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ABSTRACT

Abstract: Inthis paper, x80 pipeline steel was treated by three aging ways.
The influences of heating time, heating temperature and prestraining on
the transition from continuous yield to discontinuous yield in stress-strain
curves were studied. Meanwhile, the correlation of the discontinuous
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yielding curvesand the tensile performances of x80 pipeline steel were also
studied. Furthermore, amodified Hockett-Sherby (H-S) model was proposed
to simulate the stress-strain curves of discontinuous yield. The results
indicated that the simulative results agree with the experimental resullts.
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INTRODUCTION

Discontinuousyield isthe phenomenon that when
thedadticity of themeta fail sit doessoinaspectacular
fashion, withasharp dropin stressto thelower yield
point before norma metallic work-hardening proper-
tiesareexhibited. Pipelinested isalow-carbon and
micro-aloy rolled stedl. Its cold deformation and heat-
ingintheprocessof corroson coatingmay inducestrain
aging behavior? and usudly discontinuousyield gopears
ingress-dran curves. Although discontinuousyield has
few effect onthestrength design, it hasagreat impact
onthedeformation capacity of pipeineand materid 4.
With theincrease of pipelinested grade, theinfluence
of discontinuousyield onits performanceismoreand
moresignificant. Therefore, the study for the discon-
tinuousyield of pipeline stedl hasbeenanintegra part
of new materials, especially for 550 and above steel

grades.

Inthispaper, firstly, x80 pipelinesteel wastreated
by three aging ways and theinfluences of heatingtime,
heating temperature and prestraining onthetransition
from continuousyield to discontinuousyieldin stress-
strain curveswere studied. Furthermore, theeffectson
thetensileperformances of x80 pipdinested werestud-
ied asthe curvestransformed from continuousyield to
thediscontinuousone. Theresfter, amodified H-Smodd
was proposed to overcome the insufficiency of H-S
model insmulating stress-strain curvesof discontinu-
ousyidd. Itindicated that the ssmul ativeresultswerein
avery good agreement with theexperimental results.

MATERIALAND EXPERIMENTAL
PROCEDURE

Thematerid usedin theexperiment was x80 pipe-
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TABLE 1: Chemical composition of x80 pipdinested!.

Elements C Si Mn P S

Ni Cr Cu Mo Nb Ti

Ceq

Content (%) 006 017 181 0.012

0.003

027 003 018 027 007 0016 045

line steel manufactured by JFE holdingsInc. andits
chemical compositionwasshowninTABLE 1.

Intheexperiment, acertain sizeof x80 pipdinested
was put into the salt bath furnaceto heat for sometime
and then cool ed to room temperature. And three aging
wayswereadopted during theexperiment. Thefirst one
wasto heat X80 pipelinested using different tempera-
turesvarying from 25°C to 250°C and then insulated
for 5minutes; thesecond onewasto heat itinthe same
way, and then insul ated for 60 minutes; thethird one
wasto prestrain 2% of x80 pipelinestedl before heat-
ingitinthe sameway, and then insulated for 60 min-
utes. After treatment by the three aging ways, the mate-
rid sweremachined tothetenslesamplesandthesizes
wereshowninFigurel. Lastly, tensletest wascarried
out ininstron 8001 testing machineand the stress-gtrain
curvesobtained by different aging wayswere compared
and analyzed.
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Figurel: thesizesof thetensilesample

EXPERIMENTAL RESULTS

Thestress-strain curves of tensile samplestreated
by thethree aging wayswere shown in Figure2, 3and
4, respectively.

From thethreefigureswe can find: for the second
aging way, with theincrease of temperature, the stress-
strain curvetransformed from continuousyield to the
discontinuous oneand the upper yield point appeared
a 220°C; for the third aging way, when the sample was
only prestrained 2% at room temperature, the curve
appeared a stress plateau, and when the samplewas
heated to 180°C, the upper yield point existed obvi-
oudy; whereas, for thefirst aging way, thestress-strain
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Figure2: 5min heatingtimeat different temperatures
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Figure3: 1h heatingtimeat different temperatures

curve awaysremained continuousyield withthein-
crease of temperatures. Further combining Figure5we
can seethat in thethree aging ways, with theincrease
of heating temperature, theyield andtensile strengths
wereall increased, but theincreasevaueof theyield
strength treated by the third aging way was maximum,
whiletheminimum gppearedinthefirst aging way.
Theinfluence of the upper yield point and lower
yield point difference (Ac) onthe percentagetotal ex-
tension at maximum force (A gt) and percentagetotal
extension at fracture (A ) wasaso studied for thedis-
continuousyield and theresultswereshownin Figure
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Figure5: therelationship of yield strength with different
agingways

