 755 K (482 �C)
with a strain rate of 0.001/s (Figures 5(d) through (f)).
With a similar effective strain gradient ranging from
0.35 along the periphery to 1.55 at the center, the
carbide area fractions ranged from 5 to 3 pct, respec-
tively. Deformation at intermediate temperatures and
strain rates resulted in carbide area fractions that fell
within the ranges reported for samples shown in
Figure 5. The average mean carbide size or diameter
was approximately 110 nm and no measurable differ-
ences in size were noted as a function of deformation
temperature, strain, and strain rate.
Electron backscatter diffraction analyses were used to

quantify the size and volume fraction of the dynamically
recrystallized grains in the deformed samples. For the
double-cone compression samples, the microstructural
gradient along the mid-plane centerline was correlated
with the strain gradient using microhardness indents as
fiducial markers. Indexing typically ranged between 80
and 90 pct for areas of low effective strains, and
decreased to levels as low as 60 to 65 pct in a few
samples within areas of effective strains exceeding ~1.3
due to the high density of dislocations. However, EBSD
maps were always visually validated by cross checking

Fig. 3—Microstructures at double-cone sample center (~1.6 effective strain) for samples compressed at 922 K (649 �C) and a strain rate of (a) 1/
s, (b) 0.1/s, (c) 0.01/s, and (d) 0.001/s.
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the maps with the band contrast and the corresponding
SEM microstructure images. Depending on the magni-
tude of the effective strain, the initially equiaxed grains
were observed to elongate radially in a direction
perpendicular to the applied stress. At relatively low
levels of effective strains, EBSD analyses revealed the
presence of numerous grains containing intragranular
misorientations corresponding to the formation of sub-
grain structures; suggesting that the predominant mech-
anism of refinement was indeed CDRX. Continuing to
increase the effective strain while keeping the deforma-
tion temperature and strain rate constant resulted in the
rotation and dislocation pile up on the boundaries of the
subgrain structures to form continuously dynamically
recrystallized grains. In order to retain consistency with
respect to the characterization techniques used, recrys-
tallized grains were defined as having both at least a
15 deg critical misorientation with respect to its neigh-
bors and a circle equivalent diameter less than 13.5 lm
which corresponds to the average size of the ferrite
sheaves identified via EBSD in the as-received material.
These grains which were determined to be recrystallized
and possessing a minimum size of 25 pixels in area (to
further filter noise from the data) were numerically mean
averaged to determine the average dynamically recrys-
tallized grain size.

The EBSD IPF maps also showed that the processing
parameters had a clear impact on the resulting micro-
structure, which was consistent with the trends observed
in the SEM images. Figure 6 shows a comparison of the
microstructures from two samples deformed at different

temperatures and strain rates. Figures 6(a) through (d)
shows the double-cone sample compressed at 922 K
(649 �C) with a strain rate of 0.001/s, and Figures 6(e)
through (h) shows the double-cone sample compressed
at 811 K (538 �C) with a strain rate of 0.1/s. The sample
deformed at 922 K (649 �C) exhibited comparatively
larger recrystallized grain sizes, with an average of
8.6 lm diameter in the lowest strain region of 0.35 and
proceeded down to 3.6 lm, 1.9 lm, and finally 1.6 lm
as the effective strain increased to 0.8, 1.3, and 1.6,
respectively (Figures 6(a) through (d)). Conversely, the
sample deformed at 811 K (538 �C) exhibited smaller
recrystallized grain sizes at nominally identical strain
levels. Starting with recrystallized grain sizes of 8.6 lm
in diameter at a strain of 0.35, they were observed to
decrease with increasing levels of strain as the grain size
was measured to be 3.1 lm at a strain of 0.8, 1.1 lm at a
strain of 1.3, and 0.9 lm at an effective strain of 1.6
(Figures 6(e) through (h)). Considering the effect of
deformation temperature on the measured area fraction
of carbides, samples which contained fewer carbides also
exhibited smaller recrystallized grain sizes. In terms of
the volume fraction recrystallized during deformation,
the sample compressed at 922 K (649 �C) with a strain
rate of 0.001/s, Figures 6(a) through (d) exhibited less
dynamic recrystallization when compared to the other
samples. Analyses of the EBSD results revealed that the
fraction recrystallized was 21 pct along the periphery of
the double-cone sample where the strain was 0.35 and
increased to 62 pct at the center where the effective
strain was 1.6. Conversely, the sample compressed at

