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Abstract: With the development of additive manufacturing (AM), the Ti-6Al-4V alloy manufactured
by laser powder bed fusion (LPBF) is becoming more widely studied. Fatigue fracture is the main
failure mode of such components. During LPBF processing, porosity defects are unavoidable, which
hinders the exploration of the relationship between fatigue performance and microstructure. In
this study, a laser remelting method was used to reduce porosity defects inside the Ti-6Al-4V alloy.
Three annealing treatments (AT) and three solution-aging treatments (SAT) were used to study the
effect of the two-phase zone (α + β) microstructure on fatigue life and fatigue crack growth behavior.
Fatigue life and crack growth rate (CGR) curves were obtained, and fatigue fracture surface and crack
growth fracture surface were analyzed. The results show that microstructure influences fatigue life
but has little effect on CGR. Compared with the as-built specimen, the fatigue life of the AT and SAT
specimens increased significantly at 850°C by 101 and 63.7 times, respectively. The thickness of the α

lath and the location of crack nucleation together affect the fatigue life. In the stable growth stage, the
layered microstructure of α colonies is the most resistant to crack growth.

Keywords: laser powder bed fusion; heat treatment; Ti-6Al-4V; fatigue performance

1. Introduction

Ti-6Al-4V is commonly employed in the aerospace industry for its excellent specific
strength and corrosion resistance [1–3]. It has become an indispensable structural material
in aero engines, primarily used as compressor discs and blade casings to reduce engine
mass and improve thrust ratio. In the processing of complex titanium alloy aerospace
structural parts, traditional methods suffer from poor machinability, complicated processes,
and expensive costs. However, LPBF has advantages in these aspects and has been widely
used [4,5]. Reliability studies have become the focus of studies on the LPBF method.

LPBF melts and solidifies Ti-6Al-4V powder “point-by-point and layer-by-layer” with
a high-energy laser [6]. During LPBF, the small laser melting pool and large temperature
gradient lead to the generation of defects, thermal stress accumulation, and the formation
of unbalanced phases [6]. These will affect mechanical properties and result in premature
fatigue failure [7–9]. Research shows that fine needle martensite α’ is the main phase of
LPBF Ti-6Al-4V, while traditional forging or casting is dominated by equilibrium phases α
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and β [10,11]. Therefore, the use of heat treatment to regulate the non-equilibrium phase is
a necessary process after LPBF processing.

Aircraft engines are subjected to cyclical and complicated loads, so the material’s
properties must match the operating load requirements. Many things influence fatigue
properties, including defects, rough surfaces, residual stress, and microstructure [7,12–16].
V. Chastand et al. [16,17] showed that defects such as gas porosity and lack of fusion
(LOF) are the main reasons for the lower fatigue life of LPBF parts compared to traditional
parts. Hanchen Yu et al. [7,18,19] evaluated the impact of surface finishing on the fatigue
performance of LPBF Ti-6Al-4V, including turning, grinding, sandblasting, and polishing. It
was discovered that reducing surface roughness significantly improved fatigue properties,
with the polishing process having the best effect. Óscar T et al. [8,20] found that heat
treatment has the potential to reduce residual stresses and improve fatigue life. Meng
et al. [9,21,22] found that higher porosity (0.25–4%) makes it difficult to examine the
effect of microstructure on fatigue performance due to excessive defects. The impact
of microstructure on mechanical characteristics gradually becomes more apparent when
defects are reduced.

The influence of microstructure on the fatigue performance of LPBF parts is often
difficult to accurately determine due to the presence of defects, so it is necessary to reduce
the number of defects. Numerous studies have shown that optimizing process parame-
ters [13,19] and hot isostatic pressing (HIP) [15,16] can reduce porosity and thus improve
fatigue performance. However, defects in LPBF parts cannot be completely eliminated.
Currently, HIP is considered to be the most effective method to eliminate defects [15,16].
However, on the one hand, HIP will change the original microstructure, thus making the
microstructure impossible to be effectively analyzed, while, on the other hand, the high
cost also limits its application [7]. As an economical and feasible method, laser remelting
can effectively reduce the porosity of parts and achieve ultra-low porosity (<0.01%) [21,23].
Remelting is critical in the reduction of porosity, and the underlying mechanism has been
extensively studied and validated [23–25].

