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Abstract: As one of the widely used materials for hydro turbine runners, 13Cr4Ni martensitic
stainless steels (13/4 MSS) manufactured by forging and wire arc additive manufacturing (WAAM),
respectively, were selected for high-cycle fatigue tests, and the effects of microstructures and defect
characteristics on fatigue mechanism were investigated. The results indicate that compared to the
forged 13/4 MSS, the microstructure of the WAAM test piece is very fine, and the martensite units,
consequently, are smaller in size. The yield strength and ultimate tensile strength are 685 MPa and
823 MPa for the forged specimen and 850 MPa and 927 MPa for the WAAM specimens, respectively.
The fatigue strength of 107 cycles at room temperature is 370 MPa for forged specimens and 468 MPa
for WAAM specimens. The predominant defect of the forged 13/4 MSS specimen is inclusion, and
the fatigue initiates mainly at the surface and subsurface. While for the WAAM specimen, the
most commonly found defects are pores, and the fatigue initiation is internal and at the subsurface.
In addition, the fine microstructure, as well as the high strength and hardness, enable the WAAM
material to have higher fatigue strength. In order to assess the effect of defects on fatigue performance,
the stress intensity factor and El-Haddad model were adopted in the present study. It was found that
the forged specimens with fish-eye (FIE) zones and the WAAM specimens with granular bright facet
(GBF) zones have longer fatigue life. The fatigue strengths of the forged 13/4 MSS were therefore
predicted by defect size. In contrast, the fatigue strengths of the WAAM 13/4 MSS were predicted by
both defect and GBF sizes.

Keywords: wire arc additive manufacturing; 13Cr4Ni martensitic stainless steel; fatigue property;
damage mechanism; fatigue strength prediction

1. Introduction

Runners are one of the core components of Pelton hydraulic power generation units
and are subject to intermittent impacts from high-speed water jets during high-speed
rotation. As a result, high-cycle fatigue (HCF) damage could occur at the bucket root,
which could seriously deteriorate the service life [1–3]. With the increases in water heads, it
is essential to study the HCF properties of runners. Because of its high resistance against
corrosion and cavitation erosion, as well as its high strength, low-temperature ductility, and
toughness, low-carbon 13Cr4Ni martensitic stainless steel (13/4 MSS) has been widely used
to manufacture hydro turbine runners [4–6]. Extensive explorations have been conducted
by researchers on microstructures, mechanical properties, corrosion resistance, and fatigue
properties of cast and welded 13/4 MSS material [7–9].

In recent years, with the advancement of additive manufacturing (AM) technology, a
substantial amount of effort has been spent on using the wire arc additive manufacturing
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(WAAM) process for manufacturing runners, with the goal of lowering the dependency
on forging size, reduce cost, and increase efficiency [10,11]. In particular, the present
researchers made the first WAAM Pelton turbine runner in China [12].

However, because of their unique microstructures, the mechanical properties and dam-
age mechanism of the WAAM 13/4 MSS specimens are different from that of conventionally
forged ones. In order to further the application of AM technology in runner manufacturing,
it is therefore of practical importance to perform a comprehensive investigation of the HCF
properties of the WAAM 13/4 MSS. However, the fact is that even though many studies
have been conducted on WAAM in recent years, most of them focused on mechanical
properties, with the fatigue properties not fully investigated.

As far as WAAM of stainless steel is concerned, such as H13-8Mo MSS [13], PH17-4 [14],
and MMS 308L SS [15,16], extensive investigations on the influence of the manufacturing
process of WAAM on microstructures and mechanical properties have been carried out
in recent years. The main focus was placed on the clarification of the structure–property
characteristics of these materials. With regard to the fatigue properties, some researchers
have concluded that the commonly found defects in WAAM, i.e., inherited porosity, lack of
fusion, and impurities, are detrimental to the fatigue properties [17–20]. Hence, efforts have
been devoted to generating a relationship between fatigue strength and defect size in AM
materials. Kitagawa and Takahashi [21] proposed the concepts of stress intensity factor and
critical short crack size, and based on that, El Haddad [22] derived a mathematical model
that could be used to describe the relationship between fatigue strength and short crack size.
It was reported by Murakami [23] that the effect of defects on fatigue properties is similar to
that of short cracks. Building upon this finding, Beretta et al. [24,25] replaced the short crack
size with a small defect size in the El-Haddad model, with the goal of using the modified
model to predict the performance of AM material. However, the influencing factors on the
HCF properties of WAAM material are very complex, and not a single theory or model was
able to elucidate their effects. To further the understanding of the contributing factors to
fatigue performance and clarify the corresponding damage mechanism, the present study
designed and conducted HCF tests on forged and WAAM 13/4 MSS at room temperatures,
respectively.

