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A B S T R A C T

In-situ fatigue tests were conducted for exploring the fatigue crack propagation process for Ti-6Al-4V manu-
factured by selective laser melting (SLM). Fatigue specimens were prepared with two printing orientations by
SLM and characterized by scanning electron microscopy (SEM). In-situ fatigue experiments were carried out at
25 °C, 200 °C, 400 °C and 600 °C, respectively. Results show that vertically printed specimens have more and
larger defects than horizontally printed ones. The fatigue property of horizontally printed specimens is better
than that of vertically printed specimens. The anisotropy caused by printing orientation is the reason for the
difference in fatigue property. Crack propagation rate increases with temperature. A large number of secondary
cracks occurred during the crack propagation at elevated temperature. The branching of secondary cracks re-
leases the energy at the crack tip, and thus slows down the crack growth.

1. Introduction

Additive manufacturing (AM) technology refers to a kind of tech-
nology that directly processes parts by layers according to three-di-
mensional (3D) digital model, which is also called 3D printing, direct
digital manufacturing, rapidly prototyping, etc. It is a new frontier
technology developed in the late 1980 s and it is considered as one of
the major breakthroughs in manufacturing technology fields. It is
considered that the new manufacturing technology will promote the
third industrial revolution [1]. In contrast to traditional metal manu-
facturing processes, AM is becoming an innovative technology for de-
signing new products with unprecedented complexity [2]. ASTM
(American Society for Testing Materials) defines AM as the process of
connecting materials from 3D model data to create objects, usually
layer by layer, rather than subtraction [3]. In addition, AM technology
does not require molds, which substantially reduces the cost and in-
creases the flexibility of production of complex components [4].
Therefore, the development of AM technology has been widely re-
cognized in biomedicine, aerospace, automobile, marine and offshore
industries [5]. Compared to the static strength and stiffness, in-
vestigations on the dynamic performances of AM materials and struc-
tures are quite limited. Considered as promising lightweight structural
materials for aerospace and automobile industrial sections [6], the
static mechanical properties of AM Ti-6Al-4V alloys are explored in

recent years, such as strength, stiffness, impact energy etc. [7]. How-
ever, the fatigue performances and failure mechanisms are not yet well
understood. Therefore, it is necessary to understand the mechanical
properties of the AM materials in order to fully adopt this approach for
structural bearing components, especially under fatigue loadings.

As early as the development of AM technology in the 1990 s, re-
searchers tried to prepare non-metallic prototypes based on various
rapid prototyping manufacturing methods, and achieved the prepara-
tion of metal parts through the follow-up process [8]. Compared with
the rapid prototyping manufacturing technologies such as stereo light
forming (SLA), laminated manufacturing (LOM), fused deposition
forming (FDM), selective laser sintering (SLS) provided a most direct
possibility for preparing metal parts due to its characteristics of using
powder materials [9]. With the application of high power laser in rapid
prototyping technology, SLS technology was further developed to se-
lective laser melting technology (SLM), which is a process of melting
and cooling metal powder rapidly by high energy lasers. The process is
based on the interaction between laser and powder which includes a
series of physical and chemical processes such as energy transfer and
phase change. SLM has been widely employed for manufacturing me-
tals, such as Ti-6Al-4V, AlSi10Mg and Inconel 718 alloys [10]. The
development of SLM technology has brought infinite vitality to manu-
facturing industry, especially to the development of rapid processing,
personalized medical products, aerospace parts and automotive parts
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manufacturing industry [11]. At present, the main issue associated with
Ti-6Al-4V manufactured by SLM is assessment and estimation of the
related fatigue performances [12–20].

Some recent investigations have been carried out on Ti-6Al-4V
manufactured by SLM, and the corresponding manufacturing para-
meters have been studied. Bastien et al. [21] investigated the effects of
the surface roughness of Ti-6Al-4V parts produced by SLM on high cycle
fatigue (HCF) behavior, showing that the HCF life is significantly re-
duced due to the effect of surface roughness. Zhang et al. [22] proposed
a general simulation framework to predict the metallurgical properties
of AM parts. The comparison between experimental and numerical
predictions shows that such modeling techniques, with minimal cali-
bration effort, can be used to predict strength behavior, including
softening beyond the uniform extension limit. Victor et al. [23] com-
pared the fatigue properties of Ti-6Al-4V specimens fabricated by
electron beam melting (EBM) and SLM, showing that the AM specimens
have better fatigue property with the elimination of surface defects.
Dzugan et al. [24] investigated the effect the orientation and thickness
of Ti-6Al-4V samples on their microstructures and tensile properties,
showing that the microstructures and mechanical properties are related
to the building direction, and partly to the thickness and location of the
chamber in the samples. Benedetti et al. [25] carried out low and HCF
tests on Ti-6Al-4V specimens manufactured by SLM after low tem-
perature stress relief treatment, showing that average stress, residual
stress and defects have important effects on fatigue properties. How-
ever, only a few studies have been carried out to address the fatigue
performance of components manufactured by SLM [26–30]. Therefore,
this paper aimed at partially filling this gap, by investigating the fatigue
property of Ti-6Al-4V parts manufactured by SLM. This is of significant
interest for many industrial applications and would allow the design of
safer products and components subjected to cyclic loadings [31–33].

