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Tempering microstructure and mechanical properties of pipeline steel X80
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Abstract: The tempering microstructure and mechanical properties of X80 steel used for heating-bent pipe were analyzed. The
results show that the microstructure of X80 steel tempered at 550  and 600  is bainitic ferrite (BF)+granular bainite (GB), and
partial ferrite laths in BF merge and broaden. The interior sub-lath boundary of some GB begins to disappear due to merging, the
M/A constituent (a mixture of martensite plus retained austenite) in GB is orbicular. At the two tempering temperatures the tested
X80 steel shows a certain degree of tempering stability. After being tempered at 650 , the microstructure of X80 steel is
GB+quasi-polygonal ferrite(QF), and the original BF laths have merged to form smaller GB crystal grains. The reason is that the
steel shows better match of strength and toughness. After being tempered at 700 , the microstructure of X80 steel is composed
mainly of QF, which can improve the plasticity but decline severely the yield strength of X80, and the M/A constituent assembles

and grows up at the grain boundary of QF, resulting in excellent lower low-temperature toughness of X80.
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1 Introduction

X80 steel is often used under rolling condition.
Strength and toughness of X80 steel as-rolled are
obtained by chemical composition design, controlled
rolling and controlled cooling[1-3]. Microstructures of
X80 steel are intermediate austenite transformation
products like refined acicular ferrite, which have tiny
structure and very large specific interfacial area[4]. Since
high strength low alloy pipeline steels with acicular
ferrite (AF) microstructure were developed in the early
1970s, much work has been done to study this novel
microstructure[5—9]. Intermediate transformation
products are a kind of metastable microstructure with
high volume free energy, which have the tendency of
evolution to equilibrium microstructures spontaneously
[10]. A significant microstructural change and decrease,
not only in the transition temperature, but also in the
yield strength, occurred after mother pipe was induction
heate[11]. This reduction resulted in a tensile strength
below the standard requirements. The subsequent
tempering heat treatment is applied to producing an
increase in the yield strength to achieve the requirements
for this class of steel[12].

The processing technology routine of heating-bent
pipe can be divided into two types: tempering-free and
quenching + tempering process(Q&T). Tempering can
improve the comprehensive properties by the adjustment
of microstructure[13—17]. In addition, it can reduce
residual stress in pipe body and enhance fracture
resistance and safety reliability of bend pipe[18]. So, the
process of Q&T is widely used in the manufacture of
heating-bent pipe. At present, the second project of
west-east gas transmission of China is in significant
construction stage. It needs a large number of X80 grade
heating-bent pipe. Therefore, the study of tempering
influence on the microstructure and mechanical
properties of X80 steel is essential to guide production of
induction bend pipe. In Refs.[11-12], the effects of the
induction hot bending process on the microstructure and
the mechanical properties of X80 grade induction bend
pipe have been mostly discussed. This study will focus
on the tempering microstructure and properties of X80
steel by means of structure analysis and mechanical
properties tests.

2 Experimental

The explored material was as-rolled X80 steel,
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which was taken from the pipe body of mother pipe. The
wall thickness was 22 mm. The chemical composition is
listed in Table 1. Previous research showed that the
tested X80 steel can get fine structural state if heated up
to 950  and held for 22 min, then cooled in 10% NaCl
solution. Fig.1 shows heat treatment process of tested
X80 steel.

Table 1 Chemical composition of X80 test steel (mass fraction,

%)

C Si Mn S P Ni
0.072 0.19 1.70 0.0026 0.0099 0.23
Cr Cu Ti Mo Nb v

0.085 0.16 0.015 0.20 0.05 0.027

-

950 °C, 22 min

Temperature/C

10% NaCl water

solution colling Air cooling

Time/s
Fig. 1 Schematic diagram of heat treatment processing

After heat treatment, mechanical properties test and
microstructure observation of the tested X80 steel were
performed, respectively. The tensile specimens were cut
from the middle of tested plates along wall thickness
direction, and separated from transverse direction, then
made into standard bar specimens of d12.7 mm. The
tensile tests were taken by MTS-880 universal testing
machine.

Impact samples with a dimension of 10 mm><10
mm><55 mm were cut from mid-thickness along the
transverse direction of the tested plate. V notch in
samples was machined along thickness direction. A
series of impact tests were carried out by JBC—500
impact testing machine, and the test temperatures were
20, 0, =20, —40, —60 and —80 , respectively. An
Axiovert 405M optical microscope and a JEM200CX
transmission electron microscope (TEM) were employed
to analyze microstructures. JSM—6390A scanning
electron microscope(SEM) was used to analyze fracture
of impact samples.

