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A B S T R A C T   

Damage from small manufacturing defects often go unnoticed until fatigue cracks have grown beyond repair
ability. These cracks initiate at defects with dimensions on par with the microstructure length scale (e.g., 5–200 
µm deep), which affects fatigue variability and renders most engineering prognosis methods inapplicable. This 
work develops a novel microstructure-sensitive formulation that reduces computational efforts by decoupling 
geometric and microstructural contributions to fatigue cracking. Crystal plasticity finite element models with and 
without geometry induced strain gradients were considered to assess the role of defects independently from the 
microstructure. The analysis results in a fatigue life analytical formulation whose parameters depend on the 
microstructure and defect morphology.   

1. Introduction 

Manufacturing and maintenance operations often result in relatively 
shallow defects (5–200 µm deep) also known as scribe marks, which 
promote fatigue crack nucleation under alternating service loads [1–4]. 
Although such defects can prove detrimental to structural integrity 
[4,5], they are often ignored due to the difficulties in making accurate 
remaining life estimations. Hence, advances in life prognosis for shallow 
defects (compared to the microstructural length scale) are valuable to 
improve component reliability and extend service life. This is particu
larly important for aerospace applications, where aircraft skin damage 
may go unnoticed until cracks have grown beyond reparability [1,4,5]. 

Several authors [5–7] have investigated the role of geometric dis
continuities on fatigue crack nucleation and propagation. For example, 
Cini and Irving [1,8] characterized the nucleation of fatigue cracks in Al 
2024 and pure Al cladding from shallow defects and found that the early 
fatigue crack growth depends on the notch size and shape. This behavior 
was attributed to the notch dimensions being comparable to the 
microstructure length scale (e.g., grain size). Indeed, when the volume 
of highly strained material ahead of a defect (i.e., process zone) is 
comparable to the microstructural dimensions, the local anisotropy and 
heterogeneity control fatigue damage [9]. Under these conditions, the 
applicability of traditional far-field fracture mechanics approaches be
comes questionable given that the similitude assumption breaks down 
[10,11]. Even if traditional approaches were applicable, they do not 
generally consider or predict the variability of the fatigue process. 

Prof. McDowell pioneered in microstructure-sensitive fatigue 
modelling by realizing the limitations of traditional fracture mechanics 
and developing approaches to quantify intrinsic fatigue variability. For 
example, Bennett and McDowell [12] extended the work by Fatemi and 
Socie [13] and proposed a Fatigue Indicator Parameter (FIP), which 
correlates with the crack tip displacement on a critical slip plane. In 
parallel, other researchers [14–17] considered FIPs based on stress, 
strain, or critical energy to estimate short crack fatigue driving forces. 
Hochhalter et al. [18] and Rovinelli et al. [19] independently compared 
multiple FIP formulations to show that they carry failure information 
with equivalent uncertainty levels. Hence, these FIPs are roughly 
equivalent to explain much of the fatigue phenomena and serve as 
computationally efficient subrogates of the damage driving forces. 

McDowell and collaborators further demonstrated that crystal plas
ticity computational models along with nonlocal Fatemi-Socie FIPs 
[20–23] can quantify fatigue crack initiation at a microstructural scale 
[24–26]. Hence, crystal plasticity is a valuable tool to predict crack 
initiation and early propagation from scribe marks by characterizing 
both microstructural variability and geometrical discontinuity effects on 
crack evolution [1,8]. However, the introduction of strain concentrators 
results in large computational models that quickly become numerically 
expensive [27,28], making their engineering application prohibitive. 
Hence, this work extends prior efforts by decoupling geometry and 
microstructure effects on fatigue crack nucleation to develop an engi
neering approach with a lower computational burden. Microstructural 
variability quantified with crystal plasticity simulations is modulated by 
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the decay of the maximum shear strain computed radially from a notch 
with isotropic elastic–plastic simulation [29]. The result is a novel 
analytical formulation suitable for describing the early fatigue life from 
scribe marks and microstructural-size defects. The comparison with 
experimental data from scribe marks demonstrates that the novel 
approach has good predictive power for the fatigue life and its vari
ability at a reduced computational cost. 

