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Room temperature creep and
strain-rate-dependent stress-strain
behavior of pipeline steels
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Creep deformation and the effect of strain-rate on stress-strain behavior of X-562, X-70 and
X-80 pipeline steels at room temperature were studied using round tension test specimens.
Depending on its chemical composition and the processing condition (as-received or fully
annealed), a pipeline steel may exhibit a stress-strain curve with or without a yield point.
The as-received and the annealed steels with both type of yielding behavior were creep
tested at a constant stress either below or past the yield point / 0.2% offset yield strength.
Independent of yielding behavior, significant post-yield creep deformation was observed in
all the steels. The pre-yield creep, however, is strongly dependent on the yielding behavior.
In the presence of a yield point, only a minor deformation was detected in the steels subject
to the pre-yield creep. In the absence of a yield point, pre-yield creep deformation occurred
to a relatively large extent. For the latter case, an annealing treatment further enhanced
creep deformation. A strain-rate-dependent stress-strain behavior was also observed in all
the steels that show significant creep deformation. Dislocation mechanisms responsible for
the creep behavior observed in the study are also provided in the paper.
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1. Introduction The purpose of this paper is to characterize the room
Room temperature creep deformation often causes sigemperature creep deformation and the strain-rate sen-
nificant technical problems to structures in service. Thesitivity of stress-strain behavior of pipeline steels in re-
stress relaxation due to creep deformation, for examlation to processing conditions. Special attention is paid
ple, is one of the major concerns over the reliability ofto the inter-correlation of creep deformation with vari-
high strength steel wire for building applications [1]. ous yielding behavior observed in the pipeline steels.
For underground pipeline steels, the susceptibility to
stress-corrosion cracking (SCC) is of great interest. De-
pending on the corrosion environment, creep deforma2. Materials and experimental procedure
tion may affect SCC by causing local rupture of surfacexX-52, X-70 and X-80 pipeline steels in the as-received
passivation film or by enhancing hydrogen diffusion (AR) and fully annealed (FA) conditions were used
through dislocation movement [2-5]. in the investigation. The chemical compositions of the
With few exceptions [6-8], where there is primary steels are listed in Table I. The full annealing treatment
creep followed by a steady state creep, room temperawas conducted at 82 (1 h) for X-52, 900C (1 h) for
ture creep normally exhibits a work-hardening feature X-70, and 820 C (1.5 h) for X-80, followed by furnace
with an eventual exhaustion of creep deformation duecooling.
to lack of recovery [9]. A time-dependent dislocation The tensile and creep tests were conducted using
glide is believed to be the characteristic of room tem-standard round tension specimens with a diameter of
perature creep [10-12]. 6 mm and a length of 36 mm in the reduced section.
The room temperature creep deformation is foundThe specimens were machined from the steel pipes such
to depend on the magnitude of applied stress [3, 7, 9that the long dimension of the sample coincided ei-
and the metallurgical conditions of the material aris-ther with the pipe longitudinal direction (for X-52 and
ing from thermal and thermal mechanical processingX-70), or with the pipe circumferential direction (for
[1,4,7,9,13]. Although room temperature creep hasX-80). All the tests were carried out on a closed loop
been studied in number of alloys, many factors deterservo-hydraulic testing machine (INSTRON 8516) in
mining the creep deformation at room temperature rea temperature-controlled laboratory set at@2Strain
main unknown. was measured using a strain gauge extensometer with a
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TABLE | Chemical compositions (wt.%) of the steels used in this study

C

P

Cu

Ni

Cr

Mo Cb

Ti

Al

X-52
X-70
X-80

0.07
0.06
0.06

<0.0015
0.0040
0.0031

0.016

0.006
0.012

0.28
0.26
0.27

0.09
0.30
0.31

0.05

<0.01
0.302
0.302

0.04
0.04

0.012

0.083
0.079

0.

