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a  b  s  t  r  a  c  t

The  fracture  resistance  of  heat-affected  zones  (HAZs)  in  girth  welded  joint  of  API  X65  steel  pipeline  was
systematically  investigated.  While  the  change  in  Charpy  impact  energy  has  been  typically  evaluated  in
previous  studies,  here  the  variations  in ductile-to-brittle  temperature  (DBTT)  and  crack-tip  opening  dis-
placement  (CTOD)  within  HAZ  were  explored.  A  series  of  experiments  revealed  that  both  values  vary
dramatically  (i.e.,  DBTT  increases  and  CTOD  decreases)  as  the  location  approaches  the  fusion  line  (FL)  and
eywords:
racture toughness
TOD
BTT
ipeline steel
eld heat-affected zone

thus  the  region  adjacent  to  FL  exhibited  the  lowest  CTOD  and  highest  DBTT,  possibly  due to  the  increasing
portion  of  coarse-grained  HAZ.  Interestingly,  however,  even  the  FL  regions  still  showed  moderate  tough-
ness at  −40 ◦C  ∼  room  temperature.  Microstructural  analysis  and  additional  impact  tests  using  simulated
HAZ  specimens  suggested  a possibility  that  fine-grained  HAZs  with  higher  toughness  may suppress  the
brittle  fracture  from  neighboring  coarse-grained  region.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Combination of high strength and good toughness is essen-
ial for the steels used in pipelines for transporting crucial oil
nd natural gas over a long distance. However, the steels’ excel-
ent mechanical properties (usually offered by thermo-mechanical
ontrolling process, TMCP) can be upset during multi-pass weld-
ng procedure, because welding thermal cycles can significantly
hange microstructures and in turn mechanical properties [1–9].
specially, the fracture characteristics of weld heat-affected zones
HAZs) should be carefully examined with both metallurgical and

echanical viewpoints, because the HAZs generally show not only
 rapid gradient of microstructures but also unusual mechani-
al environments such as welding residual stresses and strength
ismatch between weld metal and base metal (for example, see

10–13]).
Considerable efforts have been made to analyze the fracture

esistance of welded joints in pipeline through full-scale burst
ests or small-scale standard toughness tests [1–9]. In previous
tudies on actual HAZ toughness, the variation in Charpy V-notch

mpact energy within HAZ has been the most popularly evalu-
ted because of the advantages of impact test such as simple
nd easy procedures of the sample preparation, testing, and data

∗ Corresponding author.
E-mail address: jijang@hanyang.ac.kr (J.-i. Jang).

921-5093/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2012.03.062
analysis. However, impact energy is not fracture-mechanics-based
but empirical measure of toughness so that its practical applica-
tion is limited to pre-qualification purpose (i.e., judging whether
or not the welds satisfy the quality requirement). Therefore, for
better understanding of fracture characteristics in pipeline weld
HAZ, evaluation of other toughness values seems to be needed; e.g.,
fracture-mechanics-based toughness (such as KIC, JIC, and critical
crack-tip opening displacement, CTOD) is essential for fitness-
for-service assessment of pipeline crack [2].  Also, estimation of
the ductile-to-brittle temperature (DBTT) can provide important
information about the extremity of applicable environment. Very
recently, Nazari et al. [14–16] reported that the DBTT of functionally
graded steels can be seriously affected by complex nature of their
layered microstructures, which may  indicate a need to analyze the
variation in DBTT within weld HAZs showing rapid microstructural
gradients.