2. Crystal plasticity modelling 

This work considers a physics-based crystal plasticity model [20,30] 
calibrated for aluminium. The slip rate along αth slip system follows the 
thermally activated flow rule, 
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in which γ̇α
0 is the average shearing rate between the obstacles, kB is 

the Boltzmann constant, Fo is the glide activation energy, so is the 
thermal stress at 0 K, and p and q are the profile parameters. Also, μ and 
μ0 are the shear modulus at T and 0 K while the average shearing rate 

(γ̇α
0) follows, 

γ̇α
0 = ραblvG (2) 

in which vG is the attempt frequency, ρα is the density of mobile 
dislocations, b is the Burgers vector and l is a mean free path of dislo
cation in between the obstacle bypass events and computed following 
the characteristics of dislocation substructure as η × dstruc. The parameter 
η represents the dislocation substructure aspect ratio: ηveins = 50, ηPSB =

15, ηlab = 2, and ηcell = 1 [20]. 
The effective shear stress (τα

eff ) i.e., |τα −Bα| −Sα drives dislocation 
glide and depends on the local resolved shear stress (τα), the athermal 
stress (Sα), and intragranular back stress (Bα). The athermal stress de
pends on the stress required to bow-out dislocations and the dislocation 
self-interaction, i.e., 

Sα = αLE
μb

(1 − fw)dstruc
+ μb

̅̅̅̅̅̅̅̅̅̅
Aiiρα

√
(3)  

in which αLE is the dislocation line energy coefficient, Aii is the self- 
interaction coefficient. The parameter dstruc is the adjacent wall 
spacing and follows the similitude relation [31], 

dstruc = Kstruct
μ b
τ (4)  

where Kstruct is similitude coefficient. In Equation (1), we considered 
intragranular back stress (Bα) following Castelluccio and McDowell [20] 
as, 

Ḃα
=

fw
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2μ(1 − 2S1212)
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γ̇α (5)  

where, fw is the wall volume fraction, fS
Hill is the instantaneous macro

scopic plastic deformation tangent. The Eshelby tensor component 
(S1212) for a prolate spheroid coordinate system follows [32], 

S1212 =
πη2 + (η2 − 1.75 − 2vpη2 + 2vp)C12

8π(1 − vp)(η2 − 1)
, (6)  
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and, 
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and finally, the density of mobile dislocations (ρα) follows,   

Here, kmulti determines the production of dislocations, V0
CS = 1000b3 

corresponds to the cross-slip activation volume[33], yedge
s and yscrew

s are 
the annihilation distances for edge and screw dislocations respectively, 
and ϕ is the cross-slip efficiency. Further details of the model can be 
found in [20] whereas model input parameters, material, and physical 
constants are shown in Table 1. 

The crystal plasticity model was implemented in Abaqus through a 

Table 1 
Crystal plasticity parameters corresponding to pure Al.  

µ 25.6 GPa vG 5x1011 s−1 

b 2.86x10-10 m Kstruc 2.5 
Fo 0.8 eV αLE 1 
so 12 Mpa Aii 0.1 
finf 0.1 ρα 1 × 109 

fo 0.45 ye 3.5 nm 
gp 0.0015 ys 50 nm 
GPSB 1 × 10-2 Vcs 1000b3 

GM 1 × 10-4    

Fig. 1. Finite element mesh for a RVE of 200 μm × 200 μm × 1000 μm. Colors 
correspond to different crystallographic orientations. 
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user material (UMAT) subroutine. The constitutive model was evaluated 
using regular geometry with 5000 C3D8R brick elements and 122 
randomly oriented grains (average grain size ~ 80 μm) shown in Fig. 1. 
The microstructure, corresponding to the equiaxed randomly oriented 
grain structure observed in the pure aluminium cladding [34], was 
recreated with Dream3D [35] and an in-house Matlab script. A synthetic 
representation of the microstructure requires around one hundred 
grains [36,37] to approximate the constitutive response of a Represen
tative Volume Element (RVE) [38]. Note that an RVE for fatigue crack 
nucleation requires a much larger number of grains and mesh 
refinement. 

Fig. 2(a) presents the homogenized mechanical response of the 
model as a function of the number of Abaqus steps (one full loading 
cycles corresponds to two steps). The results demonstrate that the peak 
stress converges to a stable value after twelve computational cycles. 
Fig. 2(b) further validates the cyclic stress–strain curves by comparing 
the model and experimental results for polycrystal Al [39]. Each 
modeling data point (diamond) corresponds to the stress level at twelve 
computational cycles. 

3. Crystallographic FIPs 

3.1. Non-local FIPs 

We define the fatigue driving force as the crystallographic Fatemi- 
Socie FIP (FIPα

FS) proposed by Castelluccio and McDowell [38], but 
noting that our conclusions are likely applicable to other FIP formula
tions [19]. Then, we compute the FIPα

FS for each element by, 

FIPα
FS =

1
2

Δγα|cyc

[

1+ k
σα

n

σy

]

, (10)  

where Δγα corresponds to the cyclic plastic shear strain range in slip 
plane α, σα

n is the peak stress normal to the slip plane α, σy is the cyclic 
yield strength, and k = 1 is a material constant normally ranging be
tween 0.5 and 1 [13]. 

