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Abstract

A phenomenological model has been developed to describe austenite grain growth, precipitate
dissolution and austenite decomposition into ferrite, bainite and martensite/austenite (MA)
constituents for an X80 linepipe steel. The predictive capabilities of the integrated model for the
heat affected zone (HAZ) have been validated with laboratory simulations of heat treatment
cycles for selected positions in the HAZ. The model predicts the fraction of transformation
products as a function of distance from the fusion line. To connect the microstructure model to a
mechanical property model for the HAZ it will be required to incorporate a module on MA
island size as this is expected to critically affect the fracture toughness.

Introduction

Microstructure engineering has gained increasing attention over the past decades as a process
modelling tool for hot rolling and heat treatment of steels [1]. In this modelling concept, the
operational parameters of an industrial process are related to the properties of the product
material by accurately modelling the microstructure evolution during the thermo-mechanical
processing path. Microstructure process models for the weld heat affected zone (HAZ) have been
proposed with an emphasis on austenite grain growth [2, 3]. The austenite grain size provides the
initial condition for subsequent phase transformation during cooling [4, 5]. Large austenite grain
sizes are of particular concern during welding where the HAZ experiences rapid thermal cycles
with high peak temperatures, especially in the region adjacent to the fusion zone. In general,
martensite formation in the HAZ is a concern as it may lower the weld toughness and increase
the risk of hydrogen cracking [6-11]. It also increases the vulnerability to cold cracking and
reheat cracking in welds. Further, the grain structure in the HAZ influences the grain size in the
weld metal where the grains grow epitaxially from the HAZ [6].

In the HAZ, austenite formation and grain growth occur during rapid heating with heating rates
in the order of 1000 °C/s. A number of attempts have been made to study the effect of heating
rate and more complex non-isothermal heat treatment cycles on austenite grain growth kinetics,
as summarized in the extensive review of non-isothermal grain growth by Mishra and DebRoy
[12]. A particular focus on modelling austenite grain growth in the HAZ has recently been on
microalloyed steels (e.g. linepipe grades) where grain growth is affected by the presence of
precipitates and their potential dissolution and coarsening [2, 3]. By investigating isothermal
austenite grain growth and particle coarsening behaviour, Moon et al. [13] quantified the effects
of particles on grain boundary pinning and alloying elements on grain boundary mobility.
Employing the additivity rule, austenite grain growth was simulated for the non-isothermal
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conditions in the weld HAZ of a Ti-microalloyed steel. Based on elementary kinetic models for
grain growth and carbide dissolution integrated over the weld cycle, Ashby and Easterling [10]
proposed grain growth diagrams for steel welding by fitting the unknown kinetic constants to
data from real or simulated welds. Their analytical model was further improved by incorporating
precipitate coarsening. Andersen and Grong [14] proposed an extensive analytical model of grain
growth in the presence of growing and dissolving precipitates. They presented their results in the
form of mechanism maps which show the competition between the various processes during
grain growth in conjunction with coarsening or dissolution of precipitates. Further, a substantial
body of work exists to connect the austenitizing condition to the subsequent austenite
decomposition in the HAZ. The majority of the microstructure evolution modelling work in both
weld metal and HAZ regions can be traced to three seminal contributions by Ashby and
Easterling [10], Henwood et al. [15] and Bhadeshia et al. [16]. More recently, these approaches
have been extended to account for complex microstructure evolution in steel welds [17]. The
classic textbook by Grong provides an extensive overview on calculation methodologies and
modelling tools related to microstructure evolution during welding [18]. Recently, Zhang et al.
[19] investigated the microstructure evolution in the HAZ of a low carbon steel during gas
tungsten arc welding using a combination of several numerical models. In particular, the ferrite
to austenite phase transformation was described using a Johnson-Mehl-Avrami-Kolgomorov
(JMAK) analysis, the austenite grain growth was calculated with a Monte Carlo simulation and
the transformation of austenite to various transformation products during cooling was simulated
using the austenite decomposition model proposed by Bhadeshia et al. [16, 20]. Thiessen et al.
[21] considered the phase transformation kinetics and resulting microstructures at various
positions in the HAZ of selected advanced low carbon steels. They obtained good agreement
with experimental data by using a phase field model with a number of adjustable parameters for
nucleation and growth rates (e.g. interface mobility).

