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ABSTRACT

Micros t r uc t ural evolution in weld metals was in- si t u observed t hro ug h ut il izin g a la ser scanning confoca l

m icroscope at t wo cooling ra tes. The specimens w ith vario us nickel cont ent s we re ad opted for t he obs er va

tion. In t he specimen with low frac tion of Ni ( ~2 w t . % ) , granular baini te micros tructure (i. e. b road
surface rel ief) t ransform at ion fro m int rag ranular nucl eat ion site was in-si tu ob served, wh ile, la t h bain it e
mi crostruct ure origina ting from grai n bou ndary of a us t enit e w as in-sit u observed fo r specimens with high

ma ss per cen tag e of Ni ( ;;, 1 w t . %). With increasi ng nickel cont ent , t he t ra nsformat ion tem perat ur e
d ro pped . The prior auste nite g rain size was ini tiall y de pre ssed and subsequ en tl y coarsened dramat ica lly

with t he addit ion of Ni . T he microstruc t ure difference w as ascr ibed to various nucleat ion sites a nd growth

dire ction in t he matrix. On acco unt of t hose ob ser vat ion s, no t only t he chem ical com ponent , cooling ra t e
a nd microst r uc t ure we re sys tematicall y co r rel ated, b ut also t h e microstruc t ural ev olution w as defini te.

1. Introduction

Bai ni te has exhi bi te d its grea t importa nce in steel
technol ogy nowad ays fo r the sa ke of obtaini ng the
b es t bal ance be tween duct ility and strength[I,2J. In

order to incr ease ducti lity in weld metal ( WM), the
s ti mu la te d forma tion of ba in it ic m icrost ru ct ure is
one of the alte rnat ives that a re being conceive d now
adays to produc e a fin er m icr ost ru ctu rel'" , It is re 
ported that, for the bain iti c mi cros t r uctu res , t he
cleavage fr actu re resis tan ce is g reatly affected b y not
onl y prior a us teni te size but a ls o ba in it e packe t
siz e[4J. A mong the a lloying el em en ts of low ca r bo n

m artensit ic/bain it ic s teels, an inc rease in nickel
content was found to b e an effect ive way to improve
both the s trength an d the fr acture toughnessl' :' ,

S mall co lum nar crys ta ls w ere closely linked wi t h a
low er N i,q(Ni equiva len t ) ca using a peri t ec tic reac
tion as the weld m etal so lidi fied , w h ilst very large
co lumnar crysta ls were generated owing to a hi gher
N i., since the liquid metal in the weld pool could di 
rectly so lidify into a us tenite an d co n ti n uo us ly grow
af terwards [6J. In ad dition , the exis te nce of N i ca n
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ra ise T o[7J , one temperature when identica l carbon

content exists fo r b o th fer ri t e and austenite under
the condition of quasi-equi lib ri um , w hich is co n du
cive to the form a ti on of the thin retained austenite
and carbonless la th bai ni te and the reduct ion of
la rge M-A isl ands' ". So fa r , several researches on
bai ni te transformation have been re ported[9-12J ; howev

er, t ra dit ional m etall og raph ic investigat ion was em 
p loyed in mos t previous p ublications. R ega rd ing the
m icr ost ructural devel opment of low carbo n weld
m et al, various cooling ra tes w ere inv es tigated in t he
t ran s fo rma t ion process of the W M s by Korn iozo' J' ".
On one hand , a hi gh temperature laser scan ning
co nfocal m icroscope ( LSCM) was used to analyze
the m orphol ogi cal change in the cooling process ,
w hich m ad e it proba ble to o bserve the phase t rans
formation in real t imer14 J. H owever, the bain it e

m or phol ogy af ter t ransf ormat ion co uld on ly be de
tected through co nventional m e tall og raphi c inves ti
ga tio n onc e, an d the co n ti n uo us nucleat ion and
growth process of bain it e ca nno t be ac hieved. R eal 
time observ ation of bainite transfor mat ion could b e
carried out incessan tl y , si nc e uti lizi ng LSCM s ho ws
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Table 3
Phys ical pa rameters for welding processes

Table I
Chemi cal com pos it ion of Q 315 s tee l (w t. %)

Table 2

Designed con te nt of N i for fou r k ind s of m etal po wd er

core d wires (wt. %)

W M are presente d in Table 5. In genera l , the N i
co nten ts were sustained expectedly normal.

