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Study of the cleavage behavior of heat treated S690 steel by a microstructure-based approach combined with
finite element analysis is present in this paper. Cleavage simulations of steels subjected to heat treatments that
cause grain refinement or simulate heat affected zones are performed, and are compared with experiments. It is
found that the experimental improvement of toughness from grain refinement is 80% of what would be expected
based on the model. The 20% difference is due to the lower number fraction of high-angle misorientation

boundaries. It is also found that the resistance to micro-crack propagation is more effective in heat affected
zones, which can be explained by the residual compressive stress in martensite-austenite constituents. This
research assesses the balance between microstructural parameters for controlling cleavage toughness.

1. Introduction

Processing parameters (e.g. weld travel speed, process, wire
composition, cooling rate, etc.) determine the ability of the micro-
structure of high strength steel to generate sufficiently tough base
metal/weld/Heat Affected Zone (HAZ) combination [1]. It is essential to
know the separate and combined effects of various microstructural
features on cleavage, such as prior austenite grain size [2], carbide size
[3], the presence of inclusions [4], M-A (martensite-austenite) phases
[5], precipitates, etc. (for an overview, see Ref. [6]). Better modelling of
the relationship between the microstructures resulting from welding
processes and HAZ toughness can lead to more cost effective develop-
ment and usage of welding procedures.

Austenite grain refinement has been recognized as an effective
method to improve mechanical properties of high strength steels [7-9].
There are multiple studies performed on refining of austenite grain size
[10-14]. However, high strength steels often have bainitic or martens-
itic microstructure, which has hierarchical crystallographic structures.
In this case, the definition of grain is complicated, as a grain can be
defined as prior austenite grain (PAG), packet, block, or lath [15].
Although it is generally observed that the refinement of a prior austenite
grain can improve both strength and toughness of steel, it is also re-
ported that the PAG refinement is less effective than expected as the
local fracture stress is observed with little influence [16]. A modelling
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method that can incorporate comprehensive microstructure is needed to
help estimate the effectiveness of grain refinement. There are a few at-
tempts [17,18] to model the effect of grain size on cleavage toughness of
steels using microstructure-based methods. However, those attempts did
not validate the effect of isoparametric change in grain size.

Welding thermal cycles produce heterogeneous microstructure in the
HAZ [19]. Coarse-grained heat affected zone (CGHAZ) and intercriti-
cally reheated coarse-grained heat affected zone (ICCGHAZ) are found
to have low fracture toughness due to the coarsening of austenite grains
and the formation of martensite-austenite (M-A) constituents [20-23].
One of the complexities of modelling the fracture process in an HAZ is
when there are pre-existing carbides and brittle inclusions in the base
material. Li and Baker [24] observed in a V and Nb microalloyed steel
that M-A constituents have a more pronounced impact on the fracture
process of ICCGHAZ than pre-existing carbides and aluminium oxide
inclusions. Vassilaros [25] found in ultra-low carbon bainitic steel that
the pre-existing TiN inclusions rather than M-A constituents trigger
cleavage fracture in the CGHAZ. Therefore, a modelling method that can
consider different types of brittle particles is needed to better understand
the cleavage micromechanisms in a welded multi-phase steel.

This study contributes new knowledge to the understanding of
cleavage fracture of steels subjected to heat treatments that cause grain
refinement or simulate heat affected zones. The first objective is to es-
timate the effect of grain refinement on toughness improvement of a
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multi-phase steel, with numerical simulations and validation from a
mostly isoparametric experimental program. It investigates how model
parameters should be adjusted for changes in prior austenite grain sub-
structures. The second objective is to simulate the cleavage fracture in
welded steels with different types of brittle particles. It provides insight
into the modelling of toughness degradation in CGHAZ and ICCGHAZ
that contain pre-existing brittle inclusions.

The numerical method used in this paper was proposed by Jiang
et al. [26]. Several microstructural features (grain size, hard particle
size, and hard particle geometries) are considered simultaneously, and
the deactivation of crack initiators is incrementally considered. This
approach is based on prior multi-barrier models [27,28]. Cleavage pa-
rameters K" (crack arrest of the grain boundary), and szl (critical
fracture stress of hard inclusion) are the values fitted from fracture ex-
periments and can be used to estimate the effect of microstructures
affected heat treatments.

The current research applies the method to model the cleavage
behavior of Gleeble heat treated S690 QT steel at —100 °C and —40 °C.
The first type of heat treatment is a rapid cyclic heating (RCH) to
represent variation of microstructure that solely refines the grains. The
second type of heat treatment simulates HAZs, which represents welded
microstructures where grains are coarsened and martensite-austenite
(M-A) constituents are generated. In addition, theoretical calculation
based on a multi-barrier model [26] are performed for variations of
microstructural parameters, such as grain size and hard particle distri-
butions (while keeping other modelling parameters constrained). The
heat-treated materials’ fracture behaviours are compared with the
theoretical calculations.