Following the approach proposed by Castelluccio and McDowell 
[38], the algorithm uses Equations (10) to compute FIPα

FS at each 
element upon reaching peak stress stabilization (12th loading cycle or 
24th computational step). Next, FIPα

FS are averaged over the volume of 
crystallographic slip bands, which serve as physics-based normalization 
domains to mitigate mesh sensitivity. The bands are one-element thick 
and perpendicular to each slip plane normal direction, as shown in 
Fig. 3. Furthermore, each grain can be fully reconstructed by the band 
set corresponding to each slip normal (Fig. 3). Appendix A presents in 

Fig. 2. a) Evolution of cyclic peak stress, and b) Maximum FIPFS across all grains with computational steps for pure Al under Δ∊/2 = 0.05%, 0.1% s−1, and R∊ = −1 
b) Comparison between model and experiment for the cyclic stress–strain response of Al polycrystal [39]. 

Fig. 3. Illustration of slip bands in one grain. As an example, four sets of slip 
bands along the slip planes perpendicular to FCC slip normal direction are 
shown in one grain. 

Fig. 4. Maximum FIPFS across all grains with computational steps for pure Al 
under Δ∊/2 = 0.05%, 0.1% s−1, and R∊ = −1. These results demonstrates that 
the maximum FIPs also saturates at about after 8 loading cycles (16 Aba
qus steps). 
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detail the procedure for recreating slip bands sets on each grain. 
The FIPα

FS averaged along crystallographic slip bands is further 
normalized such that. 

FIPMeso
FS =

dgr

dref
gr

∑n
1FIPα

FS

n
(11) 

in which dref
gr is the reference grain size and dgr represents the band 

size as computed by, 

dgr = lel
̅̅̅̅̅
nel

√
. (12)  

where, lel is the size of the element and nel is the number of uncracked 
elements in the band. This normalization is supported by the size 
dependence of irreversible slip proposed by Risbet and Feaugas [40]. 
Finally, the band with the highest FIPMeso

FS is considered to be the slip 
band initiating a fatigue crack and is referred to as the Cracked Band 
(CB). Fig. 4 further illustrates that the maximum FIPMeso

FS among all grains 
(i.e., the highest FIPα

FS average among all bands) converges after 16 
computational steps (8 full loading cycles), which demonstrates that 
FIPMeso

FS is well suited for microstructure-sensitive fatigue prognosis. 

3.2. Intragranular FIP evolution 

The average of FIPMeso
FS along an entire band is representative of the 

fatigue driving forces of an uncracked slip band. Hence, partially 
cracked bands are simulated by degrading all components of the elastic 
stiffness matrix [38] for the elements on the band with the highest FIPα

FS. 
This calculation proceeds every two computational cycles, after which 
the FIPMeso

FS is averaged on the remaining uncracked elements in the 
band. Fig. 5 exemplifies the evolution of FIPMeso

FS as the crack grows 
through the grain, cracking 9% of the elements with the highest FIPα

FS 

every two computational cycles. The FIPMeso
FS reduces as the crack grows 

in the band, which agrees with the modelling of nickel based superalloys 
[38], bridge steel [41], and also experimental findings [42]. Fig. 6 
further shows the evolution of the FIPMeso

FS with the normalized crack 
length for various grains in Fig. 1. Evidently, the intragranular nature of 
FIPMeso

FS depends on the interaction of complex microstructural attributes 
such as crystallographic orientation, neighbouring grains, and number 
of active slip planes. 

To further explore the role of multiple slip, Fig. 7 presents the FIPMeso
FS 

for the first and second most active slip system, computed for the same 
CBs. The results demonstrate that in a partially cracked band, the acti
vation of the second most active slip plane prior to cracking, can exceed 
that of the primary plane. Hence, Equation (11) is amenable to single 
slip configurations and less applicable to Al, given its low activation 
energy and consequent tendency for multiple slip. 

To account for multiple slip and crystallographic FIPs, we propose a 
novel strategy that computes the net driving force (FIP̅→meso) as the vector 
sum of FIPmeso along the directions of the three most active slip planes 
slip directions (ni,j,k), i.e., 

Fig. 5. FIPMeso
FS variation as crack extends inside a CB. The first image (top left 

corner) corresponds to FIPMeso
FS computed for the entire CB (0% crack extension). 

