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Defects introduced during additive manufacturing currently control fatigue resistance and lead to a large scatter
in lifetime, with pancake shaped lack of fusion (LOF) defects being particularly potent. In this study the fatigue
crack propagation life of selective laser-melted (SLM) AlSi10Mg alloy is considered in cases where single cracks
and multiple cracks can initiate from LOF defects under high cycle fatigue (HCF). Firstly, the aspect ratios of
initially long fatigue cracks were determined for critical LOF defects obtained from X-ray CT renderings using the
critical defect regularization method, and the response surface method used to obtain the stress intensity factor of
the crack front quickly and continuously. Then a single crack propagation model considering the evolution of the
crack aspect ratio established to predict the crack propagation life which is in good agreement within in situ X-ray
CT imaging of the crack front when a single crack is dominant. The crack propagation phase was predicted to
represent 35-60% of the total fatigue life representing a larger fraction at high stress amplitudes. Multiple cracks
were found to initiate cracks at the larger stress amplitudes. In cases where multiple cracks arise this is non-
conservative and so a synergistic multiple fatigue crack growth (smFCG) model was developed based on mul-
tiple defects measured a priori by X-ray CT to depict the competitive cracking effect. Compared with the single
crack model, the smFCG model predicts a shorter propagation life (by 5-10%) when multiple defects are
involved since it considers all the initial defects within the crack initiation region. Given the propensity of large
numbers of defects in AM material this approach may be more appropriate in many cases.

1. Introduction A significant body of work has focused on the experimental and
theoretical analysis of the effect of defects on the fatigue life of addi-
tively manufactured parts. Tammas Williams et al. [15] were the first to

monitor the growth of cracks from defects of additively manufactured Ti

As a popular additive manufacturing (AM) technology, selective
laser melting (SLM) can produce complex three-dimensional metal

components with low porosity [1,2] offering significant advantages over
classical processing methods [3]. Given the extremely light weight of Al
alloys, geometrically complex Al alloy components based on SLM are
finding increasing application in the aerospace and military sectors
[3,4]. By optimizing the SLM parameters and microstructures, static
mechanical properties similar to those obtained by casting and forging
can be achieved [1,2,5]. However residual stress [6], surface roughness
[7], and internal defects [8,9] can deleteriously affect the fatigue
resistance of SLM parts. Of these entrained defects are currently the most
important factor in controlling the fatigue life of SLM-processed Ti
[10,11] and Al [12-14] alloys.

alloys by time-lapse X-ray computed tomography (CT). They found that
near surface defects were much more likely to nucleate critical crack
growth than similarly sized (in terms of Murakami’s \/ area parameter)
internal defects and that the scatter in cycles to failure could largely be
rationalized in terms of the size of the critical defects [15]. Larossa et al.
[16] found that fatigue life of additively manufactured parts tested
perpendicular to the build direction to be higher than those tested
parallel to it. This has been shown to be because the pancake-like lack of
fusion (LOF) defects present a more potent threat for this testing di-
rection [17]. Hu et al. [11] have shown than an extended Kitagawa-
Takahashi fatigue diagram can be used to provide a framework for
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defect-tolerant design, which includes a classical safe-life region and a
defect-determined lifetime in the finite life region on the basis of a single
critical defect.

The problem of multiple fatigue cracks has attracted attention
because of its frequent occurrence in aircraft structures [18]. Pang et al.
[19] proposed a crack coalescence model for predicting the relatively
reliable fatigue life of cast alloys. The stable growth of long cracks is
accomplished by the merging of adjacent cracks or defects instead of the
propagation of an individual crack [20,21]. Murakami et al. [22]
calculated the stress intensity factor (SIF) of two coupled surface cracks;
however, this analytical solution was dependent on the unique crack
morphology. Sethuraman et al. [23] proposed an empirical equation for
evaluating crack interaction using SIF results calculated by the finite
element (FE) method. Kishimoto et al. [24] proposed a no-interaction
and immediate transition (NIIT) method to simplify the treatment of
the coupling effect of multiple cracks. In addition, a similar crack coa-
lescence criterion also can be found in BS 7910 (UK guidelines for
acceptance assessment methods for metal structures containing defects).

Despite the propensity for AM parts to contain a large number of
defects, few studies have assessed the effect of multiple cracks or defects
on their fatigue life. In the current paper, a synergistic multiple fatigue
crack growth (smFCG) model is proposed within the framework of
fracture mechanics based on the in situ observation of crack-nucleating
defects by advanced X-ray CT. The initial fatigue crack length is
defined by the circumscribed semi-ellipse of the critical LOF defect in-
side the SLM-processed AlSi1OMg alloy. The fatigue crack growth
characteristics described by the classical NASGRO equation [25] pro-
vide the basis of crack growth life evaluation. Based on the existing
research, the response surfaces of the crack front geometry correction
factor are constructed to quickly calculate the crack growth driving
force. The NIIT method is then used to deal with the coalescence prob-
lem of multiple cracking.