019 0.031
0.017 0.042
0.011 0.026

TABLE Il Mechanical properties of the pipeline steels used in this study tested at a strain-raté/ef 10

Steel

condition

YS (MPa)

UYS (MPa)

LYS (MPa)

ufMP

a) YPE (%)

El (%)

El (%)

X-52

X-70

X-80

AR
FA
AR
FA
AR
FA

566.8
306.4

286.3

433.9
415.9

675.8

382.2
323.9

651.6

484.8
431.9
649.2
516.0
684.1
599.6

2.0
3.3

2.6

15.9

21.2
6.8
18.8

8.3
18.0

32.3

39.0
17.6
315

19.3
32.7

YS: Yield strength (offset 0.2%) YPE: Yield point elongation
UYS: Upper yield strength  Ei Uniform elongation

LYS: Lower yield strength Kl Elongation (25 mm gage length)
S,: Tensile Strength

gauge length of 25 mm, which was attached to the gaug
section of the specimen with rubber bands. Each of the
tests was computer-controlled using a built-in software
(Instron Series IX Automated Materials Tester). The
tensile tests were performed first under the strain con
trol mode up to a strain of five percent, and then unde!
displacement control until failure.

The creep tests were conducted under constar
load, which were computer-controlled with the Instron
WaveMaker-Runtime software. For pre-yield creep
test, the creep stress, which was either below 0.2% yieli
strength or below the upper yield point, was applied to
the test specimen via the load-control mode. For post
yield creep, the test sample was loaded to a stress in tt
plastic regionvia displacement control mode. For all the
creep tests, the strain-rate in the process of loading we
controlled to be approximatelysd 10-?/s. All the data
were recorded by acomputer. The dislocation structure
of the thin foils from the samples tested were examinec
in JEOL 2000FX Analytical TEM/STEM (Transmis-
sion electron microscopy / Scanning transmission elec
tron microscopy).

Stress (MPa)

Stress (MPa)

3. Experimental results
3.1. Stress-strain behavior and the

influence of strain-rate
Fig. 1 compares the stress-strain curves of the stee
tested at a strain-rate of110~%/s. The tensile proper-
ties are summarized in Table Il. The influence of strain-
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rate on the stress-strain behavior of the steels is showhngure 1 Engineering stress-strain curves of the pipeline steels: (a) as-

in Fig. 2 (in which only the initial portion of the stress-
strain curves is presented).
For both the as-received and the annealed X-52

received condition (AR); (b) fully annealed condition (FA).

pipeline steels, the stress-strain curves exhibit a widés absent after the steel is fully annealed (Figs 1 and 2).
range of discontinuous yielding (Figs 1 and 2). The dif-The annealing treatment has sharply reduced the yield
ference between the upper yield strength (UYS) and thetrength and enhanced the ductility of the material.
lower yield strength (LYS) is quite significant (Table Il). In addition, the annealed steel has experienced strong
The annealing treatment has changed the mechanicalork-hardening effect during tensile testing in compar-
properties of the X-52 steel slightly. ison with the as-received material.

The as-received X-80 pipeline steel also exhibits a X-70 pipeline steel does not exhibit the discontinu-
discontinuous yielding behavior. However, this featureous yielding behavior in either the as-received or the
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Figure 2 Stress-strain behavior of the pipeline steels tested at three different strain-rates.

annealed conditions (Figs 1 and 2). Similar to X-80,3.2. Creep behavior
the X-70 steel after annealing treatment also shows &igs 3—7 show the pre-yield creep curves of the three
significant reduction in yield strength, and an increaseipeline steels tested at various stress levels (expressed
in elongation. The work-hardening effect is also quiteas percentage of yield strength or upper yield strength).
strong in annealed X-70. Fromthese creep curves, it can be seenthat the pre-yield
Strain-rate appears to have little effect on the precreep exhibits a feature of work-hardening. The creep
yield stress-strain behavior of those steels whose stresgate is relatively high at the beginning, and it decreases
strain curves exhibitayield point (Fig. 2a,b and e). Afterwith time until a saturated stage where no further de-
yielding, however, the tensile stress is seen to increas®rmation takes place. Higher creep stress results in a
with strain-rate. For some of the stress-strain curvesarger saturated creep strain (Figs 3—7). No significant
which are free of yield points, the influence of strain- creep deformation is seen in the sample that was pre-
rate on the stress-strain behavior starts in the region fasrept and reloaded to the initial creep stress (Fig. 8).
below the 0.2% yield strength (Fig. 2d and f). In these In the above creep tests, the saturated creep strain
stress-strain curves, a higher strain-rate also results iis strongly dependent on the yielding behavior of the
a higher strength in the plastic region (Fig. 2c, d and f) steels. For both the as-received and the annealed steels