Fig. 4—Microstructures at sample center (~1.6 effective strain) for samples compressed at a strain rate of 0.001/s and temperatures of (a) 755 K
(482 �C), (b) 811 K (538 �C), (c) 866 K (593 �C), and (d) 922 K (649 �C).
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811 K (538 �C) with a strain rate of 0.1/s exhibited
100 pct recrystallization at an effective strain of 1.6 and
13 pct at an effective strain of 0.35 (Figures 6(e) through
(h)). All other samples exhibited dynamically recrystal-
lized fractions and grain sizes that were in between these
two samples, depending on their processing parameters.
With respect to the effect of carbides on the recrystal-
lization behavior of the samples, it was seen here that
samples with lower apparent area fractions of carbides
also exhibited higher fractions of dynamic recrystalliza-
tion.

A. Development of an Analytical Model from the Data

Since the trends from the data collected from the
EBSD profiles were well formed, the deformation

response of 9310 steel at temperatures below AC1 could
be modeled using a set of analytical equations. These
equations effectively relate the resulting microstructure
to both the processing parameters and the physical
presence of carbides within the microstructure during
deformation.
The Zener–Holloman parameter, Z, defined in Eq. [1]

has been widely used for modeling of high-temperature
deformation and relates the processing parameters
[strain rate, _�e, and temperature, T (K)]; the activation
energy for hot deformation, Q; and the ideal gas
constant, R. Previous work on 9310 steel[20] has shown
that the value for Q should be approximately �428.5 kJ/
mol. To account for the effect of carbides on the
microstructural changes that occur during deformation,
the S parameter was derived to describe the area fraction

Fig. 5—Samples compressed at 866 K (593 �C) with a strain rate of 0.1/s (a) through (c) and at 755 K (482 �C) with a strain rate of 0.001/s (d)
through (f). Effective strains for the listed images are: (a) 0.32, (b) 1.34, (c) 1.55, (d) 0.35, (e) 0.82, and (f) 1.55. Insets show 20,0009 magnifica-
tion images from each region, highlighting the carbide distribution. Scale bar on insets = 3 lm.
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of carbides (or ‘‘saturation’’ of carbides) as a function of
the processing parameters; where e is the accumulated
effective strain. Since the area fraction of carbides
influenced both the recrystallized volume fraction and
the size of the recrystallized grains in the deformed
microstructure, the S parameter was incorporated in the
microstructural models. Equation [3] describes the crit-
ical effective strain, ecrit, required for dynamic recrystal-
lization to begin in terms of the carbide saturation and
the initial grain size, d0. The effective strain required for
50 pct dynamic recrystallization, e0:5, shown in Eq. [4]

was also modified to include the effects associated with
the carbide area fraction and initial grain size. Equation
[5] reveals the expression used for relating the fraction of
recrystallization, Xdrx, to the set of processing parame-
ters. Finally, Eq. [6] describes the average circle equiv-
alent diameter of the dynamically recrystallized grains,
ddyn, in terms of the initial grain size, the accumulated
effective strain, and the carbide area fraction. The set of
material-specific constants and exponents, A, m, n, a, b,
and k were back calculated against the experimental data
using the numerical solver Engineering Equation Solver.