2. Experimental procedures
2.1. Materials and methods

A BLT-S310 SLM additive manufacturing system was used to prepare
the AlSi10Mg alloy blocks (110 x 55 x 120 mm?®). The AlSil0Mg
powder was produced by the aerosol method having an average particle
diameter between 15 and 45 pm and chemical composition is shown in
Table 1.

The substrate material was 5A06 Al alloy and no preheating was
performed. The processing parameters were explored over the following
ranges: laser power between 360 and 400 W, scanning speed of
1200-1500 mm/s, hatch spacing of 0.13-0.16 mm, and a layer thickness
of 50 pm achieved using a raster scan strategy with a 67° phase angle
between successive layers. To eliminate the residual stress introduced by
the SLM, the sample block was subsequently heated isothermally at
300 °C for 2 h and then cooled in a furnace. The AM build and heat
treatment processes were carried out under an Ar atmosphere (O3 con-
tent less than 100 ppm). Finally, the test-samples required for the
various mechanical test experiments were cut parallel to the build di-
rection of the block, as shown in Fig. 1. The surfaces of the test samples
were polished along the axial direction of the specimen using progres-
sively finer abrasive cloths to eliminate the influence of surface
roughness.

Table 1
Chemical composition of the AlSi10Mg powder (wt. %).

Si Mg Fe Cu Mn Trace elements Al

9.0-11.0 0.4-0.6 <20 <0.6 <0.35 0.25 Balance
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2.2. Mechanical behaviors and fatigue resistance

Uniaxial tensile tests were performed using an MTS-810 Axial/
Torsional testing machine on SLM-processed test-specimens having a
gauge length of 25 mm and a diameter of 5 mm. The tensile load was
applied under constant strain control. The gauge length of the exten-
someter was 25 mm, and the extension rate was 0.0002 s . The
load-displacement curve was recorded.

A QBG-50 high frequency testing machine was used to acquire the
uniaxial tensile high cycle fatigue (HCF) curves of the SLM-processed
AlSi10Mg specimens (gauge length of 15 mm and diameter of 5 mm)
at five stress levels. Except for the lowest stress level, five specimens
were tested at each stress level, giving a total of 20 samples. Tests at the
lowest stress level were repeated for two specimens. A constant ampli-
tude tension-tension loading with a stress ratio, R, of 0.1 and frequency,
f, of 85 Hz was performed.

The width, W, and thickness, B, of the compact tension (C(T))
specimens were 40 mm and 5 mm, respectively. A notch 0.12 mm in
width and 4 mm in length was prefabricated by electrical discharge
machining. The fatigue crack growth (FCG) rate and threshold value
were evaluated using an MTS ACUMENS3 testing machine. A sine
waveform was used (f = 10 Hz, R = 0.1). According to the ISO
12108:2012 standard, the load shedding method was used for the
threshold value.

The post-mortem uniaxial tensile HCF samples were observed using a
TESCAN MIRAS3 scanning electron microscope (SEM). Note that only
some of the samples containing the fractured surfaces were analyzed to
trace the critical defect.

2.3. X-ray micro tomography

Before the fatigue testing, laboratory X-ray CT scanning of the uni-
axial tensile HCF specimens was performed using a Nikon XTH 225
micro-CT system to map the distribution and nature of the initial defects.
The imaged height was 15 mm, and the voxel size was 9.0 pm, resulting
in an equivalent diameter of 27 ym [26] for the minimum resolvable
defect, and an exposure time of 1 s per projection. The tube voltage and
current were 80 kV and 62 pA, respectively. Four projections were
recorded at each acquisition angle using a step-scan mode. Within the
range of 360°, projections were acquired every 0.25°. The projection
images were then reconstructed using the filtered back-projection al-
gorithm. After binarizing and thresholding, a three-dimensional (3D)
rendering was reconstructed using AVIZO 9.1® 3D software. Afterward,
the spatial distribution and morphological features of the defects near
the fractured surfaces of some uniaxial tensile HCF samples were
calculated.

2.4. In situ high cycle fatigue test

A fatigue test at 120 MPa with R = 0.1 on an HCF sample (specimen
#23) cut parallel to the build direction was monitored by time-lapse CT
using an in situ fatigue rig [27] placed on beamline (BL13W1) of the
Shanghai Synchrotron Radiation Facility (SSRF) in Shanghai. The
imaged height was 4 mm, and the pixel size was 3.25 pm. The photon
energy was around 26 keV and an exposure time of 0.5 s per projection
was used. One projection was recorded at each acquisition angle using a
step-scan mode. Within the range of 180°, a projection was acquired
every 0.25°, giving 720 projections for the volume reconstruction. The
reconstruction and 3D rendering scheme for processing the projection
images are the same as described in Section 2.3. Prior to testing, the
specimen was scanned to determine the defect population. After
300,000 fatigue cycles (by which point large cracks are expected to have
developed), the applied fatigue load was stopped and a static load (80%
of the maximum stress applied under cyclic loading) applied. At this
point, an X-ray CT scan of the specimen was carried out to confirm the
geometry of the crack. Subsequently, the fatigue loading was resumed
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Fig. 1. Schematics showing the geometry of the test specimens and their orientation relative to the build direction (parallel to the Z-axis).

under identical loading conditions to resume crack extension until
sample failure (after a further 34,587 cycles). After testing, post-mortem
fractographic analysis was performed on the test-piece using a TESCAN
MIRA3 SEM.

