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ABSTRACT

This rapid publication article is on the creep
behavior of AISI 310S stainless steel taken
from SAIL’s Salem stainless steel plant, and
computational technique was used to model
deformation and fracture at the temperatures
of 973-1073K and loads of 40-150MPa.
Computer program coded in C++ was used to
plot deformation and fracture maps. It is
inferred that in all test temperatures, power-
law creep due to dislocation climb is operating
mechanism of creep deformation. Above
temperatures and loads supports formation of
grain boundary voids and cracks leading to
inter-granular creep fracture. Experiments
proved these predictions.

Keywords:—  Stainless Steel, Creep,
Deformation Map, Climb, Fracture Map,
Wedge Crack.

I. INTRODUCTION

Materials operating at high temperature are
subjected to creep, hot corrosion, erosion,
and phase change which severely affect the
temperature capability and load bearing
capacity of materials [1]. AISI 310S
stainless steel contains higher chromium
and nickel content than common iron-based
alloys. It is a standardized high-temperature
steel for use at temperatures of up to 1323

K in dry air. It has a unique combination of
high strength and superior oxidation
resistance for application up to 1323 K [2].
It is also very ductile and has good welding
capability enabling its widespread usage in
many applications. It finds wide application
in all high-temperature environments where
scaling and corrosion resistance, as well as
high temperature strength and good creep
resistance, are required. Because of its
super-alloy properties, this alloy is a likely
candidate material for high-temperature
applications [1, 2]. It is a nonmagnetic alloy
that cannot be hardened by heat treatment.
It has forming capabilities similar to that of
AISI 304 stainless steel. It can be easily
formed into most shapes. Extended
capabilities of this stainless steel, beyond
that of conventional stainless steels, make it
potentially viable to replace nickel-based
super alloys. A quantum of information
connected with processing, tensile
properties, oxidation, hot corrosion,
deformation and fracture behavior of this
alloy is available in the literature. The
current research project focuses on the
computational identification of deformation
and fracture mechanism of creep of sheet
samples taken from production run of
Indian government stainless steel giant
SAIL [2]. Complete experimental analyses
of creep and hot corrosion are presented
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elsewhere and a comparison as a proof for
theoretical outputs is given in this article
here and there [2].

II. THEORETICAL PROCEDURES

Creep Deformation Equations

Polycrystalline material deform by several
different mechanisms when stressed. A plot
of normalized tensile stress and
homologous temperature is called
deformation map. The maps display the
domains of stress and temperature in which
a particular mechanism of plastic flo is
dominant. A point on a map then identifies
the dominant mechanism and indicates the
resulting minimum cree rate [1-4]. The
present investigation has been undertaken to
generate a deformation mechanism map for
AISI 310 stainless stee sheets and to study
the deformation mechanism involved in the
short-term cree of AISI 310S austenitic
stainless steel at an applied temperature
range of 973-1073K for an applied stres
ranging of 40-150MPa. Besides
constructing the deformation mechanism
map and analyzing the mechanism involved
in the creep deformation using the map, the
mechanism involved 1in the creep
deformation of AISI 310S stainless steel
sheets is also analyzed based on stress
exponen (n) and creep activation energ

(Qo).

During the cree deformation of a
polycrystalline material, the steady state
cree rate (&) is, generally described by an
empirical power-law function of applied
stres (o) as follows:

Where A’ is a constant, R is the universal
gas constant and T is absolute temperature.
Basic theory of the above empirical

equation has been illustrated by various
researchers [2]. At temperatures above the
half of melting point and relatively high
stresses, dislocations move through the
grains of a polycrystalline material and
aggregate to form cells. This first
mechanism constitutes power-law cree or
recover controlled creep which is
represented by the following power-law
equation:

. (ADyoGb\(o\* 2
ES_(T)(E) eRT ... 2)

Where A is a constant, D,y is the lattice
diffusio coefficient, G is shear modulus, b
is the Burgers vector of the dislocation, k is
the Boltzmann’s constant and Qv is the
activation energ for lattice diffusion. The
second mechanism is the diffusio cree
which becomes the controlling mechanism
at high temperature and relatively low
stresses. Nabbaro and Herring proposed that
the creep process was controlled by stress-
directed atomic diffusion of vacancie from grain
boundaries and atoms in opposite direction.
They arrived at the following equation:

_ (BoD,,b*\ %
ES=(%)€RT ................ 3)

Where B is a constant and d is the grain size in
the original theory, the diffusion was
considered to occur only through the lattice.
However, material can also diffuse along grain
boundaries. This contribution to diffusion creep
was first recognized by Coble. He presumed
that at lower temperatures grain boundary
diffusion predominates and derived the
following equation:

g, — (€D 7 @
.- (W) ................

Where C is a constant, Dy is the grain
boundary diffusio coefficient and Q, is the
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activation energ for grain
diffusion.

boundary

The third mechanism occurs at very high
(higher than power-law) stress level in
which the metal deform by thermally
activated dislocation glid. Creep formation
resulting from a dislocation glide
mechanism occurs at stress levels which are
high relative to those normally considered
in creep deformation. Equation
corresponding to dislocation glide is given

by:
(G-opa
e kT

Where E is a constant, ‘a’ is activation area
and ‘I’ is the obstacle spacing. The last
mechanism is the defect-less flow which
occurs for the stress levels above the
theoretical shear strengt of polycrystalline
materials. As stated earlier, the wvarious
regions of the map indicate the dominant
deformation mechanism for that stress-
temperature combination. The boundaries of
these regions are obtained by solving the
above constitutive equations for stress as a
function of temperature. The upper bound
on the diagram is the stress to produce sli in
a perfect (dislocation free) Ilattice i.e.,
theoretical shear strengt of the alloy. The
theoretical shear strength is given by c=G/2
n. So the line corresponding to theoretical
strengt i1s 6/G=1/2n. Line corresponding to
dislocation glide (in pure austenitic iron) is
drawn at o/G =5x107. Another least
possible mechanism to be considered is
twinning. For FCC metals a twinning field
appears at low temperatures; it typically
exist only below about 20K. So it need not
be considered while constructing the map.

ES=E

Fracture Mechanism Equations

The cree fracture map was used for
analyzing the mechanism of creep fracture

in AISI 310 austenitic stainless stee sheets
having an average grain size of 55um. The
creep fracture mode predicted by the creep
fracture map is usually verified by optical
microscop. Inter-granular wedge crack
(triple point crackin) was found to be the
operating mechanism of creep fracture for
AIST 310S stainless steel sheets.
Polycrystalline material undergo fracture by
several different mechanisms when
subjected to an applied stres. The precise
mode of fracture depends critically on
testing conditions, such as stress and
temperature, and on material parameters
such as grain size and concentration of
precipitates. A plot of normalized stress
against homologous temperature showing
different domains, within which a particular
mechanism was dominant, is called fracture
map [1, 2, 5]. A point on the map then
identifies the dominant fracture mechanism
and indicates the resulting time to fracture.
The applications and limitations of the map
are available elsewhere. The main
objectives of the present investigation are as
follows: (a) to generate a cree fracture map
for AISI 310 austenitic stainless stee sheets
having an average grain size of 55um in
logarithmic normalized stres-reciprocal
homologou temperature space, (b) to
analyze the mechanism of cree fracture by
conducting short-term creep-ruptur
experiments on AISI 310 austenitic
stainless stee under constant load (stress (o)
range 40-150MPa) at three different
temperatures, viz., 973K, 1023K and
1073K, and (c) to compare the mechanism of
cree fracture predicted by the creep fracture
map and the experimental observations for
AISI 310 austenitic stainless stee sheets.
Various mechanisms of cree fracture and
detailed derivations of equations for each
mechanism are available in literature and in
internet nowadays. Only a brief account of
all constitutiv equations is given here. Time
to rupture (tr) for trans-granular fractur is
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£, =

13

Where ¢n is the nucleation strain, n is the stress
exponen, fv is the volume fraction of intra-
granular inclusions and es is the steady state
cree rate. Time to rupture for triple point crackin
is given by:

Where ‘y’ is effective surface energy for
fractur, G is the shear modulus, d is the
grain size, & is the contribution of grain
boundary sliding to the total strain and o is
the applied stres. Time to rupture for
cavitation by diffusio growth is given by:

£ 6xlo-2[2 (ﬂ)(g)“
TS Dgb= \GbJ\G
Where 1 is the average cavity spacing in the
boundary, & is the width of the grain
boundary, Dg is the grain boundary diffusio
coefficient, b is the Burgers vector, k is the
Boltzmann’s constant and T is the absolute

temperature. Time to rupture for cavitation by
power-law growth is given by:

Where p, and 1, are the average particle
diameter and spacing along boundary
respectively. Steady state cree rate for low
temperature (LT) regime 1is given by
“Equation 2”. Steady state cree rate for high
temperature (HT) regime is given by:

_Qg

ntz
£ = SnﬂDg,(%)(%) eRT ... (10)

+(ﬁ)(m]fc—i—1)] e (6)

Where D,y 1is grain boundary diffusio
coefficient. The various domains and
boundaries of cree fracture map for AISI
310 austenitic stainless stee sheets were
obtained by solving these constitutiv
equations for the time to rupture and for the
steady state cree rate wusing C++
programming language. The inherent
assumption in constructing the map is that
the various fracture mechanisms operate
independently.

III. RESULTS AND DISCUSSIONS

Deformation Mechanism Map

Though not required, for the sake of clarity,
alloy chemistry and metallographic data are
reported. The chemical composition was
obtained accurately wusing vacuum
evaporation spectrometer of the alloys
considered in the analysis (“Table ). Usual
optical metallographic procedure was used
to get microstructure. The two-dimensional
grain size was measured using Hayn
intercep method. The microstructure mainly
contains grain with a grain size of 55um.
The microstructure consists of two phases,
namely, gamma and carbide phases. Twins
are also seen. It is very hard to see
distinctly anything at carbides at low
magnifications. But optical micrographs
clearly reveal the presence of the carbides
inside grains (“Figure 1”). The main focus
of the present investigation is the cree
deformation mechanism of AISI 310
stainless stee sheet. Properties and
constants used in the calculation of the
boundaries in deformation mechanism map
are taken from literature and internet
(“Table 2”). A software using C++
programming language was developed to
draw deformation mechanism map for AISI
310 stainless stee sheets (fully anneale
condition with an average grain size of 55
m) by solving above constitutiv equations
for various deformation mechanisms and to
determine the various domains and
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boundaries among them. From the
deformation mechanism map (“Figure 2”),
it is seen that the creep followed recovery
controlled mechanism (power-law
mechanism). Creep tests were conducted to
check for this mechanism (in terms of
experimental n and Qc). The cree tests in air
were conducted in Mayes TC high sensitivity
constant load creep testing machines with a
microprocessor control and self-adaptive
temperature control.

Table 1 — Chemical Composition of AISI
310S Stainless Steel

C Mn (P S Si Cr Ni Fe

0.08 | 1.25(0.045| 0.03 | 0.96 | 248 | 185 | Bal-

Jv‘\\\' v‘.&:()v&:r‘v{\ AT
\ 4/¢;§.\

Figure ] Grain structure of AISI 310 stainless stee
with an average grain size of 55 yt m (annealed)

