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Abstract 

Additive manufacturing (AM) of Al–Mg–Sc alloys has received considerable 

interest from the aerospace industry owing to their high specific strength and 

suitability for AM processes. This study has investigated the fatigue crack 

growth behavior in an Al–Mg–0.3Sc alloy made by wire and arc additive 

manufacturing. Tests were conducted with two different crack orientations at 

cyclic load ratios of 0.1 and 0.5. At the lower load ratio, the horizontal crack 

showed a faster growth rate owing to the smaller grains and coarser second-

phase particles that the crack tip had encountered when it propagated along 

the material build direction. The anisotropy in crack growth rate was mainly 

caused by the grain size effect. When the applied stress intensity factor range 
1/2exceeded the value of 10 MPa m , an isotropic crack growth rate between the 

two crack orientations was measured. This is due to the microstructural influ-

ence being overcome by the governing parameter of fracture mechanics. At 

the higher load ratio of 0.5, crack growth rate is isotropic, and the threshold 

stress intensity factor range was much lower than that tested under load ratio 

0.1. Finally, the modified Hartman–Schijve equation has been successfully 

employed to represent the crack growth rates in all three regions. 
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2. Grain size and second-phase particle distribution affect the fatigue crack 

growth rate; 

3. A modified equation to be employed to represent the experimental data. 
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1 | INTRODUCTION  

The aerospace industry is increasingly adopting additive 
manufacturing (AM) technologies to produce complex 
and large-scale structures owing to their benefits of 
reducing the buy-to-fly ratio (the mass ratio of the raw 
material to the final finished part) and shorter lead times, 
resulting in cost savings compared to conventional 
manufacturing processes.1 Wire and arc additive 
manufacturing (WAAM) is a directed energy deposition 
(DED) AM technology capable of producing large-scale 
metallic components with a high deposition rate and 
complete raw material usage. WAAM aluminum alloys 
has recently received particular attention from the aero-
space industry.2–4 Among them, the Al–Mg alloys (a 5xxx 
series aluminum alloy) that have good weldability, mod-
erate strength, and light weight along with excellent cor-
rosion resistance are attractive to the AM and aerospace 
industry.5 Moreover, their strength can be increased via 
solution strengthening without post heat treatment, 
avoiding final structural distortion and prolonged heat 
treatment time.5 Currently, WAAM Al–Mg alloys can 
achieve yield and ultimate tensile strengths of approxi-
mately 150 MPa and approximately 300 MPa, respec-
tively, which are still lower than the conventional and 
other AM made heat-treatable Al alloys.2,6 However, in 
order to achieve better properties, more Mg content is 
required, which may bring other issues such as stress cor-
rosion cracking7 and loss of Mg due to vaporization dur-
ing WAAM process.8 

An effective way of increasing the static strength of 
Al–Mg alloys is through alloy modification.9 It is well 
documented that the addition of scandium (Sc) and zirco-
nium (Zr) elements to Al alloys can bring two important 
metallurgical changes. First, they develop finely dispersed 
Al3(Sc,Zr) equilibrium precipitates during the solidifica-
tion, which will act as heterogeneous nucleation sites in 
the α-Al matrix, resulting in grain refinement. Second, 
the secondary Al3(Sc,Zr) phase that can form during 
aging provides further strengthening to the α-Al 
matrix.9–12 Since Al3(Sc,Zr) leads to grain refinement, 
remarkable improvement in strength can be achieved via 
precipitation strengthening (e.g., 100% increase in yield 
strength and 40% in ultimate tensile strength compared 
to similar materials without Sc).13,14 Sc addition is also 
shown to have beneficial effect on weldability and resis-
tance to hot cracking.9 The morphology, size, and distri-
bution of Al3Sc precipitates are greatly influenced by the 
cooling rates.15 Slower cooling rates of approximately 
1 K  s  1 resulted in cubic shaped Al3Sc particles due to 
faceted growth, whereas higher cooling rates (100 and 
1000 K s 1) led to non-faceted growth and cubic shaped 
Al3Sc particles with a cellular-dendritic sub-structure.15 