3. Results and analyses
3.1. Mechanical properties and fatigue lifetime

The mechanical properties of the SLM-processed AlSi10Mg alloys
were measured by uniaxial tensile testing, as shown in Table 2.

In order to characterize the fatigue performance, the fatigue S-N
response was plotted and fitted to Basquin’s equation as illustrated in
Fig. 2. The stress range here is the range between the maximum stress
and the minimum stress.

3.2. Post-mortem fractographic analysis

Post-mortem analysis of the HCF fracture surfaces reveals regions of
crack initiation, stable growth, and fast fracture. As demonstrated and
discussed in more detail in Section 3.3, cracks tended to initiate from
large LOF defects lying on, or near, the surface, which is similar to crack
initiation from casting defects [28]. It is noteworthy that for the samples
tested at the higher stress levels (samples #4, #9, #2, and #13), the
failure mode involved the initiation of multiple cracks (see for example

Table 2
Tensile properties of the SLM-processed AlSi10Mg alloys.
Specimen  Ultimate tensile strength Yield strength 602/ Elongation
on/MPa MPa 8/%
#1 277 179 7.2
#2 273 181 6.3
#3 269 183 5.7
Average 273 +3.3 181 £ 1.6 6.4 £ 0.6
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Fig. 2. High cycle fatigue S-N curve for the SLM-processed AlSi10Mg alloy.

sample #4 in Fig. 3), which is consistent with the research of Uzan et al.
[29]. These multiple cracks (marked with yellow boxes) merge during
crack propagation, as evidenced by a ledge [20] (denoted by red arrows
in Fig. 3) on the fracture surface, accelerating fatigue failure.

3.3. Defect characterization

The spatial population and 3D morphology of the defects in the test
pieces have been obtained by laboratory X-ray CT prior to the fatigue
testing. From the 3D renderings (see Fig. 4(a) for an example) it is
evident that there were a large number of defects, comprising small gas
porosity defects and large LOF defects, essentially randomly distributed
across the surface, near-surface, and interior regions of the specimen in
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Fig. 4. (a) 3D rendering of the defect population in specimen #4 measured by X-ray CT, thick slice 3D renderings in the region of the final fracture for specimens b)

#4c) #9, d) #2, and e) #13.

agreement with the previous work [30]. Moreover, the majority of the
LOF defects exhibit a relatively flat ‘pancake’ shape perpendicular to the
build (loading) direction, which would be expected to accelerate the
fatigue crack initiation process for testing parallel to the build di-
rections, as found previously [16]. To assess the original defect popu-
lation in the vicinity of the fracture surfaces of #4, #9, #2, and #13
samples, thick slices corresponding to the location of the fracture planes
were identified from the respective tomograms (Fig. 4(b-e)).

In Fig. 5 the defects in the vicinity of the fracture plane shown in
Fig. 4(b-e) are projected onto the fracture surfaces for the specimens #4,
#9, #2 and #13. These show a good correlation between the surface and
near-surface initiation sites and the original defects. Furthermore, they
suggest that some of the internal defects link up with the fatigue cracks
during crack propagation and thereby influence the crack propagation
process. Similar phenomena have also been reported in the study of Wu
etal. [31]. Although the effect of defects on crack growth is still debated,
namely whether they accelerate the crack growth, or blunt the crack tip
suppressing crack growth, the link up of an internal defect with a
propagating crack will instantly increase the area of the crack.

3.4. Crack propagation

To quantify the fatigue crack propagation process, Fig. 6(a) presents
a 3D rendering of the initial defects in the region of the final fracture for
specimen #23 (rendered in red) and the fatigue crack detected after
300,000 cycles (rendered in yellow) from the in situ time-lapse CT scan,
described in Section 2.4. It can be seen that crack initiates from the
surface and near-surface defects in agreement with the observations of
the aforementioned ex situ experiments. The sections and renderings in
Fig. 6 clearly show a relatively flat propagation path of the fatigue crack
and a regular elliptical crack front. In addition, the crack in the CT scan
stage propagated to fracture after 34,587 cycles of loading, which will be
further discussed in Section 4.1 to verify the work in this paper.

3.5. Crack growth behavior

The measured fatigue crack growth rate, da/dN, versus SIF range,
AK, curve of the SLM-processed AlSi10Mg alloy C(T) samples are plotted
in Fig. 7. It should be borne in mind that the fatigue crack growth data
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Fig. 5. Superposition of the projections of defects in the 3D thick slice X-ray CT volume renderings (yellow) onto the fracture surfaces for specimens a) #4, b) #9, c)
#2, and d) #13. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

were performed on AM alloy material produced in the same manner and
thus containing defects similar to those recorded by X-ray CT for the
fatigue samples. As a result, the da/dN-AK curves shown in Fig. 7 are
not strictly indicative of the crack propagation resistance of defect free
material. In principle it would be preferable to determine the FCG law
for defect free material — but it is not practical to obtain damage free
material having the same microstructure as the AM samples. Therefore,
the effect of this error is not considered in this paper, as this issue is
beyond the scope of this study.

