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A B S T R A C T   

This paper presents a physically-based cyclic viscoplasticity model to capture the influence of welding-induced 
microstructural transformation on the fatigue response of the bainitic high-strength low-alloy steel, X100Q. The 
model incorporates the strengthening effects of dislocations, microstructural boundaries and precipitates, and the 
softening effects of microstructural degradation and early-life fatigue damage on yield strength and nonlinear 
cyclic-plastic response. The model is applied to predict the constitutive responses of X100Q parent material, 
physically-simulated intercritical heat affected zone (HAZ) and fine-grained HAZ, based on differences in bainitic 
hierarchical microstructure between the materials. A refined bainitic block structure is shown to be the primary 
microstructural feature contributing to monotonic and cyclic strength in the materials, whereas dislocation 
annihilation and the concomitant coarsening of the bainitic lath structure with cyclic-plastic deformation leads to 
cyclic softening behaviour.   

1. Introduction 

As offshore oil and gas production moves to deep- and ultra- 
deepwaters, such as the Shell Stones field at a sea depth of 2,926 m 
[1], cost-effective riser solutions are required to conduct hydrocarbons 
and injection fluids between the seabed and production facility. Steel 
catenary risers (SCRs), manufactured using high-strength low-alloy 
steels, are suited to this application due to their high-pressure capacity 
and relatively low costs. However, due to the extreme dynamic loading 
associated with the offshore environment, fatigue performance is a 
primary factory for SCR design. 

In particular, the discontinuities and defects associated with welded 
connections, such as misalignment, lack of fusion, and welding-induced 
microstructural transformations cause stress concentrations which may 
result in localised plasticity and fatigue hot-spots ([2–4]). Due to the 
high thermal gradients which occur during welding in the parent ma-
terial (PM) adjacent to the joint, a graded inhomogeneous heat affected 
zone (HAZ) microstructure is formed [5]. The constitutive and fatigue 
performance of the material within the HAZ may deviate significantly 
from that of the PM [4]. Therefore, an accurate representation of the 

variation in mechanical response across the HAZ is required to model 
the constitutive response of welded connections, and therefore deter-
mine fatigue performance at these hot-spot locations. 

A common approach to this issue is demarcation of the HAZ into 
regions of assumed homogeneous response for modelling. For example, 
Farragher and co-workers [6] addressed this issue by deriving a bulk 
response for the HAZ from PM, cross-weld and weld metal (WM) fatigue 
test data. Touboul et al. [7] used digital image correlation to extract the 
tensile response of PM, intercritical HAZ (ICHAZ), fine-grained HAZ 
(FGHAZ) and WM from cross-weld tensile tests. However, this meth-
odology typically assumes variation of mechanical properties in only 
one direction and is likely to omit local maxima or minima in mechan-
ical performance and introduce artificial discontinuities unless the HAZ 
is demarcated into several regions. 

Physically-based modelling is another approach to this problem, 
where the mechanical response of the material is predicted based on 
known physical constants and measurable microstructural characteris-
tics. This methodology is particularly suited to modelling the HAZ when 
used in conjunction with full-field microstructural measurements or a 
microstructure evolution model. The methodology is predicated on the 
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mechanism of plastic deformation via dislocation glide, first described 
by Volterra [8]. Building on this theory, Bergström and Roberts ([9,10]) 
and Mecking and Kocks ([11,12]) developed dislocation mechanics 
models to capture the effect of dislocation density evolution on consti-
tutive response using a material average basis. However, this method-
ology is not suitable for application to materials with hierarchical 
microstructures, such as bainite or martensite, due to the influence of 
microstructural boundaries on the dislocation evolution processes. 

To address this issue, He et al. [13] modified the Kocks-Mecking 
model to account for the effect of bainitic lath width and the inhomo-
geneous distribution of dislocations across lath boundaries and interiors. 
Estrin et al. [14] implemented a volume fraction approach to model the 
inhomogeneous dislocation density evolution across microstructural cell 
walls and cell interiors. Roters and co-workers [15] implemented a 
similar methodology, including probability-based methods to model 
dislocation density evolution. This methodology was extended to model 
the hierarchical martensitic microstructure of 9Cr powerplant steels by 
Magnusson and Sandström [16]. Barrett et al. [17] developed a 
dislocation-mechanics based cyclic viscoplastic modelling framework, 
based on a modified hyperbolic sine flow rule, which encompassed 
dislocation evolution based on the work of Roters et al.[15] and Hosseini 
et al. [18]. The framework includes the strengthening effects of inho-
mogeneous precipitate distribution, high-angle boundaries (HABs) and 
low-angle boundaries (LABs), and the softening effect of lath coarsening 
via dislocation annihilation. In following work, Barrett et al. [19] 
developed a physically-based yield strength model, which included the 
effect of Peierls stress, LABs, HABs, precipitates and solid solutions on 
yield stress. 

