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ABSTRACT

Kinetic approach to tha/gphase transformation phenoméaégphase fraction) in the heat affected zone
(HAZ) and weld metal (WM) of multipass welds was made using duplex stainless steels (lean, standard
and super duplex stainless steels). The kinetic equations including rate constants of the dissolution
behaviour a well as precipitation behaviour gphase were determined by isothermal heat treatment test.
Based on the kinetic equations determined, the distribution @fpghease fraction in multipass welds of
duplex stainless steels was calculated applying ttreimmental method combined with the heat conduction
analysis during welding. The depleted zong phase was formed adjacenttbe fusion line in the base

metal HAZs and the reheated WMsdowever, theg phase fraction in the depleted zone was increased
(recoveredpy the subsequent weld passes. Accordinglyatgphase balance has been complexly varied

in multipass welds, anthe profile ofthe g phase fraction waarranged in laminaan the WMroughly

along the fusion linesFurthermore, thgphase fration in multipass weld of standard DSS was slightly
lower than those of lean and super DSSs. The-premipitated zone, where tlggohase fraction slightly
exceeded the base metal level, was not observed in the low temperature HAZ of standard DSS weld,
whereas it was observed in other weldicrostructural observation revealed that the calculated results

of thegphase fraction in multipass welds were consistent with experimental ones. It follows @t the
phase transformation in duplex stainless steel welds could be successfully predicted by the present
approach.

INTRODUCTION

Duplex stainless steels (DSSs) have been widely applied in various industrial fields such as
chemical, energy, food, pharmacy andrima plants. DSSs indicate the dual phase
microstructure consisting of the balanced austergtiar{d ferritic &) phases, and possess

the superior properties such as high strength and toughness, high corrosion resistance and
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good weldability. However, ding fusion welding (especially multipass welding), DSSs
undergo the complex microstructural change and phase transformation affectalg the
phase balance due to a series of thermal cycléd§ [Mhe microstructure of the weld metal
(WM) is quite differat from that of the base metak., solidified as the singlphasea (F
mode) and precipitated the Widmanstatgs]. On the other hand, in the heat affected
zone (HAZ), theg phase fraction is reduced (tlagg phase balance deviates from the
adequateatio), and Gicarbides and nitrides and/or intermetallic compounds suslaad

¢ phases would be easily precipitated in ghghasedepleted HAZ [69]. As a result, the
mechanical and corrosion properties of welds would be seriously deterioratethwsfol
that prediction and control of tladg phase transformation in DSS welds are required. There
are a number of studies concerningaligphase transformation phenomena in DSS welds
[5,10-14], while only a few studies have been conducted for investig#te kinetics of
thea/gphase transformation. According to the previous reports, the kinetics of formation
(precipitation) ofg phase in the HAZ of DSS welds was followed by the AuRlickett

type equation [15,16], and tlggohase fraction in the DSSMWwas successfully predicted

in the cooling thermal cycle with various cooling rates [17]. However, these investigations
dealt with only the precipitation phenomengphase in the HAZ under the limited thermal
cycles. In particular, tha/gphase transformation in multipass welds.(multiple thermal
cycle) has not been clarified yet. In addition, the dissolution apckpitation behaviours

of g phase during thermal cycle were not investigated at all. In the HAZ of DSS welds,
phasehas been dissolved once at the higher temperature in weld thermal cycle, and then
precipitated again (rprecipitated) during cooling. In order to predict tag phase
transformation in welds, especially multipass welds, it is necessary to clarify #igkin

of dissolution and precipitation aj phase separately. Furthermore, the precipitation
kinetics ofgphase in the WM would differ from that in the HAZ (base metal), beaquse
phase comes to precipitate in the solidified (solidificaegregated)a structure
originated from the F mode solidification.

In the previous studies [18,19], the authors have investigated the kinetifgppifase
transformation (dissolution and precipitation behaviourg plase) in the HAZ of DSS
welds (lean, standard andper DSSs), and ttggphase fraction in the HA#f single pass
melt-run welds was numerically calculated and compared between the types of steel and/or
welding techniques. As a result, the dissolution as well as precipitation behagphase
was folloved by the AustirRickett type equation, and the rate constants of them involving
the temperature dependency were determined for various DSSs. From the fact that the
calculated results of thgphase fraction in the HAZ of gas tungsten arc (GTA) and laser
beam (LB) meklrun welds were approximately consistent with experimental ones, the
authors have concluded that #ug phase transformation in the HAZ of DSS welds could
be successfully predicted by the numerical computation. However,athphase
transfomation behaviour in the DSS WM has never been predicted in the previous study.

