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Literature Study on Creep and Stress Relaxation
of Stainless Steel at Room Temperature

Timo Manninen, Emma Jacobsen, Johan Pilhagen

/ Abstract

/ A literature study was conducted to review and collect the published information on

| creep and stress relaxation behavior of stainless steel at room temperature. The
characteristics of creep and stress relaxation behavior of different types of stainless
steels is discussed. Also mathematical models with potential for describing the creep
deformation in preloaded slip-resistant bolted connections made of stainless steel
are reviewed.
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1. Introduction

Creep deformation is defined as the time-dependent inelastic strain that occurs when material is subjected to
sustained loading [1]. In contrast to plastic flow, creep can occur also when stresses are below the yield strength
of the material. Although creep deformation can occur at any temperature, creep deformations of crystalline solids
such as metals and ceramics are typically very small if the service temperature is below 0.5 Tm, where Tn is the
melting temperature in Kelvin scale. Therefore creep is typically considered to be a high temperature
phenomenon. [1-3]

The temperature ranges for creep of metals and engineering alloys are conventionally divided into three
categories:

High temperature creep (T/Tm > 0.6).
Intermediate temperature creep (0.3 < T/Tm < 0.6).
Low temperature creep (T/Tm < 0.3).

Most creep studies have been concentrated in high temperature deformation. The creep at low temperatures has
received less attention since structures “generally neither fail nor experience large creep deformations at low
temperatures”. [4]

Creep characteristics of materials are normally studied by creep testing. Creep testing involves subjecting a tensile
specimen to constant stress at constant temperature and measuring the elongation with time. A schematic
illustration of a creep curve measured at high homologous temperature (T/Tm > 0.6) is shown in Figure 1. Based
on the shape of the curve, the material behaviour is conventionally divided in three stages termed primary or
transient creep, secondary or steady state creep and tertiary or accelerating creep.

The primary creep follows after the application of the load. In this stage the creep rate gradually decreases. After
certain period of time, the rate eventually reaches a constant steady state value. The stage in which rate of creep
deformation is nearly constant is known as secondary creep. Finally microstructural damage, e.g. in the form of
voids and microcracks, begins to accumulate and the rate of creep deformation again continues to increase. The
third state known as tertiary creep usually precedes the failure of the specimen. [3,5,6]

Rupture
%k

Secondary creep

Primary
creep

Creep strain

Tertiary creep

Instantaneus strain

v

Time

Figure 1. Schematic illustration of creep curve measured at high temperature.
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At low temperature and low stress the creep curve exhibits only the transient stage characterized by a creep rate
that decreases with time, Figure 2. The observed creep strain often obeys an empirical equation of the form

a
t

(1)

e= alnt = &=

This kind of creep behaviour is called a-creep or logarithmic creep. Already in 1951 Wyatt has shown that the low
temperature transient creep of annealed pure metals is of logarithmic type [7].

Creep strain

Creep strain & creep rate

Creep rate

Figure 2. Schematic illustration of a low temperature creep curve.

2. Deformation mechanisms for low temperature transient creep

According to Frost and Ashby [8], five different deformation mechanisms may cause permanent (inelastic)
deformations in metals.

1. Collapse by separation of crystal planes when the theoretical shear strength of crystal lattice is
exceeded.

2. Low-temperature plasticity by dislocation glide. The stress required to cause slip by dislocation

motion depends on the strength by which different obstacles such as precipitates and solute

atoms resist the movement of dislocations.

Low temperature plasticity by twinning

Power-law creep by dislocation glide or by glide and climb.

Diffusional creep by lattice diffusion or by diffusion of atoms along grain boundaries. These two

creep processes are also known as Nabarro-Herring creep and Coble creep, respectively.

orw

Different deformation mechanisms dominate at different ranges of temperature and stress. The region of
dominance of each mechanism can be presented in the form of deformation mechanism map [8] . Figure 3 shows
the deformation mechanism map for type AISI 316 austenitic stainless steel. Figure 4 shows the deformation
mechanism map for Fe-9Cr ferritic-martensitic steel. The region relevant for creep and stress relaxation of
stainless steel in preloaded slip resistant connections is indicated by a small rectangle in both figures. Based on
the Ashby deformation maps, it can be concluded that low- temperature plasticity by dislocation glide is the
physical mechanism responsible for the creep and stress relaxation of stainless steel at room temperature. It
follows that the rate at which the creep process advances depends on the strength and spacing of different
barriers dislocation motion existing in the material, and on the rate by which dislocations are able to surmount the
obstacles assisted by thermal activation.
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Figure 3. Deformation mechanism map for AlSI type 316 austenitic stainless steel, adapted from [9] . The region
for room temperature creep in slip resistant connections is indicated by small rectangle.

Normalized Shear Stress, v/u(20°C)

0.1

Theoretical shear stress limit
| 1

10% s, L=22 ym

Elastic regime | Coblecreep |+ N-H
(de/dt<10®s™) | creep
10° -~ - -~ I - -
| ' |
i 20°C 300C ' 650°C ' ™. '
1 0'6 1 L 1 * | n 1 v 1 1 |v L | 1“! 1 L ' L I L
0 0.2 0.4 0.6 0.8 1

Normalized Temperature, T/T |

Figure 4. Deformation mechanism map for type Fe-9Cr ferritic-martensitic steel, adapted from [9]. The region

In metal physics the logarithmic creep law described by equation (1) has been explained by two competing

relevant for room temperature creep in slip resistant connections is indicated by small rectangle.

theories: the strain hardening theory [10] and the exhaustion theory [11]. Short summaries of both theories are
given by Nabarro [12,13]. Both theories explain the decreasing creep rate by thermally activated movement of
dislocations over different types of barriers.
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The strain hardening theory [10] studies the influence of thermal fluctuations on the dislocation motion in a strain
hardening material. The stress-strain behaviour of a strain hardening material during a creep test is illustrated in
Figure 5. In the beginning of the test, the application of the load OA produces an instantaneous strain AP. The
applied stress is enough to produce only the strain AP; any increase beyond this value would require an increase
of stress. The dislocations are trapped at energy barriers, for example at the sites of impurity atoms or
precipitates. However, as soon as the instantaneous extension has ceased at point P, thermal fluctuations begin
surmounting the dislocations over the barriers. As a result of this process creep begins, and the strain increases
beyond AP. During the creep deformation the external load remains constant whereas the activation stress
increases continuously due to strain hardening. It follows that when the creep strain has increased to PQ, the
barrier that needs to be surmounted by thermal activation equals to QR.

% Iy
o c i8N
4 | Aeeticd ML_P,.(__;.L._:Q;:_

Stross

e Sudden tlrain —= Gcrf slmin o

g 8
Strain

Figure 5. Schematic illustration of strain hardening material in creep test. Adapted from [11].

Under the small strains involved, the activation energy U can be expressed as a linear function of height of the
barrier

U=U,— V(o — he,) (2)

where h is the work hardening rate and ¢, is the creep strain. The parameters U, and V' describe the activation
energy and the derivative of the activation energy with respect to the activation stress evaluated at point P.

Since the movement of dislocations occurs through thermal activation, rate of creep deformation is given by

£, = &y exp (— k£T> (3)

where k is the Boltzmann coefficient. Substituting (2) in (3) gives

de, | Uy — V(6 — he,) 4)
dr 0P kT
Integrating (4) and taking into account the boundary conditions finally yields
kT t
- = 5
& Vhln(1+ to) (5)
where
kT Uy, —Vo
= 6
fo = Vg, P ( KT ) ©

The resulting creep deformation is therefore of logarithmic type.
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In the competing exhaustion theory it is assumed that the activation energies of barriers are continuously
distributed over a range from zero upwards. The dislocation segments attack each barrier with a frequency which
equals to the vibration frequency of a dislocation segment of about 100 atoms long. The frequency of these lattice
vibrations is extremely high, of order 1010 Hz. It follows that the weaker obstacles are quickly surmounted. This
produces the rapid creep in the beginning of the test. However, as the process continues, further creep
deformation can only occur by surpassing the stronger barriers. Thermal fluctuations capable of doing this are
rare, and consequently, the creep rate falls. Several analyses have shown that this process also leads to
logarithmic creep [11,12,14].

The significance of these early theories is that they correctly identify mechanisms which are controlling the rate of
creep deformation at room temperature.

3. Creep deformation

Mechanics is the part of physics that studies the movement and deformation of matter. In the field of mechanics,
the deformations are conventionally classified in different categories according to Figure 6. In this classification
system room temperature creep is termed viscoplastic deformation or viscoplasticity.

The term viscoelasticity has been occasionally used to describe creep and the resulting stress relaxation in rebar
and pre-stressing tendons. This is misuse of the term since the deformation in question will hardly vanish upon
unloading. Genuine viscoelastic behaviour is observed in polymers, rubbers, concrete, wood and other
biomaterials. In structural metals deformed at room temperature, however, the time-dependent elastic
deformation is negligible compared to the other components [15].

Deformation
|
[ |
Elastic: Inelastic:
Deformationvanishes Deformation remains
after unloading after unloading
| | | |
ic: ) ) Plastic:
Viscoelastic: Elastic Viscoplastic:

Tlme—lnfiependept, Time-dependent 'T|me—(;pdepenlden't
immediate elastic inelastic deformation immediate mg astic
deformation deformation

Time-dependent
elastic deformation

Figure 6. Classification of different types of deformation.

