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ABSTRACT

The solid state phase transformation (SSPT) occurring during welding thermal cycles gives rise to
distinctive microstructures across the fusion zone and heat affected zone (HAZ), as well as significant
effects on the residual stress generated in the weldment. We have developed a numerical model to simulate
multi-pass welding in low alloy ferritic steel with consideration of SSPT. In this study, we applied a semi-
empirical modelling approach to three-pass gas tungsten arc welding in a grooved plate made of SA508
steel (widely used in nuclear power plants). The microstructure, hardness and residual stress were
predicted using a 2D finite element model and the predictions were compared with experimental results.
We examined the sensitivity of the predicted hardness and stress to austenitisation kinetics and weld-metal
plasticity. Two sets of empirical parameters were considered in the kinetic model of austenitisation to
represent different levels of the heating-rate dependence of the critical temperatures (i.e. Act and Acs) for
austenite formation. A rule-of-mixtures method based on dilution and hardness was proposed to estimate
the plastic properties of weld metal for each pass, using the predicted phase fractions and the yield stress
dataset for each transformation product of base material. The modelling results show that the extent of the
inter-critical HAZ, hardness and residual stress are affected by the austenitisation kinetics. The use of
weld-metal plastic properties estimated by the rule-of-mixtures method can improve the residual stress
prediction for the weld metal.
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INTRODUCTION

Weld-induced heterogeneous mechanical properties and residual stresses are two key
factors affecting the performance and life of welded structures [1, 2]. Weld modelling has
been playing an important role in the engineering design and structural integrity assessment
of high-value and safety-critical weldments, such as those used in nuclear reactor pressure
vessels [3, 4]. However, it is still challenging to accurately model multi-pass welding in
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ferritic steel, which involves complicated metallurgical variation such as dilution, grain
growth and solid state phase transformation (SSPT).

The impact of SSPT on weld residual stress has been confirmed in both experiments [5,
6] and modelling [7-9]. The effects of dilution, grain growth and inter-pass temperature on
the microstructure and residual stresses in ferritic steel weldments have also been
investigated experimentally and numerically [10-16]. Despite some key physics captured
by the weld models, which are useful to establish qualitative understanding, the uncertainty
in material parameters required by the models has been a serious issue when evaluating the
prediction accuracy in a quantitative sense. In particular, the temperature- and
microstructure-dependent properties of weld metal are notoriously difficult to measure, and
consequently, estimation or approximation is usually needed to define the elastic-plastic
model for weld metal. Ideally, the material properties for each phase (e.g. martensite,
bainite or ferrite) of the weld metal should be individually determined by experimental
tests. However, it is not feasible to produce samples for such tests. On one hand, the
chemical compositions of the weld metals produced by different passes are normally
different due to the chemical mismatch between the base and filler materials, as well as the
dilution effect [10, 16, 17]. This implies that the weld-metal properties may differ from pass
to pass, and a large matrix of tests is needed. On the other hand, tests must be performed
on each phase of the unstressed weld metal to determine its evolutionary hardening
behaviour for model definition purpose, rather than on the final hardened weld metal
(potentially a mixture of different phases) present after the welding is complete. It is thus a
daunting task to obtain material parameters for weld metal. Another issue causing
uncertainty is the empirical parameters used in metallurgical models, such as the kinetic
model of austenitisation that was proposed by Leblond and Devaux [18]. Dilatometry tests
are a common method to experimentally determine the empirical parameters for phase
transformation. However, in these tests, the temperature is strictly controlled to be uniform
in the sample, while a steep temperature-gradient exists across the fusion zone (FZ) and
heat affected zone (HAZ) of a weldment. Recent studies have demonstrated the effect of
temperature gradient on metallurgical behaviour [19, 20]. Therefore, the metallurgical
calibration tests may also need to take into account temperature gradient, which
substantially increases the difficulty of experiment.