6. As seen obviously, with the increase of Ao, Ay
andA, all decreased. Furthermore, theratio of the
stress corresponding to 1.5% extension (R, ,,) and
the stress corresponding to 0.5% extension (R, ).
R, s/ R @Nd theratio of the stress correspond-
ingto 2.0% extension (R, ,.) and the stress corre-
sponding to 1.0% extension (R, ,,): Ry, o/ Rit o
wereinvestigated for the three aging ways. There-
sultsweregiven respectively in Figure 7 and Figure
8, from which we can seethat thevaluesof R, .,/
Ross@d R, /R, o, fOr theoriginal sample were
the highest but those treated by the third aging way
werethelowest. Theseimplied that discontinuous
yield had agreat impact on the work hardening of

samples.
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From aboveexperimenta resultsit canbe seen that
when the stress-strain curvestransformed from con-
tinuousto discontinuousyield, it had great effectson
theyield strength, percentagetotal extensionand work
hardening etc. of pipelinestedl. Up to now, therewere
alot of modelsto represent the stress-strain curves,
such asHollomon model, Swift model, Ghosh mode,
Ludwik model™, voce model'®, and Hockett-Sherby
mode (H-Smodel)[ et al.

Hockett-Sherby model had ahigher fitting accu-
racy anditsnumerica equation wasasfollows®:
6 =6 _+Aa[1-exp(-m. "¢ °)] (@D}

wherec_isyield strength, ¢.is saturation stress,
Ac =0.-6, misamaterial constant and cisafitting
parameter.

For thethird aging way, itschange of stress-strain
curveswasthemost obviousin thethree aging ways,
sotheH-Smodd wasusedto smulateitsstress-strain
curvesandtheresultsweregivenin Figure9. Asshown,
for theoriginad sample, itsstress-strain curvewas con-
tinuousyied and the simul ative and experimental re-
sultswerein agood agreement, like Figure 9(a), but
for other samples, their stress-strain curvesweredis-
continuousyield and the smulative and experimental
resultsexisted abig error intheyield point part, like
Figure9(b)-(f), whichillustrated that H-S model was
only applicableto the continuousyield and could not
bedirectly used to discontinuousyield in the stress-
strain curves. So, the H-S model needed to be modi-
fied for discontinuousyield.

Infact, the appearance of discontinuousyield was
associated with thediffusion of soluteatomsto arrested
didocationg?, giving riseto an additive contributionto
theflow stress'?, So, inthediscontinuousyield total
flow stresses should includetwo effects. Onewasthe
work hardening effect, and the other wasthe effect re-
|ated to the sol ute atoms composition.

Theéeffective solutecomposition at arrested dido-
cationsisdetermined by theagingtime, t, duringwhich
thediffusion of soluteatomstotemporarily arrested dis-
locations occursand may be expressed using Cottrell-
Bilby strain ageing kinetics* modified for saturation'?
as
C=C_{1-exp[-C,(KDt)"/C_]} )

whereCmisthesaturationvaueof C, C;isthesolute
concentration of thealloy and K isaconstant. D isthe
solutediffusion coefficient, D = C D exp(-Q/KT), where
D, isthediffusionfrequency factor, T istheheating tem-
perature, Qistheactivation energy for solute migration
and C isvacancy concentration, C =K g™, whereK |
and marecongtants. The strain dependenceof p and L
isgivenby pL =K &P, wherep isthemobiledislocation
density, L istheeffectiveobstacle spacingand K, and
[ arecongtants. Intheorigind Cottrell-Bilby model, n
=2/3. However, studies*®**“ indicated that n=1/3 gives
better agreement with experimental measurements.
Combining constantsgave K*=KK K,D and

p,= C[K’exp(-Q/KT)]"/C (3)
Therefore,
C=C_[1-exp(-p,t."e)] @)

and thestressrel ated to the sol ute atoms composition
can berepresented asfollows:

0,=B,C [1-exp(-p,t. )] ©)
wherel and B, are constants.

Findly, we could assumeacombinationtoinclude
effectsof both work hardening and solute atomscom-
position, thus, amodified H-S model wasrepresented
below:
6=6* +0, (6)
in which o* represents the work hardening effect,
o*=c_+Ac(1-exp(-me")), whereas o, denotes assol -
ute atoms composition effect, o= B,C _[1-exp(-
p,t."e")].

Therefore, themodified H-Smodd wasfinaly ex-
pressed asfollows:
o=0_+A4c(1-exp(-me°))+ B,C [1-exp(-p,t."e")] )

By usingthemodified H-Smodel the stress-strain
curvestreated by thethird aging way were simulated,
asshowninFigure10. It indicated that the experimen-
tal and smulativeresultswerein agood agreement.