2. Material and Testing Methods
2.1. Material Preparation

Cold metal transfer (CMT) technology is characterized by low heat input, small
deformation, and no spatter. Moreover, its wire feeding motion and droplet transfer
process can be digitally coordinated with high controllability, which is very suitable for
the WAAM process [26,27]. Its combined application with robots can perfectly achieve
the additive manufacturing of metal components, and therefore, it has become one of
the most important research focuses in WAAM in recent years [28–30]. In this work, a
WAAM rectangular sample with dimensions of 200 × 150 × 30 mm was fabricated using a
KUKA 6 DOF robot (KUKA AG, Augsburg, Germany) and an Fronius Trans Puls 2700 CMT
welding machine (Fronius Intl. GmbH, Wels, Austria). The welding wire is ER410NiMo
(Well Welding Co., Ltd., Harbin, China), with a diameter of 1.2 mm, which is the most
commonly used welding filler material for runners. The shielding gas is composed of
98%Ar + 2%CO2. During the production, welding current of 120 A, voltage of 19.5 V,
welding speed of 10 mm/s, layer thickness of 3.0 mm, and scanning distance of 2.5 mm
were used. The rectangular sample was subjected to a post-welding heat treatment to
relieve residual stresses. The heat treatment process is as follows: 580 ◦C × 2 h/furnace
cooling to 300 ◦C, followed by air-cooling to ambient temperature. WAAM test piece after
heat treatment is shown in Figure 1, and the forged material is taken from the forging blank
of Pelton turbine runner. Table 1 summarizes the chemical compositions of the welding
filler metal, the forged material, and the WAAM rectangular samples.
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Figure 1. WAAM test piece after heat treatment.

Table 1. Chemical compositions of the welding filler metal, the forged material, and the WAAM
sample (wt.%).

Material C Mn Si Cr Ni Mo Cu

ER410NiMo 0.015 0.66 0.44 12.80 4.29 0.49 0.088
Forged 0.054 0.54 0.44 11.78 3.66 0.49 0.094
WAAM 0.021 0.57 0.45 11.53 4.36 0.51 0.087

2.2. Microstructure Characterization

Metallographic specimens were taken from the rectangular samples and were ground
starting with 80 grit sandpaper to 2000 grit, followed by mechanical polishing using a
diamond suspension of 2.5 µm in preparation for the optical microscopy and electron
backscatter diffraction (EBSD) analysis. For optical microscopy, the samples were etched
using a solution (5 g FeCl3 + 4 mL HCl + 20 mL distilled water) at room temperature. For
EBSD analysis, the samples were electropolished for 1 min at 12.5 V in a 10% perchloric
acid alcohol solution at 10 ◦C. The optical microscopy and EBSD analysis were performed
using a Zeiss Axio microscope (Carl Zeiss AG, Jena, Germany) and a Zeiss Sigma500 SEM
(Carl Zeiss AG, Jena, Germany), respectively.

2.3. Mechanical Properties and Fracture Analysis

The specimens for tensile and fatigue tests were cut from the rectangular samples along
the build direction (BD), with machined dimensions shown in Figure 2. The specimens were
polished to achieve a surface roughness of less than 0.2 µm. Tensile tests were performed
using a Shimadzu AG–I250 KN (Shimadzu Co., Kyoto, Japan) static testing machine. The
uniaxial stress-controlled fatigue tests were performed using a P16F–10 high-frequency
fatigue testing machine with a stress ratio R = −1 and a frequency of 110 Hz. Fractography
was conducted using a Zeiss Sigma500 SEM after tensile and fatigue tests. Hardness was
measured using a Shimadzu Vickers HMV–2 hardness tester (Shimadzu Co., Kyoto, Japan).

