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1 | INTRODUCTION

Additive manufacturing (AM) has received particular
attention in recent years due to its significant advantages
and widespread applications in the aerospace, biomedical
and power sectors." > One of the most important benefits
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Abstract

A study has been conducted to evaluate the mechanical and fatigue crack
propagation properties of wire + arc additively manufactured ER70S-6
components. A parallel-built deposition strategy was employed to fabricate the
additively manufactured wall. The hardness values were slightly higher at the
bottom and top of the wall due to the presence of Widmanstitten ferrite and
carbides. The characterization of mechanical properties in both orientations;
parallel and perpendicular to the deposition direction showed a marginal
difference in yield strength and ultimate tensile strength. The crack growth
rates were correlated with linear elastic fracture mechanics parameter AK and
compared with an oscillation-built deposition strategy from the literature. The
crack growth rates of both deposition strategies were found to be very similar
to each other. Furthermore, it has been demonstrated that the variability in
the crack growth histories can be reasonably well captured by using the
NASGRO crack growth equation.
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of AM, compared to traditional manufacturing methods,
is the potential for reducing material volume, hence cost
saving, during the fabrication process which has attracted
significant interest from both industry and academia.®
Apart from material savings, AM offers the capability
to produce complex shapes through layer-by-layer
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deposition allowing more design flexibility and signifi-
cant weight reductions in the parts produced by AM. The
wire + arc additive manufacturing (WAAM) is a directed
energy deposition (DED) AM process where a wire is fed
into an electric or plasma arc heat source at a constant
feed rate to build a large near net shape parts.”® The
deposition rate of steel by the WAAM process is
approximately 10 kg/h with better material utilization as
compared to other AM processes.”'® Nevertheless, due to
higher deposition rates and high heat input, residual
stresses and distortions are higher in WAAM
components.'*?

WAAM has been recognized as one of the most effi-
cient advanced manufacturing technologies for produc-
tion of large-scale components and structures. In all
engineering structures, the load-bearing parts must be
designed to be durable and damage tolerant. Durability is
related to the economic life of a component under cyclic
loads, while damage tolerance is the ability of a structure
to safely operate in the presence of defects or cracks until
the damage reaches a critical level. Depending on the
application, the failure criteria could be based on either
crack initiation or crack propagation. Most of the struc-
tural components, in the aerospace and power sector, are
designed for damage tolerance, that is, based on the crack
propagation life from initial crack length to a critical
crack size. With continuous development in AM technol-
ogies, WAAM is expected to provide a range of new mate-
rials for application in the aerospace and power sector.
These newly developed processes and materials need to
be tested for their durability and damage tolerance. There
is limited literature available on the fatigue behavior of
WAAM-built low-carbon steels such as ER70S-6.">""° A
recent study by Ermakova et al.'*'> was conducted on
WAAM-built components made of ER70S-6 using an
oscillation-built strategy while Dirisu et al.'® compared
mechanical properties of oscillation and single-pass
WAAM ER70S-6. They demonstrated comparable
mechanical properties to the conventionally manufac-
tured counterparts.

While the employment of AM technologies has been
considered in a number of industries, such as aerospace,
the use of WAAM technology in offshore renewable
energy applications has received some attention in recent
years due to the advantages that the WAAM technology
offers for manufacturing and repair purposes.'” Cur-
rently, offshore and onshore wind energy contribute to
about 8.1% and 9.1% of the UK's energy generation,
respectively, and subsequently the reduction of 12 million
tonnes of CO,."® Offshore wind is comparatively a young
industry, compared to other well-established energy
industries such as oil and gas and nuclear, with a typical
design lifetime of 20-25years. An important way to

increase the return on investments in offshore wind
industry is to enable life extension for those wind farms
which have reached the end of their initial design life."
WAAM offers a competitive advantage for the repair and
life enhancement of offshore wind turbine support struc-
tures due to its low cost and flexibility®*® and is expected
to have a great potential to support the existing life exten-
sion efforts. However, the assessment of structural integ-
rity of WAAM-built layers and components is essential in
order to employ this process for life enhancement of off-
shore wind assets.