These modelling approaches for the HAZ do not exploit the full potential of the microstructure
engineering concept as they do not combine (a) the time-temperature path as a function of the
weld parameters, (b) the associated microstructure evolution and (c) the relation between the
final microstructure and the properties of the HAZ. We have designed a research program to
develop an integrated microstructure-property model for the HAZ of girth welds in linepipe
steels. The results on austenite grain growth in a Ti-Nb microalloyed X80 linepipe steel were
recently published including a combined model for grain growth and precipitate dissolution [2,
3]. Similarly, we reported results on austenite decomposition and initial model concepts for
describing transformation temperatures as a function of cooling path, austenite grain size and
amount of Nb in solution in the investigated steel [22, 23]. The aim of the present paper is to
provide an integrated microstructure model for the HAZ of the investigated X80 linepipe steel.
The predictive capabilities of the proposed model are evaluated with dedicated validation
experiments for typical heat treatment cycles in the HAZ. The model presented here only
considers the portion of the HAZ that experiences full austenitization.

Modelling Approach
The development of the microstructure evolution model follows the well established concept of
conducting systematic austenite grain growth and austenite decomposition studies in the

laboratory for process conditions of industrial relevance. Here, an X80 linepipe steel was
selected for these investigations. The chemistry of this steel is shown in Table I. All laboratory
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simulations were conducted on a Gleeble 3500 thermo-mechanical simulator as described
elsewhere in detail [2, 22, 23]. A first series of experiments consisted of systematic continuous
heating and cooling tests to aid the development of phenomenological microstructure evolution
models for the HAZ. In particular, a set of material specific parameters was determined from
these tests. Heating tests with heating rates of 10, 100 and 1000 °C/s to austenitizing
temperatures in the range of 900 to 1350 °C were employed to quantify austenite grain growth
[2]. Continuous cooling tests were conducted at cooling rates of 1 to 100 °C/s with a variety of
austenitizing conditions to systematically change the austenite grain size (5 — 80 um) and the
level of Nb in solution. The latter was controlled by a variation of holding times at 900 °C to
facilitate various degrees of Nb re-precipitation after having put Nb fully into solid solution [22].

A second series of Gleeble simulations was conducted to validate the predictive capabilities of
the models for their application to the HAZ. For this purpose, suitable time-temperature paths for
the simulations were obtained using potential HAZ thermal cycles according to the Rosenthal
equation for thick plates.

Table I. Steel Chemistry (key elements in wt.%)

C Mn Nb Ti Mo N
0.06 1.65 0.034 0.012 0.24 0.005

Model Formulation

Austenite Grain Growth

Detailed experimental studies were conducted to determine austenite formation and austenite
grain growth kinetics during rapid heat treatment scenarios [2]. These investigations also
included in-situ measurements of the grain size evolution by laser ultrasonics [3]. Based on these
experimental observations, a combined austenite grain growth and precipitate dissolution model
has been proposed that is briefly summarized below. In the investigated steel microalloyed with
Nb and Ti (see Table I), four types of precipitates were observed in the base metal, i.e. Mo
carbides, Ti nitrides as well as fine (< 5 nm) and coarse (> 10 nm) Nb carbonitrides. Analysis of
their equilibrium solubilities suggests that Mo is completely in solution before ferrite starts to
transform to austenite whereas Ti remains almost completely precipitated even at the melting
temperature. On the other hand, Nb precipitates are expected to completely dissolve above
1150 °C in the present steel. Grain growth is significantly affected by the presence of these
precipitates which can provide grain boundary pinning. Thus, an austenite grain growth model
for the HAZ must account for the potential dissolution of precipitates and the associated changes
in the pinning force. Further, the amount of Nb in solution will also significantly affect the
subsequent austenite decomposition kinetics [22, 23]. For simplicity, it is assumed that TiN
remains stable throughout any heat treatment cycle in the HAZ and the Nb precipitates are
approximated as NbC. Further, the austenite formation is completed at 910 °C for a heating rate
of 1000 °C/s [2]. The typical austenite grain size of 4 um that was observed at this stage can be
taken as initial grain size in the grain growth model.
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The evolution of the mean austenite grain size, d,, can be described as:

d(d,) 1

4

where y is the grain boundary energy, a is a geometrical constant, P, is the pinning parameter
and M is the grain boundary mobility that is usually given by an Arrhenius relationship, i.e.:

M=M, exp(— RQTJ @)

where M, is a pre-exponential term, Q is an effective activation energy, R is the gas constant and
T is the absolute temperature. The pinning parameter can be written as:

&
an ©

for a population of N precipitate families i with volume fractions f; and mean particle radii ri; b
is another geometric constant. The dissolution kinetics of NbC can be described by:

dt

dr, _ D X = X (1))
r VY X P IVE =X (r) @)

where j is introduced to indicate the two NbC precipitate types, i.e. small (s) and large (1),
respectively. D is the diffusivity of the rate controlling element (i.e. here Nb), X is the mean
solute mole fraction of Nb in the matrix, X}, is the equilibrium solute mole fraction of Nb at the

precipitate/matrix interface, X" is the mole fraction of Nb in the precipitate, v =1.1775 x 10°

¥mPand v =1.110 x 102 m® are the atomic volume of matrix and NbC precipitates (i.e. mean

volume per atom), respectively. Interface curvature plays an important role on equilibrium mole
fraction, i.e. the so-called Gibbs-Thomson effect, and the equilibrium solubility depends on
particle radius, rj, and the matrix/precipitate interface energy, o, such that [24]:

4ov
kBT ©)

anlb(r )X = Ko €XPp

i
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Here, kg is the Boltzmann constant, X¢ is the equilibrium solute mole fraction of C at the
precipitate/matrix interface and Knyc is the solubility product. The initial volume fractions and
mean particle sizes are provided in Table 11. These data were obtained from an analysis of the
precipitate population in the base metal and the resulting austenite grain growth behavior [3].

Table Il. Initial Volume Fractions and Mean Radii of Precipitates [3]

Precipitate Volume fraction (x10™) Mean radius (nm)
TiN 2.2 38

NbC (large) 2.8 24

NbC (small) 1.0 35

Literature data are available for all model parameters in Equations (1) to (5) except M, as
summarized in Table I1I. A value of M, = 120 m*Js was adopted to provide an adequate
description of austenite grain growth during heating as illustrated in Figure 1. An important
outcome of this model is that both the mean austenite grain size and the amount of Nb in solution
are predicted along the thermal path in the austenite region.

Table Il1. Parameters for Combined Grain Growth — Dissolution Model

Parameter Value Reference
¥ (JIm?) 0.5 [25]
a 4 [26]
b 12 [27]
Q (kJ/mol) 350 [28]
o (Im?) 0.66 [3]
D (cm?/s) 4o exp(— 286kJ / mol ) [29]

RT

10g10(Knnc) 4.55 — 10345/T [30]
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Figure 1. Measured and calculated austenite grain growth during continuous heating in the
investigated X80 linepipe steel; holding times at peak temperatures are 0.5 s.

Austenite Decomposition

The austenite decomposition kinetics have been quantified as a function of austenitizing
condition (i.e. austenite grain size and amount of Nb in solution) and cooling rate, as described
elsewhere in more detail [22, 23]. Based on these studies a sequential transformation model is
proposed with five sub-models for: (i) ferrite start temperature, (ii) ferrite growth kinetics, (iii)
bainite start temperature, (iv) bainite growth kinetics, (v) martensite/austenite (MA) fraction.

To describe the transformation start temperature of ferrite a model previously proposed for plain
low carbon steels has been adopted [31]. The model considers early carbon diffusion controlled
growth of ferrite grains nucleated at austenite grain corners at a temperature, Ty. The original
model was extended to include the drag effect of Nb that slows down the growth rate of ferrite.
The modified growth rate equation can be formulated as [32]:

= R, ©)

]
dR, _ c’-C, 1(, D.aCy
— =D, ——=%— 1+7
dt C’_C"R,

where Ry is the radius of the growing ferrite grain, D¢ is the carbon diffusivity in austenite [33],
C, is the average carbon concentration, C* and C” are the carbon equilibrium concentrations in
ferrite and austenite, respectively, Cn, denotes the concentration of Nb in solution and « is a
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constant related to the intensity of the solute-interface interaction. The carbon equilibrium
concentrations are calculated with Thermo-Calc using the Fe2000 data base and assuming ortho-
equilibrium (i.e. full equilibrium for all alloying elements). Measurable transformation start (i.e.
5% transformed) is assumed to be associated with nucleation site saturation at other grain
boundary sites. Ferrite nucleation is presumed to cease once the carbon enrichment of the entire
grain boundary area attains a critical level, C*, i.e.:

R o 1 C*C,
f ¥ ¥ ]

J2cr-c,
is the condition to calculate the transformation start temperature, Ts. The three adjustable
parameters, i.e. Ty, C* and ¢, have been determined from the experimental ferrite transformation

start temperatures as summarized in Table IV. Figure 2 compares calculated with measured
ferrite transformation start temperatures.

Table IV. Ferrite Transformation Start Parameters

Tn (°C) C*/Co o (s/ pm)/(at.ppm)
700 1.74 + 6.8 um/d, 0.043
720 : : : :
® d=5um Cm;: 8 at.ppm

o 700 B d=5um C =203 atppm |

° ¢ d=26um,C =73atppm

S 680 — Model 1
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Figure 2. Calculated and measured ferrite transformation start temperature.
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The subsequent growth of ferrite is described using the Johnson-Mehl-Avrami-Kolmogorov
(JMAK) model and adopting additivity such that the normalized fraction transformed along a
cooling path is given by:

X =1-exp| - 4dﬁ(T Cro.d )T ®

T w(T)

Here,  is the instantaneous cooling rate, n is the JIMAK exponent and the rate parameter S can
be written as:

B= eXp(ﬂlT + /3, /de) ©)

where the £ are taken to be linear functions of the amount of Nb in solution, i.e.:

B =BiCx + B (10)

Table V gives the JIMAK parameters for ferrite growth. The true fraction of ferrite, X,, is
obtained by dividing the normalized fraction with the ferrite equilibrium fraction for the
respective transformation temperature.

Table V. JIMAK Parameters for Ferrite Transformation*
n Pu P2 Por Po2 Ps1 Ps2
1.1 5.27x10° | -3.59x107? | -4.64x102 24.9 1.97x10* | 5.98x107
*when T is in °C, d, in um and Cyp in at.ppm

In order to incorporate the bainite portion of the transformation into the model it is required to
determine the start of the bainite formation. There are two scenarios: (i) bainite forms without
prior ferrite formation, (ii) bainite forms after initial ferrite formation. In case (i) the bainite start
temperature, Bs, is higher than the calculated ferrite start temperature, Ts. The criterion for
measurable bainite start without prior ferrite formation is then given by the 5 % threshold for the
fraction transformed such that:

+b,T dT

0.05= | ———
J.1+b Crnp ¥ (1)

provides an empirical criterion for Bs where the b; are empirical constants and By is the bainite
nucleation temperature that can be related to a critical driving pressure as originally proposed by
Ali and Bhadeshia [34]. For the investigated steel By = 640 °C as long as there is no prior ferrite
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formation (i.e. X,=0). Table VI summarizes the bainite start parameters and Figure 3 illustrates
the quality of the bainite start model by comparing calculations with measured data.
Table VI. Bainite Start Parameters

bi(sT ba(s°Ch bs(at.ppm™)
87 -0.132 2.1

650 T T T T T

600

550

Bainite start temperature, °C

500 .
® d=26um CNb— 73 at.ppm
B d=26pum, C =203 at.ppm
¥ Nb
450 -| & d=80um C_=73atppm 1
A d=80um,C =203 at.ppm
¥ Nb
— Model
400 1 I I 1

0 20 40 60 80 100 120
Cooling rate, °C/s

Figure 3. Calculated and measured bainite transformation start without prior ferrite formation.

In case (ii), i.e. when there is prior ferrite formation, By provides the condition for the cessation
of ferrite formation and onset of bainite transformation. The driving pressure for the austenite-
ferrite formation is both a function of temperature and carbon content of austenite. The latter
depends on the degree of ferrite formation such that the critical driving pressure for By (°C) can
be expressed as a function of ferrite fraction. For the present steel, the following relation is
obtained:

B, =640-143X "%+ 288X  —528X2 +646X% —380X 12)

where X, is the ferrite fraction at By and represents then the final ferrite fraction.
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Subsequent bainite growth, i.e. starting from Bs when X,=0 and from By when X,>0, is
described using the JMAK approach outlined by equations (8 - 10). The JMAK parameters
depend on whether or not prior ferrite formation had taken place, as summarized in Table VII.
The normalization factor to obtain the true fraction, Xg, of bainite is (1-X, —Xma) Where Xma is
the MA fraction that can be related to the transformation start temperature ©s (i.e. either Ts for
X4>0 or Bs for X, = 0) in °C by:

0.0144—0.0604
1+exp((® —593)/2.65) (13

X ya =0.0604 +

as shown in Figure 4.