Table 2 - Data used to draw deformation
map of AISI 310 stainless steel

Property Numerical | Property Numerical
/constant value /constant value

A 1010 b 2.58x10"’m

B 14 d 5.5x10°m

C 50 Qv 280kJ/mol

n 6.5 Qg 167kJ/mol
Tm 1670K Dy 3.7x10°m’/s
Dy 2x10™"°m?/s

A detailed experimental procedure is
available elsewhere [2]. The accuracy in the
measurements are: load £1N, temperature
+1K, creep strai +0.002% and time + 360s.
The plot of applied stres versus the
minimum cree rate was used to get the
stress exponen (n) was evaluated. The value
of stress exponent is 6.5 at all test
temperatures (973K, 1023K and 1073K).
From the observed value of stress exponent,
it can be said that high temperature climb is
operating mechanism. The effect of
temperature on minimum creep rate was
also considered for discussion regarding
activation energ of the aforesaid creep
mechanism. The activation energy (derived
from the slope), Qc, is found to be 345kJ/
mol which is larger than the activation
energy for self-diffusio in pure FCC iron,
i.e., 270-311kJ/mol. This indicates that the
alloying elements are involved in the
dislocation network recover coarsening process
during creep [3, 6, 7]. In short, present test
temperatures 973—-1073K and stresses 40—
150MPa fall in the power-law creep
(dislocation creep) region in deformation
map. The region is governed by diffusion-
controlled climb-plus-glide processes such
as (a) based on lattice diffusion-controlled
climb (high-temperature creep), (b) based
on core diffusion-controlled dislocation
climb (low-temperature creep), and (c)
transition from climb-plus-glide to glide
alone (power law breakdown).

—

Theoretical Strength

Dislocation Glide

10‘2

Power-Law

10‘4

¢/G

10‘6

Coble
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o} 0.2 0.4 0.6 0.8 1
T/Tm

Figure 2 - Deformation map for AISI 310 stainless steel
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Creep Fracture Map

“Table 3 lists the various properties and
constants used in the generation of cree
fracture map. “Figure 3” shows the cree
fracture map for AISI 310 austenitic
stainless stee sheets having an average grain
size of 55um in the form of logarithmic
normalised stres (o/G) versus the reciprocal
of homologous temperature (Tm/T). The
values of /G ranges between 10 and 107!
whilst Tm/T ranges from 2.8 to 1.0 (=600-
1670K). Even though the experiments were
conducted at temperature above 0.5Tm (i.e.,
the experimental temperature range is from
0.58Tm to 0.64Tm), all the points fall in the
low temperature regime of triple point
cracking domain. This is due to the
assumption that the various fracture
mechanisms are operative independently. It
is thus relatively simple process to use the
theoretical relationships to construct creep
fracture map for AISI 310 stainless stee
sheets having an average grain size of 55um
and stress exponen of 6.5. The accuracy of
the map, however, depends critically on the
accuracy of both the theoretical processes
and the material parameters used in its
construction.

An important prerequisite of this approach
1s therefore 1s to check whether the

predicted results are in reasonable
agreement with the experimental
observations. The fractured creep

specimens were analyzed under a Jenavert
optical microscope [2]. Theoretical findings
are exactly matching the experimental data.
As far as the experimental observation of
cree fracture is concerned, it occurs in three
steps:

(a) nucleation of cracks,
(b) stable growth of cracks and

(c) unstable crack growth leading to final
fracture.

Table 3 -Data used to Generate Creep
Fracture Map of AISI 310 Stainless Steel

Sheet
Property/ | Numerical | Property/ | Numerical
constant value constant value
Do 1.5x10°m?/s N 6.5
Q, 260kJ/mol A 10"
3.0x107
SDg m3/s €n 0.1
2.0x107"
Dy e f, 0.1
Q. 195kJ/mol y 200J/m’
8.31J/K/
R ol £ 0.2
T 1670K 1 10°m
8.1x10' {1-
G [4.7x107(T- Ao 0.24
300)]} Pa
b 2.58x107m lo 5x10°m
d 5.5x10°m P, 1.5x10°m

It is generally accepted that inter-granular
creep fracture occurs by the formation of
three alternative types of crack or voi. They
are inter-granular cavities, inter-granular
wedge cracks and plastic growth of holes.
An optical microscopic examination made
in the present study though supported the
occurrence of inter-granular creep fracture,
branching internal crack and wedge type
cracks, the latter type of cracks are mainly
seen at all test temperatures. The wedge
cracks starts at 45° to the loading direction
and maintains approximately at 90° in the
fully formed condition. An optical
micrograph of the crept specimen after 42ks
at 1023K and 94.6MPa is quite good for
discussion (“Figure 4”). Wedge type cracks
are visible and are observed approximately
at 90° to the loading direction. The
extensive grain-boundary sliding was
responsible for the rapid increase in crack
formation. The wedge type cracks were
observed mainly at triple points. In general,
the triple point cracks are nucleated at low
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strains during cree at relatively high stress
levels. Thus, in short, the prediction from
creep fracture map and experimental results
strongly support triple point crackin or
wedge cracking as the operating mechanism
of creep fracture in the present experimental
conditions, i.e., at the operating temperature
of 973-1073K and an applied stres range of
40-150MPa for AISI 310 stainless steel

sheets a having grain size 55um.