In the multipass welding, the WM as well as HAZ is reheated numerous times by the
subsequent weld passes, as a result, the dissolution and/or precipitajiphasie will
alternate in welds. Furthermore, the dissolution and precipitation kinetggtafse would
differ between in the multipass WM and HAZ (base metal) as pointed out above. Because
of such very complicate phase transformation behaviours during multiple themtel c
thea/gphase transformation in multipass DSS welds is hard to predict quantitatively.
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In the present study, the kinetic approach was made ta/thphase transformation
phenomena in the multipass welds of DSSs. Both of the dissolution and ptiecipita
behaviours o§phase were kinetically investigated for the reheated WM as well as the base
metal HAZ, and thgphase fraction in multipass welds of DSSs masericallycalculated
by coupling with the heat conduction analysis during multipass veeldiimally, the
predicted results of/g phase transformation in multipass welds were verified by the
experimental examination.

MATERIALS AND EXPERIMENTAL PROCEDURES

MATERIALS

Three types of DSSs, lean, standard and super DSSs, were used for the base metal. Table 1
shows the chemical compositions of the base metals used in this study. A standard and
super DSSs are comparable to type 329J3L and 327L1 steels, respectively. AWESBS
heattreated at 1323 Kx5 min after hot rollinghe autogenous filler metals (diameter, 1.2

mm) were used fagas tungsten arc welding (GTAW). The chemical compositions of filler
metals are shown in Table 2. The filler metal compositions for leg® W&ding were

identical to the base metal compositions (because manufactured from the base metal plate).
The g phase fraction of aceived base metals of DSSs was approx6®@. The
dimensions of DSS plates were 50 mm x 70 mm x 4(fomsingle pass git-run welding)

and 80 mm x 100 mm x 12 niffor multipass welding).

Table 1 Chemical compositions of duplex stainless steels used (mass%o)

Steel C Si Mn P S Ni Cr Mo Cu N Fe
Lean DSS 0.014 0.35 149 0.024 0.0004 3.06 20.85 0.30 0.09 0.177 Bal.
Standard DSS 0.008 0.56 1.82 0.025 0.0002 5.75 2255 3.08 0.16 0.161 Bal.
Super DSS 0.009 0.31 0.51 0.024 0.0009 6.56 25.11 3.72 0.21 0.259 Bal.

Table 2 Chemical compositions diller metalsused (mass%)

Steel C Si Mn P S Ni Cr Mo Cu N Fe
Lean DSS 0.014 0.35 149 0.024 0.0004 3.06 20.85 0.30 0.09 0.177 Bal.
Standard DSS 0.012 0.56 1.81 0.024 0.0005 572 2246 3.07 0.17 0.169 Bal.
Super DSS 0.013 0.31 0.48 0.025 0.0005 6.83 24.98 4.03 0.20 0.265 Bal.

EXPERIMENTAL PROCEDURES
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In order to manufacture the WM of DSS, single pass-mallGTAW was carried out using
a DSS plate under the welding conditions of arc current, 90 A; arc valtége,welding
speed, 6 cm/min; shielding gas, Ar+2%{low rate, 15 L/min). The full weld metal
specimen for isothermal heat treatment was machined from theuneitelded plate. The
dimensions of specimen were 3 mm x 8 mm x 1.5.rm the other handhe base metal
specimen for isothermal heat treatment was directly machined froastheeivedplate.
The dimensions of specimen were 3 mm x 3 mm x 4 mm

The isothermal heat treatment of DDS specimen was conducted in the Ar atmosphere
using a high frequency induction heating apparatus. Theties@itnent conditions
including thermal cycle patterns are summarised in TahEfferent kinds of isothermal
heda treatment were conducted for the kinetic investigation of the dissolution and
precipitation phenomends for the base metal specimehe solution treatment at 1373

Table 3 Conditions of isothermal heat treatment

Heattreatment Thermal cycle Conditions
Heatingtemp., 7’| 1373-1633K
Solution E‘
treatment <
Holdingtime, ¢ 0-3000s
Base metal Time
(Base metal HAZ)
1653K~40s
ﬂ Heatingtemp., T'| 1073-1423K
Precipitation | £ 7 =
treatment < MR: wa
100K/s -
Holdingtime, ¢ 0-3000s
Time
[1653K=40s
r 1 Heatingtemp., 7| 1473-1623K
. 1273-1323K
Solution g |[|rogees
treatment | 2 /-\ s |wa
Holdingtime, ¢ 0-30s
Time
Weld metal
(Reheated WM)
1653K:40s
ﬂ Heatingtemp., 7| 1123-1423K
Precipitation g' r ==
treatment e HR: wa
100K/s -
Holdingtime, ¢ 0-1000s
Time