As a powerful tool for surface topography and microstructure
characterization, in-situ scanning electron microscopy (SEM) was used
for observing fracture morphology, to study fatigue crack initiation.
Wang et al. [34] carried out in-situ fatigue tests using SEM at room and
elevated temperatures, showing that the effect of pore is more pro-
nounced at low temperature, and when the temperature is higher than
400 °C, temperature influence is dominant. Han et al. [35] observed the
slip line and crack initiation during fretting fatigue of nickel-based
single alloys and predicted the location and direction of crack initiation.
Zhang et al. [36] studied the fatigue crack initiation and propagation
behavior of a high Niobium (Nb) titanium (Ti) alloy with near-layered
structure at 750 °C, showing that the fatigue cracks initiate at the center
of the notch and then transfer to the edge. Lu et al. [37] investigated the

stress-induced martensitic transformation of copper-nickel-aluminum
shape memory alloys and its relationship with crack nucleation and
propagation, and found that the stress concentration at the crack tip can
lead to accumulation defects and the formation of different types of
martensite. Yan et al. [38] studied the deformation behavior and frac-
ture mechanism of 12Cr1MoV steel, showing that slip dominates and it
is not affected by microstructure. In addition, Gallo et al. [39] extended
the averaged strain energy density (SED) method to the assessment of
fatigue behavior for the notched components. Fracture toughness of
silicon is evaluated in [40] and compared with that of pre-cracked
specimens as well as notched specimens. Gallo et al. [41] investigated
the fracture behavior of silicon at nanoscale using the theory of critical
distances (TCD) and demonstrates that TCD can well quantify the
fracture behavior. Moreover, it is suggested that the TCD is an alter-
native strategy for the determination of KIc at the nanoscale. Chai et al.
[42] investigated the slip and propagation of fatigue cracks by in-situ
SEM, and found that crack deformation and crack branching sig-
nificantly reduce the crack growth rate. In-situ SEM is an effective
method to study the fatigue performance and crack propagation of Ti-
6Al-4V alloy.

Therefore, in-situ fatigue experiments using SEM are performed in
this paper for studying the fatigue performance of Ti-6Al-4V manu-
factured by SLM. Fatigue test samples were prepared with two building
orientations (horizontally printed, vertically printed), and character-
ized by SEM. In-situ fatigue experiments (f = 10 Hz) were carried out at
25 °C, 200 °C, 400 °C and 600 °C in order to study the fatigue behavior,
microstructure evolution and crack propagation. After observing frac-
ture surfaces, the crack initiation mechanism was discussed and the
Paris model was used to quantify crack propagation.

2. Material, specimens and SLM parameters

In this section, material, specimen design, SLM technology and re-
lated processing parameters are described in detail.

2.1. Material

The Ti-6Al-4V materials were fabricated using an EOS M290 ma-
chine, which is a SLM system from EOS GmbH. Raw material powders
were certified with particle sizes ranging from 20 to 50 μm. The che-
mical composition of material is listed in Table 1.

Table 1
Nominal chemical composition of the Ti-6Al-4Vspecimens (wt. %).

Element Ti Al V Fe Ti Cr Cu Mn Ni Mg Zn

wt. % Balance 6.75 4.0 0.25 0.011 <0.01 <0.01 <0.01 <0.01 < 0.01 < 0.01

Fig. 1. Geometry of the Ti-6Al-4V specimen used in fatigue test (unit: mm).
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2.2. Specimens

The design of Ti-6Al-4V sample is according to the Chinese code
GB/T 228-2002 [43]. The geometry of Ti-6Al-4V specimen used in fa-
tigue test was shown in Fig. 1. The U-shaped notch located at the center
of the gauge section was specially designed for the study of crack in-
itiation. During the SLM process, the average laser power was 357 W
and the specimens were built on a plate pre-heated to 80 °C.