From the curve, we observe that the threshold region exhibits a
relatively broad scatter, which is probably due to multiple defects
affecting the very short crack growth phase. In general, the entire
cracking region can be described well using the simplified NASGRO
equation [14,32] considering the crack closure effect:

da  [(1-f T AKw "

v~ (=R) 5] w
where C, n, and P are material constants, and AKy, ) is the SIF range of
the long crack growth threshold (approximately 1.21 MPa-m'/? taken at
da/dN = 1x107 mm/cycle by linearly fitting the data points between
1x10°® — 1x10”7 mm/cycle). fis the crack opening function as follows:

(2)

f _ Kop _ {max(R,Ao +A1R +A2'R2 +A3R3) RZO

Konax Ay +A‘R —2<R < 0 ’

6 1/a
Ag = (0.825 — 0.34-a + 0.05-@%)- [cos( 2;“’“) } Al
0

= (0.415 — 0.071-a)-(%)7A2 =1 Ag— A, — A3 Ay
0

=240 +A, —1, 3

where Kop is the opening SIF, Kyax is the maximum SIF, a is the
constraint factor, opax is maximum stress, and o is the flow stress.
Considering the experiment was in a plane strain state, a for the Al alloy
could range from 1.7 to 2.0 [33]; a was taken as 1.85 here. In NASGRO,
omax/00 = 0.3 is usually adopted for the parameter fitting for most en-
gineering materials and was used here; thus, f = 0.36. Inserting f into Eq.
(1), the logarithm of the expression becomes
log% = logC + n-10g[0.7099AK] + P-log {1 - %} . “4)
The NASGRO curve is shown in Fig. 7 with the values of logC, n, and
P taken to be — 5.76, 2.51, and 0.77, respectively, which are obtained by
best fit to the data in Fig. 7.

4. Fatigue crack propagation life prediction

Under high stress levels, the fracture surface often shows evidence of
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Fig. 6. (a) 3D rendering of initial defects (rendered red) and crack detected after 300,000 cycles (rendered yellow) (b) a magnified regions of interest containing the
crack; (c) plan view of the rendered crack; (d) and (e) virtual cross sections of the crack at locations defined in (b). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. FCG test data for samples #1cr, #2cr and #3cr alongside the NASGRO
curve of SLM-processed AlSi10Mg alloys (R = 0.1).

initiation from multiple defects, which is consistent with the previous
literature [29,34]. When multiple defects contribute to fatigue fracture,
an individual fatigue crack or critical defect-based growth model natu-
rally leads to a non-conservative assessment [21,35]. To this end, the
current work attempts to establish a novel FCG model that considers
multiple defects for a more accurate prediction of the fatigue life.

4.1. Critical defect-based crack growth

It is generally argued that an individual defect is responsible for
increasing the local stress, which eventually initiates a short fatigue
crack under external loading [36]. Crack growth occurs when it can
penetrate the material barriers ahead of the critical defect. For the SLM-
processed metallic alloys, the randomly distributed defects determine
the fatigue resistance. As a crack initiates and grows from a defect, the
stress concentration arising from that defect fades away. After a short
length of crack extension (at the scale of a short crack), the defect can be
regarded as a part of the crack. Considering the scale of short cracks is

generally small compared to the defect size, we define the initial crack to
be the circumscribed semi-ellipse of the critical defect to simplify the
calculation so as to focus on the long crack growth. It should be noted
that the circumscribed ellipse needs to satisfy the following conditions:
the center is located on the surface of the sample and the major axis lies
at a tangent to the surface by definition the minor axis is shorter than the
major axis.

As described in Section 3.2, the fatigue test samples in this paper all
failed from surface or near-surface defects. Here we define internal de-
fects as lying at a distance, d, from the surface greater than a defect
dimension (\/ area < d) and these are not considered here. Instead, we
consider surface and near-surface defects in Fig. 8. It should be noted
that neighboring defects are treated separately according to Fig. 8(a)
and (b) if d + ds < dj, while they are considered as a single defect if dy
+ d3 > d; as shown in Fig. 8(c) and (d). In addition, except for the largest
initial crack, the remaining initial cracks and initial defects are only
considered in the smFCG model established in Section 4.2. The single
crack model described in this section only considers the largest initial
crack after the critical defects are regularized. Based on this approach,
the critical defects on the fracture surface of all fatigue test samples were
measured, and the results (semi major axis (a) and semi minor axis (b))
are listed in Table 3 and Table 4.

For the special case shown in Fig. 9(a), the surface semi-elliptic crack
front can be described by the parametric equation of a standard elliptic:

x = acos(0)
{ y = bsin(0) 0<osr, ®)

where a and b are the semi major and semi minor axes of the ellipse,
respectively. For the general case where the angle between the major
axis and the x-axis is a and the center is located at (xg, yo), the surface
semi-elliptic crack can be described by the standard elliptic equation
through the coordinate transformation:

x = xcos(a) — ysin(a) + xo O<a<? 6
{y’ = xsin(a) + ycos(a) + yo SASA ©)

Based on Eq. (5) and (6), a semi-elliptical surface crack at any po-
sition can be described by a simple standard form, which greatly sim-
plifies the numerical calculation process. With the geometrical
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Fig. 8. Regularization criteria for critical defects in fatigue modeling: (a) a surface defect, (b) a near-surface defect, (c) multiple surface defects, and (d) multiple
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Table 3

Calculated fatigue crack growth lifetime using the single crack model compared to experiment.

