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The present work addresses the effect of three high-temperature deformation modes, namely,
torsion, uniaxial compression, and plane strain compression, on flow stress vs. strain curves, as
well as on post-dynamic and static recrystallization of 316Nb austenitic stainless steel. Using a
Hosford criterion instead of the classical von Mises criterion enables a unified description of the
stress—strain curves obtained under different loading modes. This work also revealed that the
loading mode had no significant effect on post-dynamic and static recrystallization phenomena.
The amount of niobium atoms in solid solution might be preponderant in the control of

recrystallization of 316Nb.
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I. INTRODUCTION

THE need of control of recrystallization is more and
more important in the forging industry in order to
optimize mechanical properties of structural compo-
nents. Classical open-die forging mainly relies on
compression-dominated deformation modes. On the
other hand, laboratory tests used to characterize recrys-
tallization during (or after) hot deformation use a
variety of mechanical loading modes such as torsion,
uniaxial compression, and plane strain compression.
Transferring current knowledge from laboratory tests to
industrial applications may thus involve a major change
in loading mode. It is therefore of utmost importance to
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understand how the loading mode both impacts the
values of flow stress and the recrystallization kinetics of
metal alloys, which is still an open question in the case
of hot deformation of austenitic stainless steels.

A. Current Knowledge About the Relationships Between
the High-Temperature Loading Mode and the Flow Stress

In order to compare flow stress vs. strain curves
determined under different deformation modes, scalar
equivalent stresses and strains are needed. The way these
equivalent stresses and strains are calculated can influ-
ence the results of the comparison. Many authors used
von Mises equivalents but the von Mises yield criterion
is only a particular case, even for isotropic materials.

Many authors reported that uniaxial compression
tests led to higher flow stress values than torsion tests,
for a given value of equivalent strain. Namely, Gavard!"!
compared hot torsion and hot compression stress—strain
curves of a high-purity 304L-type austenitic stainless
steel. He showed that at given von Mises equivalent
strain, the von Mises flow stress was higher in compres-
sion than in torsion. Weiss et al.'”! compared torsion,
compression, and tension flow curves for several mate-
rials using von Mises equivalent stresses and strains.
They showed that the flow stress was always lower under
torsion loading than under compressive and tensile
loading. They also showed that equivalent strain levels
corresponding to peak stresses and to the steady-state
stress plateaus were lower under tension and under
compression than under torsion. Thomas®® compared
hot torsion and hot compression von Mises-based flow
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curves of nickel base alloy 718. He showed that the flow
stress was higher under compression by 8 to 10 pct. than
under torsion. He attributed this difference to a change
in the Taylor coefficient due to texture evolution during
the tests. However, for low amounts of strain, no
deformation-induced texture is expected to significantly
develop. Tome er al™ deformed oxygen-free high
conductivity (OFHC) copper under tension, compres-
sion, and torsion at room temperature up to a von Mises
equivalent strain close to 1. They reported significant
differences in flow stress between torsion and tension
curves, when plotted using von Mises equivalent stresses
and strains. They considered significant contributions
from differences in work hardening, from departure of
the experimental yield criterion from the ideal von Mises
criterion, and from texture development. Zhou et al.l”’
applied a mean field viscoplastic self-consistent defor-
mation and recrystallization model on pure copper.
They investigated the influence of the loading mode
(namely torsion, tension, and shear) on the flow stress
curve and on the dynamic recrystallization behavior.
They showed that the flow stress associated with shear
(representing torsion) was lower than that associated
with compression.

In summary, to the authors’ knowledge, the influence
of the stress (and strain) equivalent used in processing of
hot deformation test data into flow curves has not been
rationalized yet. This is the first aim of the present work.

B. Relationships Between the Loading Mode
and the Phenomenology of Recrystallization

Humphreys et all® reviewed the influence of the
mechanical loading on the recrystallization phe-
nomenon; only little knowledge was available then and
no simple tendency has been reported until now in open
literature. In particular, the effect of the mechanical
loading mode on post-dynamic recrystallization
(PDRX) was not explicitly found in the literature.
Therefore, only dynamic recrystallization (DRX) and
static recrystallization (SRX) are reviewed here, focus-
ing on metals and alloys possessing a face-centered cubic
(fcc) crystal structure.

Mandal et all”! compared the effect of high-temper-
ature uniaxial compression vs. plane strain compression
on the DRX behavior of a titanium-bearing austenitic
stainless steel. The loading mode had no influence on the
nucleation mechanism of DRX; yet, the kinetics of
DRX was faster under uniaxial compression than under
plane strain compression. These results were interpreted
by considering contributions of differences in disloca-
tion densities and in grain boundary mobility between
the two deformation modes, yet, without clear experi-
mental evidence. From Athreya er al'® the DRX
kinetics of pure nickel was enhanced under plane strain
compression with respect to uniaxial compression.
Using their above-mentioned model, Zhou et al.l”!
showed that dynamic recrystallization occurred at
slightly lower strains after torsion than after compres-
sion. From their curves, the difference was lower than
0.02 in strain levels (for a considered strain range up to
1) and lower than 0.05 in recrystallized fractions. They
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attributed this phenomenon to texture evolution but the
random nucleation of new grains with dynamic recrys-
tallization, as implemented in their model, tended to
cancel the effect of texture.

