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Effect of Temperature on the Charpy Impact and CTOD 
Values of Type 304 Stainless Steel 

Pipeline for LNG Transmission 
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Stainless steel pipe of type 304 the with a wall thickness of 26.9 mm and the outer diameter 

406.4 mm is welded by manual arc welding process. Mechanical properties and fracture 

toughness of type 304 stainless steel are investigated in the temperature ranging from room 

temperature to --162°C. The results obtained are summarized as follows. The tensile strength 

noticeably increases as the temperature becomes lower while the yield strength is relatively 

insensitive to temperature. The Charpy impact energy and CTOD values become higher in the 

case that crack propagation direction is aligned to the transverse axis upon the rolling direction 

than longitudinal direction. The drop of fracture toughness is associated with the noticeable 

diminution of plastic component as temperature seduces from room temperature to --162°C. 
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I. Introduction 

The materials tbr storage, transmission and 

vaporization of Liquefied Natural Gas (LNG) 

should have good mechanical properties at cryo- 

genic temperatures because the boiling point of 

LNG is -162°C under I atmosphere pressure 

(Nakamura et al., 1982; Tsuzaki et al., 1983). 

Structural alloys for cryogenic application should 

exhibit high strength, ductility, fracture tough- 

ness. good weldability and good fabrication (Av- 

ery et al., 1995 ; Mills, 1997). Austenitic stainless 

of AISI type 304 is widely used lbr LNG utilities 

thanks to its good metallurgical and mechanical 

properties. The 304 austenitic stainless pipes for 

LNG transmission are being joined by welding, 

and the fracture origins of welded structures are 
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mainly from the degradation of mechanical pro- 

perties due to variation in microstructures resul- 

ting from the thermal cycles during welding 

(Lancaster, 1993). The thermal conductivity of 

304 austenitic stainless is one third of that of 

carbon steel at room temperature and about two 

thirds of that of carbon steel at temperature 

over 700°C. On the other hand, the thermal 

expansion coefficient of 304 austenitic stainless is 

about one and half higher than that of carbon 

steel (Gordon et al., 1965). This could incsease 

distortion, bucking and cracking at the welding 

joint. There have been many studies on the 

fracture toughness of the weld metal and base 

metal of austenitic stainless steel (Read, 1980; 

Matsumoto et al., 1987; Nishimura et al., 1998; 

Marshall, 1984). However, little research has been 

done on the fracture toughness properties at the 

LNG temperature of -162°C. The tensile and 

fatigue properties were investigated on the base 

metal of austenitic stainless steel at temperature 

between 20°C and --162°C (Mukai et al., 1979). 

The tensile and fracture toughness tests were 
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Table l Girth welding condition 

Weld Filler metal Electrical properties Travel speed Heat input 

processes Electrode Dia. Polarity Amp. Vol. (cm/min./ (kJ/cm) 

GTAW (1--4 th pass) ER308L 2.4 DCSP 151- 160 17.5-- 19.6 18.3-36.4 4.3-- 10.3 

SMAW ( 5 ~ 1 0  th pass)  E308L 3.2 DCRP 87.4-98.6 30.0~33.2 4.6-8.8 18.0442.8 

performed for the 304 stainless steel plate with 

the thickness of 2 mm used for membrane type 

LNG storage tank (Kim et al., 2000). The biaxial 

fatigue life test of the shaped membrane sheet 

was evaluated with the temperature change 

AT=I90°C (Kim, 2001). They did not deal with 

the fracture toughness of the base metal or the 

mechanical properties of the weld metal. The 

elastic-plastic fracture mechanics approach to 

analyze the fracture behavior of the weld metal 

has become a valuable method in establishing 

design criteria and structural integrity. The 

Charpy impact and CTOD tests to evaluate in- 

tegrity using specimens machined from the welded 

304 austenitic stainless pipes over the temperature 

ranging from room temperature to -162°C are 

described and discussed in this paper. 

2. Experimental  Procedures 

The material used in the study is the 304 auste- 

nite stainless steel pipe for LNG transmission. 

This pipe of the wall thickness 26.9 mm and the 

outer diameter 406.4 mm was welded by a sub- 

merged arc welding (SAW) in the longitudinal 

direction. A seam weld is conducted by the SAW 

process with the conditions of 400~800 A and 

28--40 V, and a travel speed of 30--55 cm/min 

with a filler metal of ER308L. A girth welding 

was produced with a compound V-groove level, 

root gap 2- -4  mm and root face 0.8--2.4 mm. 