Sample number  6max/MPa  Measured fatigue life/cycles  Semi major axis (a)/mm  Semi minor axis (b)/mm  Predicted propagation life/cycles % of measured life
#04 140 46,100 0.780 0.700 25,200 55%
#09 140 56,200 0.675 0.590 31,600 56%
#02 140 47,100 0.650 0.620 31,700 67%
#22 140 69,100 0.525 0.515 41,300 60%
#07 140 67,900 0.550 0.505 40,300 59%
#12 100 384,100 0.380 0.375 164,100 43%
#13 100 316,100 0.360 0.340 179,300 57%
#19 100 180,200 0.730 0.715 67,300 37%
#06 100 124,800 0.780 0.680 65,500 52%
#21 100 188,700 0.540 0.530 104,600 55%
#20 80 687,800 0.350 0.340 402,400 59%
#01 80 674,700 0.390 0.335 368,900 55%
#18 80 648,700 0.380 0.340 373,700 58%
#11 80 1,364,800 0.320 0.300 481,600 35%
#05 80 669,800 0.500 0.450 247,400 37%
#03 60 1,917,300 0.460 0.440 898,500 47%
#14 60 3,350,000 0.425 0.410 1,213,750 36%
#17 60 1,726,300 0.515 0.510 658,350 38%
#10 60 Run-out — — — —
#15 60 Run-out — — — —
#16 50 Run-out — — — —
#08 50 Run-out — — — —

dimension parameters defined in Fig. 9(a), the SIF, Kj, of the semi-

elliptical surface cracks can be expressed in the following form:

K = YoVnb,

)

where Y is the geometry correction factor, and ¢ is the uniform axial

stress. Considering the symmetry relationship, Shin et al. [37] calculated
Y for seven typical points along the half-crack front (x/h = 0.000, 0.167,
0.333, 0.500, 0.667, 0.833, and 1.000) under different crack depths (b/
D) and aspect ratios (b/a) using the FE method. Further, they proposed
closed-form equations of Y by using multi-parameter fitting technique as
follows:
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Table 4
Calculated fatigue crack growth lifetime using the novel smFCG model.
Sample number Omax/MPa Measured fatigue life/cycles Semi major axis (a)/mm Semi minor axis (b)/mm Predicted % of
propagation Life/cycles measured life
#04 140 46,100 0.780 0.700 23,100 50%
0.310 0.300
0.295 0.285
#09 140 56,200 0.675 0.590 25,600 46%
0.295 0.290
#02 140 47,100 0.650 0.620 27,400 58%
0.265 0.250
0.240 0.235
#13 100 316,100 0.360 0.340 148,600 47%
0.225 0.215

A
Y factor
55
6.0 x/h =1.00
’ b/D=0.57 5.0
5.0 bla =0.54
4.5
=2
a0 ¥Y=2.5483 .
D g 30 '
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(a) < h e a > (b) 00 o0

Fig. 9. (a) Schematic diagram of the geometrical parameters defining the surface semi-ellipse crack along with the seven representative locations at which response
surfaces have been constructed, (b) the Y response surface for x/h = 1.

b b x 2 1.2 AN and b/a. An example plot of Y response surface is shown in Fig. 9(b)
Y=y (57 D ﬁ) =2 ZM'ffk< ) (5) (Z) » for tension, ©) where the black dots are the results calculated according to Shin et al.
=00 k=0 [37] and the red dot is an arbitrary point on the surface.
where My is the coefficients that depend on the values of , j, and k. The single crack model described in this section is shown schemati-
In this work, we prefer to use a simplified version of the closed-form cally in Fig. 10(a), which includes the following four steps:

equation. Based on the research of Shin et al. [37], seven Y response
surfaces [38] were constructed for seven representative points along the
half-crack front to obtain the Y of each typical point as a function of b/D

6D Single crack model

N=117,587
N=234,587
N=274,587
N=303,587
N=316,587
N=323,387
N=328,587
N=331,587
N=333,587
N=334,687

AN = 217,000

AN = 31,000

In-situ fatigue test

[oe]

w0

AN = 300,000 }m
[sp}

= 587 .
AN = 34,58 .

Fig. 10. (a) Schematic diagram of the single crack model, and (b) superposition of the modelled crack growth sequence onto the fracture surface for specimen #23,
which failed after 34,587 cycles from the moment of interrupted in situ imaging. The extent of the fatigue crack at 300,000 (from X-ray CT) and at final fracture are
shown by yellow and red tints respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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e Step 1. The representative growth points (x/h = 0.000, 0.167, 0.333,
0.500, 0.667, 0.833, and 1.000, as shown by the black spots) are
identified on the crack front (blue curve).

e Step 2. AK is determined for each representative growth point from
the respective Y response surface.

e Step 3. The representative growth points are moved perpendicular to
the semi-ellipse crack front according to the NASGRO law.

e Step 4. The resulting representative growth points (red spots) are
fitted to a semi-ellipse (blue curve) representing the new crack front.