This test included two batches of samples, i.e. one batch of hor-
izontally printed samples (10 specimens) and the other batch of verti-
cally printed ones (10 specimens). In order to obtain the smooth sur-
face, these samples were polished using SiC paper. The processing
parameters of horizontally and vertically printed samples were con-
sistent during SLM process. The final harvested specimens had a
thickness of 0.7 mm. The as-printed harvested Ti-6Al-4V samples for in-
situ SEM fatigue experiment are shown in Fig. 2, where the arrow re-
presents the printing direction. On the top are the vertically printed
samples, below are the horizontally printed ones.

2.3. SLM parameters

SLM is a process of melting and cooling a metal powder rapidly
using a high-power laser. The process is based on the interaction be-
tween laser and powders, which includes a series of physical and che-
mical processes, such as energy transfer and phase change. The related
SLM processing parameters used in this paper are listed in Table 2.

3. Experimental procedure

In this section, the in-situ fatigue test process, fractography and SEM
observation are described.

3.1. Fatigue test

In-situ fatigue tests were conducted in the SEM chamber with an
electro hydraulic servo system at elevated temperatures. The In-situ
SEM fatigue experiment system is shown in Fig. 3. The Ti-6Al-4V

sample was heated by thermal radiation in the vacuum chamber which
could heat the sample up to 800 °C with temperature control accuracy
of ± 2 °C [44]. The temperature precision was achieved by thermo-
couple. In this paper, fatigue experiments were conducted at 25 °C,
200 °C, 400 °C and 600 °C with the maximum loading frequency of
10 Hz. The peak stress was 300 MPa at the stress ratio R = 0.2. SEM
was used to record the process of crack initiation and propagation.

3.2. Microstructure characterization

In this paper, the crack propagation mechanism was studied by
observing the fracture morphology of Ti-6Al-4V samples using SEM. It
is shown in Fig. 4 the microstructures of Ti-6Al-4V specimens manu-
factured by SLM. The sample shows lamellar microstructures withα-
lamellar thickness between 1 and 2 μm. The results are consistent with
those reported in [21].

4. Results and discussion

This section mainly discusses the in-situ observation of fatigue crack
initiation and propagation, fractography, comparison of fatigue prop-
erties between horizontally printed and vertically printed samples, and
calculation with the Paris model.

4.1. Crack initiation and propagation

It is shown in Fig. 5 the in-situ test results for vertically printed
sample tested at different temperatures. As described in Section 2.3, the
scanning speed and the hatching distance of the laser were 1260 mm/s
and 0.17 mm, respectively. The shape of melt pool remained unchanged
during scanning. When scanning along a certain direction, large un-
fused defects and porosity (holes) were formed inevitably, as shown in
Fig. 5a. The holes play an important role in fatigue performance of Ti-
6Al-4V specimens manufactured by SLM, and the hole near the notch
seriously affects the fatigue life of the specimens. It is shown that a
main crack rapidly developed into fracture after 38 loading cycles.
Fig. 5b, c shows the in-situ fatigue test results at 200 °C and 400 °C,

Fig. 2. As printed harvested Ti-6Al-4V samples for in-situ SEM fatigue experi-
ments.

Table 2
SLM manufacturing parameters of the Ti-6Al-4V specimens.

Laser power
[W]

Scanning speed
[mm/s]

Scanning spacing
[mm]

Preheating temperature
[°C]

Powder size
[mm]

Printing direction
[°]

Laser profile Laser focal spot diameter
[μm]

357 1260 0.17 80 0.02 0,90 Gaussian 20–50

Fig. 3. In-situ SEM fatigue experiment system operated at elevated tempera-
tures.
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respectively. No crack propagation occurred after 80,024 and 120,879
cycles. This indicates that the studied Ti-6Al-4V specimens in general
have quite good fatigue property at high temperatures, and the tem-
perature effect on crack growth is relatively small at low cycle fatigue
[34].

It is shown in Fig. 6 the crack propagation process for vertically
printed sample tested at room temperature (25 °C). At room tempera-
ture, Ti-6Al-4V specimen shows a smaller grain size withα-lamellar
thickness between 1 and 2 μm as demonstrated in Fig. 4. Material
brittleness is obvious and the dislocation resistance at the grain
boundary is large, which makes crack propagation along different
crystal planes near the tip. When the fatigue cycle is 2809, crack A
started to appear around the U-shaped notch. With the increase of
loading cycles, crack A developed into the dominant crack quickly.
Meanwhile, the length of internal crack B near the dominant crack A
gradually increases. When the number of fatigue loading cycle reaches
5208, main crack A and the inner crack B suddenly penetrated, and
coalescenced into one main crack, thus leading to the global failure of
the sample at loading cycle of 6025 (not shown here).