The girth welding process was done by gas 

tungsten arc welding (GTAW) with a filler metal 

of ER308L up to the 4th pass followed by 

shielded metal arc welding (SMAW) with an 

E308L electrode tbr the remaining passes. Details 

of the girth welding conditions are given in 

Table I. The polished samples were electroly- 

tically etched in a solution of 10cc oxalic acid 

and 90 cc distilled water. The Charpy V-notch 

specimens (10 X 10 X 55ram) were extracted from 

Fig. 1 Schematic illustration of the direction of 

crack propagation 

the T/2  location and notched along the weld 

centerline in the through-thickness orientation. 

Figure 1 illustrates the crack orientation of the 

specimens in the welded pipe. The Charpy im- 

pact tests were carried out at three different 

temperatures in accordance with ASTM standard 

(ASTM E23-96, 1996). A scanning electron mic- 

roscope (SEM) was used to examine the mor- 

phology of the fractured weld metal. The CTOD 

tests (BS 7448, 1991) were conducted at each 

temperature to evaluate the fracture toughness, 

and those were carried out using the specimens 

of the BX2B rectangular type of the thickness 

13 ram. Testing was carried out at three points 

bending under displacement control under the 

crosshead displacement rate of 1 mm/min. Tensile 

tests according to ASTM E8M were carried out 

at the same temperature as the CTOD test so that 

the yield strength results could be included in the 

CTOD calculations. Weld metal hardness was 

measured on transverse sections, using a micro 

Vickers diamond pyramid indenter and a 500 g 

load. The space between two adjacent testing 

spots was I mm. 

3. Results  and Discuss ion 

3.1 C h e m i c a l  compos i t ion  and m i c r o s t r u c -  

ture  observat ion  

The chemical compositions of the base metal 

and weld metals are given in Table 2. There are 

3opyright (C) 2003 NuriMedia Co., Ltd. 



1066 Jong-tIyun Baek, Young-Pyo Kim, Woo Sik Kim and Young-Tai Kho 

Table 2 Chemical composition of the base metal and weld metal (wt. %) 

Specimens C Mn P S Si Ni Cr Mo Nb Fe Creq Nieq 

Base 0.096 1.54 0.04 0.0l 1 0.82 9.56 1 6 . 0 5  0.09 0.02 BaI. 17 .37  12.65 

Seam 0.076 1.24 0.04 0.016 0.92 8.63 1 6 . 6 8  0.07 0.05 Bal. 1 8 . 1 7  13.14 

Girth 0.025 0.74 0.04 0.0[ 1 0.79 9.89 1 6 . 6 8  0.09 0.05 Bal. 1 7 . 9 9  13.00 

(a) Weld metal /HAZ of seam welds (b) 

Fig, 9_ Microstructure of the seam and girth weld metal 

Weld metal /HAZ of girth welds 

on the Type 304 Stainless steel 

small  differences in Cr  and Ni contents. The 

carbon content  is the highest tbr the base metal 

at 0.096%, while the girth weld has the lowest 

value of  0.025%. Sulphur and phosphorous  con- 

tents are within the A S T M  A312 and A W S  

S F A  5.4, 5.9 specifications. The Creq on the girth 

weld and seam weld is found, from the calcula- 

tion, to be 17.99 and 18.17 respectively, while 

Nieq is 13.00 and 13.14, respectively. And, Cr  

and Ni equivalents  are calculated from Creq = 

% C r + % M o +  1.5 × %Si+0 .5  × %Nb and N ieq=  

% N i + 3 0 × % C + 0 . 5 X % M n .  Microstructures of  

the seam and girth weld metal are shown in 

Fig. 2. Figure 2(a) indicates the boundary  of  

weld metal and heat-affected zone (HAZ)  in the 

seam weld that is not observed sensitization due 

to the welding thermal cycles. The pipe used in 

present work was welded by means of  the S A W  

process which was underwent  a post weld heat 

treatment (PWHT)  at 1050°C tbr 30 min fol lowed 

by water quenching. The P W H T  was conducted 

to remove the sensitization phenomenon and the 

loss of  corrosion resistance due to diffusion o f  

the grain boundary  of  chromium (Jones. 1992). 

Figure  2(b) presents the boundary  o f  the weld 

metal and the H A Z  in the girth weld. The  grain 

boundary and bond zone were sensitized as a 

result of  the welding thermal cycles. The sen- 

sitization at the grain boundary  and bond zone 

was not el iminated because the P W H T  was not 

conducted for the girth welds. When the stainless 

steel pipe is exposed for long period of  t ime in 

the temperature range of  430 -870°C ,  carbon in 

the steel forms chromium-carb ides  with the 

chromium. These carbides are formed prefer- 

entially at the grain boundary,  and thus the 

boundary  becomes depleted of  chromium. The 

lower chromium levels are resulted from the loss 

of  corrosion resistance (Ikawa, 1972). The pipe 

for L N G  transmission would require good 

mechanical  properties and toughness rather than 

corrosion resistance at cryogenics temperatures. 

