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Specimens from split Hopkinson pressure bar experiments, at strain rates between ~1000–9000 s−1 at room
temperature and 500 °C, have been studied using electron backscatter diffraction. No significant differences in
the microstructures were observed at different strain rates, but were observed for different strains and temper-
atures. Size distribution for subgrains with boundary misorientations N2° can be described as a bimodal lognor-
mal area distribution. The distributions were found to change due to deformation. Part of the distribution
describing the large subgrains decreasedwhile the distribution for the small subgrains increased. This is in accor-
dance with deformation being heterogeneous and successively spreading into the undeformed part of individual
grains. The variation of the average size for the small subgrain distribution varies with strain but not with strain
rate in the tested interval. The mean free distance for dislocation slip, interpreted here as the average size of the
distribution of small subgrains, displays a variation with plastic strain which is in accordance with the different
stages in the stress-strain curves. The rate of deformation hardening in the linear hardening range is accurately
calculated using the variation of the small subgrain size with strain.

© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Understanding the relation between the mechanical properties and
the microstructure is a cornerstone for most of the process steps in
the metal manufacturing industry [1–3]. One of the more challenging
areas is to understand the microstructural development for high veloc-
ity and high temperature processes such as metal cutting and rolling.
For machining simulations this knowledge is important to be able to
model the mechanical behavior. During machining the strain rate is in
the range of 103 to 106 s−1 and the homologous temperature is in the
range 0.16–0.9 [4]. To simulate high strain rate processes, a commonly
used approach is split Hopkinson pressure bar (SHPB) tests [5]. The de-
velopment in the research field of modeling plastic deformation has
been intimately related to development of analytic tools such as X-ray
diffraction, scanning and transmission electron microscopy (SEM and
TEM, respectively), and electron backscatter diffraction (EBSD) [6–12].

Whenmodeling theflow stress,σ, during plastic deformation by dis-
location slip the following equation is commonly used [13–16]:

σ ¼ σath þ σ th þmαGb
ffiffiffi
ρ

p ð1Þ

where σath is the contribution of all athermal hardening mechanisms
sandvik.com (T.M. Grehk),

. This is an open access article under
(except deformation hardening) and σth is all contributions from ther-
mally activated deformation mechanisms (except cross slip), e.g.
bypassing solute atoms [16], to the flow stress, m is the Taylor factor,
α is a proportionality factor, G is the shear modulus, b is Burgers vector
and ρ is the dislocation density.

According to Bergström [15], the variation of ρwith plastic strain, εpl,
can be described by:

dρ
dεpl

¼ m
bL

−Ωρ ð2Þ

where L is the mean free distance for dislocation slip and Ω is a param-
eter for remobilization and/or annihilation of dislocations. Ω increases
with increasing temperature and decreasing strain rate. The first term
in Eq. (2) describes generation of dislocations and the second the recov-
ery of dislocations. Recovery involves cross slip and dislocation climb.
The inverted value of L is a function of ρ and grain size dg [14]:

1
L
¼ f

ffiffiffi
ρ

p
;
1
dg

� �
ð3Þ

L is proportional to the grain diameter at low values of ρ. At higher
levels of ρ, L is proportional to 1=

ffiffiffi
ρ

p
, and thus to the subgrain size, dsub.
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Table 1
Chemical composition of 316L (weight-%).

C N Si Mn P S Cr Ni Mo V

0.015 0.055 0.18 1.52 0.026 0.028 16.58 9.82 2.17 0.050
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Bergström also derived a relationship for the strain dependence of L
in single-phase metals [15]:

L εð Þ ¼ Lf þ Li−L f
� �

∙e−κε ð4Þ

where Li and Lf is the initial and final mean free distance for dislocation
slip respectively, and κ is a rate constant determining the rate at which
L(ε) goes from Li to Lf.

Bergström, Granbom and Sterkenburg [17] later proposed a disloca-
tion based theory for deformation hardening behavior of DP steels. This
theory states that the plastic deformation process in the ferritic grains is
inhomogeneous, starting near the grain boundaries and propagating to-
wards the center of the grains with increasing strain. Furthermore, the
martensitic phase is only assumed to deform elastically while the total
fraction of ferrite, f0, is divided into one active fraction, factive, and one in-
active fraction, fin-active. The active fraction deforms both elastically and
plastically whilst the inactive fraction only deforms elastically. Initially
factive is much smaller than fo but increases towards fo with increasing
strain. A relationship between the active fraction of ferrite and the strain
was proposed:

f active εð Þ ¼ f 0 þ f i− f 0ð Þ∙e−rε ð5Þ

where fi is the initial active volume fraction of ferrite taking part in the
deformation process and r is a material parameter which controls the
formation rate of factive.

