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Abstract In this investigation, thermal simulated speci-
mens were used to investigate the effect of second peak
temperature during in-service welding on characteristic
fracture energy and microstructure feature of the subcriti-
cally (SC), intercritically (IC), supercritically (SCR), and
unaltered (UA) reheated coarse grain heat-affected zones
(CGHAZs). The API X70 high-strength pipeline micro-
alloyed steel was subjected to processing during in-service
welding by applying double thermal cycle shielded metal
arc welding process with heat input of 9.3 kJ/cm and
thermal cycles to simulate microstructure of reheated
CGHAZs. This consisted of first thermal cycle with a peak
temperature of 1350 °C, then reheating to different second
peak temperatures of 600, 800, 1000, and 1200 °C with a
constant cooling rate of 60 °C/s. Toughness of the simu-
lated reheated CGHAZs were assessed using Charpy
impact testing at —20 °C, and the corresponding fracto-
graphs, optical micrographs, and electron micrographs
have been examined. It is found that accelerating cooling
rate during in-service welding has an improving effect on
the microstructure of CGHAZs. Owing to small heat-input
and accelerating cooling, the grain size in reheated
CGHAZs is relatively small and the brittle microphases are
eliminated or minimized. The Charpy impact results show
that the CGHAZ fracture energy is improved after the
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second thermal cycle. The SC CGHAZ showed higher
absorbed impact energy and the IR CGHAZ had less
absorbed energy, but the phenomenon of embrittlement in
IR CGHAZ is not serious. Therefore, it can be concluded
that the fracture energy of CGHAZ and IR CGHAZ can be
improved by accelerating cooling with appropriate cooling
rate.

Introduction

In order to reduce the transportation cost in the commer-
cialization of remote oil and natural gas resources, the
development tendency and prospect of pipeline steel is to
refine acicular ferrite microstructure with high-strength and
optimum toughness for new micro-alloyed high-strength
low-alloy (HSLA) steels, produced by advanced manu-
facture process of the thermo-mechanical controlled rolling
(TMCR) process. The excellent fracture properties of the
base material must be carefully reconsidered because, as
well-accepted, welding can considerably alter the metal-
lurgical and mechanical properties of materials and gen-
erally causes degradations of the properties. Therefore,
recent research focuses on the toughness property of high-
strength micro-alloyed steels [1-7].

The balance of high-strength and good toughness can be
upset by the multiple thermal cycles during in-service welding
of long-distance high pressure oil and natural gas pipelines.
It is known that the multipass welding operation may lead to
grain refinement in under passes as they are reheated resulting
from the multipass welding. It also forms local brittle zones
(LBZs) which decreases the toughness value and results in
brittle fracture of the multipass welded joints [8]. In regions
that are subjected to reheating, the coarse grain heat-affected
zone (CGHAZ) adjacent to the fusion line has the lowest
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toughness among the various regions within the heat-affected
zone (HAZ) because of unfavorable microstructure such as
large prior-austenite grain size [9, 10]. The various regions of a
HAZ multipass weld in pipeline steel are defined in Fig. 1.
The complicated metallurgy is a direct result of the overlap-
ping thermal profiles. Although Fig. 1 shows a multipass
weld, only single and double thermal cycle areas are depicted.
While this is sufficient for the purpose of this article, it should
be noted that triple-cycle microstructures are significant and
have been studied in relation to LBZs [7, 11]. Metallographic
analyses reveal that a CGHAZ can be roughly categorized into
four characteristic zones according to the peak temperature of
subsequent thermal cycles in a multipass welding procedure:
(i) unaltered CGHAZ (UA CGHAZ), the region reheated
above specific temperature of grain growth or not reheated at
all, (ii) supercritically reheated CGHAZ (SCR CGHAZ), the
region reheated above Acs, (iii) intercritically reheated
CGHAZ (IR CGHAZ), the region reheated between Ac; and
Acs, and (iv) subcritically reheated CGHAZ (SR CGHAZ),
the region reheated below Ac; [12]. Many studies have been
conducted on microscopic fracture characteristics in these
CGHAZs for the pipeline steels by large heat input [13-16].
However, for in-service welding of pipeline with small heat
input and accelerating cooling rate, there have been few
studies on the microstructures and fracture behaviors of the
CGHAZs, and far fewer research are available for API X70
pipeline steel HAZ.