Concerning SRX, Lindh et al”! deformed OFHC
copper at room temperature either under uniaxial
tension or using uniaxial compression followed by
uniaxial tension. They then monitored the SRX behav-
ior using differential scanning calorimetry with a heating
rate of 10 °C.s™". They showed that an additive strain
model clearly underestimated the recrystallization kinet-
ics in the case of compression + tension loading, when
compared to the purely tensile strain path. Embury
et al' used pure aluminum cubes deformed at room
temperature in uniaxial compression, either monotoni-
cally or by rotating the compression direction by 90 deg
after every strain increment of 0.05. They measured
recrystallized fractions as a function of annealing time at
275 °C. Monotonically deformed specimens statically
recrystallized earlier than those deformed in a multi-ax-
ial way to the same amount of equivalent strain. In fact,
the degree or recovery of the latter was higher than that
of monotonically deformed specimens. However, the
kinetics of SRX was the same for both types of
specimens when compared at the same level of flow
stress. Barto and Ebert!"" cold deformed molybdenum
up to an equivalent strain ¢ = 0.3. They found that the
kinetics of SRX was fastest after tension, slower after
drawing, even slower after rolling, and slowest after
compression. They attributed this phenomenon to
differences in dislocation densities produced by various
deformation modes but they did not provide experi-
mental evidence. Athreya et al.l'” compared the effect of
cold torsion and cold rolling on SRX of nickel. They
indicated that specimens deformed under torsion recrys-
tallized faster than cold rolled ones. They attributed the
difference to a different spatial distribution of the nuclei
and of the stored energy. As a whole, there is still a lack
in literature about coupling different hot deformation
loading modes and measurements of recrystallization
kinetics. This is the second aim of the present work.

The recrystallization behavior of 316Nb austenitic
stainless steel has already been reported under torsion
loading."*'¥ It has been shown that for low to
moderate amounts of von Mises equivalent strain
(¢ £0.8), 316Nb shows a very low volume fraction of
dynamically recrystallized grains. Therefore, the main
recrystallization phenomena after applying such
amounts of strain to this material are PDRX and
SRX. For a given thermal cycle applied after hot
deformation, PDRX and SRX are of course controlled
by strain, strain rate, and deformation temperature but
also by the initial microstructure and, in particular, by
the amount of niobium atoms in solid solution. How-
ever, no estimation of the effect of hot deformation
mode on the PDRX or SRX has been reported yet for
this alloy family. This is the third aim of the present
study.

The present work addressed the effect of the high-tem-
perature mechanical loading mode on both the flow
curves and the recrystallization behavior of austenitic
316Nb steel. To this aim, the three types of loading
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modes that have been extensively used in literature were
experimentally investigated, namely, torsion, uniaxial
compression, and plane strain compression (chan-
nel-die), see e.g., Reference 15. Mechanical analysis of
experiments was carried out using both analytical
methods and finite element simulations. Several equiv-
alent criteria relevant to isotropic materials, namely, the
von Mises, Tresca, and Hosford criteria were used to
plot the equivalent flow stress vs. equivalent strain
curves. Special attention was then paid to estimating
local strains in the tested specimens. Deformed speci-
mens underwent a slow cooling thermal cycle in order to
investigate their PDRX behavior. Some of them under-
went an additional isothermal annealing in order to
characterize their SRX behavior. Recrystallized frac-
tions were determined using electron backscatter diffrac-
tion (EBSD) as a function of /local strains for the three
different loading modes.

II. EXPERIMENTAL METHODS

A. Materials

The studied 316ND steel was cut from a forged billet.
Its chemical composition is given in Table 1. All
specimens of this study were machined from blanks
taken from the same slice of the billet. Minimum
segregation was suspected because the billet was fabri-
cated from an electro-slag remelted (ESR) ingot and
because the blanks were taken near the mid-depth of the
billet.

In addition to the austenitic matrix, the steel con-
tained a very small amount of residual ¢ ferrite (< 0.25
vol pct). It also contained two populations of Nb(C,N)
carbonitrides, namely, coarse primary Nb(C,N) that
formed close to the end of the solidification process and
fine secondary Nb(C,N) that could readily precipitate
and dissolve during subsequent heat treatments.

Before being machined into specimens, the blanks
were heat treated in two ways (Figure 1) that led to
strongl?/ different recrystallization behaviors upon hot
torsion!'*!4:

— a holding at 1100 °C during 1 hour followed by an
air quench leading to a medium grain size of 130 ym and
a low amount of Nb, C, and N atoms in solid solution,

— a holding at 1200 °C during 1 hour followed by an
air quench leading to a larger grain size of 250 ym and a
higher amount of Nb, C, and N atoms in solid solution.

These two treatments, respectively, denoted 1100 °C/1
hour and 1200 °C/1 hour hereafter, yielded a fully
recrystallized microstructure. No pronounced crystallo-
graphic texture was found by X-ray diffraction.

B. Mechanical Testing

Three types of specimens were used to apply the three
considered different deformation modes as shown in
Figure 2: solid torsion bars, uniaxial compression
cylinders, and plane strain compression bricks (also
called channel-die compression specimens, where a
direction perpendicular to the compression axis, here,
y, is blocked).

Cylindrical torsion specimens with a gage length of
L =22 mm and a gage radius of R = 3 mm were tested
on a computerized hot torsion machine. They were
deformed up to ¢ = 0.2 to ¢ = 0.8 von Mises equivalent
strain, at a von Mises equivalent strain rate of ¢ = 0.05
s at their outer surface and at various temperatures
from 950 °C to 1150 °C. These values of temperature,
applied strain, and strain rate were chosen to obtain
non-recrystallized microstructures, or partially or fully
recrystallized specimens after either PDRX or SRX, as
reported in Reference 13. For each test, the specimen
temperature was controlled using a thermocouple
inserted in one specimen end; another thermocouple
was attached to the gage section of the specimen. The
measured difference between the bulk and the surface
temperatures of the specimens was below 5 °C. The
applied thermal-mechanical cycle is represented in
Figure 1. For deformation temperatures lower than
1100 °C, the torsion specimens were reheated at 3 °C.s!
up to 1050 °C then at 0.15 °C.s™ up to 1100 °C. The
second heating rate was lower than the first one in order
to avoid any temperature overshoot. The specimens
were then held at 1100 °C for 600 seconds in order to
dissolve any secondary niobium-rich precipitates that
could remain in the starting microstructure, while
avoiding significant grain growth. This was the solu-
tionizing step in Figure 1. Then, all specimens were
brought to the deformation temperature and held for 60
seconds for temperature homogenization before being
deformed. Right after deformation, they were slowly
cooled down to investigate PDRX phenomena that
could occur in thick-walled components (cooling rate
close to 0.1 °C.s™' down to 600 °C and final air cooling,
see Figure 1). A further annealing treatment at a unique
temperature (higher than 1050 °C but lower than
1100 °C) for 2 hours with a slow heating rate (0.011
°C.s’') was then applied to one half of every torsion
specimen, in order to investigate SRX phenomena
(Figure 1). This annealing treatment ensured dissolution
of embrittling Cr-rich sigma phase particles that may
form during cooling after hot working of heavy com-
ponents. Both hot torsion and annealing cycles were
conducted under argon atmosphere to minimize speci-
men oxidation.