The grain size distribution is also important for themechanical prop-
erties of polycrystallinematerials [18]. Assuming that the grain areas, A,
in a planar section are lognormal distributed [19–21], the distribution
function (DF) y, and the cumulative distribution function (CDF) Y, are:

y ln Að Þð Þ ¼ c

s
ffiffiffiffiffiffi
2π

p exp −
ln Að Þ− ln Ag

� �� �2

2sg2

2
64

3
75 ð6Þ

Y ln Að Þð Þ ¼ c
2

1þ erf
ln Að Þ− ln Ag

� �
sg

ffiffiffi
2

p
0
@

1
A

2
4

3
5 ð7Þ

where erf(x) is the error function, c is a fitting parameter (equals one
for the normalized distribution), sg2 the variance of ln(A) and �Ag the geo-
metric mean grain area. The arithmetic mean, �A;and variance, s2, for the
grain area are then given by:

A ¼ e ln Agð Þþs2g=2 ð8Þ

s2 ¼ es
2
g−1

� �
e2 ln Agð Þþs2g ð9Þ

By using high angle boundaries (HABs) during grain detection dg can
be determined from the CDFs and by using low angle grain boundaries
(LABs) dsub and L can be determined.

In this article, we focus on the microstructure development depen-
dence on strain and strain rate and its relation tomechanical properties.
The study covers samples deformed during compression tests conduct-
ed at room temperature (RT; in this study measured to 22 °C) and
500 °C at different strain rates in the range 1000–9000 s−1 performed
by Wedberg and Lindgren [22]. The microstructure of stainless steel
316L samples deformed using SHPB test was characterized and com-
pared to the undeformed microstructure using EBSD technique. The
characterization includes determination of values for dg and dsub using
standard methods and also by analyzing the size distributions and cal-
culation of the Taylor factor. The aim of this study is to improve the un-
derstanding of the deformation mechanisms during high strain rate
processes and to aid in themodeling of themechanical properties by de-
termining valuablematerial parameters and relating these to the stress-
strain curves.
2. Materials and Experimental Methods

2.1. SHPB Experiment

A detailed description of the SHPB experiments is given in [22] and
the equipment is described in [23]. The starting material was a solution
annealed ASTM 316L alloy supplied by Sandvik AB. The chemical com-
position are provided in Table 1. Each sample had a cylindrical form
with the dimensions adjusted to give the desired strain and strain rate.

ASTM 316L contains a small fraction of ferrite and the original steel
contained about 0.25% as determined by magnetic balance measure-
ments. Samples deformed at RT contained some extra deformationmar-
tensite and a level of around 1–1.2% was measured. At higher
temperatures the ferritic levels are the same as for the annealed starting
material (around 0.25%) [22].

During the experiment the sample was heated using a furnace locat-
ed beside the bars. The sample was extracted from the furnace a couple
of microseconds before the stroke. During deformation, part of the me-
chanical energy was transferred to heat causing the temperature of the
sample to further increase. After the stroke the sample was air cooled.

In order to improve the readability of the paper a shorthandnotation
is used for the experimental parameters in the SHPB experiment, with
the symbol S(ε, r,T), where S stands for sample, ε for true strain, r for
true strain rate ( _ε) and T for the temperature in degrees Celsius before
the stroke. A summary of the parameters together with the shorthand
notation is given in Table 2.

The Tmax in Table 2 was calculated by assuming adiabatic heating
conditions using the following relation:

dT
dεpl

¼ η
D∙Cp

∙σ→Tmax ¼ Tin þ η
D ∫

ε

0

σ
Cp

dεpl ð10Þ

where D is the density, Cp the specific heat, εpl the plastic strain, η the
heat transformation efficiency (i.e. the part of the mechanical energy
which was transferred to heat and this value was set to 0.9), and σ the
true stress. Cpwas calculatedusing ThermoCalcwith the TCFE5 database
down to 400 °C. Cp data for lower temperatures were obtained by ex-
trapolation using a second degree polynomial which was fitted to the
high temperature data. The integration was carried out over the com-
pression curves presented below. The temperature increase is highest
at low temperatures.