2. Materials

A commercially available 80 mm thick quenched and tempered S690
high strength steel plate is used in this paper. The chosen thickness
position for this study is the middle section that represents the worst
fracture toughness of the S690 QT steel plate. The chemical composition
of the as-received steel was studied by XRF (X-ray fluorescence) and
LECO combustion analysis [34]. The chemical composition is shown in
Table 1.

Gleeble heat treatments were carried out to generate a grain refined
microstructure, coarse-grained heat affected zone (CGHAZ) and inter-
critically reheated coarse-grained heat affected zone (ICCGHAZ). The
details of the heat treatment can be found in Refs. [29,30] and a brief
description is provided in the following paragraphs.

The RCH treatment route is applied to generate a refined grain
microstructure, which includes the following steps: heating up the
sample from room temperature to 870 °C (above Ac3) at 20 °C/s and
soaking at 870 °C for 120 s; afterwards, industrial quenching and
tempering heating and cooling profiles are used in to keep the micro-
structure and composition as close as possible to the as-received steel.

The thermal profile for the CGHAZ was experimentally obtained
from an actual gas metal arc welding with a heat input of 2.2 kJ/mm. For
the ICCGHAZ, the thermal profile for the first cycle was the same as used
for the CGHAZ, followed by a second cycle with the same heating and
cooling rates as the first step, but with peak temperature 750 °C (within
the critical Ac; and Acs temperatures).

The fracture tests were performed at —100 °C for the RCH treated
steel, and at —40 °C for CGHAZ and ICCGHAZ. Fracture tests of the as-
received reference steel were performed at both —100 °C and —40 °C.
The different test temperature is aimed to have fracture mode of heat

Table 1
Chemical composition of S690 QT [34].
Composition  Fe C Si Al Mo Other
wt (%) Bal. 0.160 + 0.30 + 0.08 + 0.29 + Mn, Ni,
0.001 0.03 0.01 0.02 Cr, Nb
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treated steels in cleavage.
2.1. Microstructures

The as-received material has a microstructure of 64% tempered
bainite, 29% tempered martensite, and of less than 7% ferrite [29]. The
RCH treatment was designed to keep the microstructure of the
as-received steel and the phases observed in the as-received steel
remained present as shown in Fig. 1. The specimens of CGHAZ contain
88% auto-tempered martensite, 6% martensite and 6% coalesced
martensite. The specimens of ICCGHAZ have a microstructure of 71%
granular bainite, 12% auto-tempered martensite, 8% martensite, and of
less than 10% ferrite [30]. Fig. 1 shows the overview of microstructures
of the steels. Details of the microstructure characterization can be found
in Refs. [29,31].

Prior Austenite Grains (PAG) are reconstructed based on EBSD
measurements [29,30]. The EBSD measurements were repeated at
different locations for each steel. The statistical distribution of the grain
size (D in pm) is obtained by least-square fitting of the grain size data to
the function P(D). P(D) represents the probability that a grain size is
larger than D pm, and is a combined function of lognormal distribution
and power-law distribution:

P(D) :min{l - CDF(D,;A,S),%} o)

with CDF(D, u, S) is the cumulative distribution function of a lognormal

distribution, representing 1/2 + 1/2 erf <l'717_5”), where a and p are fitting

parameters, y is the mean and S is the standard deviation.

Fig. 2 shows the grain size data measured from EBSD with the fitted
curves for the as-received steel, RCH treated steel, CGHAZ, and ICC-
GHAZ. After the RCH treatment, grain refinement by 55% (in terms of
average value) was achieved. After the HAZ heat treatment, grains are
coarsened by 195% and 237% (in terms of average value), for CGHAZ
and ICCGHAZ, respectively. The cusp in the plot is explained by the
change between the two fitted probability functions. It is observed in
Fig. 2 that when eq. (1) shift from lognormal distribution to power law
distribution the cusp is concave. It indicates a nonproportional change in
the tail of the grain size distribution compared with the mean. For RCH
and HAZ treatments, the large-grain tail of the distribution becomes
thinner compared to the as-received material.