3 Results

3.1 Tempering microstructure of X80 steel

The microstructures of X80 steel tempered at four
different temperatures are shown in Fig.2. At 550 |, the
microstructure of X80 consists of bainitic ferrite (BF) +

granular bainite (GB) (see Figs.2(a) and (a')). Original
austenite grain boundary is clear, and strip M/A
constituent exists at the grain boundary. The interior
sub-lath of some of GB began to merge and its boundary
disappeared. The M/A constituent in GB is orbicular.

After being tempered at 600 , the microstructure
of X80 is still BF+GB (see Figs.2(b) and (b')). Original
austenite grain boundary is not clear, and the M/A
constituent on grain boundary is fully decomposed.
Bainite ferrite lath merges to form wide laths.
Boundaries of laths become fuzzy. The strip M/A
constituent between original laths is broken down,
refined, leading to exist in the interior of wide laths.
Inner substructure of granular bainite disappears, M/A
island turns into tiny and spotty particles because of
gradual decomposition.

After being tempered at 650 , the microstructure
of X80 is GB+QF (quasi-polygonal ferrite), as shown in
Figs.2(c) and (c'). The original BF lath merges and
recovers to form smaller GB crystal grain, which is
basically from a bunch of laths of BF. The
microstructure transformation refines the valid grain size.
The M/A constituent in original granular bainite is
decomposed to form fine M/A island. Ferrite matrix
recrystallizes and changes into equiaxed QF. The
appearance of grain boundary is redisplayed because
there are more M/A constituent particles precipitated at
grain boundary of GB and QF which are formed by
microstructure transforming.

After being tempered at 700 , as shown in
Figs.2(d) and (d"), the microstructure of X80 steel mainly
consists of QF. Because of tempering at the higher
temperature, non-equilibrium microstructure that is
formed by quenching sufficiently converts to QF which
has lower free energy. The grains of QF would grow up
through grain boundary, and are bigger than those
tempered at 650 . Because of the high tempering
temperature, M/A constituent assembles, grows up and
forms M/A constituent particles with large size at grain
boundary of QF, which component with coarse M/A
particles would be harmful to the toughness of X80 steel.

3.2 Mechanical properties of tempered X80 steel

Mechanical properties test were performed on X80
steel at different tempering temperatures, and the test
results are shown in Table 2 and Fig.3. The results of
tensile and impact experiment are average values of three
parallel-specimens. Hardness value is mean value of
seven points along thickness direction.

In Table 2, it is found that the tensile strength R,
and hardness of explored X80 steel have gradual
downward trends with increasing tempering temperature.
However the change of yield strength Ry s has little
different from R,,. There is no influence on Ry s when the
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Fig.2 Micrographs of X80 steel tempered at 550

Table 2 Mechanical properties of X80 steel at different

tempering temperatures

T }
CMPETNE R sMPa Ruw/MPa RgsRn A% HVo,
temperature /

550 700 768 091 220 244
600 700 763 092 215 243
650 685 742092 220 232
700 482 723 067 270 216
350
300 -
250 F
- 200f
150
+—550 C
100 =—600 C
+—650 C
50 *—700 'C
0 1 1 Il 1 Il 1
-100 -80 60 40 20 0 20 40

Test temperature/C
Fig.3 Toughness-test temperatures curves of X80 steel at
different tempering temperatures

tempering temperature raises from 550 to 600 . Ry
decreases a little when the temperature increases to 650

, and the decreased amplitude is close to that of Ry,
But when the tempering temperature is up to 700, Rys
has a sharp fall compared with 650 . Below 650

(a) and(a’), 600

4

(b) and(b), 650  (c)and (c), 700  (d) and (d’)
tempering temperature has little effect on yield ratio
Ris/Rm and plastic elongation A of steel used in
experiment. At 700 , X80 steel exhibits a lower yield
ratio, only 0.67; and shows good plasticity, A reaches
27.0%.