2.2. Sample Preparation and EBSD Data Acquisition

The EBSD samples were prepared in such a way that a longitudinal
section through the center of the sample, in the load direction, was me-
chanically grinded and oxide polished. The microstructure was charac-
terized using a Zeiss Ultra 55 FEG-SEM equipped with an Oxford
Instrument HKL Nordlys F EBSD detector. The EBSD data was acquired
using the Flamenco software included in the Channel 5 software or
the AZtec software, both from Oxford Instruments. The SEM- and
EBSD settings, see Table 3, were all optimized concerning spatial resolu-
tion and signal strength for examination of heavily deformed
microstructures.

2.3. Analytical Procedures for Data Cleaning, Boundary Definitions and Size
Measurements

For most post-processing of the EBSD data, generation of maps and
an inverse pole figure, the programs Tango and Mambo included in



Table 2
Summary of the experimental parameters in the SHPB tests.

Short hand notation Tin
(°C)a

Tmax

(°C)a
Strain Strain rate

(s−1)

S(ε0.17,r940,T22) 22 50 0.17 940
S(ε0.65,r1167,T22) 22 180 0.65 1167
S(ε0.52,r3001,T22) 22 155 0.52 3001
S(ε0.63,r5876,T22) 22 187 0.63 5876
S(ε0.69,r9102,T22) 22 211 0.69 9102

S(ε0.15,r822,T500) 500 512 0.15 822
S(ε0.57,r3002,T500) 500 561 0.57 3002
S(ε0.61,r5617,T500) 500 573 0.61 5167
S(ε0.70,r8838,T500) 500 587 0.70 8838

a Tin is the temperature before the impact, and Tmax is the maximum final calculated
temperature directly after the stroke.
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the Channel 5 software were used. The grain size distribution calcula-
tions were performed using Matlab.

2.3.1. Data Cleaning
A careful noise reduction of the EBSD data was performed prior to

the EBSD analysis. Wild spikes, i.e. isolated points which have been in-
correctly indexed, were replaced with copies of neighboring points.
Zero solutions were also replaced by using copies of neighboring points
if the requirement of a minimum of 5 indexed nearest neighbors was
met. This replacement of zero solutions was conducted not more than
three times and the reduction was not allowed to exceed 10% of the an-
alyzed data points.

2.3.2. Grain and Subgrain Detection
Grain detection was performed using the grain area determination

routine in Tango. No border grains were included. Boundaries with a
misorientation of N10° were used for measurements of grain size dg
and boundaries with a misorientation of N2° were used when the size
of subgrains dsubweremeasured. The option to trace incomplete bound-
aries was used down to 5° for grains and down to 0° for subgrains. This
means that boundaries which do not extend completely to meet each
other, due to changes in themeasuredmisorientation along the bound-
ary length to below the defined grain boundary angle misorientation,
are extrapolated using a reduced misorientation angle.

2.3.3. Grain and Subgrain Size Distribution
By using the equation:

Y ln Að Þð Þ ¼ ∫ ln Að Þ
0 y∙dln Að Þ ¼ ∫ ln Að Þ

0
y
A
∙dA ¼ ∫

ln πd2g=4ð Þ
0

2y
dg

∙ddg ð11Þ

the experimental CDFswere obtained from themeasured frequencies, y
(number per μm2), for grains and subgrains with size dg and dsub
respectively.
Table 3
SEM- and EBSD settings used during EBSD data acquisition.

SEM settings Accelerating voltage: 25 kV
Aperture size: 60 μm
Working distance: 12 mm
Step size: 0.2 μm