Table I. Nominal Chemical Composition (Wt Pct) of the Considered 316Nb Stainless Steel

Fe Cr Ni Mo

Nb Si C N

Bal. 18 to 20 12to 13 2.5t02.7

0.5to0 1.0 0.3 to 0.5 < 0.1 < 0.06
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Preconditioning Annealing

1100 0r 1200 °C Solution;'zing slow heating 40 °C/h
h 1100°C holding T € [1050 — 1100°C] - 2h
\Z 10 min water quench

Deformation : hot torsion,
uniaxial compression or
plane strain compression

Temperature

950, 105001 1150 °C

£=0.2,=040re=0.8

Time

5 — -1
| £=0.05s ]
) Starting . Dynamic Post-dynamic )
microstructure: phenomena phenomena Static phenomena
1100°C/1h or
1200°C/1h

Fig. 1—Thermal cycle used for high-temperature deformation tests.

10 mm

10 mm

(a) (b)

10 mm

(©)

Fig. 2—Schemes of the three types of deformation modes considered, superimposed on photographs of the corresponding specimens; (@) torsion
(before testing), (b) uniaxial compression (after testing), (¢) plane strain compression (before testing). For torsion specimens, the origin of the
(x,y,z) frame is at the center of the gage part. For compression specimens, the origin is at the center of the bottom face.

Uniaxial compression cylinders of radius Ry = 6 mm
and height Hy = 18 mm were used (Figure 2(b)). These
dimensions provided a good combination between
minimization of friction and of the risk of buckling.
Graphite and boron nitride layers were deposited on the
specimens to ensure good lubrication at high tempera-
ture. The specimens were deformed in a servohydraulic
machine between two titanium-zirconium-molybdenum
alloy (TZM) anvils to nominal von Mises deformation
of €=0.2 or ¢=0.4 at constant nominal von Mises
strain rate of ¢ = 0.05 s™' and at temperatures ranging
from 950 °C to 1150 °C. The temperature was measured
by a thermocouple attached to the anvils. Displacements
were measured by a linear variable differential trans-
former (LVDT) sensor and forces were measured by a
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load cell. The same thermal cycles (Figure 1) were
applied except for the heating rate, which was limited to
1.67 °C.s™ instead of 3 °C.s™' (this was supposed to have
no influence on the results). Due to the small size of
these specimens, final annealing was done on entire
specimens and not on specimen halves to avoid decar-
burization-induced artifacts that can occur close to the
specimen surface at high temperature. Therefore, only a
few specimens were analyzed after only slow cooling and
most specimens were analyzed after having experienced
both slow cooling and annealing. Both compression and
annealing cycles were conducted under argon
atmosphere.

Plane strain compression specimens (Figure 2(c)) were
parallelepipeds of height Hy = 12mm, length Lo =8
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mm, and width wyp =7 mm. The same graphite and
boron lubrication was used as for uniaxial compression.
The specimens were deformed in the same hydraulic
machine as uniaxial compression specimens; yet, the
device was adapted to ensure plane compression. Two
side walls constrained the specimen along the y axis. A
small gap remained at the beginning of the test to ensure
easy closing of the device during the test. These
specimens were deformed up to nominal von Mises
strains of 0.2 and 0.4 at the same nominal von Mises
constant strain rate of ¢ = 0.05 s™ and at temperatures
of 950 °C and 1050 °C. Temperature, displacement, and
load measurements were performed as for uniaxial
compression. The final annealing was applied to all
specimens (therefore PDRX was not characterized for
plane strain specimens). Both compression and anneal-
ing cycles were conducted under argon atmosphere.

C. Quantification of Recrystallized Fractions

In the present work, non-recrystallized grains exhib-
ited a high level of recovery, as already reported in
Reference 13. Consequently, no significant difference in
hardness could be evidenced between recrystallized and
non-recrystallized regions.

The fraction of recrystallized grains was determined
using internal crystal misorientations. To this aim,
EBSD maps were acquired for all tested specimens.
After conventional polishing with a colloidal silica
finish, EBSD patterns were acquired using a Nova
NanoSEM 450 field emission gun scanning electron
microscope equipped with a Hikari EBSD camera and
the EDAX OIM® EBSD software. The microscope was
operated at 20 kV with a tilt angle of 70 deg. The
acquisition step size was adapted to the various speci-
mens, either 2 um (torsion and uniaxial compression
specimens) or 5 um (larger maps from plane strain
compression specimens), in order to cover a sufficient
amount of grains within a reasonable amount of time.
Details about the selection of the scanned regions,
adapted to every type of specimen, are given in the next
section. Data noise reduction was carried out using a
dilation procedure. More than 95 pct of the data points
were reliably indexed in most of the raw datasets; poorly
indexed points were mainly located at grain boundaries.
The absence of data reduction artifacts was checked by
comparing e.g., inverse pole figure maps of raw and
processed data from a given EBSD map.

The grain orientation spread (GOS) parameter was
used to quantify recrystallized fractions by considering
two estimates. It was calculated in each grain by first
determining the average orientation Q of the grain, then
by calculating the average misorientation between Q and
the crystal orientation at each measurement point of
that grain. Grains with a GOS lower than 1 deg were
considered to estimate the lower bound of the recrys-
tallized fraction; grains with a GOS lower than 2 deg
were considered to get an upper bound. Among other
advantages, the GOS parameter is less sensitive to
localized hardening induced by residual polishing
scratches than more local criteria such as the kernel
average misorientation. It is not very sensitive to the
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step size; in the present coarse-grained material, using a
5-um step size did not alter GOS measurements.