1633 K for 62000 s was performed to investigate the dissolution behavigyphafse, ad
the precipitation treatment at 161823 K for 3000 s subsequent to thesinglephasing
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treatment (solution treatment) at 1653 K for 40 s was performed to investigate the
precipitation behaviour aj phase in the singlphasea structure As for theweld metal
specimen, the solution treatment at 14823 K for 62000 s was performed subsequent

to thea singlephasing treatment at1653 K for 40 s and theppegipitation treatment at
12731323 K for 106300 s (aimed to the initial amount gfphase bing uniformed at
approx. 50%), and the precipitation treatment at 11423 K for 61000 s was performed
subsequent to thee singlephasing treatment (solution treatment) at 1653 K for 40 s.

The multipass GTAW was carried out for investigation of the esicucture and/g
phase fractiorin welds. The GTAW conditions were as follows: arc current, 160 A; arc
voltage, 12 V; welding speed, 12 cm/nfinot pass) arc current, 220 A; arc voltage, 12
V; welding speed, 15 cm/mijether passesghielding gasir+2%N. (flow rate, 15 L/min);
interpass temp., 373 K;-groove (angle, 50°; root face, 1 mm).

The microstructure of specimens was observed by an optical microscope (OM) and
scanning electron microscope (SEM) after electrolytic etching with a 28@H+
methanol solution at 25 V for 40 s. The amountgophase (they phase fraction) in
specimens was measured as the area fractigplodise in metallographic structure using
the electron back scatter diffraction analysis (EBSD) with OIM crystallography seftwa

DISSOLUTION BEHAVIOUR OF AUSTENITIC PHAE

DISSOLUTION KINETICSIN BASE METAL HEAT AFFECTED ZONE

The change in microstructure of DSSs during the solution treatment was investigated. Fig.1
shows an example of microstructural change (phase mapping by EBSD analysis) in super
DSS with the solution treatment condition. The red regions indicgfghase, geen ones
aa phase and yellow onesghase in the microstructure. A typical microstructure of DSS
could be observed in all specimens, namely ghase was aligned alorthe rolling
direction. The amount ofj phase decreased with an increase in the heating temperature.
Very fews phase was formed in the present conditions. It has been confirmed that similar
dissolution behaviour was observed in lean and standard DSSs. The area fragituasef
in the phasenap was measured for all steels with varying the heat treatment condition.

In theprevious report [18,19], the authors have been reportethéharecipitation ofj
in steels is followed by the AustRickett type equation as given by eq.(1) or (2) [1B,16

Y ()
Ly &)
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Super DSS HAZ (Dissolution) [l Austenite [[I]: Ferrite [ |: o phase

1373Kx1s 1473Kx1s 1573Kx1s 1623Kx1s

Fig. 1 Change in microstructure of super DSS with solutieatment

Y - +
Ly nlogt +nlogk 2)
wherey is the fraction transforntek is the kinetic constant,is the time and is the time
exponent. Then, applicability of the Austickett type equation to dissolution phenomena
of gphase was evaluated. Fig.2 shows the AtRtikett plot of dissolution behaviour gf
phase in lean, standard and super DSSs (betal HAZsS). There were good linear
relationships in the AustiRickett plot, and gradients of lines were almost identical
independent of the heating temperatlihe timeexponers, n of lean, standard and super
DSSs were determined as 0.49, 0.64 and,Oc@spectively.Consequently, it can be
concluded that dissolution kinetics @phase in all base metal HAZs of DSSs is foka
by the AustinRickett type equation.

It has been welknown that the kinetic constak(;T) can be generally expressed by the
Arrhenius type equation as given by eq.(3);

_ a Qg
K(T)=kepge £ro (3

wherekg is the frequency factof is the activation energy, is the absolute temperature
andR is the gas constant. The Arrhenius plots of dissolution ratgbfse in DSSs are
shown in Fig.3. There were good linear relationships betwekrahd 17 for all steels.
Therefore, lhe temperature dependency of dissolution ratg phase in DSSs could be
obtained in the present study as follows;

log
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Fig. 2 Austin-Rickett plos of dissolution behaviour ajphase in base metal HAZs

Lean DSS HAZ:

In (yA1-y) In (y/1-y)