The sc hem at ic diagram of the V- typ e join t b y
multi-pass we lding is shown in Fi g. 1, and the for
m er pass is the back sea ling weldi ng. Speci m ens for
LSCM were m achined to a cy linder of 6 mm X 2 m m
(diamete r X height), also shown in Fig. 1. T o main
ta in a level surf ace, both top and bot tom su rf aces of
the spe cimens were poli shed m ech ani call y li?". The
investigat ions we re carried out through a VL2000DX
SVF17SP LSCM, as sche matically depicted in Fig. 2.
U sing a confoc al optica l system , the scanning s peed
of the photoaco us ti c element was 30 fr ames per sec-
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more advantages over convent ional methods. Only a
few p ublications on bai ni te transformat ion w ere re
lated wi th in-si t u obs erva tion m ethod ol ogy[ls'18J.
Kang et al. [ISJ r esearched bainit e nucleation and

gro w th via in-si t u transmission elec t ro n m icro scop e
obs erva tion. Zha ng et a l. [16J in vestigated bainit e

transformat ion in a O. 15 % C steel by m eans of
LSCM. Hidenori et a l. [17J s t udied the visualization

and analysis of variant gro up ing in con ti n uo us ly
coo led low-carbon s teel welds by LSCM. A ddi tio nal
ly , Kol m skog et al. [18J elucidated the phenomenon
of bain ite forma tion when the ex periment te m pe ra
t ure was below m ar ten si te start te m peratu re (M ,)
by LSCM. On the other hand, the m icro structures
in weld heat affec t ed zones ( HAZ ) w ere found to
increase pro ba bili ty of cl eav age [racture!" ; thus, it
is of necess it y to research mi cro structure features in
we ld reheated zones. M icr os t ru ctural fo rma tion of
reheated zones in WM can be su ccessfu ll y sim ulated
by LSCM expe r ime n ta l proced ures.

H owever, little a tten tio n has been pai d to the
effe ct of Ni on the m icro structural evolve men t and
m orphological dev elopment of reh eated zo nes in
WM dir ectly. In this paper , via in-si t u obs ervations
w ith the aid of LSCM, both the chemical co mposi
t ion and coo ling ra t e are co rrelated wi t h m icrost ruc
ture sys tematicall y.

2. Experimental Procedures

T he Q 345 h igh strength low allo y steels were au 
to mat ically gas m etal arc we lde d us ing a single con
sumab le w it h di verse deg rees of N i in the m etal
po wer flu x- cored wires to desi gn WM s w ith variou s
chemical com posit ions. Before we lding , base m etal
pl a tes we re cleaned . Bu t tering wel ding wa s per
for m ed in 20 mm deep V-groov e in the Q 34 5 s teel
pl ate to avoi d the dilut ion of t he WM by the base
m etal, before the deposit ion of the firs t-pass w eld
bead . U nder the identical welding co nditions , four
g roups of specimens (WI, W 2, W 3 and W 4 ) w ere
m ad e in the lab ora to ry wit h di ve rse deg rees of N i in
W M. The chemica l compositi on of Q 345 steel and
the pl anned Ni contents adde d in m etal powder we ld
wi res a re given in T ables 1 and 2, respectivel y. The
physi cal we lding processes a re lis ted in T abl e 3. The
elect r ical da ta of the we lding process a re lis ted in
T able 4. A ll of the m en ti oned assignments were car
r ied out in the A tlantic Chi na W eldin g Co ns uma
bl es, In c. , Zigong. T he ch emical compositio ns of th e

Table 4
E lectrical paramet ers o f weld ing processes

Volt ag e/ Cur rent / Dep osition rate ,
V A v/( kg' h - 1 )

Electrode feed rate /
( mm ' s - l )

