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ABSTRACT 
Substantml &fferences amongst metallurgacal and 

mechamcal properties of  base metal (BM), weld metal (WM) 

and heat-affected zone (HAZ) occur in general in welded steel 

structures It as common practice m various engmeenng 

structures to evaluate the fracture performance of  welded 

structures by mechanical testing. Especially, the HAZ of  steel 

welded joints shows a gradient of  microstructure and 

mechamcal propertles from the fusion line to the unaffected 

base metal. This study is concerned with the effects of  

metallurgical and mechanical factors on the fracture 

performance of  API 5L X65 plpehne steel weldments, as they 

are generally used for main natural gas transrrussion plpehnes m 

Korea. First of  all, we investigated the mlcroscoplc and 

macroscopic fracture behawor of  the various micro-zones 

wathln the HAZ from the vaewpoint of  metallurgical factors. 

The effects of  mechamcal factors such as welding residual 

stress m steel weldment and strength mismatch between BM 

and WM, particularly in high strength steel weldments, are also 

analyzed Therefore, the fracture performance of  API 5L X65 

plpehne steel weldment was mainly dependent on the change of  

macrostructure and its dIstnbutlon In the welded joints. 
INTRODUCTION 
Natural gas, with abundant reserves being confirmed and 

&stnbuted the world over, has a great advantage with regards to 

stable supply. It is also a relatively clean and safe energy source, 

m that the combustion of  natural gas causes less emission of  

greenhouse gas, CO2, one half  that of  coal and two thirds that of  

petroleum. With these advantages, demand for natural gas as a 

primary energy source ~s pre&cted to increase further m Korea 

for distributed power generation and other industrial 

applications. LNG (hquefied natural gas), that is natural gas 

produced m oversea fields and hquefied, is shipped to Korea 

and stored m LNG storage tanks at a receavmg terminal Then 

according to the demand, the LNG is turned to gas m a 

vaporizer and transported m a high-pressure pipeline, which ~s 

embedded into the ground along the national road, to city gas 

compames and power generators. The mare natural gas 

pipelines operated m Korea have &ameters from 500 mm to 

760 mm and wall thickness from 10 3 mm to 17.5 mm with 

design pressures ranging from 70 to 80 kg/cm 2, and amount to 

2,150 km m total length as of  the year 2000. 

In Korea, API 5L X65 p~pehne steels are used for gas 

transnusslon plpehnes, they are manufactured by Thermo- 

Mechanical Control Processing (TMCP) and have lower carbon 

eqmvalent for good HAZ toughness and weldabdlty [1-4] 
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These advantages offered by TMCP steels, however, must be 

considered carefully when using multipass welding processes 

because of  the possibd~ty of  very low toughness In the HAZ of  

the welded joints [4] In other words, under welding condmons, 

mechanical properties of  the TMCP steels can be altered 

s~gmficantly by more complex HAZ microstructures. Generally, 

the HAZ of  welded structures shows a gra&ent of  

mlcrostructure and mechanical properties from the fusion hne to 

the unaffected base metal. Significant research regarding the 

mlcrostructural change and the mechanical properties m the 

HAZ has been performed. HAZ toughness, however, is one of  

the most &fficult properties to achieve specified reqmrements. 

This study is mainly concerned with the correlatmns 

between the m~crostructural change and the fracture 

characteristics of  API 5L X65 pipeline steel weldments. 

Mechamcal factors such as the strength mismatch between weld 

metal and base metal and welding residual stresses m weldment 

are also exarmned to interpret the fracture toughness data. 

EXPERIMENTAL PROCEDURES 
The material used m the invesUgatmn was API 5L X65 

p~pehne steel generally used for the natural gas transrmsslon 

plpehne m Korea Its chemical composltmn is summarized m 

Table 1. Pipe produced by the SAW (Submerged Arc Welding) 

process m the seam weldment was used and its &ameter and 

thickness were 760 mm and 17.5 mm, respectively. For the 

welded specimen preparatmn, GTAW (Gas Tungsten Arc 

Welding) and SMAW (Shielded Metal Arc Welding) were used 

for girth weldment with V groove configuration. Welding was 

camed out under the same condmons as those used during the 

installation of  the plpehnes in Korea. The welding materials and 

welding condmons are hsted in Table 2. No slgmficant defects 

were found in the completed weldments by non-destructive X- 

ray examination. As shown m Fig. 1, the base metal 

m~crostructure corresponds to a typical fernte-pearhte structure 

with an average grain size of  10 la m whereas that of  weld metal 

&splays a typical ferrite structure with carbides on gram 

boundaries The microstructure of  the reheated areas of  the girth 

weld has a fine femte-pearhte structure. 