The different types of deformations often occur simultaneously. This is also the case with preloaded slip resistant
connections where the viscoplastic creep deformation is accompanied elastic deformation and possibly also
immediate plastic deformation. The total strain can therefore be written as the sum of elastic, plastic and creep
components.

Etot = e T &p T & (7)
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In computational approaches both inelastic deformation components are frequently considered as one single
inelastic strain component ¢;.

Etot = Ee T & (8)

Creep models based on decomposition (8) are called unified models. The two different ways of decomposing the
total strain are illustrated in Figure 7.

Etot —

Figure 7. Decomposition of total strain in different components.

4. Creep theories

4.1. Classic creep theories

The first fundamental study on creep was published in 1910 by Costa Andrade [16]. This pioneering work initiated
a systematic study of the phenomenon known as creep. The first generation of theories for creep deformation of
metals, known as the classical creep theories, was developed in the following decades. The classical creep
theories are analytical equations capable of describing the evolution of creep strain €. under instantaneously
applied constant load ¢ at constant temperature T.

g, = &.(0,t,T) )
The influence of stress, loading time and temperature is typically factorized.

& = f(a) g(t) h(T) (10)

A power law form is often used for the stress and time components

f(o)~< ") and g(t)~(tt> (11)

Ore f ref

where the values 0 < m < 1 of the stress exponent correspond to primary creep and the value m = 1
corresponds to secondary creep. Other common forms for the stress function f(o) are given in Table 1.
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The temperature dependency is often modelled with an Arrhenius type component
_Q 12
h(T) = e &T (12)
where Q denotes the activation energy for the underlying physical process and R is the gas constant [17].

Table 1. Common choices for the stress function in classic creep models [18] .

Stress function Reference and year.
o n
f= A( > Norton, 1929
aref
F=A <exp< g > - 1) Soderberg, 1934
Oref
o
f=4A sinh( > McVetty, 1936
Oref
o
f=A4A exp( ) Dorn, 1955
Oref
o n
f=A4 {sinh( )} Garofalo, 1965
Oref

In many applications, the load is neither constant nor applied instantly. In this case the creep law needs to be
expressed in rate form

é. = é.(o,t,T) (13)

The rate form is obtained by differentiating the creep strain with respect to time. Creep rate laws in which time
exists as independent variable are called time-hardening models. Elimination of time from equations (9) and (13)
results in another formulation of the creep rate law.

éc=é(0,¢,T) (14)

Creep rate laws in which creep strain exists as an independent variable are called strain-hardening models.

As an example we may consider the creep law resulting from the choices (11).

) ()
O_ref tref

This creep model is known as the Norton-Bailey or power law creep. The time hardening formulation of this creep
law is given by

n m—1
@R
tref Uref tref
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The corresponding strain hardening formulation is

£ = Am ( m> ( g )m &) (17)

tre f Ore f

Although the time hardening model (16) and the strain hardening model (17) will yield exactly the same response
under instantaneously applied constant stress, they will yield different responses for gradually applied or varying
loading.

In the literature on constitutive modelling [17,19] it is generally pointed out that the time hardening model can be
used only for applications in which the loading is constant and applied instantaneously at a precisely known
time t = 0. Therefore this form is not suitable for modelling preloaded bolted connections.

The transient creep at room temperature can be described by the following empirical logarithmic creep law for a
large number of metals and alloys

& = alnt (1)

where «a is a creep parameter. The equation (1), however, predicts an infinite creep rate at t = 0. Therefore, as
discussed by Oehlert at Atrens [20], this empirical model is commonly reformulated as

t
& =aln (1 + —) (18)
to
for numerical calculations. The rate form of this creep law can be written as the a time hardening model as
a t\ !
q=—(1+—) (19)
to to

or, alternatively, as a strain hardening model as

g = %exp (- %) (20)

The creep parameter a in equations (1) - (20) is a function of stress. The stress dependency can be described e.g.
by the functions summarized in Table 1.

4.2. Viscoplasticity with internal state variables

The second generation of creep models known as viscoplasticity with internal state variables started developing in
the mid 1960'’s. In this approach, a number of internal state variables denoted here by f3;, are used to describe
the evolution of the microstructure of the material. The creep rate &, is described as a function of observable
variables (e.g. stress, creep strain and temperature) and internal state variables ;.

éc = éC(O', Ee T' Bi ) (21)
The creep constitutive law (21) must be complemented with evolution laws for the internal state variables.

Bi = Bi(o,&.,T, By) (22)

The constitutive equations (21) and (22) are frequently derived within the framework of continuum
thermomechanics. This framework guarantees that the material behaviour is consistent with the second law of
thermodynamics. [17,19,21,22]
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The viscoplastic models with internal state variables are unified theories. The immediate and time dependent
plastic deformations are treated as one inelastic strain component according to decomposition (8). The time-
independent plasticity is obtained as a limiting case.

In low temperature applications dislocation glide is the dominating deformation mechanism as discussed the
chapter 2. Therefore, the material behaviour is determined by the strength of different barriers to dislocation
motion such as

interstitial and solute atoms,

grain boundaries,

precipitates,

density of mobile and sessile dislocations, and,
intergranular and intragranular residual stresses.

moowx

The hardening effects caused by solute atoms, grain boundaries and precipitates (A-C) do not evolve at room
temperature. Therefore internal state variables are typically needed only for modelling the dislocation hardening
and internal stresses in the microstructure. The number and type of internal state variables needed for describing
these microstructural features varies widely depending on the specific application studied and on the desired level
of complexity and accuracy of the model. The model of Hart [23,24] uses only one scalar state variable whereas
the model proposed by Chaboche and Rousselier [25,25] has one scalar and two tensorial internal state
variables, to name some examples.

5. Creep and stress relaxation testing

Creep deformation is normally studied either by creep tests or by stress relaxation tests. Both test methods have
their advantages and disadvantages.

A creep test in its simples form involves subjecting a specimen to constant uniaxial stress state and measuring
the elongation with time. Often the load is maintained constant. Constant load is a good approximation for
constant stress provided that the creep strain is less than 1%. Traditional creep tests are relatively easy to
conduct, and the results are easy to analyse. On the other hand, obtaining results for wide ranges of stress and
strain rate is often time consuming and expensive since one test provides information only for a single stress level
and since low strain rates can be usually achieved only after long testing periods. [1,2]

The alternative test method is called stress relaxation testing. A stress relaxation test typically involves loading a
specimen to a desired extension under uniaxial stress state, and fixing the end points of the specimen at this
position. As the specimen then continues to deform inelastically, the applied load relaxes according to the
combined elastic compliance of the specimen and the load train [26,27].

The stiffness of servo-hydraulic testing machines is effectively infinite [27]. In this case the rate of creep
deformation can be calculated from the rate of relaxation as follows

(23)

In contrast, electromechanical testing machines are usually fairly flexible. Neglecting the influence of machine
compliance for this type of testing machine can therefore result in a gross underestimate of the plastic strain.
Modern electromechanical testing machines are, however, often capable of keeping the total strain measured
directly from the specimen at the specified constant value during the relaxation test. In this case, the flexibility of
the machine becomes irrelevant and the equation (23) can be used for analysing the results.
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The main advantage of stress relaxation testing is that a single stress relaxation test can often produce data over
a wide range of strain rates. Consequently, obtaining results at low strain rates does not require as time intensive
testing as with the traditional creep testing method. On the other hand, analysing the results of stress relaxation
tests is more difficult than analysing the results of a creep test since in the relaxation tests both stress and strain
rate are changing simultaneously. Stress relaxation tests also place high demands on the testing equipment; the
load measuring device must be able to measure extremely small changes in the load as a function of time.
[1,2,28]

6. Creep and stress relaxation of austenitic and ferritic stainless steels

6.1. Hart’'s phenomenological deformation theory

Professor E. W. Hart of Cornell University proposed in 1976 a theory for the non-elastic response of metals
[23,24]. Hart’'s model is a state variable model. The material response is entirely determined by the current
microstructure. The effect of prior plastic deformation is characterized by means of an evolutionary state
variable ¢* which measures the strength of different barriers to dislocation motion. The inelastic response of the
material is determined analytically through an equation of state

é=¢(o, 05, T) (24)

In Hart’s model, inelastic deformation proceeds only as long as the stress exceeds the threshold determined by
the state variable o*. The value of the internal state variable can therefore be identified as the saturation stress
level which is approached asymptotically from above in a stress relaxation test. Consequently, stress relaxation
tests were commonly used for determining the value of the state variable o* by Hart his co-workers.

The validity of Hart’s model has been extensively studied. The model has been found to be in good agreement with
the experimental results for wide variety of pure metals alloys under monotonic loading performed at slow strain
rates [29-37]. Hart’'s model has been also successfully applied to austenitic stainless steels.