With this in mind, in the present study, the variations in DBTT
and CTOD within actual HAZ of girth weld joint in API X65-graded
pipeline (used as main pipeline for natural gas transmission in
Korea) were systematically explored. In addition to actual HAZ
specimens, simulated HAZ specimens were also tested to exam-
ine the mechanism of HAZ toughness change in more detail. In
this study, our attention was paid to girth welds (rather than seam

welds) based on a simple assumption that the probability of flaw
generation in girth welds can be higher than that in seam welds
since girth welding is often manually conducted at pipeline con-
struction sites. It is also notable that mechanical behavior of girth

dx.doi.org/10.1016/j.msea.2012.03.062
http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:jijang@hanyang.ac.kr
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ate values of critical CTOD, which is similar to the trends of Charpy
test results described above. We  will return to this later.
J.-B. Ju et al. / Materials Science a

elds under longitudinal stresses gathers increasing interests due
o the recent demand for ‘strain-based design’ pipeline.

. Experimental

A 17.5-mm-thick weldment of API X65 steel (whose yield
trength is higher than 65 ksi or ∼450 MPa, and chemical composi-
ion is Fe–1.45Mn–0.08C–0.019P–0.003S–0.31Si in weight %) was
repared under the same welding condition as that employed for
irth welding during construction of main natural gas transmis-
ion pipeline in Korea; gas tungsten arc welding (GTAW) followed
y shielded metal arc welding (SMAW) with a heat input in the
ange of 5–30 kJ/cm. No significant defects were found in the welds
y non-destructive X-ray examination.

Both Charpy V-notch impact tests and CTOD tests were carried
ut for four different locations within HAZ from the fusion line (FL
hat is apparent boundary between weld metal and HAZ, and was
oughly determined by a macro-etching with 2% Nital solution in
his study) to the unaffected base metal; FL, FL + 1 mm,  FL + 3 mm,
nd FL + 5 mm.  Charpy impact tests were conducted according to
STM E23 standard [17]. Standard 2 mm-V-notched specimens
ere tested by a Tinius Olsen impact tester (Horsham, PA, USA)

f 407 J capacity at various temperatures from −120 ◦C to room
emperature (RT). CTOD experiments were performed in accor-
ance with ASTM E1290 standard [18]. Standard 3-point single
dge notched bending (SENB) specimens having through-thickness
atigue precrack were tested with a MTS  universal testing machine
Eden Prairie, MN,  USA) at −40 ◦C and RT. Impact tests were also
erformed on simulated HAZ samples which were prepared by
pplying thermal cycles to base metal samples using a Gleeble 1500
hermomechanical simulator (Dynamic Systems Inc., Poestenkill,
Y). Microstructures and fractured surfaces were examined by an
ptical microscope (Olympus Corp., Tokyo, Japan) and a scanning
lectron microscope (SEM, JSM-6330F, JEOL Ltd., Tokyo, Japan),
espectively, using the samples prepared by conventional metal-
ographic techniques.

. Results and discussion

A series of impact tests were performed at various temperatures
o observe ductile-to-brittle transition behavior for four different
AZ locations, and the results are shown in Fig. 1a. It is obvi-
us that the impact toughness decreases as the notch location
pproaches FL: Averaged value of the absorbed impact energy for
L + 1 mm ∼ FL + 5 mm is constant as 407 J (that is the maximum
apacity of the used equipment) at both RT and 0 ◦C, and rapidly
ecreases to 240 J (at RT) and 138 J (at 0 ◦C) for FL. At −40 ◦C, aver-
ge impact energy dramatically decreases with approaching FL, and
s the lowest, but still moderate, value of ∼63 J at FL. Note that,
ccording to the specification of API 5L [19] for the 16–20 mm-
hickness pipelines, the required minimum impact energy at 0 ◦C is
7 J, and thus all specimens in Fig. 1a satisfy the API requirement.
rom the data in Fig. 1a, the DBTT (or energy transition tempera-
ure, ETT) was estimated as the temperature corresponding to the

ean value of upper-shelf energy (at RT) and lower-shelf energy
that is close to 0 J for all specimens of FL ∼ FL + 5 mm). The results
re summarized in Fig. 1b where, as the location approaches FL,
he DBTT rapidly increases (i.e., fracture resistance decreases) from
87 ◦C (for FL + 5 mm)  to −12 ◦C (for FL). It is interesting to note

hat both measure of fracture resistance (impact energy and DBTT)
aried together with reducing the distance from FL, because the

hange in upper-shelf impact energy does not need to accompany
he change in DBTT.

