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ABSTRACT

A new accelerated creep assessment method to evaluate the creep performance of metals and alloys from
high-temperature tensile tests, i.e. slow-strain-rate testing (SSRT), is proposed and evaluated. The method
consists of decomposing the inelastic strain into a plastic and creep component by adopting general
assumptions on the inelastic strain behaviour of materials, formulated using a state variable formalism
and verified by tensile tests with intermediate dwell times at constant stress. Either, the plastic and creep
strain components are considered non-interacting and additive, as observed in the stainless steel AISI
316L at 600 °C. Or, as in the case of the ductile cast iron EN-GJS-SiMo5-1 at 500 °C and the nickel-base
superalloy Hastelloy X at 800 °C, the components are considered unified, meaning that the effect of
inelastic straining is the same irrespective of whether it is caused through creep at constant stress or
by plastic deformation due to an instantaneous stress increase. Based on these assumptions, the proposed
method is used to assess the creep strain from SSRT in good agreement with conventional creep test
results.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Creep deformation is the time-dependent and often undesirable
inelastic deformation which can occur in structural materials at
elevated temperatures despite being in a state of mechanical equi-
librium. Creep deformation is considered detrimental since it is
associated with geometric distortions and redistributions of stress
[1], which over time, might contribute to loss in operation func-
tionality or complete malfunction. On top of this, microscopic
damage accumulation has been explicitly related to the creep
deformation in metallic materials [2-4]. For these reasons, the
creep phenomenon is of importance in mechanical design of
load-bearing structures exposed to high temperatures, such as in
heavy-vehicle automotive components [5,6], aero engines [2,7,8]
and the power generation industry [9,10]. Common to these indus-
tries, they seek to increase the operation temperature since this
generally translates into reduced fuel consumption and emissions
[6,8-10]. Thus, along with other aspects such as high-
temperature oxidation and fatigue performance, the resistance to
creep deformation is of critical importance to the ongoing material
development driven by the urge to reach efficiency and emission
objectives.
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More precisely, creep is usually defined as the inelastic strain
accumulated at applied constant stress at a constant temperature
for a given material, which can be measured following standard
procedures, i.e. a uniaxial creep test [11]. Uniaxial creep testing is
a natural part of material characterization of materials intended
for high-temperature operation, e.g. austenitic stainless steels
[12,13], ductile cast iron [14,15] and nickel-base superalloys [16-
18], and the acquired creep data is commonly used in material
design, see for instance [13,16,19]. However, creep testing is a
time-consuming test procedure, especially if low stress levels are
of interest. As a consequence, many alternative accelerated creep
assessment methods have been proposed over the years, such as
extrapolation methods [20-23], methods based on stress-
relaxation testing [24,25], i.e. the application of a constant uniaxial
strain while measuring the decrease in uniaxial stress, and meth-
ods based on tensile testing [15,26-32].

To assess creep strain based on high-temperature tensile test-
ing, commonly referred to as slow-strain-rate testing (SSRT) in this
context, two different types of approaches have been considered.
Either, it is based on the observation of the correspondence
between a saturated tensile test, i.e. when the stress-strain slope
approaches zero, and conventional constant-stress creep tests
[15,26-29]. The approach is motivated by the experimentally
observed agreement when comparing steady-state creep strain
rates as a function of creep stress with the tensile-test strain rate
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as a function of the ultimate tensile strength [27,29]. Alternatively,
the second approach consists of fitting a creep constitutive law, e.g.
Norton creep law, to the SSRT test and evaluate the creep strain
based on the fitted parameters [30-32]. However, both approaches
have their limitations. In particular, the former approach is not
applicable if the material manifests significant hardening such that
saturation is never attained, which is likely for low-temperature
tests [26]. Whereas for the second approach, the assessment will
depend on the particular choice of creep constitutive equation,
which do not take unanticipated creep phenomena into considera-
tion, if not accounted for in the fitted model.

An alternative and unexplored approach to assess creep based
on tensile testing is by inelastic strain partitioning which starts
from the assumption that the uniaxial inelastic strain &, in a ten-
sile test may be decomposed into a creep and plastic component,
&r and gy, as

Ein = & + &pi (1)

where the creep strain & is the part of the inelastic strain having an
explicit time dependence, in parity with the inelastic strain accu-
mulated under constant-stress conditions. However, whereas the
total inelastic strain ¢; can be evaluated at any instant during a
SSRT test by subtracting the elastic strain from the total mechanical
strain, the two strain components are unknown on beforehand.
Therefore, additional considerations are required, such as to deter-
mine whether the accumulation of in one inelastic strain compo-
nent affects the accumulation of the other. Even though the
interaction may be arbitrary and material dependent, relatively
simple considerations of the inelastic strain, such as viewing the
creep and plastic strain completely decoupled and independent
[33-36], or oppositely, as indistinguishable and unified quantities
[33,37-41], have shown to provide an accurate description of the
high-temperature behaviour of many engineering alloys. Thus, it
is reasonable to suggest that simple and general assumptions
regarding inelastic strain partitioning can provide means to assess
creep at load conditions other than constant-stress conditions
through Eq. 1.

Accordingly, the purpose of the present investigation is to
develop and evaluate a new accelerated creep assessment method
intended for material development, based on inelastic strain parti-
tioning and SSRT. For this purpose, a theoretical basis for inelastic
strain partitioning is established in terms of well-known state-
variable modelling concepts, on which a methodology to assess
uniaxial creep strain and strain rate using SSRT data is based. By
comparison to conventional uniaxial creep and stress relaxation
tests on a wide set of materials, it is demonstrated that the pro-
posed methodology provide estimates in good agreement. Thus,
as an outcome of the present investigation, SSRT is justified as a
complementary accelerated method to uniaxial creep testing,
which can be used to quickly evaluate and compare the creep per-
formance of high-temperature alloys for material design and
development. In particular, the main advantages are the greater
availability of tensile test data and the necessary laboratory equip-
ment, as well as that creep and standard mechanical properties
assessment can be done on the same test data set, thereby reduc-
ing the need of resource-intense creep testing.

2. Accelerated creep assessment method by inelastic strain
partitioning

In this section, the proposed method based on inelastic strain
partitioning to assess the creep deformation is presented. For this
purpose, two inelastic strain partitioning assumptions are formu-
lated based on previous observations of two general inelastic strain
behaviours in metallic materials, here denoted as a decoupled and
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unified inelastic strain partitioning, in Section 2.1. Based on these
partitioning principles, a methodology is proposed to assess the
creep strain and the corresponding creep strain rate by SSRT test-
ing in Section 2.2.