Figure 2. Dimensions of tensile (a) and fatigue (b) specimens (mm).
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3. Experimental Results
3.1. Microstructure Characterization

Figure 2 shows the typical microstructures of the forged and WAAM 13/4 MSS, which
is predominantly martensite. Martensite is a typical phase in quenched low alloy steels and
some stainless steels, and its structure can be characterized at different scales, including
packets, blocks, and laths. A prior austenite grain consists of several martensite packets
with the same habit plane, and each packet can be further divided into several martensite
blocks, with each block containing multiple laths with the same orientation [31–33]. The
microstructure of the forged 13/4 MSS is shown in Figure 3a,c, and there are a large
number of martensite lath bundles with large sizes growing from the prior austenite grain
boundaries into the grains. As shown in Figure 3e, packet, block, and lath martensite
units can be clearly observed. Compared to the forged 13/4 MSS, the microstructure of the
WAAM test piece (Figure 3b,d) is very fine, the original austenite grains and subgrain sizes
are much smaller, and the martensite units consequently are smaller in size (Figure 3f). In
addition, it is affected by the heat treatment. Therefore, the microstructure of the martensite
units is not as clear as that of the forged 13/4 MSS. The packet area size is significantly
smaller, it has a relatively large number of blocks, and the content of its block units is higher
than that of the forged 13/4 MSS.

Figure 3. (a,c) The microstructure of the forged steel; (b,d) the microstructure of the WAAM test
piece; and (e) EBSD analysis of the forged steel. (f) EBSD analysis of the WAAM test piece.
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3.2. Tensile Properties and Fracture Analysis

The tensile stress–strain curves of the forged and the WAAM 13/4 MSS specimens
are shown in Figure 4a. No distinct yield points can be observed on the two curves.
The yield strength (Rp0.2) and ultimate tensile strength (Rm) are 685 and 823 MPa for the
forged specimen, and 850 and 927 MPa for the WAAM specimens, respectively. The yield
strength of WAAM specimens is about 160 MPa higher than that of the forged specimen.
The strength difference is due to the variation in grain size. According to the Hall–Patch
relationship, the yield strength of polycrystalline metals at room temperature increases with
grain refining. Under the same applied stress, the probability of stress concentration caused
by dislocation accumulation in large grains triggering plastic deformation in adjacent grains
is much greater than that of the small grains. The stress to resist dislocation motion is high
in small grains, so greater applied stress is required to initiate the plastic deformation of
adjacent grains, i.e., the yield strength in WAAM specimens with fine microstructures is
higher. As shown in Figure 4b, the elongation to fracture is 19.25% and 17.50%, and the
reduction in area is 61.50% and 63.50% for the forged and WAAM specimens, respectively.
It suggests that the fine microstructure has no significant influence on the plasticity of the
two materials.

Figure 4. (a) Tensile stress–strain curves; (b) tensile properties of the forged and the WAAM specimens.

The tensile fracture surfaces of the forged and the WAAM specimens were analyzed
using SEM. Figure 5a,b show the macroscopic fracture morphology. There is a narrow shear
lip zone in the fracture, which primarily consists of a fibrous region (enclosed by the yellow
dotted line) and radial region, with the former occupying a large proportion, indicating
both materials have excellent plasticity. However, there is a significant difference in the
roughness of the fibrous region and radial region. The roughness of the WAAM specimens
is much smaller and smoother than that of the forged ones, which is determined by their
finer grains. The red dotted rectangles are the enlarged positions of the fibrous regions. A
substantial amount of tear ridges can be observed in the fibrous region, with observable
traces of torsion and fracture of the lath bundle, as shown in Figure 5c,d. This is the result
of the local plastic deformation and crack extension in the process of fracture. This plastic
tearing will consume a great amount of plastic deformation work. Figure 5e shows the
enlarged morphology of the fibrous region of the forged specimen, which is significantly
different from the WAAM specimen (Figure 5f). There are dimples instead of tear ridges.
For lath martensite with a coarse microstructure, its laths have a large length-to-width ratio.
The rotation, bending, and sliding of lath martensite in the tensile cross layer can lead to
the relaxation of interfacial stresses, thus improving the plastic deformation ability of the
lath martensite [34].
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Figure 5. The SEM fractographs of the forged (a,c,e) and the WAAM (b,d,f) tensile specimens.