Charpy V-notch impact tests and CTOD tests were made m 

order to ~dentffy the potentml regions of  low fracture toughness 

Charpy impact tests were camed  out with specimens of  both 

seam and girth weldment hawng different notch positions 

varying from the fusmn line through to base metal. The design 
temperature range of  the mare gas transmission p]pehne in 

Korea is 243 K - 313 K. We selected the testing temperatures 

as 233 K, 273 K, and 298 K for the severe case Also, m order 

to assess the change of  impact toughness according to the test 

temperature, temperatures were vaned from 77 K to 298 K with 

20 K intervals. Impact tests were conducted using a Tmius 

Olsen impact tester with a capacity of  409 J according to 

ASTM E23. CTOD was determined using SENB (Single edge 

notched bending) specimens according to ASTM E 399 for the 

more detailed investigation of  the fracture behavior in the HAZ 

region. The machined notch locations of  CTOD tests were the 

same as those of  ~mpact tests, and the tests were done at 233 K 

and 298 K Mlcrostmcture and fractured surfaces were 

examined by optical and scanmng electron m~croscopy 

Samples for metallographic examination were prepared using 

conventional metallographlc techmques. 

To determine the representative tensile properties of  each 

region of  the plpehne weldment, specimens were extracted from 

the base metal, weld metal and HAZ. First, in the base metal, 

the specimens were picked at the upper, middle and lower 

region of  thickness directmn to consider the vanatmn of  

properties when rolling a plate used to make a plpehne The 

shape of  the specimen is the subsize rectangular type of  25ram 

gauge length and 4ram thickness by ASTM E8. Next, in the 

weld metal, the specimens were extracted from only the weld 

metal and their &mensmns were the same as that of  the base 

metal. The tensile tests were performed at a strain rate of  0 5 

mm/mm and at room temperature using Instron 5582. Thirdly, 

the HAZ was so narrow that the subsize specimen could not be 

extracted. So, mlcro-tensde specimens (12.5 mm gauge length 

and 0.5 mm thickness) were extracted from the centerhne of  the 

weldment through the HAZ to the base metal. These speomens 

were tested at room temperature and a strata rate 0.005 mm/mm 

because of  the specimen size. 

RESULTS AND DISCUSSION 

Experimental Results 
The results of  Charpy V-notch impact tests with respect to 

the testing temperatures are showrr in Fig. 2. Impact energy had 

the lowest value m the specimens from the fusion line and 

increased as the notch posmon moved away from the fusion hne 

for all the temperature ranges The Charpy impact energy for 

the fusion line had the lowest value at 233K According to the 
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specification of  API 5L for the 16-20 mm-thlckness plpehnes, 

however, Charpy Impact energy is required to be an average of  

68 J, with an mimmum of  27 J at 273 K for each of  the 

specimens. So Impact characteristics of  API 5L X65 steel HAZ 

used in this work met the API 5L specffication [5]. Figure 3 

shows the DBTT (ductile-to-brittle transition temperature) 

calculated from the transition temperature curves and is defined 

as the temperature corresponding to the average value of  the 

upper shelf energy and the lower shelf  energy. DBTT decreased 

as the tested position moved away from fusion line as expected 

in Fig. 2. The DBTT of  the fusmn line and weld metal were 

within the design temperature ranges. So, i f  a defect was found 

in these regions, careful attention should be paid to the 

assessment of  the existing defect and/or the continuous 

operation of  the p~pehnes m spite of  the favorable toughness 

over the specification. 

In order to obtain the fracture mechanical toughness data to 

ensure fracture mechamcal integrity, CTOD tests were 

performed on specimens at several positions within HAZ 

regions at 233 K and 298 K. Figure 4 shows the CTOD test 

results with respect to the notch positrons, which were the same 

as those of  the Charpy impact tests. Fracture toughness of  girth 

weldment for this natural gas plpehne, i.e. the CTOD value, 

decreased as the tested position approached fusion hne, and 

toughness degradation was observed m some specimens as 

expected These results were s~rrular to Charpy Impact test 

results. More detailed investigations of  the CTOD test results 

were performed and they are discussed m the following sections 

Figure 5(a) shows the true strain - true stress curves of  the 

base metal and weld metal A &fference in tensile properties at 

the upper, middle and lower parts along the through-thickness 

direction of  the base metal was observed. Yield strength and 

tensile strength of  the middle part are lower than those of  the 

upper and lower region, and the tensile curves of  the upper and 

lower parts overlapped each other m an error range lower than 

5% These were caused by strata hardening effects originated 

dunng the rolling procedures m TMCP. The surface of  the 

pipeline dunng rolhng was generally more hardened than 

middle regions by a strata hardening mechamsm. In the HAZ 

specimen, m~cro-tensde test specimens were used to evaluate 

the local variation of  tensile properties because of  a gra&ent m 

the m~crostructure In the HAZ Figure 5(b) shows the variation 

of  ultimate tensile strength in the upper regmn of  the HAZ 

together with the vanataon of  hardness Similar tendencies 
between the results of  ultimate tensile strength and hardness 