III. MECHANICAL AND MICROSTRUCTURAL
ANALYSIS METHODOLOGY

In order to precisely analyze the differences in flow
stress and recrystallized fractions, a proper description
of stress and strain state in the specimens was needed. It
was used to process data into flow curves and also to
select relevant regions for EBSD mapping. The frame
and geometrical parameters of the three kinds of
specimens are shown in Figure 2.

The strain rate tensors for, respectively, torsion,
uniaxial compression, and plane strain compression
tests are represented in the frames of Figure 2 as follows:

0 00
e=(0 0 r 3L for hot torsion [1]
0 r 0
—1/2 0 0
e= 0 —1/2 0 | — for uniaxial compression
o o 1)H

2l

H
i for plane strain (channel — die) compression

1o
I
/-~
co L
coco
— oo
\—/

B3]

A. Torsion Tests

For torsion specimens, the classical analysis makes
use of the Fields and Backofen equation'® relating the
shear stress at the outer radius of the specimen R, 7(R)
to the torque, I":

7(R)

r ( OlnI’ 8lnF> 4

= bt —
27 R3 dInN ' HInN

In Eq. [4], N is the number of cycles underwent by the
torsion specimen.

Let us, respectively, denote /i = ok and m :j;)ll%r'v the
strain and strain rate sensitivities. The values of 7 = 0.10
and m = 0.1426 were determined from various stress—
strain curves. Regarding the strain sensitivity, a unique
value was selected over the whole strain range rather
than a moving average because moving averages lead to
overestimated flow stress at the beginning of the test.
The strain rate sensitivity is consistent with those
reported in References 13 and 17.

In the Fields and Backofen method, a von Mises
criterion is then used to get the stress—strain curve:

i
2R}

var _ 2TNR

ta =15 e (R)

3+n+m) [5]
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Other criteria can also be considered to represent the
multi-axial behavior of the material. The material
considered was initially isotropic and only small
amounts of strain were applied, leading to very small
texture formation. Therefore, only isotropic criteria
were considered. They all lay between Tresca and von
Mises criteria. The Hosford criterion'® encompasses
both Tresca and von Mises criteria in a single mathe-
matical equation. It was expected to be a very interesting
way to reproduce the multi-axial behavior of 316Nb.
The general expression of the yield function is recalled as
follows:

flo) = <|‘71 — o'+ |o2 — a3]" + |01 — "3|n>; [6]

2

In Eq. [6], 61 , 02, and o3 are the principal stresses and
n is a scalar greater than or equal to 1. For n = 2, one
finds the von Mises yield surface and for n going to
infinity, one finds the Tresca yield surface.

For torsion specimens, using the Hosford criterion
leads to the following expressions for the equivalent
strain and stress:

o _ 2nNR |
eq 1
L(1+2"1y
r(1 421y 7
+ 2" SO

The value of the Hosford exponent n =20 was
determined using a polycrystalline self-consistent
numerical model (see Appendix A). Using this criterion,
respectively, led to a 12 pct increase and a 3 pct decrease
in flow stress (for given equivalent strain) compared to,
respectively, von Mises and Tresca criteria
(Figure A1(b) of Appendix A).

To perform EBSD measurements, the side surface of
tested torsion specimens was slightly polished, over a
depth of 100 to 500 micrometers. The size of the EBSD
scanned zones was 0.8 mm x 2.3 mm.

Therefore, the distance to the specimen axis (the
actual value of R) was adjusted to its actual range of
values in the mapped region using simple trigonometry
relationships. From Eq. (1), a proportionality rule was
then used to estimate the strain experienced there. The
ratio of the local strain to the equivalent strain at outer
radius ranged between 0.92 and 0.98. This was the first
(geometrical) correction factor. In addition, the use of a
different expression for equivalent strains multiplied the
local strain by 0.87 for a Tresca criterion, and by 0.9 for
the selected Hosford 20 criterion, with respect to that
estimated using the von Mises criterion. This was the
second correction factor. By multiplying the two cor-
rection factors, the overall reduction in strain compared
to that calculated at the outer surface using a von Mises
criterion was assumed to be between 0.8 and 0.88. These
correction factors were used to calculate local strains
relevant to EBSD maps.
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B. Analysis of Uniaxial and Plane Strain Compression
Tests Using an Analytical Model

The classical analysis of compression tests!'”! assumes
that the strain rate tensor is uniform and that friction is
taken into account by an energy balance, namely, that a
part of deformation energy is dissipated in friction work
according to Tresca modeling. In the following, 7 is the
Tresca friction coefficient. Its value was assumed to be
constant during the test, and identical for the two kinds
of compression tests that used identical lubrication
conditions.

As already stated, the chosen equivalent criterion is of
utmost importance for torsion tests. However, this is less
important for compression tests. For pure uniaxial
compression, the various equivalent criteria coincide.
Therefore, assuming that the experimental uniaxial
compression test (with some barreling as seen in
Figure 2) is not very different from the purely uniaxial
case, one can use von Mises formulae for strain and
stress:

B . H F 2 _ R -
g = §§_§:—ln H, Jeq:m 1+3\/§mﬁ

8]

In Eq. [8], R and H are, respectively, the current
radius and the current height of the specimen, Hj is its
initial height, and F is the applied load.

For plane strain compression, the criteria differ but,
by analogy, the von Mises criterion was selected,
recalling the analysis of Chovet er al.*":

2 H,
fog = —=In{ — 9
w5 9
F I L L (VAH + 1> +2H
Og=— |1 +—7—Wo—+—<In| ——m——=—
Lwy LoHywy 4 48 A2 + 12 —2H
-1
H (VAH?+ 1>+ L\ HL >
— | Y——— | +—VA4H* + L?))
6 \V4H> + 1> - L 6
[10]

In Egs. [9] and [10], L and H are, respectively, the
current length and height of the specimen; Ly, Hj are its
initial length and height; wy is its fixed width; and F is
the applied load.

It is worth noting that the formula reported by

Chovet er al.P” wrongly gives a term in “"‘l’ZLZ instead of

% , which has been corrected here.

