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A B S T R A C T   

This study presents a numerical approach for modelling the Corrosion Fatigue Crack Growth (CFCG) in con-
ventional casting and additively manufactured Ti6Al4V alloys. The proposed numerical model, based on Peri-
dynamics (PD), combines the PD Fatigue Crack Growth (FCG) model and PD diffusion model in order to couple 
the mechanical and diffusion fields existing in the material due to the impact of environmental fatigue. The 
mechanical field is responsible for the characterisation of the changes to the structure due to the fatigue loading 
conditions. The diffusion field is based on the modelling of the adsorbed-hydrogen Stress Corrosion Cracking 
(SCC), in particular, the Hydrogen Embrittlement (HE) model is considered. The proposed approach has been 
validated using experimental data available in the literature showing the capability of the tool to predict the 
CFCG rates.   

1. Introduction 

The combination of two events of corrosion and fatigue can often be 
the most dangerous mechanisms of material failure and is known as 
environmental fatigue or Corrosion Fatigue (CF). Corrosion itself can 
generate a lot of damage in metals, but the combination of fatigue, can 
jeopardize the material strength and decrease the structure’s life. The 
effect of environmental fatigue on the failure of metallic structures is 
summarised in [1]. 

Corrosion is a complex phenomenon and can be divided into 
generalized and localized. Generalized corrosion affects uniformly the 
entire surface of metal exposed to the corrosion environment; instead, 
the localized corrosion initiates locally. For localized corrosion, initia-
tion can be a very long process, but the growth is rapid once started. The 
localised corrosion process is often elevated by stresses and is referred to 
as Stress Corrosion Cracking (SCC). SCC is possible only when the ma-
terial is under the static or fatigue load and is exposed to an aggressive 
environment. The combination of material, environment and stress state 
results in SCC and corrosion crack propagation [1]. Many metals like 
titanium, stainless steel, high tensile steel, and aluminium alloys are 
corrosion-resistant but are sensitive to SCC. Primarily it was noticed in 
the pre-notched metals, where SCC occurs at the notch tip [2]. When the 
crack is already in the material, it triggers the SCC where the film 

rupture at the crack tip occurs with the dissolution process taking place. 
This process commonly occurs due to fatigue when the passivizing oxide 
film protecting the metal surface ruptures and does not have enough 
time to re-passivate. 

The experimental studies [3–5] on CFCG in conventional casting 
Ti6Al4V alloys tested in several environments indicated the increase in 
Fatigue Crack Growth Rates (FCGR) in 3.5 %wt NaCl solution and 
distilled water, and the frequency-dependent behaviour. A few studies 
[6,7] were performed on additively manufactured Ti6Al4V alloy, where 
the corrosion behaviour of Selective Laser Melting (SLM) and wire + arc 
additive manufacturing (WAAM) Ti6Al4V subjected to 3.5 wt NaCl so-
lution was investigated. The researchers concluded that the effect of 
microstructure on corrosion resistance where the order of corrosion 
resistance was identified as SLM < WAAM < rolling < SLM + heat 
treatment, with pitting corrosion as the main failure mechanism. 
Regarding the understanding of the contribution of the corrosion on FCG 
in additively manufactured Ti6Al4V, a very limited number of studies 
were performed. Jesus et al. [8] performed a study on FCGR in Ti6Al4V 
specimens produced by SLM under a corrosive environment with the 
outcome of faster FCG when the tests are performed in 3.5 wt NaCl. 
Neikter et al. [9] analysed the Ti6Al4V samples produced by Electron 
Beam Melting (EBM), investigated the Hydrogen Embrittlement (HE) 
phenomena, and concluded the susceptibility of EBM Ti6Al4V alloys to 
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HE with the increased FCGR. 
For the FCG in the corrosive environment, several mechanisms are 

likely possible. FCG in the air has a characteristic sigmoidal shape of 
relation between da/dN − ΔK and occurs above the threshold Stress In-
tensity Factor (SIF) range ΔKth with further linear dependence of da/dN 
on ΔK and final rapid growth when SIF is approaching the critical value. 
Instead, FCG behaviour in a corrosive environment is a more complex 
process that includes three different categories classified by [10]. All 
three categories of crack growth depend on the threshold SIF for SCC 
and can be defined with respect to ΔKISCC[11]. KISCC is the threshold 
phenomenon for SCC, below which the SCC do not occur. KISCC is the one 
of the most important parameters of SCC definition and the researches 
use the threshold SIF for SCC, KISCC, as a baseline for defining the cat-
egories of crack growth. The general block-scheme of CFCG categories, 
CFCG models and schematics of CFCG curves are presented in Fig. 1, 
where ao is the initial crack length and Δσ is the load amplitude. 