In this work, a physically-based cyclic viscoplasticity model based on 
dislocation mechanics is implemented to capture the influence of 
inhomogeneous microstructure and microstructure evolution on the 
cyclic response of PM and HAZ for the bainitic line pipe steel, X100Q. 
The model is applied here to bainite for the first time and incorporates 
the strengthening effects of HABs, LABs, dislocation density and pre-
cipitates, and the cyclic softening effects of dislocation annihilation, LAB 
coarsening and early-life fatigue damage. The model is implemented 
within an implicit MATLAB viscoplasticity programme and used to 
predict the distinct constitutive responses of (i) X100Q PM, (ii) simu-
lated ICHAZ and (iii) simulated FGHAZ [4] based on measured micro-
structural characteristics and precipitate volume fractions and 
dimensions obtained from MatCalc simulations. Finally, the predicted 
evolutions of dislocation density, lath width and yield strength for 
X100Q PM, simulated FGHAZ and simulated ICHAZ are compared. 

2. Methodology 

2.1. Model framework 

The physically-based modelling methodology is based on the 
dislocation-mechanics framework described by Barrett et al. [17] for 9Cr 
steels but is adapted here to predict the constitutive behaviour of bai-
nitic X100Q steel. The framework is predicated on the evolution of 
microstructure during cyclic loading, such that the inelastic strain rate is 
defined as: 

ε̇in
= f
(
dg,w, λ, ρ

)
(1)  

where dg is block size, which is the smallest HAB structure within the 
bainitic microstructure, w is bainitic lath width,λ is precipitate spacing 
and ρ is dislocation density. For cyclic deformation, the inelastic strain 
rate is defined using a hyperbolic sine formulation based on Helmholtz 
free energy, ΔF, and activation volume, ΔV, as follows [17]: 

ε̇in
= Aexp

(
− ΔF
kBT

)

sinh
(

σvΔV
MkBT

)

sgn(σ − σb) (2)  

where A is the pre-exponential viscous constant, kB is Boltzmann’s 

constant, M is the Taylor factor (2.73 [20]), σv is viscous stress, σ is 
stress, σb is the kinematic back-stress. The effect of temperature, T 
(assumed here as 293 K), is included through the use of Arrhenius-type 
terms in Eq. (2). The viscous stress is defined as follows for uniaxial 
loading: 

σv = |σ − σb| − σcyc
y (3)  

where σcyc
y is the isotropic yield strength. A flowchart illustrating the 

model inputs and the non-linear iterative solving processes used in the 
implementation of the physically-based constitutive model in a uniaxial 
MATLAB code is shown in Fig. 1. 

2.2. Kinematic hardening 

The kinematic back-stress occurs due to the retardation of disloca-
tion motion or the immobilisation of dislocations at obstacles within the 
bainitic microstructure, namely: (i) HABs, (ii) LABS and (iii) precipitates 
[21]. Therefore, the kinematic back-stress is modelled using partial back 
stresses to account for the influence of these mechanisms as follows: 

σb = σg + σw + σp (4)  

where σg is the back-stress due to HABs, σw is the back-stress due to LABs 
and σp is the back-stress due to precipitates. The HAB back-stress occurs 
due to the accumulation of dislocations in pile-ups at HABs [22] and the 
resultant local stress field. Derived from the model of Ashby et al. [23], 
the evolution of kinematic back-stress with dislocation pile-ups is [17]: 

σ̇g =
Mbμ
αg

⎛

⎝dgṅg

d2
g

⎞

⎠ (5) 

Fig. 1. Flowchart illustrating the implementation of the physically-based 
constitutive model in an implicit uniaxial MATLAB code. 

R.J. Devaney et al.                                                                                                                                                                                                                             



International Journal of Fatigue 145 (2021) 106097

3

where b is the magnitude of the Burger’s vector (0.248 nm [24]), μ is the 
shear modulus, αg is the HAB hardening constant (taken as 0.85) and ng 

is the number of dislocations in the pile-up. The bainitic block size, dg, is 
used to represent the mean distance between HABs. The dislocation pile- 
up evolution is formulated by accounting for the probability of in-
teractions between dislocations of opposite sign, as described by Sinclair 
and co-workers [25], and is given for cyclic deformation by Bardel et al. 
[26] as: 

ṅg =
Mlg

b

(

1 −
ng

n*
gsgn(ε̇in

)

)

ε̇in (6)  

where lg is the mean spacing between slip lines (taken as 300 nm [17]), 
n*

g is the number of sites available for a dislocation to contribute to the 
dislocation pile-up (taken as 15.6 [17]) and lg/b is the number of dis-
locations required to generate deformation. 

The back-stress generated due to the presence of LABs is a result of 
the tendency for dislocations to remain in the stable dislocation cell 
network formed by bainitic laths, as described by Keller [27]. The 
evolution of LAB back-stress is derived from the model of Li as ([28,29]): 

σ̇w =
Mμ

1 − ν

(
0.45bw

2πθ

)1/2(wθ̇ − θẇ
w2

)

(7)  

where ν is Poisson’s ratio, which is taken as 0.3. and θ is lath misori-
entation angle. 