Table VII. IMAK Parameters for Bainite Transformation*

Xa n Pu P2 Po1 o2 Par Pa2
0 1.1 | 6.88x10° | -2.34x1072 | -2.47x102 | 18.0 2.40x10* | 1.17x10*
>0 | 1.1 | 7.64x10° | -2.36x107 | -1.22x10% | 125 0 0

*when T is in °C, d, in um and Cyy, in at.ppm

8 T T T
7+ ° ° -
° o -
X
©°
> i
<
E -
1+ ° ° ° -
0 1 Il 1
500 550 600 650 700

Transformation start temperature, °C

Figure 4. Martensite/Austenite (MA) fraction as a function of transformation start temperature
during continuous cooling transformation; solid line represents equation (13).
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Figure 5 gives examples for comparing the overall transformation model (i.e. kinetics of the
ferrite and bainite portions) with experimentally observed transformation kinetics during
continuous cooling. The three examples are representative cases for a reaction that produces a
primarily ferrite microstructure (highest transformation temperature), a reaction where bainite
transformation dominates and no ferrite forms (lowest transformation temperature) as well as a
case where a mixture of ferrite and bainite is observed (intermediate transformation
temperature).

T T
60°C/s 10°C/s 3°Cls
08 | A A A i
el
€
= L 4
S 0.6
17}
=
o
= d =5 um
P !
S 04§ C,,=8 at.ppm .
53 )
E d =26 um,
CNb=73 at.ppm
0.2 H d =80 um |
CNl =203 at.ppm
Model
T T 1

300 400 500 600 700
Temperature, °C

Figure 5. Comparison of calculated and measured transformation kinetics during continuous
cooling from various austenitizing conditions.

Model Validation

The above described model presents an integrated microstructure model for austenite grain
growth and austenite decomposition in the investigated X80 linepipe steel. In formulating the
model heating and cooling conditions were considered that are of relevance for the HAZ. To
assess the predictive capabilities of the model for the HAZ a series of laboratory simulations
were performed using potential HAZ thermal cycles according to the Rosenthal equation for
thick plates, i.e.:

q q 1
T(,r)=T,+——exp| -
( ) + 2 vt p 2e kvt (Tpeak(r) _TO) (14)
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Here, t is time, r is the distance from the fusion line, v is the weld speed, q is the heat input, «
(=40 J/msK) is the thermal conductivity, T, is the pre-heat temperature and the peak temperature
is given by:

2q/v

7z€pt‘2 (15)

Tpeak = To +

where p (=4.68x10° J/m*K) is the volume heat capacity. According to eq. (14) the cooling time
from 800 to 500°C is given by:

At _qlv 1 1
** " 2zkc(500-T, 800-T, (16)

where T, is in °C. For simplicity a heating rate of 100 °C/s was employed in the validation tests
to reach the peak temperature. The studies of Banerjee et al. [2] had indicated that the austenite
grain size becomes independent of heating rate when the heating rate is 100 °C/s and higher.
Three thermal cycles were employed with different peak temperatures, i.e. here 1000, 1200 and
1350 °C, that according to eq. (15) represent different positions in the HAZ. An idealized
Rosenthal behaviour (g/v=1.04 kJ/mm, T,=330 °C) was assumed for the cooling portion such
that the cooling time from 800 to 500 °C is approximately 16 s which translates into an average
cooling rate through the transformation region of 19 °C/s. Figure 6 summarizes the time-
temperature paths of the employed thermal cycles.
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Figure 6. Simulated HAZ thermal cycles employed for model validation studies.