Coupling the fatigue with corrosion can be a devastating combina-
tion for structural components. CF and CFCG rates are of great interest 
for the life prediction of engineering structures. McEvily and Wei [10] 
classified the CFCG with respect to KISCC, as shown in Fig. 1. In the 
following classification when Kmax < KISCC the fatigue refers as True 
Corrosion Fatigue (TCF), where the crack growth is increased by envi-
ronmental effects, for example, filiform, pitting, exfoliation [12] and the 
CFCG rate is in the form: 

(
da
dN

)

TCF
=

(
da
dN

)

Air
+

(
da
dN

)

Pitting
(1) 

The second category shown in Fig. 1 is SCC, when Kmax > KISCC, in 
which the system is more sensitive to stress corrosion and when the 
ΔKISCC for corrosion cracking is much lower than the critical SIF, KC. 
Generally, the SCC is the result of a combination of 3 factors: exposure to 
a corrosive environment, susceptible material and tensile stresses above 
a threshold value [1]. Additionally, the reduction of frequency of the 
cycles or the increase of the load ratio triggers the SCC mechanism 
[12,13]. There is no unified mechanism for SCC in the literature. Various 
models have been proposed, which are based on damage by passive film 
rupture [14,15], adsorption models [16] when the specific chemicals 
adsorb on the crack surface and flowerers the fracture stress, and the HE 
model [5,17–19], where hydrogen atoms diffuse to the crack tip and 
embrittle the metal. The models in this category are named CF, and two 
types of models are introduced in the literature: the superposition model 
[20,21] and the process-competition model [22]. The superposition 
model was introduced by Wei and Landers [20], where the CFCG rate, 
(

da
dN

)

CF, is equal to the sum of mechanical FCGR, 
(

da
dN

)

Air, and the contri-
bution from SCC, 

(
da
dN

)

SCC: 
(

da
dN

)

CF
=

(
da
dN

)

Air
+

(
da
dN

)

SCC
(2) 

Fig. 1. Block-scheme of CFCG categories.  
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The SCC is time-dependent, and the shift from da/dN to da/dt can be 
evaluated in the following form: 
(

da
dN

)

SCC
=

da
dt

1
f

(3)  

where f is the frequency of the loading cycle. 
Another CF model proposed in [21] is including also the cycle- 

dependent corrosion term (da/dN)cdc: 
(

da
dN

)

CF
=

(
da
dN

)

Air
+

(
da
dN

)

cdc
+

(
da
dN

)

SCC
(4) 

The authors in [21] identified several models of (da/dN)cdc, but 
concluded that the process of finding the correct parameters for 
(da/dN)cdc definition is quite a complicated process. 

The competition model proposed in [22] assumes that the CF is equal 
to the larger of two possible effects: 

(
da
dN

)

CF
= max

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

(
da
dN

)

TCF
(

da
dN

)

SCC

(5) 

Some empirical engineering models [23–26] for CFCG are developed 
where the researchers take into account the effect of the environment on 
the FCG and express the CFCG rate as a function of the SIF range. 
However, most models follow the Paris law type equation by fitting the 
curves to the experimental data and obtaining the model constants based 
on a given environment’s test data. Instead, a new numerical approach, 
based on PD, is proposed and discussed in this paper, where the PD FCG 
model is combined with the PD diffusion model for CFCG rates pre-
dictions. The PD diffusion model for a specific SCC HE mechanism is 
presented in detail. The numerically predicted FCGR are analysed and 
compared to the test data available in the literature. 

2. Method 

The failure of the structures can be unpredictable and it is difficult to 
detect phenomena, especially under the combination of mechanical 
loads and environmental conditions. The numerical methods commonly 
used by engineers are mainly based on classical continuum mechanics 
with the governing equations in the form of partial differential equa-
tions. However, such methods become invalid in the presence of field’s 
discontinuities such as cracks, and a new continuum mechanics theory, 
named Peridynamics [27], was introduced to overcome this limitation. 
PD is based on integro-differential equations and proved its applicability 
on fatigue crack nucleation [28], propagation problems in metals 
[29,30] and composites [31] and on corrosion problems [32,33]. The 
current research will also show the applicability of the PD tool on the CF 
problems. The combined PD model is used for CF modelling and CFCG 
predictions. Section 2.1. provides an overview of the PD fatigue model, 
Section 2.2 introduces the PD HE model, and Section 2.3 proposes a new 
approach of combining both models in the PD CF model. 