The two primary precipitate types which are present in X100Q are 
M7C3 carbides (M = Mn, Fe, Cr, Mo) and MX carbonitrides (M = Nb, Mo, 
C; X  = C, N). The larger M7C3 carbides nucleate at HABs, whereas the 
smaller MX carbonitrides are uniformly distributed throughout the 
microstructure. This inhomogeneous precipitate distribution can be seen 
in the transmission electron microscopy (TEM) micrographs obtained by 
Wang and co-workers [30], for X100Q quenched from peak tempera-
tures in the range of 875 ◦C to 975 ◦C, shown in Fig. 2. 

The precipitate radii and volume fractions for X100Q PM and 
simulated HAZ microstructures are assumed to be equal in this work. 
The equilibrium values were predicted using a MatCalc simulation and 
are shown in Table 1. 

The predicted total volume fraction of precipitates is close to the 
range of 3–3.6% reported by Wang and co-workers [30] for X100Q. 
Precipitates contribute to the kinematic back-stress through an Orowan 
looping process whereby the dislocation loops create a local stress field 
which impedes subsequent dislocation motion. This phenomenon has 
been experimentally observed for X80 [31] pipeline steel. As both M7C3 
and MX precipitates contribute to this back-stress, a rule of mixtures 
approach ([16,17,14]) is used to account for the inhomogeneous pre-
cipitate distributions at boundaries and lath interiors, such that the ki-
nematic back-stress is: 

σp =
(
fw + fg

)
σp,BND +

(
1 − fw − fg

)
σp,INT (8)  

where fw and fg are the volume fractions of the LAB and HAB regions, 
respectively, and σp,BND and σp,INT are the precipitate-induced kinematic 
back-stress components at boundaries and lath interiors, respectively. A 
modified version of the Fisher-Hart-Pry [32] model, derived by Barrett 
et al. [17] for cyclic deformation, is used to calculate the evolution of 
precipitate-induced back-stresses: 

σ̇p,j =

[

1.24M
(

σOr,jμK
n

)1/2 f 3/4
j,eq
̅̅̅̅̅̅̅̅pcyc

√ + 3.09
M2μK

n
f 3/2
j,eq

]

ṗsgn(σ − σb) (9)  

where σOr,j are Orowan stresses, fj,eq are equivalent volume fractions 
(where j = BND, INT representing the boundary and interior regions, 
respectively), n is the number of active slip systems (taken as 5 [33]), ṗ is 
the accumulated effective inelastic strain rate and pcyc is the effective 
inelastic strain accumulated during a load reversal. The constant, K, is 
defined as [32]: 

K = 1+
1
2

( ν
1 − ν

)
(10) 

and the Orowan stress is defined as: 

σOr,j = Mϕ
μb
λj

(11)  

where ϕ is the obstacle strength coefficient (taken as 0.7 [34]), and λj is 
the mean obstacle spacing. Due to the inhomogeneous distribution of 
M7C3 carbides, the mean obstacle spacing at the boundaries and within 
lath interiors is defined as: 

λBND =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
λ2

cλ2
m

λ2
c + λ2

m

√

(12)  

λINT = λm (13)  

where λm and λc are the mean inter-particle spacings of the MX car-
bonitrides and M7C3 carbides, respectively. The mean inter-particle 
spacing is defined by accounting for the distance between a critical 
pair of precipitates for dislocation pinning [35] with the factor 1.2 and 
the conversion from mean square planar to volumetric radius by using 
the factor 

̅̅̅̅̅̅̅̅
3/2

√
, as [15]: 

Fig. 2. TEM micrographs of X100Q quenched from (a) 875 ◦C, (b) 925 ◦C and (c) 975 ◦C, highlighting the presence of precipitates in the bainitic lath micro-
structure [30]. 

Table 1 
The radius and volume fraction of precipitates in X100Q.  

Precipitate Radius (nm) Volume fraction (%) Source 

M7C3 25 2 Present work 
MX 10 0.05 Present work  
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λk = 1.2
̅̅̅̅
3
2

√
rk
̅̅̅̅̅̅̅
fk,eq

√ (14)  

where rk is particle radius, fk,eq is the equivalent precipitate volume 
fraction and k = c,m which denote M7C3 carbides and MX carbonitrides, 
respectively. It is assumed that MX carbonitrides are distributed uni-
formly throughout the microstructure; therefore, the equivalent volume 
fraction of MX carbonitrides is the measured volume fraction of parti-
cles, i.e. fm,eq = fm. However, M7C3 carbides are assumed to be dispersed 
along boundaries only, so that the equivalent volume fraction is: 

fc,eq =
fc

fg + fw
(15)  

2.3. Yield strength 

Yield strength is dependent on both the dislocation density and the 
presence of obstacles to slip within the microstructure [36]. For bainitic 
steels such as X100Q, the primary obstacles to slip include HABs, LABs, 
Peierls-Nabarro stress, and precipitates [37]. Therefore, these factors are 
incorporated in the physically-based isotropic yield strength imple-
mented in this work, which is based on the work of Barrett and co- 
workers [19], where the cyclic yield strength is given by: 

