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This article presents a systematically study through experimental and theoretical
methods to better understand the mechanism of the geometric deformation produced
during selective laser melting (SLM) treatment of the Ti6Al4V blade. Ti6Al4V blade
was prepared by SLM. Microstructure, dimensional deviation and residual stress were
investigated. The microstructure observation illustrates that the acicular α′ martensite
formed in prior β grain, in addition, the smaller the grain size, the larger the dimensional
deviation. The geometric deviation demonstrates that the directions of dimensional
deviation at the leading and trailing edges of the blade are opposite to those in the
middle. The distribution of dimensional deviation exhibits a parabolic change at the
trailing edge of blade. The thermal stresses along the edges are much larger than
that of the blade body, which cause the severe deformation of the edges toward the
suction side of the blade. This conclusion is further verified by the XRD method. The
residual stress distribution measured through X-ray diffraction is consistent with the
simulation results.

Keywords: selective laser melting, microstructure, dimensional deviation, thermal elasto-plastic theory, residual
stress

INTRODUCTION

Ti6Al4V alloy is widely utilized in the aerospace industry benefits from its high specific strength,
light weight, and superior corrosion resistance, especially as a suitable materials for aero-engine
blades (Cui et al., 2011; Shuhui et al., 2013; Zhang and Chen, 2019). However, the traditional
subtractive manufacturing process is difficult to fabricate complex Ti6Al4V components due to
its low thermal conductivity, high hardness and high chemical reactivity, which also causes a large
amount of material waste and high manufacturing costs (Tian et al., 2008; Greitemeier et al., 2017;
Zhuang et al., 2018).

Additive manufacturing (AM) is an emerging manufacturing technology that builds three-
dimensional objects in a layer-by-layer manner (Emmelmann et al., 2013; Herzog et al., 2016; Zhang
et al., 2018a). Thus, AM technology enables rapid prototyping of complex structural components of
Ti6Al4V alloy. Selective laser melting (SLM) is a powder-based AM process, which utilizes a laser-
beam to melt metal powder and produce components with high dimensional accuracy. At present,
titanium alloy AM is becoming a mature technology, which is not only be utilized in producing
aerospace components with high geometric complexity such as impellers and blades (Liu et al.,
2017), but also can be used to produce medical equipments and implants (Yadroitsev et al., 2014;
Uhlmann et al., 2015; Seabra et al., 2016; Zhang and Attar, 2016; Xu et al., 2018).

During the SLM process, the metal powder is rapidly melted by the laser beam to form a molten
pool (Manvatkar et al., 2015), and then, it cools and solidifies rapidly due to the extremely fast
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laser scanning speed, resulting in a steep temperature gradient
near the molten pool (Vasinonta et al., 2006). The great
temperature gradient makes the trend of expansion and
contraction among the various parts inside the component,
which generate thermal stress and thermal deformation during
the forming process, and form residual stress and residual
deformation after the end of construction (Mercelis and
Kruth, 2006; Kruth et al., 2012; Cheng et al., 2016). These
problems directly affect the dimensional accuracy and functional
performance of the components (Rossini et al., 2012). Therefore,
a large number of studies focusing on prediction and prevention
of residual stress and related deformation of SLM process can
be found. Kruth et al. (2012) developed a bridge curvature
method to assess the thermal stress and deformation of SLM
components. They found that optimizing the direction of the
laser scanning vector can reduce thermal stress and deformation.
Li et al. (2017a) developed a temperature-thread modeling
method for efficient prediction of cantilever distortion produced
by SLM. Their study reported that the predicted residual stress
in length direction is dominant factor for part distortion. Large
tensile residual stress in length direction was predicted on the
top layer of the cantilever with support on the substrate, and
the tensile residual stress in the upper layer of the cantilever
decreased by 70% after the support removal. Mukherjee et al.
(2017) combined three-dimensional transient heat transfer and
additive fluid flow models with thermodynamic models to
accurately calculate the temperature field, residual stress, and
deformation of Ti6Al4V printing components. The simulation
results show that the longitudinal residual stress exhibits a
steep gradient at both ends of the deposit, making the part
easy to bend and warp; the residual stress changes from tensile
to compressive at the layer interfaces, which may result in
layer separation. Most of these studies directly use simulation
software to obtain stress field and deformation distribution
(Cheng et al., 2016; Li et al., 2017a, 2018; Mukherjee et al.,
2017; Zhang et al., 2018b). Their research aims to develop
new three-dimensional numerical models to better predict
residual stress and deformation of printed components under
different parameters. However, the mechanism of the influence
of thermal stress on deformation is rarely studied. In addition,
the experimental research objects are usually rectangular or
thin-walled parts with simple shapes, and the research results
cannot effectively reflect the dimensional deviation distribution
of complex SLM components.