EBSD settings EBSD camera binning mode: 2 × 2
Hough resolution: 60
Phases for acquisition: Iron fcc, Iron bcc
Band detection mode: Centers
Number of bands detected: Flamenco: 3–5, AZtec: 10
Number of reflectors: Flamenco: 32, AZtec: 32 fcc, 27 bcc
2.3.4. Grain and Subgrain Size Evaluation
Two different approaches to determine the size, evaluated as the

equivalent circle diameter, were compared. First, by using the grain
area detection routine in Tango with grains, dg(10pix), or subgrains
dsub(10pix) smaller than 10 pixels excluded during size calculations [24].
Second, byfitting the experimental area distributions to two log-normal
distributions, representing small and large grains or subgrains respec-
tively, and then combining these to a total bimodal distribution. The
separate distributions give the average size for small, d(small), and
large, d(large), grains or subgrains and the total bimodal distribution
gives the total average value d(tot). The grain and subgrain size was de-
termined with twin boundaries (TBs) included during grain detection.
TBs were included for two reasons. First, the former annealing twins
in the deformed samples were partly too distorted by deformation to
meet the twin definition (amisorientation of 60° about a 〈111〉 direction
with an allowed deviation of 5°). Second, even if coherent TBs are not as
effective for obstructing dislocation movements as HABs [25], they are
expected to offer substantial obstacles due to changes in the resolved
shear stress and loss of coherency [26]. To include TBs thus improves
the estimation of the mean free distance for dislocation slip, L, both at
low strains where L is proportional to dg(tot) and also at higher strains
where L is proportional to the dsub(small).

2.3.5. Taylor Factor
Calculation of the Taylor factor for every pixel was performed using

the Open component in Tango.

3. Results and Discussion

3.1. Overview of the Microstructures

Maps of the microstructure of the undeformed sample are shown in
Fig. 1. A few representative deformed samples selected to show general
trends occurring during the process are shown in Figs. 2 and 3. In all
EBSDmaps shown in this paper the load direction is parallel to the ver-
tical axis of the maps (the horizontal axis is in the sample radial direc-
tion). The load direction is also used to display orientation in the
inverse pole figure (IPF) coloredmaps. The black areas in the maps rep-
resent regionswhere it is impossible to collect useful electron backscat-
ter patterns (EBSP) mainly due to the severity of the plastic
deformation.

Themicrostructure for the undeformed sample in Fig. 1 shows grains
with slightly bent HABs and straight annealing TBs. A slight dominance
for the texture component 〈112〉 parallel to the rolling direction, which
equals the compression direction, is noticed in the undeformed sample
when analyzing a larger map area.
Fig. 1.The undeformedmicrostructure illustrated by an IPF coloredmapwithHABs (N10°)
and TBs (60° 〈111〉) superimposed as black and red lines respectively.



Fig. 2. IPF colored maps for the samples deformed at RT and strain rate 1000 s−1 (a) and 9000 s−1 (b) and at 500 °C and strain rate 6000 s−1 (c) and 9000 s−1 (d). HABs (N10°) and TBs
(60°〈111〉) are superimposed as black and red lines respectively. Unindexed pixels in black.

17K. Yvell et al. / Materials Characterization 122 (2016) 14–21
The microstructures for all samples strained to ε N0.5 have a fiber
texturewith the component 〈101〉 parallel to the compression direction.
The four samples strained to ε N0.5 at RT showdeformation twins for all
tested strain rates but the former annealing TBs are too distorted to be
detected. Despite an almost 8-fold difference in the strain rate between
S(ε0.65r1167,T22) and S(ε0.69,r9102,T22), see Fig. 2a and b, there is no
apparent difference in the microstructure; the grains are heavily de-
formed and some have partly been fragmented and the larger grains
are horizontally elongated perpendicular to the compression direction.

Nor is there any distinguishable difference between the microstruc-
tures for the three samples strained to ε N0.5 at 500 °C at different strain
rates; the grain size and shape and the substructures are very similar,
see Fig. 2c and d. In comparison with the sample deformed at RT, the
Fig. 3. Boundary maps illustrating grains and substructure. HABs with misorientation (N10°) in
colored black.
samples deformed at 500 °C have a lower content of twins and a
lower degree of fragmentation for all tested strain rates.

All samples show a fiber texture with the component 〈101〉 parallel
to the compression direction. The texture component 〈111〉 dominates
over 〈001〉 at RT but at 500 °C 〈001〉 dominates over 〈111〉.