σcyc
y = kyM

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

τ2
A + τ2

B

√

(16)  

where the constant ky accounts for the thermal component of yield 
strength under cyclic deformation. The Taylor hardening expression is 
used to quantify the contribution of dislocation density to yield strength 
as follows: 

τA = α1μb
̅̅̅ρ√ (17)  

where α1 is the Taylor hardening coefficient (taken as 0.15 [38]) and ρ is 
dislocation density. The contribution of obstacles to the yield strength is 
assumed to be the sum of the individual obstacle strengthening 
contributions: 

τB = τHP + τLAB + τPN + τph (18)  

where τHP is the contribution of HABs to strength, τLAB is the contribu-
tion of LABs to strength, τPN is the Peierls-Nabarro stress and τph is the 
strengthening due to precipitates. The contribution of HABs to strength 
is modelled using a Hall-Petch relationship: 

τHP =
kHP

dnHP
g

(19) 

where kHP is the Hall-Petch constant and nHP is the Hall-Petch 
exponent. The contribution of LABs to strength is inversely propor-
tional to the effective lath width, m, [39] and given by: 

τLAB =
α2μb

m
(20)  

where α2 is a material constant (taken as 2.5 [19]). The Naylor mean slip 
length model [40] is used to determine the effective lath width: 

m =
2
π

[

wln
(

tan
(

arccos
(w

l

))
+

l
w

)

+ l
π
2
− larccos

(w
l

)]

(21)  

where l is the maximum bainitic lath dimension, which is assumed to be 
equal to the bainitic block width. The Peierls-Nabarro stress is deter-
mined as follows [41]: 

τPN =
2μ

1 − ν exp
(
− 2π
1 − ν

)

(22) 

The Ashby-Orowan equation [42] is used to determine the 
strengthening effect of precipitates due to dislocation pinning: 

τph,k = 0.045
μb
λk

ln
rk

b
(23) 

Following the logic of Eq. (8), a rule of mixtures approach is used to 
define the contribution of precipitates to the yield strength: 

τph =
(
fw + fg

)
τph,BND +

(
1 − fw − fg

)
τph,INT (24)  

where τph,BND = τph,c +τph,m and τph,INT = τph,m. 

2.4. Dislocation density evolution 

The overall dislocation density, ρ, within the microstructure is given 
by the sum of the mobile dislocation density, ρ→, and the volume- 
weighted immobile dislocation densities at HABs, LABs and in lath 
interiors,ρg, ρw and ρi respectively: 

ρ = ρ→+ fwρw + fgρg +
(
1 − fw − fg

)
ρi (25) 

The overall dislocation density varies as a function of accumulated 
effective inelastic strain due to growth, annihilation and immobilisation 

processes (i.e. ˙ρ→˙
=

˙ρ→˙
+

−
˙ρ→˙
−

[32]). In this work, the nucleation of both 
edge and screw dislocations is assumed to occur due to a Frank-Read 
source [43]. Reduction of dislocation density is assumed to occur due 
to mutual annihilation, LAB dislocation annihilation and the formation 
of dislocation dipoles and locks. The dislocation density evolution model 
implemented here is described in detail by Barrett et al. [17]. 

2.5. Bainitic lath width evolution 

The bainitic lath substructure plays an essential role in attaining the 
strength and toughness [44] required for X100Q grade steel. The 
contribution of the laths to the constitutive behaviour is modelled here 
as a function of lath width, lath shape, and the angle of misorientation 
between adjacent laths. The coarsening of laths and formation of 
dislocation cell substructures occurs during cyclic inelastic loading due 
to annihilation of the lath boundaries. The resulting loss of both dislo-
cations and obstacles to further dislocation movement contributes to the 
cyclic softening phenomenon [45] exhibited by X100Q [4]. The 
concomitant coarsening of laths with the reduction of LAB dislocation 
density ([46,47]) is given by [48]: 

w =
w0ρw,0

ρw
(26)  

where w0 and ρw,0 are the initial lath width and LAB dislocation density, 
respectively. Lath coarsening may occur until the maximum lath width, 
assumed here to equal the bainitic block size, dg, is reached. The lath 
width evolution model is predicated on the idealised lath geometry 
shown in Fig. 3. Using this cuboid geometry, the lath perimeter is 
4w(X1 +X2 +X3) and the boundary surface area is 

4s0

(
w(X1 + X2 + X3) −

s0
2

)
, such that the density of LAB dislocations is: 

ρw =
1
2s

w(X1 + X2 + X3)

s0

(
w(X1 + X2 + X3) −

s0
2

) (27)  

where s is the LAB dislocation spacing (defined based on the angle of 
misorientation, θ, as b/θ), and s0 is the initial LAB dislocation spacing. 
The rate of change in misorientation between adjacent laths is defined as 
[17]: 