The hard particles that act as initiator of cleavage cracks in the as-
received steel and in the steel after grain refinement are found to be
circular oxides that are in the size range of 1-5 pm and rectangular Nb-
rich inclusions that are in the size range of 1-12 pm. The oxides and Nb-
rich inclusions are not changed after the heat treatments, and the
characterization performed in as-received steel is used to model the
particle distributions in the heat-treated steels. The size of circular in-
clusions (oxides) is measured as equivalent diameter, while the rectan-
gular inclusions (Nb-rich inclusions) are represented by the longer axis.
Fig. 3 shows the inclusion size distributions measured by Keyence digital
microscope. The number density of oxides and Nb inclusions is calcu-
lated as 38 and 13 per 0.001 mm?, respectively, which is converted from
2D measurements according to Schwartz-Saltykov method [31]. In the
CGHAZ and ICCGHAZ, M-A constituents in sizes of less than 1 pm are
present. The longer axis of M-A constituents are measured, and the size
distribution is shown in Fig. 4. The M-A constituents are distributed with
a density of 7.2 x 10° and 1.38 x 10° per 0.001 mm?® for CGHAZ and
ICCGHAZ, respectively. Eq. (1) is used to fit the statistical distribution of
hard particles, which provides input for the cleavage modelling.

2.2. Tensile properties
Tensile tests were carried out at room temperature using cylindrical

specimens. The tensile specimens for as-received material have a gauge
length of 60 mm with a gauge diameter of 8 mm and were tested at a
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(a) As-received

(c) CGHAZ
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(d) ICCGHAZ

Fig. 1. Micrographs of S690QT steel before (a) and after heat treatments (b)-(d) [29,30].
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Fig. 2. Distribution of the major axis of PAG.

deformation rate of 1.2 mm/s in order to apply similar strain rate con-
ditions as in CTOD specimens. The tensile specimens for heat-treated
material have a gauge length of 10 mm with a gauge diameter of
5.65 mm and were accordingly tested at a deformation rate of 0.2 mm/s.
The stress-strain relationship of the steels is characterized by Ludwik’s
law, which is defined with the flow stress (¢) and the effective plastic
strain (g,) as:

=0, +Ke)* 2

where, oy, K and n; are material parameters. The parameters of Ludwik’s
law are fitted from tensile tests at room temperature and are converted
to tensile curves at the fracture temperatures (according to ISO 12135
[32]) to generate material input for FE models.

10°

S —
taor e Y @)

Olow temp = Oroom temp

where T is the low temperature in °C. Fig. 5 shows the comparison of

1
0.9
0.8 .
¢ Oxides, measured
£t — Ogxides, fitted
Q 0.6 = Nb inclusion, measured
§ 05 —— Nb inclusion, fitted
&
0.4
0.3
0.2
0.1
0
0 5 10 15 20 25 30
d(um)

Fig. 3. Size distribution of inclusions (with SEM micrographs showing
the morphology).

flow stress versus plastic strain relationships fitted for the steels and
converted to the fracture temperatures. Table 2 shows the summary of
tensile test results.

As the hardening behavior shows differences among the steels, the
representative flow stress for comparison is defined by the average of
yield strength (0.2%-offset stress) and the ultimate tensile strength. The
refined grain size after RCH treatment results in a flow stress increase of
7%. The changed phases in CGHAZ and ICCGHAZ lead to an increase of
the flow stress in comparison with the as received steel, by 44% and by
14%, respectively.

2.3. Fracture toughness tests

Fracture toughness tests were performed [29,30] according to the
standard ISO 12135 [32] using sub-sized Single Edge Notched Bending
(SENB) specimens, with dimensions of 20 mm x 10 mm x 92 mm. Fig. 6
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Fig. 4. Distribution of longer axis of M-A constituents in HAZs.
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=
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Plastic Strain
Fig. 5. Flow stress vs plastic strain curves of steels.
Table 2

Summary of tensile test results [29,30].

Material Temperature °C Yield strength (MPa) Tensile strength (MPa)
CGHAZ —40 1000 (+30) 1470 (£50)

ICCGHAZ —40 740 (+£20) 1240 (+50)

RCH —100 942 (+24) 1068 (+20)

As received —40 780 (£5) 930 (£10)

As received —100 895 (+12) 1013 (£13)

W=20 mm
Y

e

K:/')‘ ://

Fig. 6. Geometry layout of the SENB specimen [26].

shows the geometry of the SENB specimens, including crack length a and
specimen height W. Fracture tests to study grain refinement were per-
formed on deep cracked (a/W = 0.5) specimens, the initial crack length
is 10 mm; including a 8.6 mm notch and a 1.4 mm pre-fatigued crack.
Fracture tests to study HAZs were performed also on shallow cracked
(a/W = 0.1) specimens; the initial crack length is 2 mm, including a 1.4
mm notch and a 0.6 mm pre-fatigued crack.