2.1. Theory of inelastic strain partitioning

2.1.1. State variable formalism

For a general and phenomenological analysis of deformation, an
local-equilibrium thermodynamic formalism, or state variable
modelling, is considered [42-46]. Following this theory, the cur-
rent state of the material occupying an infinitesimal volume ele-
ment, including the amount of deformation, hardening state,
damage or any other kind of relevant information, is represented
by a set of mutually independent state variables. The state vari-
ables are divided into observables, i.e. variables which can be
observed and regulated experimentally, and internal or hidden
variables, which by definition cannot be explicitly affected. Instead,
they are dependent on the observables through evolution laws.
Importantly, the material state is uniquely determined by the set
of state variables, which represents an equilibrium state in the
thermodynamic sense.

For the present purpose, the observables are taken as the Cau-
chy stress tensor gy, as will be motivated later, and the tempera-
ture T. The initially unknown internal variables are denoted as v,
where y=1,2,.. is the index over all finite-numbered internal
variables which influence the material state. It must be noted that
each internal variable can be of different mathematical nature, i.e.
either a scalar, vector or a high-order tensor. As mentioned, the
internal variables depend on the observables according to an evo-
lution law usually expressed by a differential

di}é = ﬂiij(aklv T, V}r)dO'ij + N (O-kl, T, Z)«/)dT (2)

using the Einstein index summation convention, and where .#;
and 1", are functions dependent on the current state of the material
as represented by the state variables.

By proper selection of internal variables and evolution laws,
most material constitutive behaviours observed experimentally
may supposedly be simulated. However at this point, the formal-
ism does not incorporate explicit time-dependencies since a
change in state is only achieved by altering the observables, irre-
spective of the time frame. Thus, in order to include time-
dependent effect such as creep, Eq. 2 is adjusted to

dl/g = <//§ij(0—kl; T, Vy)dO'ij + N (O'k[, T, va)dT
+ea/75 (O'k[,T, Z/?)dt (3)

where #; is a function of the state variables and dt is an infinites-
imal time increment. From this expression, we see that the internal
variables may evolve both due to a change in the observables, but
also due to the elapse of time even when the observables are kept
fixed, i.e. when doy = 0 and dT = 0. This expression is the same as
derived by [45], which is a special case of the more general theory
by [43], who also considered the rate of the state variable as inde-
pendent variables.

2.1.2. Inelastic strain under isothermal uniaxial load conditions

In the current investigation, SSRT load conditions are of con-
cern, i.e. under isothermal condition, dT = 0, and when uniaxially
loaded, that is 6; = 0 when i = j = 1 and 0 otherwise. In this case,
Eq. 3 is reduced to

dl/ﬁ :eﬂ§<0-, U«/,)da+g’75(0, T/}y)dt (4)

where the uniaxial inelastic strain ¢&;, is identified as one of the
internal variables, defined as
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&in = & — &l (5)

where ¢ is the uniaxial strain and ¢, is the uniaxial elastic strain
recovered if instantaneously unloaded to zero stress. Thus, by Eq. 3

dew = A7 (0, i, vy)d0 + 4 (0, €, vy)dt (6)

where 2, now represent the rest of the internal variables, and
and o7 are functions specifically associated with the inelastic strain.
It is now convenient to motivate why stress is selected as an
observable and not the uniaxial strain. To see this, the following
definitions of uniaxial plastic and creep strain are adopted,

dey = ! (07 Epl;s Ecrs V;’)do- (7)

dee = o4 (0, &pi, Ecr, v,)dE (8)

where the dependency on ¢;, has been generalised to a separated
dependency on ¢, and &. By this definition, creep strain is defined
as the inelastic strain accumulated when the stress is constant,
which is in agreement with how standard creep tests are
interpreted.

It must be emphasised that by this formalism, Eq. 7 governs the
inelastic strain response at high load rates for which creep strain-
ing is negligible due to insufficient time, since

dein = deyp + deq = 7' (0,€0,0, v,)da (9)

when ¢ is large. Thus, performing tensile tests with increasing load
rate should indicate a convergence to a unique rate-independent
stress-strain curve, which will be discussed in Section 4.2.

2.1.3. Inelastic strain partitioning assumptions

Two special cases of Eqs. 7 and 8 in accordance with general and
frequently employed descriptions of the inelastic strain behaviour
of metallic materials will no be formulated. In the first case, the
plastic and creep strain components are assumed to be indepen-
dent and additive, here denoted as decoupled inelastic strain. Suc-
cessful description by constitutive modelling based on decoupled
inelastic strain has been reported for many engineering alloys
[33-36]. Regarding the second case, plastic and creep strain com-
ponents are considered unified, meaning that the effect of inelastic
strain on the material is the same regardless of whether it is accu-
mulated as creep strain at constant stress or as plastic strain by
instantaneous loading. In fact, the unified description of inelastic
strain has been used extensively in constitutive modelling of
metallic materials at high temperatures [33,37-41].

An instructive test to analyse the inelastic strain behaviour of
materials is to perform a high load-rate tensile test with an inter-
mediate constant-stress dwell time and investigate the effect of
the dwell time on the subsequent hardening behaviour [47-50].
In particular, such a test provides information regarding eventual
coupling effects due to the dwell time, when compared to a tensile
test without intermediate dwell. Fig. 1 illustrates the expected
response of the two ideal inelastic strain behaviours when sub-
jected to such test conditions. Accordingly, a unified inelastic strain
is expected to manifest a convergence between the load segment
ensuing the dwell period and the stress-strain curve without dwell,
connected by an elastic load segment, as indicated in Fig. 1.
Because the creep strain accumulated during the dwell time is
defined such that it causes the same hardening effect as an instan-
taneous plastic strain would have done, the curves must coincide.
In contrast, the load segment after the dwell period for decoupled
inelastic strain behaviour should not return to the no-dwell curve,
see Fig. 1. Rather, the former curve is translated in the horizontal
direction as prior creep strain must leave the hardening state unaf-
fected and therefore shifts the curve in the positive strain direction.
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Fig. 1. Comparison of decoupled and unified inelastic strain behaviour when
subjected to a high load-rate tensile test with an intermediate constant-stress dwell
time, where the line without markers represents the stress-strain curve when
loaded without an intermediate dwell time.

2.1.3.1. Decoupled inelastic strain. In this case, the plastic and creep
are defined to be additive and independent, meaning that accumu-
lation of plastic strain does not influence creep strain and vice
versa. Furthermore, it is also specified that the creep strain is the
only internal variable which is explicitly time-dependent, i.e.
aspects such as hardening do not change with time if the observ-
ables are kept constant. Mathematically, the decoupled inelastic
strain behaviour is formulated as

dey =#7" (0, ¢y, v,)do (10)
deo =4 (0, r, Wy )dt (11)
dv; =.l:(0, ¢y, vy)do (12)
dw. = (0, e, Wy)da (13)

where each internal variable is either dependent on the plastic
strain or the creep strain, but not both. Accordingly, the internal
variables are divided into two sets denoted », and wj, with
y=1,2,..and g =1,2,.... In this way, the plastic strain increment
is completely unaffected by the creep strain, and vice versa.