Yamada and Li carried out stress relaxation testing on AISI 304 and 316 type austenitic stainless steel at room
temperature [33]. Their work was motivated by previous findings that low temperature stress relaxation curves of
pure metals could be successfully described using Hart's state variable model. The purpose of Yamada and Li was
to study if Hart’'s model can also applied to complex alloyed metals. Commercial AlSI type 304 and 316 austenitic
stainless steels were chosen as test materials since several different strengthening mechanisms such as
precipitates, substitutional solutes, and interstitials are known to be active in these steels at room temperature.
Yamada and Li found out that the behaviour of austenitic stainless steels follows a mechanical equation of state
of the form

§=K(o—o")™ (25)

where K and m are material parameters. Figure 8 shows relaxation test results obtained for type 304 austenitic
stainless steels. It can be seen that the state variable ¢* which determines the asymptotic stress level increases
with increased loading in the relaxation test. Since the material follows the mechanical equation of state (25),
relaxation curves obtained with different loads can be superposed into one single master curve as shown in the
Figure 8(b).
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Figure 8. Relaxation test results for type 304 stainless steel [33]. (a) Measurement results for four different initial
stress values. (b) Master curve constructed by superposing the other curves in (a) on the curve for run
#110. The straight line in (a) depicts the scaling relation used for translating the curves.

The work on stainless steel was carried further by Hannula, Korhonen and Li [29]. They conducted a large number
of stress relaxation tests on AISI 316 austenitic stainless steel at room temperature. It was found that the
relaxation curves can be analytically described by the state equation

=o'

where a(T) and the exponent M are material dependent constants. The value M = 14.1 + 0.8 was obtained for
AlSI type 316 austenitic stainless steel. The state variable o* determines the asymptotic lower bound for the
stress relaxation. No stress relaxation or creep may occur below this stress level. As shown in Figures 9 and 10,
the creep limit o* was approximately 80% of the load applied in the beginning of the relaxation run.

It worth noting that the loads applied by Hannula, Korhonen and Li were high enough to cause significant plastic
deformation of the material. The total strain at the beginning of the relaxation test ranged from 0.3% to 29.5%.
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Figure 9. The relaxation limit was proportional to the applied loading.
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Figure 10. The applied load and the relaxation limit as a function of the strain applied in the beginning of the
relaxation run along with polynomial fitting functions. The figure is based on the same test results as
the Figure 9.

Hannula, Korhonen and Li [29] and Hannula and Li [30] also studied the behaviour of AlSI type 316 austenitic
stainless steel under repeated relaxation runs, Figure 11. They concluded that the material behaviour follows the
same state equation (26) in repeated loadings. Furthermore, the asymptotic limit for the stress relaxation and the
exponent M did not change between the repeats whereas the multiplier decreased. It follows that the stress was
always relaxing towards the same asymptotic limit, but the speed at which this limit was approached decreased
when the loading was repeated.
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Figure 11. Stress-strain rate data from repeated relaxation runs on AlSI type 316 austenitic stainless steel [29].
Above the point marked by the arrow, the delayed elastic (anelastic) deformation dominates the
repeated relaxation behaviour. The state equation does not apply above this point in the repeats.

Hannula, Korhonen and Li summarize their findings on as follows [29]:

“It can be shown both theoretically and experimentally that the following relation holds during relaxation
0of 316 SS:

Iné = (ﬁ) In(t +a) + C (27)

where M is the exponent [in equation (26) in this report] and C and a are constants. In 316 SS the time
constant a is very small (order of 0.1 seconds), so for a good approximation it can be neglected.”

The creep law corresponding to (27) is given by

s=C'(t+ a)(%) (28)

where C'is another constant. The constant M in (28) equals to M = 14. Therefore, according to Hannula,
Korhonen and Li, the creep deformation of AlSI type 316 austenitic stainless steel follows the power law

g~t~108 (29)

Relaxation of type 316 austenitic stainless steel at elevated temperature was studied by Huang, Ellis and Li [36].
The authors carried out load relaxation experiments on type 316 stainless steel at different temperatures up to
650°C. At lower homologous temperatures ranging from 20°C to 200°C, the relaxation behaviour followed the
plastic equation of state given by equation (26). The relaxation curves were concave upward. Above 200°C, the
shape of the relaxation curves changed as shown in Figure 12. Therefore it was proposed that the deformation
behaviour is controlled by two different physical processes. Dislocation glide controlled processes are important at
lower homologous temperatures up to 200°C. Different diffusion controlled processes dominate above 500°C. And
in the intermediate temperature range, between 200°C and 500°C, both mechanisms are influencing the material
behaviour. Huang, Ellis and Li conclude that the equation of state (26) can be applied for AISI type 316 austenitic
stainless steel up to 200°C. The relaxation behaviour of the material remains qualitatively similar throughout the
range from room temperature to 200°C.
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Figure 12. Relaxation curves measured for AlSI type 316 austenitic stainless steel at different temperatures [36].

Stress relaxation of AISI type 316 austenitic stainless steel in solution-annealed state and in 20% cold-worked
state was studied by Thomas and Yaggee [37]. The authors found that the stress relaxation response of both the
solution annealed and the 20% cold worked material could be presented using the plastic equation of state
proposed by Hart. It was also found that the relaxation curves of 20% cold worked material cannot be superposed
to the same master curve as those of the solution annealed material, Figure 13.

The research conducted to within the framework of Hart’'s phenomenological deformation theory can be
summarized as follows:

e The room temperature stress relaxation of austenitic stainless steel can be described using the
plastic equation of state.

Py (J-Go*)M (26)

It follows that inelastic creep deformation proceeds only as long as the stress exceeds the threshold
determined by the state variable c*.

e The value of the state variable o* characterizes the asymptotic lower bound for the stress in the
relaxation experiments.

e The rate of creep deformation is a function of the overstress (o — ¢*).
e The internal state variable o* increases when the material is plastically deformed.
e |n one comprehensive test series [29], the relaxation limit was roughly 80% of the applied load.

e The state equation (26) appears to be valid also for cold-worked material and at elevated
temperature ranging from room temperature to T = 200°C.
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Figure 13. The relaxation curves of 20% cold worked material do not fit to the master curve obtained for the
solution annealed material [37].

6.2. Krempl and co-workers

Krempl and his co-workers studied room temperature mechanical behaviour of AlSI type 304 austenitic stainless
steel in a series articles [38-41]. The material behaviour was studied in uniaxial tension using tensile tests, creep
tests, relaxation tests and combinations thereof. The experimental results show considerable rate-sensitivity,
creep and stress relaxation.

Figure 14 shows the results of three tensile tests measured with different strain rates. In two of the tests the
strain rate was instantaneously changed by three orders of magnitude. The results show considerable rate
sensitivity of the material in the plastic range. The fact that the stress-strain curves remain at constant distance
from each other also suggest that the rate dependent part of stress is independent of plastic strain.

The authors also carried out combined relaxation and strain rate change tests in order to study the influence of
strain rate and plastic strain on the relaxation behaviour. The results are shown in Figure 15. The results reveal
several interesting features in the material response.

e The stress-strain curve always resumes the level corresponding to the current strain rate after each
change of strain rate. There are no signs of any strain rate history effect.

e The stress drop during the relaxation period depends on the strain rate of the curve from which the
relaxation commences.

e The stress drop during the relaxation period is independent of the plastic strain.

The last two observations receive further confirmation when the results of several similar stress-change and
relaxation experiments are plotted as a function of the loading rate used between the relaxation periods, Figure
16. It can be observed that the test data can be completely explained by relaxation time and by the strain rate
preceding the relaxation period. Therefore Krempl concludes that the change in stress in a given relaxation period
does not depend on the actual value of stress and strain; the stress change depends only on the strain rate
preceding the relaxation period.
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Figure 14. Stress-strain curves at for AlSI type 304 austenitic stainless steel measured with different loading
rates. The strain rate was instantaneously changed at points marked with A. Adapted from [38].
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Figure 15. Relaxation and strain rate change tests. The strain rate used at different segments of the curve is
indicated under the curve. At points marked with B, a relaxation test of 600 s is started. At strains
below the point marked with C, the relaxation period is 30s. Adapted from [38].

The observation that the creep strain accumulated on in a given period of time depends strongly on loading rate
preceding test was further studied by Kujawski, Kallianpur and Krempl [39]. Both creep and stress relaxation
tests were used for investigating the phenomenon. The results confirm the previous findings, and they are
summarized in Figures 17 and 18. Figure 17 shows creep test results for two specimens subjected to the same
load. The loading rate of 6.9 MPa/s was used for specimen number Il and 0.069 MPa/s for the other specimen. It
can be seen that the rate of creep deformation is definitely higher for the specimen loaded with higher loading
rate. Creep curves obtained for two different specimens subjected to different levels of stress with the same
stress rate in loading phase are shown in Figure 18. Despite of the difference in loading, a single creep curve is
obtained.
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creep test was carried out using widely different stress rates. Adapted from [39].
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Figure 18. Creep curves for two different specimens subjected to different levels of stress with the same stress
rate during loading. Adapted from[39].

Kujawski, Kallianpur and Krempl point out that a viscoplasticity theory based on overstress can explain the
observed rate dependency and the gradual exhaustion of creep deformation during the creep period. The term
viscoplasticity based on overstress refers to all theories in which the creep rate is described as a function of
overstress between the current stress and a quasistatic (rate-independent) stress strain curve.