2.1. PD fatigue model 

Bond-based PD [27] can be used for the evaluation of the structures’ 
response simulations subjected to fatigue loading. According to the PD 
formulation, the material point x interacts with the other material points 
x′ within the specified domain, named horizon Hx. Hx is defined for each 
material point by the radius of the horizon δ, shown in Fig. 2. The PD 
governing equation can be written as [34]: 

ρ(x)ü(x, t) =
∫

Hx

f(u(x′

, t) − u(x, t), x′

− x )dVx′ + b(x, t) (6)  

where ρ(x), ̈u(x, t) and b(x, t) are the mass density, acceleration and body 
load of the material point x at time t. dVx′ is the volume of the material 
point x′ . f(u(x′

, t) − u(x, t), x′

− x ) is the pairwise force density, and in 
case of an elastic material, it is a result of the interactions between 
material points x and x′ and defined as [34]: 

f = cs
y′

− y
|y′

− y|
(7)  

where y is the location of the material point after deformation, as shown 
in Fig. 2, c is the micromodulus defined in [35] and s is the stretch 
parameter between material points which can be expressed as: 

s =
|y′

− y| − |x′

− x|
|x′

− x|
(8) 

The parameter of the critical stretch sc is introduced in the PD model, 
which predefines the limit of the bond stretch, at which the bonds be-
tween material points can be broken. According to [34], the bonds are 
broken irreversibly once they are stretched beyond the critical limit, and 
the bond no longer sustains the tensile force. 

Taking into account the cycling loading conditions where the spec-
imen is subjected to a sinusoidal load and cycling between two extremes 
of Fmin and Fmax the PD analysis results in two stretches smin and smax, 
respectively. Consequently, the cyclic bond can be defined as [36]: 

ε =
⃒
⃒smax − smin

⃒
⃒ = |(1 − R)smax | (9)  

where R is the load ratio and R = smin/smax. 
Silling and Askari [36] introduced the PD model for fatigue cracks, 

where the proportionality between the cyclic bond strain ε and cyclic SIF 
ΔK leads to the relationship between the PD FCG parameters and the 
Paris law in the following form: 

dλ(N)

dN
= − Aεm (10)  

where λ(N) is the damage variable called the “remaining life”. λ(N) is 
degrading over the fatigue cycles N with the initial value of λ(0) = 1. 
When λ(N) between two points reduces to zero λ(N) ≤ 0, the bond is 
breaking, and fatigue cracking occurs in the structure. 

A and m are the PD fatigue parameters which are calibrated by 
matching da

dN − ΔK curves with experimental data, as described in [36]. 
To monitor the accumulated damage of the bonds over the loading 

cycles N, the local damage φ of each material point is evaluated and 
defined as: 

φ(x,N) = 1 −

∫

Hx

ψ(x′

− x,N)dVx′

∫

Hx

dVx′
(11)  

where ψ is a history-dependent scalar-valued function to represent 
broken bonds between material points [37] and can be written as: 

Fig. 2. Bond-based PD forces between two material points.  
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ψ(x′

− x,N) =

{
1
0

if λ(N)〉0forall1 < N
otherwise (12) 

Local damage ranges from 0 to 1. When φ = 0, all interactions 
associated with the material point are intact and when φ ≥ 0.38, the 
crack formed and propagated within the sample. 

2.2. PD hydrogen diffusion model 

Hydrogen enrichment in the Ti6Al4V is leading to HE with the 
phenomena observed in multiple studies. Similar to the approach 
adopted in [33] on hydrogen grain boundary diffusion, in this study, the 
reduced model [38] of Fisher’s mechanism [39] of diffusion is used in 
the following form: 

dCH

dt
= DH∇

2CH (13)  

where DH is hydrogen diffusion coefficient or diffusivity, m2/s and CH is 
the hydrogen concentration. Eq. (13) describes the evolution of CH in 
time t. Ti6Al4V can contain mixed phases, which can have different 
hydrogen diffusivities. The hydrogen diffusion coefficient in α-phase is 
DHα = 1.45 × 10− 16m2/s and for the β-phase is DHβ = 5.45 × 10− 12m2/s 
at room temperature [40]. According to [18], hydrogen diffusion de-
pends on the microstructure of the titanium, where the hydrogen ab-
sorption rate is higher in the microstructures with continuous β-phase. 
Additionally, in α+β alloys, hydrogen prefers to diffuse in β-phase and 
with an α-phase in the structure hydrogen diffuses along the β/α grain 
boundaries. For this study, the simulated Ti6Al4V alloys are assumed 
homogenous and DHβ for β-phase is considered. Please note that the ef-
fect of α-phase is neglected together with the microstructural effect on 
the hydrogen diffusion in this study which may have an effect on the 
CFCGR. These effects will be considered in a future study. 