were obtained, which verified the vahdlty of  the micro-tensile 

test used in this study. Addmonal ly  a HAZ softening effect, 

which was generally occurred m TMCP steel weldment due to 

the relaxatmn of  the strain hardening effects dunng welding 

thermal cycles, could be observed m the regmn near the base 

metal. 

Metallurgical Factors 
First of  all, the variation in fracture characteristics can be 

explained by the metallurgical effects. As mentioned above, the 

actual HAZ has such a gra&ent of  mlcrostructures that the 

strengthening effects of  TMCP have been lost due to the 

welding cycle in this steel. HAZ toughness depends on its 

microstructure, which vanes continuously from the fusion line 

to the unaffected base metal Macrostructures of  API 5L X65 

pipeline steel weldment in this work are shown m Fig 6. The 

widths of  the HAZ were 7 mm from the fusion line. As shown 

in Fig. 6(a), HAZ mlcrostructures at the region near fusion hne 

were coarsened by the welding thermal cycle and mainly 

consisted of  M-A constituent, upper bainite, and coarse fernte. 

It is indeed well known that upper bamlte and M-A constituent 

have a low toughness. In the case of  TMCP steel, the lower 

bainite with only a small amount of  martensite formed by 

TMCP always has the best toughness, but the toughness 

deteriorates due to weld thermal cycle according to the change 

In the mlcrostructure that tends to promote coarse upper bainlte 

The coarse upper bainlte and coarse ferrite formed by welding 

thermal cycles were mainly responsible for the toughness 

decrease [6]. On the other hand, as shown in Fig 6(b), the 

microstructure of  the region near base metal was very fine- 

grained as expected and mainly consisted of  equiaxed ferrlte 

and pearlite which resulted m high toughness. Its grain size was 

about 3-4 1J m. Thus, the toughness variation was mainly 

dependent on the gram size and the distribution and constituent 

of  the mlcrostructure in HAZ. 

To verify the controlling mlcrostructure of  the HAZ 

regions, more detailed constituents of  the mlcrostructures were 

examined using the s~mulated HAZ specimens. The low 

toughness is generally caused by certain mlcrostructural 

features, one being identified as islands of  high-carbon, 

martensite-austenite (M-A) constituent in which the martens~te 

has a twinned substructure The M-A is located m a relatively 

continuous path along prior austenIte gram boundaries. The M- 
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A is primarily the result of mtercntical reheating, which is 

produced by the subsequent weld pass. The drastic decrease in 

the impact energy at the CGHAZ (coarse grinned HAZ) was 

attributed mainly to the s~gnlficant increase in the amount of M- 

A constituent [6-9]. In HAZ regmns In this work, M-A 

cons~tuents could be observed using a two-stage electrolyte 

etching method. The volume fraction of M-A constituent was 

vaned w~th respect to the simulated specimen. Elongated type 

M-A constituents were observed in all the simulated specimens 

Of the CGHAZ regmns, IC CGHAZ (Inter-cfi~cally reheated 

CGHAZ) has the highest fraction of M-A constituent and 

FGHAZ (fine grinned HAZ) has a very low fraction. So, the 

main factor controlhng the toughness of the pipeline steel 

weldment was the volume fractmn of M-A constituents. 

Mechanical factors 
Besides the metallurgical effects, mechamcal factors such 

as strength mismatch and welding residual stress also affect the 

fracture performance of the welded jomts. 

Strength mismatch is generally defined as the ratio of the 

yield strength of weld metal and base metal, Le. o y,WM/O y,BM. 