This process was repeated iteratively until the Kjnax for the crack
front reached the critical value (Kic = 25 MPa-m'/?, according to the da/
dN-AK curve and literature reports [1,39]), representing the crack
growth life N of the sample. Since the total crack growth for an incre-
ment of 100 loading cycles is very small, the distribution of AK along the
crack front was considered to be static over 100 cycles thereby reducing
the number of iterations in the calculation by a factor of 100.

For the in situ HCF test for specimen #23, described in Section 2.4,
the crack initiated which from a critical near-surface defect was detected
after 300,000 cycles of loading as illustrated in Fig. 10(b) by the yellow
shading. Then, the crack in the CT scan stage propagated to fracture
after 34,587 cycles of additional loading, as shown by the red shading in
Fig. 10(b). In order to evaluate the model, superposition of the modelled
crack growth sequence (the calculation result based on the single crack
model, as shown in the colored arcs) onto the fracture surface for
specimen #23 is shown in Fig. 10(b). Since we do not know the crack
initiation life the fatigue crack propagation sequence is derived back-
wards in time by defining the front at fast fracture as the 334,587th
cycle. In the red shaded area, although this model gives a faster crack
growth rate at the later stage of crack growth, this has little effect on the
prediction of the crack growth life (the calculation error is about 10%),
and the crack front morphology is well predicted. This suggests that the
model is appropriate to describe our ex situ tests. In the yellow shaded
area (corresponding to the crack front at 300,000 cycles), the smallest
colored arc is the initial crack defined by the defect regularization
method used in the model. This points back to propagation after 117,587
cycles of loading, i.e., the crack propagation life predicted by the model
accounts for approximately 65% of the total fatigue lifetime. The fatigue
life for this sample is a little longer than one might expect in view of the
results at opmax = 140 and 100 in Table 3 and this may be due to the
different experimental conditions between the in situ and ex situ exper-
iments. Therefore, sample #23 was not considered in the discussion of
the contribution of crack initiation life to the total fatigue life. Anyways
the results suggest that the crack growth behavior of the single crack
initiation cases are well represented by this model. Based on the single
crack model, the fatigue lives of the samples fatigue tested in this paper
are compared with the model predictions in Table 3.

In common with the results in Fig. 10(b), Tammas Williams et al.
[15] also found that for AM-processed Ti alloy the initiation stage can
make up a large fraction of the life. It is also clear from Table 3 that the
propagation life is predicted on the basis of the single crack model to
become a larger fraction of the total life as the applied stress is increased.
It is noteworthy that the predicted propagation life of sample #19 was
lower, which may be due to the regularization criteria being too con-
servative for defects that deviate from the semi-elliptic assumption, as
shown in Fig. 8(b). However, the results suggest that for most cases, the
current regularization method is still applicable.

4.2. Multiple defect-induced crack growth

In the previous section, the fatigue crack growth life of all the HCF
samples was predicted based on the single crack model. But when
multiple defects are associated with initiation the critical defect-based
growth model naturally leads to a non-conservative assessment. In
addition, the large internal defects close to the initiation sites may have
a significant effect on crack propagation. The failure mode of welded
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structures containing multiple fatigue cracks has been extensively
studied but AM-processed metals have received little attention. Based on
the defect characterization, here we seek to establish a crack propaga-
tion life evaluation method that considers multiple fatigue cracks and
initial defects. Note that in the actual multiple crack propagation
problem, the fracture surfaces that merge to form the final crack are not
all located on a single plane. This is neglected here where we consider all
the fatigue cracks participating in the final fractured surface to be
located on the same plane, and subsequent discussions are conducted
under this premise. In effect this flattens the defects in the thick slices
shown in Fig. 4 into a single plane.

The evolution of multiple cracks can be divided into three stages:
pre-coalescence, coalescence, and post-coalescence [40]. Although the
interaction of the crack fronts enlarges the SIF range and accelerates the
growth of adjacent tips, this effect is minimal until two cracks come into
contact. Before the cracks coalesce, they are considered to expand ac-
cording to a semi-elliptical geometry, with only the radius increasing.
For two surface semi-elliptical long cracks such as those considered in
this paper, the duration of the coalescence process is very short. In the
final stage, as the AK at the crack front gradually returns to the normal
level, the corresponding growth rate also tends to be normal. Therefore,
the criterion for crack coalescence given in section XI of the early ASME
code is considered to be conservative [40,41], and the subsequent no-
interaction and immediate transition (NIIT) method is widely used
[19,21,34,40]. The NIIT method means that the interaction of two
adjacent cracks before merging is ignored, and when the two cracks
contact, they instantly transform into one crack (the length is the sum of
the two cracks, the depth is the maximum depth of the two cracks, and
the crack front remains semi-elliptical in all cases). The current study
works with the coalescence problem of multiple cracks based on the NIIT
method.