In view of the above, the objective of this work is to study
the distribution law of dimensional deviation of complex blade
components prepared by SLM and to explore the mechanism of
thermal stress on deformation.

MATERIALS AND METHODS

Gas-atomized spherical Ti6Al4V powder was used as the raw
powders. The size range of raw powders is 15–45 µm, size
distribution (D50) is ≤30 µm, flowability is ≤40 s, and apparent
density is 2.5 g/cm3. The chemical compositions of raw powders
are listed in Table 1.

TABLE 1 | The chemical composition of Ti6Al4V powder.

Element Ti Al V Fe C N O H

wt% Balance 6.15 3.95 0.03 0.04 166 ppm 839 ppm 12 ppm

A solid Ti6Al4V blade sample was designed and printed, as
shown in Figure 1a. Figure 1b showed details of the designed
blade. The Ti6Al4V blade was manufactured by an EOS M280
system equipped with an Yb-Fiber laser with a maximum power
output of 400 W. During the process, the built chamber was
in an argon atmosphere to avoid oxidation of the sample. The
temperature of built platform was maintained at 200◦C, the
laser power was 280 W; the scanning speed was 1200 mm/s;
the scanning pitch was 85 µm; layer thickness was 30 µm; and
scanning strategy for zigzag scanning.

The samples were scanned using a three-dimensional scanner
equipped with a blue-ray projector and two cameras with
a resolution of 0.02 mm. The scanned data was imported
into Geomagic Control software and aligned with the three-
dimensional model of the sample to obtain dimensional
deviations for all samples.

The microstructure was observed by an optical microscopy
(OM, Olympus-BX53) and electron backscatter diffraction
(EBSD). Samples of microstructure and EBSD were cut at the
leading edge and trailing edge of the blade, respectively. The
size of samples is 8 mm × 8 mm. The samples of EBSD were
electro-polished. The samples of microstructure were polished
then etched in reagent (5 ml HF + 25 ml HNO3 + 50 ml
water) for 20 s.

The residual stresses were obtained by the XRD pattern
(D8 advance, CuKα radiation, λ = 1.542 Å). The longitudinal
direction of blade is construction direction. the transverse
direction is perpendicular to the construction direction and
parallel to the blade surface. The accelerating voltage and tube
current are 30 kV and 25 mA, respectively. The spot diameter is
2 mm. The sin2 ψ method was conducted to calculate the planar
stresses of the blade on the basis of the shifts of diffraction peak
of Ti {213} with ψ angel in the range −30◦ ≤ ψ ≤ 30◦. The
test surface stress can be regarded as a two-dimensional stress
state. The relationship between residual stress σ and sin2 ψ can
be demonstrated as (Li et al., 2017b):

d − d0

d0
= −

1
2

S2σ sin2 ψ (1)

where d is the d-spacing of the plane measured at angle ψ,
d0 is the stress freed-spacing, −1/2 S2σ is the X-ray elastic
constant which is calculated from ISODEC (Gnäupel-Herold,
2012) and set to 11.89 × 10−6 MPa−1. The residual stress can
be calculated from the slope between the (d−d0)/d0 and sin2 ψ

(Vora et al., 2015).

RESULTS AND DISCUSSION

Microstructure
The XRD pattern of the blade is shown in Figure 2. The
hexagonal closed-packed (hcp) α′ phases are detected, distinct β
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FIGURE 1 | (a) The Ti6Al4V blade. (b) Details of the designed blade.

FIGURE 2 | The XRD profile for the SLMed Ti6Al4V blade feature.

phase peaks are not observed, which indicates that the prior-β
phase has converted into the α′ phase due to the high cooling rate
during SLM process. The longitudinal section microstructure of
blade along the build direction are shown in Figure 3. The OM
images show the presence of α′ martensite laths and columnar
prior-β grain boundaries. Prior-β grains grow epitaxially along
a heat flow direction through a plurality of deposited layers.
The length of columnar prior-β grains is about several 100 µm
and the width is about 50–200 µm. A large number of acicular
α′ martensite are formed within the columnar prior-β grains.
These acicular martensites are parallel or perpendicular to each
other and form an angle of about 45◦ with the grain boundaries
of the prior-β grains (Figure 3a). The α′ martensite at the
trailing edge of the blade (Figure 3b) are finer than the leading
edge (Figure 3a).