We think that the sensitization in the micro size 

region such as the H A Z  does not  matter for the 

sale transmission of  LNG.  

3.2 M i c r o - h a r d n e s s  and tens i le  properties 

The results of  hardness distr ibut ion on the 

weld metals are given in Fig. 3. The  hardness 

distr ibutions in the seam weld metal are in the 

range of  150--210 Hv at the top of  the weld and 

175--239 Hv at the root of  the weld. In the case 
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of the girth weld metal, the hardness variation 

changes from 221~283 Hv at the top bead to 

200~248 Hv at the root of the weld metal. The 

seam weld metal has a lower hardness than the 

girth weld metal due to the effect of stress 

relieving by the PWHT. Figure 4 indicates the 

effect of the temperature on the tensile strength 

and the yield strength properties. The yield 

strength was measured by the 0.2% offset me- 

thod. The yield strength of the longitudinal and 

transverse axes upon the rolling direction of the 

base metal is 288 MPa and 297 MPa at the 

room temperature. The yield strengths of 354 

MPa and 373 MPa are observed at --162°C. The 

yield strength of weld metals has a similar tend- 

ency like the base metal. In all specimens tested, 

the tensile strength at --162°C is about twice as 

high as the tensile strength at room temperature. 

In Fig. 4, the tensile strength of the base and 
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weld metal noticeably increase as the temperature 

goes lower, while the variation in yield strength 

are relatively insensitive to temperature. Previous 

investigators observed the increase of tensile 

strength with temperature decrease and this 

increase was associated with the formation of 

strain-induced martensite during deformation 

(Mukai, 1972; Huang, 1989). 

3.3 Charpy impact tests  
The results of the Charpy impact values are 

shown in Fig. 5 against the temperature change. 

In the base metal, the Charpy impact produces 

higher value than 120 J even at --196°C. From 

Fig. 5, the Charpy impact property is affected by 

the notch orientation upon the rolling direction 

of base metal. The Charpy impact energy shows 

a higher value when the crack propagation direc- 

tion is aligned to the transverse axis, upon the 

rolling direction, than longitudinal direction. The 

Charpy impact values on the seam and girth 

weld metal are 44.2 and 31.4 J, respectively, when 

the test temperature is -- 196°C. Figure 6 presents 

the scanning electron microphotography of the 

base and weld metals at --196"(::. All specimens 

failed by a dimple fracture at the tested tem- 

perature. The inclusions of spherical morphology 

were examined in the dimples of the weld metal 

Figs. 6(c) and 6(d). Examples of energy dis- 

persive X-ray analysis on the inclusions of 

Fig. 6(c) and 6(d) are shown in Fig. 6(e) and 

6(f). It is found from EDS measurement that 

the inclusions investigated in this work are pre- 

1500. 
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Fig. 4 Strength properties of the base metal and 
weld metals 
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Fig. 5 Charpy impact energy of the base metal and 
weld metals 
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. q ,  ",z- 

Fig. 6 SEM photographs and EDS of the base and weld metal on the Charpy impact specimens at -- 196°C : 
(a) LT ofBM, (b) TL ofBM, (c) SW, (d) GW, (e) EDS of Fig. 6(c), (f) EDS of Fig. 6(d) 

dominantly type of complex of oxides and sulfide 

which usually consist of silicon and manganese. 

3.4 CTOD tests 

The test was based on BS 7448, and CTOD 

values were calculated from Eqs. (1) and (2). 

[ FS , t / a o \ 7  ~'1-~ 2 .  0 .4(W-ao)  Ve (I) 
0.4W+O.6ao+z 

ao u,5 a o  ' 

• a W I~ ~- / ]  
](W)=3(~7) [I.99_(W)(1_~,.)(2.15 3.93a+ 2.7aj'l] 

Where, F is the applied force, S the distance 

between outer loading points in the three point 

bend test, Wthe specimen width, B the specimen 

thickness, ao the average original crack length, u 

the Poisson's ratio, g the Young's modulus of 

elasticity, tSys 0.2% proof strength, Ve the plastic 

component of notch opening displacement near 

mouth, and z the distance of the notch opening 

gauge location above the surface of the specimen. 