i)
o
—
™~
'o 1 Trans-granular
1
0
\6‘ " Cavitation
1 ) _{ Povier-Law!)
1
Cavitation
¥ (Diffusion Growth)
o
- T I T
1 15 2 2.5
Tm/T

Figure 3- Fracture map for AISI 310 stainless steel
sheet having a grain size of 55 y m.

The microstructures of crept samples are in
good correlation well with typical of
literature data. For the alloy, mostly equi-
axed and coarse grains extended to the
whole cross section. The grains appear to be
due to grain growth at high temperature. In
“Figure 4”, microstructure at near ruptured
surface of crept sample of is clearly visible.
Volume fraction of twins is normal and on
the other hand extensive amount of carbides
phase was present. Generally, at all test
conditions, the alloy suffers from formation
of cree cavities. The twins are clearly
visible. Many representative micrographs
seen elsewhere clearly explain formation of
creep cavities, twins and oxide scales [2].

Figure 4 - Micrograph of crept sample at test
temperature 1073K and applied stress 66.6MPa

These features are usually controlled by
heat treatment. On the other hand, alloying
chemistry influences the creep properties by
solid solution or precipitation
strengthening. Therefore, micro-structural
control and alloying chemistry influences
the creep properties by two different
avenues. However, controlled alloying
chemistry, e.g. in this present study;
systematic heat treatment provides a path to
study the minor effect of alloying chemistry
on micro-structural features. The result of
micro-structural  characterization shows
twins and grain size is found to be in a
similar range for all the specimens
investigated. Therefore, it is concluded that
alloy chemistry and heat treatment does not
have significant effect on micro-structural
features. The variation in creep properties
between the alloy studied and super-allo is
solely on the strengthening mechanism and
phases present [8]. Even though it had been
reported that solid solution strengthenin by
addition of Cr increases the creep life at
high stresses, however it has no significant
effect to the applications. This is due the
creep strai exhibited by solid solution
strengthening is only lesser than super-
alloy. Aerospace and automotive
applications not only concerns with creep
life but creep strain too. Steady state creep
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rate and the time necessary to reach 1%
creep strain are slightly high or not
significantly high. From the present study,
it is concluded that solid solution
strengthening does not have significant
effect on creep strengt of the alloy and
introducing many alloying elements is
found to be detrimental for creep strength
with respect to the applications [2].

IV. CONCLUSIONS

In summary, a systematic analysis of the
results has led to the following conclusions.
It is known from deformation mechanism
map that AISI 310 stainless stee sheets
follow a recover controlled cree (power-law
creep) as the operating mechanism at an
applied temperature range of 973-1073K
and an applied stres range of 40-150MPa.
Also, from the observed value of stress
exponent (6.5, it can be said that high
temperature clim is the operating
mechanism. The experimental value of
creep activation energ (Qc) is equal to
345kJ/mol which 1is larger than the
activation energy for self-diffusio in pure
FCC iron, 1i.e., 270-311kJ/mol. This
indicates that the alloying elements are
involved in the dislocation network
recovery coarsening process during creep.

It is seen from the cree fracture maps that
creep fracture occurred in the present case
by triple point crackin (wedge cracking).
Optical microscopic examination supported
the presence of inter-granular cree fracture
of wedge type cracks (triple point cracks)
formed approximately perpendicular to the
loading direction. Thus, the prediction from
cree fracture map and experimental results
support triple point crackin or wedge
cracking as the operating mechanism of
creep fracture in the present experimental
conditions, i.e., at an applied temperature
range of 973-1073K and an applied stres
range of 40-150MPa.
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