Wel ding speed/
(rn rn > s - l )

Heat input,
E / ( kJ • mm - 1 )

29 210 22 - 68 25.2 26. 2

Note : 'I-Welding efficiency.
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Table 5
Chemic al composit ions of we ld metals (wt. %)

Weld samp le C Mn -i-Si S P Cr -i-Mo N i V +Cu

WI NiO 0.045 1. 89 O. 0070 0. 010 1. 56 0.0 1 0.020

W2 Ni2 0.053 1. 86 O. 0089 0.014 1. 57 1. 96 0.020

W3 Ni4 0.052 1. 88 O. 0095 0.013 1. 55 3.65 0.020

W4 Ni5 0.043 1. 85 O. 005 8 0.007 1. 54 4. 94 0.021

Fig. 1. Sche ma tic of welding pass sequence and specimen.

a ust e ru t izmg temperature of 1 350 °C a t 5 °C/s and
held iso t hermally for 4 m in . S ubseque n tl y, the spec
im en s w ere coo le d to room temperature at 5 °C/ s.
M oreov er, ano t he r test proceede d with the sa me pro 
cedur e befo re cooling p roc ess , excep t that the sp eci 
m en s were immediately coole d to 800 °C at 5 °CIs ,
foll owed by coo ling at 1 °C/s to 300°C where baini te
t ra nsfo r mat ion fini shed, and fin ally coo led to roo m
t emperature a t 5 °C/s .

He-Ne
I laser

J 350't

3. 1. In -situ observa tion of phase t ransfor ma tion

The p ri ncipl e fo r in-sit u ob serva tion of ba ini te nu
cleat ion and g ro w th is the rel ief phenomenon occur
ri ng in phase t ra nsformat ion , w hic h was fi rs t ob
se rved by Ko and Cot t rell in 1952[22J. T wo typ ica l
m orphol ogical evo lutions of bain it e t ransformation
w ere selecte d to represent all processes: less-l a t h
shaped and lath m orphol ogical evo lutio n.

(1) w (Ni ):::;;;2%: speci m en W 2 coo led a t 5 °C/s
was regarded as an exa mple for less-l ath-shaped
m orphol ogical evo lutio n. F or the speci me n coo led
below bain it e transformation s ta r t t emperature,
bain it e transf ormation oc curs alo ng the aus teni te
grain boundaries w here the cr ys ta l nuclei fo r m, as
sho w n a t si te 1 in F ig. 4 ( a) . New phase gro ws co n
tinuou sl y into the g rai n ( Fig. 4 (b), si te 2 ) w ith re
du cing te m perat ure. When the temperat ure reach es a
certain va lue ( 501. 2 °C for specimen W2), the qua n
tity of baini te transformat ion is abo ut 50 %, always
ini tia t ing fr om the grain boundary t ra nsfo r ma tion ,
as is depict ed in F ig. 4 (c ). F inally, the phase trans 
fo r ma tio n ends (Fig. 4(d)) , and Y-~a phase t rans
formation always s ta r ts from the g rai n boundary and
te rm inates in the grain across the d ura tion of the
test. I t is easy fo r grain bound ary wit h higher ene rgy
to satisfy ene rgy fl uct ua tion condit ion for phase
t ra nsfo r mat io n. Additionally, conside ra b le di sl oca
tions , lo t s of vacanc ies and ot her defect s ex ist si mul
ta neo us ly a lo ng the grai n bound ary , and th us the
di ff usi on velocity of the solute atoms is m uch fas
ter[16J. A s a resu lt, new phase is p rimarily nucleated
at grain bo und ari es and grows to the interior of grain.

( 2) w ( Ni) ~4 % : speci m en W4 cool ed a t 5 °C/s
was selecte d for la t h m orphol ogical evo lution. As is
depicted in Fig. 5(a) , th e bainitic ferrite tak es place firs t

3. Results and Discussion

Sample situat ed at focal
point of halogen lamp

~=~~~~ ..._Thenuocouplc
t: (B- type)

Scanning at 30 frame ra te by
Alumina ..- ./ aco ustic optical deflector
cruc ible _U-- - I

Fig. 2. Schematic illustration for an optical system In high
tem perature laser sca nning confoca l m icroscope.