θ̇ =
2b2

θ0
ρ̇w −

b3

θ2
0(X1 + X2 + X3)

[
wρ̇w − ρwẇ

w2

]

(28)  

where θ0 is the initial angle of lath misorientation. The volume fraction 
of LABs is also defined based on the idealised bainitic lath geometry 
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shown in Fig. 3, such that the volume fraction of LABs is: 

fw =
Vw

X1X2X3w3 (29)  

where Vw is the bainitic lath volume, which is determined using the 
following equation: 

Vw = X1X2X3w3 − (X1w − s0)(X2w − s0)(X3w − s0) (30)  

where the values of the lath characteristic length coefficients, X1, X2 and 
X3 are estimated as 5, 2 and 1 respectively based on TEM observations 
by Wang et al. [30] for X100Q. 

2.6. Bainitic block model 

Following the logic applied for the bainitic lath structure and based 
on the idealised bainitic block shown in Fig. 3, the HAB volume fraction 
is given by [17]: 

fg = 1 −

(
Y1dg − n*

g

/
̅̅̅̅̅ρg

√
)(

Y2dg − n*
g

/
̅̅̅̅̅ρg

√
)(

Y3dg − n*
g

/
̅̅̅̅̅ρg

√
)

Y1Y2Y3d3
g

(31)  

where the block characteristic length coefficients, Yi, are assumed as 1 
and the HAB width is assumed as the product of n*

g and the mean spacing 
of HAB dislocations, which is given by sg = 1/ ̅̅̅̅̅ρg

√ . 

2.7. Fatigue damage 

The cyclic softening behaviour exhibited by X100Q PM and simu-
lated HAZ is a result of both the microstructural degradation mecha-
nisms outlined here and fatigue damage accumulation [49]. In fact, the 
PM and simulated HAZ microstructures exhibit two-stage damage 
accumulation behaviour [4]. The softening effect of fatigue damage 
accumulation may be demarcated by considering the evolution of elastic 
modulus as follows [50]: 

Ê = E0(1 − D) (32)  

where Ê is the cyclic unloading modulus, E0 is the initial modulus and D 
is fatigue damage. The two-stage damage accumulation comprises of 
early-life fatigue damage and secondary fatigue damage. Early-life fa-
tigue damage is related to the formation of microcracks, and accumu-
lates rapidly in the initial fatigue cycles before reaching a stabilised 
value which is maintained for the majority of life. On the other hand, 
secondary fatigue damage is associated with rapid crack propagation, 
and ultimately leads to failure. Further detail on the two-stage damage 

model is given in previous work by the authors [49]. As the focus of this 
work is implementation of the physically-based constitutive model to 
predict the cyclic deformation behaviour of X100Q PM and simulated 
HAZ, the influence of early-life (primary) fatigue damage on the 
constitutive response is included for each material through degradation 
of the elastic modulus. Secondary fatigue damage, which relates to life 
prediction, is not included in this work. The early-life fatigue damage 
evolution is modelled as a function of accumulated effective plastic 
strain energy [49]: 

D =
ln(Ep2)

K1σmax,0
m1

(33)  

where p is the accumulated effective plastic strain and K1 and m1 are 
constants fitted to the experimentally observed accumulated effective 
plastic strain and damage evolutions using the least squares method. The 
early-life fatigue damage parameters identified for physically-based 
constitutive modelling of X100Q PM and simulated HAZ, via the iden-
tification process described in [49], are shown in Table 2. 

2.8. Physically-based parameter identification 

The X100Q PM and simulated FGHAZ block size are estimated from 
electronic backscatter diffraction scans, as shown in Fig. 4 [4], assuming 
a linear relationship between grain size and block size [51], and the 
ICHAZ block and lath size and FGHAZ lath size are estimated from op-
tical microscopy images of an X100Q girth weld presented in [4]. The 
lath width for X100Q PM is estimated from the TEM micrograph shown 
in Fig. 2(b) [30]. The bainitic block and lath dimensions used for 
modelling are shown in Table 3. 

The initial overall dislocation density for X100Q PM is estimated 
based on measurements reported by He et al. [44] for bainitic steels with 
a similar lath width. The values of mobile, HAB and lath interior 
immobile dislocation density are fitted using Eq. (25), by maintaining 
the proportions of mobile and immobile dislocation density reported by 
Barrett and co-workers [17]. The initial values of dislocation density 
used in this work are shown in Table 4. The initial values are assumed to 
be equal for X100Q PM and simulated HAZ in this work, as the LABs are 
the predominant source of dislocation density for this material. 

The values of physically-based parameters used in the constitutive 
modelling framework are shown in Table 5. The temperature- 
independent Helmholtz free energy, ΔF, and pre-exponential viscous 
constant, A, paramaters were identified from high-temperature stress 
relaxation test data for P91 steel, as described by Barrett et al. [17]. The 
constant, ky, is fitted to room temperature low-cycle fatigue first- and 
half-life cycle response for X100Q PM. The Hall-Petch parameters, kHP 

and nHP, are fitted to experimental data for pure Fe ([52,53]). The value 
of initial lath misorientation angle presented by Barrett et al. [17] is 
used, which is within the range of 2-7◦ reported for bainitic laths 
([44,54]). 