Electron backscatter diffraction microscopy of blade at the
leading and trailing edges are shown in Figures 4a,b. The inverse
pole figure (IPF) map shows orthogonally oriented martensitic

colony are formed within the prior-β grains. The α’ martensite
colony at the leading and trailing edge are shown in Figures 5A,B,
respectively. The size of α′ martensite colony at the trailing edge
(Figure 5B) are finer than that at the leading edge (Figure 5A),
which are corresponded to the Figure 4. The percent of small-
sized grains at the trailing edge is higher than that at the leading
edge. The average size of martensite colony width at the leading
and trailing edge is about 1.3 and 1.0 µm. This is related to
the high temperature gradient due to the thinner wall thickness
at the trailing edge. Smaller grains are more prone to generate
internal stresses and cause shape changes. The misorientation
angle distributions of the blade at the leading and trailing edges
are shown in Figures 6A,B, respectively. Both of them mainly
involve high-angle grain boundaries (HAGBs, >15◦), but the
ratio of the high-angle grain boundary at the trailing edge is
slightly smaller than the ratio at the leading edge, which indicates
that the plasticity at the trailing edge is poorer and it would be
more easily to deform. It can be concluded that the deformation
and stress at the trailing edge of the blade are larger than those at
the leading edge from Figures 3–6.

Dimensional Deviation
The dimensional deviation of the blade at the pressure surface
and suction surface are shown in Figure 7. The chromatogram
on the right side of Figure 7 indicates the magnitude of the
dimensional deviation, where yellow and red represent positive
deviation, and blue represents negative deviation. The darker
the color, the larger the deviation value, and the lightest green
color indicates that the deviation value is close to zero. The
large area of light blue at the tenon is observed in Figure 7,
which indicates that the deformation of the tenon is inward
and small. Figures 7a,b illustrate the dimensional deviation
of the blade at the pressure surface and the suction surface,
respectively. The positive and negative deviation at pressure
surface are opposite those at suction surface. The middle part
of the pressure surface is mainly positive deviation and the two
edges are negative deviation. While, the middle part of the suction
surface is mainly negative deviation and the two edges are positive
deviation. The overall deformation tendency of the blade is that
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FIGURE 3 | Optical microscopy (OM) images of the longitudinal section of SLM Ti6Al4V blade. (a) The leading edge, (b) the trailing edge.

FIGURE 4 | EBSD microscopy of blade, (a) at the leading edge, (b) at the trailing edge.

the thicker portion deformed toward the pressure side and the
edges deformed toward the suction side. That indicates that the
blade has a tensile stress along the two edges during SLM process.

To observe the dimensional deviation distribution of the
leading edge, trailing edge, and middle part of the blade, six
lines were marked in these three parts of the blade as shown in
Figure 8. The line 1, line 2, and line 3 are marked on pressure
surface in Figure 8A. The line 4, line 5, and line 6 are marked
on suction surface in Figure 8B. The deviation direction of each
point on the line taken from the pressure surface (Figure 8A) is
exactly opposite to the corresponding part on the suction surface
(Figure 8B), but the deviation values are similar. Therefore,
the dimensional deviation on the pressure surface are analyzed
predominantly. The fluctuation of the dimensional deviation
value is small at the leading edge (ranged from−0.06 to 0.04 mm,
line 1) in Figure 8A. The dimensional deviation of line 1 is the

negative deviation at both ends and the positive deviation is in
the middle (Figure 8A). The dimensional deviation of middle
part line 2 is positive, which ranged from 0.02 to 0.13 mm.
At the trailing edge line 3, the dimensional deviation shows
a significant parabolic change with height increasing and the
deviation directions of the ends are opposite to the middle. The
magnitude of the deviation is between −0.5 to 0.2 mm, mainly
negative deviation (Figure 8A, line 3). It can be deduced from
the above discussion that the dimensional deviation at the trailing
edge of the blade is much bigger than that of the other parts and
has a significant parabolic tendency.

Therefore, another three lines at the trailing edge of the
pressure surface, denoted as line 7, line 8, and line 9, respectively,
are taken into consideration as shown in Figure 9. As the line
gets closer to the middle part, the curvature of the parabola and
the deviation value become smaller and the positive deviation
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FIGURE 5 | The size of α′ martensite laths, (A) at the leading edge, (B) at the trailing edge.

FIGURE 6 | Misorientation number of the blade, (A) at the leading edge, (B) at the trailing edge.

