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Additively manufactured metal parts often have a high level of residual stress and can exhibit complex crystalline phase properties due to
the rapid cooling nature of their fabrication process. X-ray diffraction (XRD) is a non-destructive technique that can characterize both the
residual stress and the crystalline phase properties in detail. However, XRD is an ex-situ measurement and provides only the final state of the
manufactured parts. In this article, a method that combines the XRD analyses and numerical simulation of the thermal history during the
manufacturing process is reviewed with two examples of titanium alloys fabricated by laser and electron beam powder fusion techniques.
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1. Introduction

Additive manufacturing (AM) technology is attracting
attention as a method that can freely fabricate parts with
complicated shapes without mold preparation or machining.
Particularly in the case of titanium, which has a higher unit
price than aluminum and iron, AM technology also has the
great economic advantage of maintaining a low buy-to-fly
ratio (the weight of raw materials in the product).1,2) In light
of this, the AM of titanium-based alloys, especially the
powder bed fusion (PBF) technique®which enables
accurate fabrication of relatively fine structures® and its
application to custom implants made according to each
patient’s bone shape have been actively studied in recent
years,3,4) and its practical application has begun.5)

The PBF technique is a manufacturing method that locally
melts and solidifies metal powder by scanning a laser
beam or electron beam on a powder bed with a thickness
of several tens to 100 µm. Net shape fabrication is possible
by sequentially stacking layers of several tens to 100 µm
thick according to a design drawing.6,7) Furthermore, powder
can be used as a starting material and placed inside a porous
body to impart energy absorption to the structure.8) However,
while this method has many advantages, there is also a
problem caused by the process unique to the AM method,
which is the repeated rapid melting and solidification, in the
order of minutes, of molten pools of several hundred µm.
This complex thermal history is accompanied by rapid and
local thermal shrinkage; therefore, residual stress is likely
to occur in the parts.911) In addition, when dealing with a
material that exhibits an unstable phase, such as ¢-type
titanium, there is a concern that undesired phase changes may
occur, depending on the thermal history. Residual stress
causes deformation of the outer shape of the part during or
after the manufacturing process.1219) Concurrently, residual
stress near the surface causes cracks, which reduces the
mechanical reliability of the final part.12,19) Changes in the

crystalline phase caused by the stabilization of a metastable
phase by residual stress can unintentionally affect the
performance and reliability of the final part due to the
changes in the mechanical properties of the material itself.
Therefore, it is essential to systematically relate various
process conditions to the residual stress and phase stability of
the resulting product and optimize the process conditions to
realize the required functionality of the final parts.

2. Evaluation of Residual Stress and Phase Stability by
X-ray Diffraction Method

X-ray diffraction (XRD) is a non-destructive measurement
method whose resolution of lattice spacing measurement is
higher than that of electron diffraction. Furthermore, unlike
the neutron diffraction method, it can be performed in a
laboratory. In addition, by applying the same XRD measure-
ment geometry to the measurement of residual stress and
crystal structure, it is possible to accurately evaluate the
interrelationship of residual stress and crystal structure at
approximately the same volume.20)

When using a laboratory-based X-ray diffractometer, the
penetration depth of X-rays into metal is generally estimated
at several tens of µm. Therefore, this method is very effective
for analyzing areas near the surface. However, it is not
always suitable for the internal analysis of the manufactured
product. High-energy XRD using synchrotron radiation or
neutron diffraction methods is required for non-destructive
measurement of the internal residual stress and crystal
structure.

Figure 1 shows an overview of a laboratory-based X-ray
diffractometer. Most modern X-ray diffractometers measure
the XRD pattern (a plot of X-ray scattering intensity vs.
diffraction angle 2ª) by rotating the X-ray source and the
detector upward while maintaining the sample horizontal. As
shown in Fig. 2, it is possible to identify the crystal phase
contained in the sample from the XRD pattern and obtain the
phase ratio, calculate the lattice constant from the diffraction
peak positions, and extract the structural information, such
as crystal quality (crystallite size and amount of random
lattice strain), from the shape of the diffraction peaks. When
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quantifying the phase ratio, lattice constant, and crystal
quality simultaneously, the whole pattern fitting (WPF)
method® including the Rietveld method and Pawley
method, which use profile fitting analysis by computer
simulation of the entire XRD pattern21,22)® is used.