2.1.3.2. Unified inelastic strain. For unified inelastic strain, the effect
of inelastic strain accumulation is only imposed in terms of a the
combined inelastic strain variable &y + &, such that the effect is
the same regardless of how inelastic strain is generated, i.e.
whether it is under creep load conditions or due to an instanta-
neous stress increase. Hence,

dep =H7" (0,61 + &ar, ) dO (14)
dee =2/ (0, &y + Ecr, v))dt (15)
dve =M (ep + Ecr, V) dEin (16)

where dg;, = dey + dé.r. In this way, irrespective of whether inelas-
tic strain is due to a plastic or creep strain increment, the change in
all other internal variables will be the same, e.g. creep straining
causes the same hardening as an equal amount of plastic straining
would have done.

2.2. Creep strain assessment in SSRT tests

A methodology to assess the creep strain and creep strain rate
from isothermal and uniaxial load conditions based on the decou-
pled and unified inelastic strain partitioning assumptions is now
presented.
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2.2.1. Decoupled inealstic strain

If the stress is applied monotonically, i.e. ¢ > 0 for all t > 0, the
internal variables &, and v, in the decoupled formulation must be
single-valued function of o (but not necessarily monotonic)
through integration of Eqs. 10 and 12, since both differentials are
unaffected by time. Hence,

dey = #7(0,65(0), v,(0))do = h ™' (0)da (17)

where h will be denoted as the hardening modulus, or rate of hard-
ening, i.e. the slope of the stress-inelastic strain curve in the case of
negligible creep. The expression for the total inelastic strain com-
bining Eqs. 11 and 17 then is

dew = h'(0)do + o/ (0, &cr, Wp)dt (18)

which by rearrangement and integration yields the following
expression of the creep strain

talt) = [ /(050w = uit) ~ [ (00 (19

where ¢, is the inelastic strain at any instant ¢t > 0 in a SSRT con-
ducted with an arbitrary load rate ¢ > 0.

The creep strain for decoupled inelastic strain partitioning is
unaffected regardless of whether the SSRT test is performed in
strain or stress control, as long as the stress rate ¢ is positive. How-
ever, if the test is strain-controlled, as in this investigation, there is
a risk of the test material manifesting softening, i.e. a negative
stress change, for which the premises Eq. 17 is not valid. On the
other hand, it is well motivated to assumed that h™' (o) is zero
when ¢ < 0 since otherwise, a negative stress increment at a pos-
itive value of stress ¢ would result in a negative plastic strain
increment, which is regarded unlikely. Thus, for SSRT tests which
manifest softening starting from a maximum stress ¢, occurring
at the time instant t,,4, the creep strain can be assessed as

iy o) -1
scr(t){gm(t) 77N (0)do t <t

"Omax J,—1 (20)
En(t)— [o" h(0)do € > tma

instead of Eq. 19.

2.2.2. Unified inelastic strain

A similar expression for the creep strain by the unified inelastic
strain assumption is possible if a restriction is made to materials
behaviours involving a yield criterion dictating the rate-
independent behaviour. Effectively, it is assumed there is a yield
surface f(0,é&y + &, vy) <0, where yielding is represented by
f =0, and an associated loading-unloading condition. Notably,
despite if f < 0, the yield surface may move and expand due to
the explicit evolution of the internal variables with time, Eqs. 15
and 16, for the unified inelastic strain behaviour. Thus, the
loading-unloading criterion must reflect that unloading occurs if
the yield surface evolution with time exceeds the effect of an
instantaneous increase in stress, i.e. plastic flow occurs if

_ of of of o
[=0, 55d0> g adt+ 5v; Mot dt == dt (21)
where &;, = & + &q. Accordingly, the total inelastic strain is written
as

7 ot 22
oA (0,81 + Ecr, vy)dt otherwise (22)

de — {#1 (0,8p + &, vy)do f=0, ZLdo>Ldt
where .o/ = 0 when yielding, as it is supposed that the yield criteria
is associated with time-independent plastic straining only. Thus, we
consider unified inelastic strain behaviours for which rate-
independence is achieved at high load rates due to the fulfilment

Materials & Design 205 (2021) 109697

of a yielding criterion, whereas rate-dependency occurs at low load
rates as soon as the criterion is unfulfilled. This is in agreement with
many previously proposed viscoplastic formulations considering
unified inelastic strain, e.g. [41,51].

As experimentally observed in the present study, the test mate-
rials manifest a rate-independent behaviour when loaded at con-
stant strain rate up to a limit stress at which the stress-strain
curves deviates from the rate-independent response and become
rate-dependent, see Section 4.2. In such cases, rearrangement
and integration of Eq. 22 becomes

t<ty
t>ty

(23)

0
Ga(t) = { ffo A (G, ey + Ecr, v;)dE = g (t) — [ b} (0)da

where &, is the inelastic strain at any instant t > 0 in a SSRT test, t,
is the time where the stress-strain curve deviates from the rate-
independent stress-strain curve and h is the hardening modulus,
i.e. the slope of the stress-inelastic strain curve in the case of negli-
gible creep.

2.2.3. Graphical interpretation of decoupled and unified inelastic strain
partitioning

The assessment of the creep strain when assuming a decoupled
inelastic strain, Eq. 20, and a unified inelastic strain, Eq. 23, in a
SSRT test can be graphically visualised to ease the understanding,
see Fig. 2. For decoupled inelastic strain partitioning, the creep
strain at a given instant t can be interpreted as the horizontal dis-
tance between the current stress-strain location (&(t), o(t)) and the
rate-independent stress-strain curve observed at high load rates
for which the time-dependent effects are negligible. In contrast,
the creep strain when assuming a unified inelastic strain partition-
ing is simply the total inelastic strain determined at the current
stress-strain location (¢&(t), o(t)) minus the inelastic strain at the
instant when the stress-strain curve deviates from the rate-
independent stress-strain curve. As a consequence, it should be
noted that if the stress-strain curve deviates before the rate-
independent yield stress is reached, the creep strain simply
becomes the total inelastic strain observed in a SSRT test.