In the as-built condition, the rapid cooling rates in the 
laser power bed fusion (L-PBF) Al–Mg alloy modified 
through Sc and Zr addition showed a very fine grained 
bi-modal microstructure and considerably higher 
strength compared to the material without Sc and Zr 
addition.16–20 Wang et al. studied effect of cooling rate by 
varying the thermal history on microstructure and 
mechanical properties of an Al–Mg alloy modified 
through addition of Sc and Zr and built by powder feed 
laser-DED process.21 Lower cooling rates (102 K s  1) has 
resulted in uniform equiaxed grain structure. Higher 
cooling rates (103 K s  1) promoted the enrichment of 
Al3(Sc,Zr) nucleation sites ahead of the solidification 
interface and led to heterogeneous grain structure. The 
presence of precipitates in higher cooling rate materials 
helped to achieve two times higher yield strength com-
pared to slower cooling rate materials.21 Ren et al. stud-
ied the influence of Sc content on the tensile properties 
of WAAM Al–5Mg alloys.22 When the Sc content was 
<0.15%, no grain refinement was observed as Sc was fully 
dissolved in the α-Al matrix. An optimal Sc content of 
0.3% was proposed, which has resulted in significant 
grain refinement leading to increases in the yield 
strength, ultimate tensile strength, and elongation at fail-
ure to 270 MPa, 372 MPa, and 22.5%, respectively.22 

WAAM Al–Mg alloys have found increasing numbers 
of industrial applications, including the automotive and 
aerospace industries,23 where design for durability and 
damage tolerance is often mandatory. It has been found 
that the microstructure, including grain morphology and 
second-phase particles, plays a crucial role in the fatigue 
performance of Al–Mg alloys. The grain size effect was 
investigated by a few researchers. For conventionally pro-
cessed Al–Mg alloys, Roder et al. found that addition of 
Sc reduced the grain size and increased the fatigue crack 
growth rate (FCGR) compared to Al–Mg alloys without 
Sc.24 A higher crack growth rate was attributed to a 
straight and smoother crack path (no crack deflection) in 
samples with smaller grains.24 Similar findings were also 
made where Al–Mg alloys with smaller grains showed a 
higher FCGR than the material with larger grains.25 A 
slower crack growth rate in material with larger grains 
was attributed to micro-scale crack path deflections that 
were manifested by rougher crack surfaces. In terms of 
the second phase particles, it has been reported that 
coarse secondary phase particles can act as crack nucle-
ation sites in the high cycle fatigue regime.26,27 Coarse 
second phase particles can also accelerate FCGR.28,29 In 
general, Al–Mg alloys consist of coarse secondary phase 
particles containing rich Fe/Mn, which are comparatively 
brittle and easily detached from the matrix. 

Based on the literature review, the microstructure 
characteristics of Al–Mg–Sc alloys, including the grain 
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3 YE ET AL. 

size and secondary phase particle size and distribution, 
are influenced by the cooling rates in the AM process, 
which can affect the fatigue crack growth behavior. 
Therefore, it is important to understand the fatigue crack 
growth performance of WAAM Al–Mg–Sc alloy, which 
has the potential to be used in aerospace structures where 
damage tolerant properties are required. So far, no open 
literature has been found on the fatigue crack growth 
behavior of WAAM Al–Mg alloys with Sc addition. 
Therefore, this study was aimed at investigating the 
fatigue crack growth behavior of a WAAM Al–Mg–Sc 
alloy with two main objectives. First, FCGR in two differ-
ent crack orientations and at two cyclic load ratios, 0.1 
and 0.5, microstructure influence was examined to 
explain the experimental test results. Second, implemen-
tation of an existing empirical equation to represent the 
crack growth rates, including the threshold and the fast 
crack growth regions, for design analysis. 

