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a b s t r a c t

Stress controlled fatigue–creep tests were carried out for 316L stainless steel under different loading con-
ditions, i.e. different loading levels at the fixed temperature (loading condition 1, LC1) and different tem-
peratures at the fixed loading level (loading condition 2, LC2). Cyclic deformation behaviors were
investigated with respect to the evolutions of strain amplitude and mean strain. Abrupt mean strain
jumps were found during cyclic deformation, which was in response to the dynamic strain aging effect.
Moreover, as to LC1, when the minimum stress is negative at 550 �C, abrupt mean strain jumps occur at
the early stage of cyclic deformation and there are many jumps during the whole process. While the min-
imum stress is positive, mean strain only jumps once at the end of deformation. Similar results were also
found in LC2, when the loading level is fixed at �100 to 385 MPa, at higher temperatures (560, 575 �C),
abrupt mean strain jumps occur at the early stage of cyclic deformation and there are many jumps during
the whole process. While at lower temperature (540 �C), mean strain only jumps once at the end of
deformation.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Type 316L stainless steel is a prospective material for the reac-
tor vessels and piping systems in nuclear power plants because of a
good combination of its excellent high-temperature tensile and
creep strength, corrosion resistance and enhanced resistance to
sensitization [1]. Generally, the service temperature range for
316L stainless steel is from 450 to 600 �C, which is right in its
Portevin–Le Chatelier (PLC) effect regime [2,3].

The Portevin–Le Chatelier effect [4], occurring in many dilute al-
loys under appropriate conditions, is one of the most prominent
examples of plastic instabilities. In monotonic tensile tests, this
effect manifests itself in stress–strain curves as serrated flow under
strain control mode [5,6] or staircase jump under stress control
mode [7]. Since discovered a century ago, the PLC effect has
attracted much attention from experimental and theoretical
researchers [8–10]. As an intrinsic property of materials, the PLC
effect is generally attributed to the dynamical strain aging (DSA)
[11] associated with the interactions between mobile dislocations
and diffusing solute atoms.

On microscopic scale, the dislocation glide is intermittent,
which has been proved by both acoustic emission measurements
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and numerical simulations [12]. As one type of defects in crystal,
dislocation distorts the surrounding lattice and therefore causes
an elastic stress field, which acts on the solute atoms nearby. After
a mobile dislocation being impeded by obstacles such as forest dis-
locations, precipitates, and grain boundaries, etc., solute cloud may
form around it in response to solute segregations by preferred pipe
diffusion, and the mobile dislocation is effectively pinned. With the
aid of effective stress, obstacles can be conquered by thermally
activated dislocation motion, and this unpinning process of dislo-
cation may cause a sudden material softening. Therefore, DSA is
in response to dynamic repeated pining and unpinning processes
between mobile dislocation and solute atoms.

In strain controlled low cycle fatigue tests, DSA manifests dur-
ing cyclic deformation in the form of serrations in stress–strain
hysteresis loops, which has been reported by Mannan [2]. More-
over, the influence of DSA on the strain controlled LCF behavior
of 316L stainless steel has also been reported by Hong and Lee
[3], namely the existence of plateau or the peak in the variation
of cyclic peak stress with temperature and the negative tempera-
ture dependence of plastic strain amplitude or softening ratio etc.
However, under stress control mode, characterization of DSA in
fatigue or creep–fatigue tests was not so many up to now.

Recently, some work has been presented by us about the influ-
ence of DSA pre-treatment on creep–fatigue behavior of 316L steel
[13]. It was found that, under stress control mode, DSA manifests
itself macroscopically as displacement or mean strain abrupt
jumps during cyclic deformation. In this paper, creep–fatigue tests
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Table 1
Creep–fatigue test results under different loading levels at 550 �C.

rmax (MPa) rmin (MPa) ra (MPa) rm (MPa) Nf (cycles) d (%)

385 �150 267.5 117.5 690 40.44
385 �100 242.5 142.5 776 39.72
385 �50 217.5 167.5 1483 39.7
385 0 192.5 192.5 5881 35.84
385 50 167.5 217.5 8731 37.01
385 100 142.5 242.5 2330 37.16
385 150 117.5 267.5 993 35.84
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were systemically carried out for 316L stainless steel under
different loading conditions. Cyclic deformation behaviors were
investigated with respect to the evolutions of strain amplitude
and mean strain. Moreover, manifestation of DSA was also dis-
cussed under different loading conditions.