The cost-effective materials that can be considered for
repair and life enhancement of offshore structures are
mild steels which are widely used in various engineering
applications and their wrought material properties are
characterized in previous research studies. Haden et al.*
examined the WAAM-built component and wrought steel
and found that both have the same bulk hardness while
Lu et al.*' found similar static properties of both wrought
and WAAM mild steel. While there are limited number
of studies on the structural integrity assessment of
WAAM-built components made of mild steels, more
research investigations have been carried out by various
researchers to study the titanium WAAM-built compo-
nents for application in aerospace industry. The review of
previous studies on titanium WAAM-built components
showed that the change in built strategy changes the heat
input which results in different microstructures of the
final builds.**** A study conducted by Syed et al.**
showed that because of different heat input in oscillation-
built strategy, the yield and tensile strength was lower
than parallel-built Ti64 walls. Furthermore, the fatigue
strength of oscillation-built Ti64 walls at 10’ cycles was
500 MPa as compared to 600 MPa in the case of parallel-
built walls. On the other hand, the crack growth rates
were lower in oscillation-built walls due to lower yield
strength (YS) and larger grain size resulting in larger
plastic zone sizes ahead of the crack tip and causing
crack deflection due to larger grains. Nevertheless, to
date, there has been no direct comparison made in the
literature on the effect of deposition strategies on fatigue
crack growth (FCG) behavior of WAAM-built compo-
nents made of mild steels. Therefore, the purpose of this
research is to investigate the FCG properties of parallel
deposited WAAM ER70S-6 and compare them with oscil-
lation deposited pattern available in the literature.

2 | MATERIAL FABRICATION
PROCESS

A mild carbon ER70S-6 copper-coated steel wire from
Lincoln Electric was used to build a wall using cold metal
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transfer (CMT)-based WAAM process. The process
parameters are summarized in Table 1. The WAAM wall
was built on an EN10025 structural steel base plate with
dimensions of 350 x 250 x 12 mm?. The parallel bead
strategy was employed in fabrication of the WAAM wall

TABLE 1 CMT-WAAM fabrication parameters
Shielding gas Ar + 20% CO,
Gas flow rate 15 L/min
Robot traveling speed 0.4 m/min
Wire diameter 1.2 mm
Wire feed speed 7.0 m/min
Dwell time 120 s

Power source

FIGURE 1 CMT-WAAM set up for fabrication of ER70S-6 wall
[Colour figure can be viewed at wileyonlinelibrary.com]

where four parallel passes were deposited consecutively
at a given height along the wall length with a 35% over-
lap between adjacent passes. The dimensions of each wall
were 300 mm in length (L), 150 mm in height (h), and
25 mm in thickness (). The WAAM setup consisted of a
CMT power source, a robot arm with a CMT torch feed-
ing the wire along with the shielding gas nozzle as shown
in Figure 1. To extract the heat and fumes generated dur-
ing the process, an exhaust was placed near the working
table. The base plate was clamped to the working table
using six clamps to prevent distortion due to thermal
residual stresses (see Figure 2A). The clamps were
released once the WAAM wall was cooled down. The
wall was finally removed from the base plate upon com-
pletion of the fabrication process and sample cool down.

Samples were extracted from the WAAM wall for ten-
sile tests, fatigue crack propagation tests, micro-hardness
tests and microstructural analysis. Tensile and fatigue
crack propagation samples were extracted with two dif-
ferent orientations with respect to the WAAM deposition
direction and were classified as “horizontal” and “verti-
cal” samples as shown in Figure 2B. In horizontal tensile
samples, the loading direction was parallel to the deposi-
tion direction (i.e., parallel to X axis in Figure 2B) while
in vertical tensile samples, the loading direction was per-
pendicular to the deposition direction (i.e., parallel to
Z axis in Figure 2B). In horizontal fatigue crack propaga-
tion samples, the crack plane was oriented parallel to the
deposition direction whereas in vertical samples the
crack plane was normal to the deposition direction. The
geometry and extraction strategy for all test samples are
shown in Figure 2B.