Fig. 6—Microstructural gradient as shown by EBSD for samples compressed at 922 K (649 �C) with a strain rate of 0.001/s, (a) through (d), and
at 811 K (538 �C) with a strain rate of 0.1/s, (e) through (h). Approximate effective strains shown for both samples are: (a)/(e) 0.35, (b)/(f) 0.80,
(c)/(g) 1.3, and (d)/(h) 1.6.
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A min/max function was called such that the mean bias
error was minimized between the data points and the
model functional equations while solving for the con-
stants. Mean bias error was defined as the numerical
average difference between an empirical data point and
the model prediction for that data point. Multiple
iterations were conducted such that the solver was able
to converge on the best fitting material-specific con-
stants. Global constants for Eq. [2] were back calculated
first, since this term was needed to fit the other equations.
Once Eqs. [3] and [4] were solved, 5 and 6 could finally be
determined as well. The constants were then verified by
comparing the degree of agreement, in trend and bias,
between the model equation and the experimental data.

Z ¼ _�e � exp � Q

RT

� �
; ½1�

S ¼ A1e
m1Zn1 ; ½2�

ecrit ¼ A2d
a1
0 S

m2 ; ½3�

e0:5 ¼ A3d
a2
0 S

b1 ; ½4�

Xdrx ¼
1

2
1þ erf

e� A4e0:5ð Þ
b2 � Sm3 � T � _�en2
� �k

 ! !
; ½5�

ddyn ¼ A5d
a3
0 em3Sn3 : ½6�

For the double-cone samples tested as part of this
investigation, the resulting equations that describe the
dynamic recrystallization response in 9310 steel are shown
below; which are valid for effective strains exceeding ecrit
up to approximately 1.65, and temperatures below AC1

[approximately 966 K (693 �C)] andabove themartensite
start temperature, Ms [approximately 658 K (385 �C)],
for strain rates between and including 0.001 and 1/s.

Z ¼ _�e � exp � Q

RT

� �
; ½7�

S ¼ 1:278e�0:2382Z�0:05488; ½8�

ecrit ¼ 0:8826d�0:52090 S�0:1639; ½9�

e0:5 ¼ 0:6007d�0:021770 S�0:1939; ½10�

Xdrx

¼ 1

2
1þ erf

e� 0:9505e0:5ð Þ
0:0003757 �S�0:07908 �T � _�e�0:171
� �1:003
 ! !

;

½11�

ddyn ¼ 0:5277d0:78470 e�1:41S0:2031: ½12�

Results from the cylindrical compression samples
were used to validate the microstructural model predic-
tions. The resulting EBSD scans on the cylindrical
samples generated profiles with features similar to that
of the double-cone samples. Grains would progressively
elongate radially in a direction perpendicular to the
applied stress before significant subgrain rotation
occurred and finally evolved into continuously dynam-
ically recrystallized grains at higher levels of strain. The
cylindrical compression samples were, however, more
homogeneously deformed due to the smaller strain
gradient across the midline. A typical EBSD profile
for the cylindrical compression samples is shown in
Figure 7. These results show that during deformation of
9310 at 922 K (649 �C) with a strain rate of 0.1/s, the
onset of dynamic recrystallization occurs at a strain of
approximately 0.3 and becomes visually significant at
effective strains of 0.6. Evidence of significant disloca-
tion recovery can be observed within the original
grains in the form of intragranular misorientations
(Figures 7(a) and (b)). As the level of strain increases to
1.5, the subgrains continue to rotate and eventually

Fig. 7—Microstructural gradient as shown by EBSD of cylindrical
compression sample compressed at 922 K (649 �C) and a strain rate
of 0.1/s. Effective strains at the different locations are: (a) 0.73, (b)
1.10, and (c) 1.50.
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form discrete continuously dynamically recrystallized
grains (Figure 7(c)).