2 | MATERIAL  AND  
EXPERIMENTAL  METHODS  

2.1 | Material manufacturing and 
microstructure analysis 

Al–Mg–Sc wire with the chemical composition presented 
in Table 1 was used to deposit a wall of 500 mm long, 
150 mm high, and 5 mm thick on a substrate plate made 
of wrought aluminum alloy 6082. The wall was built 
using the Cold Metal Transfer-Advanced (CMT-Adv) pro-
cess and a single bead deposition strategy. The CMT-Adv 
process can adjust deposition rate more precisely via the 

TABLE  1  Chemical composition of 

the Al–Mg–Sc wire and deposited wall 
Element (wt%) Mg 

(Al as the balance). Wire 6.4 

Deposited wall 6.3 

negative and positive process cycles. The processing 
parameters are as follows: torch traveling speed 
10 mm s 1, wire feeding rate 6 m min 1, and local shield-
ing gas (argon) flow rate 20 L min 1. 

Microstructure analysis was carried out in the ND– 
TD and WD–ND planes (see Figure 1A) using an optical 
microscope and a scanning electron microscope (SEM). 
Samples were prepared with standard metallographic 
procedures, including mounting, grinding with SiC paper 
down to 2500 grit size, and polishing using diamond sus-
pension to a 1 μm finish, followed by final polishing with 
colloidal silica with a 0.02 μm particle size. Samples were 
etched with Keller's agent (2%–3% nitric, 1%–2% hydro-
chloric, and 1% fluoric acid) for 10–20 s. Grain size mea-
surement was performed on the optical micrographs by 
following the line intercept procedure outlined in the 
ASTM E112 standard, which involves an actual count of 
the number of grains intercepted by a test line or the 
number of grain boundary intersections with a test line.30 

2.2 | Fatigue crack growth testing 

Ten compact tension, C(T), samples were extracted in 
two crack orientations by using wire electric discharge 
machining. The horizontal (H) crack propagates in paral-
lel with the build layers, and the vertical (V) crack propa-
gates across the build layers. The sample extraction plan, 
geometry, and dimensions are presented in Figure 1. 
Sample dimensions and fatigue crack growth testing were 
according to the ASTM E647 standard.31 All the tests 
were conducted at room temperature using a standard 
sinusoidal waveform with a cyclic load ratio (R) of 0.1 

Sc Si Fe Cu Mn Zn Ti H (ppm) 

0.3 0.05 0.09 0.0022 0.72 0.017 0.14 5.8 

0.3 0.05 0.08 <0.01 0.72 0.017 0.14 0.8 

FIGURE  1  (A) Schematic of a wire and arc additive manufacturing (WAAM) deposited Al–Mg–Sc wall and test sample extraction plan. 

(B) Compact tension, C(T), sample geometry, and dimensions (unit: mm). ND, normal direction (build direction); TD, transverse (thickness) 

direction; WD, welding torch travel direction. [Colour figure can be viewed at wileyonlinelibrary.com] 

http://wileyonlinelibrary.com
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and 0.5. Five samples were tested in each crack orienta-
tion: three at R = 0.1 and two at R = 0.5. Prior to testing, 
the anticipated crack path was polished to improve crack 
visibility. Crack length (reference point defined from the 
load line) was measured by a traveling microscope with 
7 objective magnification with an accuracy of 
±0.01 mm. All samples were pre-cracked to 1 mm to 
minimize the effect of notch shape. 

First, the K-decreasing test was conducted at a 40 Hz 
loading frequency to obtain the threshold stress intensity 
factor range (ΔKth) using the load shedding procedure 
outlined in the ASTM E647 standard.31 The test started at 
a ΔK value equal to a pre-cracking load of 0.6 kN. The 
loading was subsequently decreased as the crack grew, 
and it ended when the crack growth rate da/dN was 
below 10 10 m/cycle, as stated in ASTM E647.31 Second, 
the K-increasing test was carried out under a constant 
maximum load of 0.6 kN at a 20 Hz load frequency until 
the sample fractured. FCGR was deduced from the mea-
sured data of crack length versus number of load cycles 
using the seven-point incremental polynomial method 
for the majority of data points and the secant method for 
the threshold and fast crack growth regions (i.e., the first 
three and the last three data points of the crack length 
vs. cycle curve). Both data reduction methods are 

recommended by ASTM E647. After the crack growth 
test, selected samples were used for crack path analysis 
using an optical microscope. For this, samples were pre-
pared along the WD–ND plane (Figure 1), following the 
same grinding, polishing, and etching procedures out-
lined above. 