1933



0.050

00454 ®m FA 95% UYS e

o AR, 95% UYS o

FA, 80% UYS
AR, 80% UYS

ﬂ&%@;ﬁr}‘@?ﬁ% -

§

a
] tor ats 250
ONIER. 2 oAt o eon X0l ey

0.005

0.040

0.035

Creep Strain (%)
o [=] [=]
2 R 2
(=3 [¢,] S
1 1 1

¢

o

=

@
O

0.000 -

ST

T Ll Ll 1
50 100 150 200 250

Creep Time (min)

1.0

0.8 -
£ 05 o 95%YS
=~ 0. o
£ o o 90%YS
2 ° o 75%YS
D el o " 60%YS
@
4
© e}

Creep Time (min)

Figure 3 Pre-yield creep curves of the as-received and the annealedFigure 6 Pre-yield creep curves of the annealed X-70 pipeline steel

X-52 pipeline steels.
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Figure 4 Pre-yield creep curves of the as-received X-70 pipeline steelFigure 7 Pre-yield creep curves of the annealed X-80 pipeline steel

tested at various stress levels.
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Figure 5 Pre-yield creep curves of the as-received X-80 pipeline stee|Figure 8 Stress-stain curves of the annealed X-70 steel repeatedly tested

tested at various stress levels.

under an identical creep stress (95% YS).

which exhibit yield points, the obtained saturated creeghanced in the annealed steels that are free of a yield
stain is significantly smaller than those steels that shovwpoint (compare Fig. 4 with Fig. 6, as well as Fig. 5 with
a smooth stress-strain curve (Fig. 9). No significant dif-Fig. 7).
ference in the saturated creep strain can be observed be-As shown in Figs 10 and 11, significant post-yield
tween the as-received and the annealed steels if both ofeep is observed in all the three steels both in the as-
them exhibit a yield point in stress-strain curve (Fig. 3).received and in the annealed condition. Post-yield creep
However, the saturated creep strain is significantly enstrain is relatively large even at the condition where
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Figure 12 Post-yield creep curves of as-received X-52. The sample was
first creep tested at 390 MPa for 200 min, and then experienced a sudden
increase in creep stress to 405 MPa.

further creep deformation can be achieved only by in-
creasing the creep stress to a high level, as is shown in
Fig. 12. In this figure, the creep strain produced at the
new stress level is smaller than that obtained in the first
o creep test.
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Time, 4. Discussion
4.1. Stress-strain behavior
A pronounced yield point was observed in both the as-
Figure 10 Post-yield creep curves for steels exhibiting yield points. The received and the annealed X-52 steels. The presence of
applied creep stress was equal to the lower yield strength, and initial staiiyield point is normally attributed either to the disloca-
due to loading was controlled to be 1.67% for X52 (AR) and X80 (AR), tion locking [14] or the atmosphere pinning [15] due to
and 2.78%f0rX-52 (FA),respectiver. The embedded diagramillustrategha segregation of interstitial elements such as carbon
schematically the loading process. and nitrogen to the dislocation core. TEM characteriza-
tion has shown that the dislocation density is very low
the creep stress is equal to the lower yield strengtlin the as-received X-52 steel (Fig. 13a). This suggests
(passing the upper yield strength). Nevertheless, the de¢hat the carbon and/or nitrogen “atmosphere” formed
pendence of creep strain on yielding behavior, as seearound dislocation core might be responsible for the
for the pre-yield creep, is not observed for the post-observation of yield point in the material. In particular,
yield creep. Post-yield creep also exhibits a feature o€arbon atmosphere might be dominant since nitrogen
work-hardening. After creep deformation is exhaustedin the steel is very low (Table I).
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shown in Fig. 1, the annealed X-80 steel is much more
susceptible to work hardening than the annealed X-70
steel. However, in the as-received state, the X-80 steel
had only experienced minor work hardening during ten-
sile testing. This suggests that the as-received X-80
had probably been work-hardened to a much greater
extent during fabrication than the as-received X-70.
Since it was not fully work-hardened during fabrica-
tion, the latter material shows a significant continuing
strain hardening during tensile testing. Because of the
different degree of work-hardening, the dislocations in
as-received X-80 might be mostly mutually locked, and
they may become mobile only if the external stress ex-
ceeds the locking stress, leading to the presence of a
yield point. The same effect was observed in a dual-
phase steel by Cimenoglu and Kayali [14]. In contrast,
a relatively higher degree of dislocation mobility may
exist in the as-received X-70 because of less degree of
work-hardening compared to the as-received X-80.