The increasing blue color in subsequent images shows elastically degraded el
ements in CB, and the blue dots under each image represents averaged FIPMeso

FS 
in the remaining elements of CB. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.). (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 6. FIPmeso variation as the crack extends along a CB. Each curve corre
sponds to a different simulation with a different microstructure realization. The 
distance on the x-axis is normalized by the maximum distance along CB. 

Fig. 7. Variation of FIPmeso in CB along 1st and 2nd most active slip systems as 
crack extends for four random realizations. The distance on the x-axis is 
normalized by the maximum distance along CB. 
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FIP̅̅→meso =
1

dref
gr

[
dgr,iFIPMesoMAX

FS (i)ni+dgr,jFIPMesoMAX
FS (j)nj +dgr,kFIPMesoMAX

FS (k)nk
]
.

(13)  

where,FIPMesoMAX
FS , FIPMeso2ndMAX

FS , and FIPMeso3rdMAX
FS are the FIPs along the 

1st, 2nd, and 3rd most active slip planes averages on the band. Aver
aging along bands, as explained before, introduces a directional char
acter and makes the FIP̅→meso a multiple slip crystallographic driving 
force. The FIP̅→meso is then be computed for each band, assuming that the 
driving force along the dominant cracking direction is assisted by mul
tiple slip. This notion is supported by the experiments of Grosskreutz in 
Al single crystals [43], which showed that an initial dominant slip band 
is assisted by bursts of secondary slip plane activation. 

Fig. 8 a) presents the results for the FIP̅→meso computed along CB from 
eight microstructural realizations while degrading the elastic stiffness 
incrementally after every two cycles until fully cracked. The magnitude 
of the FIP̅→meso decays as the crack progresses within the grain and the 
decrease is more pronounced than in Fig. 6. Fig. 8b) presents the same 

results normalized by the FIP̅→meso prior to any grain cracking (FIP̅→
0
meso). 

The normalized fatigue driving force can be parameterized as a function 
of crack length as suggested by Castelluccio and McDowell [38], 
⃒
⃒
⃒
⃒FIP̅̅→meso,net

⃒
⃒
⃒
⃒ =

⃒
⃒
⃒FIP̅̅→meso

⃒
⃒
⃒/

⃒
⃒
⃒FIP̅̅→

0

meso

⃒
⃒
⃒ = 1−Pg

(
ai/dgr

)m (14)  

where ai/dgr corresponds to the crack length normalized by the slip band 
length and Pg and m are constants fit to the data in Fig. 8. Equation (14) 
can be further simplified by assuming m = 2 as initially proposed Cas
telluccio and McDowell [38]. In this case, Fig. 8 b) demonstrates thatm 
= 2 and Pg in the range between 0 and 1.5 (Fig. 8) adequately describes 

the intragranular microstructural variability of the FIP̅→meso, even in the 
context of multiple slip. 

3.3. Crack initiation from defects 

Next, we consider the evolution of FIPs starting from a 25 μm deep 
scribe marks with root radii of 5 μm, 25 μm and 50 μm [1], as shown in 
Fig. 9. U-notches were considered instead of the V-shaped traditionally 
used for scribe marks simulations [1,8] to simplify the mesh while 
obtaining the similar local stress and strain conditions [44]. The model 
conveys a notch with a local fine mesh covering a section five times 
greater than the notch with a minimum seed size of 2 μm. Periodic 
boundary conditions are applied along the Z-axis, which entails to a null 
sum of the displacement of the node on opposite front and back faces 
while all other faces are free to displace. A fully reversed (R∊ = −1) 
strain amplitude of 5 × 10−5 was applied to the right-hand side of Fig. 9 
along the X-axis. To reduce the computational effort, the crystal plas
ticity model is employed only around the notch root with a refined mesh. 
The remaining of the mesh employs an isotropic elasto-plastic model 
constructed with the piece-wise stress–strain curve obtained from ho
mogenized crystal plasticity model results in Fig. 2. 

The microstructure contains a total of 16 grains with an average 
grain diameter of 50 μm along the X-Y direction and 120 μm along the Z- 
direction; this elongated morphology of the microstructure resembles 
the cladding assessed by Cini et al. [1,8]. As explained earlier, slip bands 
are created along crystallographic planes and FIP̅→meso are computed for 
each of them. 

Fig. 10 presents normalized FIP̅→meso,net computed from models with 
notches. Compared to the calculations from smooth models (Fig. 8(b)), 
the FIP̅→meso,net in Fig. 10 decays more rapidly due to the strain localiza
tion induced by the notch. These FIP̅→meso,net responses can also be 
parameterized by Equation (14), but running crystal plasticity models 
with notches to quantify m and Pg is significantly more computationally 
expensive and the results are only applicable to the specific notch ge
ometry. On the contrary, the parameters m and Pg computed without 
notches Fig. 8(b) can be regarded as an intrinsic microstructure 
response. 