Fig. 3. T est procedures for in-situ observations of bainite
wel d metal.

ond , an d only the fo cal poin t was detected by the
charge coupled device (CCD ) ca mera that can re
m ov e the effec ts of high temperature rad iation[21J.
T es t procedures a re shown in F ig . 3. The specimens
were heat ed to 200 °C at O. 8 °CIs , and the n hea ted to
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Fig. 4.

( a) St ar t of ph as e t ra nsformation ; (b) Cont inuous gro wth of new ph as e;
(e) About 50 % phase t ra nsformat ion; ( d) Completi on of phase t ransfo rmation.

In- situ observat ion of Y- >-a phase transformation by LSCM at 5 °C/ s of specimen W2.

a t site 1, w here an inclus ion precipit at ed in sid e the
grain. Si te 2 in F ig. 5 (b ) shows bain it e that nucle
a tes on the boundary. Moreover , the seco nda ry bai
ni ti c ferri tes a re concurrently n ucl ea ted on the broad
side/surface of the p rimary bai ni tic fer ri te, and
grow side-by-si de in Fi g. 5 ( c ) (site 3 ). By the sym 
pat het ic nucleat ion , the baini t ic ferri tes in crease
rapidly, fina lly ca usi ng impingem en t between the
ba in it ic ferri tes . T his interlocki ng pheno m eno n and
the bain it ic ferr it e im pingem en t are shown in F ig. 6
(c , d, g , h). As previo us ly describ ed, the bain it ic
ferrites ar e not on ly pa ra llel to each other ca using
im pingem en t , but develop in one dir ect ion sa m e to
pr imary bain it ic ferri te.

3.2. F ina l surface morphology

Fi g. 6 shows the final m orphology of various spec
imens at differen t coo ling rates. When w ( Ni) ~ 0 ,
fla t state can be observed after transfor mation re -

ga r dless of coo ling rate of the s pe cim en , as shown in
F ig. 6(a , e ). In addi tio n , a m in orit y of incons picuo us
s urface rel ief can be fo und w ith 2% N i con ten t ,
fr om the real-t ime re corde d video, and it is of grea t
in teres t to find that m os t of re lief phenomenon
starts a t the bound ary, where bou nd a ry energy pro
vid es more opportunity to n ucl ea te than that inside
the grain. F inally , when t he Ni con tent is above
4 % , bain it e lath m orphol ogy app ea rs. Nucleation
si tes of bain it e ca n be ca t egor ized in to two types :
one is grain boundary and incl usions a long w hich
primary bain it ic ferrite is nucleat ed, and the other is
broad si de/surface of the primary bainit ic ferrite on
w hich sympat heti c nucleat ion takes plac e[23J.

O verall, it is easy to not ice that the surface rel ief
degree of spec im ens a t t he coo ling rat e of 5 °e / s
presen ts more seriously than that of speci mens
cooled a t 1 °e / s , O n one hand , hi gher driving force
val ue was obtained for ph ase trans for mat ion owing to
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Fig. 5.

( a) Start of phase t ransfo rm at ion ; ( b) Various nucl eat ion sit es of new phase;
(e) A bou t 50 % phase t ra nsforma t ion ; (d) Completion of ph ase trans fo rmation.

In- situ obse rva t ion of Y->-a ph ase t rans formation by LSCM at 5 °Cl s of specime n W1.

(a) W I , 5°C/ s ; (b) W2 , 5 °C/ s ; (e) W3 , 5°C/ s ; (d) W1 , 5°C/ s ; (e) W I , 1 'Cis;
(f) W 2 , 1 'Ci s ; (g) W 3 , 1 'Ci s ; (h) W1 , 1 'Cis.

