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Abstract : Mechani cal pro perties of weld metal a rc th e key factors affec ting the qu ali ty of heavy-wall X80 hot induc

tio n bend s. The effec ts of bending paramet ers on the mech anical prop er ties of weld metal for hot bend s wer e inves ti 

ga ted by si m ulatio n conduc ted on a Glee ble-3 500 the rma l sim ulato r. Co ntinuous cooling t ra ns fo rma t ion (CCT ) dia

gr am s of the weld me tal we re also const ructed. T he influenc es of hot bending par ameter s ( such as reh eat ing temper

a ture , cooling rat e , and temperin g tempera ture ) on th e m icro s t ruct ure and mech ani cal pr op ert ies of weld met al were

also ana lyzed. Results show that th e strength of all weld metal specimens is h igh er th an the valu e indicated in th e

technical spec ifica tion and incr ea ses wi th the increase of reh eat ing tem pera ture , cooling ra te , and tem pering tem pera 

ture. The im pac t to ughness is apparent ly relat ed to the var iat ion of reheating tempera tur e, cooling ra te, and tempe

rin g temperatu re.
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Be nds are some of the m ost im portant accesso

n es for long-dis tan ce gas transm ission pipes[1. 2] . To

increase trans port eff icie ncy and decreas e the pi pe

lin e construc ti on and gas transportation costs , high

st rengt h steel grad es and/ or heavy-wall pipes a re ap

pli ed to long-di s tan ce t ra nsmi ssi on lines [3.1], which

requir e heav y-wall bends[2,5,6] .

H igh-strength heav y-wall bends a re usuall y pro

duc ed from longitudinal seam submerge d arc welded

CLSAW) steel pipes by hot induction bend ing, on-line

water cooling , and off-line tem pering[Z,5] . A lt ho ug h the

w eld m et al of the LSAW is in non-deformation line,

it also undergoes the sa m e reheating, wat er cooling

and tem pering proc esses ; the refore , the changes of

the microstructure and m ech anical proper ti es of the

weld m etal aft er ho t induction bending affect the

bend qu ali ty. However, the chem ica l com posit ion

and mi cros truct ure of weld m et al significan tly diffe r

from those of base m etal [7], s uc h that the va riat ions

in their microstructure and m ech anical pro per ti es a re

diff er en t-' ". F ew li terat ure re port the effects of ben

ding pro cess pa ra m ete rs on m echanical proper t ies of

the we ld metal fo r X80 bends. Therefo re, the bal

anc e of the m ech anical propert ies of weld and base

me tal s is crucia l to the in vestiga tion of the effects of

bending paramet ers on the m icrostructure and m e

ch anical properties of w eld m etal.

The effe cts of reh ea ting te m pe rat u re, cooling

rate, and t empering temperature on the m icr ostruc

t ure and proper t ies of weld meta l for heavy-wall

grade X80 bends were investigat ed . T o understand

the changing m ech ani sm of the m icro structu re, con 

t inuou s cooling transform at ion CCCT) diag ram s

were cons t r ucted. The difference between the mi cr o 

s t r uct ure t ransform ation of we ld and base m etals

was discu ssed. The resul ts obtain ed will be benefi

cial to the pro duction of high-performance gra de X80

bends with heavy- wall th ick ness.
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1 Experimental Materials and Procedures

1. 1 Experimental materials
T he chemical composit ions of base metal are shown

in Table 1. Steel was designed for heavy-wall X80 grade

bends according to pr evious work[9] and m an uf act ured

into steel plates wit h a th ickness of 25. 4 mm by

thermom ech anical con t ro l process. The s teel pla tes

w ere then m anufactured in to 1 21 9 mm ( outer dia m 

eter) X 25. 4 mm we ld pipes by ]-shap e , C-shape ,

O -s hape and Expanding (JCO E ) for mi ng processes

and double-f ace tandem fo ur-wire s ub m erged arc

we lding. T he chemica l co m posit ions of we ld m etal s

are a lso shown in Table 1. Two types of s pecimens

were extracted fr om the near outside of we ld metal.

Fi rstly, square-shaped specimens with size of 10 m m X

10 mm X 80 mm were extracted fr om the t ra nsve rse

weld lin e ; secondly , rod-shaped speci m ens with size

of 1>6 mm X 80 mm we re extracted fro m the longitudi

nal we ld line , as shown in Fi g. 1.