In (y/1-y)

A d M A O 4N W s

Dissolution of y Z
Lean DSS (HAZ)

Holding temp.
® 1613K
1573K
A 1523K

0.4942

Dissolution of y
Standard DSS (HAZ)

Holding temp.
® 1573K
1523K
4 0.6358 A4 1473K

Dissolution of y
Super DSS (HAZ)

Holding temp.
e 1623K
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0.7148 A 1473K
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Fia. 3 Arrheniusplots of dissolutionratesof aphase in base metal HAZs
Standard DSS HAZ:

(n)=epg S 125 ®

SupeDSS HAZ:

a-3.263 10* 0
k(T)= expeaf +18.4c-) (6)

DISSOLUTION KINETICSIN REHEATED WELD METAL

As described in INTRODUCTION, the WMs of DSSs are generally solidified as the F
mode, and gphase comes to precipitate in the solidiffestructure during cooling. Then,
precipitation kinetics ofy phase was also investigated in the WM (reheated WM). Fig.4
shows the AustiRickett plot of dissolution behaviour gfphase in the WMs of lean,
standard and super DSSs. There were good linkdioreships in the AustiRickett plot
for all WMs. The time exponents,of the WMs of lean, standard and super DSSs were
determined as 0.20, 0.36 and 0.35, respectively. It follows that precipitation kinetics of
gphase in the reheated WM is also follan®y the AustirRickett type equation.

The Arrhenius plots of dissolution rategyphase in the DSS WMs are shown in Fig.5.
The temperature dependency of dissolution ragptfase in the reheated WMs of DSSs
could be obtained in the present studjodisws;

Lean DSS WM:

a-4.813 10° 0
k(T):expeef+27.8Q @)
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Standard DSS WM:

Fig. 4 Austin-Rickett plos of dissolution behaviour ajphase inVMs
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Fig. 5 Arrheniusplots of dissolutionratesof gphase inWMs

COMPARISON OF DISSOLUION RATE BETWEEN HRAT AFFECTED ZONE ANDWELD METAL

The dissolution ratesf gphasén the base metal HAZ and reheated WM were compared.
Fig.6 shows the temperature dependency of dissolution rate in the HAZ and WM of DSSs.
The dissolution of phase was enhanced at the higher temperature range in anyjtease.
dissolution rates in the WNMf standard and super DSSs were comparable to those in the
HAZ, while the dissolution rate in the WM of lean DSS was miedhuced tahat in the

HAZ. The reason why the dissolution rate of lean DSS differed between in the HAZ and
WM has not been clarifiedh the present study, and therefore, the further detailed
investigation would be required. In addition, the dissolution rate in the HAZ decreased in
the order of lean>standard>super D38s,the dissolution ofjphase in the lean DSS HAZ
proceeded ragly compared with the standard and super DSS HAZs.

102

10" |
100 |

10-1 3

Dissolution rate (/s)

102}
. : Lean DSS (HAZ)
10° _/—’ ===~ :Lean DSS (WM)
2 — : Standard DSS (HAZ)
= === : Standard DSS (WM)
10} —— : Super DSS (HAZ)

10°% . . .
1373 1473 1573 1673 1773
Temperature (K)

Fig. 6 Comparisorof dissolutionrates in HAZ and WM
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PRECIPITATIONBEHAVIOUR OF AUSTENTTIC PHASE

PRECIPITATION KINETICS IN BASE METAL HEATAFFECTED ZONE

The change in microstructure of DSSs during the precipitation treatment was investigated.
Fig.7 shows an example of microstructural change (phase mapping by EBSD analysis) in
super DSS with the precipitation treatment conditiorg phase was precipitateuwt only

at the grain boundaries (GBd)i{dmanstattedike) but also in the grains &, and the
amount of g phase increased with an increase in the heating temperature. Similar
precipitation behaviour has been observed in lean and standard DSSs.

Theseveral researchers have been reported that precipitation kinagighasfe in DSS
welds was followed by the AustiRickett type equation [1%9], and therefore,
applicability of the AustirRickett type equation to the present precipitation phenomena
was verified. Fig.8 shows the AustRickett plots of precipitation behaxir ofgphase in
lean, standard and super DSSs. There were good linear relationships in theRfakstin
plot, and gradients of the lines were almost identical for all steels. The time expoagnts
lean, standard and super DSSs were determined asl0l®&and 0.53, respectively. It
follows that precipitation kinetics @fphase in the base metal HAZ is also followed by the
Austin-Rickett type equation.