2. Material and test methods

The material used in our tests is hot rolled grade 316L stainless
steel. Specimens were taken along the rolling direction and ma-
chined to cylindrical bar with 35 mm gauge length and 10 mm
diameter. Tests were conducted in air using a servo-hydraulic ma-
chine MTS 809 equipped with a coil heating system whose accuracy
is ±2 �C. Test temperature was in the range from 540 to 575 �C. A
trapezoid waveform, i.e. 1 s for loading/unloading and 5 s for hold-
ing at the maximum/minimum stress, was used to introduce the
creep–fatigue interaction in tests. To investigate the effects of
stress amplitude ra and mean stress rm on creep–fatigue behavior
simultaneously by only changing minimum stress rmin, the maxi-
mum stress rmax was keeping fixed at 385 MPa and rmin was
changing from �150 to 150 MPa. Details can be referred to [13].

3. Experimental results and discussion

Under stress control mode, fatigue property is mainly governed
by stress amplitude ra and temperature, while creep property is
1
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Fig. 1. (a) Cyclic strain amplitude and (b) mean strain re

Table 2
Jump records for different loading levels at 550 �C.

T (�C) rmax (MPa) rmin (MPa) Nf (cycles) Jump r

550 385 �150 690 38/646
550 385 �100 776 370/69
550 385 �50 1483 680/11
550 385 0 5881 5690
550 385 50 8731 8580
550 385 100 2330 2299
550 385 150 993 986
mainly influenced by mean stress rm, holding stress rmax, rmin

and temperature [14]. To investigate the effect of loading level
and temperature on creep–fatigue behavior, respectively, two
groups of tests were conducted under different test conditions,
i.e. different loading levels at the fixed temperature and different
temperatures at the fixed loading level.

3.1. Different loading levels at the fixed temperature

The test parameters and results under different loading levels at
550 �C are given in Table 1. With increasing rmin, the stress ampli-
tude ra decreases, the mean stress rm increases, while the material
life Nf increases first and then decreases. When ra = 167.5 MPa
(rmin = 50 MPa), Nf reaches its maximum value.

Here, when ra > 167.5 MPa (rmin < 50 MPa), the fatigue effect is
dominant. With increasing rmin, ra decreases gradually and so
does the fatigue effect. Therefore, the material life will be getting
longer with increased rmin. When ra 6 167.5 MPa, creep effect is
dominant. Hence, with increasing rmin, rm increases and the mate-
rial life decrease.

Fig. 1 shows the cyclic strain amplitude De and mean strain em

responses under different minimum stress at 550 �C. According to
Fig. 1(a), in all loading levels, De decreases with the development
of cyclic deformation, which represents a cyclic hardening prop-
erty in 316L stainless steel. Moreover, De is found to monotonically
decrease with increased rmin. Fig. 1(b) presents a nonlinear rela-
tionship between the evolution of mean strain and cycles. At the
beginning of deformation, mean strain rises slowly and gradually.
While at the last stage of deformation, it increases quickly and
emergently till final fracture. Moreover, there is no distinct differ-
ence in the mean strain value for all the loading levels.

Additionally, abrupt jumps are found in em–N curves during
cyclic deformation under all loading levels, as shown in Fig. 1(b),
which has been reported in [13]. Considering the test temperature,
i.e. 550 �C, it happens to be in the DSA regime of 316L stainless
steel. Hence, the above mentioned displacement or mean strain
jumps should be associated with the dynamic strain aging during
1
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Fig. 2. Evolution of life fraction at the first jump and total jump times with stress
amplitude.

Table 3
Creep–fatigue test results under different temperatures at the fixed loading level.