Fig. 6. In-situ obse rva tion of final morpho logy on surface of specimens when cooling at different rat es.
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extending deg ree of supercooling caused by fas ter
coo ling. In addi tion, as the coo ling rate ex tends, the
supercooling degree increases but the ato mic diffu 
sion veloci ty decr eases, w hic h red uc es the sta rt tem 
perat ure and s tar t t im e of the phase transformat ion,
as is shown in F ig. 6. O n the other hand, preferred
nucleat ion si tes for precipit ated ca r bides can be a t 
tributed to the undissol ved a lloying element enriche d
precipit at es[24.25] . Furthermore, alloying elem en ts

carbonitrides a re m uc h easier to precipi ta te a long the
grain boundary a t a low er coo ling ra te , and the ca r 
bonitrid es pr eci pi tate in the g rai n w ith the inc rease
of coo ling rat e[26] , which makes a hu ge a moun t of sur

fac e rel ief occ ur.

3. 3 . A nalysis of m icrost ru ctu re

F ig. 7 shows the m icrost ructures of the fo ur sp eci 
m ens WI - W 4, w ith va r ying Ni con tents , after th ey

(a ) wi , 5 °C/ s; (b) W2 , 5°C/s; ( e) W3 , 5 °C/s; (d) W1 , 5°C/s; (e) wi , l °C/ s ;
(f) W 2 , l °C/ s ; (g) W 3 , l °C/s ; (h) W1 , l °C/ s.

Fig. 7. Fin al mi cro structure of spec ime ns cooled at different rat es.

expe r ienced vario us heat cycles .
V arious kinds of m icrostructures a re m ainly de

termin ed by co m posi tio n and coo ling rat e. As the
coo ling rat e inc reases , the m icr ostructures become
we ll ref ined (Fig. 7 ) . The hi gher coo ling rate decrea
ses baini te transfor mation start te m peratu re , a t the
beginning of which a few nucleat ion si tes can be
found and produc t phase g rows rathe r slowly [27] .

H ow ever, the s upe rcooling degree in cr eases owing
to this h igher coo ling rate. Subsequen tly, both the
drivin g force of phase t ra nsfo r mat io n and the nuclea
t ion rat e increase. Therefore, the m icrostructures
after phase transfor m at ion are refine d cons ta n tl y. A t
the coo ling rate of 1 eC/ s , fer rite nex t to the g rai n
boundary can be obs erved , and t he ferri te width be
comes la rger ( F igs. 6 ( e ) and 7 ( e ) ) wit h the de
crease of coo ling rat e. And th e width rises fro m about
2. 5 f-Lm at 5 eC/ s to 10 f-Lm at 1 eC/ s.

A t 5 eC/ s , bainite microstructure is observed,
which is a mi xt ure of ferri te m at rix and m artensite
austenite consti tuent (Fig. 7 ( c , d ) ). Proeutectoid re
action and the eute ctoid transformation w er e s up 
press ed owi ng to a higher coo ling rat e. Displacive
transform at ion produces bai ni te[28] . Bainiti c fer rite

nucleu s fo r m eas ily on t he aus teni te g rai n bounda
r ies, and then bain it ic ferri t es develop in a ro w alo ng
the habi t plane in the grain. During developmen t ,

carbon ato ms red istribut ion emerge s thou gh a to ms
of a lloying elem en ts w ere incapa ble of being r ed is
tri b uted[29] . Be tween the bainiti c ferri tes , ca rb ides

form wit h the g row th of the ferri te ba rs. Specifi cal
ly, hi gh content of Ni m akes the mi cros t r uct ure
change from gran ula r bainite , to mixed bai niti c fer
rite pl us granu lar bainite , and to a mi xed la th baini t
ic ferrite further wit h the in cr ease in coo ling ra te. In
Fig. 7 ( c , d ) , the pol yg on al ferri te cannot be formed
even a t the lower coo lin g rate a t the higher content
of N i ( ;;::4 wt. % ) , wh ich m ay m ainly in clude an in
creasing content of N i , the co njunct addi tion of ot h 
er alloying el em en t s ( such as Nb , Cr and M n , etc. )
in to the WM, and the synergisti c effect am ong these
alloying el em en ts con t ri buti ng to bain it e t ransforma
t ion [30]. In addit ion , the kine ti cs of transfor m at ion

as w ell as the m orphology of m icro st ructure hav e
been in fluenc ed by aus t eni te g rai n size. F or ins ta nce ,
the transformation temperature can be improved for
larger aus teni te grains co mpared w ith smaller
ones[31] . M oreover, lon g and wi de baini ti c she aves

fo r m ed si nc e enough space can be off ered by larger
aus ten ite grains (Fig. 6 (d, h)) , and this ac ts as an
esse n t ial fact or to m ake the final grain size of m icro 
s t r uct ures coarsen.