3. Results 

The predicted constitutive and fatigue responses of X100Q PM and 
simulated HAZ are compared against the experimentally obtained re-
sponses in the following section. Further details on the experimental 
methodology and results are presented by the authors elsewhere [4]. 

Fig. 3. The idealised bainitic block and lath geometries which are assumed for 
the determination of HAB and LAB volume fractions. 

Table 2 
The identified early-life fatigue damage parameters for X100Q PM and simu-
lated HAZ.  

Material K1(–)  m1 (–)  

PM 1.3 × 105 − 1 
5 ◦C/s ICHAZ 2 × 105 − 1 
10 ◦C/s FGHAZ 3 × 105 − 1  
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Comparisons of the predicted and measured stress–strain responses for 
X100Q PM, simulated ICHAZ and simulated FGHAZ at the first and half- 
life cycles, for 1.2%, 1% and 0.8% strain range fatigue tests are shown in 
Figs. 5 to 7. The model accurately captures the influence of micro-
structure, via differences in bainitic block size and lath width, and the 
effect of strain range on the initial and stabilised stress–strain responses 
for the three materials. 

The simulated ICHAZ exhibits the softest response due to an increase 
in bainitic block size and a significant reduction in the prevalence of 
bainitic lath microstructure compared to the PM. The predicted response 
for the simulated ICHAZ is in close agreement with the experimental 
data for the first half-cycle of at each strain range; but the agreement 
diminishes thereafter due to compressive mean stress in the order of 50 
MPa, which is present in the first cycle experimental data. However, the 

compressive mean stress is essentially absent at the half-life cycles, 
where close agreement is recovered between the predicted and 
measured responses. 

The strongest initial and stabilised response is exhibited by the 
simulated FGHAZ, which is attributed to a reduction in bainitic block 
size and the prevalence of bainitic lath microstructure compared to the 
PM. A similar trend to simulated ICHAZ is shown in the comparison 
between the predicted and experimental first cycle response for simu-
lated FGHAZ, with good agreement being shown for the first half-cycle. 

Fig. 4. Crystal orientation maps of (a) X100Q PM and (b) 10 ◦C/s simulated FGHAZ with LABs highlighted in white and HABs highlighted in black.  

Table 3 
The microstructural dimensions used for modelling of X100Q PM and simulated 
HAZ.  

Material Block size (μm) Initial lath width (μm) 

PM 5.1 0.34 
5 ◦C/s ICHAZ 9 5 
10 ◦C/s FGHAZ 3 1  

Table 4 
The initial mobile, HAB immobile and lath interior immobile dislocation den-
sities used for modelling of X100Q PM and simulated HAZ.  

Parameter Value Source 

ρ→0  6.31 × 1013 m− 2 Present work 

ρg  3.94 × 1014 m− 2 Present work 
ρi  3.94 × 1010 m− 2 Present work  

Table 5 
The values of physically-based material parameters used in the modelling 
framework.  

Parameter Value Source 

A  1 × 1016 s− 1 [17] 
ΔF  5.95 × 10-19 J [17] 
kB  1.38 × 10-23 m2 kg s− 2 K− 1 Physical constant 
ky  0.68 Present work 
kHP  4.7 MPa mm− 1/2 [52,53] 
nHP  0.5 [52,53] 
θ0  2.86◦ [17]  

Fig. 5. The predicted and measured stress–strain response for X100Q PM and 
simulated HAZ at the first and half-life cycles for a 1.2% strain range test. 
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The agreement between predicted and measured half-life response is 
very close for the 1.2% and 1% strain range tests, but the quality of the 
fit is reduced for the 0.8% strain range, again due to the compressive 
mean stress of approximately 60 MPa in the experimental data. 

The capability of the damage-coupled physically-based constitutive 
model to capture the evolution in stress amplitude as a result of 
microstructural degradation and early-life fatigue damage is shown by 
the comparison between the predicted and measured stress amplitude 
and damage evolutions of X100Q PM, simulated ICHAZ and simulated 
FGHAZ for 1.2%, 1% and 0.8% strain range fatigue tests, shown in 
Figs. 8 to 10. The final failure behaviour is not captured by the model as 
secondary fatigue damage is not considered in this work. 