Table 1 Chemical compositions of base and weld metals ma ss %

Elements C S' Mn Cr Mo Ni Cu T i Nb V P S P ,rn C C(I. 1

Base metal 0.07 0. 20 1. 71 O. 100 0. 220 O. 210 O. 160 0.017 O. 053 0.011 0.010 0.001 O. 195 O. 159

Weld meta l ou tside 0.07 O. 27 1. 60 0.092 0. 211 O. 157 0.111 0.0 16 O. 029 0.028 0.0 10 0.001 O. 191 0.131

Weld meta l inside 0.07 O. 27 1. 60 0.098 0. 238 O. 175 0. 155 0.011 O. 033 0.03 1 0.009 0.001 O. 191 0.116

Outside weld ing seam

Inside we lding seam

Fig. 1 Sketch map of sampling from the weld metal

1. 2 Experimental procedures
H ot sim u la tion tests were conduc ted on a

G leeble-3500 thermal si m ula to r. The process pa ra m 

eters are as foll ow s: the reheat ing t ime fr om roo m

te m perat ure to bending temperature rang ing from 930

to 1 050 °C was ap pro xi ma tel y 45 s , the hol din g t ime

was 60 s , the coo ling ra te ranged fr om 5 to 25 °C/ s ,

and the t emperin g temperature ranged from 500 to

600°C . A ft er the thermal sim ula t ion t est , the tensil e

p rop er ty an d low- tempera t ure impact tough ness of

the simulated specimens un der differe nt co ndit ions

w ere m easured .

T o inves ti ga te the phase transfor mation, the

CCT diagrams of we ld metal were m eas u red by di

la tab ili t y on a G lee b le-3500 thermal simu lator. The

speci m ens w ere austeni tized a t 990 °C for approxi 

m at el y 3 m in and s u bs eq uen tl y coo led down t o roo m

temperat ure dir ectl y with varied constant coo ling

rates fro m O. 5 t o 35 °C / s.

T he m icr ost ructure obs ervation s peci mens w ere

obtained fr om the speci me ns fo r proper ty t ests . The

m icrostructure of sp ecimens was determined by op tica l

micro scopy, scanning electron microscopy (SEM) , and

transmission electron microscopy ( TEM ) to observe

the m icrostructure and analyze the effe ct s of differ 

ent materials and processing conditions on the mi 

crost r uc t ure. For T EM obs ervatio n , thin foils were

pr epared usin g a tw in-j et el ec t ropolis her in a so lution

contain in g 10 % perchl oric ac id an d 90 % gl acial ace

t ic ac id. TEM was pe rformed on a ] EM-20 10 T E M

at 200 k V .

2 Results

2. 1 Effects of reheating parameters on mechanical
properties

Fig. 2 shows the effects of r eh ea ting te m pe ra 

tures and coo ling rates on the s t re ngt h of weld m et al

after tem pe r ing a t 550°C. A fter re heat in g and te m 

peri n g , the we ld metals have high strengt h. With

the inc rease of reheat in g t emper a ture and coo ling

rate, the strengt h inc reases. A ll s t rengt h (R ,o. s ) va l

ues obtained un der any processin g conditions are

higher than the standard value of 555 MPa. T he we ld

sea m of the bends is rei n fo rc ed , w hic h can ass ure

that the strength of the we ld seam is hi gher than

that of the pipe bod y. Therefore, s trength is not a

key issue for X80 bends.

F ig. 3 sho ws t he effe ct s of r eh eating tempera 

ture and coo ling rate on low- tem pera t ure Charpy im 

pact energy. T he rules of the infl uence of re heat ing

temperat ure on impact energy differ fro m those of

strength. R ehea t in g te m perature of 990°C is co nsid

ere d s ui ta ble. When the bendin g temperature is be

low 990 °C, the impact energy in creases wit h the in 

crease of bending temperature ; when the bending tem-
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Fig. 2 Effe cts of bending reh eating temperature (a) and cooling ra te ( b) on strength of weld metal
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Fig. 4 Effects of tempering temperature on impact
energy of the weld metal tested at - 20 °C

a ll im pact ene rgy va lues are higher than the cri tical

stand ard va lue. When the te m pering tem pe rature in 

creased to 550 °C , the impact energy decreases obvi 

ous ly . T he decr ease in im pac t energy becomes gradual

with the increas e of tempering temperature. Fig. 4 also

shows that the w eld m et al has high impact ene rg y

when the re heat ing te m peratu re is 990 °C and the

tempering is conducted at any temperat ure. T h ese

res ults in dicate that weld m etal need s s ui ta ble rehea 

ting temperature , cooling rate , and low er temper ing

temperature to improve the low- tem pe ra t ure impact

toughness. The process pa ra m et er results ar e d iffer 

en t fr om those in previous s t udy fo r bend bodies[9J ,

w hich is attributed to the differen t ch a racterist ics of

ch ange in microstruct ure of weld m etal d uri ng re 

heat in g an d water cooling.