It is shown in Fig. 7 the crack propagation process for vertically
printed sample tested at 400 °C. It is seen that there is a hole near the
notch and the fatigue crack growth is affected by the local micro-
structures. The holes made crack initiation and propagation biased, so
that crack initiation and propagation occurred in the direction towards
the hole. When the loading cycle reaches 23903, micro-cracks started to
develop at the upper edge of notch, until the fatigue loading is 25,635
cycles. Then the crack propagated rapidly and failed at the cycles of
27309. Therefore, the inhomogeneity of local structures such as defects
and inclusions can change the crack growth path and reduce the crack
growth rate, especially in the final stage of crack growth.

It is shown in Fig. 8 the micro crack propagation process for hor-
izontally printed sample tested at 600 °C. Under high temperature

Fig. 4. Microstructure of the Ti-6Al-4V specimen manufactured by SLM.

Fig. 5. The In-situ fatigue tests for vertically printed Ti-6Al-4V sample tested at different temperatures: (a) 25 °C, N = 38 cycles: crack propagation rapidly; (b)
200 °C, N = 80024 cycles: non crack propagation; (c) 400 °C, N = 120879 cycles: non crack propagation.

Fig. 6. The fatigue crack propagation process for vertically printed Ti-6Al-4V
sample at room temperature: (a) N = 0 cycle; (b) N = 2809 cycles; (c)
N = 3970 cycles.
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environment, the material is oxidized, forming a large number of oxi-
dation products which will generally promote the generation of crack
nucleation and sliding, weaken the binding force of grain boundary,
and accelerate the crack growth process. However, for Ti-6Al-4V
manufactured by SLM, crack propagation rate is quite slow. This is
because that the secondary crack releases the energy at the crack tip
which increases the fracture toughness and slows down the crack
growth rate. The micro-cracks began to appear at loading cycle of
19533 and propagated steadily with the loading cycles. When fatigue
cycle reaches 20009, the micro crack opened slightly near the notch
edge of main crack, and there are many dispersed micro cracks around
the notch. As already discussed above, the appearance of secondary
cracks at high temperature is beneficial to slow down the crack pro-
pagation. As shown in Fig. 8, a secondary crack occurred during crack
propagation at high temperature. The branching of secondary cracks
released the energy at the crack tip, which slows down the crack
growth. Finally, the sample failed at loading cycles of 21659.

4.2. Characteristics of crack origins

This section summarizes fatigue crack origins and SEM was used to
observe the fracture morphology in order to study fatigue crack pro-
pagation mechanism.

It is shown in Fig. 9 the fracture surface of vertically printed sample
(Ti-6Al-4V) at room temperature of 25 °C. It is seen that there is a large
defect near the notch. The cleavage of phase α appeared only above the
hole while none below the notch. It is summarized that significant
microstructure differences around the hole are due to the combination
of cyclic loading and defects generated in the SLM process.

In general, fatigue failure process includes three stages: crack in-
itiation, stable crack propagation and instantaneous fracture. Fig. 10
shows the fracture surface for horizontally printed sample tested at
200 °C. From this figure, the crack propagation is divided into three
regions. Firstly, α phase cleavaged around notch and crack initiation
started. Then crack propagated near notch and finally fracture area

Fig. 7. The fatigue crack propagation process for vertically printed Ti-6Al-4V sample at 400 °C: (a) N = 0 cycle; (b) N = 25635 cycles; (c) N = 26809 cycles; (d)
N = 27308 cycles.

Fig. 8. The micro crack propagation process for horizontally printedTi-6Al-4V sample at 600 °C: (a) N = 0 cycle; (b) N = 19533 cycles; (c) N = 21659 cycles.
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occurred from notch instantaneously. With the increase of temperature,
the portion of crack propagating stage increases gradually. The life of
the instantaneous fracture zone of vertically printed samples is shorter
than that of the horizontal printed samples, which is due to the printing
defects. From Fig. 10, the appearance of multi-crack initiation can be
found in horizontally printed specimens at high temperature. The crack
origin zone at the left lower part (C.O. 1) is a defect formed in the SLM
process. This printing defect acted also as the origin of crack initiation.
To summarize, defects formed in the SLM process affect the crack

propagation behavior significantly.
It is seen in Fig. 11 the fracture surface for vertically printed sample

tested at 600 °C. There are a large number of unmelted particles inside
the U-shaped notch which significantly reduced the fatigue perfor-
mance of vertically printed samples.

It is shown in Fig. 11 a, b that there are a lot of defects in crack
propagation area, which results in the decrease of fatigue performance.
By comparing the fracture surfaces, it is found that the vertically
printed samples have more and larger defects, voids and unmelted

Fig. 9. The fracture surface for vertically printed Ti-6Al-4V sample at 25 °C.