4.2. Creep behavior

The low temperature creep is a consequence of time-
dependent dislocation glide [10-12]. According to dis-
location dynamics, the creep strain-ratgis given by
[10-12]

& = pmbv (1)

where pm, is the mobile dislocation densityy the
Burgers vector, and the dislocation velocity. The dis-
location velocity is dependent on the effective stress,
oe, acting on the dislocation:

o n
V= [—e] )
Figure 13 Dislocation structures of the as-received X-52 (a) and the

as-received X-80 steel (b). i i .
7o IS a constant representing the viscous drag to the

moving dislocationn the stress-velocity exponent. The

For the X-80 steel, ayield point was also observed ireffective stress is given by:
the as-received condition. However, it has disappeared
after the annealing heattreatment. This suggests thatthe oe=0 —aG bo,}/z 3
yield behavior in this material might be different from
that in the X-52 steel. Although the carbon content iswhereo is the applied stres$; shear Modulus and
similar in both the steel and the nitrogen content is go, the network dislocation density. It is assumed that
little higher in the X-80 steel, the latter steel containsonly the immobile dislocations, which are trapped in
much higher level of alloying elements such as Cbdislocation network, will contribute to the hardening of
Mn, Ni and Mo. These elements may have bonded withthe material and to the reduction of effective stress. At
carbon and/or nitrogen [16, 17] so that fewer interstitialthe beginning of creep deformation, the mobile dislo-
atoms are available to form the “atmosphere” and tacation density is high, resulting in a high creep rate.
lock the dislocations. (Table I). Consequently, the yieldThese mobile dislocations may interact with the dislo-
phenomenon in the as-received X-80 may be a result afation network and become immobilized. As a conse-
dislocation pinning. This appears consistent with thequence, the mobile dislocation density will be reduced
fact that the as-received X-80 steel is heavily work-with time, and the mean distance over which a mobile
hardened with high dislocation density in it (Fig. 13b), dislocation can glide will be shortened. Moreover, the
and the yield point has disappeared in the fully annealethcrease in network dislocation density will increase
material. the back stress and reduce the effective stress acting on

A yield point was not observed in the as-receivedthe remaining mobile dislocations (Equation 3). Ac-
X-70 steel, although it has a similar chemistry to thecordingly, the creep rate (Equation 1) will be reduced
X-80 steel, and both steels were heavily work-hardeneavith time. The creep strain due to the exhaustion of
in the as-received condition (Fig. 1). This may be at-mobile dislocations normally follows a logarithmic re-
tributed to the difference in the dislocation structureslationship with time [3, 18-21], which has also been
present in the steels introduced during fabrication. Abserved in this study (Fig. 11).
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When the mobile dislocations are exhausted, furthemore since the critical stress [23] required to separate
deformation can only be produced by increasing thethe dislocation from the atmosphere will be dominant.
creep stress to a higher level. This high stress may
generate new mobile dislocations for deformation. As
shownin Fig. 12, the creep strain at the new stress levef 3, Rate sensitivity
is far less pronounced than that produced by the initial of stress-strain behavior