All fracture specimens were tested in 3-point bending at a loading
rate of 2 mm/s using a MTS servo hydraulic. Table 3 summarizes the

Materials Science & Engineering A 876 (2023) 145184

Table 3
Summary of fracture tests [29,30].

a/ Material Number of Test Temperature Measured CTOD

w samples °C (mm)

0.5 As 14 —100 0.012 (4+0.004)
received 9 —40 0.109 (£0.076)
CGHAZ 10 0.023 (£0.006)
ICCGHAZ 9 0.071 (40.019)
RCH 8 -100 0.074 (£+0.054)

0.1 As 13 0.039 (£0.026)
received
CGHAZ 10 —40 0.065 (£0.157)

ICCGHAZ 9 0.094 (£+0.049)

number of samples and test temperatures for each material.
3. Methods
3.1. Finite element model

SENB specimens are modelled in Abaqus 2017 for each type of steel.
A quarter of the specimen (L/2 x B/2 x W) is modelled as 3D deform-
able solid by using symmetry as shown in Fig. 7 (a). A quarter of the
specimen (L/2 x B/2 x W) is modelled by using symmetry. Analytical
rigid surfaces with frictionless contact are used to model the support and
load roller. The initial pre-fatigued crack tip is modelled as a finite notch
that is 0.005 mm in radius. The mesh near the crack tip is shown by
Fig. 7 (b), where 20-noded hexahedral element with reduced integration
(C3D20R) is used. The dimension of the smallest element is 0.001 mm x
0.005 mm x 0.067 mm. A total deflection of 1 mm is applied by
displacement control. The geometric and material nonlinearity is solved
by a full Newton-Raphson algorithm in an implicit method.

3.2. Micromechanism-based cleavage model

The model applied in this paper is developed in Ref. [26] and is based
on a multiple-barrier cleavage theory [27,28]. The mechanism repre-
sents cleavage fracture in steels as the successive occurrence of three
microscale events (as illustrated by Fig. 8).

I nucleation of a slip-induced crack in a brittle second-phase par-
ticle or inclusion;
II propagation of the microcrack of a particle-size length across the
particle/matrix interface;
III propagation of the crack of a grain-size length across the grain
boundary.

The stress level in a hard particle needs to exceed the particle
strength ¢§ to allow a micro-crack nucleation (event I). The value of
particle strength is assumed to be uniformly distributed in the range [¢$,
6%+ AcS]. The number of cracked inclusions (Ny,) is proportional to the
stress oy at the hard particle. For a volume that initially contains N
particles, N, can be calculated f or o > 6§ as:

N, :min{N X (GH — 02) /Aa,f,,N} 4

where the stress oy is calculated from the stress of the matrix (first
principal stress ¢, , and the equivalent von Mises stress Geqm), by

O =01 ;m +ﬁlaeq,m (5)

where f, is based on the inclusion geometry and is determined using the
analytical expression in Ref. [33].

For the crack propagation events, i.e., across the particle/matrix
interface (event II) and across the grain boundary (event III), stress
criterion are used. A minimum crack size equal to particle size (d.)
(event II) or rather grain size (D.) (event III) is calculated for the first



Q. Jiang et al. Materials Science & Engineering A 876 (2023) 145184

Mid-plane

(a) Quarter model of the specimen (b) Mesh near the crack tip

Fig. 7. Finite element model of the three-point bending test.

a function of the global load. The stress/strain distribution (which
contains 61 m, 0eqm, and g, values for each finite element) of a macro-
scopic specimen is calculated by Finite element analysis (FEA) at each
load increment. Based on the stress level, shape of the stress field, and
statistical information of the microstructure, the cleavage probability of
a finite element is calculated considering the cleavage barriers. The total
failure probability of the specimen is calculated as the cleavage proba-
M1 bility of all finite elements in the fracture process zone (areas that are
plastically deforming). In addition to FEA inputs, other required input
includes cleavage parameters (Kf,', Ki™ and ¢%) and several micro-
structural parameters (f, calculated from inclusion geometry, the dis-
tribution function of the grain size P(D), the distribution function of the
hard particle size P(d), number of inclusions N per unit of volume).
Other predefined parameters are threshold plastic strain ¢, ;, elementary

Fig. 8. Critical events of cleavage fracture.

principal stress within the grain (61,) to propagate the micro-crack,

respectively by: volume Vp, and scatter of the inclusion fracture strength Ac$. All pre-
d. = (K" /01,m)2 6) defined values are summarized in Table 4. In this article, 65 is deter-
mined for each type of inclusion, and Ac$; represents size effect and
D, = (k" /017,,1)2 @) variety of local defects in inclusions. The predefined value of Ac is a
proxy determined by sensitivity study [26] and is relatively small
where Kﬁ" is the local cleavage parameter to characterize the equivalent compared to O'g. The value of AUIC{ and its effect on the simulation results
toughness at the particle/matrix, and Kj" is the local cleavage param- will be more significant when representing scatter among multiple types
eter to characterize the equivalent toughness at the grain boundary. of inclusions.
Fig. 9 gives a flow chart of the computational model to calculate the
cleavage probability of macroscale specimens (Py), which is expressed as 4. Results
4.1. Simulation of base material
[ Read inputs (FEA. f,, . P(D), P(d). N. KP™ K»™ and o ) ]
! Analysis of the as-received steel indicates that micro-crack propa-
I Load increment i . gation is grain-size controlled [26], as the brittle inclusions have a
3 relatively large dimension (95% of brittle inclusions are larger than 1.5
—,| Element | | pm), and the nucleated microcracks are in sizes that enable them to

propagate into the surrounding grain. Among the inclusions that are
) No 0 identified as local cleavage fracture initiation sites in Ref. [34], the
. minimum size is 1.22 4+ 0.08 pm (in specimen a/W = 0.5) and 1.27 +