The basic calculation process of the smFCG model is the same as that
of the single crack model, but further criteria have been added to
consider the effects of multiple cracks and internal defects on crack
propagation at the same time. The calculation process for the smFCG
model is shown in Fig. 11 and includes the following five steps:

e Step 1. Determining the form of the initial cracks (each represented
by a semi-ellipse based on Fig. 8) and internal defects (each repre-
sented by a circle having the same projected area) from the X-ray CT
imaging prior to fatigue testing and post-mortem analysis.

e Step 2. Propagating each crack independently based on a single crack
model.

o Step 3. Determining whether the fast fracture conditions are met (Kj,
max = Kic = 25 MPa-m'/?).

e Step 4. Determining whether the crack coalescence conditions are

met. When two cracks (#i and #j) contact, anew = @; + @j, bpew = max

{b;, b;}, and the center is located at the midpoint of the surface

intersection line. When a crack is in contact with any defect, the

coalescence process is an equal-area transformation (uniformly
propagating the crack front) with the center remaining unchanged.

Step 5. Updating the crack front.

Considering the complexity and universality of the above-mentioned
multiple crack propagation process simulation, the samples #2 and #13
were considered to demonstrate the application of the novel smFCG
model. As shown in Fig. 12(a), with increasing number of loading cycles,
the aspect ratio of cracks #2 and #3 increased, while the aspect ratio of
crack #1 decreased. After 16,200 fatigue cycles, cracks #2 and #3 came
into contact with each other and merged immediately, forming a new
crack with a sudden decrease in aspect ratio. After 23,100 cycles, the
main crack, ultimately formed by the secondary merger, continued to
expand. In the main crack propagation stage, the aspect ratio first
increased and then decreased to about 0.6, which is consistent with the
results reported in the literature [41-43]. As shown by sample #13
(Fig. 12(b)), the merging of large internal defects with the main crack
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led to a sudden change in the area, which, in turn, led to the white bands
in the figure. At the same time, the crack aspect ratio has changed
abruptly, as shown by the black arrow in Fig. 12(b).

The crack growth life assessment of samples #4, #9, #2, and #13
obtained on the basis of the newly proposed smFCG model, is shown in
Table 4. Combining the fracture morphologies from Section 3.3 and the
calculation results of the single crack model in Section 4.1, we can see
that the smFCG model predicts a crack propagation life which is more
conservative compared to the single crack growth model.

Comparing the results for specimens #2, #4, #9, and #13 between
Table 3 and Table 4 it is clear that the propagation lives fall by around
5-10% of the total life on taking into account the multiple cracks.
Further it would suggest that the crack initiation life accounts for
approximately 40 to 65% of the total fatigue lifetime. Based on a quasi-
in-situ fatigue experiment, Biswal et al. [44] observed that the crack
initiation life induced by pore defects comprised approximately 70 to
80% of the total life. This result is higher than that inferred from the
smFCG results or our own in situ test. This may be explained by the fact
that the critical defects described in the current study were large LOF
defects with relatively flat shapes perpendicular to the loading direction.
Their sharp edges are more conducive to fatigue cracking than the
smooth surface of pore defects, which significantly shortened the crack
initiation lifetime.

5. Discussion
5.1. Multiple crack coupling

Although the predicted results were satisfactory based on the NIIT
method, the effect of the coupling of cracks on the fatigue crack prop-
agation life has been neglected. Here, we attempt to explore the extent of
the interaction between neighboring cracks as a function of their sepa-
ration so as to identify when this is an important consideration.

In order to evaluate the distance over which neighboring cracks
couple, a series of cuboids were considered, each containing two semi-
circular surface cracks separated by a certain distance, and the SIFs of
the tip were solved via an elastic FE simulation. The radius R of each
semi-circular surface crack is 0.25 mm, and the separation between
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them, dy, is O.ZR, O.SR, 1.0R, 2.0R, 3.0R, 4.0R, respectively. A tube with
collapsed quadratic brick elements at the center line was used to mesh
the crack tip. The mid-side nodes were moved to the quarter of the sides
adjoining the collapsed edges to create the 1/ \/ r singularity of the strain
field at the crack tip. To balance the competing demands between
calculation accuracy and modeling accuracy, fine quadratic brick ele-
ments were used only for the crack surface, and quadratic tetrahedral
elements filled the outside. The minimum element size (collapsed
quadratic brick elements) was 0.0025 mm, and a stress of 80 MPa was
applied. Finally, the SIFs were solved by the interaction integral method,
which can be expressed as follow:
M= ?{ (Wnix; — Tyugx;)ds 9
c

where C is an integral path around the crack, W is the strain energy
density, n; is the outward normal unit vector of curve C, Ty is the traction
force acting on the outside of the path, uy ; is the reference displacement,
and x; is the reference coordinate. The above modeling and calculation
processes are shown in Fig. 13.