PD governing equation for hydrogen diffusion mechanism is based 
on Fisher’s model in Eq. (13) and is given in the following form [33]: 

ĊH(x, t) =
∫

Hx

f H(CH(x
′

, t) − CH(x, t), x′

− x )dVx′ (14)  

where ĊH(x, t) is the time derivative of hydrogen concentration for a 
material point x and V is the incremental volume of material point x′ . f H 
is the hydrogen diffusion response function and defined as: 

fH = dbc
CH(x

′

, t) − CH(x, t)
|x′

− x|
(15) 

In Eq. (15), dbc is the diffusion bond constant, which can be expressed 
as [33]: 

dbc =
6DH

πhδ3 (16)  

where δ is the horizon size. 
The hydrogen diffusion model is simulated in the time domain where 

the backward difference method is used to obtain hydrogen concentra-
tion for the next time step nt+1: 

Cnt+1
H(i) = Cnt

H(i) + Ċnt+1
H(i) Δt (17)  

where Δt is the time step size which can be expressed in terms of cyclic 
period T = 1/f (f is the frequency, Hz) and the total number of time 
steps nF within one period: 

Δt =
T
nF

(18) 

To represent the hydrogen adsorption in the sample, the concept of 
hydrogen coverage θH is introduced in the PD diffusion model [33]: 

θH =
CHtip

CHsat
(19)  

where CHtip is the surface hydrogen concentration at the crack tip and 
CHsat is the surface hydrogen concentration saturation value. 

2.3. Coupling of mechanical and diffusion fields 

The coupling of mechanical and diffusion fields is necessary to 
identify the effect of hydrogen on material strength and susceptibility of 
Ti6Al4V to hydrogen-induced cracking. With this respect, the test data 
[41] was considered, where the decrease of critical SIF was noticed with 
the increased hydrogen level in the material. The test data is adapted 
and presented in Fig. 3a, indicating the sample embrittlement. For the 
purpose of integrating the phenomena of local embrittlement in the 
material as hydrogen is adsorbed and diffused within the sample, the 
hydrogen-embrittlement model is adopted. 

In the PD model, the influence of hydrogen is accounted by a 
decrease of a critical stretch sc with increasing hydrogen coverage θH. To 
find the coupling between θH and dependent sc, Langmuir-McLean 
isotherm [42] is utilised, which relates hydrogen coverage to the bulk 
hydrogen concentration CH (unit mol H/mol Ti) in the following form: 

θH =
CH

CH + exp
(
− ΔG0

b/RT
) (20)  

where ΔG0
b is the Gibbs energy difference between surface and bulk 

material, and in the current model is the trapping energy of hydrogen at 
a Ti grain boundary, ΔG0

b = 40kJ/mol, R and T are gas constant and 
absolute temperature, respectively. 

As shown in Fig. 3b, utilising Eq. (20) to convert test data to the 
relation between the θH and sc, resulted in the following equation: 

Kc(θH) = 5.4θ− 0.409
H (21) 

And for a 2-Dimensional problem, sc(θH) in connection with the 
material fracture energy Gc is evaluated by [43]: 

sc(θH) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
5πGc(θH)

12Eδ

√

(22)  

where E is Young’s modulus, Gc can be calculated for a plane strain 
configuration according to the critical SIF: 

Gc(θH) =
Kc(θH)

2

E/(1 − υ2)
(23) 

The study [41] indicates the effect of the strain rates on the hydrogen 
embrittlement process. It is suggested that during slower rates with a 
longer time, creep deformation occurs. With added hydrogen to the 
samples, the embrittlement occurred at the lower hydrogen content, 
compared to the samples strained at faster rates. This means that slower 
rates of the applied loads resulted in the loss of the overall ductility and 
increased embrittlement process due to hydrogen. 

The important effect of the load frequency is noticed during FCGR 
tests on Ti6Al4V alloys, where low-frequency fatigue is more sensitive to 
the environment. To consider the effect of the load frequency on the 
hydrogen embrittlement process, the following relationship is intro-
duced in the PD model: 

Kc(θH) =
KIc(1 − R)

ΔKscc
θ− 0.409

H (24)  

where KIc is the critical SIF, which is selected for Ti6Al4V as KIc =

105MPa
̅̅̅̅
m

√
, and ΔKscc is selected from the available test data [44]: 

ΔKIscc = 17.6MPa
̅̅̅̅
m

√
(f = 1Hz), ΔKIscc = 13.2MPa

̅̅̅̅
m

√
(f = 5Hz) and 

ΔKIscc = 11.0MPa
̅̅̅̅
m

√
(f = 10Hz). Fig. 4 shows the critical stretch values 

as a function of θH for different load frequencies. The relation in Eq. (24) 
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effects on crack propagation, where at the same amount of hydrogen 
coverage in the metal, the fatigue progression of the crack is faster at 
low-frequencies, as shown in Fig. 4. With the following assumption, the 
study in Section 5 shows the effect of the frequencies in CFCGR, where 
after the Kc(θH) reaches the ΔKIscc, the differences of FCGR for different 
frequencies are noticeable. If the relationship in Eq. (24) is not intro-
duced, then the frequency effect is not visible, and CFCGR will be the 
same for all frequencies. 