‘ 0.10 pm (in specimen a/W = 0.1). Such inclusion sizes represent the

minimum length of micro-cracks that are able to propagate across the

‘ Oy = O1m +fuduq,m

Next No ] . inclusion/matrix interface to form cleavage facets in neighbouring
oad increment . e s . .
ElejTle nt & @ i1 grains. Stress state (o7 ,,) at the crack initiation site was determined by
Yes . . .
T FEA in Ref. [26]. K5, was determined as 2.5 MPa,/m by eq. (6) with the
alculate T.ij or: N ope . . . . . .. .
Hard particle size d> (KZ™/ary m)? identified particle size and 67 ,, [38]. Maximum likelihood fitting is used
Grain size D> (K[™ [y 1)? to determine cleavage parameters Ko™ and aﬁ from the measured crack
Calculate AN, ;;
v
—| Update Pr;as 1— (1 — Py ) (1 — Py ) Nerii?V ‘ Table 4
¥ Allfinished Value of the pre-defined input parameters.
‘ Update Py as Pr;_y + (1- Pf‘,-_l) X Py l— Parameters Values
¥_Allfinished Threshold plasticity strain & g 10°°
[ Output Py at each load step J Elementary volume V, 0.001 mm®
Stress concentration factor of spherical inclusion f, 0.239
Scatter of the inclusion fracture strength Ac§ 100 MPa

Fig. 9. Flow chart of the computational scheme [26].
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tip opening displacement (CTOD) of high-and low-constraint specimens.
The failure probability, Py, of a specimen fractured in experiment, was
calculated as a rank probability according to Ref. [35]:

i—03

P = 8
T"N+04 ®

where i is the rank number in terms of CTOD and N is the total number of
experiments.

The fitting on specimens fractured at temperature —100 °C is re-
ported in Ref. [26], which results in ag equals to 2.7 GPa for oxides and
2.2 GPa for rectangular inclusions; K" equals to 19.5 MPay/m for both.
From fracture surface analysis in Ref. [26], initiation sites can be iden-
tified in nine of the specimens, and seven of them have initiation sites
identified as Nb inclusions, which corresponds to the lower ¢§. Fitting
on specimens fractured at temperature —40 °C is performed assuming
the same value for 6§, and KJ'™ is determined by inverse analysis on high
constraint specimens. The resulting KJ'™ is 22.6 MPay/m. Fig. 10 shows
the comparison of experiments and the simulation using the fitted
parameters.

4.2. Simulation of grain size refinement specimens

After RCH, the inclusions are unaltered (same size, composition,
shape, and distribution), and ¢§ is assumed to have the value deter-
mined from the reference steel, 2.7 GPa for oxides and 2.2 GPa for
rectangular inclusions. Cleavage parameter K" (grain boundary
toughness) is determined by inverse analysis (maximum likelihood
fitting) from the measured CTOD of high-constraint specimens. The
resulting KJ'™ is 17.6 MPay/m. Fig. 10 shows the comparison of experi-
ments and the simulation using the fitted parameters.

If the grain refined material is simulated with the KJi™ value of the as-
received steel, rather than with the fitting, the distribution of calculated
CTOD is shown by the dashed line in Fig. 11. The assumption of unal-
tered KJ7™ results in calculated CTOD much higher than the experimental
values. With unaltered K7J", the grain refinement corresponds to the
measured fracture toughness will be 46%. It is lower than the actual
grain refinement by 55%. In another words, the experimental
improvement of toughness based on grain size refinement is 80% of
what would be expected based on simulations.