4. Decoupling microstructure and geometry contribution to FIPs 

To avoid crystal plasticity simulations that explicitly model notches, 
we seek a simpler engineering method that modulates the intrinsic 
microstructural variability from models without notches. Rovinelli et al. 
[19] showed that the FIPFS and plastic shear strain range are similar in 
predicting fatigue damage. Hence, the decay of the maximum plastic 
shear strain (γpl

max) computed with homogenous isotropic elastic–plastic 
simulations radially from a notch is a cost-efficient candidate to repre
sent the notch modulation of the microstructural variability. 

To account for the directionality of crack initiation from notches, we 
quantify the γpl

max along a radial direction between 10 and 54 degrees 
away from the notch bisector in isotropic elastic–plastic models (Fig. 9). 

Fig. 8. a) Multiple realizations for the FIP̅→meso as a function of crack extension 
within a single grain. The distance on x-axis is normalized by the maximum 
distance along CB until fully cracked. b) Normalized FIP̅→meso (Equation (14)) as 
a function of the transgranular crack extension. The distance on x-axis is 
normalized by the maximum distance along CB until fully cracked. 
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Fig. 11 presents the normalized γpl
max as a function of the normalized 

radial distance from the notch along different angles for two notch radii 
(5 μm and 50 μm). On the Y-axis, the maximum plastic shear strain is 
normalized by the maximum plastic shear strain at notch root and the 
distance is normalized by the average grain size used for microstructural 
gradient i.e., 50 μm. The relation between normalized γpl

max and 
normalized radial distance was described by the inverse of second-order 
Taylor approximation, 

γpl
max/γpl

max,notchtip = 1/
(
1+ k1x+ k2x2) (15) 

Where, k1 and k2 are the fitting parameters for each notch radius, as 
shown in Fig. 11. Equation (15) corresponds to the geometry-induced 
shear strain decay. Second-order polynomial functions approximated 
the normalized γpl

max distributions along different direction as shown in 
Fig. 11. 

The superposition of the microstructure and notch effects can be 
reconstructed by multiplying the microstructural decay in Equation (14) 
and the geometry-induced shear strain decay in Equation (15), i.e, 

FIP̅̅→meso/FIP̅̅→
0

meso = 1−Pg
(
ai/dgr

)m
•

1
1 + k1

(
ai/dgr

)
+ k2

(
ai/dgr

)2 (16) 

The value of this formulation is that the computational cost is 
controlled by the quantification of Pg and m using crystal plasticity 
simulations without notches (Fig. 8(b)). To validate the novel approach, 
Fig. 12 compares the simulations that explicitly represent the notch and 
the surrogate approach of Equation (16). The variability in the surrogate 
model is controlled by Pg, m, and the propagation angle along the radial 
directions (directionality of crack initiation from notches). By control
ling these parameters in surrogate models, the variability of expensive 
models can be reproduced with less computational effort. Fig. 12 dem
onstrates that the novel surrogate model has similar trends and vari
ability as the brute force model for the same number of microstructural 
realizations. In terms of computation effort, simulations with explicit 
notches were completed in an average of 80 h, whereas the suggested 
simplified methods took only 2 h. 

5. Life estimation results 

We now proceed to quantify the fatigue life of early transgranular 
Stage I cracks growing radially from notches. Since the strain localiza
tion at the notch root accelerates the nucleation of cracks, we assume 
that fatigue life is controlled by propagation in the microstructurally 
small crack regime [45]. Following the work by McDowell and co- 
authors [30,46,47], the crack growth rate can be related to the FIP 
such that, 

da
dN

= ∅ 〈
dgr

dref
gr

FIPmeso, net(j,α) − ΔCTDth〉 (17)  

where ∅ corresponds to the mechanical irreversibility and strongly de
pends on the environment. We consider ∅ = 0.012 [25] for trans
granular crack growth whereas dref

gr = 40μm, as per the calibration by 
Castelluccio and McDowell [42]. The ΔCTDth serves as threshold below 
which there is no crack growth and its value is approximated by the 
Burgers vector for aluminium (b ≈ 2.8 × 10−10m). By combining 
Equations (16) and (17) we obtain, 

da
dN

= ∅ 〈
dgr

40μm
FIP̅̅→

0

meso

(
1 − Pg

(
ai/dgr

)m

1 + k1
(
ai/dgr

)
+ k2

(
ai/dgr

)2

)

− ΔCTDth〉, (18) 

which describes the crack growth rate at a radial distance ai from a 
notch. The microstructural variability is controlled by Pg and m as 
computed from the RVE crystal plasticity models, while the notch 

Fig. 9. a) Notched finite Element model. Grey volume was assigned the elasto-plastic model constructed with the piece-wise stress–strain curve. b) The coloured 
region contain grains around the notch and employ the crystal plasticity model. c) Directions along the notch root radii for evaluating the driving force gradient. 