Moreover, to take into account that the SCC occurs when ΔK >

ΔKISCC with abrupt changes in the behaviour of log
( da

dN
)
− log(ΔK), the 

Kmax
th value is introduced in the model, below which the crack growth is 

not occurring due to SCC. For the given load frequency, the Kmax
th is 

determined from the test data, where: 

Kmax
th =

ΔKIscc

(1 − R)
(25) 

The resulting plots can be seen in Fig. 4, where the critical stretch 
decreases with the increase in hydrogen concentration, evaluated by Eq. 
(24). And when the stretch of the bond is s < smax

th (smax
th evaluated from 

Kmax
th by Eq. (22)), then there is no effect of HE process, and the bonds are 

breaking only by the decreasing life over the fatigue cycles, as explained 
in Section 2.1. 

3. PD CFCG model procedure 

In the current studies for CFCG prediction in C(T) titanium alloy 
samples, PD is utilised as the main numerical tool. According to the 
corrosion fatigue model proposed by Wei and Landers [20] for the 
CFCG, 

( da
dN
)

CF, CFCG is the sum of the mechanical FCGR, 
( da

dN
)

Air, and the 
contribution from the SCC, 

( da
dN
)

SCC. The following CFCG model is 
developed utilising the PD numerical model, where Fig. 5 shows the 
general scheme of the model when Compact Tension C(T) sample is with 
the crack length of a0 and the load of ΔF is applied. The model is clas-
sified relative to the Kc(θH). When Kmax < Kc(θH), then 

( da
dN
)

CF =
( da

dN
)

Air. 
When Kmax > Kc(θH), then 

( da
dN
)

CF is a result of interaction between the 
mechanical fatigue and time-dependent corrosion contribution, 

( da
dN
)

CF =
( da

dN
)

Air +
( da

dN
)

SCC. The environmental contribution is set up as a HE 
model, and FCG is in the air considering the effect of the environmental- 
assisted crack growth. And when Kmax≫Kc(θH), the crack growth is 

Fig. 3. a. Effect of Hydrogen content on the critical SIF, adapted from [41], b. Hydrogen Coverage, θH as a function of Hydrogen Concentration [42] for ΔG0
b =

40kJ/mol, c. SIF as a function of θH. 

Fig. 4. Variation of critical stretch with hydrogen coverage.  
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occurring due to the HE and SCC is the main contributor to the failure. 
In this respect, the PD model is set up for fatigue damage predictions, 

which is (da/dN)Air and numerical diffusion model, which is the HE 
model, (da/dN)SCC. Both models have to be integrated to predict the 
CFCG and Fig. 6 shows the three stages of the PD model: 

1. PD model initiation and parameters identification: model prepa-
ration, discretisation, assignment of the material properties, identifica-
tion of the fatigue and diffusion model parameters, identification and 
assignment of the fatigue loads. 

2. PD hydrogen embrittlement model. 
2.1 Hydrogen coverage step: assignment of the unit value of the 

hydrogen coverage, ΘH = 1, at the crack tip and zero value ΘH = 0 is 
assigned for all remaining surfaces of the specimen. The unit value of 
hydrogen coverage corresponds to saturated hydrogen surface concen-
tration of 6549mol/m3. 

2.2 Diffusion step: PD hydrogen diffusion model described in Section 
2.2. is used to predict the hydrogen diffusion in the material at each time 
step. 

2.3 Embrittlement step: relation in Fig. 3 is used to quantify the local 
hydrogen concentration on the material strength. The relation between 
the hydrogen concentration and hydrogen coverage is used to evaluate 
the critical stretch of the bond, sc(ΘH), as shown in Fig. 4. The bond is 
broken if the stretch of the bond is greater than the current critical 
stretch, sc > sc(ΘH). 

3. PD fatigue model: static solutions for the extreme loads and the 
degrading life of the bonds over the cycles. The bond is broken when its 
remaining life is λN ≤ 0. 

During Stage 2 and Stage 3, the accumulated damage of the bonds is 
monitored, and if the local damage occurs at any of the two stages, then 
the algorithm moves to the beginning of Stage 2 with the location of the 
new position of the crack tip and the processes of Stages 2 and Stage 3 
repeat until the full damage of the sample. As the crack propagates, the 
constant unit value of hydrogen coverage is applied at the new crack tip 
and the hydrogen concentrations at the crack surfaces. 