3.3. Fatigue Properties and Fracture Analysis

The S–N curve has been widely used to describe HCF behaviors and is illustrated by
the Basquin equation:

σa = σ’f (2Nf)
b (1)

where σa is the stress amplitude; Nf is the number of cycles to failure; σ’f is the fatigue
strength (FS) coefficient; and b is the FS exponent. In addition, the fitted results of the
forged and the WAAM specimens are expressed as the following:

Forged: logσa = 3.20 − 0.095 log(2Nf) (2)

WAAM: logσa = 3.17 − 0.073 log(2Nf) (3)

The fatigue test data and the fitted results (Equations (2) and (3)) are shown in Figure 6.
The blue and red lines represent the S-N curves obtained by fitting the fatigue data of forged
steel and WAAM specimens, respectively. The staircase method was used to determine
the fatigue strength [35]. The forged specimen’s fatigue strength is 370 MPa, and the
WAAM specimen has a fatigue strength of 468 MPa, which is about 100 MPa greater than
the former.
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Figure 6. S–N curves of the forged and the WAAM fatigue specimens.

Figures 7 and 8 show the SEM fractographs of the forged and the WAAM fatigue
specimens. The fatigue fracture surfaces consist of a fatigue source (red dotted rectangle), a
crack propagation region, and a final rupture region (the two are separated approximately
by an orange dotted line). The fatigue source locations include the surface, subsurface,
and internal. It was found in the present study that the equivalent sizes of most fatigue
sources are smaller than 200 µm for the forged specimens and less than 100 µm for the
WAAM specimens.

In this study, for forged specimens, subsurface initiation is defined when the shortest
distance between the fatigue source and specimen surface is in the range of 0 to 200 µm. In
addition, it is categorized as internal initiation when this distance is greater than 200 µm.
While for the WAAM specimens, subsurface initiation occurs when the shortest distance is
in the range of 0 to 100 µm. If it is greater than 100 µm, it is defined as internal initiation.

It can be seen in Figures 7 and 8 that the forged and the WAAM specimens’ fatigue
sources are different. It is shown in Figure 7a,c,e that most fatigue sources of the forged
specimens are surface and subsurface defects, which are Al2O3 and broken metallic oxides
formed during the forging process (Figure 7b,d,g). For the internal defects, the inclusions
are Al2O3 and metallic oxides (Figure 7f,h) distributed in lines. There are fish-eye zones
(FIEs) (enclosed by the yellow dotted line) around the internal defects, but there is no
FIE around the surface and subsurface defects. Furthermore, no granular bright facets
(GBFs) were observed in any specimen. The detailed fatigue testing results, i.e., crack
initiation location, stress–life data, and type and size of defects, of the forged specimens are
summarized in Table 2.

Table 2. Crack initiation location, stress–life data, and type and size of defects of the forged specimens.

Specimen
No.

σa
(MPa)

Nf × 103

(Cycle)