The samples for microstructural analysis were
extracted from the as-deposited wall and prepared using
Buehler Metaverse 250 grinding and polishing machine.
The surface of these samples was ground and etched with
2% Nital solution to reveal the macro and microstructure
showing layer interfaces. For microstructure analysis,
optical light microscopy and scanning electron micros-
copy (SEM) were used. The line intercept method, as

T )
Horizontal Vertical Horizontal~’
‘J ~ 1 S
\ / / ~
\
I [ — FIGURE 2 (A) CMT-
Vertical| ‘ Vertical ) O WAAM fabricated ER70S-6 wall
/A Horizontal ~ L. s
v I\ = and (B) schematic illustration of
~ 1 O .
% J 010 7 the extraction plan and
> specimen orientations [Colour
figure can be viewed at
(A) (B) wileyonlinelibrary.com]
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described in ASTM E1382 standard,?* was used to mea-
sure the grain size. Micro-hardness measurements were
carried out according to BS EN ISO 6507-1:1997 stan-
dard.”® The hardness readings were taken along the build
direction (Z axis in Figure 2B) and along the wall thick-
ness (Y axis in Figure 2B) with an incremental distance
of 2 mm.

The tensile samples were designed according to the
ASTM ES8 standard.”® Three tensile tests for each
orientation (i.e., horizontal and vertical directions) were
conducted using a 100 kN servo-hydraulic test machine.
The tests were performed with a constant displacement
rate of 1 mm/min. The strain was measured using an
extensometer, and the YS, ultimate tensile strength
(UTS), and elongation were determined from the
recorded tensile data.

3 | TEST RESULTS AND
DISCUSSION
3.1 | Microstructural analysis

The microstructural features in different regions of the
ER70S-6WAAM wall were investigated and the results
are presented in Figure 3. A variation in the microstruc-
ture can be observed from the area in the vicinity of the
fusion zone (FZ) and in the center of the melt pool. It
was observed that the microstructure found within the
melt pool was typically ferrite, which appeared as a

FIGURE 3
images taken at different locations of the
ER70S-6 WAAM wall (A) melt pool,

(B) close to the fusion zone and center

Optical microscopy

of the melt pool, (C) higher resolution
SEM image of the enclosed area shown
in (A), and (D) higher resolution SEM
image of the enclosed area in

(B) showing Widmanstitten ferrite and
carbides [Colour figure can be viewed at
wileyonlinelibrary.com]
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polygon, with retained low volume fraction of pearlite
phase formed along the grain boundaries of ferrite (see
Figure 3A,C). The same microstructural features were
reported in the previous studies by other researchers.'**®
Higher magnification images along the melt-pool bound-
aries reveal Widmanstitten ferrite along with carbides.
This type of microstructure is a result of remelting of the
previously deposited layer during the process of overlap-
ping layers, resulting in different thermal histories.*

Due to the higher cooling rates experienced in the
fusion boundaries compared to the center of the melt
pool, the formation of acicular ferrite was observed adja-
cent to the fusion lines (see Figure 3B,D). The transition
of polygonal ferrite to acicular ferrite from the center of
the melt pool to the side of the melt pool can be justified
due to faster cooling rates in WAAM ER70S-6.°° A
detailed analysis of the microstructure conducted by
Rafieazad et al."® revealed approximately 12.54% + 0.56%
volume of pearlite due to the low-carbon content in
ER70S-6 feedstock. The welded structure of API-X70 has
also revealed the presence of acicular ferrite and bainitic
microstructure which is commonly welded using
ER70S-6 filler wire."> The bainitic microstructure offers

higher strength and toughness due to its smaller grain
size and higher dislocation density as it provides obsta-
cles to dislocation movement compared to polygonal fer-
rite.*! This kind of microstructure was seen repeatedly
and is dependent on the sequence of layer deposition.
However, the complex thermal history which changes
along the build direction also induces inhomogeneous
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microstructure along the built direction (i.e., Z axis in
Figure 2B) of the wall.