In summary, it is found that the current research on the fatigue performance of mi-
crostructures is very lacking and needs to be explored. In this study, a remelting strategy
was used to reduce the influence of defects on fatigue properties by reducing the internal
porosity of the formed specimens. Based on the heat treatment, the effect of microstructure
in the two-phase zone on fatigue properties was analyzed in terms of fatigue life and
fatigue expansion rate, and the patterns presented were investigated and summarized.

2. Materials and Methods

The parts were all produced by NCL-M150 additive manufacturing equipment (Nan-
jing Chamlion Laser Technology Co., Ltd., Nanjing, China). The gas atomization method
was used to produce Ti-6Al-4V powder. Table 1 shows the powder’s main chemical com-
position. Figure 1a displays the morphology and particle size distribution of the powder,
which is between 10 µm and 90 µm, with an average of 42 µm. The parts were man-
ufactured by remelting with the laser scanning speed and power tuned to 1800 mm/s
and 160 W, respectively. The scanning strategy selected the serpentine path and 57◦/67◦

rotation scanning. The remelted layer’s scan path was perpendicular to the initial, and
the laser scanning speed and power were adjusted to 1600mm/s and 180W, respectively.
The diagram of the remelting operation is shown in Figure 1b, where the blue line was the
initial scanning path and the red line was the remelting scanning path.

Table 1. Chemical composition of Ti-6Al-4V alloy powder (wt.%).

H C V Al Fe O Ti

0.0018 0.011 3.91 6.28 0.04 0.086 Bal.
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is significantly improved. 

Figure 1. Morphology and particle size distribution of the powder (a) and schematic diagram of
printing and scanning (b).

The remelting process can obtain nearly fully dense, high-quality Ti-6Al-4V specimens.
Internal defects in LPBF parts are identified and counted using a 3D X-ray computed tomog-
raphy (µ-CT) system. This approach ensures that these specimens have low and consistent
porosity, thus guaranteeing the validity of microstructure analysis. Figure 2a,b are 3D defect
diagrams of the fabricated specimens before and after the remelting process, respectively.
The density of the specimen in Figure 2a is 99.762%, while in Figure 2b it is 99.998%. After
remelting, the pores are greatly reduced, and the density is significantly improved.
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Figure 2. Three-dimensional pore diagram of the fabricated specimens before (a) and after (b) the
remelting process.

The heat treatment was performed in a vertical tube furnace with a vacuum degree
of greater than 10−6 MPa, and the temperature was increased at around 10 ◦C/min. The
specific heat treatment protocols and markings are described in Table 2. Some of the
fabricated specimens were used as the reference group, marked as “as-built”; others were
subjected to AT and marked as 850FC, 950FC, and 1050FC, respectively; the remaining
specimens were subjected to SAT, marked as 850WAC, 950WAC, and 1050WAC, respectively.
In addition, scanning electron microscopy (SEM) and optical microscopy (OM) were used
to examine the microstructure of Ti-6Al-4V.
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Table 2. The specific heat treatment protocols and markings.

Specimen Marking Heat Treatment Protocol

as-built 600 ◦C/2 h/FC
850FC 850 ◦C/2 h/FC
950FC 950 ◦C/2 h/FC
1050FC 1050 ◦C/2 h/FC

850WAC 850 ◦C/2 h/WC + 540 ◦C/4 h/AC
950WAC 950 ◦C/2 h/WC + 540 ◦C/4 h/AC

1050WAC 1050 ◦C/2 h/WC + 540 ◦C/4 h/AC
FC = furnace cooling; AC = air cooling; WC = water cooling.

Fatigue crack growth CT specimens and fatigue specimens were prepared according to
the national standard specimen size, and the specific dimensions are shown in Figure 3. The
initial length of prefabricated cracks in CT specimens is 2.6 mm. Before the test, specimens
were polished and ground to reduce the influence of surface roughness on fatigue. The
fatigue test at room temperature was carried out on the QBG-50 high-frequency fatigue
testing machine.
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Figure 3. The dimensions of CT specimens (a) and fatigue specimens (b).