Cylindrical samples that were heat treated at 649 �C
for 4 hours prior to deformation exhibited a negligible
amount of grain growth, but contained carbide area
fractions of 11 pct. The appearance and fraction of these
carbides found in the heat-treated samples were nom-
inally identical to those quantified in the double-cone
sample that was compressed at 922 K (649 �C) with a
strain rate of 0.001/s in a region where the effective
strain was approximately 0.35. In the cylinders, this area
fraction was approximately 11 pct, compared to the
12 pct measured within the 0.35 effective strain region in
the double cone. Interestingly, the dynamic recrystalli-
zation kinetics were accelerated as a result of the pre-
deformation heat treatment and were able to obtain
100 pct dynamic recrystallization at an effective strain of
1.5, regardless of the deformation temperature and
strain rate. The recrystallized grain sizes were on average
between 7.2 and 8.4 lm in regions of approximately 0.73
effective strain for samples compressed at 922 K
(649 �C) with a strain rate of 0.1/s, 866 K (593 �C) with
a strain rate of 0.01/s, and 811 K (538 �C) with strain
rate of 0.001/s. Average recrystallized grain sizes for
nominally identical cylindrical compression samples that
were not heat treated prior to deformation ranged
between 0.8 and 2.7 lm. In regions with an effective
strain of 1.5, the recrystallized mean grain size in the
pre-heat treated cylindrical samples ranged from 1.2 to
1.5 lm; whereas the cylindrical samples that did not
receive heat treatment before deformation had a range
of 0.8 to 1.2 lm. The observed differences in the average
size of dynamically recrystallized grains also correlated
with the carbide area fractions, wherein samples with
larger carbide area fractions typically exhibited larger
dynamically recrystallized grains.

Figure 8 displays the fraction of dynamically recrys-
tallized grains vs the effective strain for the processing
parameters studied. Increasing both the strain rates and
processing temperature accelerated the recrystallization

kinetics, although the strain rate was more influential on
the results. For example, samples deformed with strain
rates of 0.1/s at any processing temperature typically
reached 100 pct dynamic recrystallization after exceed-
ing an effective strain of 1.3 to 1.6. Conversely, samples
compressed using a strain rate of 0.001/s only ap-
proached recrystallization area fractions of approxi-
mately 75 pct even well after exceeding this same level of
effective strain. Increasing the temperature at a given
strain rate was shown to slightly reduce the amount of
effective strain required to produce equivalent levels of
dynamic recrystallization. A comparison of the dynam-
ically recrystallized grain size as a function of effective
strain for the various deformation processing parame-
ters is shown in Figure 9. Consistent with the model
predictions, the largest dynamically recrystallized grains
were typically produced following deformation at a
strain rate of 0.001/s with temperatures of 922 K or
866 K (649 �C or 593 �C). The models developed in this
investigation account for the changes in carbides occur-
ring during deformation at temperatures below AC1 and
accurately capture the trends for both the volume
fraction recrystallized and the size of the recrystallized
grains.

IV. DISCUSSION

The unique geometry of the double-cone compression
samples allows microstructural data to be correlated to
strain at an accelerated rate, as a controlled strain
gradient exists within the sample following deformation.
For the purposes of this study, the strain gradient was
utilized to determine and quantify the extent of dynamic
recovery and recrystallization during deformation of
9310 steel at temperatures below AC1 where the micro-
structure comprises carbides and ferrite. Within the
ferrite phase, dynamic recovery was observed to occur
both prior and following dynamic recrystallization
(Figures 6(a) and (b), (e) through (f), and in Figure 7(a)).

Fig. 8—Comparison of predictions of the fraction recrystallized with experimental data points shown as a function of effective strain.
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Intragranular misorientations, which form as a result
of dynamic recovery and the formation of DDWs, were
observed at both low and high strains. When the
effective strains exceed 0.7, CDRX becomes visually
apparent in the EBSD images (Figures 6(b), (f) and
7(a)). Consistent with previous studies,[20] subgrain
rotation continues during deformation until the bound-
ary misorientations reach the specified critical misori-
entation of 15 deg at which point they were defined as
being newly formed ferrite grains. This effect was
accelerated significantly by increasing the strain rate
used for compression, and can then be marginally
enhanced further by raising the temperature of com-
pression. At effective strains exceeding approximately
1.3, CDRX becomes the dominant mode by which the
microstructure accommodates strain as dislocations
continue to pile up along the subgrain boundaries.
Once the majority of the structure has been dynami-
cally recrystallized, further grain refinement becomes
difficult and slows down (Figures 8 and 9).