As shown in Fig.3, impact energy Ay, of X80 steel
tempered at a series of test temperatures shows complex
changing tendency. When tempered at 550  and 600

, impact energies at different test temperatures are
similar to each other, and the changing tendency does not
change as the test temperature declines. When tempered
at 700 , impact energy of X80 steel linearly decreases
as the test temperature declines, and all are smaller than
those under other tempering conditions. At lower than
—20 , impact energy of X80 steel which was tempered
at 650 is higher than that tempered at other tempering
temperatures, though the impact energy declines with the
decreased of test temperature, the decreased amplitude is
small, even tested at —80 , the impact energy is still
more than 150 J. So, it is concluded that X80 steel
tempered at 650 has good toughness, particularly
excellent low temperature toughness.

SEM observations of the fracture of X80 impact
specimens at four tempering temperatures indicate that
impact fracture of X80 steel tempered at 650  presents
dimple mode, and becomes smaller and shallower with
the decrease of test temperature. While tempered at 700

, impact fracture of the tested steel shows mainly
cleavage mode at test temperature lower than —20
When tempered at 550  and 600 , it mainly presents
dimple mode, it shows cleavage mode only when test
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temperature is —80
X80 steel tempered at 650
Fig.4.

. Impact fracture appearance of
and 700

is shown in

Fig.4 SEM fractographs of impact specimens fractured at —20
for X80 steel: (a) 650 ; (b) 700

There is obviously different for the two impact
fracture morphologies. Impact fracture shape of X80
tempered at 650 is dimple of which size is not
uniform (see Fig.4(a)). When tempered at 700 , the
fracture appearance is cleavage, the size of cleavage
surface has accordance with grain of quasi-polygonal
ferrite, as shown in Figs.2(d) and (d’). There are tearing
ridge among cleavage surfaces, showing a certain
capability of deformation (see Fig.4(b)). So, it is easy to
conclude that cleavage crack of X80 steel whose
microstructure  is mainly quasi-polygonal ferrite
(tempered at 700 ) once it initiates and propagates fast
along some cleavage surface, to form cleavage surface

whose size is almost grain size. Of course, the big
particles of M/A constituent that exists in grain boundary
of quasi-polygonal ferrite would cause cleavage initiate.
But to the X80 steel tempered at 650 , the reason of
dimple fracture is that tiny and uniform microstructure is
formed in it. Tiny and uniform granular bainite grains
have a good deformation capability under dynamic load.
The M/A constituent distributed uniformly affects
spreading dynamic stress, thereby decreases the stress
concentration in grain, to make X80 steel get better
toughness. And also, because of the existence of M/A, it
is easy to form dimple by the root of granular M/A
constituent. Ultimately, propagating of impact crack is
carried on by the way of joining dimple. So, it shows
good toughness, and presents dimple morphology as
shown in Fig.4(a).

4 Analysis and discussion

When the tempering temperature changes,
mechanical properties of the X80 steel used in the
experiments change accordingly. It is mainly due to the
impact of microstructure on X80 steel. By analyzing
microstructure of X80 at different tempering
temperatures, there are two changes: one change is ferrite
phase and the other is M/A constituent. In general, the
ferrite phase was ductile, but the M/A constituent was
brittle[19—20]. As far as ferrite phase concerned, its
shape and interior structure are different as the X80 steel
is tempered at different temperatures.

As shown in Figs.5(a) and (b), after tempering at
550 and 600 , internal ferrite of X80 steel is
mainly lath structure, high density dislocation distributes
in interior, and the dislocation has the package
configuration due to the temperature. WU et al[21]
concerned that dislocation within bainite lath into two
types. One type is high-density dislocation which tangles
with each other, the precipitates can be seen in
dislocation, and it is difficult to make dislocation
disappeared by tempering. The other type of dislocation
is well distributed and arrayed basically paralleled to
each other, they do not tangle with each other and
precipitates cannot be seen in it. This kind of dislocations
is easy to slip out of grain boundary and disappear.
Although ferrite laths of X80 steel as-tempered have
began to merge, large numbers of dislocation package
still exist in laths. It can be deduced that this dislocation
in ferrite laths belongs to the first type. Due to the
existence of such dislocation, X80 steel has a good
tempering stability when tempered at 550 and 600

, and displays similar mechanical properties, as shown
in Table 2 and Fig.3. Compared with tempered at 550
ferrite laths of X80 tempered at 600 present the
appearance of combining, M/A constituent strip existing



NIU Jing, et al/Trans. Nonferrous Met. Soc. China 19(2009) s573—s578 s577

at interface of laths converges to block and intermittently
locates in the interior of combined wide ferrite laths, but
the regularity of their distribution still can be seen. M/A
constituent is a kind of brittle mixture, its size and shape
have great effect on the toughness of steel[20]. M/A
constituent converging to block is beneficial to the
improvement of toughness compared with M/A strip.