Fig. 14 shows a comparison of the SIF results from the coupled
multiple crack simulations. A drop in K] at the surface intersection points
is evident and occurs because the power of the singularity there is no
longer — 1/2, which makes it difficult to obtain a correct estimate of Ky
in the region close to the free surface [45]. Since the aim is only a
qualitative analysis of the coupling effect between the cracks, the error
in the K; at the surface intersection points has not been corrected.
Overall, the Ky near the surface is greater than that at the inner point,
which is consistent with the K; distribution for semi-elliptical surface
cracks. It can be seen that the effect of coupling on Kj is negligible when
the two cracks are far apart (dy > 1.0R). Not surprisingly, as the sepa-
ration distance decreases (dy = 0.5 R), the K; of the adjacent parts of the
two cracks increases, indicating that the coupling effect between the two
cracks gradually increases. Further, when the two cracks are relatively
close (dy = 0.2R), a significant increase (about 20%) in the Kj is
observed. By this point, the two cracks have a tendency to rapidly
expand and merge. Note that in the non-adjacent parts of the two cracks,
no significant increase in Kj could be observed in any case. In summary,
when the two cracks are relatively close, the K increased significantly at
the minimum interval, which provides a reference for improving the
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smFCG model.

In addition, the FCG experiments were performed on C(T) specimens
(specimens with through-crack and limited thickness), and the da/
dN-AK curve was fitted from the test data as the basis for evaluating the
crack growth life. However, it is known that the constrained state of the
crack tip will transition from plane stress conditions at the surface to
plane strain in the interior. Therefore, the da/dN-AK curve obtained
from the test cannot describe the growth characteristics of the semi-
elliptical crack front. This work has overlooked this effect, and a
certain degree of error is generated. In this regard, Guo et al. [46]
proposed a correction to the semi-elliptical crack front using a 3D
modified strip-yield model [47,48] and the equivalent thickness Beq
[48,49] as shown in Eq. (10)-(13).
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Fig. 13. Schematic diagram of the fatigue crack model and mesh.
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where ag is a combined constraint factor considering 3D stress state of
crack, r is crack-tip plastic zone size under plane stress, v is Poisson’s
ratio, ¢ is the directional angle of ellipse, and t is the shape factor of
ellipse determined as the ratio of minor axis to major axis. According to
Eq. (10)-(13), the effective SIF range, AKcf;, at a certain location of the
crack front can be obtained. Then, based on the unique da/dN-AKeg
curve of the material, the above issue could be resolved. Pang et al. [41]
also adopted AKcf as the crack growth driving force. Based on these
methods, the difference in the constrained state of the crack front could
be considered, which might facilitate the simulation of the crack growth
process.

5.2. Whole fatigue life assessment

The current study has only evaluated the fatigue crack propagation
life, and in the future, crack initiation should be included. Although the
specimens under low loading level experienced an elastic deformation,
the internal defects were subjected to a partial plastic yielding because
of the higher stress concentration. This suggests a local stress-strain
method [50] could be an effective approach. Moreover, in situ fatigue
tests provide advanced insight into the evolution of fatigue damage.
Performing X-ray CT at multiple stages does not only elucidate the role
of multiple defects in crack initiation but also their evolution under fa-
tigue loading [15]. Such considerations can help improve the newly
developed smFCG method in predicting the total fatigue life.

In a lab setting, we can easily probe the location of the fracture
surface using X-ray CT prior to fatigue testing to gather information on
the initial defect population near the critical damage region (see Fig. 4).
However, for engineering structures, it is more meaningful to predict the
fatigue life before failure. This requires a virtual testing or certification
approach. The microstructure in critical regions can be generated
virtually in terms of the statistical defect population obtained by X-ray
CT. Then various fatigue life prediction methods can be run on virtual
specimens to establish a probabilistic fatigue S-N (P-S-N) curve vali-
dated against a small number of HCF experiments.

6. Conclusions

In this work, test campaigns for measuring the uniaxial tensile, fa-
tigue, and fracture mechanics response were undertaken to analyze the
fatigue damage and failure behavior caused by the defects in SLM-
processed AlSi10Mg alloys. X-ray CT was used to visualize the
morphology, size, and location of the initial defects. Within the frame-
work of fracture mechanics, the single crack model and newly developed
multiple crack propagation (smFCG) model have been formulated to
assess the fatigue cracking process. The FE simulation made it possible to
quantify the coupling effect of multiple cracks of the SLM-processed
materials. Important conclusions can be drawn as follows:

(1). For these additively manufactured materials cracking tends to be
dominated by large LOF defects randomly located near the
surface.

(2). For high stress amplitudes, competitive multiple cracking was
frequently identified, particularly when multiple defects were
located together, or nearly, in the same plane perpendicular to
the loading axis.
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(3). During the growth of two slightly off-plane cracks, fracture of the
bridging ligament occurs when the two cracks start to overlap
creating ridges on the fracture surfaces. This is evidenced by a
series of ledges on the fracture surface.

(4). A single crack model can effectively predict the evolution of the
crack front aspect ratio and the single crack propagation life,
which is in good agreement with the in situ experimental result
when a single crack is dominant. It is non conservative when
multiple defects initiate cracks or contribute to the crack surface.

(5). The present smFCG model can depict the growth and merging
process of multiple cracks at the fractured surface, leading to a
more conservative fatigue crack propagation lifetime estimate
compared with the single crack growth model.
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