The grain size is considered one of the most
important microstructural characteristics that affects the
mechanical properties of the component. The grain size
distribution was therefore analyzed on the WAAM wall
and presented in Figure 4 in the form of statistical distri-
bution in three different regions of the wall: top, middle,
and bottom. The grain size coarsening in the middle of
the wall was observed and is represented in Figure 4. The
higher distribution of smaller grain size can be observed
at the bottom and the top of the wall. Considering the
layer-by-layer deposition, the associated thermal cycles
introduced into the material resulted in the grain growth
in the vicinity of melt-pool geometry. Austenizing could
be the main reason for grain growth in the middle of the
wall as it was subjected to alternating thermal cycles.
Higher cooling rates were responsible for smaller grains
at the bottom of the wall. The absence of multiple ther-
mal cycles at the top of the WAAM wall resulted in fine
grain size as there were no alternating heating and cool-
ing causing austenization of the grains. Such microstruc-
tural inhomogeneities between the layers and along the
build direction could introduce mechanical anisotropy in
the material.

3.2 | Micro-hardness analysis

The micro-hardness tests were conducted using 0.3 kg
(Hvy3) and 10 kg (Hv,o) loads, and the results are shown
in Figure 5A. While the hardness tests at the lower load
characterized the local properties of the WAAM wall, the
values obtained from the tests at the higher load (Hv,g)
provided relatively more global response of the material
by indenting a number of grains in each indentation. The
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FIGURE 4 Statistical distribution of grain size variation at the

bottom, middle, and top of the WAAM wall

results in Figure 5A show that similar hardness varia-
tions trends are obtained under both load levels, though
the global values at the higher load are slightly lower
than those obtained from the hardness tests under the
lower load. It can be observed in Figure 5A that hardness
values are generally higher near the bottom and top of
the WAAM wall. This nonuniform micro-hardness varia-
tion along the build direction (i.e., along Z axis) depicts
the anisotropic behavior of the build which is inherent in
the WAAM process.

The maximum hardness recorded at Hvy; was
approximately 190 Hv and was closer to the top of
the wall. Similar results were reported on ER70S-6
WAAM wall fabricated using the oscillation strategy by
Ermakova et al.'"* Further micro-hardness testing along
the wall thickness (i.e., along Y axis), illustrated in
Figure 5B, showed spikes of hardness values at the bot-
tom and top of the wall with the average hardness values
of 168.8 + 8 and 172 + 10 at the top and bottom of the
WAAM wall, respectively. The variation of the hardness
values between the top, middle, and bottom of the wall is
due to the difference in grain sizes which can be attrib-
uted to different thermal cycles during the deposition of
the wall. The higher cooling rates experienced at these
two locations promoted the formation of a higher distri-
bution of smaller grains and Widmanstétten ferrite. The
smaller grains offer higher strength and toughness due to
higher dislocation density as it provides obstacles to dislo-
cation movement compared to larger grains.

3.3 | Tensile testing and analysis

The average results from tensile tests on three uniaxial
specimens with both horizontal and vertical orientations
are presented in Figure 6 and Table 2. Figure 6 shows the
average ‘“engineering stress versus engineering strain”
curves in each orientation for parallel deposition strategy
conducted in this study and oscillation deposition strat-
egy taken from the literature.'* Comparing the two depo-
sition strategies, parallel-built samples showed slightly
lower YS and UTS values which could be associated with
the change in the material microstructure due to the dif-
ference in cooling rates in different deposition strategies.
The influence of sample orientation on elongation,
reported in the form of axial strain at failure & gyia, can
be observed in the horizontal and vertical samples for
both deposition strategies. This mechanical anisotropy is
linked with the difference in microstructure at different
locations of the wall. The tensile test results show that
both specimen orientation and deposition strategy would
slightly influence the mechanical properties of ER70S-6
WAAM wall.
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wall from the present study compared to oscillation-built ER70S-6
WAAM wall taken from'* [Colour figure can be viewed at
wileyonlinelibrary.com]

3.4 | Fatigue crack propagation testing
and analysis

For FCG analysis, four stepped-notch compact tension,
C(T), samples were extracted from the WAAM wall. In