T T T T T

Decoupled
cr

&

Stress

1 1 1 1

Unified .
3crmﬁ Strain

Fig. 2. Graphical assessment of the uniaxial creep strain under isothermal tensile
test load conditions, based on the decoupled (s2°*?*?) and the unified (gY")
inelastic strain partitioning assumptions. For the former, the creep strain equals the
horizontal distance between the current stress-strain location (&(t), o(t)) and the
stress-strain curve when performed in the high load-rate limit, for which the time-
dependent effects are negligible, whereas for the latter, the creep strain equals the
total inelastic strain at the current stress-strain location (&(t),o(t)) minus the
inelastic strain at the instant when the stress-strain curve deviates from the rate-
independent stress-strain curve.
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3. Materials and experimental procedure
3.1. Materials

For the purpose of the present study, a varied set of frequently
employed engineering alloys have been investigated, namely, AISI
316L, Hastelloy X and EN-GJS-SiMo5-1. AISI 316L is a solid-solution
strengthened austenitic stainless steel typically used in high-
temperature applications such as power plants [52,53]. The speci-
mens were taken from a rod that was hot rolled and annealed
before cold drawn. The annealing procedure before the cold
drawning was performed at 1060 °C during 0.5h and finally
quenched in water.

Hastelloy X is a solid-solution strengthened nickel-base super-
alloy typically used in high-temperature applications, e.g. gas tur-
bines [54]. Similarly, the specimens were taken from a rod that
was hot rolled and solution annealed, followed by solution anneal-
ing at 1175 °C during 0.3h and quenching in water.

Regarding the ductile cast iron EN-GJS-SiMo5-1 commonly used
in heavy-vehicle automotive industry [6,15,55], the specimen were
extracted from plates, cast with an average cooling rate of 3.5°/C
and subjected to a solution treatment at 900°C and a subsequent
normalisation in order to generate a fully ferritic matrix. The
chemical compositions for the three materials are given in weight
percent in Tables 1-3. The elastic modulus and off-set yield
strength (Ry2) of each material was determined from the tensile

test conducted with 1073 s~! strain rate according to standard
[56,57], are presented in Table 4.

3.2. Mechanical testing

In order to evaluate the creep assessment method presented in
Section 2, SSRT tests of the materials presented in Section 3.1, was
conducted and validated by conventional creep and stress-
relaxation tests. All mechanical tests were performed using an
Instron 5982 electromechanical machine and the software Bluehill
3, equipped with an Instron SF16 furnace and an Instron 7361C
extensometer with gage length of 12.5 mm. The temperature was
kept constant over the whole gauge length by controlling three
heating sections in the furnace and the temperature was always
allowed to stabilized for two hours before each test. The test tem-
peratures were selected according to the relevant creep tempera-
ture regime for each engineering alloy, namely 500 °C for EN-
GJS-SiMo5-1, 600 °C for AISI 316L and 800 °C for Hastelloy X. More-
over, the same cylindrical specimen geometry with a 5 mm diam-
eter and a 24.5 mm parallel length was used for all tests, see Fig. 3.

3.2.1. Slow-strain-rate testing (SSRT)

High-temperature tensile tests were performed at strain rates
presented in Table 5, one test for each test condition, in crosshead
position control, according to the ISO 6892-2 standard [56]. Typi-
cally, conventional tensile testing covers strain rates from
1072 57! down to 107* s~!, while tensile test at strain rates less
than 102 s7! is denoted as slow-strain-rate testing (SSRT)
[28,29,58], which was primarily developed for stress corrosion
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3.2.2. Creep tests

To validate the above assessment of creep strain from the SSRT
tests, conventional creep tests were performed in load control
according to ISO 204 standard [11]. Accordingly, specimens were
subjected to a strain rate of 10> s~! in crosshead position control
until the pre-defined stress values were reached, see Table 6, at
which the tests were immediately switched to load control and a
constant stress was maintained until fracture.

3.2.3. Stress-relaxation tests

For further comparisons, stress-relaxation tests in crosshead
position control were performed starting from the pre-defined
stress values in Table 6, according to ASTM E328 standard [60].
Specimens were initially loaded at a strain rate of 107> s~!) until
the pre-defined stress values were reached, from which a constant
crosshead position was held and the subsequent evolution of the
measured stress and strain was recorded.

Following previous investigators [25,61-66], the inelastic strain
accumulation during the uniaxial stress relaxation tests Agy, is typ-
ically assessed under the condition

Ae = A_Ea + A&, =0 (24)
where E is the elastic modulus, A¢ is the strain measured by the
extensometer and Ac is the uniaxial stress, relative to the strain
and stress value, respectively, at the starting time of the hold time.
However, rather than a constant value on the extensometer strain &,
the stress change was recorded while subjecting the specimen to a
constant crosshead position, hence A¢ was not strictly equal to zero.
For this reason, the inelastic strain accumulation was assessed as

ey, — % _Ae (25)

in the stress-relaxation tests.

3.2.4. SSRT test with an intermediate dwell time

SSRT tests with an intermediate dwell time were performed in
order to justify whether any of the two investigated assumptions
applies to the tested materials. To this end, specimens were ini-
tially loaded with a strain rate of 1072 s~! in crosshead position
control until the pre-defined stress values were reached, see
Table 6. From this instant, the specimens were held at constant
load for an increase of approximately 2% in engineering strain.
After the dwell time, the specimens were again loaded using a
strain rate of 10~3 s~ ! in crosshead position control.

3.3. Creep strain and creep strain rate assessment by the inelastic
strain partitioning

The uniaxial creep strain was assessed from the SSRT tests using
Egs. 20 and 23, as illustrated by the graphical procedure presented
in Section 2.2.3. To this end, the SSRT test conducted at the strain
rate of 1073 s-! mentioned in Table 5 were considered as suffi-
ciently rapid to represent the rate-independent stress-strain curve,
which is required to assess the hardening modulus h and the cor-
responding integral over stress in Egs. 19 and 23. Accordingly, the
inelastic strain ¢;, at any instant t in a SSRT test was assessed as

testing, see the ISO 7539-7 standard [59]. &in(t) = &(t) — Ea(t) (26)
Table 1
Chemical composition of AISI 316L in weight percent. The iron content is implicit.
c N Si Mn Cr Mo Cu Ni
0.01 0.06 0.47 1.51 16.87 2.04 0.46 10.16
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Table 2
Chemical composition of Hastelloy X in weight percent. The nickel content is implicit.
C Si Mn Co Cr Cu Fe Mo w
0.07 0.29 0.42 1.10 21.76 0.10 18.65 8.70 0.74
Table 3
Chemical composition of EN-GJS-SiMo5-1 in weight percent. The iron content is implicit.
C Si Mn S P Ni Mo Cu Sn Ti Al
3.16 433 0.41 0.008 0.014 <0.05 0.91 0.07 <0.001 0.017 0.017
Table 4 Since the subtraction of inelastic strain data involves inelastic

Elastic moduli and 0.2% off-set yield strength (Ry2) at elevated temperatures for EN-
GJS-SiMo5-1, AISI 316L and Hastelloy X.