Fig. 10. Effect of microstructure and geometric gradient on normalized 
FIPmeso,net with crack extension in CB at nominal strain amplitude of 5× 10−5. 
The ordinate is normalized by max FIPmeso,net at 0% crack length. The distance 
on x-axis is normalized by the maximum distance along CB. Each color and 
marker correspond to a realization with a different microstructure. Each point 
represents the crack extension by deleting 9% element every two-cycle after 
nucleation evaluation i.e., 12 computational cycles. 
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morphology regulates k1 and k2 as computed by isotropic elasto-plastic 
models. 

By defining. 

c1=
dgr

40
FIP̅̅→

0

meso −ΔCTDth (19) 

and. 

c2 = Pg
dgr

40
FIP̅̅→

0

meso (20) 

to integrate Equation (18) to compute the number of cycles requires 
to extend the crack by distance of ai along the ith band (Nextend).   

Fig. 11. The gradient of normalized γpl
max away from the notch tip for radius a) 5 μm and b) 50 μm at different nominal strains. The γpl

max was normalized with the 
maximum γpl

max at the notch tip. The distance is normalized by the average grain size used for microstructural gradient i.e., 50 μm. 

Fig. 12. Comparison between simultaneous esti
mation and combination of gradients at a fully 
reversed strain amplitude of 5x10-5. FIPmeso,net is 
normalized by FIPo, which is a FIPmeso at 0% crack 
extension. The normalization distance on the x-axis 
corresponds to the average grain size used for 
microstructural gradient i.e., 50 μm. Each color in 
Figure (left) represents different simulation results 
with different microstructure and morphological 
properties. Each marker in Figure (right) represents 
independently coupled FIP with both microstructure 
and geometric gradient. The results for the surrogate 
model (right) correspond to k1 and k2 at 10–12, 
30–33 and 52–54 degrees.   
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The first term in Equation (21) corresponds to the microstructural 
gradient proposed by Castelluccio and McDowell [38], while the linear 
and quadratic terms represent the contribution from the geometric 
gradient approximated by a second order Taylor expansion. For strains 
ranges above 10−4 (most common case at the notch root in service 
structures), numerical calculations have shown (see Appendix B) that 

the FIP̅→
0
meso is significantly larger than ΔCTDth. Hence, by neglecting the 

term ΔCTDth and assuming m = 2, we can perform an analytical inte
gration to obtain,   

which corresponds to a closed-form solution that quantifies the fa
tigue life to extend a radial crack in a grain, considering microstructural 
and geometry effect. Note that we could consider higher terms for the 

Taylor approximation for the maximum plastic shear strain away from 
the notch (Equation (15)). However, any improvement on these calcu
lations would have marginal impact on the results given that the error is 
significantly smaller than the intrinsic microstructural variability (both 
in terms of driving forces and cracking angles). 

The shortest expected life for a crack of length ai arises from the 
lowest Pg computed with crystal plasticity simulations without notches 
and the highest k1 and k2 computed from elasto-plastic simulations. 
Similarly, the variability of life proceeds from considering the ranges of 
Pg, k1, and k2 computed in both models. The calculation in Equation 

(21) also requires the estimation of FIP̅→
0
meso (see Equations (19) and 

(20)), which is a priori unknown unless crystal plasticity models with 
notches are performed. We propose an alternative computational effi

cient engineering approach that upscales FIP̅→
0
meso following, 

FIP̅̅→
0

meso

⃒
⃒
⃒

Δ∊
=

Δ∊
Δ∊ref

FIP̅̅→
Ref

meso (23)  

in which Δ∊ corresponds to the total strain range computed at the root of 
the isotropic notch model, Δ∊ref = 1 × 10−3 is a constant reference total 

strain range applied to RVEs, and the parameter FIP̅→
Ref
meso is the maximum 

FIP̅→
0
meso computed from RVE simulations with an applied strain range of 

Δ∊ref . 
To validate Equation (23), multiple microstructural realizations of 

the RVE were simulated using crystal plasticity and total strain ampli

tudes between 10−3 −10−2. For each simulation, the maximum FIP̅→
0
meso 

from each grain were compiled to inform FIP̅→
Ref
meso. The results in Fig. 13 

Fig. 13. Comparison of the maximum normalized FIP meso across all grains with 
one microstructure realization from the calibrated and explicit notch model. 
The lower and upper quartiles correspond to the bottom and top of the boxes, 
respectively, and the medium quartile corresponds to the line near the middle 
of the box. A cross corresponds to outliers. 