Distance (mm)

(B)

order to examine the sample location and orientation
effects on the FCG behavior of the material, C(T)
samples were extracted along two different orientations
(i.e., horizontal and vertical) and from two different
locations (i.e., top and bottom of the WAMM wall) as
schematically illustrated in Figure 2B. The C(T) samples
with horizontal orientation taken from the top and
bottom of the wall are designated as “Par-Top (H)” and
“Par-Bottom (H),” respectively. Likewise, the C(T)
samples with vertical orientation taken from the top and
bottom of the wall are designated as “Par-Top (V)” and
“Par-Bottom (V),” respectively. The C(T) samples for
FCG testing were designed according to ASTM E647-15
standard”” with the width of W = 50 mm, the height of
H = 60 mm, and total thickness of B = 16 mm, with an
initial machined crack length of ay = 17 mm before pre-
fatigue cracking. Knife edges were also machined in the
samples to enable the compliance measurements being
carried out for crack length estimation as guided by
ASTM E1820 standard.*

Load-controlled fatigue tests were carried out at room
temperature on a 100 kN servo-hydraulic test machine
under constant amplitude sinusoidal wave loading with a
load ratio of R = Py;;/Ppax = 0.1, at 5 Hz frequency with
maximum load of P, = 10 kN and minimum load of
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Parallel-built Oscillation-built TABLE 2 Tensile properties from
the parallel-built strategy in two

Material property Horizontal Vertical Horizontal Vertical different orientations compared with
YS (MPa) 318 347 390 365 oscillation-built samples taken from'*
UTS (MPa) 470 483 522 518
£f axi (MmM/mm) 0.37 0.39 0.44 0.43

P, =1 kN. Prior to fatigue testing, the samples were

pre-cracked to approximately 20 mm (i.e., a;,/W = 0.4)

under cyclic loading condition using decreasing load 351 TR

approach. During pre-cracking, it was ensured that the § T

final value of the maximum stress intensity factor (SIF), ;

Kinax did not exceed the initial K,,,,, at the beginning of %D )5 |

the actual FCG test. e 2 Par-Top (H)

The FCG tests were terminated when the crack length “ & Par-Bottom (H)
approached approximately 35 mm (ie., a;,/W = 0.7). iigggﬁéym
The SIF, K, for C(T) specimen geometry can be calculated 15 ' - .

. . 0.E+00 5.E+04 LE+05 2E+05 2E+05
using equation as suggested by ASTM E647 standard. Number of Cycles

However, to address the validity concerns for C(T) (A)
samples with shallow crack lengths, Mehmanparast 1LE-02 3
et al.”* proposed a new shape function equation which is
presented in Equation 1. This proposed equation is more 1.E-03 1 =

E A
accurate for calculation of K at a wider range of normal- o ]
ized crack lengths, ranging from a/W = 0.2 to a/W = 0.7. %‘ 1LE-04 5
£ ] 1
p . ) 5 LE05 3 .
K=——.a.| —372.12(¢4,)° +1628.60(a/) 3 ] R & Par-Top (H)
BW 1.E-06 4 a Par-Bottom (H)
. 3 ’ 4 Par-Top (V)
—2107.46(a/y)" +1304.65(a/y) (1) ] & Par-Botlom (V)
1E-07 —
2 10 AK (MPavm) 100
—391.20(a/4y)” + 54.81(a/4y) +7.57 | .
B)
FIGURE 7 (A) “crack length versus number of cylces” data

The crack length, a, versus the number of cycles, N,
data from FCG tests are presented in the Figure 8A. The
initial crack length of all the samples was 20 mm as
shown in Figure 7A. In this figure, the crack growth
trends for different orientations and locations are
directly compared with each other. Similar crack growth
trends were observed in all samples except for Par-
Bottom (V) where some fluctuations in the crack growth
behavior were observed at the beginning of the test.
These fluctuations in the crack growth could be a result
of crack diversion and bifurcation due to the localized
microstructure and texture, which have been reported
previously for other steels.*® It has been observed in the
literature that the presence of bainitic structure has
been reported to slow down the crack growth rate that
causes softening by dislocation rearrangement and
annihilation during the strain-induced martensitic
transformation.*>°

and (B) “crack growth rate versus stress intensity factor range”
results [Colour figure can be viewed at wileyonlinelibrary.com]