Material Temperature Elastic modulus Yield strength
[°C] [GPa] [MPa]
EN-GJS-SiMo5-1 500 148.3 337.7
AISI 316L 600 175.5 380.2
Hastelloy X 800 136.7 2394
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Fig. 3. Drawing of the cylindrical specimen geometry used for all mechanical tests.

Table 5
Strain rates used for the SSRT tests of EN-GJS-SiMo5-1, AISI 316L and Hastelloy X. One
specimen was tested for each test condition.

Strain rates
[s']
103s571,10°s71,10 557!

Material

EN-GJS-SiMo5-1

AISI 3161 103s,10°s 1,10 65"
Hastelloy X 102s5s1,103s,10%s 1,10 °s',106s!
Table 6

Pre-defined stress levels for the creep, stress-relaxation and SSRT-dwell tests. One
specimen was tested for each test condition.

Material Creep stresses Relaxation stresses Dwell stresses
[MPa] [MPa] [MPa]
EN-GJS-SiMo5-1 200, 250, 300 355 280
AISI 3161 380, 400, 450 440 380
Hastelloy X 110, 170, 230 300 200

where ¢ is the engineering strain recorded by the extensometer, ¢ is
the engineering stress, i.e. the applied force divided by the initial
cross-sectional area of the specimen, and E is the elastic modulus
measured in the SSRT test performed with 107 s~!, see Table 4.
The creep strain was in turn acquired by subtracting the inelastic
strain data acquired at the high strain rate of 10~ s~! with those
acquired at slow strain rates, 107 s~! and 107° s~1, according to
the developed methodology for decoupled and unified inelastic
strain illustrated in Fig. 2.2.3.

strain measured in two separate test specimens, the accuracy at
low creep strain values is considered low due to the possible vari-
ation between test specimens even though the material is nomi-
nally the same. However, at large creep strain values, the
eventual error is negligible compared to the measured creep strain,
hence the error is only significant at small creep values. For this
reason, creep strain values below 0.05% was consistently disre-
garded and not included in the creep assessment by this method.

Furthermore, the AISI 316L material manifested dynamic strain
ageing for the tested temperature when subjected to the strain rate

of 1073 51, see Fig. 4b. To avoid interference with the creep strain
assessment, the strain bursts were removed by removing all stress-
strain points lying more than 1 MPa off the smoothed stress-strain
curve obtained using a moving average with a fixed window length
of 0.25% strain.

To assess the creep strain rate, the acquired creep strain was
differentiated with respect of time using the incremental polyno-
mial method with a fitting set size of 201 successive data points,
as for instance described in the E647 standard [67].

4. Results and discussion

The purpose of the performed mechanical testing described in
the previous section is to evaluate the validity of the proposed
accelerated creep assessment method based on inelastic strain par-
titioning assumptions presented in Section 2. To this end, the par-
titioning assumptions, namely the decoupled and unified inelastic
strain, and the creep assessment method are separately investi-
gated. It is important to note that the variation in mechanical beha-
viour observed in Section 4.1 is not only due to the variation in
materials, but is also a result of testing at different temperatures,
which were individually selected for each alloy to lie in the tem-
perature range where creep is active [53,54].

4.1. Mechanical behaviour at high temperatures

The mechanical data of relevance for this study acquired from
tensile, creep and stress relaxation tests described in Section 3.2
are shown in Figs. 4-7, namely high-temperature engineering
stress-strain, creep and stress relaxation curves. The engineering
stress-strain curves for EN-GJS-SiMo5-1 at all strain rates in
Fig. 4a manifest a flat appearance after the initial yield stress,
which indicates that no significant work hardening is occurring
at the tested temperature. However, in Fig. 4a EN-GJS-SiMo5-1
shows softening when deformed using a strain rate of 1076 s,
On the contrary, both AISI 316L and Hastelloy X show an increasing
curve after the initial yield stress at high strain rates, hence these
materials appears to harden with increasing deformation as long
as the load rate is sufficiently high. This is visible in Fig. 4b for AISI
316L at the strain rate of 1073 s~! and in Fig. 4c for Hastelloy X at
the strain rates of 1072-10~* s~!. However, with decreasing strain
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Fig. 4. Stress-strain curves of high-temperature tensile tests performed with different strain rates at temperatures of 500, 600 and 800 °C for (a) EN-GJS-SiMo5-1, (b) AISI
316L and (c) Hastelloy X respectively.
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Fig. 5. Evolution of creep strain in uniaxial creep tests performed with different constant stress levels at temperatures of 500, 600 and 800 °C for (a) EN-GJS-SiMo5-1, (b) AISI

316L and (c) Hastelloy X respectively. The creep strain accumulated during the constant-stress period in the SSRT with an intermediate dwell time are included and displayed
with solid markers.
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Fig. 6. The creep strain rate in uniaxial creep tests performed with different constant stress levels at temperatures of 500, 600 and 800 °C for (a) EN-GJS-SiMo5-1, (b) AISI

316L and (c) Hastelloy X respectively. The creep strain rate evaluated during the constant-stress period in the SSRT with an intermediate dwell time are included and
displayed with solid markers.

T T T T T 2
—o— EN-GJS-SiMo5-1
—o— AISI 316L

(a)

500

L

(b)o— EN-GJS-SiMob5-1
—o— AIST 316L

= 400 —— Hastelloy X 1 Lor|_, Hastelloy X
& £
= 300 18
£ 200 g
73 g
O 0.5

—
(=3
o

T

4

L

0 1 1 1 1 1 0 1 1 1 1 1

1.5 2 1.5 2 2.5 3
Time [h] Time [h]

Fig. 7. The (a) measured uniaxial stress as a function of time and (b) the corresponding creep strain estimated by Eq. 25, in stress-relaxation tests starting stress of 355, 440
and 300 MPa and at temperatures of 500, 600 and 800 °C for EN-GJS-SiMo5-1, AISI 316L and (c) Hastelloy X respectively.
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rate, the mechanical behaviour changes. When using strain rates
below 107> s~!, the work hardening in AISI 316L and Hastelloy X
decreases to become a flat curve as similar to the mechanical beha-
viour of EN-GJS-SiMo5-1. Notably, the initial yield stress decreases
with decreasing strain rate, which can be observed for all tested
alloys in Fig. 4, compare for example the yield stresses of EN-
GJS-SiMo5-1 when subjected to strain rates of 107> s71, 107> s7!
and 10°% s7! in Fig. 4a. Regarding the high yield stress of AISI
316L in the current study compared to AISI 316L studied elsewhere
[68], it is much likely due to the cold worked condition. In addition,
it is further noted in Fig. 4b, that striations appear in AISI 316L
when yielding at the strain rate of 1073 s~!, which is interpreted
as dynamic strain ageing (DSA) [58,68]. DSA originates from inter-
action between solute atoms and dislocations during plastic defor-
mation. Under plastic flow, dislocations are gliding until they come
across an obstacle where they are stationary until the obstacles are
surmounted. When the dislocations are stationary, solute atoms
can diffuse towards the dislocations which results in an increase
in the activation energy for further slip and consequently also an
increase in the stress needed for overcoming the obstacle [69].