Further experimental studies on room temperature viscoplasticity of AISI type 304 austenitic stainless steel were
conducted by Krempl and Kallianpur [40]. Multistep creep tests with a staircase loading were used to study the
influence of loading history on the material behaviour. Figure 19 shows test results for one multistep creep test.
When the load is increased between the creep steps, the curve joins the stress-strain curve measured in a tensile
test conducted with the same constant stress rate which is used for increasing the load between the creep
periods. It can be concluded that the material work hardens during the creep periods and that the work hardening
caused by creep deformation equals to that caused by an equal amount of plastic strain in a tensile test.

The same authors also studied the influence of strain rate on the Bauschinger effect on AISI 304 type austenitic
stainless steel. In the experimental test setup solid stainless steel cylinders were subjected to strain controlled
loading and subsequent reverse loading in a servo-controlled tension-torsion testing machine. Different loading
rates were used in the forward and reverse loading segments. Figure 20 shows test results obtained with this
method. In the figure (a), two specimens were loaded using the same strain rate up to the maximum strain. Upon
reversal the strain rates were changed. It was found that in this case the Bauschinger effect was more
pronounced when slow strain rate was used in the reverse loading. In the figure (b), two specimens were loaded
using different strain rates up to the maximum strain, and in this case, the same strain rate was used in the
reverse loading. In the latter case, the Bauschinger effect was similar for both specimens. It can be concluded that
the Bauschinger effect is independent of the loading rate used in the previous forward loading step. It depends
only loading rate used in the reverse loading. These effects can also be reproduced by viscoplastic theories that
are based on the overstress between the current stress and the rate-independent strength of the material.
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6.3. Wu and Ho

Wu and Ho studied the strain hardening of annealed stainless steel by creep [42]. They conducted tension-torsion
experiments on tubular specimens using a servo-hydraulic testing system. The equipment was used to determine
the shape of the yield surface of the material before and after different loading sequences. It was found that
transient creep causes the yield surface to undergo kinematic hardening with insignificant amount of isotropic
hardening. The yield surface of material deformed by creep was compared with that deformed by monotonically
increasing loading. It was concluded that the yield surface hardened by creep is the same as that hardened by
plastic deformation. In spite of different deformation processes the material strain hardens by equal amount as
long as the plastic strain is the same. The results corroborate the previous findings by Krempl and Kallianpur [40].
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Figure 19. Multistep creep tests with staircase loading [40]. The loading is increased with a constant stress rate
between the creep periods. The dashed curve shows the stress-strain curve for the constant stress rate

Alden studied tensile and creep deformation of AISI 304 type austenitic stainless steel at room temperature using
a tensile testing machine [41]. He found that the creep strain depends strongly on the stress rate used in the
loading phase in the beginning of the creep test. Figure 21 shows creep test results obtained for the same creep
load with different loading rates. It can be observed that the creep strain is larger when the specimen is loaded to
the creep stress at high stress rate. Figure 22 shows the rate of creep deformation for the same test. The initial
creep strain rate strongly affected by the loading rate, but rapid decay brings the rate closer together after a few

seconds. The findings confirm the earlier similar findings by Kujawski, Kallianpur and Krempl [39].
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Figure 21. Creep strain increases as a function of the stress rate and time [41].
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Figure 22. The creep strain rate as a function of time and loading rate [41].

6.5. Comparative studies by Schmidt and von den Steinen

Schmidt and von den Steinen made comparative studies [43-45] on the room temperature creep characteristics
of steels with different crystal structures and different microstructures. Their test materials included common
structural steel, quenched and tempered steel, martensitic steel, austenitic stainless steels and ferritic stainless
steels. The authors concluded that there are no fundamental differences in the room temperature creep
behaviour of materials with different crystal structure. Test materials with martensitic (BCT), ferritic (BCC) and
austenitic (FCC) crystal structure behaved in a qualitatively similar manner in the room temperature creep tests. It
is concluded that other factors characterizing the microstructure affect creep behaviour more strongly than the
crystal structure.

Figure 23 shows measured creep test curves for type 1.4510 ferritic stainless steel and for type 1.4401 austenitic
stainless steel. No fundamental differences can be observed in the room temperature creep characteristics of
these two grades. Both grades deformed in fairly similar manner. The amount of plastic strain obtained after
roughly 300 hours of sustained creep loading is also of the same order of magnitude for these two materials.
Schmidt and von den Steinen [43-45] report similar test results for several different stainless steel grades.

Based on extensive experimental studies Schmidt and von den Steinen finally conclude that the creep behaviour
is controlled by two characteristic values named the creep limit and the creep resistance. Both variables are
related to the tensile stress-strain behaviour of the material. The creep limit determines the upper limit for purely
elastic behaviour. No creep or stress relaxation may occur below this stress level. For practical purposes it can be
assumed that the creep limit equals to the 0.01% proof strength of the material. The creep resistance defines
how the creep deformation decelerates. The creep resistance is determined by the hardening exponent n

describing the slope of the true stress vs. logarithmic plastic strain curve. A rapid work hardening results of rapid
deceleration of the creep deformation. [43]

Schmidt and von den Steinen also concluded that the creep characteristics of different types of steels can be
determined by short term testing. The creep deformations after 166 hours tests were proportional to those
obtained after 15 minutes of sustained loading. [45]
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According to Schmidt and von den Steinen [43-45] the existence of a sharp yield point plays in important role in
the room temperature creep behaviour. Materials with a sharp yield point showed very little creep deformation
below the lower yield stress ReL and significant transient creep deformation above this limit.
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Figure 23. Room temperature creep test results for stabilized ferritic stainless steel 1.4510 and Mo-alloyed
austenitic stainless steel 1.4401. Adapted from [44].
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6.6. Schmidt and Dietrich

The research work of Schmid and von den Steinen was continued by Schmidt and Dietrich [46]. They carried out
short term and long term creep tests on austenitic and ferritic stainless steels using various loading levels in order
to study further the room temperature creep behaviour of stainless steels.

Figures 24, 25 and 26 show constant load creep test results for type 1.4401 austenitic stainless steel and type
1.4510 and 1.4016 ferritic stainless steels. The mechanical properties of these steels are summarized in Table 2.
The type 1.4016 ferritic stainless steel had a sharp yield point whereas the other two showed smooth, gradual
yielding. In the long term creep tests all three grades deformed in similar manner. The amount of plastic strain
obtained after roughly 300 hours of sustained creep loading was also of the same order of magnitude for all three
materials. In the short term (15 min) creep tests, there was however a notable difference between the grades.
The difference is related to the existence of a sharp yield point and can be described as follows:

e The creep curves measured for grades 1.4401 and 1.4510 with smooth yielding were always smooth and
concave irrespective of creep load and time period.

e The creep curves measured for the grade 1.4016 were also smooth and concave provided that the creep
load was above the upper yield strength R,y of the material.

e If the creep load for the grade 1.4016 was lower than the upper yield strength R,y, the rate of creep
deformation was extremely slow in beginning of the creep test. Later on, after reaching a certain
threshold creep strain, the creep rate increased abruptly.

Therefore, there were two distinct phases in the creep deformation of the grade with sharp yield point. The shape
of creep curves was quite different from those measured for the other grades.

The main research topic of Schmidt and Dietrich [46] was the influence of prior plastic deformation on the creep
limit and creep resistance. These two materials characteristics had been earlier introduced by Schmidt and von
den Steinen [43]. The former value determines the threshold stress needed for the inelastic creep deformation to
proceed. The latter defines how quickly the creep deformation decelerates.

The testing procedure employed by Schmidt and Dietrich consisted of two distinct phases. In phase one the test
material was pre-strained in uniaxial tension to different plastic strains in the range from 0% to 1.0%. In phase
two, constant load creep tests were carried out under uniaxial tension or compression. The stress strain behaviour
of pre-strained material was also studied by means of uniaxial tension and compression tests. The test material
was grade austenitic stainless steel of grade 1.3974.

The tension and compression tests showed, as expected, that prior cold work may either increase or decrease the
elastic limit depending on the direction of the second loading. In forward reloading, the elastic limit was increased
whereas in reverse reloading it was decreased, Figure 27. This phenomenon is known as the Bauschinger effect
and was first observed already in 1886 by German Engineer Johann Bauschinger [42].

The results concerning the creep limit and creep resistance were opposite to those obtained for monotonically
increasing loading. The creep limit and the creep resistance increased in reverse reloading and decreased in
forward reloading, Figure 28. Therefore it was concluded that the elastic limit stress is less important for the
creep resistance than the rate of strain hardening; the steeper slope of the curve for the tension-compression
case in the Figure 27 is associated with a high creep resistance and rapid deceleration of the creep process.
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Figure 24. Permanent inelastic deformation in short term and long term constant load creep tests of type 1.4401
austenitic stainless steel. The 0.2% proof strength of the material was 242 MPa. Adapted from [46].

Table 2. Mechanical properties of stainless steels studied by Schmidt and Dietrich [46].