The fatigue test adopted uniaxial sinusoidal cyclic loading. The maximum stress
(σmax) was 500 MPa, the stress ratio (R) was −1, and the vibration frequency (f) was 110 Hz.
This load is similar to the operating conditions of the turbine blades investigated. Three
replicated tests were conducted and averaged. The room-temperature fatigue crack growth
test was carried out using an Instron 8801 low-frequency fatigue testing machine. The
test adopted cyclic sine wave loading, and the crack length was detected by the potential
method, and σmax was 2.5 kN, R was 0.1, and f was 10 Hz.

3. Results
3.1. Impact of the Heat Treatment on Microstructure

Numerous studies have discussed the mechanical performance and microstructure
of as-built specimens in detail [11,14,18,26]. Therefore, they will be described briefly in
this paper. This study uses six different heat treatment schedules to give Ti-6Al-4V a
broad (α + β) microstructure. Figures 4 and 5 show their effects on the microstructure.
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During the LPBF process, a complete acicular α’ martensite structure was formed, with
equiaxed β grains of various sizes in the cross-section and long primary β columnar grains
in the longitudinal section. Representative 3D microstructures of the 850FC and 950FC
specimens are displayed in Figures 4a and 4b, respectively. The transformation point
temperature (Tβ) of Ti-6Al-4V is 995°C. Annealing below Tβ doesn’t alter the structural
characteristics of the primary β columnar grains. Compared with 850FC, the heat treatment
temperature (Ta) of 950FC is closer to Tβ, resulting in a thickening of the α and β phases.
The high magnification image in Figure 5a shows that the fine needle α-laths in 850FC have
β phase structure outside the grain boundaries. The grain boundaries between α and β

phases in Figure 5b are clearer. A similar microstructure was also found by Punit Kumar
et al. [27] after heat treatment at temperatures below Tβ. When 1050FC is heat treated at
a temperature higher than Tβ (Figure 4c), the complete β-phase microstructure formed
an (α + β) layered structure during the slow cooling process. Since the size of equiaxed
β grains limits the size of α colonies, at high temperatures, β grains grow rapidly and α

colonies grow accordingly. Lütjering [28] showed that α colony size was a determinant of
mechanical properties. From the above, temperature determines the final microstructure,
and increasing temperature promotes the growth of a large number of grains. According
to the Burgers relationship [29], the α phase grows preferentially parallel to the β phase
crystallographic plane family. These planes grow relatively fast, and the α phase forms into
plates and layers.
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The β phase in the two-phase zone is too late to undergo a diffusion-type transforma-
tion during the quenching process of SAT specimens, and a metastable martensite α’ phase
is formed. Followed by the aging strengthening operation at 540 ◦C, the long holding time
promotes the decomposition of acicular martensite α’, and the dissolved secondary α and
β phases are dispersed around the primary α phase, resulting in a stable (α + β) structure.
The formation mechanism of similar microstructures has also been confirmed in other stud-
ies [30]. Figure 4d,e display representative 3D microstructures of 850WAC and 950WAC,
respectively. Compared with 850FC and 950FC, the needle-like α phase is coarsened and
deformed. Part of the α phase in 950WAC has obvious spheroidization, which is due to
the continuous growth of the primary α-phase in the aging process. Since the solution
temperature of the 950WAC is closer to Tβ, the grains grow and become coarser during
the solution process. The unstable phase formed during quenching is decomposed during
aging, and nucleation growth occurs subsequently. The primary α phase spheroidizes
seriously, which further increases the inhomogeneity of the structure, which can also be
clearly seen in Figure 5e. At the same time, the β phase cannot easily be observed under
high magnification. This shows that the amount of precipitation is small. For 1050WAC,
the aging process is carried out in the fully metastable α’ phase due to quenching above Tβ.
As illustrated in Figure 4f, the α colonies were clearly visible after aging and the equiaxed
primary β grains in the cross-section were completely eliminated. Because of the different
cooling methods, the average size of α colonies of the 1050FC specimen is smaller than that
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of 1050WAC. In Figure 5f, the α phase grows sufficiently, and the grain orientation in each
α colony remains consistent.