DISCUSSION

Inthispaper, the appearance of discontinuousyield
was closdly related to the aging ways. From the equa-
tions (6) and (7) it can be seen that o, wasrelated to
p,andt,. Withtheincreasing of p,andt,, o, increased.
Because of p,=C [K’exp(-Q/kT)]"/C_, theinfluence of
p, on 6, wasin accordancewiththeinfluenceof T on
o,,. Furthermore, because during prestraining vacancies
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Figure9: thesimulativeresultsusing H-Smodel

wereproduced, which had aninfluenceonthediffuson  fect astheincreaseof T. So, inthe experiment, when
increasing heating temperature, heating time and

coefficient, theincrease of prestrain had the same ef-

ey, P alzricly Seience

Au Tudian Yournal



304

Full Poper

800

750

700

650

600

Stress (MPa)
n
3

450

400

350

850

A modified hockett-sherby model to simulate discontinuous yield behavior

MSAIJ, 10(8) 2014

| ——experimental curve
— simulative curve

Strain (mm/mm)

a. original sample

8004
750 -
700 4

£ 650

£

E

600

w

3 550

500 -

450 =

—— experimental curv
—— simulative curve

T T T T T T T
0.00 0.01 0.02 003 0.04 0.05 0.06 0.07

Strain (mm/mm)

c. 2% prestrain + 180°C

700 =

Stress (mm/mm)
2
B
1

r&

experimental curve
simulative curve

prestraining, the solute atoms composition effect o

Accordingtothe proposition of Cottrell and BilbytY

v T T T . Y . T T
0.00 0.02 0.04 0.06 0.08 0.10
Strain (mm/mm)

e. 2% prestrain + 220C

T T T T T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 012

a00

750—-
700;
550—-
EDC‘—-

560

Stress (mm/mm)

500

450

400

—— experimental curve
—— simulative curve

900

% T 5 T x T o T
0.0z 0.04 0.06 0.08 010
Strain (mm/mm)

b. 2% prestrain

8004

300

— experimental curve|
—— simulative curve

T T T T T
0.02 004 0.06 0.08 010

Strain (mm/mm)

d. 2% prestrain + 200°C

850 4

800 4

750 o

=

o

=
1

Stress (mm/mm)
@
3
L

@

=1

=
1

550

500 4

experimental curve
simulative curve

L] T T L)
002 0.04 0.06 003 01
Strain (mm/mm})

f. 2% prestrain + 250C

Figure10: thesimulativeresultsusing modified H-Smodel

Watarioly Science  mm—.
A %uidmﬁomml

thereasons could be presented bel ow: increasing the
became obviousand thediscontinuousyield gopeared.  heating temperatures varying from 180°C to
250°Cwould increase solute atoms diffusion and it was




MSAIJ, 10(8) 2014

Zhu Xiu-Hong et al.

305

useful to pin dislocation cores, therefore, the discon-
tinuousyield wasfrom negligibleto significant levels;
increas ng heating timefrom 5minto 60minwouldin-
creasethetimefor diffuson of soluteatomstodidoca
tions, therefore, the discontinuousyield wasa so from
negligibleto significant levels; that a2% of prestrain
was carried out before heating would reduce the diffu-
sion distanceand thustimerequired for adislocation
becamelocked by solute atoms. Therefore, prestrain
combiningwith different hesting temperaturestrestment
would beinfavor of the appearance of discontinuous
yield. Obvioudy, theproposition of Cottrell and Bilby
wasinaccordancewith themodified H-Smodel.

CONCLUSIONS

Inthispaper, x80 pipdinested wastreated by three
agingways. Theinfluencesof hegtingtime, heating tem-
peratureand prestrain on thetransition from continuous
yieldtodiscontinuousyiddin stress-strain curvesof x80
pipdinested werestudied. Meanwhile, whenthecurves
transformed from continuousto discontinuousyidd, the
effectsonthetengle performancesof x80 pipdinested
were studied. Furthermore, amodified H-Smodel was
proposed to overcome the shortcoming of H-S model
insmulating stress-strain curvesof discontinuousyield.
Thefindingsof thiswork were summarized asfollows:
1) Increasing heating temperature, heating time and

prestraining were useful for the gppearanceof dis-

continuousyield, but theeffect of prestrain before
hesting wasmoreobvious;

2) Whendiscontinuousyiddexisted, theyidd strength
and tenslestrength of x80 pipelinested increased,
and withtheincrease of Ac, Agt and At decreased;

3) Whenthediscontinuousyied appeared, Rt1.5/Rt0.5
and Rt2.0/Rt1.0 decreased, whichimplied that dis-
continuousyield hasagreat impact on thework
hardening of samples.

4) A modified model wasproposed. Thesimulative
resultsusing themodified H-Smode wereinavery
good agreement with the experimental results.
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