From the results of the tensile tests, the strength mismatch of the 

pipehne steel weldment used In this work was 1.17 In order to 

assess the effects of the strength mismatch on fracture 

characteristics, crack propagatmn was examaned by after-test- 

examination method as shown In Fig. 7 (CTOD test) [10]. In the 

case of a near fusmn line specimen, the crack propagated 

through linearly. But, in the case of the specimens located at 

FL+3 mm, crack propagation deviated from hnearity to the 

ductde base metal at both 263 K and 298 K. Therefore, the 

results for FL+3 mm were overestimated due to the devia~on of 

crack propagation. The specimen near the fusion hne, which 

neighbored the regions hawng low toughness such as the IC 

CGHAZ, represented the low toughness due to the constraint 

effects of the neighboring brittle zones. On the other hand, the 

specimen near the base metal, whose toughness was relatively 

higher than other zones, showed the deviation of the crack path 

due to the adjacent soft zones, and thus its toughness could be 

overestimated 

Welding residual stress affects the validity of fracture 

toughness data. To verify the validity of fracture mechanical 

toughness test such as CTOD, K~c or J~c tests, pre-cracks should 

be introduced In front of the mechanical notch tip and the 

hneanty of the fatigue pre-crack secured according to the 
hmltatlon of the test standard such as ASTM or BS 

specifications Figure 8 represents the results showing the 

observation of fatigue pre-crack shape after the CTOD test In 

case of Korean gas transmission pipeline, the pipe wall 

thickness was not so thick (only 17.5 ram), and deviation from 

hneanty due to the welding residual stress could not be 

observed. These results were verified by the BS 5762 

specification, which define the validity of fatigue pre-crack. 

From the above results, we can verify the validity of the CTOD 

tests. 

To ascertain the distribution of the welding residual 

stresses, cutting methods were used. After attaching the arrays 

of strain gauges on the as-welded specimens from weld metal to 

base metal, the specimens were mechamcally sawed along the 

transverse direction to the weld metal. After cutting, the 

contractions or expansions of specimens were detected by the 

arrays of strain gauges and converted into the welding residual 

stresses using the general Hooke's law. This method is sirmlar 

to the hole drilling method except that a wide range of cutting 

was performed instead of dnlhng of holes. The resultant 

welding residual stress &stnbutmn is shown in Fig 9 Slight 

tensile residual stress exlsted m the HAZ regmn near weld 

metal and HAZ regions near base metal showed compresswe 

residual stress. The magnitude of the existing welding residual 

stress is approximately one-third of the yield strength of this 

steel weldment. 

CTOD tests using the heat-treated specimens were made to 

assess the welding residual stress effects. Figure l0 shows the 

comparison of CTOD values between as-welded specimens and 

heat-treated specimens There was little difference between 

them m spite of the existence of the welding residual stress. But, 

such effects are still under discussion and will be presented 

elsewhere. 

CONCLUSIONS 
Correlation of the metallurgical and mechanical factors 

with the fracture behaviors was investigated on the API 5L X65 

pipeline steel weldment. The test results can be summarized as 

follows. 

1 HAZ mIcrostructures near the fi~slon line mainly consist of 

coarse ferntes, M-A constituents and upper bamIte, while 

fine-grained ferrlte could be observed near the base metal. 

2. Charpy Impact energy and CTOD had the lowest values in 

the specimens from the fusion line and increased as the 
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notch posmon was moved away from the fusion hne. The 

metallurgical factors are the dommant factors for the 

toughness variations m thas steel weldment. 

Strength mismatch between weld metal and base metal was 

1 17. Strength levels of the ne~ghbonng zones act as 

plastic constraints or the crack path dewations could affect 

the toughness data 

Welding residual stress along the transverse d~rect~on to 

the weld metal existed m the steel weldment and the 

magmtude of the residual stress was approximately one- 

third of the yield strength of base metal. 
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Table 1. Chemical composition of API 5L X65 pipeline 
steel used in this work. 

Element C Mn P S S~ Fe 

I 
Weight 0.08 1 45 0019 0003 0.31 Bal. 

Percentage 

Table 2. Welding Materials and conditions used in this 
work. 

Heat 
Welding AWS Groove input 
method shape (kJ/crn) 

Girth GTAW+ ER70S-G V ~ I 3.0~30.0 
i Weldment SMAW E9016-G 

(a) (b) 

Fig. 1. Microstructure of (a) weld metal and (b) base 
metal (C: carbide, CF: coarse ferrite). 
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Fig. 5. (a) True strain - true stress curves of weld 
metal and base metal and (b) tensile strength and 

hardness of HAZ. 

(a) (b) 

Fig. 6. Optical micrographs at the HAZ region (a) near 
the fusion line and (b) near the base metal (F: ferrite, 

UB: upper bainite, and M-A: martensite island). 
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I 
(a) (b) 

Fig. 7. Crack path of the CTOD specimen (a) near 
fusion line and (b) near base metal. 

Fig, 8. Fractographs of CTOD specimen showing 
linear fatigue pre-crack. 
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Fig. 10. CTOD results to assess the effects of welding 
residual stress at 298 K. 
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