For specimens with Ta < Tβ, the precipitation mechanism of the β phase in the mi-
crostructure is different from Ta > Tβ. When Ta < Tβ, the metastable α’ phase turns into α

phase by removing the V element from the transformation product, and the aggregation
of the V element generated along the slatted α phase border causes the β phase to nucle-
ate [31]. However, when Ta > Tβ, the lath α nucleated at the primary β columnar grain
boundaries grows rapidly towards the radial direction of the grain, which is displayed in
Figure 5c,f. The difference in Ta also leads to the change in the β phase composition in
the microstructure. The 950FC specimen will have a higher V concentration along the α

laths than the 850FC specimen due to the higher temperature. Therefore, it has a higher
equilibrium β phase concentration. This is also confirmed in the study by Punit Kumar
et al. [27].

The width of the slatted α phase was measured by “ImageJ” software. The acicular
martensite α’ in the microstructure of the as-built specimens is only 0.87 ± 0.24 µm. For
Ta < Tβ, the lath thickness distribution is between 1.8 ± 0.24 µm for the 850FC specimen,
between 2.3 ± 0.24 µm for the 950FC specimen, between 1.9 ± 0.18 µm for the 850WAC
specimen, and between 3.5 ± 0.21 µm for the 950WAC specimen. This indicates that the
lath thickens with increasing Ta. For Ta > Tβ, the mechanical performance of the specimens
is determined by α colonies. The α colony size of the 1050FC specimen is 328 µm ± 10 µm,
while that of the 1050WAC specimen is 198 ± 8 µm. This indicates that the colony size
depends on the cooling rate and is negatively correlated.

3.2. Fatigue Performance of Heat Treatment
3.2.1. Average Fatigue Lifespan

Figure 6 shows the change in the average fatigue life (N) of different heat-treated
specimens relative to the as-built specimens. All heat-treated specimens improve their
fatigue performance at 500 MPa compared with as-built specimens. In Figure 6a, 850FC
exhibits better fatigue life, which increased by 101 times compared with the finished
specimens. In Figure 6b, the fatigue life change shows the same trend. 850WAC showed
better fatigue life, which increased by 63.7 times. Other heat treatments also improved the
fatigue life, but not significantly. As a result, the fatigue life of the specimens is improved
because of microstructural changes, and the 850 ◦C specimens exhibit significantly better
fatigue performance, which is something we need to focus on.
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However, compared to wrought titanium alloys [32], the fatigue life of the LPBF
specimens all show a significant loss, and the reason is the high sensitivity of the fatigue
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properties to defects. These defects are unavoidable in LPBF titanium alloys, and even with
the remelting process, the residual tiny pores still have an effect on the fatigue properties.

3.2.2. Fracture Surfaces of Different Specimens

Figure 7 shows the representative fracture surface and crack initiation zone of the
as-built specimen. The entire fracture surface is divided into three zones, as shown in
Figure 7a. Among them, Zone I (the zone included in the red box) is the crack initiation
zone. Figure 7b is an enlarged view of the crack initiation zone. Zone II is the crack
propagation zone, which occupies most of the fracture surface area. Zone III is the transient
interruption zone, which occurs when the load-bearing area is insufficient. Cracks occur in
the polished as-built specimen at minor near-surface defects, which are LOF. The defect
is located about 26 µm from the specimen’s surface, and its fatigue life is 38,600 cycles.
During fatigue propagation, the dominance of the multi-faceted fracture morphology can
be seen, indicating the lower toughness of the as-built specimen. There are also many
holes in the crack propagation surface near the transient fracture zone, indicating that the
fatigue fracture is brittle and associated with the “brittleness” of the acicular martensite
of the as-built specimen. The lower fatigue life also indicates that the acicular martensite
structure has a low resistance to crack initiation—that is, the acicular martensite is more
sensitive to porosity.
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Figure 7. Macroscopic fatigue fracture surface (a) and the crack initiation zone (b) of the as-
built specimen.

Figure 8 shows representative fracture surfaces of different heat-treated specimens.
The figure indicates that each heat treatment fatigue specimen initiates cracks from the
defects on or near the surface, and all propagate from a single source. The fracture surfaces
are clearly divided into three zones. By comparison, it is found that the fatigue propagation
surface (zone II) of 850FC and 950FC is relatively smooth (Figure 8a,b), 850WAC and
950WAC followed (Figure 8d,e), and 1050FC and 1050WAC (Figure 8c,f) exhibited a rougher
surface. No obvious river lines can be seen on the smooth surface, meaning that it has
good plasticity. On the contrary, the river pattern is obvious on the rough surface, which
means brittleness, which is also consistent with the performance of the microstructure.
The β phase in the two-phase zone improves the plasticity of the material, while with
the coarsening of the α phase, the dislocation stress increases and the plasticity decreases,
so 850FC shows a smoother surface. Comparing zone III, it is found that 1050FC and
1050WAC show a smaller area of the transient fracture area, indicating that the α colony
exhibits better resistance to fatigue fracture.