The measured crack growth rates were subsequently 
fitted by the modified Hartman–Schijve equation (modi-
fied H–S eq.) to represent the material property using a 
formula for engineering design purposes. This equation, 

al.,32,33introduced by Jones et takes account of the 
R ratio and the asymptotic trend at the extreme values 
of ΔK.34 

3 | RESULTS  AND  DISCUSSION  

3.1 | Microstructure analysis 

Figure 2A shows optical macrographs along the ND–WD 
and ND–TD planes. The microstructure along the build 
direction shows two distinct regions, namely, the “fan”-
like region and the uniform region, which are the conse-
quence of layer-by-layer deposition and complex thermal 
cycles. Figure 2B shows high magnification images of the 

FIGURE  2  Optical micrographs showing (A) overview of the ND–WD and ND-TD planes with selected regions, (B) fan-like region 

(orange line indicates grain size transition boundary), (C) uniform region, and (D) grain size distribution based on scanning electron 

microscope backscattered (SEM-BS) images; SEM-BS mode images showing (E) fine grain region, (F) coarse grain region, and (G) uniform 

region. [Colour figure can be viewed at wileyonlinelibrary.com] 

http://wileyonlinelibrary.com
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fan-like region with a typical microstructure revealing 
different grain size regions consisting of both coarse and 
fine grains, while Figure 2C shows the uniform region 
having a relatively homogeneous grain size. Figure 2D 
revealed a grain size distribution of 8.6 ± 3.6, 55.7 ± 17.3, 
and 18.3 ± 5.2 μm in the fine, coarse, and uniform 
regions, respectively. Hence, fan-like regions with inho-
mogeneous grain size and uniform regions with homoge-
neous grain size across the layers are observed. 

Figure 2E–G presents SEM-backscattered (BS) mode 
images along the ND–WD plane, showing fine and coarse 
grain regions corresponding to fan-like regions and uni-
form regions. Bright particles can be observed in all three 
images. Fine dark particles are seen in both the fine and 
coarse grain regions, while large dark needle-like parti-
cles are seen only in the uniform region. To further eluci-
date the above microstructure features, energy-dispersive 
X-ray (EDX) was performed to characterize these parti-
cles at six selected points across the fine, coarse, and uni-
form regions as highlighted in these figures, and the 
results are presented in Table 2. In all the regions, bright 
and net-like grain boundaries consist of Mg-rich particles 
(scan Points 3 and 4), which are likely to be Al3Mg2 

precipitates. Similar precipitates were reported in a 
L-PBF-processed Al–Mg–Sc–Zr alloy.35 In Figure 2E, fine 
particles (scan Points 1 and 2) are detected, which may 
be Ti-rich precipitates, such as Al3Ti, with a trace amount 
of Sc; these particles can act as grain nucleation sites dur-
ing the solidification and thus produce finer grains36; as  
Figure 2G shows, coarse needle-like second phase parti-
cles (Points 5 and 6) of more than 20 μm long are charac-
terized as Fe, Mn-rich precipitate, and Al6(Fe,Mn). These 
particles are hard and brittle.37 

3.2 | Fatigue crack growth behavior and 
analysis 

Experimental test data in terms of crack growth rate (da/ 
dN) versus applied stress intensity factor range (ΔK) for 
R = 0.1 is presented in Figure 3A with a zoomed view in 

TABLE  2  Energy-dispersive X-ray (EDX) results of the six scan 

points shown in Figure 2 (in wt%). 

Scanning location Al Mg Ti Mn Fe Sc 

Point 1 70.7 7.8 9.7 2.9 0 1.7 

Point 2 65.7 8.0 9.6 3.0 0 1.0 

Point 3 90.3 9.7 0 0 0 0 

Point 4 91.1 8.9 0 0 0 0 

Point 5 59.9 1.4 0.4 16.9 14.4 0.2 

Point 6 61.1 1.9 0.2 17.9 12.7 0 

Figure 3B. Comparison with literature data on a similar 
Al–Mg–Sc alloy processed by L-PBF39 and a conventional 
cold rolled alloy.25 WAAM material shows a higher value 
in the threshold stress intensity factor range ΔKth (aver-
age ΔKth 1.8 MPa m1/2 for vertical cracks and 
2.7 MPa m1/2 for horizontal crack samples) compared to 
the L-PBF material (average ΔKth 1.2 MPa m1/2),38 indi-
cating that the WAAM material exhibited higher resis-
tance to the onset of fatigue crack propagation. This can 
be attributed to the coarser grains (>5 μm) in the WAAM 
alloy due to lower cooling rates compared to the finer 
grain size (<2 μm) in the L-PBF alloy.38 Coarser grains 
result in noticeable crack path deflection and a greater 
level of crack closure, hence a lower crack growth 