The LABs in the deformed samples tend to form planar arrays in
many of the larger grains, see Fig. 3. The direction of the arrays coincides
with the direction for the deformation TBs i.e. along the shear direction.
In some of the larger grains the LABs are mostly distributed around the
grain boundaries indicating that most of the plastic deformation is con-
centrated to the vicinity of the grain boundaries, leaving the interior of
the grains undistorted. In other large grains the LABs form a dense,
more evenly distributed network.
black, TBs (60°〈111〉) in red and LABs (N2°–10°) in light gray. Unindexed data points are
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3.2. Grain Size Evaluation Using HABs N10°

A bimodal lognormal distribution function was found to give a good
fit to the experimental distribution for the undeformed sample when
using HABs N10° during grain detection. In Fig. 4 the experimental
CDF is shown together with the fitted lognormal CDFs for large and
small grains separately and the total bimodal distribution. The CDFs
are presented as (Ymax-Y) plotted versus the grain size. Ymax is defined
as:

Ymax ¼ ∫∞0y∙dln Að Þ ð12Þ

The advantagewith representing the CDF in term of (Ymax-Y) accen-
tuates the fraction of large grains in the plot. When fitting the two func-
tions to the experimental data, first the data for large grain diameters,
above 10 μm for the undeformed case, was used. The fitting parameter
c, in Eqs. (6) and (7), was then fixed for this distribution and c for the
second distribution was set so that the sum of the two c values, for the
large and the small grain size distributions, equals Ymax. Then sg and �Ag

were optimized for both distributions omitting values for grain sizes
smaller than 10 pixels. Despite omitting grains smaller than 10 pixels
the fitted distribution function closely follows the experimental distri-
bution curve for grain smaller than 10 pixels, see Fig. 4 where the
limit for 10 pixels (~0.7 μm) is shown by a dash dotted line.

The grain size evaluated using 10 pixels as a lower cut off in Tango,
dg(10pix), is close to the size of the fraction of large grains, dg(large), evalu-
ated from the CDFs; 12 μm compared to 15 μm. However, the grain size
evaluated from the total bimodal distribution is only 3.8 μm due to the
impact of the large fraction of small grains with dsub(small) equal to
1.0 μm. To use 10 pixels as a limit for the smallest grain to be included
during size calculation thus leads to an overestimation of the average
grain size.When using Eqs. (2) and (3) for sampleswith low dislocation
densities dg(tot) can be used to estimate L.

3.3. Subgrain Size Evaluation Using LABs N2°

Subgrains are assumed to play a significant role during deformation
and the evaluation of the size dsub is therefore important since it can be
used to estimate the value of L when the dislocation density ρ is high,
see Eq. (3). By using LABs with a misorientation N2° during “subgrain”
Fig. 4. Experimental and fitted CDFs for the undeformed sample. HABs N10° used during
grain detection. Step size 0.2 μm. The vertical dash dotted line is the equivalent circle
diameter of 10 pixels.
detection, a bimodal lognormal area distribution was also found to
give a good fit for the subgrains in the deformed samples. Fig. 5 illus-
trates the bimodal shape of the lognormal distribution by showing the
fitted distribution functions for the subgrain area for all samples de-
formed at RT. The distribution functions for the large subgrains is
based on a statistically very small number of subgrains for the deformed
samples, see right axis in Fig. 5, and are therefore less statistically signif-
icant. The distributions for small subgrains, left axis, are however statis-
tically significant.

The distribution function for the undeformed samples is included as
a reference. The influence of both strain rate and strain can be linked to
the increase of the numbers of small subgrains. The effect of strain can
be seen by comparing the curves for the sample strained to 0.17 and
0.65 both at a strain rate of ~1000 s−1: where the latter has a much
higher number of small subgrains.

The importance of strain compared to strain rate for controlling the
deformation process is also illustrated by comparing the peak heights
for the samples strained to ε N0.5 at 1167 s−1 and 3001 s−1 respective-
ly: where the latter has a been deformed to a lower strain and thereby
has a smaller number of small subgrains.

If the requirement, routinely used for recrystallized grains [24], of a
minimum grain size area of 10 pixels during grain size calculation is
used for deformed samples, important information for understanding
thedeformation process is lost, i.e. the information from the distribution
function on the left side of the 10 pixel line in Fig. 5 would be omitted.

Fig. 6a and b show the experimental and fitted CDFs for the
subgrains for samples deformed with different strain rates at RT and
500 °C respectively. For the sample deformed at RT the sizes of the larg-
est subgrains decrease with increasing strain rate and strain at the same
time as the number of smaller subgrains increase. For the samples de-
formed to a strain ε N0.5 at 500 °C no differences can be seen between
the subgrain distribution curves for different strain rates.