Table 2 
γmax

pl at the notch root for notches with different radii and the same depth i.e., 
25 μm.  

Notch radius 5 μm 25 μm 50 μm 

γmax
pl 1.4× 10−1 1.44× 10−1 8.6× 10−2 

Δ∊ 7.02× 10−2 7.2× 10−2 4.3× 10−2  

(21)   

(22)   
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demonstrate that the distributions of the FIP̅→
0
meso computed with explicit 

notches (red) or Equation (23) (green). 
Finally, we further validate our methodology by comparing the 

initiation lives calculated by Equation (22) with experimental data from 
Ref [1,34]. Three notch geometries with different root radii (5 μm, 25 
μm and 50 μm), similar to those mentioned in Section 4, in pure 
aluminium cladding are considered. Experimental evidence [1,34] 
shows notch sensitivity in the microstructural small crack regime for 
25–185 μm deep notch within pure Al cladding. The Δ∊ is estimated for 
different notch geometries using experimental loading conditions [34] 
as shown in Table 2. 

The results in Fig. 14 compare the number of cycles to reach 50 μm in 
20 microstructural realizations with the dominant crack found in ex
periments [1,8]. The variability of Nextend corresponds to the life required 
for a crack to reach 50 μm radially from the notch along 10 or 50 de
grees from the notch bisector. The mechanical irreversibility is adjusted 
to match lowest Nextend for the 5 μm notch, and the simulations auto
matically reproduced the notch effect for other size without any special 
provision. In addition, the experiments showed multiple shorter cracks 
and uncracked areas, which correlates with the variability on simula
tions. Further work could explore multiscale experimental validation of 
Equation (22), including various loading conditions. 

6. Discussion 

Modeling fatigue damage variability is a critical aspect of probabi
listic reliability assessments, which can be performed with 
microstructure-sensitive computational models. However, these models 
are computationally too intensive for industrial applications and require 
simpler surrogate models. This work introduced a novel analytical 
approach that combines geometric and microstructural strain gradients 
independently to predict transgranular fatigue life away from a notch. 
Crystal plasticity simulations of RVEs, which can be accelerated with 
Fast Fourier Transform methods, [48] are instrumental to quantify the 
parameters characteristic of the microstructural FIP evolution (Pg and 
m). These parameters are intrinsic to the microstructure and were 
combined with elastic–plastic models to evaluate the microstructure- 
induced fatigue variability from notch. As a result, the model can esti
mate efficiently the initiation fatigue lives from notches considering 
microstructure variability to evaluate durability requirements. 

Other damage tolerant approaches, such as the theory of critical 
distances [8], can predict initiation life from scribe marks but they rely 
on phenomenological formulations that required extensive experimental 
testing. These theories depend on a characteristic length function of the 
load amplitudes, material and other testing to calculate equivalent 
elastic stresses able to correlate initiation lives [8]. Despite their success 
in predicting initiation lives from scribe marks, physical evidence is still 
needed to rationalise the correlation between the equivalent elastic 
critical stress and fatigue crack initiation and early propagation from 
micromechanical notches. Some attempts were made to relate the 

Fig. 15. Schematic illustration of assigning elements to a slip band inside the grain.  

Fig. 16. Estimation of uncertainty with and without higher-order terms in 
Equation (18). The positive sign represents outliers. Fig. 14. Comparison of the number of cycles to extend the crack up to 50 μm 

between model and experiment [34]. The boxplot corresponds to the compu
tational variability. The minimum predicted lives are in agreement with the 
experiments and capture notch size effects. 
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critical distance with the material grain structure and loading magni
tude [49], but the lack of physical explanations reduced the method to a 
very effective experimental result fitting. Moreover, these approaches 
are empirical and cannot be used confidently to predict the fatigue lives 
outside the experimental domain used for calibration (e.g., different 
strain ranges, R-ratios, materials, notch shape, etc). 

Crystal plasticity approaches can overcome the shortcomings of the 
theory of critical distances by explicitly modelling the microstructure 
effects on the early transgranular crack formation, propagation, and 
their variability. However, the specific skills required to implement, 
calibrate and compute crystal plasticity models hinder their widespread 
adoption in engineering applications. The novel analytical prediction 
method is an attempt to foster the use of crystal plasticity as industrial 
tool for durability and damage tolerance assessment of microstructural- 
size notches and manufacturing induced defect. Indeed, Equation (22) 
relies on a single crystal plasticity database to identify the contribution 
from the microstructure coupled with simpler elasto-plastic models. 
Additional work can further simplify the analysis by estimating k1 and 
k2 from theoretical calculations, thus avoiding the need from elastic- 
plastic simulations. 