√
areaInc
µm

FIE
Yes/No

Type of
Defect

Crack
Initiation

1 375 7935 223.6 Yes Inclusion Internal
2 375 10,391 87.7 Yes Inclusion Internal
3 350 2003 123.3 No Inclusion Subsurface
4 375 2403 202.4 Yes Inclusion Subsurface
5 375 8881 110.9 No Inclusion Subsurface
6 375 8893 49.0 No Inclusion Subsurface
7 380 1395 131.9 No Inclusion Surface
8 380 1392 152 No Inclusion Surface
9 375 2484 81.9 No Inclusion Surface
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Figure 7. The SEM fractographs of the forged fatigue specimens (a,b) σa = 380 MPa, Nf = 1395 × 103;
(c,d) σa = 460 MPa, Nf = 724 × 103; and (e,f) σa = 375 MPa, Nf = 7935 × 103. (g,h) EDS analyses of the
inclusions shown in (d) (point A) and (f) (point B), respectively.
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Figure 8. The SEM fractographs of WAAM fatigue specimens (a,b) σa = 375 MPa, Nf = 7935 × 103;
(c,d) σa = 470 MPa, Nf = 4925 × 103, (e,f) σa = 400 MPa, Nf = 8 × 103; and (g,h) σa = 460 MPa,
Nf = 3855 × 103. (i) Energy spectrum analysis (EDS) of inclusion (point C) shown in (h).
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For WAAM specimens, the fatigue sources are subsurface and internal defects, which
include lack of fusion (Figure 8e,f), silicate inclusion (Figure 8g–i), and pores (Figure 8a–d),
with pores being the main defect. There is roughly circular FIE (enclosed by the yellow
dotted line) around the pores and inclusions. Obvious GBF (enclosed by the blue dotted
line) can be observed near the pores, but there is no GBF near the defects of lack of fusion
and inclusions. In addition, the secondary cracks around pores and inclusion can be clearly
observed. The detailed fatigue testing results, i.e., crack initiation location, stress–life
data, type and size of defects, of the WAAM specimens are summarized in Table 3. The
phenomenon of fatigue cracks occurring at defects will be further discussed in later section.

Table 3. Crack initiation location, stress–life data, and type and size of defects of the WAAM
specimens.

Specimen
No.

σa
(MPa)

Nf × 103

(Cycle)

√
areaPore
µm

√
areaGBF
µm

Defect
Type

Crack
Initiation

1 350 2914 30.6 64.2 Pore Internal
2 400 74,634 51.8 141.8 Pore Internal
3 450 23,866 29.1 69.1 Pore Internal
4 470 8794 55.7 134.0 Pore Internal
5 470 4442 50.2 121.0 Pore Internal
6 460 3855 57.3 117.2 Pore Internal
7 460 12,600 47.1 107.2 Pore Internal
8 460 7865 43.9 100.6 Pore Internal
9 460 2817 27.5 44.3 Pore subsurface

10 480 2916 26.7 63.4 Pore subsurface

4. Discussion
4.1. Fatigue Cracking Mechanism of the Forged Specimens

The fatigue cracking mechanism of the forged specimens was studied. It was found
that the primary factor affecting the HCF performance is the manufacturing defects. It
is inevitable that many kinds of inclusions are present in the ingot due to metallurgical
reactions and solidification in the ingot manufacturing process, and so some internal
inclusions are common and are part of a steel ingot. Therefore, cracks originating from
inclusions are one of the main factors causing the failure of heavy forgings [36].

Under the axial loading process, stress concentration exists around the inclusions,
which causes fatigue cracks to nucleate preferentially at the inclusions. Considering those
defects as short cracks, there are relationships between the stress intensity factor and the
size of defects at different locations, as shown below [37]:

Internal: KI = 0.5σ0

√
π
√

area (4)

Subsurfaceandsurface: KI = 0.65σ0

√
π
√

area (5)

where KI denotes the stress intensity factor, σ0, the maximum axial loading stress, and√
area, the size of an area affected by defects. In Figure 9a, it can be seen that the data for

subsurface and surface fatigue sources are distributed along a straight line, and the other
two data points for internal fatigue sources deviate from the line rather obviously, which
may be caused by using different expressions to calculate the KI (Equations (4) and (5)).
Nevertheless, it can be concluded from Figure 9a that the stress intensity factor increases
with the increase in defect areas. For the forged specimens, the maximum stress intensity
factor is 6.15 MPa·m1/2 (σ0 = 375 MPa,

√
areaInc = 202.4 µm, and Nf = 298,000), and the

average stress intensity factor is 4.84 MPa·m1/2.
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Figure 9. (a) The relationship between stress intensity factor and size of the inclusion defects (forged);
(b) the relationship between fatigue strength and size of inclusion defects (forged).

The equation of the El–Haddad model [38] can be expressed as below. It provides
a short crack equation to describe the relationship between the fatigue strength and the
defect size, i.e., the Kitagawa–Takahashi diagram.