Grade Type ReH ReL | Rp0.2 | Rm A5 | Sharp Yield Point
(MPa) | (MPa) | (MPa) | (MPa) | (%)
1.4401 | Austenitic - - 242 573 | 54 No
1.4016 Ferritic 301 294 - 497 | 28 Yes
1.4510 Ferritic - - 270 474 | 34 No
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Figure 25. Short term and long term creep tests results for grade 1.4016 ferritic stainless steel. The test material
had upper and lower yield point. The creep load (RL) is given as curve parameter. Modified from [46].
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Figure 26. Short term and long term creep tests results for grade 1.4510 ferritic stainless steel. The test material
showed smooth yielding. The creep load (R

(4

) is given as curve parameter. Modified from [46].
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Schmidt and Dietrich also studied the influence of mild heat treatments on the Bauschinger effect. The test
material was again grade 1.3974 austenitic stainless steel. They found that a short heat treatment at a relatively
low temperature in the range from 300°C to 500°C can be used to improve the elastic limit in reverse reloading.
The increased strength did not, however, cause notable improvement in the creep characteristics. This led the
authors to conclude that the Bauschinger effect in creep is different from that in monotonically increasing loading.

It is worth noting that the pre-strains induced in the material by Schmidt and Dietrich [46] in the preloading phase
were small. Therefore their conclusions do not apply for heavily cold worked material such as temper rolled (2H)
materials. Another detail worth noting is that the heat treatments applied did not cause a sharp yield point to
emerge in the stress-strain curve. As discussed above, the existence of a sharp yield point may have a strong
effect on the room temperature creep behaviour.
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Figure 27. Stress-strain curves for material preloaded in tension by 0.5% before being subjected to tension or
compression testing. Tension and compression test results for the virgin material are shown for
reference. The tested material was grade 1.3974 austenitic stainless steel. Based on results by
Schmidt and Dietrich [46].
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Figure 28. Creep curves measured under tensile and compressive loading for material subjected to 0.5% pre-
strain in tension. Adapted from [46] .

6.7. Tendo, Takeshita, Nakazawa and Abo

Tendo, Takeshita, Nakazawa and Abo [47] studied the room temperature creep behaviour of austenitic stainless
steels strengthened by different methods. Their test materials included altogether eleven austenitic stainless
steels with varying chemical composition and strength. The strength increase was brought about by nitrogen
alloying, cold rolling or precipitation hardening. Five experimental melts based on high purity 18%Cr - 14%Ni steel
were used to examine the influence of carbon and nitrogen alloying. Common structural steel and interstitial free
low carbon steel were used as reference materials. The properties of all studied materials are summarized in
Table 3.

Figure 29 shows the creep strain in a constant load creep tests for SUS type 304 austenitic stainless steel in
solution annealed condition and for common structural steel SM41. In the case of the structural steel, no creep
deformation was observed over the period of 1000 hours after the initial strain caused by the loading. The
austenitic stainless steel on the other hand showed transient creep with continuously decreasing creep rate.
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Figure 29. Room temperature creep curves for SUS 304 and common structural steel SM41 [47].

Figure 30 shows the creep strain cumulated after the first hour in a 1000-hour constant load creep test for
materials strengthened with different hardening methods. In Figure 30(a), the creep strain is presented as a
function of load level for solution annealed materials with different levels of nitrogen alloying. The 0.2% proof
stress values were 270, 402 and 447 MPa for these three materials. Two features can be observed in the curves:

e The creep curves have a sharp corner located approximately at the 0.2% proof stress.
e The creep strain curves shift to higher stress according to the 0.2% proof stress values.

Figure 30(b) shows similar test results for materials work hardened by cold rolling. The curves are again shifted to
the right corresponding to their 0.2% proof stress values. In contrast to the solution hardened materials, the
curves measured for cold worked materials do not possess a sharp corner in the vicinity of the measured 0.2%
proof stress value. The precipitation hardened material N280 showed little creep deformation below the 0.2%
proof stress, but the creep strain increased very rapidly when the 0.2% proof stress was reached, Figure 30(c).

The effect of hardening mechanism on the room temperature creep behaviour of austenitic stainless steels is
summarized in Figure 31. It can be seen that the hardening mechanism plays a role in the creep behaviour. If the
creep resistance were determined only by the 0.2% proof strength of the material, all curves shown in Figure 31
would coincide. In the present case, however, the creep elongation varies with the hardening mechanism used to
strengthen the material. From the creep resistance point of view, nitrogen alloying is the least effective way of
strengthening material. The creep resistance of cold worked SUS 304 material is slightly better than that of the
same material in solution annealed state. The precipitation hardened grade N280 showed very little creep
elongation below the 0.2% proof stress and even above this limit the creep elongation was smaller than that of

the other materials.

The effect of carbon and nitrogen alloying on room temperature creep behaviour is different even though both
elements can be used for solid solution hardening of austenitic stainless steels, Figure 32. The nitrogen
strengthened materials showed higher creep strain than those strengthened by carbon. The authors suggest that
the difference is caused by decrease in the stacking fault energy caused by nitrogen. Transmission electron
microscopic studies revealed well defined planar dislocation structures in the nitrogen alloyed samples whereas
the dislocation structures were of entangled type in the other cases.
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Table 3. Chemical composition, condition and 0.2% proof stress of materials studied by Tendo et al. [47].

Different conditions are denoted as follows: SA = solution annealed, CR = hardened by cold rolling,

PH = precipitation hardened.

) Chemical composition (wt-%)
Material
C Si Mn Ni Cr N Others Rpo2 (MPa) Condition
SUS 304 0.056 0.6 0.9 9.2 189 0.03 270 SA
498 CR 10%
680 CR 20%
SUS 304N2 | 0.053 0.8 1 8 18.7 0.171 Nb: 0.1 402 SA
YUS 170 0.032 1.1 0.5 13 24.1 0.394 Mo: 0.7 447 SA
N280 0.007 0.3 0.8 33.7 18,5 0.002 Ti:2.0,Al0.6 661 PH
A 0.02 <01 <041 145 179 0.001 157 SA
B 0.055 <0.1 <01 144 176 0.001 180 SA
C 0.112 <01 <01 148 181 0.001 221 SA
D 0.003 <0.1 <01 146 181 0.05 183 SA
E 0.003 <01 <01 14.7 183 0.128 227 SA
SM41 0.173 0.2 0.7 0.002 Ren = 257
TI-SULC 0.002 0.02 0.11 0.001 Ti: 0.06 88
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Figure 30. Creep strain from 1 hour to 1000 hour as a function of loading for different types of materials [47].
a) Solution annealed materials with different nitrogen levels.
b) Solution annealed and cold worked material.

¢) Precipitation hardened material.
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Figure 31. Relation between normalized stress and creep elongation [47].
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Tendo, Takeshita, Nakazawa and Abo [47] also conducted creep tests on interstitial-free low carbon steel and
found that this type of carbon steel shows similar transient creep as the austenitic stainless steels they studied.
The main difference between the interstitial-free steel and the common structural steel is that in the former
material the interstitial carbon and nitrogen atoms are removed from the solid solution. Therefore it was
concluded that interaction of dislocations with interstitial atoms plays an important role in the room temperature
creep behaviour. Common structural steel does not show any transient creep at room temperature since mobile
dislocations are pinned down by the interstitial carbon atoms. The interstitial-free low carbon steel shows transient
creep at room temperature since there are no free interstitials in the solid solution to form Cottrell atmospheres

and to lock mobile dislocations.
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The transient creep behaviour of austenitic stainless steels is explained by the very low mobility of interstitial
atoms at room temperature. The diffusion coefficient for interstitial atoms in austenitic stainless steels is very low
at room temperature compared to that in ferritic carbon steels. Therefore interstitial atoms are not able to form
atmospheres at dislocations. In order to verify this theory, the authors carried out constant load creep tests at
elevated temperature for SUS type 304 austenitic stainless steel. This approach was motivated by the fact that
the mobility of interstitial atoms increases with increasing temperature. It was found that the creep rate decreases
with increasing temperature. Finally, at T = 300 °C, the transient creep vanished altogether, Figure 33. At this
temperature, the diffusion coefficient of carbon in austenitic stainless steel is the same as that in ferrite (a-Fe) at
room temperature, Figure 34. Therefore experiments corroborated the proposed theory.
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Figure 33. Creep curves for SUS 304 at room temperature and at elevated temperature [47].

This advice and assistance is provided without charge and in good faith without any undertaking, representation or warranty and
Outokumpu will obtain no liability - neither compensatory or consequential - for advice or assistance given.




f\\ Creep and Stress Relaxation of Stainless Steel at 2016_0051 Page 32 of 52

OUtOkumpU \\} Room Temperature 2016-12-29

Timo Manninen, Emma Jacobsen, Johan Pilhagen Technical report

AVESTA AND TORNIO R&D CENTERS Published

Temperature (C)

1000 500 300 100 25 0
ITTTT 11 I i I
! |
I
i i
-20f ' !
. T
| I
B . 1
| !
—d40 -
o (b)
o o
< i —=20 o
@
o
_60 -
(a) c¢—Fe Gruzin(1958) ~—30
(b) a—Fe Zener(1949)
() 18Cr- 8Ni, Agrarwal(1970)
“80 (e) 17Cr-12Ni, Perkins(1974)
(e)
| | |

1 2 3
1000/T (K™Y

Figure 34. Diffusion coefficient for alpha iron and austenitic stainless steel. Adapted from [47].