4.3. Simulation of HAZ

The oxides and Nb-rich inclusions have been identified to trigger
cleavage in the as-received steel [34]. However, clear river lines were
not observed on the fracture surface of HAZs [30]. Particles that
resemble M-A constituents are present at cleavage facets where river
lines appear to be converging, which are likely initiation sites [30]. Thus
which type of the particles act as the initiation sites cannot be deter-
mined, and it may suggest multiple initiation sites. It is firstly assumed

= a/W=0.5, -100°C , measured
— a/W=0.5, -100°C , fitted

« a/W=0.1, -100°C , measured
— a/W=0.1, -100°C, fitted

= a/W=0.5, -40°C , measured
— a/W=0.5, -40°C , fitted

Py

0.00 0.05 0.10 0.15 0.20
CTOD (mm)

Fig. 10. Cleavage probability calculation of as-received steel.
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1
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07 | |s _
w 06 Ha s As-received, measured
& os L — As-received, fitted
52 : »  RCH, measured
03 | — RCH, fitted
0'2 : -~ RCH, constant Kj;™
0.1 )
0
0.00 0.05 0.10 0.15 0.20

CTOD (mm)

Fig. 11. Cleavage probability calculation of a/W = 0.5 specimens fractured
at —100 °C.

that cleavage is triggered by both inclusions and M-A constituents. The
parameters are fitted based on both high- and low-constraint specimens
with the following assumed: ¢§ for M-A and K7™ for grain boundaries
are fitted, that ¢ is assumed to be constant for M-A among CGHAZ and
ICCGHAZ, while K7™ is assumed be vary. In order to clarify the influence
of assumptions of initiation site, simulations with two additional un-
derlying assumptions are performed: (i) only inclusions initiate cleav-
age, (ii) only M-A constituents initiate cleavage. When inclusions are
assumed to trigger the final fracture, the fracture stress 6% for circular
and rectangular inclusions are the same as in the base material, and K}
for grain boundaries is fitted for the HAZ material; when M-A constit-
uents are assumed to trigger the final fracture, cleavage parameters 5
for M-A and KJJ" for grain boundaries are fitted. The fitted cleavage
parameters are summarized in Table 5, and the comparison of simula-
tions and experiments are shown in Fig. 12.

4.4. Numerical study on grain size and flow stress

To compare the heat-treated materials’ fracture behavior with
theoretical calculations, a systematic study on grain size and flow stress
is performed by means of numerical simulations. A series of simulations
to show the effect of grain size is performed for fracture occurring at
—100 °C and —40 °C with cleavage parameters determined from the as-
received material, assuming grain sizes are changed independently from
all other modelling parameters. As flow stress can be increased by the
refined grain size, another simulation is performed to estimate this in-
fluence. Fig. 13 shows the sensitivity of CTOD values to the material
factors, where the CTOD and the independent parameters are both
normalized by the value of the as-received steel. The calculated CTOD is
represented by the median value.

For a heat treated steel, the correlation between grain size and yield
strength can be assumed to follow a Hall-Petch relationship:

c=0o+ KD '? 9
Therefore, the detrimental effect on toughness caused by increased

yield stress is less than the improving effect of refined grain size.

Table 5
Fitted cleavage parameters for HAZ and as received steel at —40 °C.

Initiator of o of M- K™ (MPay/m) 6%, of inclusion (GPa)®
micro-crack A (GP.
©Pa) 6 1cce as
received
Inclusion - 385 334 22.6 2.7 for oxides and 2.2
M-A 2.0 39.4 322 - for rectangular
M-A & 2.2 41.1 35.0 - inclusions (NbC)

inclusion

2 Fitted from as received steel and is considered as a constant value after heat
treatment.
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Fig. 12. Cleavage probability calculation of HAZ specimens fractured
at —40 °C.

For the as-received material, the power-law part of eq. (1) charac-
terizes the large grains that initiate cleavage crack. Fig. 2 shows that if
only the log-normal distribution is used then the number of grains in the
large-size tail would be significantly overestimated. However, the grains
characterized by the lognormal part can also contribute to the cleavage
in a coarse-grain material, for example in the sensitivity study shown by
Fig. 13 (a). Using a combined function to represent the grain size dis-
tribution is thus essential to accurately capture the relationship between
grain size and fracture toughness.

4.5. Numerical study on particle size and density

Reducing the density or refining hard particles that initiate micro-
cracks is another method to improve toughness through microstructure
control [4]. However, for the HAZ specimens, it is not determined if M-A
or inclusions are the dominant hard particles that initiate the primary
cleavage crack. A sensitivity study on particle size and density is per-
formed by means of numerical simulation of the HAZ specimens.

The simulations are performed for ICCGHAZ specimens fractured at
—40 °C. The cleavage parameters are determined from the ICCGHAZ
with the assumption of both M-A and inclusions initiating the primary
cleavage crack. Fig. 14 shows the sensitivity of CTOD values when
assuming M-A or inclusions are removed from the material. The results
suggest that the simulated CTOD of high constraint specimens is not
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sensitive to the presence of M-A, while removing inclusions effectively
increase the CTOD values. M-A constituents are more responsible for
initiating cracks in low constraint specimens, as the effect of removing
M-A to improve the CTOD values is at the same level as of removing
inclusions.