Super DSS HAZ (Precipitation) [Jll: Austenite [[I]: Ferrite [ |: o phase

60pm

60pm

—

60pm y

1073Kx0.1s 1173Kx0.1s 1273Kx0.1s 1373Kx0.1s

Fig. 7 Change in microstructure of super DSS with precipitation treatment
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According to Fig.8, the precipitation giphase in standard and super DSSs was fastest
at the heating temperature around 1273 K, while that in lean DSS around T8 fsict
that he precipitation ofg phasein DSSsbecomes fastesit the certain interediate
temperature i, possesses a fthe desnpedajure dependescy df h a t
precipitation rate would not followed by the simplerhenius type equation as indicated
by eq.(3). Therefore, the temperature dependency of precipitation pha® in DSSs,
which indicates a @€urved diagram with a nose, was theoretically discussed. Assuming
that precipitation ofyphase is controlled by the noamiform nucleation in aa grain and
at thea-GB, and grows inward aa grain, the noruniform nucleatia ratel can be

expressed by eq.(1(90];

4
Precipitation of y
2 L Lean DSS (HAZ)
B o
"-:3 0 0.8165
= Holding temp.
2t ®1273K = 1223K
AM73K  +1123K
o 0 1073K
8
Precipitation of y
4 Standard DSS (HAZ)
B
g 0
= Holding temp.
-4 ® 1423K ® 1323K
4 1273K « 1173K
o 1123K o 1073K
4
3 Precipitation of y
2 | Super DSS (HAZ)
fl; 1
3-'5 0
e - Holding temp.
-2 ® 1373K = 1273K
~~] 4 1223K + 173K
3 05329 o 1123K O 1073K
_4 A A A A

-2 0 2 4 6 8 10
Int(s)

Fig. 8 Austin-Rickett plos of precipitationbehaviour ofgphase in base metal HAZs
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ads”’ & DG +DG,8

| = nma:o exp @ — @& 0 (20)
wheren is the frequency factanis the number of atoms per unit volurdes the effective
GB thicknessL is the grain diametey,is the dimensionality of sitd)G" is the minimum
free energy required to form a nucleus, B is the free energy of activation for a nucleus
to continue to grow. Terms in eq.(10) which have temperature dependernoylasnd
DG’. However, the variation ahis negligible compared witthe temperature dependency
of exponential term, antl is regarded as constant because the starting spedsna
solution treated specimen at 1653 K for 60 s. Consequently, temperature dependent term in
eq(10) is onlyDG", and can be expressed by eq.ftdin the SphericaCap model [21];

_16ps?,
Poa £(g) (11)

where G\,a_ . is the volume free energy change frarto gphasegis the wetting angle of

gphase at tha-GB, and is expressed by the following relationships;

I:]_|a/g(-|-E - T)
= 12
G, = (12)
S -S
COSQzM (13)
alg
2- 3c0sg + cos’
f(g) == (14)

where Tg is the starting temperature of precipitationggbhase @ solvus),DHaq is the
change in enthalpy frora to g phase aflg, Vi is the molar volumes a/a andsajq are the
interfacial energies betweenanda phasesa andg phases, respectively. Assuming that
Sa/a @andsayg are independent on temperatud&’ in eq.(10) is inversely proportional to
the square of degree of underdnglfrom the starting temperature of precipitationgof
phase, Te-T)?, and expressed by;

. B

(TE - T)Z

whereB" is an arbitrary coefficient. Consequently, the sumiform nucleation raté in
€(.(10) can be expressieg

(15)

A~

a maﬁ g ? - B* u

| =A expge —2o@XPI —— =31

€ RO IRT(T.-TYy

Assuming that the progress in transformation fieoto g phase is controlled by the non
uniform nucleation, the temperature dependency of rate cogBrtan be also given by;
& DG,d ¢ -B a
K(M)=A exp @xp | ———51
€ RTETRT(T- T

whereA' is an arbitrary coefficient. Fig.9 schematically shows the temperature dependency

of the rate constaii(T) expressed by eq.(17). The rate constant approaches asymptotically
to two types of Arrhenius equation in the temperature ranges below/above a nose.