4. PD CFCG model set up 

4.1. Problem set up 

Similar to the experimental study [45], the Ti6Al4V samples are 
subjected to cyclic loading in NaCl solution, the PD model is set up for a 
C(T) sample, as shown in Fig. 7, subjected to a cyclic load amplitude of 
Fa = 2.25kN with a load ratio of R = 0.1. The material properties of 
Ti6Al4V are homogeneous and specified as: Young’s modulus E =

110GPa and Poisson’s ratio ν = 1/4. 
The following dimensions of the C(T) specimen are considered: 

width of Wn = 30× 10− 3m, length of L = 31.25× 10− 3m, the thickness 
of h = 5 × 10− 3m and the length of pre-notch is an = 12.4× 10− 3m. The 
load is applied on the pins with the diameter of d = 6.25 × 10− 3m as a 
body force density [35] in the following form: 

by =
Fy

ΔVΔ
(26)  

where ΔVΔ is the volume of the pin area, and Fy is the applied tension/ 
compression load, which is defined as: 

Fy =

⎧
⎪⎨

⎪⎩

Fmax
y =

2Fa

1 − R
Fmin

y = Fmax
y R

(27)  

where Fmax
y and Fmin

y are the cyclic load extremes. 
PD model of C(T) sample is discretised with 10,400 material points 

with uniform spacing between them Δx = 0.3 × 10− 3 m and horizon size 
of δ = 3.015Δx. 

The results of FCGR in NaCl solution are compared to the FCGR in the 
air, where the authors [45] showcased that the fatigue behaviour in the 
air is frequency independent. Instead, the samples tested in NaCl solu-
tion showed frequency dependence with the abrupt increase of FCGR. 
For this reason, numerically, it is beneficial to look at the complex 
corrosion-fatigue phenomenon. Firstly, the numerical model set-up is 
performed for Ti6Al4V in the air, which is described in Section 4.2. 
Secondly, the fatigue load determination for SCC is described in Section 

Fig. 5. Block-scheme of CFCG categories in PD model.  

O. Karpenko et al.                                                                                                                                                                                                                              



International Journal of Fatigue 162 (2022) 107023

7

4.3. And lastly, hydrogen diffusion plots are presented in Section 4.4. 

4.2. PD FCG model in the air 

As discussed in Section 2.1, in the PD fatigue model, the parameters 
A and m have to be calibrated using the Paris’ law data [46]. For this 
purpose, the data in [45] for the sample tested in the air is selected, 
where the constant m is obtained directly from the log

( da
dN
)
− log(ΔK)

curve, and A is identified by running first model with random parameter 
A′ and then calibrated following the procedure discussed in [36]. 

After the calibration procedure, the PD FCG model parameters are 
A = 22 × 103 and m = 3.87 and the computed results of 
log

( da
dN
)
− log(ΔK) are in line with the experimental data, shown in Fig. 8. 

It means that the parameters for the PD FCGR model are set up correctly, 
and the model tested in the air can be used as a reference one for the next 
studies. 

4.3. Fatigue load determination for PD SCC model 

For the sinusoidal waveform employed in the current study, it is 
assumed that the loading cycle starts from the minimum load of Fmin: 

F =
Fmax − Fmin

2
+

ΔF
2

sin
(

2πωt −
π
2

)
=

ΔF
2

[
1 + R
1 − R

+ sin
(

2πωt −
π
2

)]

(28)  

where ω is the loading frequency, t is the time, R is a load ratio, and ΔF is 

Fig. 6. Solution procedure.  
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force range, ΔF = Fmax − Fmin. 
For metals, such as high strength steels, titanium alloys, mostly 

attributed to hydrogen embrittlement ahead of the crack tip, the diffu-
sion of hydrogen into the material is produced by an anodic reaction at 
the crack tip [40]. The process is time-dependent, and the frequency of 
the cyclic loading affects the FCG. Due to this, the analysis for SCC is 
performed in the time domain, as shown in Fig. 6, and the plate is 
subjected to the sinusoidal load. As it is time-consuming to solve the PD 
under a very small load time-step, the effect of the time-step size, dt on 
FCGR is analysed. Four time-step sizes are selected: dt = 0.5, 0.25,
0.125and0.0625sec, as shown in Fig. 9. The smaller the time-step size is, 
the better representation of the sinusoidal load, but the longer the 
simulations are. 