The raw data from FCG tests were further analyzed to
plot the FCG rate, da/dN, against the SIF range, AK, and
the results are shown in Figure 7B. Following the guide-
lines provided in ASTM E647 standard, the FCG rates
were calculated using the seven-point polynomial tech-
nique which provides more accurate rates compared to
the secant method. The comparison of FCG rates in
Figure 7B shows that for a range of AK values examined
in the tests are within the inherent experimental scatter,
similar FCG trends were obtained from specimens with
different orientations and locations. It is worth noting
that for a given location (i.e., top or bottom), only one test
was performed on each specimen orientation. Therefore,
more tests need to be conducted in future work to
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Paris law constants for the fatigue test results for the parallel-built strategy from the present study, compared to the ones

WILEY_L 25

obtained from the literature for the oscillation-built strategy’® (the corresponding values for da/dN are in mm/cycle and AK in MPa\m)

Sample ID Deposition strategy Orientation Location (o} m
Par-Top (H) Parallel Horizontal Top 1.72 x 107° 3.42
Par-Bottom (H) Parallel Horizontal Bottom 6.00 x 1071° 3.77
Par-Top (V) Parallel Vertical Top 1.13 x 1078 2.88
Par-Bottom (V) Parallel Vertical Bottom 7.01 x 10~° 3.01
CT-V-1 Oscillation Vertical Top 7.51 x 1078 2.39
CT-V-2 Oscillation Vertical Bottom 7.37 x 107® 2.39
CT-V-3 Oscillation Vertical Bottom 8.34 x 107 2.99
CT-H-1 Oscillation Horizontal Top 429 x 10~° 3.11
CT-H-2 Oscillation Horizontal Bottom 337 x 1078 2.59
CT-H-3 Oscillation Horizontal Top 2.80 x 1077 3.28
identify the level of scatter in each specimen location and B0 -
orientation. 3
According to the Paris law, the FCG rate can be corre- i N
lated with the fracture mechanics parameter AK using a _ 3 S
power-law correction®” which can be described as: *g 2B o
E ] 4 Par-Top (H)
da £ ] 4 Par-Bottom (H)
—= C(AK)m, (2) % 1.E-05 4 & Par-Top (V)
dN 3 ] 4 Par-Bottom (V)
, soras
where C and m are material constants. C and m values ] ©S355-Test]
for the tests performed in this study were calculated from B ] #5355-Test2
the Paris region and presented in Table 3. The values 10 AK (MPavim) 100
were calculated by plotting the line of best fit in the
steady crack growth region and calculating the power- FIGURE 8 Comparison of FCG rates for the parallel-built

law constants. It was noted that the material constant, m,
calculated in this study lies within the range of 2 to
4 which is typically observed in the wrought material
counterparts tested in the absence of corrosive media."
From the results presented in Figure 8B and Table 3, it
has been observed that the location and orientation of
the C(T) samples do not have a major influence on the
FCG behavior of the ER70S-6 WAAM specimen with
parallel-built deposition strategy.

The FCG rates obtained from the present study were
further compared with an oscillation-built deposition
strategy on the same material from the literature.'> The
C(T) samples in Ermakova et al.'> were tested in air at
the same load ratio and P,,,, The comparison of the
parallel-built and oscillation-built strategies has been pre-
sented in Figure 8 and Table 3. It can be observed in
Figure 8 that at relatively low values of SIF range
(i.e., AK <30 MPa\/m), the crack growth rates were
slower for oscillation build samples. Also seen in Figure 8
is that the crack growth rates are almost identical for
both deposition strategies for the SIF range of
30 < AK <40 MPa\/m, beyond which the oscillation-built

strategy from the present study and the oscillation-built strategy
from the lietrature' [Colour figure can be viewed at
wileyonlinelibrary.com]