2. 2 Effects of hot bending parameters on micro
structures

Fi g. 5 shows SE M m icro str uc tures of weld m et 

als after si m ula ti ng under different r ehea ti ng and

cooling co nditions. A lt hough a ll specimens are tem

pered a t 550°C , the optical m icrostructures s ti ll re

m ain the characte ris tic of d ir ect cooling m icr ost ruc

ture; so m e ac icula r ferrit e and granular bainite can be

150
Tempering temperature: 550 't

• 5 'tIs

1• 15 'tIs
... 25 'tIs

~ 100 t?Jl I:=-----...
OJ
0:
OJ

t: t--- Ioj
0- 50.§
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Bending reheating temperature/D

Fig. 3 Effects of reheating temperature on impact
toughness of weld metal tested at - 20 °C

pe ra t ure is over 990 °C, the im pact energy decreases

wi t h the increase of bendin g t emperat ure. Cooling

rate a lso has a great e ffec t on impact energy. W ith

the increase of cooling rate, the va lues o f impac t

energy in cr ea se obviously. Wh en t he coo ling rate

is 5 °C/s and the re heat ing temperature is 930°C,

the im pact en ergy is low er than the cri tica l si ngle

value of 50 J and the av erage va lue of 75 J. L ow

te m perat ure im pact toughness is therefore a key is

s ue in m anufact uring X80 bends , so t hat reasonabl e

p ro cess pa rameters m ust be chosen. The above- m en

t ioned results w ere o btained on ly a t t emperin g t em

pera ture of 550°C . Tempering , as the las t work ing

p rocess , de termines the final m echanical propert ies ;

theref ore, the effec t of t emperin g on low-tempera

ture impact toughness of weld m et al wi t h X80 bends

should b e conside re d.

F ig. 4 shows the effe ct s of temperin g tempera

tures on low-temperature impact toughness of weld

m etal af ter re heating a t diffe ren t te m peratures an d

cooling a t 15 °C/ s. The weld m etal has high impact

ene rgy va lues w hen the temperature is 500°C , an d
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(a ) 930 'C . 5 'C /s; ( b) 930 'C . 15 'C / s; (c) 930 'C . 25 'C / s; ( d ) 990 'C . 5 'C / s; ( c) 990 'C . 15 'C / s;

( f) 990'C . 25 'C /s; (g) 1050 'C. 5 'C /s; (h) 1 050 'C. 15 'C /s; ( i) 1050 'C . 25 'C /s.

Fig. 5 SEM micrographs of weld metal with different reheating temperatures and cooling rates tempered at 500 'c
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Fig. 6 Continuous cooling transformation

diagram of the weld met al
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Fi g. 7 shows the m icrostructures a t diff erent coo ling

rates. The CCT diagrams of the weld metal mainl y

cons ist of two-phase transformat ion fields, i. e. , acicular

ferrite, bain it e and polygonal ferrite, in contrast to

those of base m etal [9] . The harden abil it y decr eases

remarkably, and the critical cooling rat e of the po

lygonal ferrit e is 25 °C/ s , wh ich m ay be att r ib uted

to the chemi ca l compositi on inhomogen eity and non
m etalli c o xid e incl usions in the weld m etal [7. 10,11].

Fig. 7 ( a) shows that when the cooling rate is

below 1 °C / s , the mi cros truct ure m ainly consists of

po lygonal ferrite w ith a little acicular ferrite, bainite,

obs erve d clearly. H owever, the reh eat in g tempera

t ure and cooling rate have grea t effects on mi cro

struct u res. At lo w re heati ng te m pera t ure and cool

ing rat e, the m icrost ructure m ainly consi sts of po

ly gonal ferri te and t empered bainit e and the size of

ferrit e is large (Fig. 5 ( a » , which decreases s t rengt h

and impact toughness (Figs. 2 - 4) . With the tn

crease of cooling rate and reh eat in g temperature, the

mi cro s truct ures become fin er and m ai nl y consis t of

ac icula r fer rite and baini te (Fig. 5 ) , w h ich in crease

st re ngth and impact tough ness. When the re heat ing

temperature is over 990 °C, the m icrostructures

sho w a coars eni ng trend with the inc r ease of reh ea

t in g temperature. Co ns equen tl y , the im pa ct tough

ness decreases. W ith the inc rease of t emperin g t em

perature ranging fr om 500 to 600 °C , the aci cula r

ferri te mi cros truct ure cha racterist ic weakens, wh ich

decreases impact tough ness.