In Fig. 5, the creep strain as a function of time at constant
applied stress is presented for the three alloys. As seen in the fig-
ure, the selected stress levels impose relatively short durations of
the tests, however they were selected with the purpose of being
the same range as the stress levels attained in the SSRT tests. More-
over, the primary, secondary and tertiary creep stages are not
easily identified in Fig. 5 due to the logarithmic axis. Instead, the
creep stages can be identified in Fig. 6, where the creep strain rate
over time is presented for each alloy. Fig. 6 shows a high creep
strain rate in the beginning, i.e. primary creep stage, for some of
the tested alloys and test conditions, namely for EN-GJS-SiMo5-1
tested at 200 MPa and 250 MPa and for AISI 316L tested at
400 MPa. For Hastelloy X and the other test conditions no primary
creep stage was observed. The minimum creep strain rate in Fig. 6,
i.e. the secondary creep stage, is present for all tested alloys and
conditions and the same is valid for the tertiary creep stage corre-
sponding to the increases in the creep rate after the minimum
creep strain rate in Fig. 6.

From the stress relaxation curves in Fig. 7, it is observed that the
stress relaxation and consequently the increase in calculated creep
strain are the highest in the beginning of the test followed by a
decrease in the changes of stress relaxation and creep strain.

4.2. Evaluation of the validity of inelastic strain partitioning
assumptions

Before evaluating the creep assessment presented in Section 2.2,
the validity of inelastic strain partitioning assumptions must be
investigated. Firstly, as postulated in Section 2.1.2, an infinitesimal
increase in inelastic strain at any instant may have two contribu-
tions, a creep increment due to passage of time and a plastic incre-
ment caused by an increase in stress, see Eq. 6. Thus, it is imposed
that the plastic strain component must characterise the stress-
strain curve at high load rates for which there is not enough time
to cause accumulation of creep strain, see Eq. 9. Consequently, per-
forming SSRT tests with increasing load rate should indicate a con-
vergence to a unique rate-independent stress-strain curve, as is
observed for Hastelloy X and ASIS 316L, see Figs. 4b and 4c. Nota-
bly, convergence is first attained at low stresses, e.g. see & = 107>
and & = 107% in Fig. 4c, whereas overlap at higher stresses requires
increasingly higher load rates, see £ = 102 and & = 10~ in Fig. 4c.
This behaviour is simply interpreted as the rate of accumulation of
creep strain being more significant at higher stresses, which hence
requires higher load rate in order to be suppressed.

Materials & Design 205 (2021) 109697

Regarding the inelastic strain partitioning assumptions, their
validity can be explicitly tested by performing SSRT tests with
intermediate dwell time in comparison to SSRT without interrup-
tions, as discussed in Section 2.1.3. As the assumptions are formu-
lated, the subsequent tensile loading following an intermediate
constant-stress dwell time will either result in an elastic load path
attaining the no-dwell curve or an unaffected continuation of the
hardening curve, see Fig. 1, if either the unified or decoupled par-
titioning assumption, respectively, is applicable. Effectively, Fig. 8
shows the stress-strain curve of the tested materials when sub-
jected to a strain rate of 1072 s~! and an intermediate dwell time
of approximately 2% engineering creep strain, compared to a SSRT
test with the same strain rate but without dwell.

In order to make the illustration of the effect of the dwell time
on subsequent hardening even better, the same comparison is
shown in Fig. 9, however, with the stress-strain curves of the load
segment ensuing the dwell time horizontally translated such that
the end of the dwell time coincides with the stress-strain curve
without dwell. In this way, it is made clear that EN-GJS-SiMo5-1
and Hastelloy X manifest a similar behaviour for which the dwell
time imposes an apparent increase in the flow stress, see Figs. 9a
and c. The increase in flow stress is significant for Hastelloy X,
roughly in the range of 50-80 MPa, see Fig. 9c, whereas for EN-
GJS-SiMo5-1 it is much less, 10-30 MPa, see Fig. 9a. Accordingly,
it is noted that the difference in the increase in flow stress between
the two materials is much related to behaviour demonstrated in
Fig. 8a and c, i.e. that the tensile loading ensuing the dwell time
tends to bring back the stress to the stress-strain curve without
dwell. Thus, since the hardening rate, i.e. the slope of the stress-
strain curve during inelastic deformation, is much higher in Hastel-
loy X compared to EN-GJS-SiMo5-1, a much higher stress increase
is required to come back to the stress-strain curve without dwell in
Hastelloy X. In contrast for EN-GJS-SiMo5-1, the hardening rate
approaches zero as the strain increases. Hence, even though the
flow stress is increased by the dwell time, the two curves still coin-
cide as the saturated flow stress is reached, see 8a.

As opposite to EN-GJS-SiMo5-1 and Hastelloy X, AISI 316L man-
ifests a behaviour for which the dwell time does not influence the
flow stress remarkably, see Fig. 9b. However, looking more closely,
there is a small stress increase at the instant of load application in
the end of the dwell time, see Fig. 9b. The stress peak is intepreted
as DSA, where solute atoms can diffuse towards the dislocations
which result in an increase in stress needed for overcoming the
obstacle [69]. In addition, DSA is present in the curve without
dwell time and have been reported occuring in AISI 316L within
the used strain rate and temerature [58,68]. Nevertheless, the
effect is small, and the flow stress is not much different from the
tensile test without dwell.

When at larger strain values in AISI 316L, > 0.5%, the curves
deviate in Fig. 9b, where the tensile test subjected to an intermedi-
ate dwell is situated below the tensile test without dwell. Thus, it is
indicated that the dwell time has reduced the hardening rate of the
subsequent tensile loading. On the other hand, it must be empha-
sised that the two tests, i.e. the tensile test with and without inter-
mediate dwell, are performed on two different test specimens.
Hence, a difference may also arise due to the variations between
specimens, which in fact, is a likely explanation for the hardening
difference observed in AISI 316L. Looking more closely at the
stress-strain curves, see Fig. 10, there is roughly a 10 MPa differ-
ence before the dwell time despite the same strain rate, which cor-
responds well to the stress difference seen in Fig. 9b. For this
reason, the deviation seen in Fig. 9b is considered to be due to vari-
ations between test specimens, rather than an effect of the dwell
time on the hardening behaviour. Similarly, the two curves of
Hastelloy X do not perfectly coincide at large strains either,
however here, the dwell time seems to increase the subsequent
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Fig. 8. Tensile test curves of (a) EN-GJS-SiMo5-1 at 500 °C, (b) AISI 316L at 600 °C and (c) Hastelloy X at 800 °C when subjected to a strain rate of 10~> s~! with and without an