These formulae were used to analyze the flow stress of
compression specimens. However, they assume no
heterogeneity of strain in the specimens which may be
a good assumption for global quantities like stress—
strain curve but not for local microstructural analysis
using EBSD. Therefore, FEM simulations of the com-
pression tests were also carried out.
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C. Finite Element Analysis of Uniaxial and Plane Strain
Compression Tests and Selection of Relevant Regions
for Microstructural Analysis

Finite element simulation of uniaxial compression
tests was done using Forge NxT2® software.*!! The
nominal geometry, a Hensel-Spittel flow stress equa-
tion® and a Tresca friction coefficient were used. The
flow stress parameters were taken from an internal
database available for the considered material. The
friction coefficient was set to 71 = 0.3 in order to well
reproduce the final geometry of the deformed specimens.
The same parameters were used for both initial
microstructures. The mesh size was 0.5 mm for uniaxial
compression and 0.3 mm for plane strain compression.
A nominal strain of ¢ = 0.2 at T=950°C and of ¢ = 0.4
at T =1050°C were considered in view of the
above-mentioned experimental conditions. The nominal
strain rate was set to & = 0.05s7!.

Von Mises equivalent strains maps are shown in
Figure 3 for uniaxial compression tests. They repro-
duced the experimentally observed barreling. They also
showed that deformation tended to concentrate at the
center of the specimen and that weakly deformed “dead
zones” were present close to the anvils. For these
reasons, comparing deformation modes without taking
these heterogeneities into account could lead to confu-
sion: an enhanced recrystallization in the center of a
compression specimen cannot be attributed to the
deformation mode solely because there is an additional
contribution of geometrical effects.

In order to properly take this effect into account,
EBSD patterns were acquired both at the center of
specimens and at the so-called ““‘mid-distance” between
the center and the upper anvil (Figure 3). As in the case
of torsion, the size of the scanned zone was 0.8 mm x
2.3 mm. Thanks to numerical simulations, the corre-
sponding local strains were estimated, as reported in
Table II.

FEM simulations of plane strain compression tests
were carried out for nominal strains ¢ = 0.2 and ¢ = 0.4.

Von Mises equivalent strain maps are shown in
Figure 4. An initial gap of 0.1 mm was introduced on
each side. This gap was necessary in the real experiment
to close the device. Simulations revealed that the gap
had a strong influence on the flow stress curve: at the
beginning of the test, the gap was not closed and the
specimen was loaded under uniaxial compression, then
the widening specimen progressively reached the chan-
nel wall so that it finally deformed in purely plane strain
conditions. Channel walls were considered fixed as in the
experiment. This led to a dissymmetrical final geometry,
the specimen section being larger close to the top part
and lower close to the bottom part. This is explained by
the difference in friction between the top and the bottom
parts of the specimen. This effect is readily visible on the
tested specimens.

To take this heterogeneity into account, EBSD
patterns were acquired over the entire specimen height
at mid-width. The width of EBSD maps themselves was
0.8 mm; recrystallized fractions were extracted at the
center, where the local strains were estimated (see
Table II).

IV. FLOW STRESS RESULTS

Flow stress curves were calculated using the above
methodology. Torsion and uniaxial compression curves
exhibited remarkable repeatability. Plane strain com-
pression tests yielded more scattered results due to the
above-mentioned contact issues; they are analyzed
separately.

A. Torsion and Uniaxial Compression

Figure 5 shows that for a given deformation condi-
tion, on the one hand, torsion flow stress curves
analyzed with the von Mises criterion were significantly
lower than uniaxial compression stress curves, which is
consistent with References 1 and 3. On the other hand,
torsion stress curves analyzed with the Tresca yield

0.6
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0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15

0.1

(b)

Fig. 3—Cumulative plastic strain maps obtained by FEM of uniaxial compression tests, section parallel to the compression direction, and
containing the specimen axis; (a) deformed at ¢ = 0.2 and at T = 950 °C, (b) deformed at ¢ = 0.4 and at T = 1050 °C. The boxes schematize

the location of regions analyzed with EBSD.
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criterion were slightly above uniaxial compression stress
curves. Torsion stress curves analyzed with the Hosford
20 criterion were close to those analyzed with Tresca
and were remarkably close to uniaxial compression
curves. For this isotropic material, using a Hosford
criterion, the difference between flow curves, respec-
tively, obtained in torsion and in uniaxial compression
vanished.

B. Plane Strain Compression

Plane strain compression stress—strain curves are
represented in Figure 6. They clearly show the two
above-mentioned two stages, namely, uniaxial compres-
sion until the specimen is in full contact with the walls,
and then, plane strain compression where the flow stress
increases a lot. The amount of strain at which the load
strongly increased varied between ¢ = 0.10 and ¢ = 0.25
and was not very reproducible. Comparison with
uniaxial compression curves indicates that the friction
correction was too high in the first phase (only a uniaxial
correction should be done) and too low in the second
phase. Due to these effects, experimental flow stress
curves of plane strain compression tests were difficult to
analyze. Analytical friction corrections were not
adapted in practice, due to the importance of the initial

gap.

V. MICROSTRUCTURAL RESULTS

A. Typical Microstructures as Revealed Using EBSD
Mapping

The evolution of grain size and shape during defor-
mation, subsequent cooling, and final annealing is
illustrated with typical examples in Figure 7. After
deformation up to 0.2, no significant change in grain size
and shape was noticed. After deformation up to 0.4 or
more, non-recrystallized grains appeared elongated
along a direction tilted with respect to the axis of
torsion specimens (Figures 7(a) through (d)), and
elongated perpendicular to the axis of compression
specimens (Figures 7e.f). In non-recrystallized grains,
annealing twins appeared heavily deformed (Figure 7a,
center of Figure 7(¢)), making it difficult to separate
them from grain boundaries as reported in!'*l. For this
reason, optical micrographs were not used to investigate
grain morphology. Recrystallized grains resulting either
from PDRX (Figures 7(a), (b), (e), (f)) or from SRX
(Figures 7(b), (c)) were much smaller, equiaxed in shape,
and contained well-defined annealing twins.

Representative examples of EBSD maps are shown
for torsion (Figure 8), uniaxial compression (Figure 9),
and plane strain compression specimens (Figure 10).
Being mainly used for quantitative recrystallized frac-
tion assessment in Figure 11 and Figure 12, only typical
examples of GOS spatial distributions are displayed
here.