In this study, three-pass gas tungsten arc welding (GTAW) in a grooved SA508 steel
plate is simulated using a thermal-metallurgical-mechanical finite element (FE) model. The
sensitivity of the predictions for microstructure and residual stress to austenitisation Kinetics
and weld-metal plasticity is examined. We consider four analysis cases, i.e. two sets of
empirical parameters are used in the kinetic model of austenitisation, and the plastic
properties of each ferritic phase (e.g. martensite, bainite and ferrite) in the diluted weld
metal for each pass are either assumed to be same as those for base material or estimated
using a rule-of-mixtures method based on dilution and hardness.
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MATERIALS AND METHODS

WELDING EXPERIMENT

A 200 x 150 x 20 mm plate made of a nuclear reactor pressure vessel steel, SA508 Gr.3
Cl.1, was used for the three-pass GTAW. The plate was grooved along the mid-width to a
depth of 6 mm and at an angle of 45°, as shown in Fig. 1a and Fig. 1b. The welding
parameters are given in Table 1. A SD3 filler wire with a diameter of 1.2 mm was used in
weld bead deposition. Fig. 1c shows a transverse weld macrograph of the three-pass welded
plate (half the weld is shown). To facilitate examination of the evolutionary metallurgical
and mechanical response to welding, a single-pass plate was also produced using identical
process parameters to the first pass of the three-pass weld. The chemical compositions of
the base and filler materials are listed in Table 2, showing that the base material (Ceq=0.34)
has a much higher hardenability than the filler material (Ceq=0.17).

Table 1 Gas tungsten arc welding parameters [21]

Pass Voltage [V] Current [A] T?r';lcr: /fnpii(]ad Wl[r:] r];e/(:r(\ji r:?te :\r:(;):]tl n[zg /hrr? r?:]
1 11.0 227 75 1000 2.0
2 11.5 217 75 1000 2.0
3 11.5 217 75 1000 2.0

Table 2 Chemical compositions (wt.%) of SA508 Gr.3 Cl.1 steel and SD3 filler metal [22]

C Si Mn Ni Cr Mo \ Fe Ceq
SA508 (base 025 1.4 0.8 0.2 0.5 0.003 Bal. 0.34
material)
SD3 (filler
material) 0.08 03 1.4 003 004 001 - Bal. 017

Note: The Ito-Bessyo equation, i.e. C,=C+Si/30+(Mn+Cu+Cr)/20+Ni/60+Mo/15+V/10+5B

[23], is used to calculate the carbon equivalent C,, .

WELD MODELLING

Thermal Model

The general purpose FE software Abaqus was employed to simulate the multi-pass welding,
along with a series of user-defined subroutines to capture the thermal, metallurgical and
mechanical response. The geometry and mesh of the FE weld model is shown in Fig. 1d. A
2D simplification [24] was adopted and one half of the welded plate was considered to take
advantage of the symmetry of the geometry and process. The geometric profiles of the weld
beads for the first and third passes were determined from the macrographs of the single-
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pass and three-pass welded plates, respectively. The geometric profile of the weld bead for
the second pass was inferred to ensure that the volume of the bead for each pass is same,
since identical torch speed and wire feed rate were employed for all three passes (Table 1).
The bead deposition was simulated via an “element birth and death” approach (i.e. “model
change” in Abaqus [25]).

The thermal model was based on a 2D heat source which is equivalent to a 3D ellipsoidal
heat source. A specialised weld modelling tool, FEAT-WMT [26], was used to derive the
2D heat source such that the 2D model predicts a transient temperature field identical to
that on the cross-section of the plate under steady welding conditions, as modelled in 3D
using FEAT-WMT. The thermal model comprises 1088 quadratic, quadrilateral elements
(Abaqus element designation: DC2D8). Convection and radiation on plate surfaces were
considered to an environment at 20 °C. The material parameters were obtained from Ref.

[7].
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Fig. 1 Three-pass SA508 steel weldment and finite element model (X, Y and Z directions
correspond to transverse, normal and longitudinal directions, respectively): (a) dimensions of
grooved plate [22]; (b) transverse sectional profile [22]; (c) macrograph on transverse section
(half part) [21]; (d) geometry and mesh of 2D weld model (half part).