(16)

(17)
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On the other hand, from the fact thajghase in DSS welds grows as the Widmanstétten
structure froma-GBs into grains, the precipitation amountgphase depends on both
nucleation and growth. Namely, the fraction transforjmddpends on the nucleatioate,
diffusion speed and time, and dissolving a diffusion equation assuming the local
equilibrium at thea/ginterface, the rate constak(T) can be approximately expressed by
eq.(1) [22];

Te

Temperature

Rate constant

Fig. 9 Temperaturelependency of rate constant

16V2 _,,8C, - C.0
K(T)=- ——pD** N¢) 18
(M= 15 g%:g c.¢ (18)
whereD is the diffusion constant (of N or Niza andCgy are the solute concentrations (N
or Ni) ina andgphases, respectivelge is the equilibrium concentration of solute element
(N or Ni) ina phase at tha/ginterface.The diffusion constant can be given by;

a DG o 19

Approximately assuming that., Cy andCe are mdependent of the temperature and the
amount ofg phase i(e., negligible small compared to the temperature dependency of
exponentiaterm), eq.(8) can be transformed to;

4 DG,5 DG, -B 0
K(T)=A expge RT° cexpge °cexp|7u (20)
y

RT ~ i RT(TE T)
whereA” is an arbitrary coefficient. EQQ) can be transformed to;
4 5DG,d ¢ -B a

K(T)=A"ex SE@XPT ——— 21
M= pee aRT &P RT (T - TY 0
Eq.(21) can be simplified by e®®) using threemdetermined coefficients, B andC;
aBo C 0
K Aex @x — 22
(1= Aexbeger i RT(T.- T)’§ @3

14
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Based on the experimental results (Fig.8), thteefficients (A, B and C) were
determined by a regression analysie €an be calculated by the phase computation
software, ThermaCalc, Database: TCFEG6). Fig.10 shows the temperature dependency of
the precipitation rate constants @iphase in DSSs (regressi analysis results of rate
constants), and summarises the tlu@efficients and’e determinedThe precipitation rate
of gphase in DSSs decreased in the oodestandard>super>lean DSSe temperature
dependency of precipitai rate ofgphase in base metal HAZs of DSSs, which indicates a
C-curved diagram with a nose, could be obtained in the present study.

PRECIPITATION KINETICS IN REHEATED WELD METALS
The change in microstructure of the WMs of DSSs during the precipitation treatment was

investigated. Fig.11 shows the microstructural change (phase mapping by EBSD analysis)
in the WMs of lean, standard and super DSSs with the precipitation treatmemtibooddi

1400 1500
1350 A = 3.957x107 1450 ° Standard DSS (HAZ)
— 1300 B =-1.077x10° g 1400 |
3 . ° C =-4.267x10° @ 1360 | "TS=eeeeo | P
© 1250 F S~en___ - Te=1596 SM10f 0 TTTTEmsseeal »
21200 ] 0000 TTTeeeee—ell » IRl R L Lt
gmsof L emememeT g 1200 ey A=6.727x102
——- -
£ j100 b _oem==m""" - g 150 | B =-7.819x10¢
2 -~"e 1100 B C=-1.160x10°
1050 Lean DSS (HAZ) 1050 Te=1598
1000 . . . . 1000 . . . . "
0 0.02 0.04 0.06 0.08 0.1 0 0.05 0.1 0.15 0.2 0.25 0.3
Precipitation rate constant, K (/s) Precipitation rate constant, K (/s)
(a) Lean DSS (b) Standard DSS
1500
1450 Super DSS (HAZ)
__ 1400 °
¥ 1350 |
© 1300 f T mememee
5 100 b e el -,
£ 1250 Bmmmmmmmm =T
g 1200 POl R A =7.446x107
£ 1150 ° B =-1.786x10°
2 1100 b C =-3.303x10°
1050 Te=1598
1000 a a a a
0 0.05 0.1 0.15 0.2 0.25

Precipitation rate constant, K (/s)

(c) Super DSS

Fig. 10 Regression analysis of precipitaticate constantsf gphase in base metal HAZs

gphase was precipitateddngrains as well as at GBs, and the amourgtpifase increased

with an increase in the holding time for all WMs. In addition, verydgsnase was formed
in the present conditions.
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Fig. 11 Changes in microstructure of DSS WMs with precipitation treatment

The AustinRickett plots of precipitation behaviour gfphase in the WMs of lean,
standard and super DSSs are shown in Fig.12. There were good linear relationships in the
Austin-Rickett plot again, and gradients of the lines were almost identical for all steels. The
time exponents of the lean, standard andper DSS WMs were determined as 0.73, 0.39
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Fig. 12 Austin-Rickett plos of precipitation behaviour gfphase inWMs

and 0.66, respectively. The precipitation rategtiase in the DSS WMs also possess the
temperature dependency with a nose. The nose temperature of precipitdtestandard

DSS WM was around 1373 K, while that in super and lean DSSs around 1323 K. It follows
that precipitation kinetics af phase irthe reheated WM is also followed by the Austin
Rickett type equation.