In order to obtain the fracture-mechanical toughness, CTOD
ests were performed for the different precrack locations within
Fig. 1. Results of Charpy impact tests: (a) variation in averaged impact energy as a
function of testing temperature; (b) DBTT change with the notch location.

HAZ. It is noteworthy that the shape of precrack tip introduced in
weld CTOD specimen can be seriously irregular, which can lead to
wrong value of critical CTOD [20]. In this study, post-test exami-
nation revealed that all used CTOD specimens were free from the
issues related with the irregular-shaped precrack tip (see an exam-
ple shown in inset of Fig. 2), possibly because the specimen is not so
thick and thus residual stresses through thickness are not so seri-
ous. Fig. 2 shows the variation in CTOD toughness as a function of
the precrack positions. The critical CTOD decreases as the precrack
location approaches FL, but the regions near FL still exhibit moder-
Fig. 2. CTOD change with the precrack location. Inset image shows an example of
the  regular-shaped precrack of the CTOD specimen.
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while SC CGHAZ is often considered as the same as UA CGHAZ
since toughness and microstructure of the former are usually very
close to those of the latter [12]. IC CGHAZ is generally considered
ig. 3. Microstructural change within HAZ: (a) base metal, (b) CGHAZ region, and
c)  FGHAZ region.

The toughness variation within HAZ has been typically analyzed
n terms of the complex microstructural gradient of HAZ. Fig. 3 pro-
ides representative microstructures of base metal and specific HAZ
egions examined in this work. The microstructure of base metal
onsists of polygonal (and acicular) ferrite and pearlite, as seen
n Fig. 3a. A region mainly consisting of coarse bainite (referred
o as coarse-grained HAZ, CGHAZ) are observed near FL (Fig. 3b),
hile some region exhibits recrystallized fine grains, so-called fine-

rained HAZ or FGHAZ (Fig. 3c) whose grain size is much smaller
han that of base metal. Since the CGHAZs are expected to show very

ow toughness due to large grain size, the portion of the CGHAZ in
recrack tip of CTOD sample was carefully measured through post-
est sample sectioning procedure [11]. As seen in Fig. 4, the FL and
L + 1 mm specimens (showing the lowest CTOD and highest DBTT)
Fig. 4. Fraction of CGHAZ in the precrack tip.

exhibit the largest portion of the CGHAZ in precrack tip. Therefore,
it is reasonable to believe that low toughness near FL is indeed asso-
ciated with high portion of CGHAZ in the region, as well accepted
in previous literature [9–12].

To analyze how much CGHAZ affects actual HAZ toughness
in more detail, additional Charpy impact tests were performed
on simulated HAZ samples. In general, a certain HAZ region
experiences three or four welding thermal cycles during multi-
pass welding process. Among the cycles, the first and second
cycles may  seriously change the microstructure of the region,
whereas the effects of third and fourth cycles on the microstruc-
ture are very limited due to their low peak temperature. The
HAZ microstructures exposed to the first thermal cycle are typi-
cally categorized into four groups based on the peak temperature
(TP1): CGHAZ (TP1 > ∼1100 ◦C), FGHAZ (1100 ◦C > TP1 > AC3), inter-
critical HAZ (ICHAZ: AC3 > TP1 > AC1), and subcritical HAZ (SCHAZ:
AC1 > TP1 > 450 ◦C) [11,12]. According to the peak temperature of
subsequent thermal cycle (TP2) in multi-pass welding procedure,
the CGHAZ can be divided again into four characteristic regions:
unaltered (UA) CGHAZ with TP2 > 1100 ◦C, supercritically reheated
(SCR) CGHAZ with 1100 ◦C > TP2 > AC3, intercritically reheated (IC)
CGHAZ with AC3 > TP2 > AC1, and subcritically reheated (SC, or tem-
pered) CGHAZ with AC1 > TP2 > 450 ◦C [11,12]. Among them, SCR
CGHAZ can be treated as FGHAZ due to its recrystallized fine grain,
Fig. 5. Change in impact energy of simulated HAZ specimens as a function of the
second peak temperature.
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Fig. 6. SEM fractographs of simulated HAZ specimens: (a)