The number and average size of the subgrains evaluated in Tango
with the requirement of at least 10 pixels per subgrain (dsub(10pix)) and
the size calculated from the CDFs for the total distribution (dsub(tot))
and for the fraction of small (dsub(small)) and large (dsub(large)) subgrains
are summarized in Table 4.

The strain dependence of the mean free distance for dislocation slip
can be illustrated by using Eq. (4). The size for Li and L(ε) is taken to be
equivalent to the dsub(small) in the undeformed and deformed samples
Fig. 5. Fitted distribution functions illustrating the bimodal lognormal area distribution for
the subgrains. The legends state the strain, strain rate and temperature. The vertical dash
dotted line represents the equivalent circle diameter of 10 pixels.



Fig. 6. CDFs for samples deformed at RT in (a) and 500 °C in (b). Boundaries withmisorientation N2° used during grain detection. The legends state the strain, strain rate and temperature.
The vertical dash dotted line represents the equivalent circle diameter of 10 pixels.
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respectively. By setting Lf to 0.27 μm and 0.42 μm in the samples at RT
and at 500 °C respectively, a good fit to the experimental values is ob-
tained, see Fig. 7. The corresponding value for κ in Eq. (4) is then 5.5
and 8.0 respectively. A difference in Lf and κ due to different strain
rates as well as temperature is also expected. In the experiments a
higher strain rate is however counteracted by a higher temperature
due to adiabatic heating.

If we assume that 1/L is equal to √ρ/k and that dislocation cross slip
and climb does not occur, the second term in Eq. (2) can be omitted. It
then follows that 1/L depends linearly upon the plastic strain according
to:

1
L
¼ m

2bk2

� �
∙ε þ 1

Li
ð13Þ

In Fig. 7 we have indicated the linear parts with straight lines. The
slope of the lines corresponds to m/(2bk2) and with m = 3 and b =
0.25 nmwe obtain k=35.7 at RT and k=45.0 at 500 °C. At low strains
the dislocation density is low and thus the term describing the
Table 4
A comparison of the subgrain size evaluated for the deformed samples using the 10 pixel
cutoff or the fitted CDFs. The undeformed sample is included for comparison.

Sample Number of
subgrains

Subgrain size Subgrain size from DF

dsub(10pix) dsub(tot) dsub(small) dsub(large)

[μm] [μm] [μm] [μm]

Undeformed 98 12 2.5 0.55 13
S(ε0.17,r940,T22) 2176 1.6 0.39 0.38 19
S(ε0.65,r1167,T22) 6391 1.1 0.30 0.30 9.5
S(ε0.52,r3001,T22) 8906 1.2 0.33 0.33 12
S(ε0.63,r5876,T22) 11724 1.0 0.26 0.26 12
S(ε0.69,r9102,T22) 7277 1.0 0.27 0.27 6.8
S(ε0.15,r822,T500) 237 3.7 0.74 0.46 9.5
S(ε0.57,r3002,T500) 11155 1.3 0.44 0.44 12
S(ε0.61,r5617,T500) 10609 1.3 0.47 0.47 29
S(ε0.70,r8838,T500) 12171 1.2 0.38 0.38 15
generation of dislocations is considerably larger than the termdue to re-
covery. This justifies the use of Eq. (13) also for the data at 500 °C.

As is shown in Fig. 6, deformation gives an increase in the number of
small subgrainswhile concurrently the number of large grains decrease.
This is in line with observations that slip is heterogeneous and starts
from the grain boundaries and successively expands into the interior
of the grains [17,27]. The growing fraction of small subgrains and the
continuously decreasing fraction of large subgrains can be viewed as
the factive and finactive respectively during the deformation process. The
factive and fi in Eq. (5) are then accordingly taken as the fraction of
small subgrains in the deformed and undeformed samples respectively.
Fig. 7. Illustration of the strain dependence of themean free distance for dislocation slip, L,
using the average size from the CDF for the fraction of small subgrains as a measure of L.



Fig. 9. The influence of strain on the average Taylor factor at RT and 500 °C.
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The finactive can be calculated as (1 − factive) since this is a single phase
alloy. Eq. (5) can then be rewritten as:

f inactive εð Þ ¼ 1− f ið Þ∙e−rε ð14Þ

In Fig. 8 the area fraction of large subgrains evaluated at RT and
500 °C is compared to the relation given by Eq. (14). The evaluated
area fractions at large strain are based on a statistically very small
amount of grains and the uncertainty of the values is large and thus
more experiments at lower strains are needed to get a better test of
the validity of the proposed relation.