The sin2¼ method23) is commonly used for residual stress
measurement. As shown in Fig. 3, this method measures
residual stress by utilizing the fact that the crystal lattice
spacing differs depending on the measurement direction
when stress is present. For example, when tensile stress exists
in a certain direction near the surface, the lattice planes
perpendicular to the surface are pulled, and their spacings
become wider, and conversely, the lattice plane spacings
parallel to the surface shrink according to the Poisson’s ratio.
Figure 4 shows a schematic of measurements for the sin2¼
method. Normally, the lattice spacing parallel and perpen-
dicular to the incident X-ray direction are measured. The
former is called the iso-inclination method (Fig. 4(b)) and is
used for measuring residual stress in the horizontal direction.
The latter is called the side-inclination method (Fig. 4(c)) and
is used to measure residual stress in the vertical direction.
Assuming the inclination angle of the lattice planes from the
surface is ¼, the diffraction angle is 2ª, and the diffraction

angle when there is no residual stress is 2ª0, the residual
stress ·¤ in the in-plane direction ¤ (horizontal H or vertical
V) can be expressed by the following equation, where E is
the Young’s modulus, and ¯ is the Poisson’s ratio.

Fig. 1 X-ray diffractometer (Rigaku X-ray diffractometer: SmartLab).

Fig. 2 Relationship between the characteristics of the X-ray diffraction pattern and the related structural parameters (conceptual diagram).

Fig. 3 Changes in lattice spacing caused by tensile stress.

Fig. 4 Schematic of measurements for the sin2¼ method: (a) relationship
between X-ray and sample direction when tilt angle ¼ = 0°, (b) horizontal
residual stress measurement: iso-inclination method, (c) vertical residual
stress measurement: side-inclination method.
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·¤ ¼ � E

2ð1þ ¯Þ � cot ª0 �
�2ª

�ðsin2 ¼Þ ð1Þ

Equation (1) shows a linear relationship between sin2¼ and
the diffraction angle 2ª and indicates that the residual stress
·¤ can be calculated from the slope of a sin2¼ vs. 2ª plot. The
proportional relationship in this formula is established on
the premise that the measured region is a polycrystal with
random orientation, the residual stress is uniform in the
analyzed region, and there is no shear stress. Note that if
these conditions are not satisfied, significant errors may occur
in the measured residual stress values.

3. Interpretation of Manufacturing Process Using
Temperature Simulation

As mentioned above, the XRD method is a highly effective
and simple method that can be used to evaluate the residual
stress and crystal structure of the final part in detail. However,
this is just an ex-situ measurement, and what is obtained here
is the information at the time when the part reaches the final
state through a complicated thermal history. From this final
information alone, it is not always easy to elucidate how
process conditions such as laser and electron beam power,
scanning speed, and scanning direction scan strategy during
the AM process affect the residual stress and phase stability.
It would be ideal if in-situ measurements (in-situ observa-
tions) could be performed. However, it is necessary to
incorporate an analysis system into an AM machine for
in-situ measurement. Alternatively, it is possible to predict
the thermal history, that is, the temperature distribution and
heating and cooling rates of the part, using computer
simulation based on the process conditions.2427) The
temperature at a certain time and position can be derived
by solving the relational equations between the amount of
heat input from the heat source, the amount of heat diffused
by radiation from the heat sources, the surfaces of the powder
bed and the built part, and the amount of heat diffused by
conduction to the already built part and the base plate.24)

Figure 5 shows an example simulation of the temperature
and heating/cooling rate during the fabrication of a Ti
15Mo5Zr3Al alloy (wt%) using the laser powder bed
fusion (L-PBF) technique. Using a numerical temperature
simulation to understand the thermal history of the AM
process when evaluating the structure observed by ex-situ

XRD measurement helps to elucidate the effect of process
conditions on the structure of the final part to some extent. In
this review, an example of XRD analysis will be described;
however, numerical temperature simulation is useful not
only for XRD but also for interpreting other ex-situ analysis
results.