FIGURE 7 | Dimensional deviation of the blade, (a) the pressure surface, (b) the suction surface.
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FIGURE 8 | Line charts of the dimensional deviation – the height size of blade, (A) on the pressure surface, (B) on the suction surface.

FIGURE 9 | Dimensional deviation at the trailing edge.

of both ends become larger. The variation of the dimensional
deviation presents an interesting parabolic law at the trailing
edge of the blade is shown in Figures 7–9. The boundary line
between the positive and negative deviation at the trailing edge
is similar to a parabola.

The effect of the blade height on the parabolic trend was
investigated at the trailing edge, seven blade samples with
different heights (27.5, 30, 32.5, 35, 37.5, 40, and 42.5 mm)
were produced. The deviation analysis of seven blade samples
were obtained by three-dimensional scanning with a blue-ray
projector. The parabolic law was observed at the trailing edge
of all of the blade samples, as shown in Figure 10. A Cartesian
coordinate system was created to fit the parabolas of the pressure
surfaces of all blades to obtain quadratic equation in the
following form:

y = −a
(
x− b

)2
+ c (2)

FIGURE 10 | Dimensional deviation analysis at the trailing edge of seven
blades samples (27.5, 30, 32.5, 35, 37.5, 40, and 42.5 mm).

After fitting the parabola of all the blade body samples, the
results show that as the height of the blade body increases from
22.5 to 42.5 mm, the a value decreases from 0.07 to 0.03, the b
value increases from 12 to 20, and the c value fluctuates within
the range of 10–14, which indicates that as the height of the blade
increases, the range of the negative deviation at the trailing edge
increases in the height direction. No significant change can be
observed in the lateral direction.

Because the surface roughness of the blade is small (about
6 µm), the influence of the surface roughness on the dimensional
deviation is very small. So, the surface roughness is not discussed.

Stress Analysis
In the process of SLM, not only elastic deformation but also
plastic deformation will occur in the molten pool and thermal
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stress will occur when the molten pool is cooled and solidified.
A molten pool is a stress-free zone under the laser beam.
Heat affected zones is suppressed by the surrounding cooler
material. Therefore, compressive stress-strain generated in heat
affected zones. Correspondingly, after the laser beam leaves, the
temperature decreases rapidly in molten pool. There is tensile
stress in molten pools. There is compressive stress in heat
affected zones and cooler material zones. If the stress exceeds the
material’s yield stress (σ yield), the strain will be partly elastic (εe),
and partly plastic (εp).

According to the above discussion, the transient stress field of
SLM process can be regarded as a thermal elasto-plastic problem
of the molten zone. It is assumed that the volume of material
is invariance during plastic deformation; the deformation of
the material follows the von Mises yield criterion; the isotropic
strengthening criterion and the Prandtl-Reuss plastic flow
criterion are followed in the plastic deformation zone; in small
time increments, the thermal stress-strain and thermodynamic
properties change linearly with temperature. The elastic relation
of the stress increment and strain increment is given as (Yilbas
and Arif, 2001; Li et al., 2017a):{

dσ
}
= [D]

{
dε
}
− [C] dT (3)

where [D] is elastic-plastic matrix, dε is the total strain
increment, and [C] is a temperature dependent vector. In plastic
deformation, the total strain increment is given as (Yilbas and
Arif, 2001; Hussein et al., 2013):{

dε
}
=
{

dεe
}
+
{

dεT
}
+
{

dεp
}

(4)

where dεe is elastic strain increment, dεT is the plastic strain
increment, and dεp is the thermal strain increment. In the plastic
zone, the yield function is expressed as (Dai and Shaw, 2004):

f = f0
(
εp, T

)
(5)

where f0 is a function of yield stress related to plastic strain
and temperature. According the von Mises yield criterion, the
equivalent stress is:

σequ =

√
1
2
[
(σ1 − σ2)

2
+ (σ2 − σ3)

2
+ (σ3 − σ1)

2] (6)

where σ1, σ2, and σ3 are the main stresses (Li et al., 2018).
When the equivalent stress σequ is greater than or equal to σs
(yield strength), the material enters a plastic deformation state.
The flow criterion describes the direction in which plastic strain
develops when the material enters the yield state. The plastic
strain increment has the following relationship with the stress
state (Patil and Yadava, 2007):{

dεp
}
= λ

{
∂f
∂σ

}
(7)

with λ being the hardening parameter. The total
strain increment dε is determined by the displacement
increment

{
dδ
}
=
[

du dv dw
]T using the following relation

(Hussein et al., 2013): {
dε
}
= [B]