Figure 7 shows the final microstructures obtained for these three different heat treatment cycles.
For a peak temperature of 1000 °C a predominantly ferritic microstructure is observed.
Increasing the peak temperature leads to an increasingly bainitic microstructure such that for a
peak temperature of 1350 °C a completely bainitic microstructure is recorded.
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Toesc= 1000°C
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Tpea= 1350°C

Figure 7. Final microstructures obtained during simulated HAZ thermal cycles with different
peak temperatures.

The combined microstructure model was then applied to these three thermal cycles. Table VIII
indicates the predicted austenite condition in terms of grain size and amount of Nb in solution. It
can be observed that increasing the peak temperature clearly results in an increase of both
austenite grain size and Nb in solution. Further, Table VIII provides the comparison of predicted
and measured fractions of transformation products. The trends observed in the laboratory tests
are adequately predicted by the model. In detail, it appears that the fraction of the MA
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constituent is in general somewhat underpredicted. This may, at least in part, be attributable to
the fact that an empirical relationship has been employed for the MA fraction and experimental
data points show significant scatter with respect to the proposed fit (see Figure 4). Further, it is
challenging to accurately measure the MA fraction as some of the MA islands can be rather
small. This may be another contributing factor to the observed discrepancies. While a potentially
improved MA model will be useful it will have minor effects on the overall transformation
model as the MA fraction remains below 0.10 in all cases, i.e. the transformation is dominated by
the ferrite and/or bainite reactions.

Table VIII. Predicted Austenite Condition and Predicted and Measured Fractions of
Transformation Products

T peak Cnb d, Xa Xa Xg X Xma Xwma

(°C) | (atppm) | (um) | (pred.) | (meas.) | (pred.) | (meas.) | (pred.) | (meas.)

1000 8 4 0.94 0.90 0 0 0.06 0.10

1200 63 11 0.06 0.10 0.88 0.82 0.06 0.08

1350 204 35 0 0 0.98 0.95 0.02 0.05
Conclusions

A phenomenological modelling framework has been developed to describe austenite grain
growth, dissolution of precipitates and austenite decomposition into ferrite and bainite along
rapid heat treatment cycles that are typical for the HAZ. The integrated microstructure model has
been validated for an X80 linepipe steel with laboratory simulations of heat treatment cycles
representing different positions in the HAZ. The model is applicable to the portion of the HAZ
that experiences complete austenitization with promising predictive capabilities in terms of the
fraction of transformation products as a function of the distance from the fusion line.

There are a number of points that should be considered for improving and extending the model.

(1) The microstructure model needs to be connected to a structure-property model to predict
the mechanical properties of the HAZ, in particular fracture toughness. For this purpose it
will be required to develop structure-property relationships that can be applied to
individual positions in the HAZ and subsequently will be integrated over the graded
microstructure of the HAZ.

(2) The MA constituent is an important microstructure aspect for crack propagation and,
thus, the fracture behaviour of the HAZ. The current model makes rather approximate
predictions for the MA fraction. It is imperative to improve the quality of the MA fraction
model and to add a component to predict the size of the MA constituent. The MA size
critically determines whether or not the MA constituent will promote crack propagation.
It can be expected that sufficiently small MA islands are inconsequential as long as they
are smaller than the critical crack length. Other important characteristics of MA
constituents are their morphology and carbon content.

(3) The current model deals with the HAZ portion that is completely austenitized. An
extension to the intercritical region would be of interest but requires the development of
an austenite formation model. For most welding scenarios, the thickness of the
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intercritical region is expected to be sufficiently small such that it may not affect the
HAZ properties significantly.

(4) The HAZ is characterized by steep temperature gradients that result in associated
microstructure gradients. The present model makes predictions for individual portions in
the HAZ without accounting for these gradients, i.e. the thermal cycle of this position is
applied to the microstructure evolution as if it were to occur in a bulk sample with
homogeneous temperature. For example, immediately near the fusion line austenite
grains with sizes of approximately 100 um may be present and even a conservative
estimate would suggest that there may be a temperature gradient of at least 200 °C across
a grain of this size. Thus, modelling microstructure evolution on the length scale of the
grain structure, i.e. the so-called meso-scale, will be important to account for the potential
effects of these temperature gradients on the resulting microstructure. It is proposed to
translate the presented model into a phase field model (PFM). Initial PFM simulations
have been carried out for austenite grain growth in the HAZ [35].
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