Appl. Sci. 2023, 13, 1828 9 of 17

Appl. Sci. 2023, 13, x FOR PEER REVIEW 9 of 18 
 

 
Figure 7. Macroscopic fatigue fracture surface (a) and the crack initiation zone (b) of the as-built 
specimen. 

Figure 8 shows representative fracture surfaces of different heat-treated specimens. 
The figure indicates that each heat treatment fatigue specimen initiates cracks from the 
defects on or near the surface, and all propagate from a single source. The fracture surfaces 
are clearly divided into three zones. By comparison, it is found that the fatigue propaga-
tion surface (zone II) of 850FC and 950FC is relatively smooth (Figure 8a,b), 850WAC and 
950WAC followed (Figure 8d,e), and 1050FC and 1050WAC（Figure 8c,f）exhibited a 
rougher surface. No obvious river lines can be seen on the smooth surface, meaning that 
it has good plasticity. On the contrary, the river pattern is obvious on the rough surface, 
which means brittleness, which is also consistent with the performance of the microstruc-
ture. The β phase in the two-phase zone improves the plasticity of the material, while with 
the coarsening of the α phase, the dislocation stress increases and the plasticity decreases, 
so 850FC shows a smoother surface. Comparing zone III, it is found that 1050FC and 
1050WAC show a smaller area of the transient fracture area, indicating that the α colony 
exhibits better resistance to fatigue fracture. 

 

Figure 8. Macroscopic fatigue fracture surface of different specimens: (a) 850FC (2,733,000 cycles),
(b) 950FC (575,400 cycles), (c) 1050FC (78,700 cycles), (d) 850WAC (1,521,300 cycles), (e) 950WAC
(671,100 cycles), (f) 1050WAC (141,700 cycles).

Figure 9 shows the crack initiation zone of the heat-treated specimens corresponding
to Figure 8. The figure indicates that all of the heat-treated specimens were fatigue fractured
due to LOF defects near the surface, and the fatigue cracks propagated in a fan shape. The
crack initiation of 850FC (Figure 9a) is about 15 µm from the specimen’s surface, with a
fatigue life of 2,733,000 cycles, showing a high fatigue life. The crack initiation of 950FC
(Figure 9b) is about 3 µm from the specimen’s surface, with a fatigue life of 575,400 cycles.
The crack origin of 1050FC (Figure 9c) is about 8 µm away from the specimen’s surface,
with a fatigue life of 78,700 cycles. The surface of the source zone shows obvious cleavage
morphology, and a large red arrow can be observed. The larger the grain size, the larger
the cleavage plane, which also verifies that the macroscopic mechanical properties are
determined by the size of α colony. 850WAC (Figure 9d) nucleated from relatively large
surface defects, with a fatigue life of 1,521,300 cycles. Both 950WAC (Figure 9e) and
1050WAC (Figure 9f) nucleated from tiny pores on the surface, with a fatigue life of 671,100
and 141,700 cycles, respectively. The cleavage characteristics of the 1050WAC source zone
are not obvious, and secondary cracks appear in the propagation zone (red arrow).

Comparing the fatigue life of each heat-treated specimen in Figure 9, in general, when
the size of the pore defects at the origin of the crack is similar and the distance from the
surface is similar, the impact of the microstructure on the fatigue life shows a certain law. As
the width of the slatted α phase increases, the fatigue life of the specimen decreases, which
is the same as the average fatigue life. Comparing 850FC and 850WAC, it can be found
that when the grain size is not much different, the larger the LOF defect, the lower the
fatigue life. In the heat treatment study of traditional titanium alloys [33], for the layered
microstructure, the high cycle fatigue life can be controlled by the layer width or the grain
size. This is compatible with the experimental results of this study.
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Figure 9. Macroscopic crack initiation zone of different specimens: (a) 850FC (2,733,000 cycles),
(b) 950FC (575400 cycles), (c) 1050FC (78,700 cycles), (d) 850WAC (1,521,300 cycles), (e) 950WAC
(671,100 cycles), (f) 1050WAC (141,700 cycles).