{
dδ
}

(8)

where [B] is the matrix relating the displacement and strain;
{

dδ
}

is derived by Jun and Korsunsky (2010):

[K]
{

dδ
}
=
{

dF
}

(9)

where [K] is the stiffness matrix and
{

dF
}

is the load
vector. The thermal strain increment

{
dεT

}
is expressed as

(Hussein et al., 2013): {
dεT

}
= [A] 1T (10)

where A is the thermal expansion coefficient matrix.
According to the above thermal elasto-plastic theoretical

formulas, the thermal stress of the blade was calculated during
the SLM process. Using ANSYS Additive software to simulate
the stress field during SLM process and the thermal stress
distribution diagrams of blade are shown in Figure 11. The
equivalent stress distribution of the blade is shown in Figure 11a.
The blade tenon is connected to the substrate, and the fixed
substrate has a great constraint on the tenon, which caused a
large von Mises stress at the tenon (Figure 11a). The tenon has
a large restraint on the thin-walled blade body, which caused
great stress at the joint between the blade body and the tenon
(Figure 11a). The deformation is limited by stresses at the tenon
and between blade body and tenon during the SLM process.
So, the dimensional deviations of the tenon and the lower end
of the blade body are small. The stresses on edges of the blade
are much larger than that at the middle (Figure 11a). After
the laser sweeps to the edge, the temperature of edge is no
longer affected by the high temperature of adjacent molten pool,
resulting in a temperature gradient greater than that of other. In
addition, the stress at the trailing edge is larger than that at the
leading edge can be observed in Figure 11a, which is related to
the thinner wall at the trailing edge. When the laser heating a
new layer of powder, material below a new layer of powder is
heat treated, part of the stress is eliminated. The X-component
of stress along the scanning direction is shown in Figure 11b.
The Y-component of stress orthogonal to the scanning direction
is shown in Figure 11c. The Z-component of stress along the
building direction is shown in Figure 11d. Because of the large
tensile stress along the edges of the blade body, the edges deform
toward the suction side. The deviation at the leading edge is
smaller than that at the trailing edge due to the thicker wall and
the greater restriction of the surrounding material.

Residual Stress
The surface residual stress was measured by XRD at several
points on the edges of the pressure surface of the blade body. As
shown in Figure 12, six points and four points were selected at
the trailing edge and leading edge, respectively. Obviously, the
residual stresses are mainly tensile stress at the edges of blade.
The stresses in the longitudinal direction (along the building
direction) are larger than those in the transverse direction.
From Figure 12A, the maximum residual stress is located
in the joint of the leading edge and the tenon, which is in
agreement with the simulation of the thermal stress. Nearly all
the stress is released at the top of the blade when it is cut
off from built platform. The residual stress at the top of the
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FIGURE 11 | Thermal stress distribution diagrams. (a) Equivalent stress distribution. (b) X-component of stress along the scanning direction. (c) Y-component of
stress orthogonal to the scanning. (d) Z-component of stress along the building direction.

FIGURE 12 | Residual stress of the blade, (A) the trailing edge, (B) the leading edge.

blade is minimal because it formed during SLM process without
any constraint. Figure 12B shows compressive stresses in the
transverse direction at the leading edge. But the residual stress
at the top of the blade is also tensile stress, which is consistent

with the distribution of thermal stress by the simulation in
Figure 12. The surface residual stress of the blade is tensile
stress at the edge and compressive stress inside the blade
body, respectively.
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CONCLUSION

In this study, the dimensional deviation, thermal stress and
residual stress generated in SLM process of Ti6Al4V blade have
been investigated, and the following conclusions can be listed.

(1) Only the α′ martensite phase was detected in SLM treated
Ti6Al4V blade. The grain size at the trailing edge are finer
than those at the leading edge, and the ratio of the high-
angle grain boundary at the trailing edge is smaller than that
at the leading edge.

(2) Both edges of the blade body are deformed to the suction
side and the largest deformation is at the trailing edge. The
deviation directions of the two ends at the trailing edge
are opposite to that of the middle part, and the boundary
between the positive and the negative deviation exhibits a
parabolic law. The higher the height of the blade body, the
larger the negative deviation range.

(3) The thermal stress of the blade calculated by the thermal
elasto-plastic theory are very big at the tenon and the
joint between the blade body and the tenon, due to the
strong restraint of the surrounding material. The large
tensile stress along the edges of the blade body caused the
edges to deform toward the suction side of the blade. The

residual stress distribution of the pressure surface by the
XRD measured has a good agreement with the calculated
thermal stress distribution.
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