This study is devoted to use the results of Charpy impact
tests and scanning electron microscopy (SEM) observa-
tions. Then, the effects of microstructural change on the
fracture behaviors are proposed by the metallurgical
analysis.

Fig. 1 Schematic

Experimental procedures
Experimental material

The experimental material was obtained from API X70
pipeline steel with a diameter 1 016 mm and thickness of
14.4 mm, which was used in the Chinese West-East Nat-
ural Gas Transporting project. The chemical composition
of this steel is shown in Table 1. The critical temperatures
were calculated from the empirical formula of Andrew
[17], and the temperature of Ac; and Acs is shown in
Table 2.

Reproduced heat cycle tests

Because of the small physical size of the HAZ, taking
suitable specimens from component welds is not always
possible and so attempts have been made to simulate the
metallurgical structures in such HAZ areas in larger spec-
imens by appropriate heat treatment. Since simulated HAZ
tests give the same toughness ranking, although not the
same absolute values [16], as those on actual welding
HAZ, a simulated reheated CGHAZ can be used to sub-
stitute actual multipass welding.

The thermal cycle simulation was performed with a
Gleeble1500 thermo-mechanical simulator. Rectangle bar
specimens (10.5 x 10.5 x 80 mm®) for thermal cycle
simulation were cut in longitudinal direction with respected
to rolling direction. A schematic illustration of the simu-
lation profile is shown in Fig. 2. The thermal cycle for weld
simulation is generally characterized both by the peak
temperature (7p) and the cooling time from 800 to 500 °C

representation of various HAZ
regions in a multipass weld
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Table 1 Chemical composition of investigated steel (wWt%)

Elements Content
C 0.05
Si 0.26
Mn 1.48
S 0.003
P 0.012
Cr 0.027
Mo 0.17
Cu 0.22
\Y% 0.052
Ni 0.15
Ti 0.016
Nb 0.05
Pcm 0.164
Ceq 0.404

Note Pcm = C+(Mn + Cu + Cr)/20 + Mo/15 + V/10 + Si/30 +
Ni/60

Ceq = C+(Mn + Si)/6 + (Ni 4 Cu)/15 + (Cr 4+ Mo + V)/5

Table 2 Critical temperatures of investigated steel (°C)

ACI AC3

732 887

Note Acy = 723 — 10.7Mn — 3.9Ni + 29Si + 16.7Cr 4 290As +
6.38 W

Acs = 910 — 230C%° — 152Ni + 44.7Si + 104 V + 31.5Mo + 13.1 W

(Atgss) or from 500 to 300 °C (Ats;3), and Atfs;3 is used
when Tp is below 800 °C. The specimen temperature was
controlled with a type-K thermocouple wire percussion
welded at the midsection. The specimens were heated to
the first peak temperature at 1350 °C (taken as 1350 °C for
the CGHAZ) at a linear rate of 200 °C/s. Then, the spec-
imens were cooled down with the constant cooling time
(Atgss) of 5s and the cooling rates were approximately
equivalent to that in-service welding of pipeline steel by
shielded metal arc welding (SMAW) with heat input of
9.3 kJ/cm and weld efficiency 0.68, in 8 mm thick plate.
The peak temperature of the second weld thermal cycle,
Tp,, was varied between 600 and 1200 °C for simulating
the different regions in HAZ. The cooling rates of the
second thermal cycle were the same as that of the first
thermal cycle.

Microstructure examination
In order to characterize the microstructure of the base metal

and the CGHAZs, the optical micrographic specimens, were
prepared by conventional grinding and polishing techniques
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Fig. 2 Typical simulation profile for double thermal cycles when the
cooling rate is maintained constant during the cycles

and etched with 4% Nital solution for reveal of the micro-
structure. The microstructural features were observed with an
NIKON EPIPHOT 300U OM. A few samples were etched in
Lepera’s reagent (1 part of 1 mL sodium metabisulfite
in 100 mL distilled water and 1 part of 4 mL picric acid in
ethanol) in addition to Nital etching to confirm the presence
of M—A constituent under the optical microscope. TEM work
was also carried out on a few samples by using thin foils,
which were taken from the transverse cross-section planes of
the steel plates, mechanically thinned from 300 to 50 pm,
polished by the precision ion polishing system with the type
GL-6960. The thin foils were examined on an H-800 TEM
operating at 150 kV.