T (�C) rmax (MPa) rmin (MPa) Nf (cycles) d (%)

575 385 �100 79 39.72
560 385 �100 567 41.57
550 385 �100 776 39.72
540 385 �100 3821 37.6
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Fig. 4. Hysteresis loops at 575 �C when the loading level is �100 to 385 MPa.
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cyclic deformation. On micro scale, as dislocation density continu-
ously increases with the development of plastic deformation, finite
solute atoms will finally be unable to pin them effectively. That
means the aging effect will get weaker with plastic deformation
development. Therefore, when a critical deformation value is
reached, mobile dislocation will escape from obstacles with the
aid of applied stress. This unpinning process will further produce
an avalanche-like dislocation multiplication causing material soft-
ening. For stress controlled tests, instant material softening will
lead to a sudden strain increase, namely displacement or mean
strain will jump abruptly in sample.

Table 2 presents the abrupt jump records for different loading
levels at 550 �C. The evolution of life fraction at the 1st jump and
total jump times with stress amplitude are shown in Fig. 2. It can
be found that, when rmin 6 0 MPa, abrupt displacement jumps
occur at the early stage of cyclic deformation and there are many
jumps during the whole process; while rmin > 0 MPa, displacement
only jumps once at the end of deformation.

Referring to the results in Fig. 1, as all the mean strain values at
different loading levels are almost the same, then plastic deforma-
tion in material is mainly determined by the strain amplitude. As
1
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Fig. 3. (a) Cyclic strain amplitude and (b) mean strain respons
shown in Fig. 1(a), when rmin > 0 MPa, strain amplitude De is much
smaller than those when rmin 6 0 MPa, which means less plastic
deformation and lower dislocation density is produced in one cy-
cle. Therefore, when rmin > 0 MPa, it will take more cycles to reach
that critical deformation value which DSA occurs, namely displace-
ment will jump at a later cycle.

3.2. Different temperatures at the fixed loading level

The test parameters and results under different temperatures at
the fixed loading level, i.e. �100 to 385 MPa, are given in Table 3. It
can be seen that, with increasing temperature, the material creep–
fatigue life decreases monotonically. Since the loading level is
fixed, enhanced creep damage with increasing temperature should
be responsible for the degradation of material life.

Fig. 3 shows the cyclic strain amplitude De and mean strain em

responses under different temperatures at the fixed loading level.
As shown in Fig. 3(a), all De decrease with the development of cyc-
lic deformation, which represents a cyclic, hardening property in
316L stainless steel at different temperatures. However, it should
be noted that, although De is minimal at 540 �C, another three
De–N curves twist with each other at the rest temperatures.
Fig. 3(b) also presents a nonlinear relationship between the evolu-
tion of mean strain and cycles. At the beginning of deformation,
mean strain rises slowly and gradually. While at the last stage of
deformation, it increases quickly and emergently till final fracture.
Additionally, with decreasing temperature, the mean strain value
is found to decrease monotonically.

Moreover, abrupt jumps are also found in em–N curves during
cyclic deformation at all test temperatures. In Fig. 4, it happens
to record two abrupt jumps in hysteresis loop at 575 �C when
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Table 4
Jump records for different temperatures.

T (�C) rmax (MPa) rmin (MPa) Nf (cycles) Jump record (cycles) Life fraction at 1st jump Total jump times

575 385 �100 79 2/22/48/60/69/75 0.02532 6
560 385 �100 567 38/140/310/400/485 0.06702 5
550 385 �100 776 370/692 0.4768 2
540 385 �100 3821 3793 0.99267 1

540

0.0

0.2

0.4

0.6

0.8

1.0

0

2

4

6

8

10

To
ta

l j
um

p 
tim

es

T /0C

N
/N

f 
at

 1
st

 J
um

p  Life fraction at 1st jump
 Total jump times

550 560 570 580

Fig. 5. Evolution of life fraction at the 1st jump and total jump times with testing
temperature.
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the loading level is �100 to 385 MPa. The strain jump is much lar-
ger than the deformation amplitude in one cycle, which means a
large deformation occurs during this jump. It should be noted that,
there are also such jumps at other temperatures but they were
missed by the unequal-interval sampling method.