6.8. Tendo, Yamada and Shimura

Tendo, Yamada and Shimura [48] studied creep and stress relaxation in bolted connections made of austenitic
stainless steel. The purpose of this study was to quantify the stress relaxation due to creep deformation of
austenitic stainless steel plates connected with high tension bolts. The experimental testing program consisted of
constant load creep tests on plate materials and stress relaxation tests conducted on two different joint models.
The bolts, washers and nuts were made of precipitation hardened martensitic stainless steel with yield strength of
Rpo.2 > 1000 MPa. The plates were SUS type 304 austenitic stainless steel with different strength levels. Two
different strengthening methods, namely, nitrogen alloying and hardening by cold rolling were used.

Table 4. Test materials used by Tendo, Yamada and Shimura[48].

Grade Condition Rp0.2 Description

304 Annealed 265 MPa Basic SUS 304

304N Annealed 394 MPa SUS 304 strengthened by nitrogen alloying
304 Cold-rolled 717 MPa SUS 304 strengthened by cold-rolling

In the constant load creep tests material plate materials deformed according to the logarithmic creep law.
a
e=alnt & &= 7 (1)

The value of the creep parameter a was a linear function of applied stress, Figure 35. For the annealed plate
materials of 304 and 304N -type, the stress dependency of a changes abruptly near the Rpo.2 proof stress level.
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Figure 35. Stress dependency of creep parameter a for three SUS type 304 plate materials [48].

Stress relaxation in joints was studied using two different test setups. In the first joint model two ring-shaped
specimens were piled and tightened using high tension bolt, nut and washers. The stress in the bolt was
measured using a strain gage embedded in the bolt. The bolt was tightened manually by rotating the nut until the
axial preload in the bolt shank reached 700 MPa. After the preloading the stress was allowed to relax. During the
relaxation period both bold preload and the distance between the washers were measured for up to 700 hours.
Figure 36 shows stress relaxation measured for annealed type 304 plate materials using this test setup. The axial
stress in the bolt and the distance between the washers decreased with time. Therefore it can be concluded that
the plate material crept under the compressive stress from the high tension bolts. The stress relaxation was
significantly reduced when plate materials with higher yield strength was used, Figure 37.

In the second test setup, stress relaxation was studied in actual joints. In the joints, the splice plates were either
annealed or cold rolled type 304 plates, Figure 38. The connected plates were always annealed. The bolts were
preloaded like in the first test setup and the axial load in the bolts and the distance between the washers were
measured in a similar manner as in the first setup. It was found that the stress relaxation could be significantly
reduced by using splice plates hardened by cold rolling, Figure 39.
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Figure 36. Stress relaxation in the first joint model with two piled ring shaped specimens made of annealed
type 304 plates. Adapted from [48] .
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Figure 37. Stress relaxation in the first joint model with two piled ring shaped specimens made of nitrogen alloyed
and cold rolled type 304 plates. Adapted from [48].
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Figure 38. Schematic illustration of test setup number two employing actual friction type bolted connections.
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Figure 39. Change of axial bolt stress in actual bolted connection with two different types of splice plates [48].
The connected plates were annealed in both cases.

The stress relaxation in the connections was also studied using an axisymmetric finite element model. The bolt,
nut and washers were modelled as elastic bodies. The deformation of plate material was considered to be
additively composed of elastic, plastic and creep deformation. The plastic deformation was modelled using the
von Mises yield condition, associative flow rule and a nonlinear isotropic hardening model. The isotropic hardening
was determined using uniaxial tensile test results. The creep was modelled using the logarithmic creep law given
by equation (1). The value of creep parameter a was bilinear as shown in Figure 35. The preloading of bolts was
modelled by displacement boundary condition applied on the bolt end. The simulated results show that the creep
deformation is concentrated around the bolt hole beneath the washer, Figure 40. Therefore the stress relaxation
in the connection can be explained by creep deformation in this region. Furthermore, the stress relaxation was
significantly reduced for type 304N splice plates due to the higher yield strength of this material.
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Figure 40. Calculated distribution of creep strain in bolted connections after 700 hours. Adapted from [48].

6.9. Usami and Mori

Usami and Mori [49] studied the creep deformation of austenitic stainless steel in the temperature range

from -263°C to +200°C. Their research work was motivated by application of austenitic stainless steel in
superconducting magnets. Eight austenitic stainless steels were used as test materials. Four test materials were
standard austenitic grades and the other four high manganese and precipitation hardening grades. High strength
Ni-Cr-Mo alloy steel 3.5NiMoV was included as a reference material. The mechanical properties of test materials
are summarized in Table 5. The test material denoted by JIS SUS 304 was hardened by cold rolling. Tensile tests
and creep tests were conducted using a servo-hydraulic tensile testing machine equipped with a thermostat and a
cryostat.

Table 5. Mechanical properties of test materials studied by Usami and Mori [49].

Rp0.2 Rm A
Material (MPa) (MPa) (%)
JIS SUS 302 619 879 45
JIS SUS304 630 786 28.3
JIS SUS316L 265 570 62
JIS SUS316LN 313 657 52
5Mn12Ni21Cr2Mo 754 998 34.6
JIS SUH660 765 1116 23.6
15Mn16Cr 560 1052 31.8
18Mn18Cr 1050 1201 30.1
3.5NiMoV 575 717 26.5

Figure 41 shows creep test results for SUS 316L at room temperature. It can be observed that logarithmic creep
does not continue throughout the whole testing period. It holds only up to t = 104 s. Thereafter the creep strain
rates decrease more rapidly than that predicted by the logarithmic creep law, Figure 41(a). In the high stress
region (o = Rpo_z) the creep strain rate is proportional to the seventh power of stress. The exponent in the power
law expressing the proportionality decreases smoothly with decreasing stress and becomes one at low stress
region (0 < 0.4 R, ), Figure 41(b).
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Figure 41. Creep strain rate for SUS 316L at room temperature as a function of time and as a function of applied
loading in constant load creep tests [49].

In creep tests logarithmic creep was observed in every tested material. Every tested material also showed
noticeable creep strain in the temperature range from -263°C to +200°C, Figure 42. Also the Cr-Ni-Mo alloy steel
(3.5NiMoV) used as reference material showed noticeable creep deformation at low and medium temperatures.
Therefore it was concluded that most structural metals show transient creep at the studied temperature range.

Concerning the temperature dependency of creep resistance, the authors found that the immediate plastic strain
caused by the loading is a good indicator for the long term creep strain, Figure 43. The ratio of plastic strain and
creep strain measured in a 105 second constant load creep test was fairly constant in the temperature range
from -263°C to +100°C.

Usami and Mori also studied the influence of room temperature pre-straining on the creep behaviour. Specimens
made of type 316L austenitic stainless steel were pre-strained to different stress levels ranging from 220 MPa to
240 MPa. After loading and unloading the same specimens were subjected to a constant load creep tests under
200 MPa loading. Figure 44 shows that the creep strain decreased and finally completely vanished with
increasing pre-straining stress. This method was equally effective when the preloading was carried out at different
temperature than the creep testing. Figure 45 summarizes the results for an experiment in which samples made
of grade 316LN stainless steel were pre-strained at room temperature and subjected to creep testing at
T=-196°C.

The final conclusion regarding the pre-straining experiments was that the creep deformation can be prevented by
pre-straining the material with a plastic strain larger than that estimated to occur in the component under
operating conditions. The pre-straining can be carried out in the fabrication phase at room temperature regardless
of the operating temperature.
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Figure 42. Creep strain after 10° s for all studied materials. Also the alloy steel (3.5NiMoV) used as reference

material showed noticeable creep deformation. Adapted from [49].
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Figure 43. Ratio of plastic strain and creep strain after 105 second constant load creep test for selected
austenitic stainless steels and the alloy steel used as reference material. Adapted from [49].
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Figure 44. Influence of pre-strain on the creep behaviour of SUS 316L [49].
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Figure 45. Effect of room temperature pre-straining on creep deformation at different temperature for

SUS 316LN austenitic stainless steel [49].
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6.10. Physically-based constitutive models

Physically-based constitutive models describe plasticity and creep deformation of polycrystalline metals based on
the physical processes occurring during the deformation process. Physically-based models are founded on laws
derived in the field of metal physics for the kinetics of dislocation motion in the presence of different types of
obstacles. These models can be used to predict material behaviour over a wide range of temperatures and strain
rates. Physically-based constitutive models typically have superior predictive power over phenomenological
models. The major disadvantage of physically-based models is the large number of material parameters needed to
describe the kinetics of dislocation motion and the interaction of dislocations with different types of obstacles.
Physically based constitutive theories such as the Kocks-Mecking theory [50,51], the Estrin-Mecking theory
[52,53] and the Mechanical Threshold Stress model [54] have been also used for predicting room temperature
creep and stress relaxation behaviour of metals and alloys.

Tsuchida and his co-workers [55,56] made an extensive study on the mechanical behaviour of grade JIS SUS
310S austenitic stainless steel. The test material was subjected to variety of different mechanical tests. The
experimental tests included:

Basic tensile tests at different temperatures from -196°C to 25°C and strain rates from 105 to 102 (1/s).
Tensile tests with a stepwise change of temperature or strain rate.

Crosshead arresting tests, i.e. tensile tests with intermittent stress-relaxation periods.

Constant load creep tests.

Figure 46 shows creep curves measured at room temperature creep using different stress levels. Logarithmic
creep occurred over the whole time range except for the highest applied stress 546 MPa, Figure 47. The creep
test results could be described using the following empirical model as a function of time and applied stress.