Fig. 10. The fracture surface for horizontally printedTi-6Al-4V sample at 200 °C, C.O. indicates crack origin.
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particles than those of horizontally printed samples, which is the fun-
damental reason for the difference of fatigue properties between the
two specimens.

4.3. Fatigue life and crack propagation rate

In this study, in-situ fatigue tests were carried out for both hor-
izontally and vertically printed specimens at different temperatures.
The relationship between fatigue cycle and temperature for all the
specimens is shown in Fig. 12. It can be seen that the average crack
growth rate is the lowest at 25 °C, and the average crack growth rate
reaches maximum at 600 °C. Crack growth rate increases with tem-
perature. In addition, the fatigue properties of horizontally printed
specimens are superior. This is because that the number of printing
layers required for horizontal and vertical printed samples are not in
the same order of magnitude and the probability of accumulating de-
fects along the two directions is quite different. Although the area or
length of the layers is different, the number of layers that need to be
printed for vertically printed samples is much greater than those of
horizontally printed samples. In this way, defects are more likely to
form between layers during the laser printing process. Therefore, the
volume fraction of defects is larger in vertically printed samples. The
anisotropy caused by printing orientation is the fundamental reason for
the significant difference in fatigue performance.

Notches widely existed in engineering structures and components,
which may cause stress concentration. As a result, fatigue crack tends to
nucleate at the notch tip and eventually leads to component failure. The
quantification of crack propagation rate is of engineering significance.
The following is thus focused on the quantification of fatigue propa-
gation for the notched specimens.

According to ASTM, the crack growth length a and the corre-
sponding cycle number N were measured under cyclic loading during
crack propagation. The results are shown in Fig. 13. It is seen that the
crack length increases with cycle number N. The slope of crack length
curve increases which indicates that the crack growth rate is increasing.
By calculating the linear slope (da/dN) of two adjacent data points on
the a-N curve and the corresponding stress intensity factor amplitude,
one has

= − −+ +da dN a a N N( / ) ( )/( )i i i i i1 1 (1)

In general, the stress intensity factor is expressed as:

=K Fσ πa (2)

where a is the crack length, F is shape factor.
If short crack appears at the notch root, the interaction between the

notch root and the short crack leads to a slightly lower stress intensity
factor than expected. Smith and Miller [45] gave the following esti-
mating formulas according to the solution provided by Newman [46].

when <a Dρ0.13 ,

Fig. 11. The fracture surface for vertically printedTi-6Al-4V sample tested at 600 °C.

Fig. 12. Relation between fatigue life and the temperature for specimens with
different printing orientations.

Fig. 13. The relationship between crack length and fatigue cycle number at
different temperatures.
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= +K σ πa D ρΔ Δ 1 7.69 / (3)

when >a Dρ0.13 ,

= +K σ π a DΔ Δ ( ) (4)

where D is the depth of the notch, and ρ is the radius of curvature of the
notch root. By using Eq. (1) and (2), ΔK and da/dN are calculated. Paris
formula is then used to correlate ΔK and da/dN, as

=da dN C K/ (Δ )m (5)

where C and m are material constants and ΔK is the range of stress
intensity factor. The results at T = 400 °C are well predicted with the
Paris model, as shown in Fig. 14. Therefore, it can be used to quantify
the crack growth of Ti-6Al-4V manufactured by SLM.

5. Conclusions

In this paper, fatigue property and crack propagation mechanism of
Ti-6Al-4V specimens manufactured by SLM with different manu-
facturing orientations were investigated by in-situ test at different
temperatures. The main conclusions are as follows:

(1) The fatigue property of horizontally printed specimens is better
than that of vertically printed specimens. Vertically printed samples
have more and larger defects and unmelted particles than hor-
izontally printed samples. The anisotropy caused by the printing
orientation is attributed to the reason for the significant difference
in fatigue performance at different temperatures.

(2) Defects formed in the SLM process affect the crack growth behavior.
The inhomogeneity of local structures such as defects and inclusions
change the crack growth path, reducing the crack growth rate.

(3) The crack growth rate of Ti-6Al-4V specimens manufactured by
SLM increases with temperature. A large number of secondary
cracks occurred during the crack propagation at elevated tem-
perature. The branching of secondary cracks releases the energy at
the crack tip, and thus slows down the crack growth.

More studies on biaxial fatigue analysis [47], multiaxial fatigue
[48,49] and probabilistic fatigue modeling [50,51] of additive manu-
factured materials are planned.
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