Metallurgical Model

A semi-empirical approach was employed to model the reaction kinetics of austenite
decomposition. The theoretical framework was initially established by Kirkaldy and
Venugopalan [27] and later refined by Li et al. [28], based on which Hamelin et al. [7] have
developed a weld model to predict the microstructure and residual stress in an autogenous
edge-welded beam benchmark. The isothermal transformation for a ferritic phase is
described by:
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F(C, Mn, Si, Ni, Cr, Mo, G)
S(X)
AT" exp(-Q/ RT) )

(X, T) =

where 7 is the transformation time required to form a fraction X of a ferritic phase (e.g.
ferrite, pearlite or bainite); F is a function of the weight percentages of C, Mn, Si, Ni, Cr
and Mo, as well as the ASTM number G of the prior austenite grain size (PAGS), see Table
3; S(X) is a sigmoidal function; AT is undercooling and m is an empirical exponent; Q is the
activation energy; T is absolute temperature; and R is the universal gas constant. The values
of material parameters are shown in Table 3. For anisothermal transformation occurring
during welding, a series of isothermal events are discretised and an additivity rule [7] is
used to capture the kinetics. Empirical equations in terms of chemical composition are used
to estimate the transformation start temperatures for ferrite, pearlite and bainite, see Ref.
[7] for more details.

Table 3 Paramers [28] in the ferritic phase transormation model, i.e. Eq. (1)

Phase m Q [cal/mol °C] F(C, Mn, Si, Ni, Cr, Mo, G)

Ferrite 3 27500 exp (1.00+6.31C+1.78Mn+0.31Si+1.12Ni+2.70Cr+ 4.06Mo) / 2 %41¢
Pearlite 3 27500 exp (-4.25+4.12C+4.36Mn+0.44Si+1.71Ni+3.33Cr+5.19VMo)/2 326
Bainite 2 27500 exp(-10.23+10.18C+0.85Mn+0.55 Ni+0.90Cr+0.36Mo) / 2 %2%¢

The martensite transformation is modelled using the Koistinen-Marburger equation [29],
ie.

Xy = X [L-exp(-AM_-T))] 2

where Xu is the fraction of martensite, Xra is the fraction of remaining austenite for
martensitic transformation and A is a material parameter. The martensite start temperature
for full austenite is estimated using an empirical linear equation of chemical composition
[30]. Furthermore, the martensite start temperature is assumed to decrease linearly with the
fractions of pre-formed ferritic phases, if any exist, before martensitic transformation [31].

Austenitisation Kinetics are modelled using the Leblond-Devaux [18] approach, and the
rate of austenite formation is expressed as

. xeq—x
x = = 3)

where Xeq is the equilibrium austenite fraction and 1, iS an empirical positive time
constant. The parameter Xeq iS assumed to increase from zero to one when temperature
varies from 760 °C to 830 °C, which are the Ac1 and Acs temperatures, respectively,
determined from dilatometry test data at low heating rates [31, 32]. Table 4 shows two cases
of Leblond-Devaux model defined here, for which xeq is taken to be same in both cases but
the empirical parameter 1., iS varied to represent different heating-rate sensitivity of the
predicted austenitisation kinetics. It should be mentioned that the characteristic temperature
of 1020°C for Case B is the estimated grain-coarsening temperature of SA508 steel [10].
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For the FZ produced by each pass, 100% austenite formation is assumed when temperature
drops below the melting temperature (Tn=1450 °C [7]).
Table 4 Two sets of parameters to define the Leblond-Devaux model for austenitisation

kinetics

Case A Case B
Temperature [°C] Temperature [°C]
Xeq Tip (S) Xeq TLp (S)
<760 0 1 <760 0 2
760 0 1 760 0 2
830 1 0.2 830 1 1.8
>830 1 0.05 1020 1 15
>1020 1 0.05

Note: Linear interpolation is used between tabulated parameters at different temperatures.

Fig. 2 shows the predicted continuous heating transformation diagram for two cases of
the austenitisation kinetics model defined using Eg. (3). The difference in the predicted
austenitisation temperature ranges between Case A and Case B is negligible when the
heating rate is lower than 1 °C/s, but it becomes significant when the heating rate is higher
than 10 °C/s. The Case B model is more sensitive to heating rate than the Case A model,
and thus it is expected that more extensive partial austenitisation will occur in the welding

simulation using the Case B model.