4. Analysis Examples

4.1 Residual stress and phase transformation of ¢-type
Ti15Mo5Zr3Al

¢-type Ti15Mo5Zr3Al has a low Young’s modulus
compared with other titanium-based alloys, and it is known
to reduce the stress shielding caused by the elastic modulus
mismatch between bone and implant.28,29) The Young’s
modulus of ¢-type Ti15Mo5Zr3Al at the polycrystalline
state is 84.3GPa,30) which is significantly lower than the
114MPa3) of Ti6Al4V, a typical titanium-based alloy. This
low Young’s modulus is realized by decreasing the shear
modulus cA of the ¢ phase, which is body-centered cubic
(bcc), owing to the low number of valence electrons e/a.31,32)

Meanwhile, the ¢ phase is stable when e/a is 56, which is
higher than that of pure titanium, i.e., 4. Therefore, the low
Young’s modulus is realized only in an unstable ¢ phase with
decreased e/a, and it is unclear whether the unstable ¢ state
and low Young’s modulus are always maintained during
the AM process. AM-built parts are often heat-treated after
fabrication to release residual stress. However, in the case of
this material, the ¢ phase may change to the ¡ phase with heat
treatment, so it is important to understand the as-built state.

In this series of analyses, we used Ti15Mo5Zr3Al alloy
powder (Osaka Titanium Technologies, Osaka) produced
from an ingot using the argon gas atomization as the raw
material; an M290 manufactured by EOS, Germany, as the L-
PBF machine; and a Q10 manufactured by Arcam, Sweden,
as the electron beam powder bed fusion (EB-PBF) machine.
Rectangular column-shaped samples of 5mm © 5mm ©
50mm were fabricated under the conditions shown in
Table 1. Figure 6 shows a scanning electron microscope
image of the powder used for L-PBF, an example of the
appearance of the final part, and a schematic of the part.
Rigaku’s SmartLab was used for XRD measurement, and
the XRD pattern and residual stress were measured at 10-mm
intervals from Z = 5mm to 45mm on the XZ and YZ planes
of the part.

Fig. 5 Simulation example of temperature and heating/cooling rate (Ti15Mo5Zr3Al by L-PBF, model size is 5mm © 5mm © 2mm).
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Figure 7 shows the results of horizontal (X) residual stress
measurements (sin2¼ plots) on the XZ plane (Z = 5mm) of
L-PBF-360W and EB-PBF-15mA. A large inclination is
observed in the sin2¼ plot at this measurement point, and
tensile stress of 315 « 16MPa is observed. This stress tends
to decrease as Z increases (building progresses), and the YZ
plane perpendicular to the laser scanning direction has a
lower stress value than that in the parallel XZ plane. L-PBF-
75W, which has a low laser power and scanning speed, shows
even lower stress values. Conversely, the sin2¼ plot of
EB-PBF-15mA shows almost no inclination, indicating no

residual stress is observed. Similar results are observed for all
Z positions, YZ planes, and EB-PBF-12.5mA. Based on the
above, it is clear from this analysis, which systematically
compares the parts made from the same starting material, that
the L-PBF technique is more likely to generate residual stress
than the EB-PBF technique.

Figure 8(a) shows the XRD patterns of the raw material
powders and PBF-360W and EB-PBF-15mA parts on the XZ
plane (Z = 5mm). This figure shows both the raw material
powder and the fabricated part of L-PBF have a ¢ single-
phase structure. Meanwhile, the ¡ phase appears in both
the raw material powder and the fabricated part of EB-PBF.
The raw material powder completely melts during the AM
process. Therefore, we can say the ¡ phase generated in the
final part is not inherited from the raw material powder;
instead, it formed after solidification due to the thermal
history.

Figure 8(b) shows an enlarged view of the L-PBF raw
material powder and the L-PBF-360W part around the
diffraction peak ¢ phase (310) plane. The raw material
powder for L-PBF exhibits a single (310) diffraction peak.
Meanwhile, the (310) peak of the L-PBF-360W part is
separated into multiple diffraction peaks. This is due to
the formation of a body-centered-tetragonal (bct) structure,
with the c-axis shorter than the a-axis, caused by residual
stress inducing a phase change from the bcc-¢ phase to the
bct structure.28)

The WPF method was applied to the measured XRD data
from five locations on each of the XZ and YZ planes for
all four samples fabricated under the conditions shown in
Table 1. For the L-PBF parts, the amount of change in the
lattice constant from bcc to bct (deviation = (a/c ¹ 1)%) was
analyzed; and for the EB-PBF parts, the amount of ¡ phase
was analyzed. In addition, residual stress was analyzed for all
samples. Figure 9 shows a summary of the results for the XZ
planes of L-PBF-360W and EB-PBF-15mA as an example.