creep stress, indicating that the mobile dislocation dengy reviewing the results shown in Fig. 2 and the creep
sity induced by enhancing the stress is still lower tharpehavior presented above, it is obvious that the stress-
that during the first creep deformation. strain curve becomes strain-rate sensitive only when
It is intriguing to examine the dependence of pre-a relatively significant creep deformation has occurred.
yield creep deformation on the materials yielding be-Thjs appears true whether or not the strain-rate sensitiv-
havior. While the post-yield creep, to a certain extentijty is observed in the pre-yield region or in the post-yield
relies on the mobile dislocations generated by the plasregion. It is known that stress relaxation during tensile
tic deformation during the period of loading, the pre-testing is often coupled with creep deformation [24].
yield creep, however, relies mainly on the existing dis-At Jower strain-rate, more time is available for creep-
locations. For an existing dislocation to become mobilee|ated relaxation. The strain-rate sensitivity may also
the applled stress hasto be Iargerthan athreshold Stre% exp|ained based on Equa‘[ions 1-3. Inthe ear|y stage
so that the dislocation is subject to a positive effectivepf plastic deformation, the mobile and network dislo-
stress. According to Equation 3, this threshold stressgation density may be considered to be similar for a

otn, is dependent on network dislocation density: given steel tested at different strain-rates. Higher strain-
rate requires a higher dislocation velocity to keep up
Oth = aGbO%/z (4) with the deformation. Since the dislocation velocity is

a function of effective stress, a higher stress should be

In the absence of a yield point, the threshold stressreqmred in order to maintain the strain-rate.

associated with some dislocations may be overcome by
a stress below the yield strength. Once the dislocations .
become mobile, creep deformation occurs. 5. Conclusions _ N
From Equations 3 and 4, the annealed X-70 and X-801- Dependent on its chemical composition and the pro-
since they are not work-hardened, should have lowef€SSing condition, the pipeline steel may experience
threshold stress and higher effective stress, comparedifferentyielding behavior, either with or without yield
to those the as-received X-70 and X-80. This mightP0int. The yield point is present due to a carbon- or
be the reason why more creep deformation is produceéislocation-locking effect on the dislocations.
in the steel with the annealed condition than with the 2- The room temperature creep is controlled by time-
as-received condition (which is especially true for X-7odependent dislocation glide. It appears that yielding
for which the yield point is absent in both as-receivedPehavior determines the degree of pre-yield creep de-
and annealed conditions). As shown in Fig. 9a, the anformation. In the presence of a yield point, pre-yield
nealed X-70 and X-80 have almostidentical creep straiff"€ep occurs only to a minor degree, as dislocations are
at the creep stress much lower than the yield strengtocked. In the absence of a yield point, the dislocation
however, a rapid increase in creep strain in the anneale@©bility may be relatively high, and pre-yield creep
X-70 was produced when the applied stress was closé likely to occur toa relatively large extent. For the
to the yield strength. This discrepancy may arise fromlatter case, annealing treatment further enhances creep
the different work-hardening behavior experienced bydeformation by increasing the dislocation mobility.
these two steels. Much less work-hardening has oc- 3- Significant post-yield creep exists at room temper-
curred in the annealed X-70 than in the annealed X-8@ture, independent of yielding behavior. The post-yield
(comparing Fig. 2d with 2f). creep is attributed to the glide of existing dlslopathns
In the case where the yield point is present, then10_t>|llzed under the creep stress and new_mo_blle dls_lo-
threshold stress is related to the upper yield strengtrfations generated due to plastic deformation in loading
below which dislocations are either carbon-locked oProcess. _ _ _ .
“dislocation-locked”, so that creep is unlikely to occur, 4- There is an inherent relationship between strain-
no matter how close the stress level is to the UYS. Arate-sensitivity of stress-strain curve and creep defor-
very small creep strain observed might be associatefhation. The' effect of strain rate on stress-strain curve
with the time-dependent pre-yield microstrain due tocould start in the elastic region far below the yield
the release of some dislocations from the carbon atStrength as long as there exists significant pre-yield
mospheres (for X-52) or due to dislocation unlocking ¢reep deformation.
from the dislocation network (for as-received X-80).
In these cases, creep eventually experiences an exhaus-
tion as well. In the former case, for example, the pos-Acknowledgements
sibilities of such a release become less with increasing hanks are due to professor M. C. Chaturvedi, Depart-
time, as dislocations released from the atmosphere exament of Mechanical & Industrial Engineering, Univer-
back stresses reducing local stress at unreleased dislsity of Manitoba, for the use of the transmission elec-
cations [22]. It should be noted that, in the case wheréron microscope in his laboratory. The authors would
the yield point is present, Equation 4 is not valid anyalso like to thank the Natural Science and Engineering
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