From the EBSD maps of Figure 10, the center was
well recrystallized, regions between the center and the
top (or bottom) tended to be partially recrystallized,
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whereas the top and bottom parts could be little or even
not recrystallized at all, depending on the testing
conditions. This confirmed the need to match EBSD
patterns to local strain estimates. By considering
Figure 8 and by comparing Figures 9 and 10 with
Figures 4(a) and (b), respectively, the recrystallized
fraction clearly increases with the increase in amount of
applied strain.

B. Post-dynamic Recrystallization

Figure 11 shows the recrystallized fraction following
slow cooling as a function of the estimated cumulative
plastic strain. Intervals mentioned in Table II are
reported as error bars along the horizontal axis. Error
bars along the vertical axis are delimited by fractions of
grains with GOS lower than 1 and 2 deg, respectively.
As already mentioned in the Introduction section and
consistently with Reference 13, no DRX was expected to
occur at strains lower than 0.4; therefore, the recrystal-
lized fraction was attributed to PDRX in the following.

Regarding the 1100 °C/1 hour specimens deformed at
1050 °C (Figure 11(a)), the recrystallized fraction
increased with applied strain and no difference in the
growing tendency could be seen between torsion and
uniaxial compression.

Regarding the 1200 °C/1 hour specimens deformed at
950 °C (Figure 11(b)), the recrystallized fraction was
almost zero in torsion as well as in uniaxial compression.
Regarding the 1200 °C/1 hour specimens deformed at
1150 °C (Figure 11(c)), the recrystallized fraction
globally increased with applied strain, with some scatter
and rather low values near ¢ = 0.4. Nucleation could
have occurred abruptly once a given strain level was
reached under compression and these regions might be
at the brink of starting to recrystallize. Other tests are
needed to more deeply investigate the particular behav-
ior of this region of the compression specimens.

From these results, it was concluded that in the
considered 316Nb steel, PDRX was not significantly
influenced by the deformation mode in the investigated
ranges of initial heat treatments, strain, strain rate, and
deformation temperature. This implies that PDRX, with
a good approximation, could be studied and modeled
regardless of the deformation mode.

C. Static Recrystallization

Figure 12 shows the recrystallized fraction following
slow cooling and final annealing, as a function of the
estimated strain.

At 950 °C, PDRX was very limited for both initial
heat treatments, at least in torsion specimens.!'®) There-
fore, the recrystallized fraction at this temperature was
attributed to SRX.

At 1050 °C and 1150 °C, especially for 1100 °C/1
hour specimens, both PDRX and SRX were expected to
occur. As shown in the previous section, PDRX was
insensitive to the deformation mode. Consequently, it
was considered that the effect of the deformation mode
on the sole SRX part, if any, would be the main
contribution to the results here.
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Table II. Local Cumulative Plastic Strains Estimated in Regions Mapped With EBSD

Nominal Local Strain at Center

Strain (von Local Strain at the for Uniaxial Local Strain at Mid-distance Local Strain at Center
Mises Observed Depth for Compression Between Center and Anvil for for Plane Strain
Equivalent) Torsion Specimens Specimens Uniaxial Compression Specimens Compression Specimens
0.2 [0.160 to 0.176] [0.225 to 0.250] [0.125 to 0.200] [0.210 to 0.250]

0.4 [0.320 to 0.352] [0.550 to 0.600] [0.350 to 0.400] [0.450 to 0.600]

0.8 [0.640 to 0.704] not used not used not used
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Fig. 4—Cumulative plastic strain maps obtained by FEM of plane strain compression tests at T = 1050 °C, (a) ¢ =0.2, (b) ¢ =0.4. For
symmetry reasons, only one half of the specimen is represented, the large face shown here being at mid-width. The compression axis is vertical.

All 1100 °C/1 hour specimens deformed at 1150 °C,
then annealed, were fully recrystallized. Therefore, no
effect of the deformation mode was observed. When
deformed at 1050 °C, the recrystallized fraction
increased with applied strain; data from torsion, uniax-
ial compression, and plane strain compression speci-
mens were very consistent with each other. There was
thus no visible effect of the deformation mode on the
recrystallized fraction.

For 1200 °C/1 hour specimens deformed at 950 °C or
at 1150 °C, a unique tendency was visible: the recrys-
tallized fraction increased with applied strain indepen-
dently of deformation mode. When deformed at 1050
°C, results were more spread-out (especially for the
uniaxial compression point near ¢ = (0.2) but no influ-
ence of the deformation mode could be inferred. The
high scatter of data for this temperature is understand-
able because it concentrates both uncertainties of PDRX
and SRX.

From these results, it was concluded that SRX was
not significantly influenced by the deformation mode in
the investigated ranges of initial heat treatments, strain,
strain rate, and deformation temperature. This implies
that SRX, with a good approximation, could be studied
and modeled regardless of the deformation mode.
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VI. DISCUSSION

In this section, we first discuss possible origins of flow
stress differences observed between torsion and uniaxial
compression when plotted with a von Mises criterion,
and how a Hosford 20 criterion can describe both curves
in a unified manner. Then, we discuss the physical
reasons for which one might expect differences in
recrystallization kinetics between torsion, uniaxial com-
pression, and plane strain compression specimens, and
why this is not significant in our case.

A. About Possible Effects of the Loading Mode on Flow
Stress Curves for the Different Stress and Strain
Equivalents Used

The three reasons given by Tome et al.™ to interpret
differences between uniaxial compression and torsion
flow stress levels, when plotted with a von Mises
criterion, were recalled in the Introduction section. They
are analyzed here in view of the present results.

— The contribution of “texture development” cannot
explain the difference observed in this work because
no initial texture was present before deformation.
The main difference in strain hardening appeared for
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Fig. 5—Comparison between torsion and uniaxial compression flow stress curves; specimens heat treated at (a) 1100 °C and (b-d) 1200 °C,
deformed at 950 °C (b), 1050 °C (a, c), and 1150 °C (d). In addition to colors, one specific symbol was added at the final point of the curves for

easier reference to the testing conditions.