During deformation of the 9310 steel samples at the
range of temperatures and strain rates investigated, the
area fraction of carbides was seen to decrease as the
effective strain increased. The area fraction of carbides
was also affected by the processing parameters. Similar
effects have been seen[30,31] in pearlitic steels where
superplastic deformation was reported to lead to dis-
persion of cementite in areas of high strain during HPT.
In these cases, adiabatic heating at the ferrite/cementite
interface resulting from the friction and high pressure
from the flow of ferrite grains caused local phase
instabilities[32,33] and wear. This resulted in the dissolu-
tion of elemental carbon back into the ferrite matrix via
the forming dislocation network present in the ferrite. In
the present work, it was seen that samples which were
exposed to a forging temperature for shorter times
during compression, thereby exhibiting lower area

fractions of carbides, had smaller recrystallized grain
sizes and higher recrystallized fractions than their lower
strain rate counterparts. Increasing the deformation
temperature resulted in larger recrystallized grain sizes
for a given strain rate and accelerated recovery mech-
anisms which required higher levels of effective strain to
fully recrystallize the microstructure. The physical
presence of carbides was also shown to effect both the
size of the dynamically recrystallized grains and the
fraction of dynamic recrystallization that occurs in the
system.
As the area fraction of the carbides was found to clearly

impact the recrystallization kinetics, microstructural
models for the recrystallization volume fraction and grain
size weremodified to account for the presence of carbides.
The analytical expression presented in Eq. [2] was derived
from the SEM observations and describes the approxi-
mate area fraction of carbides or visible cementite as a
function of the deformation conditions. The S, or carbide
‘‘saturation,’’ parameter was incorporated into the ana-
lytical expression used to predict size of the dynamically
recrystallized grains[34,35] (Figure 9), without changing
the form of the equation. As such, the predicted dynam-
ically recrystallized grain size scales with the area fraction
of carbides visibly present in the system; which is
consistent with the correlations seen from both the SEM
and EBSD observations. The analytical expression used
for predicting the fraction of recrystallization, which
normally takes the form of an Avrami equation,[15,36] was
also modified to incorporate the S parameter. Typical
forms of this equation are extremely useful for single-
phase systems but due to the interaction between the
ferrite matrix and the carbides, a more adaptive form was
required. This analytical expression correctly predicts
both a close to linear curve behavior for relatively low
strain rates and the transition into a clear sigmoidal shape
as the strain rate increases (Figure 8). In addition to the

Fig. 9—Comparison of predicted average dynamically recrystallized grain size with experimental data points shown as a function of effective
strain.
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strain rate effects, the model also correctly predicts that
increasing the temperature of deformation will margin-
ally enhance the fraction of recrystallization due to the
increased recovery that will be present in the ferrite
matrix.

V. CONCLUSIONS

From the results of this investigation, the following
can be concluded:

� Deformation of 9310 steel to effective strains exceed-
ing approximately 1.3 at temperatures below AC1

and strain rates not slower than 0.001/s result in dy-
namic recrystallization and the formation of a sub-
micron grain structure.

� The initial bainitic microstructure of 9310 steel
transforms into ferrite and carbides at the deforma-
tion temperatures. The physical presence of carbides
influences the mechanisms that form the resulting
post-deformation microstructure by providing more
opportunities to pin dislocations and assist in sub-
grain formation when they are not in a coarsened
state.

� Heat treatment prior to deformation modified the
fraction of carbides in the microstructure and accel-
erated the dynamic recovery and recrystallization
kinetics. Although fully recrystallized microstruc-
tures were obtained regardless of processing condi-
tions at effective strains of approximately 1.5, the
average recrystallized grain size of the heat-treated
cylindrical samples after deformation was larger
when compared to their non-heat-treated counter-
parts.
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