3.4. Taylor Factor

The Taylor factor, m, relates the minimum value of the resolved
shear stress, τc, needed to initiate slip, to the yield stress, σγ, according
to σγ = m τc [28]. The Taylor factor increases with increasing strain as
shown in Fig. 9. Both at RT and 500 °C themain fiber texture component
is 〈101〉 parallel to the compression direction and minor components
are 〈111〉 and 〈001〉. At RT 〈111〉 dominates over 〈001〉while the oppo-
site is observed at 500 °C. This gives a stronger variation ofmwith strain
at RT in comparison to 500 °C.

3.5. Flow Stress

The stress-strain curves in Fig. 10 shows the influence of strain rate
on the stress-strain curve from the SHPB tests performed at RT and at
500 °C [22]. The behavior at RT can bedescribed in terms of three stages:
a transition between elastic and plastic deformation, followed by linear
work hardening up to ε ~ 0.25, and finally a region with decreasing rate
of work hardening. The transition between the second and third region
marks the onset of cross slip [29]. The exact onset of cross slip is howev-
er obscured by the softening caused by adiabatic heating. In the linear
work hardening stage the flow stress curves are shifted to higher values
with increasing strain ratewhile maintaining a constant hardening rate.
One possible explanation is that dislocation slip over short range bar-
riers, such as solute atoms, is facilitated by thermal activation [16]; the
available time to pass the barrier shortens due to increased strain rate
which in turn causes the flow stress to increase.

The stress-strain curves for samples deformed at 500 °C do not show
regions of linear work hardening after the initial transient, but rather a
continuously decreasing rate of hardening. This can be explained as a
Fig. 8. Illustration of the strain dependence of the area fraction of large subgrains at RT and
500 °C.
consequence of an earlier development of a constant and larger
subgrain size, L, with strain as seen in Fig. 7, cf. Eqs. (1) and (2). This is
due to easier cross slip at the higher temperature owing to a higher
SFE [30] and as cross slip is a thermally activated process [31,32].

The increase in flow stresswith increasing strain rate is not reflected
by changes in the microstructure at RT and 500 °C.

The extent of the linearwork hardening region is in good agreement
with the linear regions obtained for 1/L aswas shown in Fig. 7. Again as-
suming 1/L proportional to √ρ, neglecting the second right hand term in
Eq. (2) and using Eq. (13) in Eq. (1), the flow stress in the linear part is
proportional to the strain according to:

σ∝
m2αG
2k

∙ε ð15Þ
Fig. 10. Stress-strain curves from the SHPB tests performed on 316L by Wedberg and
Lindgren [22]. The legends describe the strain (ε), strain rate (r), and temperature (T)
for the test samples (S). The straight black lines show the hardening rates as obtained
from Eqs. (13) and (15), dashed line for RT and solid line for 500 °C.
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The slope,m2αG/2k, can be calculated using the k values given from
Fig. 7, putting α to 0.2 [33] and calculating the shear modulus according
to Frost and Ashby [34]:

G ¼ 81000∙ 1−0:85∙
T K½ �−300

1810

� �
ð16Þ

The slopes corresponds to 2048 MPa at RT and 1260 MPa at 500 °C.
In Fig. 10 we have included lines with these slopes and as is seen they
match the flow stress curves very well in the linear parts.

The observed difference of the Taylor factor at RT and 500 °C, see Fig.
9 above, gives only a minor contribution to the difference in flow stress,
cf. Eqs. (1) and (2).

4. Conclusions

• No changes due to strain rate, at constant temperature, have been ob-
served in the microstructure. Only changes in strain gave significant
differences.

• A bimodal lognormal size distribution was found to describe the size
distribution for both grains in an undeformed sample and for
subgrains in all samples.

• The increase of the fraction of small subgrains with strain while the
fraction and size of large subgrains decrease with strain is in accor-
dancewith proposedmodels for heterogeneous slipwithin the grains.
The average size of the small subgrains was found to vary with strain
and temperature in a way which conforms very well to the shape of
the stress-strain curves.

• The hardening rate in linear parts of the stress strain curves was accu-
rately described using values obtained from the variation of 1/L with
strain.
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