All the abrupt jump cycles were recorded in Table 4 for different
temperatures. Fig. 5 presents the evolution of life fraction at the 1st
jump and total jump times with testing temperature. It can be
found that, at higher temperature (560 and 575 �C), abrupt mean
strain jumps occur at the early stage of cyclic deformation and
there are many jumps during the whole process, while at lower
temperature (540 �C), mean strain only jumps once at the end of
deformation.

In this group of tests, the loading level is fixed. Therefore, higher
is temperature, softer is material and larger is deformation, as
shown in Fig. 3(b). On micro scale, larger plastic deformation will
induce more mobile dislocations. Hence, at higher temperature,
DSA, namely abrupt mean strain jump will emerge earlier.

4. Conclusions

(1) For both loading conditions, i.e. different loading levels at
the fixed temperature and different temperatures at the
fixed loading level, dynamic strain aging was found to man-
ifest itself macroscopically as mean strain abrupt jumps dur-
ing cyclic deformation under stress control mode.

(2) When rmin 6 0 MPa, abrupt displacement jumps occur at the
early stage of cyclic deformation and there are many jumps
during the whole process. While rmin > 0 MPa, displacement
only jumps once at the end of deformation.

(3) At higher temperature, abrupt displacement jumps occur at
the early stage of cyclic deformation and there are many
jumps during the whole process. While at lower tempera-
ture, displacement only jumps once at the end of
deformation.

Acknowledgements

This work was supported by Grants from the National Great
Project of Scientific and Technical Supporting Programs of China
during the 11th Five-Year Plan (No. 2006BAK02B02-02) and Anhui
Province Natural Science Fund (No. 070415223).

References

[1] S.G. Hong, S.B. Lee, T.S. Byun, Mater. Sci. Eng. A 457 (2007) 139.
[2] S.L. Mannan, Bull. Mater. Sci. 16 (1993) 561.
[3] S.G. Hong, S.B. Lee, J. Nucl. Mater. 328 (2004) 232.
[4] J.F. Bell, The experimental foundations of solid mechanics, in: S. Flügge, C.

Truesdell (Eds.), Mechanics of Solids I. Encyclopedia of Physics, Springer-
Verlag, Berlin, 1973 (p. 41, 649).

[5] H.F. Jiang, Q.C. Zhang, Z.Y. Jiang, Chinese Phys. Lett. 22 (2005) 99.
[6] H.F. Jiang, Q.C. Zhang, X.D. Chen, Acta Mater. 55 (2007) 2219.
[7] P. Hahner, E. Rizzi, Acta Mater. 51 (2003) 3385.
[8] U.F. Kocks, Kinetics of nonuniform deformation, in: B. Chalmers, J.W. Christian,

P. Haasen, T.B. Massalski (Eds.), Progress in Materials Science, Chalmers
Anniversary Volume, Pergamon, Oxford, 1981, p. 185.

[9] H. Neuhäuser, Plastic instabilities and the deformation of metals, in: D.
Walgraef, N.M. Ghoniem (Eds.), Patterns, Defects and Material Instabilities,
Kluwer Academic Publishers, 1990, p. 241.

[10] Y. Estrin, L.P. Kubin, Spatial coupling and propagative plastic instabilities, in:
H.B. Mühlhaus (Ed.), Continuum Models for Materials with Microstructures,
Wiley, New York, 1995, p. 395.

[11] A.H. Cottrell, in: Dislocations and Plastic Flow in Crystals, Oxford University,
London, 1953.

[12] M.C. Miguel, A. Vespignani, S. Zapperi, Nature 410 (2001) 667.
[13] H.F. Jiang, X.D. Chen, Z.C. Fan, Mater. Sci. Eng. A (2008), doi:10.1016/

j.msea.2008.09.025.
[14] Z.C. Fan, X.D. Chen, L. Chen, Int. J. Fatigue 29 (2007) 1174.

http://dx.doi.org/10.1016/j.msea.2008.09.025
http://dx.doi.org/10.1016/j.msea.2008.09.025

	Dynamic strain aging in stress controlled creep–fatigue tests of 316L stainless steel under different loading conditions
	Introduction
	Material and test methods
	Experimental results and discussion
	Different loading levels at the fixed temperature
	Different temperatures at the fixed loading level

	Conclusions
	Acknowledgements
	References