Figure 10 shows another representative fracture surface and crack initiation zone of
850FC and 850WAC, respectively. The crack initiation zone I moves inward, and the fatigue
fracture nucleates from the internal defects that are far from the surface, as displayed
in Figure 10a,c. The enlarged view of the crack initiation zone of 850FC is displayed in
Figure 10b. The defect is located about 658 µm from the surface, and its fatigue life is
3,961,000 cycles. Compared with 850FC in Figure 9a, the site of crack initiation also caused
a further improvement in fatigue life, indicating that the location of crack initiation and
the microstructure jointly caused the improvement in fatigue life. Figure 10d shows an
enlarged diagram of the crack initiation of 850WAC, the depth of the defect from the surface
is about 118 µm, and the fatigue life is 2,175,400 cycles. The fatigue life is significantly
improved compared to 850WAC in Figure 9d. The experimental results indicate that the
deeper the crack initiation location, the longer the fatigue life. The microstructure and
initiation location jointly determine the fatigue life.
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3.3. Effect of the Heat Treatment on Crack Growth Behaviour
3.3.1. Fatigue Crack Growth Rate

The fatigue crack growth rates (CGR) of identical-size CT specimens subjected to three
different heat treatment processes were measured. The seven-point incremental polynomial
method in ASTM E647 was used to calculate CGR curves in the linear Paris zone (zone II).

Figure 11a shows the CGR curves of the AT specimens obtained by the incremental
polynomial method. In the AT specimens, different heat treatment temperatures show the
same trend. When the stress intensity factor ∆k < 20 MPa m0.5, the CGR curve of 1050FC
is the lowest while 950FC is the highest, but it is not much different from that of 850FC.
When 20 MPa m0.5 < ∆k < 30 MPa m0.5, the difference between the CGR curves of all
heat-treated specimens gradually becomes smaller, and the CGR of the as-built specimen
remains similar to those of the heat-treated specimens. When ∆k continues to increase, the
CGR of the as-built specimens is higher than that of the heat-treated specimens. In the low
∆k area, there is a certain fluctuation in the CGR. Overall, 1050FC has higher crack growth
resistance, and the as-built specimen has the lowest.

Figure 11b shows the CGR curve of SAT specimens obtained by the incremental
polynomial method. Compared with the AT specimens, the difference in CGRs of the SAT
specimens is more obvious. When ∆k < 20 MPa m0.5, the CGR curve of 1050WAC is the
lowest, followed by 950WAC. And 850WAC has the highest CGR. When 20 MPa m0.5 <
∆k < 30 MPa m0.5, the difference between 850WAC and 950WAC gradually decreases, and
the CGR curve of the constructed specimen remains similar to that of 850WAC. When ∆k
continues to increase, the CGR of the as-built specimen is higher than that of the heat-
treated specimens, and the CGR of 1050WAC is gradually higher than 950WAC. Overall,
1050WAC has higher crack growth resistance, and the as-built specimen has the lowest
crack growth resistance.
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The linear zone (Zone II) satisfies the Paris equation:

da/dN = C(∆k)m (1)

The parameter m represents the slope of the scatter plot, and C and m comprehensively
represent the value of the CGR. We fitted the CGR curves and calculated the parameters
C and m, which are listed in Table 3. By comparison, it is found that in the Paris zone
(zone II), 1050FC and 1050WAC have excellent resistance to fatigue crack growth. When
Ta < Tβ, the impact of the microstructure’s change on the CGR is not obvious. When
Ta > Tβ, the presence of the large α colony can greatly improve the fatigue crack resis-
tance of the specimens. large colony significantly increases the fatigue crack resistance of
the specimens.

Table 3. Paris constants for different Specimens.