intermediated dwell time corresponding to approximately 2% engineering creep strain.
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Fig. 9. Tensile test curves of (a) EN-GJS-SiMo5-1 at 500 °C, (b) AISI 316L at 600 °C and (c) Hastelloy X at 800 °C when subjected to a strain rate of 10~> s~! with and without an
intermediated dwell time corresponding to approximately 2% engineering creep strain. In contrast to Fig. 8, the stress-strain curves of the load segment ensuing the dwell
time are horizontally translated such that the end of the dwell time coincides with the stress-strain curve without dwell, in order to highlight the effect on the flow stress.
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Fig. 10. A closer view of Fig. 8b to illustrate the difference between test specimens.
Even though the specimen are of the same material, AISI 316L, and subjected to the
same initial strain rate of 10>s~1, the flow stress differs. An off-set line with a slope
equal to the elastic modulus illustrates a difference in the off-set yield strength
value of roughly 10 MPa between the specimens.

hardening rate rather than decreasing it. In this case, there is
unfortunately no possibility to distinguish whether it is due to an
influence of the dwell time or simply a result of testing two differ-
ent specimens.

Despite the limitations in comparing tensile tests with and
without intermediate dwell, the above analysis still provides a
rough idea whether the ideal decoupled and unified behaviour
put forth in Section 2.1.3 are reasonable by comparison to Fig. 1.
As seen in Figs. 8a and ¢, EN-GJS-SiMo5-1 and Hastelloy X clearly
manifest a unified inelastic strain behaviour motivated by the
observation that the creep strain accumulated during an interme-
diate dwell time results in a flow stress increase comparable to the
increase in flow stress caused by the inelastic straining though
high strain-rate tensile loading. In contrast, AISI 316L manifests a
distinct decoupled inelastic strain behaviour as the effect of the

intermediate dwell does not affect the flow stress, see Fig. 9b, as
opposite to the two former alloys. Thus, by these experiments, it
is justified to assume that AISI 316L comply to a decoupled inelas-
tic strain behaviour whereas the unified inelastic strain assump-
tion is applicable for EN-GJS-SiMo5-1 and Hastelloy X.

Different mechanistic reasons to why different materials com-
ply to different inelastic strain partitioning principles can be dis-
cussed. However, this study do not aim to examine them in
detail rather to address them for future work. Differences in crystal
structures, deformation mechanisms, phase stability and recovery
mechanisms between the tested materials or a complex combina-
tion of these aspects may possibly relate to the inelastic strain par-
titioning behaviour. Regarding the crystal structures the ferritic
EN-GJS-SiMo05-1 and the austenitic AISI 316L and Hastelloy X have
a body-centred-cubic and a face-centred-cubic structure respec-
tively. However, this difference cannot be explicitly correlated to
different inelastic strain partitioning principles, as both EN-GJS-
SiMo5-1 and Hastelloy X behave according to the unified assump-
tion despite different crystal structures. Regarding deformation
mechanisms, EN-GJS-SiMo5-1, Hastelloy X and AISI 316L all have
similar deformation behaviour consisting of dislocation slip under
high-temperature tensile test conditions [37,68,70]. Under creep
test conditions, Hastelloy X and AISI 316L manifest dislocation
creep [71,72], while it is argued that EN-GJS-SiMo5-1 manifests
similar matrix deformation under both tensile and creep load con-
ditions [14]. Hence, there is no clear indication that the underlying
deformation mechanisms may account for the observed differ-
ences in inelastic strain partitioning. On the other hand, the stabil-
ity of phases appears to differs between the tested alloys, which
can effect the partitioning behaviour if the phase content is chang-
ing during the extent of the performed tests. Indeed, all the tested
materials are expected to form secondary phases at elevated



V. Norman and M. Calmunger

temperature [14,55,73,74]. However, it is considered unlikely that
the phase stability at high temperatures has a significant influence
on the inelastic strain partitioning behaviour, since the time at ele-
vated temperature is relatively short for considerable precipitation.
A final possible explanation is differences in recovery mechanisms,
as AISI 316L has been reported to show recovery mechanisms such
as dynamic recovery and dynamic recrystallisation at the tested
temperature [68], whereas EN-GJS-SiMo5-1 and Hastelloy X are
less prone to manifest recovery mechanisms at the tested temper-
atures [75,76]. Thus, recovery is likely to occur in AISI 316L under
the tested conditions, especially since it is cold worked, and it is
therefore argued to be the most likely cause to why AISI 316L
has a decoupled inelastic strain behaviour in contrast to EN-GJS-
SiMo5-1 and Hastelloy X.

The association of a decoupled inelastic strain behaviour with
materials manifesting recovery can be further motivated. Starting
with identifying a flow stress o, associated with the plastic strain
increment dg, as an internal variable, the decoupled inelastic strain
assumption implies that the unixial stress ¢ must equal the flow
stress o, at any instant during a monotonic tensile test, ¢ > 0, i.e.

do, =do (27)

Combining the above equation with the decoupled inelastic
strain partitioning assumption, Eq. 18, the change in the flow stress
do, is related to inelastic strain and time differentials as

do, = hdgy, — hordt (28)

which in principle is the same expression as the Bailey-Orowan
equation [77,78]. In accordance with the original interpretation, h
is the rate of strain hardening whereas h.o# is the rate of recovery,
i.e. the decrease in flow stress with time.

4.3. Evaluation of the creep assessment method by comparison to
stress-relaxation and creep tests

When comparing different creep assessment methods for which
different load conditions are involved, it is not straight forward
how to make the comparison because the measured creep strain
rate is not only dependent on the applied load variables, but typi-
cally also evolve with time, see for instance Fig. 6. On the other
hand, the creep strain rate is usually seen to be significantly influ-
enced by stress and temperatures, which is the reason for making
the comparison in terms of these variables. Effectively, Fig. 11 com-
pares the creep strain rate as a function of stress measured in stan-
dard creep tests and assessed from SSRT based on the inelastic
strain partitioning method for the three tested materials. In view
of the results presented in the previous section, creep strain rate
of EN-GJS-SiMo5-1 and Hastelloy X are assessed based on the uni-

L
)
'S

Materials & Design 205 (2021) 109697

fied inelastic strain assumption, and AISI 316L based on the decou-
pled inelastic strain assumption. Again, the creep strain rate in
creep tests is generally not constant, e.g. see Fig. 6, which is the rea-
son why these data points are vertically elongated in the figure,
where each line corresponds to an individual creep test. Similarly,
the SSRT data points are also vertically distributed depending on
the assessed creep strain rate, as well as horizontally distributed
depending on the stress variation during the test, see Fig. 4.
Nonetheless, it is observed that the creep strain rate assessed in
SSRT lies within the trend band traced out by the creep strain rate
data acquired in conventional creep testing, marked out by a pair
of solid lines in Fig. 11. Thus, the inelastic strain partitioning
method appears to provide creep strain rates in agreement with
conventional creep testing.