FIGURE  3  (A) Crack growth rate versus stress intensity factor 

range for R = 0.1 and comparison with a similar AM alloy38 or cold 

rolling25; (B) zoomed view showing anisotropic behavior in the 

lower ΔK region. Data discrepancy from horizontal crack “test-3” 
(in red colour) will be discussed in the following paragraphs. 

[Colour figure can be viewed at wileyonlinelibrary.com] 

http://wileyonlinelibrary.com
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rate.39,40 When ΔK is greater than 5 MPa m1/2, the L-PBF 
alloy's crack growth rate is comparable with the current 
study as the grain size effect is overcome by the mechani-
cal factors (the stress intensity factor) near and within 
the Paris law region. L-PBF is prone to process inherent 
tensile residual stresses due to the faster cooling rates 
compared to the WAAM process.41 It is well documented 
that tensile residual stresses will increase the crack 
growth rate.42 Previous studies on L-PBF AlSi10Mg near-
net shape built C(T) samples showed very low residual 
stresses of 30 MPa that did not significantly influence 
crack growth rate.43 On the other hand, the lower cooling 
rates associated with WAAM results in much lower resid-
ual stresses compared to the L-PBF process.44 An impor-
tant point to make is that fatigue test samples built by 
L-PBF are near-net shape, so residual stress is kept in the 
samples, while the WAAM samples used in this study 
were extracted from a much larger “wall”; sample extrac-
tion has further reduced residual stress to virtually zero 
that has negligible impact on FCGR.45 

Conventional cold-rolled Al–Mg–Sc alloy,25 on the 
other hand, shows a different trend: it initially had a 
comparable crack growth rate, only marginally lower 
than that of the current WAAM material near and within 
the Paris law region. When ΔK is greater than 

1/215 MPa m , the cold-rolled material continued to keep 
the stable crack growth while the WAAM material 
entered the fast crack growth stage and failed. This is due 
to the altered grain orientation against the crack propaga-
tion direction after rolling25; hence, it postponed the fast 
crack growth stage and increased the resistance to cyclic 
failure (the maximum stress intensity factor range being 
40% greater than that of the WAAM material). 

The following observations can be made: First, all test 
data fall into a typical sigmoidal curve pattern showing 
three distinct regions of fatigue crack propagation. The 
first (far left) has a very slow crack growth rate when the 
applied stress intensity factor range ΔK is closer to the 
threshold stress intensity factor range ΔKth.

46 It is 
observed that in the WAAM material, the ΔKth value is 
influenced by the crack orientation. The horizontal crack 
samples showed a higher ΔKH value of 2.7 MPa m1/2,th 

whereas the vertical crack samples showed a lower aver-
age value of ΔKV

th of 1.8 MPa m1/2. The second region is 
the Paris law region, and the third region (far right) is 
where the crack growth rate increased rapidly, leading to 
final fracture failure.46 There is no significant difference 
between vertical and horizontal directions in the maxi-
mum values of the stress intensity factor range at failure 
nor the crack growth rates in the Paris law region. This 
demonstrates that the microstructure difference is over-
come by the mechanical factor ΔK when it is greater than 
10 MPa m1/2. 

Secondly, crack growth rate anisotropy is observed in 
both the near-threshold region and the lower ΔK region 

1/2);(ΔK < 10 MPa m the linear part 
(5 MPa m1/2 < ΔK < 20 MPa m1/2) follows the Paris law 
relationship.46 The horizontal cracks showed a lower 
crack growth rate than the vertical crack samples. For 
the horizontal cracks, there is a discrepancy between 
“test-3” and the other two tests, which will be discussed 
in the following paragraph. 