Alternative to removing hard particles, refining hard particles can
also effectively improve toughness [24]. Fig. 15 shows the changes of
simulated CTOD when assuming inclusions sizes are refined. The results
show that refining inclusions sizes by 20% can effectively increase the
CTOD values of both high and low constraint specimens, and further
refining will contribute less. For M-A, the simulated CTOD of high
constraint specimen is not sensitive to refining the M-A, while in
low-constraint specimens, the effect of refining M-A is at the same level
as of refining inclusions.

5. Discussion

In this research, cleavage behaviours of heat treated S690 QT steel at
—100 °C and —40 °C are modelled. The simulation results are discussed
and compared in this section. Table 6 summarizes the changes in key
properties of the steels after three different heat treatments.

5.1. Temperature dependence of K™ for as-received steel

It has been shown in Ref. [27] that the cleavage parameter of par-
ticle/matrix interface K¥,' is independent of temperature and the
cleavage parameter of grain boundaries K" is strongly temperature
dependent in the ductile-to-brittle transition range. In the present paper,
K7™ of as-received S690 QT steel is found to increase by 13% when the
temperature is raised from —100 °C to —40 °C. The tendency agrees with
reported findings in Ref. [27]. The increasing Kj?™ with temperature also
agrees with the observations obtained from acoustic emission mea-
surements in Ref. [28], which suggests that at increasing temperature,
cleavage is controlled by the propagation of microcracks arrested at
grain boundaries.

The temperature dependence for surface energy y,,, of grain
boundaries was measured in Refs. [36,37] from the analysis of initiation
facets. Taking the results from Ref. [36] as a reference, the value of y,,,
is increased by 46% when the temperature is raised from —100 °C to
—40 °C. Applying the relationship Kj3" o, /7, [36,371, the 46% increase
in y,, results in a 21% increase in Kj;". However, it should be noted that
the relationship shows large diversity for different types of steel, and the
results in Refs. [36,37] are for ferrite-pearlite microstructures.

5.2. The effect of RCH treatment

The objective of the RCH treatment was to reduce the grain size
while retaining the phases of the as-received material. After the post-
process heat treatment, grain refinement of 57% (in terms of average
value) was achieved, with the flow stress increased by 7%. The average
CTOD of the heat-treated steel is increased by 516% with respect to the
as-received steel. The fitted cleavage parameter KJi™ is lower than for the
as-received steel, which indicates that the grain refinement on toughness
improvement is not fully effective as the equivalent resistance to crack
propagation decreases.

Grain boundary misorientation angles for the as-received steel and
the heat-treated steel are shown in Fig. 16. Low-angle misorientations
are typically distributed between laths, while high-angle mis-
orientations, including packet and block boundaries, are distributed
within PAG. For the studied steel, the fraction of high misorientation
angles (>15°) remains constant around 90% after heat treatment. The
peaks around 60° show a certain decrease after the heat treatment.

The high-angle misorientations are beneficial for the toughness
because they are effective barriers and cause cracks to deviate. The
lower number fraction of high-angle misorientations (the peak of the
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Fig. 14. Changes of simulated CTOD when assuming hard particles are
removed (lines correspond to Min-Median-Max in simulated CTOD values).

distribution, which is in 55-60°) reduces the efficiency of refined grain
size on toughness improvement. In Ref. [29], the packet size and block
widths for the as-received and the grain-refined S690QT steel are pre-
sented. The average packet size and block width were reduced around
60% and 40%, respectively. The block width reduction is lower than the
refinement of PAG size, which explains the lower number fraction of
misorientation angles around 60° after RCH.

5.3. Effect of CGHAZ and ICCGHAZ

After the heat treatment, grains are coarsened by 195% and 237% (in
terms of average value), for CGHAZ and ICCGHAZ respectively. The
phase fractions are also changed, which leads to an increase of the flow
stress. The flow stress is increased by 44% for CGHAZ and by 14% for
ICCGHAZ. The average CTOD of CGHAZ is 80% lower and the average
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Fig. 15. Changes of simulated CTOD when assuming inclusions are refined
(lines corresponds to Min-Median-Max in simulated CTOD values).

Table 6

Changes of properties relative to as-received steel.
Heat treatment Flow stress Grain size CTOD
RHC 17% 157% 1516%
CGHAZ 144% 1195% 180%
ICCGHAZ 114% 1237% 135%

CTOD of ICCGHAZ is 35% lower than for the as-received steel. However,
the detrimental effect of the coarse grains and high flow stress is not as
pronounced as expected, if compared with sensitivity study shown in
Figs. 12 and 13. When fitting the cleavage parameter K", the effect is
reflected by a very high value of Ko™ for the HAZ, which represents more
effective resistance to micro-crack propagation compared with the as-
received steel.
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Fig. 16. Grain boundary misorientation angle of as-received steel and steel
after RCH [29].