1200°C/1h, deformed at 950 °C

200 T '—':'_:'_:H
i e
75| /* e
1501 /7 P
i~ LA
S 1254 |
Q.
< 1001 ! 7
g !
S 754 p/
501 | ——e UC
25 e 4-PSC
% PSC
01 . ' . ‘
0.0 0.1 0.2 0.3 0.4
€eq
(a)

deformed at 1050 °C

175
150
125{ eSS sl
£ 100{
= e —=0 UC 1100°C/1h
t"? —-® UC 1200°C/1h
50 ~~4~PSC 1100°C/1h
- — PSC 1100°C/1h
4 PSC 1200°C/1h
o.
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
£eq
(b)

Fig. 6—Comparison between plane strain compression (PSC) and uniaxial compression (UC) flow stress vs. cumulative plastic strain curves (von
Mises equivalents). (¢) Deformation at 950 °C; (b) deformation at 1050 °C for two different starting microstructures. In addition to colors, one
specific symbol was added at the final point of the curves for easier reference to the testing conditions.

very low amounts of strain (i.e., at departure from
linear behavior). Such small strain levels are too low
to generate significantly different textures between
uniaxial compression and torsion specimens; in fact,
no significant texture could be evidenced from the
analysis of EBSD maps of tested specimens.
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— The “difference in work hardening rate” at low
strains (less than 0.01 as seen in the beginning of the
curves in Figure 5, Figure 6, or Figure Al) is the
principal contribution to the differences between
torsion and uniaxial compression curves when plot-
ted with a von Mises criterion. For strain levels
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Fig. 7—(a, ¢) EBSD inverse pole figure maps (vertical axis), (¢) EBSD inverse pole figure map (sample normal), and (b, d, f) combined image
quality + GOS maps of torsion and compression specimens. (a,b) 1100 °C/1 hour torsion specimen, deformed at 1050 °C up to ¢ = 0.4 then
slowly cooled (recrystallized fraction close to 0.5). (c,d) Same specimen after final annealing (recrystallized fraction close to 0.9). (e,f) Central
region of the 1200 °C/1 hour compression specimen deformed at 1150 °C up to ¢ = 0.4 (recrystallized fraction close to 0.4). The location of the

maps in the specimens is recalled in (a,c,e). The loading axis is vertical.

higher than about 0.02, the flow curves almost
superimposed to each other by a simple translation
along the (vertical) stress axis, showing similar work
hardening. As the strain field in torsion specimens is
not homogeneous, progressive development of incip-
ient plasticity, governed by the yield criterion, could
strongly impact the very beginning of the flow curve
derived from the torsion test. Consequently, it is
thought that the apparent difference in work hard-
ening rate still might be mainly linked to the yield
criterion used.

— The “departure of the actual yield criterion of the
material from the von Mises criterion” is the major
explanation retained here: the present work showed
that using Tresca or Hosford criteria changed the
flow stress comparison a lot. Using a self-consistent
approach of the viscoplastic behavior of a
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polycrystalline aggregate (Appendix A) showed that
a Hosford 20 criterion was able to superimpose
torsion and uniaxial compression curves.

As a result, one may consider that the difference between
compression flow stress and torsion flow stress vs. strain
curves is strongly linked to the use of von Mises
criterion, and that a Hosford 20 criterion gives a
practical way to describe torsion and uniaxial compres-
sion flow stress curves in a unified manner. In this work,
it was not possible to use plane strain compression
curves to check whether the Hosford criterion was also
able to address this deformation mode because of the
above-mentioned friction and boundary conditions
issues. The use of dedicated specimens, without contact
issues, in e.g., torsion—traction experiments could clarify
this point.
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Fig. 8 —EBSD maps of torsion specimens (GOS and image quality), 1200 °C/1 hour deformed at 1050 °C, after slow cooling and final annealing,
(a) e=0.2, (b) e=0.4, and (¢) ¢ = 0.8. The location of the maps, close to the outer surface of the specimens, is recalled in the top right scheme.
The torsion axis is vertical.
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Fig. 9—EBSD maps of a uniaxial compression specimen (GOS and image quality), 1200 °C/1 hour deformed at 1150 °C up to ¢ = 0.4, then
slowly cooled. (a) Observation at mid-distance; (b) observation at the center. The location of the maps is recalled in the top right scheme. The
compression axis is vertical.
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Fig. 10—EBSD maps of plane strain compression specimens (GOS and image quality), observation across the height of the specimen, after slow
cooling and final annealing. (@) 1100 °C/1 hour, deformed ¢ = 0.2 at 1050 °C; (b) 1100 °C/1 hour, deformed ¢ = 0.4 at 1050 °C; (¢) 1200 °C/1
hour, deformed ¢ =0.2 at 950 °C; (d) 1200 °C/1 hour, deformed ¢ = 0.4 at 950 °C; (e) 1200 °C/1 hour, deformed ¢ = 0.4 at 1050 °C. The
location of the maps is recalled in the top right scheme. The compression axis is vertical.
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Fig. 11—Recrystallized fractions after slow cooling as a function of deformation for two different deformation modes. (¢) Heat treated at
1100 °C then deformed at 1050 °C; (b, ¢) heat treated at 1200 °C and deformed at (b) 950 °C and (c) 1150 °C.

B. About Possible Effects of the Loading Mode
on the Recrystallization Kinetics

There are several physical reasons explaining why no
measurable effect of the deformation mode was found
on the recrystallization behavior of 316Nb. PDRX
phenomena are known to occur in several steps:

deformation at elevated temperature with different
deformation modes,

dynamic nucleation of (recrystallized) grains during
deformation, and

growth of the nuclei during slow cooling.

For SRX, in addition to the previous phenomena, one
should also consider the following:

static nucleation during final annealing, and
further growth of grains originated from PDRX, and
growth of static nuclei during final annealing.