In order to explain the anisotropy in ΔKth and crack 
growth rate in the near-threshold and lower ΔK region 
(ΔK < 10 MPa m1/2), microstructural effects in terms of 
grain size and morphology were considered. Crack paths 
were analyzed using an optical microscope as described 
in Section 2.1. Figure 4 shows schematics of the crack ori-
entations and microstructural images with the crack path 
in different regions. Figure 4A1–A3 shows that the verti-
cal crack passes through the fan-like and uniform regions 
alternately. The fan-like regions consist of fine and coarse 
grains zones with an average grain size of 8.6 ± 3.6 and 
55.7 ± 17.3 μm respectively, while the uniform regions 
contain much smaller grains of 18.3 ± 5.2 μm. 

In contrast, Figure 4B1–B3 shows the horizontal 
crack (test-1 and test-2) passed through only the fan-like 
regions since the starter notch was in the fan-like region. 
Overall, the horizontal cracks (test-1 and test-2) propa-
gated in average larger grains along the entire crack path 
compared to the vertical cracks. Both ΔKth and crack 
growth rate can be influenced by the grain size and 
morphology.47–49 Previous studies on an aluminum alloy 
2524 showed that the samples with coarser grains showed 
a larger crack closure effect caused by crack surface 
roughness compared to samples with finer grains; there-
fore, coarser grains resulted in a higher ΔKth and a lower 
crack growth rate. In addition, coarser grains also caused 
crack path deflection, which changed the pure mode-I 
crack growth to mixed mode; consequently, the crack 
growth driving force, that is, the mode-I stress intensity 
factor range, was reduced, which also contributed to the 
reduced crack growth rate.39,50 As a result, the lower 
crack growth rate of the horizontal cracks (test-1 and 
test-2) was measured compared to the vertical cracks. 
Since ΔKth increases linearly with the grain size in log 
scale,51 the average value of KH is higher than that ofth 

KV 
th. 
Horizontal crack “test-3” was an exception (rather 

than a case of test data scatter). Optical micrographs in 
Figure 4C1–C3 shows the starter notch tip was in the uni-
form region; therefore, crack propagated through this 
region only, which consisted of only finer grains 
(<20 μm), leading to a smoother crack path with no visi-
ble crack path deflection. As a result, the horizontal crack 
“test-3” data showed lower ΔKth ( 30% lower) and a 



 14602695, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ffe.14113 by T

est, W
iley O

nline L
ibrary on [15/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

�

7 YE ET AL. 

FIGURE  4  (A–C) Sketches of starter notch orientation and location; optical micrographs of the crack paths: (A1) vertical crack with 

higher magnification images in two selected regions (A2–A3); Orange color dashed lines in (A2) indicate the boundaries between the fine 

grain and coarse grain regions. (B1) horizontal crack test-1 with zoomed images (B2–B3); (C1) horizontal crack “test-3” with zoomed images 

(C2) and SEM-BS image (C3). [Colour figure can be viewed at wileyonlinelibrary.com] 

higher crack growth rate ( 30% higher) in the region of 
ΔK < 10 MPa m1/2 compared to the two other horizontal 
crack samples (horizontal crack test-1 and test-2). Fur-
thermore, coarse and brittle Fe- and Mn-rich second-
phase particles (refer to Section 2.1) were observed along 
the crack path, Figure 4C3. The presence of such particles 
in the uniform region can facilitate crack growth, result-
ing in lower ΔKth as well as a faster growth rate locally 
when those particles are cut through by the advancing 

crack tip. Similar findings were reported for other alumi-
num alloys.29 

Crack growth rates at R = 0.5 are presented in 
Figure 5. The average values of ΔKth are 1.4 MPa m1/2 for 
the vertical cracks and 1.7 MPa m1/2 for the horizontal 
cracks. This indicates that at higher cyclic load ratios, 
grain size still had some influence on the ΔKth. However, 
both sample orientations showed similar crack growth 
rates in the Paris law and the fast crack growth regimes. 