2. 3 CCT diagrams of weld metal

T o understand clearly the diff eren ce of micro

struct u re transformation be tween we ld m etal and

base m etal during coolin g , CCT diagrams we re con

s t r ucted by dilatat ion m ethod and m icrostructure

obs erva t io n. F ig. 6 sho ws the CCT diagrams, and
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( a) 1 'C / s; ( b) 5 'C /s ; (c) 10 'C /s ; (d) 15 'C / s; (c) 25 'C / s; ([) 35 'C / s.

Fig. 7 Optical micrographs of weld metal after direct cooling with different cooling rates

and pearli te d ist r ibuted a t the in tersection of the po 

lygonal ferri te g rai ns. M eanwhile, so m e fin e bl ack

dot second-p hase pa r ti cles distributed in ferrit e grain

can be observed. Such part icles m ay be non-metalli c

oxide inclusions for m ed dur ing welding[7.1o, ll] or po 

lygonal ferri te n uclea r cores accele rating the po lygo-

na l ferrit e t ransforrna t ion' J! ". As SE M reveal ed

( Fig. S(a» , po lygona l ferri te grows around a non

m et all ic oxide inclusion part icl e. T he m icrostruct ure

transformed at high temperature possesses low strength

( Fig. 9). When the coo ling rat e inc reased to 5 °C ,

the microstructure main ly cons ists of polygonal ferrite

Fig. 8 Effects of non-metallic oxide inclusions on nucleation of polygonal ferrite (a ) and

intragranular acicular ferrite ( b)

wit h acicular ferrite and baini te but pea rl ite cannot be

observed (Fig. 7 ( b». The yield strength is 597 MPa

( Fig. 9), which is higher t han t he critical va lue of

555 M Pa. T he results indicat e t ha t the st rengt h can

m eet the standa rd requirements w hen the coo ling

rate is over 5 °C/s.

When the coo ling rate IS 10 °C/s , t he mi cro

str uc ture is domin at ed by acicula r ferrit e and bain 

ite; the acic ular ferrit es have sho r t and thick acicular

sha pes and an ov erlapping trait (Fig. 7(c», because

the non-metalli c oxide incl usions p romote the n ucle-

1 10 100
Cooling ratc/('t·s-1)

Effects of cooling rate on strength of

weld metal reheated at 990 'C

Fig. 9

450 L- -'- -' ----l
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850 ,.----------------,
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at ion of acicular ferrite in austenite grain (Fig. 8

(b» . The ov erlapping acicular ferrites will improve
strength and toughness[IO. II].

When the cooling rate increased to over 15 °CIs,
th e microstructure is refined remarkably and th e amount

and length-width ratio of acicular ferrite increase,

which is sim ila r to the microstructure of weld m etal

aft er direct welding (Fig. 7 (d». Meanwhile, some

large-si zed polygonal ferrites distributed along prior

dendrite can be observed in the microstructure, even

when the cooling rate is in creased to 25 °C/ s (Fig. 7

Ce) ). When the cooling ra te is increased to 35 °C/ s ,
the siz e of acicular ferrite decreases and the amount

of dot-like island constituent increases (Fig. 7 ([» .

The refined overlapping ac icula r ferrite and bainite

microstructures result in increased strength an d

toughness (Fig. 9) .