Considering deformation, only relatively small
amounts of strain were applied and almost no dynamic
recrystallization was present here. The different defor-
mation modes may locally create different dislocation
densities, especially near grain boundaries. Yet, these
differences probably remain small because of the limited
macroscopic strains considered and because of the high
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temperatures considered, leading to a great extent of
recovery. Actually, the recovery process could vary with
the deformation structure but a unique set of flow stress
parameters was able to account for strain hardening in
both torsion and uniaxial compression; if present, this
effect is probably small. In addition, the stacking fault
energy (SFE) of 316-type austenitic stainless steels is low
(even if Mo or Nb can increase the SFE in our case) and
this does not favor texture development especially for
such small amounts of strain.

Dynamic nucleation of recrystallized grains could be
dependent on the deformation path for several reasons.
In 316Nb, in the investigated deformation conditions,
nucleation is mainly due to serration of grain bound-
aries."¥ Therefore, it is mostly influenced by grain
boundary mobility and by local dislocation densities
close to grain boundaries. Growth of recrystallized
grains at the expense of deformed ones (for both PDRX
and SRX) is also mainly dictated by grain boundary
mobility and by the difference in dislocation densities.
Different deformation modes could induce different
distributions of dislocations, especially in the vicinity
of grain boundaries. However, it is again supposed that
the small strains considered here are too low to lead to
strong differences in dislocation structures for different
loading modes. Regarding SRX, this difference is even
less marked because slow cooling implied post-dynamic
recovery and recrystallization. Therefore, it even more
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Fig. 12—Recrystallized fractions after slow cooling and final annealing as a function of deformation for three different deformation modes. (a,
b) Heat treatment at 1100 °C and deformation at (a) 1050 °C and (b) 1150 °C. (c-¢) Heat treatment at 1200 °C and deformation at (c) 950 °C,

(d) 1050 °C, and (e) 1150 °C.

diminished the potential difference between the defor-
mation modes. Mandal e al.”” supposed that the grain
boundary mobility could also be influenced by the stress
state. Even if the grain boundary mobility may vary with
grain boundary misorientation, this is probably not a
source of major variation because the vast majority of
recrystallized and deformed grains presented non-speci-
fic high-angle boundaries with almost constant mobility.
A more accurate quantification of grain boundary
distribution would further clarify this point.
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The comparison of the SRX behaviors of 1100 °C/1
hour and 1200 °C/1 hour specimens shows that the
initial heat treatment had a much stronger impact on
recrystallization than the deformation mode. This effect
was attributed to solute drag of niobium.!'*! The effect
of loading mode on solute drag-affected recrystallization
is not known; from the present results, it does not
strongly depend on the deformation mode. As a whole,
one can conclude that no significant effect of
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deformation mode on PDRX and SRX of 316Nb was
evidenced in the studied conditions.

VII. CONCLUSIONS

This study reports about any possible effect of three
different deformation modes (torsion, uniaxial compres-
sion, and plane strain compression) on the flow stress
and on the post-dynamic and static recrystallization
behavior of 316Nb austenitic stainless steel.

A new processing method of torsion test data, based
on the Hosford yield criterion and rationalized by a
viscoplastic approach, was proposed. It enables to
describe uniaxial compression and torsion curves in a
unified manner. It still has to be generalized to other
deformation modes for this material. This analysis
might also readily be applied to 316L or 316L(N) steels
with the same Hosford criterion. The viscoplastic
self-consistent approach could be applied to determine
the Hosford coefficient of any material for which a
crystal plasticity model is available. In particular, this
could be easily applied to other austenitic steels or to
nickel-based superalloys, for which recrystallization and
forging modeling is of great industrial concern.

Classical analytical solutions for plain strain com-
pression tests were not relevant to compare flow stress
curves to those of other specimens like torsion or
uniaxial compression because of the many issues linked
to boundary conditions.

Artifacts in the determination of local strains due to
experimental testing conditions (structural effects, sur-
face grinding of cylindrical specimens) or due to the use
of the von Mises criterion can lead to wrongly conclude
than a deformation mode favors recrystallization with
respect to another one. Moreover, when precisely taking
local strains and recrystallized fractions into account, no
effect of deformation mode on the post-dynamic or the
static recrystallization of 316Nb was evidenced in the
studied conditions. As in torsion, the amount of Nb
atoms in solid solution, linked to the initial heat
treatment, might dominate the recrystallization behav-
ior of 316Nb whatever the loading mode.
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APPENDIX A: ESTIMATION OF THE HOSFORD
EXPONENT USING A SELF-CONSISTENT
VISCOPLASTIC MODEL

Polycrystalline models can be used to simulate yield
surfaces, and therefore, to compare flow curves using
different yield criteria. In this work, we used the
Berveiller—Zaoui self-consistent polycrystalline model
[A1] with the Méric—Cailletaud crystal plasticity model
[A2, A3]. These models are implemented in the Z-set
software [A4]. No crystal plasticity parameters are
available from literature for 316Nb or even for 316-type
steels at elevated temperatures considered in this work.
Therefore, we used the parameters given in [A5] for a
316L(N) steel at ambient temperature.

100 grains were chosen according to an isotropic
orientation distribution function to represent the initial
isotropic polycrystal. Pure compression and pure shear
deformation at strains up to ¢ = 0.05 were considered to
represent initial stages of uniaxial compression and
torsion, respectively. Then, post-processing was done
using Tresca, von Mises, and several values of the
Hosford criterion exponent. Flow curves are given in
Figure Al for Hosford exponents n = 8 and n = 20
(Hosford 20 thereafter). One can see that for very small
amounts of strain (lower than 0.005), the prediction
from Hosford 8 is very close to the uniaxial compression
curve but it departs for larger values of strains. On the
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Fig. Al—Effect of the equivalent criterion chosen on the flow curves from a 100-grain simulation (¢) Hosford exponent n = 8; (b) Hosford
exponent n = 20. In addition to colors, one specific symbol was added at the final point of the curves for easier reference to the testing

conditions, except for compression.
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contrary, Hosford 20 gives slightly different predictions
at very small strains but enables very good agreement
between uniaxial compression and torsion curves at
somewhat larger strains (¢ = 0.05). Therefore, based on
these numerical simulations, we choose the Hosford
exponent n = 20 to describe experimental flow curves.
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