Additionally, to optimise the simulation time, the displacements u (in 
x-direction) and v (in y-direction) are solved only for half of the period 

T/2 and the resultant displacements are mirrored for the other half of 
the period. This means that for a period of T, for example, with dt =
0.0625sec shown in Fig. 10b, forces F6 = F12 and displacements u(F6) =

u(F12), v(F6) = v(F12). The resultant displacements are stored for each 
force within a period and called at each cycle. If damage occurs at any of 
the forces Ft at step dt within the period T, then the displacements are 
recalculated. 

The simulations for evaluation of the influence of the time-step size 
on CFCG rates are performed for a cyclic load amplitude of Fa = 3.15kN 
with a load ratio of R = 0.1 and loading frequency of 1 Hz. Fig. 11 shows 
the results of the simulations where the model with the smallest time- 
step size of dt = 0.0625sec is selected as a reference one (black line at 
the plot) and the other models with dt = 0.5, 0.25and0.125sec are 
compared with it. It can be noted that the differences in FCGR are almost 
unnoticeable, even for the dt = 0.05sec when the simulations are per-
formed under the load extremes of Fmax and Fmin. Due to this, dt =
0.05sec is selected for further simulations in order to optimize the 
computational time, and the simulations for the HE step are simulated in 
time domain under the loads of Fmax and Fmin. 

4.4. PD hydrogen diffusion model 

Fig. 12 shows hydrogen coverage plots for loading of Fa = 2.25kN 
and three frequencies of f = 1,5and10Hz when fracture initiation occurs 
in the pre-cracked C(T) sample. The highest level of hydrogen concen-
tration is at the crack tip, where the unit value of hydrogen coverage was 
initiated. 

With the damage model introduced in Section 2.3, where the critical 
stretch of the bonds is degrading with the increased hydrogen concen-
tration and also affected by the loading frequency, lower hydrogen 
diffusion time to initiate the fracture is necessary for a higher frequency 
of f = 10Hz. 

5. PD CFCG predictions 

5.1. Cast Ti6Al4V alloy 

As discussed in Section 2.3, when ΔK > ΔKISCC an abrupt change in 
behaviour of log(da/dN) − log(ΔK) curve takes place with higher FCGR 
at lower frequencies. Such behaviour was noticed during the experi-
ments performed on cast Ti6Al4V [47] in 3.5 wt% NaCl solution where 
the results of FCGR showed frequency dependency. The experimental 

Fig. 7. a Square titanium alloy C(T) plate under uniaxial tensile loading and b its PD model discretisation.  

Fig. 8. FCGR versus SIF range for a sample tested in the air.  
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results indicated that the cyclic SCC occurred when ΔK > ΔKISCC. The 
studies showed that at higher ΔK FCGR accelerate rapidly as ΔKISCC is 
approached. 

The current study predicts the CFCG rates under different fre-
quencies by the developed numerical PD CFCG model as shown in Fig. 6. 
The PD model set-up is described in Section 4.1 with a reference model 
(cast Ti6Al4V in the air) from Section 4.2. 

Fig. 13 shows the comparison between the PD CFCG rates and test 
results by [47] concerning the effect of the loading frequency on CFCG 
rates. The results of the PD model showed good predictability of the 
effect of the frequency on corrosion fatigue behaviour of Ti6Al4V alloy. 
The application of three different frequencies showed three trends of 
corrosion-fatigue behaviour described in Fig. 5, and that CFCG rates of 
Ti6Al4V alloy are frequency-dependent. It can be noticed from Fig. 13 
that low-frequency fatigue is more sensitive to the corrosive environ-
ment, showing the abrupt changes to FCGR with a higher FCGR when 

ΔK > ΔKSCC. 
The introduced HE model and integration of the HE model in the PD 

fatigue model showed the capability of the presented PD CFRG model to 
capture the main features of the complex interaction between the 
cycling loading, loading frequency and environment. 

5.2. Additively manufactured Ti6Al4V alloy 

As discussed in [48], the difference between the cast/wrought and 
additively manufactured Ti6Al4V alloys is the anisotropy of additively 
manufactured alloys, for example, when the load is applied parallel or 
perpendicular to the built direction. The anisotropy can be a conse-
quence of residual stresses [30], defects and columnar grains in the 
additively manufactured materials. Each factor in the structure con-
tributes to reduced fatigue properties and decreases the fatigue life. The 
limited number of studies [9,49] performed on additively manufactured 
Ti6Al4V alloy in the corrosive environment showed that hydrogen ab-
sorbs and diffuses in the structure and HE mechanism takes place. It is 
also concluded that the microstructure, like grain size and phase dis-
tribution, affects ΔKISCC and the EBM built Ti6Al4V [9] has ΔKISCC =

Fig. 9. Load initiation according to a time-step size.  