In concl usion , at lo wer level s of Ni ( :(;2 wr . % ) ,
the type of mi cros t r ucture hardl y depends on the Ni
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3. 5 . Original au st enite gra in si ze

A s demonstrated in R ef. [ 32 ] , larger austenite
grains finally lead to longer bainite sheaves . General 
ly, the smaller austenite g ra ins result in more grain
boundaries, which impose more restrictions on the
growth of bainite she ave s. On account of controlling
the amount of nucleation sites and growth rate, the
morphological characteristics of bainite w ere signifi 
cantly influenced by the austenite grain siz e. For nu
cleation, the grain boundary area decreases wi th in
creasing aus ten ite grain size, cau sing fewer nuclea
t ion sites[33]. Furthermore, both nuclea tion is slo

w er and the final bainitic ferrite len gth is larger in
the specimens with coarser austenite grains than
those in the specimens with fin er austenite grains.
During growth, both the width and the len gth of
bainitic ferrit e are larger in t he specimens wi th coa r
ser austeni te g rains tha n in the specimens with finer
ones. Once impinging on the grain boundary , the
growing bainite sheaves are restrain ed because the
bainite sheaves could not traverse grain boundary.
Fig. 9 shows the morphology of corresponding sp eci 
m ens during isothermal holding at 1 350 eC for 240 s .
In this study, grain siz e was calculated by the av er
ag e value between the macroaxis and brachyaxis of
itself, which w as reg arded to be sphe r ica l or sphe 
roidal. In addition, Fig. 10 shows the variation of
avera ge grain size obtained by more than 40 meas
urements per specimen, whilst during the weld
process, the grain grew irregularly for being une
venly he a ted, and thus the ave ra ge grain size can not
represent the vari a tion en tirel y. Anal ysis on posi
tively skewed distribution of da ta has been utilized to
avoid the m en tioned deficiency, as shown in Fig. 11.
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content but a t which cooling rate the specimens were
em ploye d ; on the contrary, when Ni content arrives
at a high level ( ~4 w t . % ) , lath bainite dominates
the majority of microstructure at any cooling rate.

Fig. 8. Vari at ion of H" H r and H, - H r of speci me ns with
various N i contents.

3. 4 . Tran s/ormation tern perature

As is illustrat ed in R ef. [ 32 ] , the start and end
temperatures of the phase transformation can be
m easured under various cooling rates in the LSCM
expe r imen t s. As aforementioned, the higher cooling
rate helps to de crease the start tem pera t ure of phase
transformation but m akes supercooling degree en
larged, which means that the gap value B ,-B r be
tween start temperature B , and finishing tempera 
ture B r of bainite transformation at 5 eC/ s is lower
than that at 5 eCI s (Fig. 8 ) . During phase transfor
mation, the driving force rises, the critical nuclea 
t ion en ergy falls, and the nuclea tion rate increases,
a ll of which lead to urgent com plet ion of bainite
transformation. From a different perspective, with
the increment of Ni content, the value of B " B rand
B , - B f decreas es respectively.

soo

Fig. 9.

(a) W I , 5°C/ s ; ( b ) W2 , 5 °C/s; ( e) W3 , 5°C/ s ; (d) W1 , 5 °C/ s ;
( e ) WI , I °C/ s ; ( {) W2 , I °C/s ; ( g ) W3 , I °C/ s ; ( h) W1 , I °C/s.