∆σw = ∆σw0

√ √
area0√

area +
√

area0
(6)

when the defect is at the surface and subsurface

√
area0=

1
π
(

∆Kth,lc

0.65∆σw0
)2 (7)

when the defect is internal
√

area0=
1
π
(

∆Kth,lc

0.5∆σw0
)2 (8)

where ∆σw is the fatigue strength; ∆σw0 is the fatigue strength of the specimen without
defects;

√
area0 is the El-Haddad parameter, indicating the critical size where a short

crack develops into a long crack;
√

area is the defect size; and ∆Kth,lc is the crack growth
threshold. For 13/4 MSS, the crack propagation threshold value is about 8.00 MPa·m1/2

at R = −1 [39]. For forged specimens, as the main defects are surface and subsurface
inclusions, the relationship can be expressed as the following by substituting the fatigue
strength (370 MPa) and average defect size (121.6 µm calculated by the data in Table 2) into
Equations (6) and (7).

∆σw = 457

√
231√

area + 231
(9)

Figure 9b shows the details of this relationship, with the defect sizes (observed from
fractographs) indicated by solid black and red dots. It shows that the fatigue strength of
the forged specimens in the absence of defects is about 457 MPa, which can be predicted
using the above relationship. It is reasonable that the fatigue strength decreases when the
defect size increases.

4.2. Fatigue Cracking Mechanism of the WAAM Specimens

Like the forged specimens, the primary factor affecting the HCF performance of the
WAAM specimens is also manufacturing defects. This is because during the manufacturing
process, the weld quality may be unstable due to the complex mass and heat transfer, and
as a result, pores, inclusions, and lack of fusion defects could form [40,41]. Considering
those defects as short cracks and the main defects as pores in the internal specimens, the
calculated KI by Equations (5) and (6) are shown in Figure 10a. It can be seen that two data
points for subsurface and surface fatigue sources deviate from the fitted line. However, it is
clearly shown that the stress intensity factor increases as the area of the defects increases.
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Figure 10. (a) The relationship between stress intensity factor and defect size (WAAM); (b) the
relationship between fatigue strength and defect size (WAAM) (most defects are pores).

For fine-grain specimens, the threshold value of crack propagation is about 4.00 MPa·m1/2

at R = −1 [34]. For WAAM specimens, as the main defect is the internal pores, the El-
Haddad model relation can be expressed as the following by substituting the fatigue
strength (468 MPa) and average defect size (45.7 µm, calculated by the data in Table 3) into
Equations (6) and (8).

∆σw = 656

√
47√

area + 47
(10)

Figure 10b shows the details of this relationship, with the defect sizes (observed from
fractographs) indicated by solid black and red dots. The fatigue strength of the WAAM
specimens in the absence of defects is about 656 MPa, which can be predicted using the
above relationship. The fatigue strength decreases with increasing defect size.

It has been found that the formation of GBF consumes the majority of the fatigue
life [42]. Research has shown that the size of GBF positively affects the fatigue life, with
larger sizes of GBF improving the fatigue life [43–45]. It has been reported that internal de-
fects initially cause the formation of GBF in the very high cycle fatigue (VHCF) regime [46].
The present study correlates well with this finding, and shows that pores, as internal de-
fects, are an important influencing factor in the initiation of fatigue cracks of the WAAM
specimens. The GBF exists around the pores (Figure 8b,d) instead of around the defects of
lack of fusion and inclusions (Figure 8f,h), which may be due to the excessive size of the
defects. In the samples damaged by fatigue testing, the GBF zone formed around the pores
at the subsurface is very small, as shown in Table 3.