The CTOD values were calculated at maximum 

load, and there was no pop in and unstable crack 

propagation during the tests. The CTOD ap- 

proach is the most widely applied method in the 

elastic plastic fracture mechanics analysis of 

welded structures (Harrison, 1980). The CTOD 

value in Eq. (I) is expressed in terms of the 

summation of tile elastic and plastic components 

(i.e. ~=~elastlc"}-~plastlc)- Figure 7 shows the 

CTOD values as elastic and plastic terms. The 

elastic and plastic components have range of 0. 

026--0.05 mm and 0.357--2.054 rnm, respectively. 

The plastic components noticeably decrease as the 

temperature becomes lower, while the elastic 

components are relatively insensitive to tempera- 

ture. The decrease in fracture toughness of the 

material used in the study is associated with the 

steep diminution of the plastic component as the 

temperature goes lower from room temperature 

to -162°C. The elastic component of the TL 

specimen at -100°C shows higher value com- 

pared to other specimens. It is related to the yield 

strength of the TL specimen at --100°C from the 

Fig. 4. The elastic part of the CTOD value is in 

the reciprocal proportion relation with the yield 

strength, according to the first component on the 

right-hand in Eq. (I).  Figure 8 indicates frac- 

tographs of CTOD specimens of the base and 

weld metals. Formed dimples in the transverse 

direction are much deeper and larger than those 

in the longitudinal axis upon the rolling direc- 

tion. It is because the development of the crack 

front is hindered by the grain boundary when the 

crack propagates to the transverse of the rolling 
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direct ion during C T O D  tests• Also there is an 

obvious  difference in the size of  dimple  on the 

base metal depending on the temperature. The 

dimple size decreases from 10--15 /zm (not 

presented here) to 3 - - 4  Fm [Fig. 8(a) ,  (b) l  as 

the temperature drops from room temperature 

to --162°C. But the effect of  temperature has a 

little influence on the weld metals. F rom the size 

and depth of  dimples, we presume that there is an 

improvement  of  fracture toughness in the base 

metal when compared to the weld metal. There is 

also a clear difference in the magnitude and depth 

of  the dimples and in the C T O D  values between 

room temperature and --162°C, from a result o f  
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C T O D  tests on the base metal. Therefore,  the 

difference of  the C T O D  values and size of  dimples 

to a variat ion of  temperature is associated with 

some extent of  mic ro -vo id  coalescence in the 

metal during C T O D  tests. A spherical inclusion 

with a size of  1 - - 2 / z m  is examined in the dimples 

at the weld metal Figs. 8 (c) and 8 (d). Examples 

of  energy dispersive X- ray  analysis on the in- 

clusions of  Figs. 8(c) and 8(d) are shown in 

Figs. 8(e) and 8(f) .  These inclusions were de- 

termined as a compound  consisting of  silicon, 

manganese, oxygen and sulphur. In general, 

sil icon inclusion in weld metal has a detr imental  

influence on the fracture resistance (Mills, 1997) 

So, the interface between the inclusions consisted 

of  silicon compound  and the matrix is easily 

separated at the low plastic deformat ion that 

caused decreasing of  C T O D  values. 

4 .  C o n c l u s i o n s  

The Charpy impact and C T O D  tests for type 

304 stainless steel and weld metal were studied 

over the temperature range from room tempera- 

ture to --162°C. 

(1) The tensile strength noticeably increases 

as the temperature goes lower while the yield 

strength is relatively insensitive to temperature.  

I o~ sJ 
. J. . . . . . . . .  .I . . . . . .  ~ . . . . . .  ; . . . . .  

Fig. 8 SEM photographs and EDS of the base and weld metal on the CTOD specimens at --162°C : (a) LT 
ofBM,  (b) TL ofBM,  (c) SW, (d) GW, (e) EDS of Fig. 8(c), (f) EDS of Fig. 8(d) 
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The increment of the tensile strength in plastic 

deformation range is associated with the forma- 

tion of strain-induced martensite during defor- 

mation. 

(2) The Charpy impact energy and CTOD 

values show higher value in the case of crack 

propagation direction is aligned to the transverse 

axis, upon the rolling direction, than longitudinal 

direction because the development of  the crack 

front is hindered by the grain boundary. 

(3) The drop of fracture toughness is asso- 

ciated with the noticeabe diminution of plastic 

component as temperature decreases from room 

temperature to --  162°C. 

(4) The interface between the inclusions con- 

sisted of silicon compound and the matrix is 

easily separated at the low plastic deformation 

that caused by the decrease in the Charpy impact 

energy and CTOD values. 
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