FCG rates become slightly higher at larger values of AK
(i.e., AK > 40 MPaVm) and towards the end of the tests.
This is an opposite trend that was reported in the case of
Ti64 by Syed et al.*> who showed that slower FCG rates
in oscillation-built Ti64 was obtained compared to
parallel-built strategy. As explained in Syed et al,* the
resultant microstructure of the oscillation-built reduced
the YS of titanium alloy which in turn increased crack tip
plasticity and crack deflection hence reducing the crack
growth rates. In the present study, the difference in cool-
ing rates does not seem to considerably affect the micro-
structure and YS of the mild carbon steel (ER70S-6);
hence, the crack growth rate was not affected signifi-
cantly by the build strategy. Overall, the crack growth
rate has been found to be unaffected for both deposition
strategies at different locations and orientations for
ER70S-6. For further comparison, the crack growth rate
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of S355 is also included in Figure 8. It can be observed
FCG were slower in the base material.

4 | CRACK GROWTH PREDICTION
IN WAAM-BUILT COMPONENTS
Jones et al.*® modified the original Hartman-Schijve
equation to the form of Equation 3 referred it as a variant
of the NASGRO equation®®*' because the constant g in
the original NASGRO equation was set as p/2 in
Equation 3.

In Equation 3 which is often referred to as Hartman-
Schijve variant of NASGRO equation, K, is the maxi-
mum value of SIF seen in a cycle, AK = (K,;;0x — Kinin) 1S
the range of the SIFs seen in a cycle, AKy,, is the “effec-
tive fatigue threshold,” A is the cyclic fracture toughness,
and D and p are material constants. The term AKy, in
Equation 3 is related to the ASTM E647 fatigue threshold
AKy,, which is defined as the value AK corresponding to
a crack growth rate, da/dN, equal to 10~ '° m/cycle.

As illustrated in previous studies,* *® it appears that
the variability in crack growth in addictively manufac-
tured components can often be modeled using the
Hartman-Schijve crack growth equation.*®* In this

P work, Equation 3 was used to compute the variability in
da AK — AK, thr . . . . .
w2 T (3) the crack growth histories associated with various tests.
V1= Kmax /A The crack growth histories of the samples listed in
Sample ID D p AK, (MPa Vm) A(MPavm) | ABLE4  Thevaluesof the
S parameters used to compute the crack
Par-Top (H) 1.36 x 10 172 11.0 100 growth histories shown in Figure 9
Par-Bottom (H) 1.36 x 107° 1.72 10.2 100
Par-Top (V) 1.36 x 10~° 1.72 10.0 100
Par-Bottom (V) 1.36 x 107° 1.72 10.2 100
CT-V-1 1.36 x 107° 1.72 9.0 100
CT-H-3 1.36 x 107° 1.72 13.0 83
1.E-02
a  Par-Top (H)
1.E-03 4 A Par-Bottom (H)
—_ a  Par-Top (V)
;: A Par-Bottom (V)
% L.E-04 4 o CT-v-l
E o CT-H-3
£ . Par-Top (H) prediction
5 LE-05 § < ] =e=e- Par-Bottom (H) prediction
s & -+ =+ Par-Top (V) prediction
A — — Par-Bottom (V) prediction
1.E-06 A — - =CT-V-1 prediction
— -+ CT-H-3 prediction
1.E-07
10 AK (MPavm) 100
(A)
a  Par-Top (H)
35 4  Par-Bottom (H)
E A Par-Top (V)
£ & Par-Bottom (V)
S o CT-V-I FIGURE 9 (A) Comparison between
= o CT-H-2 . s
%" s Par-Top (H) prediction experimental data and predictions from
37| Sl e | T Par-Bottom (H) prediction Hartman-Schijve variant of NASGRO
S = = =Par-T dicti .
o) L P;;Bzﬁx)(g;)cpgé?:ﬁon equation for da/dN versus AK curves and
— — CT-V-1 prediction (B) comparison between measured and
s . . | ‘ . =+ = CT-H-3 prediction computed crack length for parallel and
0.E+00  5.E+04 1.E+05 2.E+05 2E+05 3.E+05 3.E+05 oscillation-built WAAM ER70S-6 at R = 0.1