1300 ~

11000 °C/s Case A Case B
4\ | —=— --o--- 0.01 formation ||
1200 N —e— ---0--- 0.50 formation ||
N ! —&—  ---A-- 0.99 formation ||
O 1100 f S .‘ .‘ |
= ' “ ooccls | ‘
o D | '
S A . |
§ 1000 - | |
(0] | ‘
a- 1
£ [ oy |
@ i 0.1 °Cls|
2 900 ‘ If |
. |1°CIs |
) 4
800 -
f | |

700 e T

1 10 100 1000 10000

Time (s)
Fig. 2 Continuous heating transformation diagram for austenitisation kinetics predicted by Eq.
(3) considering two cases of model definition (Table 4).

Austenite grain growth is modelled using the following equation [32]:

dL Q)1 1
@ Aexp(‘m][L‘LJ
lim (4)
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where L is grain size, t is time, Qq is activation energy, T is absolute temperature, R is
the universal gas constant and Ljm is the limit of grain size due to pinning effect of
precipitates [32]. The 1/Liim term in Eq. (4) vanishes when the precipitates dissolve above
the grain coarsening temperature of 1020 °C. For SA508 steel, Qq = 190 kJ/mol, Ljim=3 +
0.58(T-Acs) in um, and A is taken to be 4.2 um?/s and 16.8 um?/s for peak temperature
below and above 1020 °C, respectively [16]. However, Eq. (4) is not applicable if peak
temperature exceeds melting point during heating. In such a case, for simplicity, the PAGS
is taken to be 0.4 mm, as an estimate in accordance with previous microscopic observations
[22].

Empirical equations [33] are adopted to predict the Vickers micro-hardness of each
ferritic phase, i.e.

Hv,, =127 +949C + 27Si +11Mn +8Ni +16Cr + 21log(Vr) (5)
Hv, =—323+185C +330Si +153Mn + 65Ni +144Cr +191Mo +
(89 +53C - 55Si — 22Mn —10Ni — 20Cr — 33Mo) log(Vr) 6)
Hv,, = 42+ 223C +53Si + 30Mn +12.6Ni + 7Cr +19Mo +
(10-19Si + 4Ni +8Cr +130V) log(Vr) )

for martensite, bainite and ferrite/pearlite, respectively; where the element symbol
denotes the weight percentage of the chemical element and Vr (in °C /h) is the cooling rate
at 700 °C.

The hardness of the mixture of different micro-constituents is calculated using a rule-of-
mixtures as follows

Hv =Hv,, X,, + Hv X + Hv_ (X + X))+ Hv, X, + Hv, X, ®)

where Xum, Xg, Xg, Xp, Xa and Xpo are the fractions of martensite, bainite, ferrite, pearlite,
austenite and base material, respectively. According to previous work [7, 10], we have Hvyo
= 200 and Hva = 160. The hardness of martensite, bainite and ferrite/pearlite is predicted
by Egs. (5), (6) and (7), respectively.

As the SSPT kinetics model and hardness prediction are primarily dependent on
chemical composition, see Egs. (1) and (5)-(7), it is necessary to take account of the
chemical heterogeneity within the weldment. For weld metal, the content of each chemical
element is calculated using a dilution-based rule-of-mixtures, i.e.

pn = prn + pf (1_ Dn) (9)

where p,_ is the content of the element for pass n; p, and p, are the contents of the

element in the base and filler materials (Table 2), respectively; and Dy, is the dilution for
pass n. The dilution has been determined to be 0.44, 0.17 and 0.09 for the first, second and
third passes, respectively [10].
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Mechanical Model

The thermo-metallurgical deformation upon thermal cycling acts as the major driving force
to generate stresses in the weldment. The total strain can be decomposed as follows

E=¢& +€p + Eth +€tr+8tp (10)

where &, &, &n, &y and &y are the elastic strain, plastic strain, thermal strain,

metallurgical strain and transformation-induced plastic strain, respectively. On the right-
hand side of Eq. (10), the third and fourth strain components are determined by the changes
in temperature and phase, respectively. By contrast, the first two strain components are
generated in conjunction with thermal-metallurgical deformation to satisfy the
compatibility condition (i.e. internal constraint) implied in the continuum assumption, as
well as the external constraint imposed, if any exists. The fifth strain component only arises
in the presence of both SSPT and deviatoric stress.