It must be emphasised that the width of the trend band traced
out by the conventionally measured creep rates originates from the
variation in creep strain rate over the primary, secondary and ter-
tiary creep stages, which is visualised in Fig. 6. Accordingly, the
lower edge of the trend band corresponds to the minimum creep
strain rate in the secondary stage whereas the upper edge corre-
sponds to the maximum creep strain which occurs either in the
primary or tertiary stage as seen Fig. 6. In contrast, for the creep
strain assessed from SSRT data, the distinction of creep stages is
less evident. The reason for this is the fact that the stress is not con-
stant in the SSRT tests, hence depending on how the stress varies,
the creep strain rate supposedly changes accordingly.

The above point is illustrated in Fig. 12 which shows the creep
strain assessed trough inelastic strain partitioning of SSRT tests

performed with a strain rate of 10°®s~! compared to the creep
strain of the conventional uniaxial creep tests. The applied stress
in the tests are reported in the figure legends, which in the case
of the SSRT tests becomes an interval rather than a constant value.
In this way, it is observed that there is hardly any appearance of a
primary creep stage in contrast to the conventionally measured
creep strain, see for instance AISI 316L in Fig. 12b. Similarly, the
creep strain assessed from the SSRT tests of Hastelloy X seems to
have a smaller creep rate at the start, see Fig. 12¢, which is the
opposite compared to the conventional creep tests where the ini-
tial creep rate is higher, see Fig. 6¢c. The reason for this is presum-
ably related to the variable stress of the SSRT tests for which the
first onset of creep strain is expected to occur while the applied
stress is increasing. In other words, the decrease in creep strain
rate normally occurring during the primary creep stage is presum-
ably evened out by the concurrent increase in applied stress in the
SSRT test.

A similar remark can be done regarding the tertiary creep stage,
which is not as distinct as in the SSRT tests compared to the con-
ventional creep tests, see for instance EN-GJS-SiMo5-1 in Fig. 12a
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Fig. 11. Creep strain rate as a function of stress measured in standard creep tests, see Section 3.2.2, stress-relaxation tests, see Section 3.2.3, and assessed from SSRT test using
inelastic strain partitioning, see Sections 3.2.1, for (a) EN-GJS-SiMo5-1 at 500 °C, (b) AISI 316L at 600 °C and (c) Hastelloy X at 800 °C. As motivated by the results presented
in Section 4.2, the unified inelastic strain partitioning assumption is employed for EN-GJS-SiMo5-1 and Hastelloy X, whereas the decoupled assumption is used for AISI 316L

in the creep strain rate assessment of the SSRT tests.
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Fig. 12. Creep strain evolution with time measured in standard creep tests, see Section 3.2.2, and assessed from SSRT test performed with a strain rate of 105! using
inelastic strain partitioning, see Section 3.3, for (a) EN-GJS-SiMo5-1 at 500 °C, (b) AISI 316L at 600 °C and (c) Hastelloy X at 800 °C. As previously, the unified inelastic strain
partitioning assumption is employed for EN-GJS-SiMo5-1 and Hastelloy X, whereas the decoupled assumption is used for AISI 316L.

where the creep strain rate appears to decrease rather than
increase as opposite to the standard creep test at 250 MPa. On
the other hand, the phenomena is well explained by the decreasing
stress at high strain values observed in the SSRT test of the EN-G]JS-

SiMo5-1, see the 10™° s~1 curve in Fig. 4a, which arguably neu-
tralise the increase in creep strain rate associated with the tertiary
creep stage.

Fig. 11 also contains creep strain rates assessed from stress
relaxation tests, acquired as explained in Section 3.2.3. It is
observed that similar values are acquired in this way compared
to conventional creep tests, as well as the SSRT tests through the
inelastic strain partitioning method. However, in contrast to the
SSRT tests, the creep strain rates assessed by stress relaxation
sometimes fall outside the trend band traced out by the conven-
tionally measured creep strain rates, see Figs. 11b and c. Thus, con-
sidering the creep strain rates measured in conventional creep
tests as the reference, SSRT testing using inelastic strain partition-
ing appears to provide slightly higher accuracy in the assessment
of the creep strain rate compared to stress-relaxation tests.

As related to the discussion connected to Fig. 10 regarding the
possible variation between specimens of the nominally same
material, it is worth emphasising that only one test per test condi-
tion is made and it is reasonable to expect some variations in the
assessed creep strain if multiple specimens are tested. Notably,
there is evidently some variations when comparing the conven-
tional creep tests with the creep strain accumulation observed in
the SSRT tests with intermediate dwell, which up to the end of
the dwell time can be considered a creep test, see Figs. 5 and 6.
On the other hand, even though there is signs of considerable scat-
ter, its effect is not considered significant because of the consistent
trend between the conventional creep and SSRT tests in Fig. 11,
which involves multiple tests but at different test conditions.
Besides, it is only the scatter in the rate-independent responses
which is of concern for the accuracy of the method, in view of
the how the creep strain is assessed from SSRT tests, see Fig. 2.
Effectively, this variation appears to be considerably smaller com-
pared to the conventional creep tests, see Figs. 4 and 10, and is also
accounted for in the assessment by disregarding small creep
strains, as described in Section 3.3.

5. Conclusions

o Itis demonstrated that the inelastic strain in all tested materials
when subjected to uniaxial load conditions at elevated temper-
ature can be decomposed into plastic and creep strain compo-
nent by one of two general inelastic strain partitioning
principles. Either, the plastic and creep strain component are
non-interacting and additive, as observed in the case of the
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tested stainless steel AISI 316L at 600°C, referred to as decou-
pled inelastic strain. Or, as in the case of the ductile cast iron
EN-GJS-SiMo5-1 at 500 °C and the nickel-base superalloy
Hastelloy X at 800 °C, the plastic and creep strain components
are unified, meaning that the effect of an increase in inelastic
strain is the same irrespective of whether it is caused through
creep at constant stress or by plastic deformation due to an
instantaneous stress increase.

e Using conventional uniaxial creep tests as a reference, it is
found that the creep strain rate can be accurately assessed from
slow-strain-rate testing series using a proposed methodology
based on inelastic strain partitioning, assuming either a decou-
pled or unified inelastic strain. In particular, the new creep
assessment method is shown to have better agreement than
conventional stress-relaxation tests commoly used to assess
the creep performance of materials.
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