http://wileyonlinelibrary.com


8 YE ET AL. 

 14602695, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ffe.14113 by T

est, W
iley O

nline L
ibrary on [15/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

�
� �

�
�

FIGURE  5  (A) Crack growth rates in vertical and horizontal cracks under R = 0.5 and comparison with average test data under 

R = 0.1; (B) zoomed view of Figure 5A. [Colour figure can be viewed at wileyonlinelibrary.com] 

Since the mean stress is higher at the higher R ratio, the 
crack closure effect due to grain coarsening was 
reduced.39,52 Crack propagation was mainly driven by the 
stress intensity factor range ΔK, and the effect of micro-
structure is negligible. This is manifested by the negligi-
ble difference in crack growth rates between the two 
crack orientations in the Paris law region and the fast 
growth region. 

Figure 5 also shows the crack growth rate comparison 
between R ratios of 0.1 and 0.5. As expected, at the same 
ΔK, the crack growth rate is higher at the higher R ratio 
throughout the crack growth histories. This can be 
explained in the previous paragraph, where our findings 
can be supported by the theory introduced by Suresh 
et al.39 

4 | REPRESENTATION  OF  CRACK  
GROWTH  RATE  BY  THE  MODIFIED  
HARTMAN-SCHIJVE  EQUATION  

The Paris law was the first empirical relationship 
between the crack growth rate (da/dN) and the stress 
intensity factor range (ΔK) by a power law function, as 
shown by Equation (1)53: 

da 
dN 

Þm¼ C ΔKð , ð1Þ 

where C and m are material constants. 
However, Paris law does not represent the crack 

growth behavior in the near-threshold region nor the fast 

growth region. It does not account for the load ratio effect 
either. Modified or new equations have been developed 
over the past six decades to overcome these limitations. 
The Hartman–Schijve equation is one of them based on 
experimental testing of various aerospace aluminum 
alloys,54 as shown by Equation (2): 

Þmda CðΔK ΔKth¼ , ð2Þ
dN ð1 RÞKc ΔK 

where C and m are material constants, R is the load ratio, 
ΔKth is the threshold stress intensity factor range, and Kc 

is the fracture toughness. 
A modified H–S eq. was proposed by Jones et al.,32 

which is also referred to as a variant of the NASGRO 
equation,55 expressed here by Equation (3): 

da Þp¼ DðΔκ , ð3Þ
dN 

where 

ΔK ΔKthΔκ ¼ qffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 
Kmax1 A 

and D and p are material constants that can be deter-
mined by crack growth test data; A is the cyclic fracture 
toughness. The modified H–S eq. takes the load ratio 
effect into account in terms of the maximum stress inten-
sity factor Kmax; it describes the entire range of crack 
growth rate data by two governing parameters, ΔK and 

http://wileyonlinelibrary.com
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Kmax (where ΔK = [1-R]Kmax) and two additional mate-
rial constants, ΔKth and A. It was validated by testing sev-
eral materials,32,33,55 including an additively 
manufactured aluminum alloy with Scandium content, 
the Scalmalloy.56 It has been proven to represent well the 
crack growth rates of various alloys, including aluminum 
alloys for aerospace applications.33 Therefore, it was 
selected for the current study. 

For the crack growth rates under R = 0.1 and 0.5, 
values of ΔKth and A are obtained from the experimental 
test data shown in Figure 6 and Table 3. To determine 
the two material constants, D and p, the experimental 
data of da/dN was plotted against the variable Δκ 
(Equation (3)) in double logarithm scale in Figure 6 with 
fitting lines. As both figures show, the two experimental 
data sets with two load ratios are collapsed almost into 
one line, despite some discrepancy caused by one of the 
horizontal crack samples. The fitted line is expressed by a 
linear relationship in Equation (4): 

da
log ¼ p log Δκ þ ð Þ: ð4Þð Þ  log D 

dN 

Values of log(D) and p can be obtained, respectively, 
from the interception at the y-axis and slope of the fitting 

line in Figure 6, so the material constants D and p are 
determined and shown in the figure insert. The other two 
material parameters, A and Kth, and the averaged values 
of D and p for both crack orientations are listed in 
Table 3. The collapse of a wide range of test data (two 
crack orientations and two load ratios) into the same line 
indicates that the modified H–S eq. can describe the 
crack growth rates in full range from the threshold 
growth point to the final fast growth end. This means 
that only one test is needed to determine the cyclic frac-
ture toughness A and threshold stress intensity factor Kth 

under just one load ratio, which can then be used for 
other load ratios within 0.1 and 0.5. This finding agrees 
with the work by Jones et al. on a study of L-PBF Al– 
Mg–Sc–Zr alloys.56 