In this study, the thermal strain and metallurgical strain were defined according to
previous dilatometry test data on SA508 steel [7]. The dilation curve was decoupled
between ferritic and austenitic phases, and a rule-of-mixtures was employed to estimate the
individual contribution from the ferritic and austenitic phases. The transformation-induced
plastic strain is calculated using the following constitutive equation [34]

. 3 , .
& = ~Ksijf'(2)z (11)

where z is the rate of phase transformation, f (z) is a normalised function, s is the
deviatoric stress, and K is a material constant. For SA508 steel, we assume that f (z) = z(2-
z) and K = 10 MPa™ [34].

The FE mesh of the mechanical model is same as that of the thermal model, except that
quadratic, quadrilateral, generalised plane strain and hybrid elements (Abaqus designation:
CPEG8H) were used in the mechanical model. The bottom corner node on the symmetry
plane was fully fixed, while only displacement constraint in the X direction (i.e. U1 = 0)
was imposed on the whole symmetry plane.

The elasto-plastic properties are dependent on both temperature and microstructure, and
the material parameters reported in Ref. [7] were adopted for base material and its
transformation products. No plastic property dataset is available for the filler material, so a
scaling method is developed to make an approximation. Since yield strength is generally
proportional to hardness [35], the yield stress for each ferritic phase of the filler material
can be estimated using the filler-to-base ratio of calculated hardness and the plastic property
dataset for each ferritic phase of the base material. Table 5 shows the calculated hardness
using Egs. (5)-(7) and the corresponding hardness ratio (i.e. scaling ratio).
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Table 5 Vickers hardness for each ferritic phase of base/filler material

Martensite Bainite Ferrite/pearlite
Base material 453.3 3194 214.9
Filler material 332.0 236.6 142.2
Filler-to-base ratio 0.73 0.74 0.66

Note: Hardness is calculated using Egs. (5)-(7) wherein cooling rate is
taken to be 27 °C/s according to the thermal modelling result [10].

For weld metal corresponding to each pass, a dilution-based rule-of-mixtures method
was employed to estimate the contribution from both base and filler materials to the plastic
behaviour of the weld metal, as illustrated in Fig. 3. Table 6 shows the different modelling
scenarios considered in the mechanical analysis, with regard to different definitions of
austenitisation kinetics and plastic property.

Ferrite Ferrite

Pearlite Pearlite

Filler material

Base material

Bainite Bainite

Martensite \%
Weld metal

| Ferrite ‘ ’ Pearlite | ‘ Bainite ‘ ‘ Martensite |

Fig. 3 llustration of the dilution-based rule-of-mixtures estimation of plastic properties of
weld-metal.

Martensite

Table 6 Modelling Scenarios for mechanical analysis

Model No. Austenitisation case Yield stress scaling
1 A No
2 B No
3 A Yes
4 B Yes

RESULTS AND DISCUSSION

MICROSTRUCTURE AND HARDNESS

Our previous study [10] has shown a good accuracy of the temperature prediction by the
weld model, as verified by thermocouple data and FZ/HAZ observations. Here, particular
attention is paid to the heating during which austenitisation occurs. Heating rates were
calculated at 700 °C for material points experiencing peak temperatures higher than 700
°C, and the averaged heating rates are 169+56 °C/s, 146+53 °C/s and 122+42 °C/s for the

9
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first, second and third passes, respectively, based on the thermal solution of the weld model.
According to Fig. 2, the difference in the predicted austenitisation kinetics between Case A
and Case B (Table 4) is significant for the heating rates larger than 100 °C/s, which is
similar to those involved in the simulated welding. Therefore, unsurprisingly, a much wider
inter-critical HAZ (ICHAZ, i.e. partially austenitised zone) is predicted in Case B, as shown
in Fig. 4. This is because the empirical time constant, i.e. 1., adopted in Case B is larger
than that in Case A, and the 1., dictates the retardation effect during austenitisation.