Based on the experimental results (Fig.12), tlweefficients(A, B andC) in eq.@2)
were determined by a regression analysis agaiwds calculated byhermeCalc). Fig.13
shows tle temperature dependency of the precipitation rate constagphase in the DSS
WMs, and summarises the thieeefficients and’e determinedThe precipitation rate af
phase in DSSs decreased in the omfestandard>lean>super DSS&he temperature
dependency of precipitation rate @phase in the reheated WMs of DSSs could be also
obtained in the present study.
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Fig. 13 Regression analysis of precipitatiateconstant®f g phase inVMs

COMPARISON OF PRECIFIATION RATE BETWEENHEAT AFFECTED ZONE AD WELD METAL

The precipitation ratesf gphasen the base metal HAZ and reheated WM were compared.
Fig.14 shows the temperature dependency of precipitation rate in the HAZ and WM of
DSSs.The precipitation rate @fphase in standard DSS was largest of the three O88s.
nose temperature and ratestant of theyphase precipitation in WMs increased compared
with those of HAZs in all DSS3 hereason why thedliffered between the HAZ and WM,

especially in lean and standard DSSs, has not been clarified, and therefore, the further
detailed investigatin would be required
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PREDICTION OF PHASHRANSFORMATION IN MULTIPASS WELDS

COMPUTATION METHOD OFPHASE TRANSFORMATION IN MULTIPASS WELDS
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Fia. 14 Comparisorof precipitationrates in HAZ and WM

In order to expand the isothermal kinetics of dissolution and precipitation determined above
to the nonisothermal process such as welding, the increment method [18,19] was applied.
A concept of the incremental method is that; dividithg thermal cycle i@ minute
isothermal intervals duringhe a/g phase transformation procedhe transformation
quantity (increment in the amount@iphase) is calculated in a minute isothermal step, and
sum up them through thermal cycle. A flowchart of computation of pghase
transformation (the amount gphase) in multipass welds is shown in Fig.15. Tieerhal

cycles in the HAZ and WM during multipass welding were computed using the welding
mechanial analysis software] WRIAN Compared theg phase fraction at the time to the
equilibriumg phase fraction at the temperature in each isothermal step, it was determined
that either dissolution or precipitation occurred. Based on the kinetic equations (dissolution
and precipitation kinetics) detemad, the increment or decrement in ¢hghase fraction

was calculated and summed up through welding process. From these procisures,
alternate behaviours of dissolution and precipitatioly phaseduring multiple thermal

cycle would be numerically sfated. In the present study, the distribution ofgipbase
fraction in multipass welds was visualised by repeating these calculation over the whole
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area of welds (the base metal HAZ and reheated WiMhd previous reports [18,1%he
predicted resudtof thea/gphase transformation based on the present computation method
have been verified in the melin welds (GTAW and LBW) of DSSs.

| Calculate weld thermal cycle by FEM analysis |

| Divide thermal cycle into minute isothermal intervals |

Welding complete?

No

| Calculate equilibrium y fraction, feq |
Yes ‘@l No
| y dissolves | | v precipitates |

Output y ¥
fraction | Calculate incrementin y fraction, Af, |

Fig. 15 Flowchart of computation of phase transformation in multipass welds

Thermal properties of leastandard and super DSSs [23] used for calculation are shown
in Fig.16 (assuming to bielentical regardless of the steel graddea singlephasingand
solidus temperatures of lean, standard and super DSSs, wdriettalculated byhermo
Calc (Database.TCFE6) are summarised in Table 4. Temperature dependency of the
equilibriumgphase fraction of lean, standard and super DSSs (which was determined based
on the measured results combined withdhkeulated values byhermaCalc (Database;
TCFE®) is show in Fig.17.The multipass welding conditions used for computation are
described above in EXPERIMENTAL PRE@DURES. In additionfig.18 shows the
crosssectional views and mesh division (weld pass sequence) of multipasg @/ERI4/)
of lean, standard and super DSSs used for numerical analyses of the thermal cgfde and
phase transformation (distributiontb gphase fraction The total number of weld passes
in multipass welding was 15 for all DSSs. The minimum mesh size dividsdapprox.
05mmx 0.5 mm.
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Fig. 16 Physical popertiesof DSSsusedfor calculation

-
=)
=]

— :Lean DSS
---- : Standard DSS
- - :Super DSS

®
[=]