XRD analysis similar to that shown in Fig. 9 was
performed on the XZ and YZ planes of the samples made
under the four process conditions; and by interpreting the
analysis together with the results of the numerical temper-
ature simulation, the following becomes clear regarding the
relationship between the process conditions and the structure
of the final parts.28,29)

Table 1 L-PBF and EB-PBF process conditions for Ti15Mo5Zr3Al.

Fig. 6 (a) Scanning electron microscopy image of Ti15Mo5Zr3Al
powder used for L-PBF; (b) example of an appearance and schematic of
the final part. Cited from Ref. 28) (CC BY 4.0).

Fig. 7 Horizontal (X) residual stress measurement results for (a) L-PBF-360Wand (b) EB-PBF-15mA on the XZ plane (Z = 5mm) of the
Ti15Mo5Zr3Al part. Cited from Ref. 29) (CC BY 4.0).
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• L-PBF causes significant residual stress, which causes
a phase change from bcc to bct.

• EB-PBF does not cause residual stress; meanwhile, a
remarkable amount (up to 40wt%) of ¡ phase was
generated. The amount of the generated ¡ phase
depends only on the Z position, regardless of the
process conditions and the measurement surface. This
result suggests that the phase change of ¢¼ ¡ occurs
as a result of the annealing effect from the preheating,
which is unique to EB-PBF.

• Of the four process conditions evaluated at this time,
the L-PBF-75W, which is a low-power and low-scan-
speed condition, has a relatively small temperature
gradient during the AM process, so both the residual
stress value and the amount of lattice strain are
extremely small, and a structure with low residual

stress and a single ¢ phase, which is closest to the ideal,
can be realized.

4.2 Residual stress and crystal quality of ¡ + ¢ type Ti
6Al4V

Ti6Al4V is an ¡ + ¢ type, and in addition to residual
stress, the ratio of ¡ phase to ¢ phase and the fine structure
greatly affect the mechanical properties of the final parts.
Therefore, we introduce the analysis of residual stress,
constituent phase, and crystal quality of Ti6Al4V
fabricated using L-PBF and EB-PBF techniques while
comparing both techniques.33) For the scan strategy of the
heat source, an XY strategy that scans the X and Y directions
alternately for each layer and a strategy to rotate the scan
direction by 67° for each layer, in addition to the X scan
strategy mentioned in the previous section, are used. Table 2
lists the process conditions.

Figure 10 shows an example of residual stress measure-
ment results (sin2¼ plots) on the XZ plane (Z = 5mm) of
L-PBF-360W-Fast-X and EB-PBF-900W-Slow-X.33) It is not
as prominent as in the case of Ti15Mo5Zr3Al; however,
tensile stress was observed for L-PBF, while only small
residual stress near the detection limit was observed for EB-
PBF, and it is clear that the L-PBF technique tends to cause
higher residual stress also for Ti6Al4V compared with
the EB-PBF technique. Comparisons between L-PBF analy-
sis results show no significant changes in stress values
depending on the scan strategy. However, as in the case of
Ti15Mo5Zr3Al, the low-power, low-scan-speed L-PBF-
75W series has a lower residual stress value than that of the
L-PBF-360W series, and there is a tendency for the residual
stress value on the YZ plane to be lower than that on the XZ
plane.

Figure 11 shows an example of WPF analysis of an XRD
pattern. This is the result of L-PBF-360W-Fast-X on the XZ
plane (Z = 25mm), and it shows that the main component is
¡ or the ¡A phase with the same crystal structure (¡/¡A phase).
However, a small amount of ¢ phase is also observed. A small

Fig. 8 (a) X-ray diffraction patterns of raw material powder and fabricated parts, and (b) enlarged view around the diffraction peak ¢ phase
(310) plane of the raw material powder for L-PBF and the L-PBF-360W part. Cited from Ref. 29) (CC BY 4.0).

Fig. 9 Comparison of the build direction position dependence of residual
stress and ¢-phase stability between the L-PBF-360W and EB-PBF-15mA
Ti15Mo5Zr3Al parts. Cited from Ref. 29) (CC BY 4.0).

Residual Stress and Phase Stability of Titanium Alloys Fabricated by Laser and Electron Beam Powder Bed Fusion Techniques 21



amount of ¢ phase is observed in all L-PBF parts, but no ¢

phase is observed in EB-PBF parts. In the WPF analysis
of Ti6Al4V, the fundamental parameter method,34) which
theoretically calculates the shape of the XRD peak from
the geometry parameters, is used to accurately evaluate the
crystallite size (a unit that produces coherent X-ray diffraction

as a single crystal) and random lattice strain (variation in
lattice spacing caused by lattice defects, etc.). For the samples
manufactured under the 12 conditions shown in Table 2,
XRD measurements were performed at all five locations on
the front and back of XZ and YZ at 10-mm intervals from
Z = 5mm to 45mm in the Z direction, and the correlation of
the measurement results of all 240 points is shown.