Fig. 5 and Fig. 6 show the predicted fractions of different ferritic phases (i.e. bainite,
martensite and ferrite) for austenitisation Case A and Case B, respectively. For base
material HAZ, a mixture of bainite and martensite is formed in the coarse-grained HAZ
(CGHAZ, adjacent to FZ boundary), while bainite is dominant in the fine-grained HAZ
(FGHAZ, relatively far from FZ boundary). For as-deposited weld metal, the fraction of
martensite is considerable after first pass, but it became minor when more passes were
deposited; in the reheated weld metal (i.e. HAZ formed in previous FZ), bainite is the major
constituent predicted and some ferrite is also present. It is noted that, different
microstructures are predicted in the weld metal and the base material, particularly for the
CGHAZ, although similar temperature histories are involved. The difference is due to the
chemical heterogeneity as controlled by the dilution for each pass, see Eq. (9), given the
chemical mismatch between the base and filler materials (Table 2). These predicted
microstructures are overall consistent with microscopic observations in experiment, except
that acicular ferrite was present in the actual weld metal but it has not been explicitly
considered (i.e. acicular ferrite is treated being equivalent to bainite) in the weld model;
more discussion about this issue can be found in our previous work [10].

‘ During 1st pass ‘ ‘ During 2nd pass‘ ‘ During 3rd pass ‘
(a)

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Fraction

i
=)

Fig. 4 Predicted distributions of maximum fractions of austenite formed during each pass: (a)
austenitisation Case A; (b) austenitisation Case B. Note that the solid and dashed grey lines
indicate the current and accumulated fusion boundaries, respectively.
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Here, we focus on the effect of austenitisation kinetics on the final microstructure. The
effect is pronounced for bainite (Figs. 5a and 6a) and discernible for ferrite (Figs. 5¢ and
6¢), but negligible for martensite (Figs. 5b and 6b). This is because the difference in
austenitisation kinetics mainly affects the ICHAZ which is adjacent to the FGHAZ where
bainite is dominant, ferrite is present (only in reheated weld metal) but martensite is absent.
In other words, in the ICHAZ, the base material or the preceding transformation products
persist, and hence the fraction of newly transformed phase (mainly bainite) is limited. In
the austenitisation Case B, a more extensive ICHAZ develops (Fig. 4), and consequently,
markedly less bainite and slightly less ferrite are formed, in comparison with the
austenitisation Case A, as shown in Figs. 5 and 6.

‘ After 1 pass ‘ ‘ After 2 passes ‘ ‘ After 3 passes ‘
(a)

' .
Fig. 5 Predicted distributions of ferritic phase fractions (austenitisation Case A) after different

number of passes: (a) bainite; (b) martensite; (c) ferrite. Note that the solid and dashed grey
lines indicate the current and accumulated fusion boundaries, respectively.

0000000000
oL BONBOO
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After 1 pass After 2 passes ‘ ‘ After 3 passes ‘

0.9
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0.0

Fig. 6 Predicted distributions of ferritic phase fractions (austenitisation Case B) after different
number of passes: (a) bainite; (b) martensite; (c) ferrite. Note that the solid and dashed grey
lines indicate the current and accumulated fusion boundaries, respectively.

Fig. 7 shows the comparison between the predicted and measured hardness distributions.
It is evident that a better agreement is achieved in the austenitisation Case B. The narrower
ICHAZ (consequently, wider FGHAZ) formed in the austenitisation Case A leads to a
significant overestimate of hardness close to the base material, in contrast to the lower
hardness found in the wider ICHAZ formed in the austenitisation Case B. Similar results
were also obtained by Hamelin et al. [36]. For both Case A and Case B, the hardness in the
reheated weld metal is underestimated (Fig. 7¢), due to a considerable fraction of ferrite
predicted therein (Figs. 5¢ and 6c¢). This may indicate an overestimate of ferrite in the
reheated weld metal. It is also noted that Case B assumption somewhat reduces the
underestimation of hardness in the reheated weld metal (Fig. 7c¢), implying that more
significant retardation of austenitisation may also occur in the weld metal. As re-
austenitisation and grain growth in columnar-grained weld metal is complicated, a more
sophisticated model may be needed to capture the exact metallurgical behaviour, opening
a direction for future work.