Fig. 10. (a) Load vs time for different loading frequencies; (b) Discretisation of 
the sinusoidal load F under frequency of f = 1Hz by a time-step of dt =

0.0625sec. 

Fig. 11. Comparison between four different time-step sizes.  
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23MPa
̅̅̅̅
m

√
tested under the load frequency of f = 0.5Hz and load rate of 

R = 0. Additionally, other studies concluded that the presence of 
stresses and temperature also determines the diffusion of hydrogen in 
the material. But, due to the lack of studies on CFCG of additively 
manufactured Ti6Al4V alloys and data related to the tested samples 
anisotropy, it is not possible to validate the developed numerical model. 
Therefore, some simplifications are considered. 

As for the cast Ti6Al4V, it is assumed that the additively manufac-
tured Ti6Al4V alloy is homogenous with the diffusion properties 
described in Section 2.2. The tests performed in the air on SLM [49] and 
EBM [9] Ti6Al4V alloys are considered as reference models in order to 
calibrate the PD FCG model parameters A and m. After the performed 
calibration process, A = 550, m = 3.0 for SLM Ti6Al4V tested in the air, 
and A = 350, m = 3.0 for EBM Ti6Al4V tested in the air. The PD FCGR 
with the calibrated parameters are plotted against the test data in 
Fig. 14, where a good match can be noticed. 

Utilising the proposed numerical model with the combined fatigue 

and hydrogen diffusion model, both structures (SLM Ti6Al4V and EBM 
Ti6Al4V) are solved with the HE mechanism taking place, as discussed in 
Section 2.3. The SLM Ti6Al4V C(T) samples are analysed under the load 
amplitude of Fa = 2.25kN, load frequency of f = 10Hz, load rate of R =

0.05, and the EBM Ti6Al4V C(T) are subjected to the cyclic load 
amplitude of Fa = 3.15kN, load frequency of f = 0.5Hz, load rate of R =

0. 
Fig. 14 shows the comparison between the CFCG rates of numerical 

model and experiments [9,49] concerning the relationship between the 
crack growth rate da/dN and SIF range ΔK. The numerical results are in 
a good agreement with the expected CFCG in the structure reported by 
experimental results. 

For SLM and EBM Ti6Al4V alloys, tested in the air, the FCG rates 
followed the Paris law. Instead, the samples exposed to the environ-
mental effects with the hydrogen diffusion ahead of the crack tip, the 
material experience HE mechanism and has faster crack propagation in 
the structure. The FCGR of EBM Ti6Al4V alloy rapidly increased at 
ΔKISCC = 23MPa

̅̅̅̅
m

√
and the FCGR are higher compared to the sample 

tested in the air. 
The proposed PD CFCG model is capable of capturing the fatigue 

response of the additively manufactured Ti6Al4V alloys affected by a 
corrosive environment. 

6. Conclusion 

In this study, the authors present the numerical approach of 
modelling the fatigue response of metals affected by a corrosive envi-
ronment. A numerical model combines mechanical and diffusion fields 
in order to capture the behaviour of the structure due to the applied 
cyclic loading and SCC phenomena. Considering the Ti6Al4V alloy for 
the study, a very common phenomenon in the titanium alloys subjected 
to SCC is HE, and numerical modelling is performed for adsorbed- 
hydrogen SCC. 

Firstly, the proposed CFCG PD model is applied for the cast/wrought 

Fig. 12. Hydrogen coverage field at the crack propagation initiation for loading 
frequencies of f = 1,5and10Hz. 

Fig. 13. Effect of loading frequency on CFCG and crack growth curves com-
parison for a cast Ti6Al4V C(T)-samples between tests data [47] and PD 
CFCG model. 
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Ti6Al4V and validated with the experimental data available in the 
literature. As multiple studies indicated the effect of the loading fre-
quency on the fatigue performance of the Ti6Al4V, the CFCG rates are 
analysed for three frequencies. The CFCG rates calculated by PD are in 
good agreement with experimental data. The combination of cycling 
loading and the corrosive environment in PD model is capable of 
capturing the complex fracture behaviour in Ti6Al4V observed in 
experiments. 

Secondly, the proposed PD CFCG model is applied to additively 
manufactured Ti6Al4V. Due to the lack of data on material structure and 
the fatigue tests performed on the alloy subjected to the corrosive 
environment, the simplifications in the PD model are applied. The ma-
terial is treated as homogenous, so the effects of the material anisotropy 
(microstructure and residual stresses), as well as the porosities are 
neglected. After the calibration of the PD parameters of the fatigue 
model for SLM and EBM Ti6Al4V alloys tested in the air, the PD CFCG 
model showed good predictability of the material behaviour in the 
corrosive environment. 
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