60

40

20

Equilibrium fraction of y phase (%)

1]
873 1073 1273 1473 1673
Temperature (K)

Fig. 17 Temperature dependencyeaxjuilibriumgphase fractiomf DSSs
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Fig. 18 Crosssectional views and mesh division of multipass weld9SSs
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Table 4 a singlephasingand solidugemperaturesf DSSs

Steel o single-phasing temp. Solidus temp.
Lean DSS 1596K 1683K
Standard DSS 1598K 1647K
Super DSS 1598K 1604K

COMPUTED RESULTS OF NSTENITIC PHASE FRACQION IN WELDS

Peak temperature distribution

21 ()
furs
Sie73

Lean DSS

Standard DSS

Super DSS

Fig. 19 Peak temperature distribution in multipass weltlIDSSs

The thermal cycles during multipass GTA welding (thenber of weldpoasses is J)5of

DSSs were calculateéig.19 shows the peak temperature distribution in the base metal
HAZs of lean, standard and super DSSs during multipass welding computed by the heat
conduction analysis usinpVRIAN The peak temperature distributiand thermal cycle

in multipass welds could be successfully computed for all DSSs. Based on the multiple
thermal cycles calculated in the base metal HAZs and reheated W&la/g phase
transformation in multipass GTA welds of DSSs was computed. Fig.20sskiwev
distribution of thegphase fractiofindicated by colour contoursglculated in the multipass

weld ofleanDSS. This figure exhibits the entire historytbé distribution of the phase
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fraction at the completion of each weld pass during multiwatding. The dashed lines in

the figure indicate the fusion lines of weld passes.dijfese fraction in the just solidified

WM was considerably small in any weld passes, and the depleted zgrEhase was

formed adjacentté¢ he f usi onbedldneegifomdern the base
reheated WMsHowever,the g phase fraction in the depleted zone was increased by the
subsequent weld pasg#segphase was rprecipitated by the thermal cycles in subsequent
welding). Accordingly, thea/g phase bance has been complexly varied in multipass
welds,and the profile othe g phase fraction waarranged in laminain the WMroughly

along the fusion lineg'he minimumg phase fraction in multipass welds was approx. 20%

located in the base metal HAZ of the final weld layer, and)gitease fraction in WMs was

reduced to approx. 25%. On the otherhand,e o phase fraction in a
(low temperature HAZJvas exceeded to that in the base metal, because of the additional
precipitation of 0o p Haesistribuianrofithegphasedraction pass w
calculated in the multipass weldssiindarcand super DSSs is also shown in Fig.21 and

Fig.22, espectively.Quite similar tendencies to lean DSS weld were observed in the
distribution of thegphase fraction, that is, tigghase fraction was reduced in the solidified

WM and undetbead region of WM as well as the base metal HAZ, wthiteg phase

fraction in the depleted zone was recovered by the subsequent weld passes. As a result, the
a/gphase balance has been complexly varied in multipass Weldeermore, thg phase

fraction in multipass weld (especially WM) of standard DSS was slightly Ithaarthose

of lean and super DSSs, namehg gphase fraction in standard DSS weld was reduced to
approx. 1815%, while those in lean and super DSS welds were reduced to appBDe025

On the other hand, the ovprecipitated zone, where tiy@hase faction slightly exceeded

the base metal level, was not observed in the low temperature HAZ of standard DSS weld,
whereas it was observed in other welds.
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Lean DSS (B.M./F.M.)
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Fig. 20 Distributionof g phase fraction calculated in multipass weld of lean DSS
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Standard DSS (B.M./ F.M.) Multipass welds (15 passes, GTAW)
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Fig. 21 Distributionof gphase fraction calculated in multipass weldt@indard>SS

COMPARISON OF AUSTENTIC PHASE FRACTION N MULTIPASS WELDS BEHWEEN
CALCULATED AND MEASURED

In order to validate the predicted results ofdfgphase transformation, tiggohase fraction

in the multipass welds was compared between calculated and measured. Fig.23 shows the
example of microstructur@phase mapping by EBSD analysif) multipass welds. This

figure shows the microstructure of lean, standard and super DS Sgaobsethe final weld

layer in multipass welding as schematically shown in Fig.24. A dashed line in Fig.23
indicates the fusion line. Thg phase fraction was relatively reduced in the higher
temperature HAZ (base metal HAZ) as well as WM of all steelgatticular, thegphase
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Fig. 22 Distributionof gphase fraction calculated in multipass weldoperDSS
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