Number of Cycles

(B)

[Colour figure can be viewed at
wileyonlinelibrary.com]
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Table 4 are shown in Figure 9A. The crack growth rate
da/dN was plotted against (AK — AKy,)/v/1—Kpmax /A
in log-log axes as discussed in previous studies*****’
where parameter A is the cyclic fracture toughness at
fatigue failure. In the threshold region, da/dN is not sen-
sitive to assume A values in the range of 80-100 MPavm.
The value of AK,,, was subsequently chosen to make
da/dN versus (AK —AKgyy)/v/1—Kpax/A plot and in
the near threshold region appear as a straight line. The
value of A was then adjusted to improve the linearity of
the plot in the high AK region. This process generally
results in slight difference in the da/dN versus
(AK — AKyr)/v/1 — Koy /A plots in the high AK region.
Hence, the value of A was estimated and is given in the
Table 4.

A comparison between the measured and the
computed crack growth histories for the parallel-built
strategy WAAM specimens tested in this work and the
oscillation-built strategy WAAM specimens from the
literature is shown in Figure 9. Using Equation 3, fitted
da/dN versus applied AK is presented in Figure 9A and
compared with test measured crack growth data in
Figure 9B. It can be seen that by allowing for variability
in the fatigue threshold and the fracture toughness, rea-
sonably good agreement is obtained between the experi-
mental and computed results (see Figure 9B). The values
of the parameters D and p used in this study are given in
Table 4.

5 | CONCLUSIONS

This paper presents the systematic study on the influence
of sample location and orientation of parallel-built depo-
sition strategy ER70S-6 WAAM components on its micro-
structure, mechanical properties, and FCG rates. The key
findings from this study are as follows:

1. The microstructure of the fabricated WAAM wall has
two distinct regions across the melt pools, that is,
polygonal ferrite and lamellar pearlite phases.
Widmanstétten ferrite is observed at the melt-pool
boundaries. The difference in temperature gradients
and cooling rates has promoted the formation of these
microstructural features.

2. The micro-hardness testing has revealed that the top
and bottom regions of the wall have higher hardness
values compared to the middle of the wall. The varia-
tion of hardness between the bottom, middle, and top
of the wall is attributed to the difference in thermal
cycles and associated with cooling rates promoting a
higher distribution of smaller grains at the top and
bottom of the WAAM wall.

' | : 2987
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3. The sample location and orientation do not have any
significant impact on the FCG behavior of the ER70S-6
WAAM samples with parallel-built deposition strategy
and the crack growth rates seem to be same at different
locations and orientations of the WAAM wall.

4. Similar crack growth rates were found in the samples
with parallel-built and oscillation-built deposition at
the intermediate AK region; however, the oscillation-
built specimens exhibit slightly higher FCG rates at
larger values of AK.

5. The crack growth rate versus SIF range was computed
using Hartman-Schijve variant of NASGRO equation,
and the crack growth a versus number of cycles N was
predicted. The wvariability in the crack growth
histories can be reasonably well captured by using the
Hartman-Schijve crack growth equation and allowing
for variability in the fatigue threshold and the cyclic
fracture toughness.
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NOMENCLATURE

A cyclic fracture toughness

Qo initial crack length in C(T) specimen

agc final crack length (compliance data)

a; instantaneous crack length

aip crack length after pre-fatigue cracking

B C(T) specimen thickness

c material constant for fatigue crack growth

D material constant in modified Hartman-Schijve

equation



2988 ’ r i
2 | WILEY-[F 3 TN s c e

1.

10.

SHAMIR ET AL.

da/dN fatigue crack growth rate

H C(T) specimen height

K stress intensity factor

K. fracture toughness

K, ax maximum stress intensity factor

K, threshold stress intensity factor for long crack

m material constant for fatigue crack growth

D material constant in modified Hartman-Schijve
equation

Pax maximum load

P,in minimum load

R load ratio

w C(T) sample width

AK stress intensity factor range

£f axial  axial strain at failure
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