We also highlight that aerospace applications make widespread use 
of components cladded with commercially pure aluminium to enhance 
corrosion resistance. Prior research [34] has demonstrate that, given the 
low strength of pure Al, it is more common to find shallow defects and 
fatigue cracks on pure Al cladding compared to high strength Al alloys. 
Hence, our evaluation of pure Al is not only interesting for a scientific 
perspective, but it has direct industry impact. Moreover, the crystal 
plasticity model has been parameterized for the pure Al, but the results 
apply to a family of FCC metals with similar deformation mechanisms 
[50]. For example, Al 6XXX series and Stainless Steel 316 develop 
similar dislocation structures as pure Al and the model is likely appli
cable by updating the thermal stress (st

0), as we have shown for mono
tonic loading [37,51]. 

Finally, we note that damage tolerance performance of engineering 
structures containing scribe marks could be evaluated with the proposed 
approach, considering short crack behavior and the material intrinsic 
microstructural variability. We envision that planning for structure in
spection and maintenance could be enhanced by the application of such 
analytical prognosing crystal plasticity-informed approaches along with 
an integrated computational-experimental validation and certification 
campaign. Furthermore, interactions among multiple cracks or inter
metallic particles (e.g., [52]) should also be integrated into the model to 
further advance the prognosis of fatigue lives in notched airframe 

components. These approaches can further be standardized to incorpo
rate the prognosis of fatigue damage from microstrurally small cracks. 

7. Conclusions 

Microstructural variability has a dominant role on early fatigue life 
and brings a formidable challenge engineering life prognosis. Much 
research on crystal plasticity has demonstrated that microstructure- 
sensitive models can aid in prognosis, but the computational burden 
of engineering component models is often impractical. Hence, this work 
introduced a crystal-plasticity-informed analytical formulation (Equa
tion (22)) that quantifies the fatigue life variability induced by the 
microstructure at notches. This formulation is parameterized only once 
with a single set of crystal plasticity simulations of RVEs, which reduces 
the computational burden of fatigue prognosis. 

The novel approach is based on band-average FIPs and relies on:  

• Decoupling strain gradients induced by the microstructure and 
geometric strain concentrations, 

• Characterizing microstructural variability once with RVEs simula
tions and upscaling to different notches.  

• Proposing a novel vectorial FIP (FIP̅→meso) that accounts multiple slip 
system activation, 

After constructing a database with RVE simulations, the analytical 
approach reduces the computational time more than a factor of ten 
compared to crystal plasticity simulations that explicitly describe the 
morphology of notches. Furthermore, the comparison with experiments 
demonstrates that the model can capture microstructural-size notch ef
fects to become an engineering-friendly prognosis tool. 
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Appendix A:. Creating slip bands in each grain 

The slip bands are identified in each grain following the procedure mentioned below, 
Since the FCCs have four slip planes, each element was assigned four different bands inside a grain. The elements are assigned to each band as,  

• First, the centroid of the grain is determined as shown by the plus sign in Fig. 15.  
• The grain is rotated along normal slip direction using the rotation matrix, and sets of planes (black lines in Fig. 15) perpendicular to slip normal 

plane directions are created. The distance between these planes is one bandwidth, which is the size of an element in one dimension due to ho
mogeneity. Bands with less than one element spacing tend to be discontinuous and may have disconnected elements.  

• Now, the elements are assigned to the respective bands according to their centroids position between two planes, then named as shown in Fig. 15 
on the right side.  

• In the schematic shown below, five planes were created inside a grain perpendicular to slip normal direction. The number assigned to a band 
formed by planes is called layer number and is shown with unique color below. For example, layer five is shown by a green band. Finally, GLP 
abbreviation is used in code to identify a particular band with its plane and grain, where G is the grain number, L is the layer number, and P is the 
plane number. 

Appendix B 

One aspect that requires consideration is the uncertainty quantification related to higher-order terms of the geometric gradient with ΔCTDth in 
Equation (18), which were ignored to make analytical integration easier. The uncertainty was estimated by evaluating the crack growth rate with or 
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without a higher-order term corresponding to applied strains listed in Table 2. Fig. 16 shows that higher-order terms with ΔCTDth did not contribute 
much towards the results, therefore ignoring these terms to make analytical integration simpler can be justified. 
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