Specimen C (Standard Error) m (Standard Error)

850FC 7.6899 × 10−8 2.56492
950FC 9.7163 × 10−8 2.50276

1050FC 2.1053 × 10−8 2.50923
850WAC 3.3787 × 10−8 2.82557
950WAC 3.5072 × 10−8 2.75541

1050WAC 6.3276 × 10−9 2.81959

3.3.2. Fracture Surfaces of Different Specimens on Paris Zone

Figure 12 shows the fracture morphologies of the Paris zone of the fatigue crack
growth specimens with different heat treatments. Fatigue cracks propagate from left to
right, and it can be found that secondary cracks or micro-cracks appear on the fracture
surfaces of all specimens. The fracture is dominated by cleavage fracture, and the width
of the cleavage step gradually widens with the growth of α grains. On the plane of the
partially cleaved steps, there are mutually parallel fatigue striations perpendicular to the
nominal crack propagation plane, but not all steps. Fine fatigue striations appear on the
cleavage facets of 850FC (Figure 12a) and 850WAC (Figure 12d), which are difficult to
observe, and related to the fineness of α grains. The cleavage planes of 950FC (Figure 12b)
and 950WAC (Figure 12e) are widened, and fatigue striations are also more obvious. The
cleavage steps of 1050FC (Figure 12c) and 105WAC (Figure 12f) were further enlarged, and
the secondary crack between the planes grows deeper into the material.
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4. Discussion
4.1. Small Crack Growth

The fatigue life of the specimen is mainly made up of the crack initiation and prop-
agation life. Specimen 1050FC (Figure 9c) has the lowest CGR and overall fatigue life
performance in the crack growth stage, which is not significantly different from the as-built
specimen. This indicates that the crack initiation stage occupies most of the entire life stage.
The fatigue crack initiation stage is mainly determined by the irreversibility of slip [34].
In local grains with good sliding directions, dislocations nucleate and slide. Plastic strain
builds up with cycle loading until it becomes incompatible with adjacent grain sliding. As
a result, little extrusions and protrusions occur, finally forming a small crack, and the local
sliding deforms the surface grains, which are likewise susceptible to these protrusions and
extrusions. Therefore, cracks tend to nucleate from surfaces or defects and the stress con-
centration of the applied load tends to accelerate the formation of small cracks. Favorable
microstructures tend to reduce dislocation motion and resist crack initiation.

The fatigue initiation life includes the small crack stage, and the length of the crack
propagation is usually only a few hundred microns. At this time, the stress intensity factor



Appl. Sci. 2023, 13, 1828 14 of 17

is very small, and a favorable structure can significantly improve the crack initiation life
at this stage [35,36]. After the initiation of a small crack, under the action of continuous
cyclic loading, the small crack continues to propagate forward through slippage. The
slip length determines microcracks’ propagation [37]. For Ta < Tβ, cracks tend to choose
the most favorable direction for propagation to extend. Because grain boundaries are
limited, the majority of small cracks propagate between them, and the crack propagation is
zigzag. The secondary crack can share the stress at the tip of the main crack, and consume
a lot of energy. This organizes further crack growth and extends the crack initiation life.
Therefore, the smaller the α grains, the denser the grain boundaries. Slipping becomes
more difficult as the dislocations accumulate at grain boundaries. This improves crack
propagation resistance while also extending crack initiation life. For Ta > Tβ, the small
crack’s propagation path tends to extend along the α colony boundary. When encountering
another α colony boundary, dislocations accumulate at the α colony boundary and change
the direction of expansion after accumulation to a certain extent. The size of the α colony
reflects the length of the slip to some extent. The larger the colony, the longer the slip length
after each deflection, the faster the crack propagation rate, and the worse the resistance to
crack initiation.

4.2. Effects of Nucleus Position and Microstructure on Fatigue

During the experiment, only the fine (α + β) two-phase microstructure appeared at
the pore defects far away from the surface. Disregarding randomness, it is believed that a
favorable microstructure increases the stress sensitivity of internal pores. Once the fatigue
fracture is initiated from the inside, there will be river lines around the fatigue source,
indicating that once the crack is initiated, it will spread around. It is confirmed that the
crack will propagate along the plane perpendicular to the load at the stage of just beginning
to propagate. This is congruent with the findings of Romali Biswal et al. [38]. After a
certain position of the irregular pore defect becomes the crack initiation point, small crack
propagation begins to occur. At this time, the area where the small crack propagation
occurs yields, and the crack tip undergoes plastic deformation, while other parts around
the pore defect are still below the elasticity threshold. With the loading of the cyclic load,
the maximum stress concentration is gradually transferred to the surrounding elastic zone
of the vertical loading axis, that is, one circle of the pores, so that the life of the small crack
stage will be significantly improved. Therefore, in the case of low overall porosity, the
favorable microstructure and the position of the pore defect will jointly control the fatigue
life of the specimen after the defect near the interior becomes the crack source. According
to the actual analysis results, a microstructure with as small a phase size as possible and
fatigue originating from internal locations will achieve higher fatigue life.