This finding cannot be explained by the differences in the lath/
block/packet structures within PAGs. Grain boundary misorientation
angles for the as-received material and the HAZ are shown in Fig. 17,
which have no significant difference. In Ref. [30], M-A constituents are
found along the propagation path of secondary cracks by EBSD analysis,
and some M-A constituents are observed to deflect the crack. Kernel
Average Misorientation (KAM) maps have been measured for the HAZ in
Ref. [30]. According to the KAM maps, the M-A constituents are the
areas with the largest KAM values, indicating a large strain located in
M-A constituents. It is a consequence of the residual stresses induced
during phase transformation to martensite and the retention of austenite
during cooling. The residual stress is compressive in M-A constituents
and is tension in the matrix surrounding the M-A constituents [22].
When a crack interacts with M-A constituents, the compressive stresses
within M-A constituents can reduce the stress intensity, which explains
the crack arrest events in HAZ.

The residual stress in M-A constituents may also have effects on the
initiation stage and the propagation of micro-cracks across particle/
matrix interface. For example, the residual stress in matrix around the
M-A is tension and leads to lower K", while the compressive residual
stress in M-A leads to higher 5. The assumption of constant K% and 6%,
which is used in the modelling of HAZ materials, may be violated if the
residual stresses are different between CGHAZ and ICCGHAZ. It can be
observed that the quality of fittings of simulated HAZs (Fig. 12) are in
general worse than the fittings of as received (Fig. 10) and RCH steel
(Fig. 11). Not considering the effect of residual stress is a possible cause
for the poorer match between experimental and simulation results of
HAZ materials. However, simply shifting 6%, in eq. (4) by a fixed quantity
corresponding to the estimated residual stresses did not improve the
model performance. As the residual stresses are related to plastic
deformation, the effect cannot be modelled by superposition. Instead, a
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Fig. 17. Grain boundary misorientation angle of HAZ compared to as-received
steel [30].
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threshold value of the CTOD is observed for CGHAZ and ICGHAZ, which
suggests that a threshold plastic strain value may be required for HAZ
materials.

6. Conclusions

In this research, a microstructure-based method that is coupled with
Finite Element Analysis is used to model the cleavage behavior of heat
treated S690 QT steel at —100 °C and —40 °C. Cleavage simulations of
steel after rapid cyclic heating and heat affect zones are performed. By
simulating cleavage fracture of various microstructures and comparing
with experiments, the effect of different types of microstructures on
cleavage is quantitatively estimated. The following conclusions are
highlighted.

e The fitted cleavage parameter KJ." decreases 10% after RCH. The
experimental improvement of toughness based on grain size is 80%
of what would be expected based on multi-barrier simulations. After
RCH, the block width reduction is lower than the refinement of PAG
size, which is the reason for the lower number fraction of high-angle
misorientation boundaries and less effective improvement on frac-
ture toughness.

The fitted cleavage parameter K7™ of HAZs is more than 40% higher
than of the as-received steel, which represents effective resistance to
micro-crack propagation. The fitted K;" of ICCGHAZ is 13-18%
lower than the value of CGHAZ. The more pronounced crack arrest
events in HAZ are likely to be explained by the reduction of crack tip
stresses due to the interaction with residual compressive stresses in
M-A.

It is not determined if M-A or inclusions are the dominant hard
particles that initiate the primary cleavage cracks for the HAZ
specimens. While assuming that M-A initiates the microcracks
slightly improves the fitting to shallow-cracked specimens of ICC-
GHAZ, numerical simulations show that reducing or refining in-
clusions more effectively improves fracture toughness than reduction
or refining M-A.

The effectiveness of grain refinement through a simple heat treat-
ment route to improve cleavage fracture is assessed. It reveals how
model parameters should be adjusted to account for changes in prior
austenite grain sub-structures, which may assist in the fracture behavior
prediction for the improvement of design for high strength steels. The
degradations of toughness in CGHAZ and ICCGHAZ are studied
considering the changes in grain structure, brittle particles, and yield
properties, through both experimental and modelling approaches. It
shows that the influence of M-A constituents in HAZs on crack propa-
gation should be studied.

The HAZ specimens in the current paper are produced with Gleeble
heat treatment and are considered as homogenous in the model. The
work here will enable future work in which macroscopically heteroge-
neous weld zone are modelled. When the method is applied on an actual
weld, the gradient of microstructure and stress should be included. In
addition, the current method has the following limitations that should
be investigated further.

o This paper only studies pure cleavage; the interaction with ductile
fracture is not considered.

o The cleavage parameter K};" used in the current model is found to be
temperature dependent. The micromechanism to explain this tem-
perature dependence can be further explored.

e The current model does not directly account for the morphology of
M-A constituents and residual stress distributions in/around them.
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