£=10"13¢27¢71 (30)

The lines in Figure 47 were calculated with this equation. Crosshead arresting tests were carried out to measure
the amount of stress relaxation during a 100-hour holding period at -196°C and at room temperature [56]. It was
found that the amount of stress relaxation was independent of the plastic strain obtained before the holding
period. No strain rate history effects were observed in the crosshead arresting tests. When the loading was
increased between the holding periods, the measured stress-strain curve coincided with one measured in an
uninterrupted tensile test.

In both articles [55,56] the observed material behaviour was modelled using the Kocks-Mecking theory [50,51].
In all cases, the stress strain response calculated with the Kocks-Mecking theory showed good correspondence
with the measured material response. Therefore it was concluded that Kocks-Mecking theory can be used for
modelling the stress strain response also at very low strain rates over a wide range of temperatures.

Follansbee applied the Mechanical Threshold Stress (MTS) model to predict the stress strain response of
austenitic stainless steels [54,57,58]. The model was mainly used for predicting the stress-strain responses in
tension or compression testing over a wide range of temperatures and strain rates.

The physically based constitutive models generally describe the strength of material being composed of
contributions from different types of obstacles to dislocation motion. The observed flow stress can be therefore
decomposed in components arising from grain boundaries (gb), solute atoms (sol) and dislocations (dis).

T= Tgp + Tsor + Tais (31)

Dislocations overcome the obstacles by thermal activation. Since the obstacles form different energy barriers to
be overcome by thermal activation, the rate dependency of each component in (31) is different. Grain boundaries
are formidable obstacles to dislocation motion, and the strength component caused by the grain boundaries is
generally believed to be temperature and strain rate independent. [54]
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The physically-based theories therefore predict that creep and stress relaxation will cease if the stress caused by
external loading falls below the threshold value determined by the grain size of the material. The strength
contribution originating from grain boundaries can be estimated using the Hall-Petch equation [59].

K
Top = T (32)

where K is a material dependent constant and d is the average grain diameter. According to Follansbee [54,57]
the typical value of parameter K equals to K = 433 MPa +/um for a number of austenitic stainless steel grades.
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Figure 46. Constant load creep test results for grade SUS 310S test material [55].
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Figure 47. Creep strain rate as a function of time for grade SUS 310S test material. Adapted from [55].

1200

1000

True stress (MPa)

200

800
600

400 |

0 0.05

True strain

Figure 48. Crosshead arresting tests at -196°C and at room temperature for grade SUS 310S test material.
The holding period was 100 hours. [56]
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6.11. Krapf

Krapf studied stress relaxation in post-tensioned stainless steel rods in her master thesis [60]. Post-tensioned
stainless steel rods are used for strengthening reinforced concrete pier caps under shear loading. Stress
relaxation experiments were carried out on AlSI type 304 rods using six different stress levels. The rods were
hardened by cold working. The yield strength of studied rods was Rpo.2 = 670 MPa and the tensile strength

Rm = 830 MPa. Relaxation tests were conducted using high stress values ranging from 92% to 96% of the tensile
strength of the material. The experimental test results were modelled using the viscoplastic model proposed by
Liu and Krempl [61]. The model predicted approximately 10% stress relaxation in 50 years. Furthermore, 80% of
the stress loss occurred within the first hour of loading. Based on experimental and numerical results the design
strength of 0.6 fu, was proposed for post-tensioned stainless steel rods.

6.12. Kassner and co-workers

Kassner, Geantil and Rosen [62] studied room temperature transient creep of AlSI type 304 austenitic stainless
steel using a lever-arm dead-weight creep testing equipment. The test material was either in annealed or in cold-
worked state. In both cases the measured creep curves were could be successfully described using the
logarithmic creep model

& = & + alnt (33)
The creep parameter B was modelled as a linear function of applied stress o.
a=a-o+b (34)

For the annealed material, two sets of parameters a and b were needed to describe the creep curves over the
whole range of creep loads. The first set of values was determined for creep loads below the 0.2% proof stress
and the second set above this level. Figure 49 shows constant load creep test results for the annealed material
for creep loads below the 0.2% proof stress values. The longest testing period in Figure 49 was approximately 10
months and continuously increasing creep strains were measured over this whole testing period.
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Figure 49. Creep curves measured for AlSI type 304 austenitic stainless steel in annealed condition. The 0.2%
proof stress of the material was 221 MPa. Adapted from [62].
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It was also found that the creep resistance of cold-worked material was higher than that of the annealed material.
Therefore it was concluded that ambient temperature creep can be effectively suppressed by cold-working.

In a recent review article Kassner and Smith discuss the low temperature creep behaviour of different pure metals
and alloys [4]. They conclude that the creep curves can be described either by logarithmic or by power law creep
for all studied materials. Steel and stainless steel showed logarithmic creep behaviour.

7. Creep and stress relaxation of duplex stainless steels

Low temperature creep tests were performed by Linder, Jargelius-Pettersson and Oscarsson [63] for duplex
grades 2304, 2507 and 2205 and austenitic grades 316L and 316 LN in a servo hydraulic test machine at
100°C. The creep loads were in the range from 60% to 120% of the 0.2% proof stress of the materials. The
maximum creep period was 30 hours. The tests show that the duplex grades have slightly lower creep rate
compared to the austenitic grades. The results are, however, of limited use since only data for stress versus time
to creep rate below 108 1/s and the deformation during the loading phase are presented.

Long-term room temperature creep tests were performed for grade 2205 duplex steel in 1992 at Outokumpu
Avesta Research Centre [64]. The measured creep curves are shown in Figure 50. Creep curves for standard
austenitic stainless steel grades are shown for reference. The results show that 2205 has similar creep behaviour
as the AISI 304 denoted by letter D. The creep strain was approximately 0.3% after 10 hours and 0.45% after 100
hours for 2205 at 90% of the 0.2% proof stress of the material. Similar results were obtained in another study
where room temperature creep tests were performed on large diameter bar and extruded seamless tubes in
duplex stainless steel 2507 at 80%, 90% and 100% of the 0.2% proof stress of the material [65]. The results
show relatively low creep deformation at 80% and 90% of the 0.2% proof stress; the creep strain was just below
0.4% after 1200 hours. In contrast, relatively high creep strains were observed at 100% of the 0.2% proof stress.
In this case, the creep strain was approximately 2% after 1200 hours. The creep rate was high in the beginning of
the creep test for all load levels. The creep rate, however, decelerated rapidly and there was almost no creep
deformation after longer loading periods. The bar material showed higher degree of creep compared to the
extruded tube material. This is likely caused by significantly higher austenite spacing in the bar material.
Therefore a fine microstructure seems to be beneficial. The results for 2205, 304 and 304N also suggest that the
logarithm of creep strain is a linear function of the ratio of applied stress to Rp0.2.

Boniardi, La Vecchia and Roberti [66] conducted stress relaxation tests on 11 mm 2205 duplex and on 15 mm
type 2507 super duplex plates. The specimens were cylindrical with the diameter of D = 8 mm diameter and
gauge length of L = 25 mm. The cross-head speed was 0.5 mm/min in the loading phase. The relaxation time was
at least 30 min. The results are summarized in Figures 51 and 52. Based on their experimental results, the
authors conclude that the room temperature stress relaxation behaviour of these duplex grades can be described
by a plastic equation of state according to Hart’s theory. It was also concluded that the austenite phase in
principle governs the stress relaxation phenomenon.

In the work of Kivisakk and Chai [67], two types of duplex stainless steels were tested at 200°C by using U-bent
specimens according to ASTM G30. The stress level was equal to the yield strength at the test temperature. After
1000 hours the stress relaxation of UNS S32304 was 17 % while that of UNS S32205 was 12 % stress.

Bar and extruded tube made of grade UNS S32750 duplex stainless steel were tested in slow strain rate machine
at room temperature [68]. No significant stress relaxation was found for the two product forms. This was
explained by the low loading level used. The loads used were in the range from 47% to 63 % of the 0.2% proof
stress of the material.

Triplicate stress relaxation tests were made on grade 2205 and 2304 duplex strands by Schuetz [69]. The stress
loss was 2.49% for the 2205 strand after 1000 hours at initial stress level which corresponds to 74 % of the 0.2%
proof stress of the material. For the 2304 strand the stress loss was 2.07 % at initial stress level which
corresponds to 43 % the 0.2% proof stress of the material.
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Figure 50. Long term room temperature creep of 304N, 304 and 2205 at 89%, 90% and 100 % of Rp0.2
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Figure 51. Stress-relaxation in type 2205 duplex steel in longitudinal (LD) and transverse (TD) direction. The
loading in terms on true strain in the beginning of the relaxation is given in the legend.
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Figure 52. Stress-relaxation in type 2507 super duplex steel in longitudinal (LD) and transverse (TD) direction. The
loading in terms on true strain in the beginning of the relaxation is given in the legend.

The results on duplex grades can be summarized as follows:
e The room temperature stress relaxation of the duplex stainless steels can be described using a plastic
equation of state according to Hart’s theory.
e The austenite phase governs the stress relaxation phenomenon for the duplex stainless steels.

e The amount of stress relaxation was different in different duplex grades. This was most likely caused by
notable differences in the yield strength of different duplex grades.

e The amount of stress relaxation was different in the longitudinal direction compared to that in the
transverse direction.

e |t seems that the product form has no influence on the stress relaxation phenomenon. This observation
may be, however, also explained by the low load used for the testing.