Measurement of mechanical properties

Hardness tests and Charpy impact tests were performed on
the specimens that had been subjected to heat cycle. In the
hardness test, a Vickers pyramidal indenter with an
indenting load of 98 N was applied to the centre cross-
sectional surface of a specimen that had been subjected
heat cycle. The average of the measurement values found
at five measurement points on the cross-sectional surface
was taken as the hardness.

After the welding thermal cycle was applied, specimen
was subjected to the Charpy impact test to find the fracture
energy of the simulated CGHAZs. V-notch Charpy impact
tests were carried out on subsize Charpy bars with a
10 x 10 x 55 mm® size at specified position parallel to the
specimen central line on a JB-30B Charpy impact test
machine according to GB/T229-1994. The absorbed energy
value was measured at the temperature of —20 °C. Four
specimens were tested for each condition, and average values
were used for this study. Since the simulated specimens for
each condition had a single microstructure, there was little
scatter of impact values for a given condition.
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Fig. 3 Variation of Vickers hardness with the second peak
temperature

Experimental results
Hardness level and low temperature impact energy

Figure 3 shows the results of measurements of the Vickers
hardness (HV10) under a load of 98 N. All the simulated
reheated CGHAZ showed Vickers hardness around
HV230. Hardness across the UA CGHAZ and IR CGHAZ
has been a concern as high hardness levels correlate with
preferential corrosion, and hydrogen-induced cracking
either during welding or from sour gas.

As such a limit of Vickers 250 (HV 250) has tradi-
tionally been placed on line pipe, but is extended to HV270
or even HV290 for higher strength grades in non-sour
service [18]. It can be seen from Fig. 3, that hardness in all
CGHAZs meets the proposed limit of HV290.

The results of Charpy V-notch impact tests are shown
in Fig. 4, with respect to the second peak temperature.
When the peak temperature of second thermal cycle is
800 °C, the toughness of the primary CGHAZ is not
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Fig. 4 Variation of Charpy absorbed energy with the second peak
temperature

improved. The IR CGHAZ has the lower absorbed energy
than the other peak temperatures. The SC CGHAZ has
higher absorbed energy. Although the Charpy impact
energy of the specimens at —20 °C were lower than 252 J
of the base metal, all specimens exhibited moderate
fracture energy near 150 J. Also, no clear tendency of
change in toughness with the peak temperature of the
second thermal cycle was found. Therefore, it was con-
cluded that there was no LBZ in the CGHAZs at —20 °C
during in-service welding.

Effect of peak temperature on microstructure

Figure 5a and b presents the optical micrographs of base
metal (BM) and CGHAZ of API X70 pipeline steel,
respectively. It can be seen that the microstructure of the
BM (Fig. 5a) is acicular ferrite with quasi-polygonal ferrite
dominated microstructures. The mean grain size is about
15 pm and the minimal grain is 3-5 pm. After undergoing
a thermal cycle with the peak temperature of 1350 °C, the

Fig. 5 Optical micrographs showing the tested steel microstructure, a BM, b CGHAZ
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microstructure changes into granular bainite with lath
bainite dominated microstructures. In CGHAZ (Fig. 5b),
the coarse grain size was formed by heat cycles effects.
The laths are slender and have regular arrangement.

Owing to multiple thermal cycles during the welding of
the structural steel, the HAZ is formed according to various
precipitate mechanisms and phase transformations. As a
result, the metallurgical heterogeneity in HAZ is clearly
recognized. It is possible to determine the distribution of
typical microstructures by a surface analysis of the iso-
thermal lines.