A comparison of the predicted overall dislocation density evolutions 
during the first 2,000 cycles for a% strain range fatigue test is shown in 
Fig. 11. The predicted evolutions are qualitatively in agreement with 
experimental results presented by Zhou et al. [55] for fatigue of a low- 
carbon bainitic steel. The overall dislocation density is highest in 
X100Q PM, which is primarily due to its fine bainitic lath structure. This 
high dislocation density initially rises but then decreases significantly 
with cyclic deformation, as a result of LAB dislocation annihilation and 
lath coarsening. The predicted dislocation densities of simulated ICHAZ 
and simulated FGHAZ are lower due to their coarser initial bainitic lath 
structures. Their dislocation densities fall sharply during the initial cy-
cles before reaching an essentially stable value. The calculated initial 
dislocation density for simulated FGHAZ is within the range of 4.4 to 4.7 
× 1014 m− 2 reported by Wang and co-workers [30] for X100Q quenched 
from peak temperatures between 875 ◦C and 975 ◦C. 

The predicted LAB and mobile dislocation density evolutions during 
the first 2,000 cycles for a 1% strain range fatigue test are shown in 

Fig. 12. Although the initial LAB dislocation density is similar for the PM 
and simulated HAZ materials, the rate of decrease in LAB dislocation 
density is greatest in the PM due to its fine bainitic lath microstructure. 
The same initial mobile dislocation density is assumed for each material; 
however, the density in the PM rises rapidly over the first 20 cycles, 
whereas the density in the simulated ICHAZ and simulated FGHAZ falls 
sharply over the first 10 cycles. This contrast in the evolution of mobile 
dislocation density is reflected in the predicted overall dislocation 
density evolutions. 

The predicted lath width evolutions during the first 2,000 cycles for a 
1% strain range fatigue test are shown in Fig. 13. In correlation with the 
trends predicted for LAB dislocation density, X100Q PM lath width is 
predicted to increase by almost 175%, while the simulated ICHAZ and 
FGHAZ lath widths are predicted to increase by 35% and 60% 
respectively. 

In Fig. 14, the predicted evolutions of overall dislocation density 
with lath width for X100Q PM, simulated ICHAZ and simulated FGHAZ 
are compared against experimental measurements of dislocation density 
and lath width from bainitic and ferritic steels [13]. The predicted 
correlation between dislocation density and lath width for PM follows 
the trend shown in the experimental data and the predicted correlations 
for simulated ICHAZ and simulated FGHAZ are within the range of the 
experimentally measured values. 

The predicted evolutions of cyclic yield strength during the first 
2,000 cycles for a 1% strain range fatigue test are shown in Fig. 15. The 
initial yield strengths follow the trends shown during tensile charac-
terisation [4], with the predicted yield strength for X100Q PM being 
slightly higher than for simulated FGHAZ due to the influence of bainitic 
lath microstructure, and the predicted value for simulated ICHAZ being 

Fig. 6. The predicted and measured stress–strain response for X100Q PM and 
simulated HAZ at the first and half-life cycles for a 1% strain range test. 

Fig. 7. The predicted and measured stress–strain response for X100Q PM and 
simulated HAZ at the first and half-life cycles for a 0.8% strain range test. 
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significantly lower. However, the yield strength in X100Q PM is pre-
dicted to cyclically soften rapidly in comparison to the values for 
simulated HAZ, due to the influence of dislocation annihilation and lath 
coarsening, as shown in Fig. 11 and Fig. 13, respectively. 

The contributions of dislocations and obstacles to the predicted shear 
strength at the first cycle and near the failure cycle for X100Q PM and 
simulated HAZ for a 1% strain range test are shown in Fig. 16. At the first 
cycle, dislocations and HABs are predicted to be the primary contribu-
tors to strength for each material. The contribution of LAB strengthening 
varies significantly with lath width. LABs contribute significantly to 
strength for X100Q PM and simulated FGHAZ but provide a relatively 
low contribution to strength for simulated ICHAZ, where the effective 
lath width is significantly higher. The predicted contributions of 

precipitates to strength for X100Q PM and simulated HAZ materials are 
all within 30% of the value reported by Niu and co-workers for X100 PM 
[56]. 

Near the failure cycle, the predicted strengthening contributions of 
dislocations and LABs are significantly reduced, primarily due to LAB 
dislocation annihilation and lath coarsening. The resultant softening is 
greatest for X100Q PM, whereas simulated ICHAZ and FGHAZ soften to 
a lesser extent due to the lower contributions of dislocation and LAB 
strengthening to their initial strength. 

A comparison of the cyclic softening predicted for X100Q PM and 
simulated HAZ, with and without the effect of early-stage fatigue 
damage, for a 1% strain range test is shown in Fig. 17. Fatigue damage is 
the major contributor to the predicted cyclic softening for each material, 

Fig. 8. The predicted and measured (a) stress amplitude evolution and (b) damage accumulation for X100Q PM and simulated HAZ for a 1.2% strain range test.  

Fig. 9. The predicted and measured (a) stress amplitude evolution and (b) damage accumulation for X100Q PM and simulated HAZ for a 1% strain range test.  

Fig. 10. The predicted and measured (a) stress amplitude evolution and (b) damage accumulation for X100Q PM and simulated HAZ for a 0.8% strain range test.  
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with microstructural degradation, as a result of LAB dislocation anni-
hilation and lath coarsening also contributing significantly to the pre-
dicted softening for PM. 