Since the majority of the fatigue life is consumed by the formation of the GBF, by using
the same method, the stress intensity factor amplitude calculation formula for the GBF area
can be obtained as the following:

Internal : KGBF = 0.5σ0

√
π
√

areaGBF (11)

Subsurface : KGBF = 0.65σ0

√
π
√

areaGBF (12)

where KGBF is the stress intensity factor, σ0 is the maximum axial loading stress, and√
areaGBF is the size of the GBF zone affected. It can be seen from Figure 11a that the stress

intensity factor increases with an increase in the GBF area. The maximum stress intensity
factor is 4.82 MPa·m1/2 (σ0 = 470 MPa,

√
areaGBF = 134 µm, and Nf = 8,794,000), and the

average stress intensity factor is 4.01 MPa·m1/2.
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Figure 11. (a) The relationship between stress intensity factor and the GBF size (WAAM); (b) the
relationship between fatigue strength and the GBF size (WAAM).

Shown below is the equation of the El–Haddad model:

∆σw = ∆σw0

√ √
area0GBF√

areaGBF +
√

area0GBF
(13)

And when the defect is internal,

√
area0GBF=

1
π
(

∆KGBF
0.5∆σw0

)2 (14)

where ∆σw denotes fatigue strength; ∆σw0 denotes fatigue strength in the absence of defects;√
area0GBF is El-Haddad parameter, indicating the critical size where a short crack develops

into a long crack;
√

areaGBF is the GBF size; and ∆KGBF is the crack propagation threshold
value in the GBF region. For fine-grain MSS, ∆KGBF is about 5.00 MPa·m1/2 at R = −1 [34].
The relation can be expressed as follows by substituting the fatigue strength (468 MPa) and
average GBF size (106.9 µm calculated by the data in Table 3) into Equations (13) and (14).

∆σw = 643

√
77√

areaGBF + 77
(15)

Figure 11b shows the details of this relationship, with the GBF sizes observed from
fractographs indicated by the solid black and red dots. The fatigue strength of the WAAM
specimens in the absence of defects is approximately 643 MPa, which could be predicted
using the above relationship. The fatigue strength decreases with increasing the GBF size.

4.3. Analysis of Fatigue Strength

With consideration of microstructures, the austenite of WAAM specimens is featured
by smaller grain and sub-grain sizes compared with forged specimens, as mentioned
above. Zhao et al. [33] suggested that the finer subgrains were favorable for stronger
fatigue properties.

With regard to mechanical properties, a general relation between fatigue strength and
tensile strength (hardness) has been proposed by Pang et al. [47,48], as shown below.

σw = (C − P·σb) × σb (16)

where P and C are material constants, which are suitable for many traditional and newly
developed materials after verification. For low carbon steel with lower strength, its fatigue
strength is positively related to strength and hardness, i.e., the higher the tensile strength
and hardness of the steel, the greater its fatigue strength. The tensile strength of the
forged specimen is 823 MPa, which is lower than that of the WAAM specimen (927 MPa).
The hardness of the forged specimen is 280 HV, which is lower than that of the WAAM
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specimen (320 HV). For martensitic steel, the finer the grain size, the higher the fatigue
strength [49]. Therefore, from the perspective of strength (hardness) and microstructure,
WAAM specimens have higher fatigue strength.

Moreover, according to Relation (9) mentioned above, the fatigue strength increases
with decreasing defect size [40,46]. The defect size of WAAM specimens (average size
45.7 µm) is much smaller than that of forged specimens (average size 121.6 µm). The
combined effect of the above two factors results in a significantly higher fatigue strength
for WAAM specimens than for forged ones.

5. Conclusions

(1) Compared to the forged 13/4 MSS, the microstructure of the WAAM test piece is very
fine, and the martensite units are consequently smaller in size. The yield strength
and ultimate tensile strength are 685 MPa and 823 MPa for the forged specimen and
850 MPa and 927 MPa for the WAAM specimens, respectively;

(2) The fatigue strength of 107 cycles at room temperature for forged specimens is 370 MPa
and 468 MPa for WAAM specimens. The fine microstructure, as well as the high
strength and hardness, enable WAAM material to have higher fatigue strength. The
majority of the fatigue sources of the forged ones are surface and subsurface defects,
with most of them being inclusions. The majority of the fatigue sources of the WAAM
ones are internal defects, with most of them being pores;

(3) The fatigue strengths of the forged specimens with surface or subsurface inclusions
are predicted by defect size, and the fatigue strengths of the WAAM ones with internal
pores are predicted by defects and GBF sizes.
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