In- situ obser vati on of morpholog y during isothermal holding at 1 350 °C for 210 s when cooling at diff er ent rates .
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V ariat ion of aver age g rain s ize wit h va r io us N i eo n-

ISO •
I t is easy to find that mos t grain s of s pecimen W 3
are co m monly s maller than ot her s regardless of the
cooling rate of the specim en. Bes ides , the g rain size
presents a trend of reduct ion with the increment of
Ni content, while the phenomenon disappears under
the condition of 5 % Ni, The m entioned r esults are
tremendously consi stent with the con cl usions in
R ef. [ 6 ]. According to the Schaef t ier diagram, the
nickel eq uiva le n t ( Ni,q= 30w ( C) + w ( Ni) + 0.5 X
w ( M n ) [34J ) w as adop ted in accordance with the equi

librium phase di agram. Specific Ni ,q values of the re
sea rched WMs in this expe r im en t a re listed in T able
6 , rev eal in g that the Ni ,q of s pecim en W 4 is bey ond
the m axim um ni ckel con tent ( 6. 2 % ) , leading to the
columnar crystal g ro w t h caused by peritectic reac 
ti on. The liquid met al in specime n W4 weld pool m ay

542 :3
Ni eontentJ%

o
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=
~
"':;'
'§

100o

Fig. 10.
tent s.
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Fig . 11. Stat istics of va r ia t ion t re nd of averag e g ra in size.

4. Conclusio ns

( 1) The final sur face morphologies of various speer-

be solidified directl y to austenite without peri tectic reac

tion or ()-~y transformat ion, making fin al co lumnar

Y crysta ls grow ex tensivel y. A s previ ous ly de
s cribed, s mall columnar cr ystals w ere closely rele
vant with Ni ., between 3. 4 % an d 6. 2 % becaus e thi s

N i., co uld ca use a peritectic reaction as the w eld m el t
solidi fied. Howev er, large co lumnar cr ys tals would
b e ge ne rated by a h igher N i., owing to direct so lidifi
ca tio n in to a us teni te an d s u bseq uen tl y continuous

growth of the liquid w eld. When N i., is lower than
3. 4 %, a si mple L-~ ()- ferri t e pro cess of so lidi fica t io n

w ould oc cur a nd in stant co lu m na r cr ystal s would
form. The ultimate mi crostructure and the m echani 
ca l proper t ies of the WMs will be conseq uen tly in

fluenced by the varying columnar cr ys tal si zes .

Table 6

N i equiva lent for d iff er ent s pecimens
m en s are ; fla t state m erely without Ni , a mi nority of in
conspicuous surface re lief ( w ( Ni) ~ 2%), and distinct
bainite relief (w (Ni ) ~4 % ) , which is in accordance
with their mi crostructure-ferrit e an d g ran ula r bain
it e ( w(Ni)~2 %), a nd lath bainit e (w(Ni)~4 %) .

(2) With lower content of Ni ( w( Ni) ~2 %), t he

type of m icrostructure hardly depends on the Ni co n
tent but the cooling rate that w as em plo ye d for the
specimens; on the contrary , when N i content a r rives
at a h igher level (w( Ni)~4 %), lath bainite dominat es
the majority of microstru ctu re at any cooling rate.

( 3) W ith the increm en t of Ni content , the value of

B " B , and B , - B , decreases resp ectively. The three
values ob tained thro ugh cooling a t 5 °C / s a re lower
than t hose at 1 °C / s fo r the higher coolin g velocit y
in creases the s upercoolin g degree and pro vides e

nough driv in g force for phase transformation. The o
r iginal a us t eni t e g rain s ize is in it ially depres sed and
s ubseq uen tl y coarsen ed dramatica ll y with the addi
ti on of N i co n ten t .

( 4) In real w eldin g pro cess , Ni added into met al
powder cor ed wires sho uld be controlled nearly at the

level of 4 w t. % to ob tain finer prior austenite grain.
Based on the level of Ni , the cooling ra te of 5 °C / s is

7

W1W 3

5, 9

W2

1, 6

Wi

2.2

Specimen
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prefer red to refine g rain and ob tain more bainite for
reheated zones to imp rove mechanical properties of WM.
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