4. Discussion 

A key novelty of this work is the incorporation of dislocation anni-
hilation, lath coarsening and early-life fatigue damage mechanisms to 
capture the cyclic softening behaviour exhibited by X100Q PM and 
simulated HAZ. The damage-coupled physically-based constitutive 
model implemented here successfully predicts the influence of micro-
structure on constitutive response for PM, simulated ICHAZ and simu-
lated FGHAZ, via bainitic block and lath dimensions. 

The proposed dislocation mechanics model, based on a rule of mix-
tures formulation, combining mobile and immobile dislocation den-
sities, including HAB, LAB and lath interior contributions, based on 
measured and inferred microstructure data, is shown to agree with 
experimental data. Specifically, for example, the model-computed initial 
dislocation density for simulated FGHAZ agrees closely to measured 
values [30]. Similarly, the model captures the measured microstructural 
effects of lath width on dislocation density between the different 
welding-affected zones for PM and simulated HAZ [13]. The resulting 
model representation of heterogeneous dislocation strengthening due to 
welding is also in agreement with the experimental observations of He 
and co-workers [44] vis-à-vis refinement or coarsening of lath width for 
bainitic and ferritic steels. 

The fine bainitic lath microstructure and high dislocation density of 
X100Q PM are predicted to contribute significantly to the high initial 
strength of the material; however, significant softening is predicted to 
occur under cyclic deformation due to LAB dislocation annihilation and 

lath coarsening. The substantial strengthening contribution of bainitic 
block size for simulated FGHAZ, which is refined due to rapid austeni-
sation and recrystallization during welding, is maintained under cyclic 
deformation; as a result, simulated FGHAZ is predicted to have the 
highest cyclic strength. The bainitic block and lath microstructure in 
simulated ICHAZ are coarsened significantly due to partial trans-
formation during the welding process. Although the extent of cyclic 
softening due to dislocation annihilation and lath coarsening is low for 
this material, both the initial and cyclic strength of simulated ICHAZ are 
predicted to be less than for PM or simulated FGHAZ, due to the 
coarsened bainitic block microstructure. 

Fig. 11. The predicted evolution of overall dislocation density for X100Q PM 
and simulated HAZ for a 1% strain range test. 

Fig. 12. The predicted evolutions of (a) LAB and (b) mobile dislocation density for X100Q PM and simulated HAZ during for a 1% strain range test.  

Fig. 13. The predicted lath width evolution for X100Q PM and simulated HAZ 
for a 1% strain range test. 

Fig. 14. Comparison between the predicted evolutions of overall dislocation 
density with lath width for X100Q PM and simulated HAZ against experimental 
measurements from bainitic and ferritic steels pre- and post-tensile deforma-
tion [13]. 
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This work demonstrates a capability to predict the differences in 
cyclic plasticity and fatigue damage response for the PM and sampled 
weld-affected microstructural regions (ICHAZ, FGHAZ). In future work, 
it is proposed that the methodology be used to predict the full spatial 
distribution of inhomogeneous constitutive and fatigue damage re-
sponses, across welded joints. This could be achieved by coupling the 
present model to a through-process microstructural evolution model, 
such as that described by Mac Ardghail and co-workers [57]. 

The close agreement shown between the model predicted and 
experimental constitutive responses indicates the potential for imple-
mentation of the model with a plastic strain or energy-based fatigue life 
prediction methodology, such as that developed by Golos [58]. 

5. Conclusions 

A physically-based constitutive model for the fatigue of X100Q 
welds, including the influence of dislocations, HABs, LABs, precipitates 
and crystal lattice stress on yield strength and nonlinear strain hard-
ening response, has been implemented. The constitutive model has been 
coupled with an early-life fatigue damage model [49] to predict the 
cyclic plastic response of three X100Q weld regions; PM, simulated 
ICHAZ and simulated FGHAZ. The key conclusions from this work are: 

• The damage-coupled physically-based constitutive model success-
fully captures the differences in bulk cyclic deformation behaviour 
between X100Q PM, simulated ICHAZ and simulated FGHAZ via 
direct representation of bainitic block and lath dimensions for the 
three weld regions. This represents a key step in predicting the 
inhomogeneous constitutive and fatigue damage performance of 
X100Q welded connections.  

• The predicted dislocation density evolutions follow the trends shown 
in the literature for bainitic steels and the predicted relationship 
between lath width and dislocation density is in general agreement 
with experimental data for bainitic and ferritic steels.  

• Refinement in block size is predicted to be beneficial for both 
monotonic and cyclic strength, whereas the strengthening effect of a 
fine bainitic lath microstructure reduces with cyclic deformation due 
to LAB dislocation annihilation and lath coarsening, resulting in 
cyclic softening.  

• The model successfully predicts the experimentally observed bulk 
cyclic softening and early-life fatigue damage accumulation behav-
iour of X100Q PM, simulated ICHAZ and simulated FGHAZ. Fatigue 
damage is predicted to be the major contributor to cyclic softening 
for each material. 
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