3 Discussion

According to the resul ts s ta ted above , the vari

a t ion in mechanical proper ti es of weld metal with the

reheating temperature (Figs . 2 (a) and 3 ) is similar to

that of bas e metal[9] , e. g. , with the increas e of heating

temperature, the strength increases (Fig. 2 ( a) ), an d

the highest low-temperature impact ene rgy appears

at 990 °C (Fig. 3 ). Howev er, the effe ct s of the cool

ing ra te and te m pe r ing temperature differ from the

com m on rules of tempering for pipeline steels,

e. g. , the s trength and impact toughness in crease

wi th the increase of cooling rate (Figs. 2 (b) and 3 ) ,

and with the increase of tempering temperature, the

impact tough n ess de creases (Fig. 4 ). Su ch differ

en ces a re attributed to the non-metallic oxide inclu

sions exis te d in weld m etal, which can be the nucle-

us es of the polygonal ferrite and/or acicular ferrite

(Fig. 8 ) , affecting the microstructure transforma

t ion during reheating and tem pe r ing and the fin al

mi crostructu re and mechanical properties of the bends.

At lower heating t emperature and cooling rate,

large siz es of polygonal ferrite and massive ferrite are

obtained (Figs. 5 and 7), which show low strength and

impact toughness at th e same temperature (Figs. 2-4).

With the increas e of he a ting temperature an d cooling

ra t e , the am o un t of overlapp ing acicu lar ferrite in 

crea ses. The overlapping ac icula r ferrit e nuclea ted

from non-met alli c inclusion is con sidered a key re a

son for obtaining high impact toughness and

strength[IO- Il]. With increasing the heating temperature

over 990°C , the prior a usteni te gain coarsens an d th e

am o un t of bainite increases (Fig. 5) ; consequently, the

strength increases, whereas the impact toughness de

cr eases (Figs. 2 and 4).

The variation in acicula r ferrite microstructure

of weld m e tal with th e tem pe ring te m pe ra t ure dif

fe rs from the general pipeline s tee ls , i. e., th e

strength increa ses with the increase of tempering

temperature, whereas the low-temperature impact

toughn ess decreases (Fig. 4 ). The ov erlapping acic u

lar ferrite of the weld m etal obtained after heating

and direct water cooling (Fig. 10 ( a» is considered
to hav e high impact toughness and s trength[IO- 14],

whereas the micros tructure degrades (Fig. 7) afte r

tempering, which de crease the impact tough ne ss .

Although the M IA constituents decompose to car

bide and ferrite, which improve the impact tough

ness, fine NbC and/ or VC par ticles precipitat e in ferrite

matrix (Fig. 10 (b», which increases th e strength and

decreases the impact toughness. As s how n in the CCT

Fig. 10 TEM microstructures of directly cooled sample after reheating at 990 °C and

cooling with IS °C/s (a) and the sample tempered at 550 °C/s (b)
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d iag rams , the t ransformed temperature of acic ula r

ferrit e ranges fro m approxima te ly 470 to 640°C

( Fig. 6 ) ; theref ore, the deg en era tio n deg ree of the

ac icular fe rri te in creases w ith the in cr ease of temper

ature , an d the amount and size of the NbC and/ or VC

precipitate particles increase. These facto rs res ult in de

creased impact to ugh ness. T o obtain high im pact

toughness, the opti m um reheat in g temperature is

appro xi mately 990°C and tempering s ho uld be co n

du cted at low te m perature. F or h eavy- wall X80

b ends , t he opti mum re heating pa rame ter design

should conside r the bal an ce of st re ngth and to ugh 

ness of weld and base m etal s .

4 Conclusions

( 1) D uring the man ufactur in g of h eavy- wall

X80 hot bends, the s trengt h of the w eld m et al has a

value of 555 M Pa sp eci fied in the t echnical sp ecifi ca 

t ion under pract ica l m anufacturin g process co ndi 

t ions. Wi th the increase of re heat ing temperature,

cooling rate, and tempering tem perature , the strengt h

inc reases. The impact toughness shows an ap pa ren t

rel ation to the variation in reheat in g and temperin g

temperat ures. When t he rehea t ing temperature is

990 °C an d the t emperin g is co n duc ted a t lower t em

perature, the w eld m etal ca n obtai n high impact

tough ness. Therefore , for the weld metal wit h heavy

wall X80 hot in troduction bends , opportune reheating

te mperat ure an d low te mpering temperature sho uld

be co nside red to ens ure h igh impact toughness.

( 2 ) T he overlapping acicular ferrite-like as-welded

st ate obtained afte r direct cooling fr om rehea ting te m 

perature gen era tes w eld m etal with high s t rengt h

an d toughness . T he deg eneration of the overlapping

ac icular fe rri t e during tempering decr eases strength

an d toughness. By contrast, the N bC an d VC prec ip

ita tion durin g reheating an d tempering Incr eases

strength bu t decreases to ughness.
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