12
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Fig. 7 Predicted and measured hardness distributions: (a) through-thickness distribution after
one pass; (b) transverse distribution after one pass; (c) through-thickness distribution after three
passes; (d) transverse distribution after three passes. The hardness measurement results are
taken from the Ref. [22]. Note that the transvers distributions are examined at depths of 4.5
mm and 2.0 mm to the top surface after one pass and three passes, respectively.

RESIDUAL STRESS

Fig. 8 compares the predicted and measured residual stress distributions through thickness,
as well as the predictions between different modelling scenarios. Good agreement is

achieved for transverse stress after one pass, while for other cases the predictions are less
accurate and only have a qualitative agreement. It is believed that the inaccuracy is mainly

caused by the longitudinal over-constraint under generalised plane strain assumption and
the uncertainty in weld-metal material properties adopted in the mechanical model, which
have more significant effects when more weld beads are deposited. In addition,
experimental observations show a significant presence of acicular ferrite in the weld metal
[22], which has not been explicitly considered in the current metallurgical model, hence
limiting the accuracy of the predicted SSPT kinetics.

13
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Fig. 8 Predicted and measured through-thickness distributions of residual stresses: (a)
transverse stress after one pass; (b) longitudinal stress after one pass; (c) transverse stress after
three passes; (d) longitudinal stress after three passes. The neutron diffraction stress
measurement results are taken from Ref. [22]. The different modelling scenarios are described
in Table 6.

The difference between the four modelling scenarios (Table 6) is more pronounced for
longitudinal stresses than for transverse stresses. The different austenitisation kinetics (i.e.
Case A and Case B) primarily affect the stress level in the ICHAZ and the adjacent base
material. The prediction of stresses in the weld metal has been slightly improved in
modelling scenarios 3 and 4 wherein the rule-of-mixtures method based on pass-by-pass
dilution is used to estimate the distinctive yield stress in the weld metal.

Fig. 9 and Fig. 10 show the contours of longitudinal and transverse stresses, respectively,
after three passes. The results further confirm that the different cases of austenitisation
Kinetics model (Table 4) have discernible but overall insignificant effect on the residual
stresses. By contrast, the effect of weld-metal yield stress is more considerable, particularly
in the FZ produced by the third pass. The plastic properties of the weld metal are expected
to be more complicated than that approximated using simple rule-of-mixtures, and thus
more significant difference in residual stress prediction may be expected if more accurate
plastic constitutive parameters are used.
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Fig. 9 Predicted distributions of longitudinal stress after three passes: (a) Model 1; (b) Model
2; (c) Model 3; (d) Model 4.

Fig. 10 Predicted distributions of transverse stress after three passes: (a) Model 1; (b) Model
2; (c) Model 3; (d) Model 4.

15



Mathematical Modelling of Weld Phenomena 12

CONCLUSIONS

Three-pass gas tungsten arc welding in a grooved plate made of a low alloy ferritic steel
(SA508 Gr.3 CL1) has been modelled with consideration of solid state phase
transformation. The analysis focused on the sensitivity of the predicted microstructure,
hardness and residual stress to the empirical parameter in the austenitisation kinetics model
and the assumed yield stress of the weld metal. Four modelling scenarios have been
examined (Tables 4 and 6). The numerical predictions were also compared with
experimental measurements.

The modelling results show that a stronger heating-rate dependence of Ac: and Acs
temperatures leads to a wider ICHAZ; and consequently, in the ICHAZ, the austenitisation
kinetics markedly affects the microstructure and hardness, while only slightly affects the
residual stress. The approximation of weld-metal plastic properties using dilution-based
rule-of-mixtures method can improve the residuals stress prediction for the weld metal, but
the accuracy is still limited due to other issues (e.g. 2D simplification and acicular ferrite
transformation). Future work will be devoted to more accurate material properties and
SSPT kinetics for weld metal in a 3D model.
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