Finally, the experimental data is plotted in terms of 
da/dN versus applied ΔK in Figure 7, with an upper 
bound curve generated by the modified H–S 
eq. (Equation (3)) using average values for D and p. The 
upper bound curve can serve as the worst crack growth 
rate property value for damage tolerance design and 
assessment.57 The upper bound values for ΔKth and A are 
shown in Figure 7 insert. It demonstrates that the modi-
fied H–S eq. can represent the crack growth rate in the 
whole sigmoidal curve and for both horizontal and verti-
cal cracks in this new alloy. 

FIGURE  6  Crack growth rate da/dN versus Δκ based on the experimental test data for load ratios 0.1 and 0.5 and a best-fitted line 

according to Equation 3: (A) vertical cracks, (B) horizontal cracks. [Colour figure can be viewed at wileyonlinelibrary.com] 

TABLE  3  Material constants used in the modified Hartman–Schijve equation, Equation (3). 

1/2) 1/2)Load ratio, R Crack orientation ΔKth (MPa m A (MPa m p (averaged) D (averaged) 
90.1 Vertical 1.8 31.1 1.85 3.3E 

Horizontal 2.7 31.1 

0.5 Vertical 1.4 40.0 

Horizontal 1.7 40.0 
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FIGURE  7  Test measured crack growth rate versus applied stress intensity factor range with upper bound curves determined by 

modified Hartman–Schijve equation (Equation 3) using averaged D and p values for two crack orientations; material property parameters 

(ΔKth and A) are shown in figure insert; (A) R = 0.1, (B) R = 0.5. [Colour figure can be viewed at wileyonlinelibrary.com] 

5 | CONCLUSIONS  

This study has investigated the fatigue crack growth 
behavior in an aluminum alloy, Al–Mg–Sc, built by the 
WAAM process. Based on the findings, the following con-
clusions can be drawn: 

1. The microstructure of this material can be character-
ized by the fan-like and uniform regions, which are 
periodically alternating with different grain sizes and 
inhomogeneous precipitate distribution along the 
material build direction. Mg-rich precipitates are 
distributed in all regions. Mn- and Fe-rich coarse par-
ticles are concentrated in the uniform regions, while 
Ti-rich and Sc-rich precipitates are found mainly in 
the fine-grain regions. This is due to the cyclic thermal 
history during the material deposition process as well 
as different cooling rates at different locations. 

2. Anisotropy in FCGRs between the two crack orienta-
tions is observed in the near threshold and lower ΔK 

1/2)regions (ΔK < 8 MPa m where the horizontal 
crack sample shows a 50% lower crack growth rate 
than the vertical when tested at R = 0.1. This is 
because most of the horizontal cracks propagate only 
in the fan-like region, where coarser grains cause 
more crack closure, hence a slower growth rate. The 
vertical cracks propagate in both the fan-like regions 
and uniform regions alternately; the finer grains and 
more second-phase particles result in a higher crack 
growth rate. 

3. The absence of crack growth rate anisotropy in the 
Paris law region under the higher load ratio of 0.5 is 

due to the increased mean stress that reduces crack 
closure effect due to the grain size influence on crack 
path deviation. 

4. The modified H–S eq. can represent the experimental 
crack growth rates very well in all three regions. The 
equation can generate an upper bound curve for the 
crack growth rate property that can provide a safe 
margin for damage tolerance design. 

5. This study implies that the WAAM Al–Mg–Sc alloy 
can be used for structural components that are 
designed for damage tolerance, as the material is com-
parable with or better than similar alloys (processed 
by conventional or other AM processes) in their resis-
tance to fatigue crack growth, which is a key property 
for damage tolerance design. 
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