Figure 6 shows the optical micrographs of the sub-zones
in the CGHAZ simulated using different peak tempera-
tures. The microstructure of the 1350 °C being reheated
with the peak temperature of 600 °C (Fig. 6a) has no great
difference with that of the CGHAZ. The reason is that the
peak temperature of second thermal cycle is low and there
is no phase transformation in the original CGHAZ. The IR
CGHAZ was a partially transformed region, where part of
the microstructure was transformed into austenite in the
reheating thermal cycles. The austenite grain size was
coarse and the microstructure had irregular arrangement, as
shown in Fig. 6b. At the peak temperature of 1000 °C
(Fig. 6¢), a significant content of granular bainite was
formed because of complete recrystallization. With
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subsequent increase in peak temperature, the austenite
grain size was increased. At 1200 °C, the microstructure
primarily consisted of granular bainite together with bain-
itic lath with the original austenite grains of average grain
size of 55 pm (Fig. 6d).

As the M—A constituent forms during bainite transfor-
mation; the carbon-enriched, untransformed regions will
partially transformed into martensite at low temperature.
The carbon-enriched austenite regions formed by rejecting
of carbon from ferrite to austenite following the transfor-
mation of bainite ferrite. The formation of M—A constitu-
ents leads to the decrease of Charpy impact energy in the
weld HAZ. Morphology of M—A constituent investigation
was carried out by both optical and transmission electron
microscopes.

Typical OM microstructures observed are shown in
Fig. 7. Carbides are observed as dark particles and M-A
constituents are observed as white constituents in these
micrographs. The morphology of M-A constituent is
semicontinuous elongated rods. In general, the presence of
M-A constituents shows approximately parallel and regu-
lar distribution. However, the size of M—A constituent in
the IR CGHAZ is coarser than that in the CGHAZ.

The morphology of M—A constituent was also examined
using TEM. Example showing the TEM microstructures of
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Fig. 6 Optical micrographs showing the microstructure of simulated specimens, a SR CGHAZ, b IR CGHAZ, ¢ SCR CGHAZ, d UA CGHAZ
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Fig. 8 Typical structure of M—A constituent, a bright field of M—A constituent, b dark field of M—A constituent, ¢ micro-diffraction pattern

of M-A constituent

M-A constituent and its micro-diffraction pattern are given in
Fig. 8. The rod-like M-A particles were mostly along
polygonal ferrite boundaries and the bainite lath boundaries.

Fracture morphology
Fracture surfaces of the sub-zones in the CGHAZ simu-

lated using different peak temperatures were examined
using the SEM to determine the fracture morphology.

The fractographs of the tested specimens at —20 °C are
shown in Fig. 9. From the fractographs, it is easily seen
that ductile fracture is present in the SR CGHAZ and SCR
CGHAZ specimens. On the other hand, the IR CGHAZ
specimens with the lowest impact value fracture by the
mixed mode of localized ductile dimple rupture and mainly
quasi-cleavage. This change in fracture mode is consistent
with the change in Charpy impact energy. Owing to small
heat-input welding and accelerating cooling rate, the
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Fig. 9 SEM fractorgraph

of Charpy impact simulated
specimens, a SR CGHAZ,

b IR CGHAZ, ¢ SCR CGHAZ

effective grain size in the reheated CGHAZs for in-service
welding is smaller than that in high heat-input welding,
which has an effect in toughness improvement. High den-
sity of piled-up dislocations at grain boundary and sub
grain boundary can collapse into a microcrack to open up
the crack and increase driving force for crack propagation
into ferrite matrix. Owing to increase of dislocations, small
grain size and area fraction of secondary phases, the phe-
nomenon of embrittlement in IR CGHAZ is not serious.

Conclusions

In this study, the authors have studied the influence of peak
temperature on microstructure and fracture energy of the
reheated CGHAZs during in-service welding of API X70
pipeline steels. It is shown that the main microstructure is all
granular bainite and lath bainite, and the difference is in
the amount and size of each microstructure. In addition, the
Charpy impact energy of CGHAZs is improved after the
second thermal cycle except IR CGHAZ. The fracture energy
didn’t deteriorate drastically for the partially transformed
HAZ may be related with the formation of mixture micro-
structure, in which the size of martensite—austenite (M-A)
constituent is small and the content of M—A constituent is

@ Springer
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relatively little for the effect of accelerating cooling. There-
fore, the phenomenon of embrittlement in IR CGHAZ is not
serious.
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