This advice and assistance is provided without charge and in good faith without any undertaking, representation or warranty and
Outokumpu will obtain no liability - neither compensatory or consequential - for advice or assistance given.




{\\ Creep and Stress Relaxation of Stainless Steel at 2016_0051 Page 47 of 52

OUtOkumpU Room Temperature 2016-12-29
\\/ Timo Manninen, Emma Jacobsen, Johan Pilhagen Technical report
AVESTA AND TORNIO R&D CENTERS Published

8. Creep and stress relaxation of other types of steel

According to the World Steel Association there are over 3500 different steel grades. Steel grades can be classified
in four different groups:

Carbon steels.
Alloy steels.
Stainless steels.
Tool steels.

O O O O

As discussed in chapter 2, the physical mechanism responsible for creep and stress relaxation at low temperature
in all steels is dislocation glide. Furthermore, the rate of creep deformation is dictated by the rate by which
dislocations, assisted by thermal activation, are able to surmount different types of obstacles. Since the physical
mechanism is the same in all steels, this literature study was extended to cover also recent studies on other
groups of steels.

Schmidt and von den Steinen made comparative studies [43-45] on the room temperature creep characteristics
of steels with different crystal structures and different microstructures. The test materials included common
structural steel, quenched and tempered steel and martensitic steel. They found that there are no fundamental
differences between steels with ferritic, austenitic or martensitic crystal structure. It was concluded that other
factors than the crystal structure control the room temperature creep behaviour. Specifically, it was found that
materials with distinct upper and lower yield point showed very little transient creep deformation when loaded
sufficiently below their upper yield point. When loaded at or above certain critical limit, the same materials showed
significant transient creep deformation.

Tendo, Takeshita, Nakazawa and Abo [47] studied the room temperature creep characteristics of common
structural steel and interstitial-free low carbon steel. In ferritic materials, the sharp yield point is typically caused
by the locking of dislocations by interstitial atoms. Therefore interstitial-free low carbon steel does not have a
sharp yield point. When room temperature constant load creep tests were carried out on both materials, the
interstitial-free low carbon steel showed considerable transient creep. The transient creep behaviour of interstitial-
free steel was similar to that of austenitic stainless steel. It was concluded that the interaction of dislocations with
interstitial atoms and the resulting formation of sharp yield point plays an important role in the room temperature
creep behaviour.

Similar findings have been also reported by Wang, Zhang and Chen on pipeline steels [71]. Depending on
chemical composition and processing condition, pipeline steels have a stress-strain curve either with or without a
sharp yield point. Pipeline steels with both types of yielding behaviour were subjected to constant load creep test.
The creep tests were divided in two categories. If the creep load was sufficiently low in order not to cause any
immediate plastic deformation in the test piece in the loading stage, the test was termed ‘pre-yield creep test’.
And if the creep load caused measurable immediate plastic deformation in the test piece in the loading stage, the
test was termed ‘post-yield creep test'. It was found that all studied steels showed significant transient creep in
the post-yield creep tests. In contrast, in the pre-yield creep tests, the creep characteristics were strongly
dependent on the type of yielding behaviour. In the presence of a sharp yield point, only minimal creep
deformation was observed. In the absence of a sharp yield point, however, relatively large creep deformation
occurred in the pre-yield creep tests.

The post-yield creep behaviour of nine different metallic materials studied by Jordan and Freed [71]. The set of
test materials included two titanium alloys, low carbon steel, austenitic stainless steel, copper, brass and three
aluminium alloys. Significant post-yield transient creep was observed in eight of the nine tested materials. In some
cases the post-yield room temperature creep resulted in a failure of the specimen in the test. It was concluded
that the majority of common metals exhibit significant post-yield creep deformation at room temperature.

The room temperature creep characteristics of high strength steels was studied by Oehlert and Atrens [20] and by
Liu, Liu, Zhao and Northwood [72]. The high strength steels studied did not exhibit a sharp yield point. In both
cases, significant creep deformation was observed with stress levels below the 0.2% proof stress.

This advice and assistance is provided without charge and in good faith without any undertaking, representation or warranty and
Outokumpu will obtain no liability - neither compensatory or consequential - for advice or assistance given.




Room Temperature 2016-12-29

outokumpu
\, >4 Timo Manninen, Emma Jacobsen, Johan Pilhagen Technical report

AVESTA AND TORNIO R&D CENTERS Published

{‘\ Creep and Stress Relaxation of Stainless Steel at 2016_0051 Page 48 of 52

The results of survey on the creep and stress relaxation behaviour of different types steels at room temperature
therefore suggest that existence of a sharp yield point plays in important role in the room temperature creep of
steel. The yield point phenomenon generally occurs in steels containing interstitial atoms such as carbon and
nitrogen in solid solution. The rearrangement of interstitial around dislocations leads locking dislocations in their
positions. This locking and unlocking of dislocations explains the formation upper yield point in materials such as
common structural steel. However, once released from solute atmospheres, dislocations are able to move under
lower external loading. This explains the drop of yield stress once the upper yield point has been surpassed. [73]

Room temperature transient creep is also caused by movement of dislocations. Therefore it is evident that the
locking of dislocations by solute atmospheres and the subsequent formation of sharp yield point also prevents
room temperature creep deformation. It can be argued that dislocation locking constitutes an energy barrier that
needs to be surmounted before the creep deformation can proceed. Only once this barrier is overcome, may the
creep process be activated.

It is, however, worth noting that the creep limit of materials with a sharp yield point is not equal to the upper or
lower yield point measured in a standard tensile test. The upper and lower yield points depend on the loading rate
used in the tensile testing. Under sustained creep loading, the loading rate approaches zero. Therefore, the
theoretical creep limit equals to the upper yield point measured in an infinitely slow tensile test. Further on,
different types of microscopic and macroscopic stress concentrations may locally trigger the unlocking of
dislocations at a stress level that is lower than the theoretical creep limit defined above. Therefore the practical
creep limit should be considered equal to the loading level that does not cause any immediate plastic deformation
in the presence of realistic amount of imperfections and stress concentrations.

The results on the creep and stress relaxation of other types of steel can be generalized as follows:

e Steels with a sharp yield point do not show transient creep provided that the load is below the elastic limit
and does not cause any immediate plastic deformation in the loading stage.

e Steels with a sharp yield point show considerable transient creep if the creep load exceeds elastic limit
and therefore causes at least certain immediate plastic deformation in the material.

e All steels with gradual yielding show transient creep when loaded above their elastic limit.
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9. Summary

In this literature study, available information on creep and stress relaxation behaviour of stainless steel at room
temperature was reviewed. The characteristics of creep and stress relaxation behaviour of different types of
stainless steels were discussed. Also potential mathematical models for describing the creep deformation in
preloaded slip-resistant bolt connections made of stainless steel were reviewed.

The most important findings can be summarized as follows:

I The physical mechanism responsible for creep and stress relaxation at low temperature in all types of
steel is dislocation glide. The creep rate is dictated by the rate by which dislocations are able to surmount
different types of obstacles assisted by thermal activation.

Il. There are no fundamental differences in the room temperature creep behaviour of materials with
different crystal structure. Test materials with martensitic (BCT), ferritic (BCC) and austenitic (FCC) crystal
structure behave in a qualitatively similar manner in the room temperature creep tests.

M. The creep behaviour is controlled by two characteristic values called the creep limit and the creep
resistance. Both variables are related to the tensile stress-strain behaviour of the material. The creep limit
determines the upper limit for purely elastic behaviour. No creep or stress relaxation may occurs below
this stress level. The creep resistance defines how the creep deformation decelerates. The creep
resistance is determined the instantaneous slope of the true stress vs. true plastic strain curve
determined at the point in which the creep deformation starts. A rapid work hardening results in rapid
deceleration of the creep deformation.

IV. The creep limit generally increases with increasing yield strength of the material.

V. The creep limit increases when material is plastically deformed. It follows that the creep deformation can
be minimized by cold-working the material before the creep loading.

VI. The different methods that can be used for strengthening materials are not equivalent. Solid solution
hardening by nitrogen or carbon alloying was less efficient way of increasing the creep resistance than
hardening by cold-rolling.

VILI. The creep and stress relaxation behaviour depends strongly on the loading rate. The amount the creep
and stress relaxation increase with increasing loading rate.

VIII. Material work hardens during room temperature creep. The work hardening caused by creep equals to
that observed in tensile testing.

IX. Viscoplastic models based on overstress between the current stress and quasistatic flow stress can be
used for describing most of the observed phenomena.

X. The room temperature creep of stainless steels was frequently described as logarithmic creep.

X In a joint model, the creep deformation concentrated under the bolt head and nut. Furthermore, the loss
of bolt preload could be significantly reduced by using cover plates hardened by cold rolling.

XII. The existence of upper and lower yield points seems to play an important role in the room temperature
creep characteristics of all types of steel. All steels with smooth, gradual yielding show similar transient
creep as stainless steel. Only steels that possess a sharp upper and lower yield point do not creep at
room temperature when loaded below their elastic limit.
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