4.3. Fatigue Crack Growth Rate Analysis

The range of stress intensity factors further increases as the crack enters the stable
propagation stage (Paris zone). The growth rate of cracks at the early stage of stable
propagation is mainly controlled by the thickness of the α lath [39]. For the as-built
specimen, due to the thin thickness of the acicular martensite in the microstructure, when
the crack tip encounters the acicular martensite, the dislocations accumulate at its boundary
and eventually propagate through the martensite forward. After heat treatment, for Ta <
Tβ, after the crack encounters a thicker α slab, the crack penetration requires more energy,
so the crack propagation direction changes. The major cause of the reduction in CGR is the
deflection of the crack. For Ta > Tβ, the α colony will complicate the crack propagation
path, and differently oriented α colonies increase resistance to fatigue propagation. The
excellent fatigue resistance of α colony microstructure is often related to the high deflection
and bifurcation during crack propagation. The secondary crack caused by bifurcation will
greatly share the stress intensity of the main crack tip and reduce the propagation rate.

As the crack length increases, the inhibitory effect of the microstructure is negligible,
the plastic zone at the crack tip passes directly through multiple grains, and crack propaga-
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tion begins to proceed along two slip systems or multiple slip systems simultaneously or
alternately. When the crack propagates in this state, the load promoting crack growth varies
with time, so the CGR also varies with time and stress intensity factor. The continuous
plastic deformation and the fracture process affect the crack tip geometry, which in turn
affects the fracture topography characteristics caused by crack propagation. The fatigue
crack growth mechanism at this stage propagates in a plastic banding mechanism, and each
cyclic loading of tensile loading will produce a fatigue band. The CGR is the lowest when
the fatigue crack propagates in a plastic banding mechanism, which also explains why
brittleness causes an increase in the fatigue fracture growth rate of the as-built specimen.

5. Conclusions

In this study, the effect of (α + β) two-phase microstructure on the fatigue life and
fatigue crack growth properties of LPBF Ti-6Al-4V was investigated based on porosity
reduction by remelting. The microstructure and morphology, average fatigue life, and CGR
curves were obtained, and the fracture surfaces of fatigue specimens and fatigue crack
growth specimens of different heat treatment processes were researched. The following are
the main conclusions:

(1). The fatigue life changes of AT and SAT specimens follow the same pattern as heat
treatment temperature increases. Heat treatment temperature rises, causing the slatted α

phases to thicken and fatigue performance to deteriorate. The fatigue life of AT and SAT
specimens at 850 ◦C increased significantly, by 101 times and 63.7 times, over the as-built
specimen, respectively.

(2). By observing the fracture surfaces of fatigue specimens, it was found that the tiny
defects inside the part still affected the location of the crack origin. The location of the crack
nucleation and the microstructure together control the fatigue life of the fatigue specimen.
The farther the nucleus position is from the surface, the higher the fatigue life.

(3). In terms of Paris CGR, when Ta < Tβ, AT and SAT specimens both show less
sensitivity to microstructure; When Ta > Tβ, the α colony makes the CGR show excellent
performance, which is due to the high deflection of the crack growth and the generation of
secondary cracks.

(4). In the fracture faces of fatigue growth specimens, it was found that all heat-treated
specimens were mainly cleavage fractures. Typical fatigue striation features appear on the
cleavage steps, and secondary cracks are distributed between the steps. When Ta > Tβ, the
cleavage step is further widened and the secondary crack deepens.

(5). Regardless of whether it is AT or SAT, when Ta < Tβ, the microstructure is
composed of plate-like α and β phases. Ta determines the thickness of the α lath. The
higher the Ta, the thicker the α lath. When Ta > Tβ, the microstructure appears as α

colonies. The size of α colonies depends on the cooling rate. The faster the cooling rate, the
smaller the α colonies.
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