s a primary local brittle zone (LBZ) because it exhibits very low
oughness due to a large portion of martensite–austenite (M–A)
onstituent in addition to the coarse bainite structure [9–13]. Based
pon this categorization, we produced simulated HAZ specimens
with AC1 = 720 ◦C and AC3 = 828 ◦C that were measured through
ilatometer tests) and evaluated their impact toughness. Detailed
rocedure to prepare the simulated HAZ samples is explained else-
here [11,12]. Fig. 5 shows the impact test results as a function

f TP2. The UA CGHAZ, IC CGHAZ, and SC CGHAZ have relatively
ow toughness values at RT and very low impact values at −40 ◦C,

hereas SCR CGHAZ having recrystallized fine grains shows much
igher toughness at both RT and −40 ◦C. Fig. 6 shows typical exam-
les of SEM fractographs for IC CGHAZ and FGHAZ that have the

owest and highest toughness respectively. The evidence for cleav-
ge fracture is clear for the lowest toughness case (IC CGHAZ at
40 ◦C; Fig. 6a), while fine dimples indicating ductile fracture are
bserved for the highest toughness case (FGHAZ at RT; Fig. 6d). The
C CGHAZ at RT and FGHAZ at −40 ◦C (that show similar tough-
ess to each other) indicate quasi-cleavage-typed fracture surface
Fig. 6b and c).

Comparison of the impact toughness in Fig. 1 (for actual HAZ)
ith those in Fig. 5 (for simulated HAZs) revealed that the tough-
ess of FL sample is higher than the average toughness of the
imulated CGHAZ (including UA CGHAZ, SC CGHAZ, and IC CGHAZ).
his suggests a possibility that FGHAZs with higher toughness
ay  suppress the brittle fracture from neighboring CGHAZs. This

ypothesis can explain why the regions near FL have the lowest but
till ‘moderate’ values of CTOD and impact energy at RT ∼ −40 ◦C (in
igs. 1a and 2) despite the large fraction of CGHAZ in the regions.

rom this scenario, one may  also imagine that the HAZ toughness
ncluding CTOD and DBTT, at least in this study, is conceivably
ontrolled by rube-of-mixture of microstructures in the notch
r precrack tip instead of a weakest-link microstructure such as
HAZ at −40 ◦C and (b) RT, (c) FGHAZ at −40 ◦C and (d) RT.

LBZs; i.e., toughness is not dominated by CGHAZ alone, but is also
affected by other surrounding microstructures like FGHAZ. This is
in an agreement with our previous study [13] suggesting that a LBZ-
based analysis may  conceivably be overconservative for predicting
the practical safety performance of welded structures.

4. Conclusions

In the present work, the variations in DBTT and CTOD within
HAZ of girth welded joint in API X65 steel pipeline were systemat-
ically explored. Both values varied dramatically with the distance
from FL, and the region near FL exhibited the lowest CTOD and
highest DBTT, which is possibly due to the increasing portion of
coarse-grained HAZ. Nonetheless, interestingly, even the FL regions
showed still moderate toughness values at −40 ◦C ∼ RT. This behav-
ior was  discussed in terms of microstructural changes, which were
analyzed through additional tests with simulated HAZ specimens.
From the results, it was  proposed that fine-grained HAZs with
higher toughness may  suppress the brittle fracture from neighbor-
ing coarse-grained region.
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