It can be seen from Fig.5(c), when tempering
temperature increases to 650 , ferrite laths merge
further and interface of lath disappears, there are a large
number of dislocation packages and tiny M/A in the
interior of combined laths. Combination of ferrite laths
take place between laths with little angle grain
boundaries, which are interior of lath bunch. Because of
the high tempering temperature, crystal grains originated
from ferrite lath bunch basically form. The interface of
inner laths is hard to distinguish, and the original ferrite
lath could be distinguished partly. Recrystallization of
ferrite seems to happen, and transforms to equiaxial grain.
There are still high density dislocation packages in the
interior of grain which is formed by ferrite lath. This
dislocations belong to the first dislocation mentioned
before. As shown in Fig.5(c), the mergence of ferrite lath
is characterized by disappearance of some interfaces
among laths, simultaneously the M/A constituent at the
interfaces of laths partly decomposes, ultimately forms
little M/A constituent particles, distributing dispersively
in the ferrite matrix. In Figs.2(c) and (c'), the boundaries
of sub-structure in granular bainite which are
transformed from ferrite laths are twisted, intermittent

and high density dislocation packages exist in

.
Ly

v la * 500 um
. < 'y

Fig.5 TEM micrographs of X80 steel tempered at 550

(), 600

sub-structure, as shown in Fig.5(c). The existence of
sub-structure and the dispersively distributed fine M/A
constituent are the essential reason that X80 steel temped
at 650 obtains good match of strength and
toughness.

After tempering temperature reaches 700 , the
microstructure of the test X80 steel has important change,
a mass of QF form, and typical morphology is shown in
Fig.5(d). The interior of QF grain is clean, and
dislocation density is lower, a few precipitates (maybe
carbonitride of Nb) can be seen in QF. There are large
blocks of M/A at grain boundary of QF. The QF matrix
is a kind of plastic phase, which makes X80 steel possess
excellent plasticity and low yield strength. Due to the
existence of strengthen phase M/A constituent, the
decline of tensile strength of this steel is not obvious. Of
course, blocky M/A constituent is also a kind of brittle
phase. As the X80 steel bearing kinetic is loaded at low
temperature, impact cracks is easy to initiate in blocky
M/A constituent, propagate rapidly along the weakness
surface in QF to grain boundary. Finally, cleavage
morphology is formed on the fractograph, as shown in
Fig.4(b). At the same time, the X80 steel presents low
impact toughness, as shown in Fig.3.

The microstructure of quenched X80 steel is lath
bainite + granular bainite. Among all kinds of
microstructures in micro-alloy steel, quasi-polygonal
ferrite is the most stable, followed by granular bainite,
and the most unstable is the lath bainite, the end of
microstructure evolution should be equilibrium structure
and quasi-polygonal ferrite[22]. Above analysis shows

(b),650  (c)and700  (d)
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that as the tempering temperature increases,
microstructure of test X80 steel transforms to

equilibrium state step by step. If tempering at lower
temperature, quasi-steady structure like granular bainite
would form in it. The results of microstructure analysis
and properties study on the X80 steel indicate that
tempered at lower temperature than 600 , the X80 steel
has certain tempering stability, while tempered at 650
it can get better match of strength and toughness due to
good microstructure.

5 Conclusions

1) When tempered at 550 and 600 , the
microstructure of X80 steel is BF+GB. Partial ferrite
laths merge and become thicker than before. The interior
sub-lath boundary of some of GB begins to disappear,
and the M/A constituent in GB is orbicular. At the two
tempering temperatures the tested X80 steel shows a
certain degree of tempering stability.

2) When tempered at 650 , the microstructure of
X80 steel is GB+QF, the original BF lath merges to form
fine GB crystal grain, which is the reason that the steel
shows better match of strength and toughness.

3) When tempering temperature up to 700 , the
microstructure of X80 steel is mainly QF, which can
improve the plasticity but decrease severely the yield
strength of the X80 steel. The M/A constituent
assembling and growing up in the grain boundary of QF
results in lower cold temperature toughness.
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