Figure 12 to 14 show the measurement results of all 240
points, generated by plotting the random lattice strain in the

Table 2 L-PBF and EB-PBF process conditions for Ti6Al4V.

Fig. 10 (a) L-PBF-360W-Fast-X and (b) EB-PBF-900W-Slow-X residual stress measurement results for Ti6Al4V on the XZ plane
(Z = 5mm). Cited from Ref. 33) (CC BY 4.0).

Fig. 11 A WPF (Fundamental Parameter method) analysis of the X-ray
diffraction pattern measured at the center of the XZ plane of L-PBF-
360W-Fast-X. Cited from Ref. 33) (CC BY 4.0).

Fig. 12 Relationship between random lattice strain in the a-axis direction
and crystallite size of ¡/¡A phase. Modified from Ref. 33) (CC BY 4.0).
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a-axis direction and c/a axis ratio of the ¡/¡A phase and
phase ratio of the ¢ phase (only for L-PBF samples with ¢

phase), against the crystallite size. From these plots, it is
clear that (1) there is a systematic difference between L-PBF
and EB-PBF; and (2) the random lattice strain in the a-axis
direction and the c/a-axis ratio of the ¡/¡A phase, and the
phase ratio of the ¢ phase all correlate with the crystallite
size.

There are differences in crystal structure between the ¡

phase and ¡A phase, including the crystal defect density and
lattice constant. It has been reported that compared with the
¡ phase, the ¡A martensite phase has a higher number of
crystal defects that occur during phase transformation, and ¢-
stabilizing elements are saturated, reducing the value of c/a
is compared to that of the ¡ phase.35,36) By comparing these
reports with the above XRD analysis results and interpreting
them together with the temperature simulation results, the
following becomes clear regarding the relationship between
the process conditions and the structure of the final parts.33)

• Under the L-PBF process conditions used in this
experiment, the cooling rate near the ¢ transus
temperature (991°C) is lower in the high-power and
high-scan-speed conditions than in the low-power and
low-scan-speed conditions.

• For L-PBF, the cooling rate near the ¢ transus
temperature (991°C) greatly affects the final crystal
quality. With slower cooling near this temperature (at
high power and high scan speed), fewer crystal defects

occur by quenching, and there is less random lattice
strain of the ¡/¡A phase. At the same time, the saturation
of the ¢ stabilizing element (vanadium) in the ¡/¡A
phase caused by quenching is alleviated. Additionally,
the c/a axis ratio increases as the lattice constant of
the ¡/¡A phase changes and the phase ratio of the ¢

phase increases, resulting in an ¡ + ¢ structure. On the
contrary, with faster cooling (at low power and low scan
speed), a more ¡A martensite-like phase with a higher
degree of random lattice strain and a smaller c/a axis
ratio in the ¡/¡A phase appears. Conversely, the residual
stress is greatly affected by the cooling rate immediately
after solidification occurs. High power and high scan
speed conditions cause a high cooling rate at the time
of solidification, resulting in greater residual stress than
the case of low power and low scan speed.

• No residual stress is observed in the EB-PBF parts, and
there is almost no structure dependence on the process
conditions. Furthermore, no ¢ phase is observed in any
of the samples.

• Z dependence is observed for both L-PBF- and EB-
PBF-made parts. This is thought to occur because heat
is directly released to the baseplate in the early stage of
the building process (small Z), but in the latter half of
the process, because of the distance from the baseplate,
more heat given by the heat source escapes from the
surface of the built part into a vacuum or noble gas.
This causes the cooling rate to decrease during the
building process gradually. For both L-PBF and EB-
PBF techniques, in places where cooling is high in the
first half of the building process, an ¡A martensite-like
structure with a large lattice strain and a small c/a axis
ratio occurs; moreover, in places where cooling is low
in the latter half of the building process, the lattice strain
tends to decrease, and the c/a axis ratio tends to
increase. Furthermore, for L-PBF products, the phase
ratio of the ¢ phase increases in the latter half of the
building process.

5. Conclusion

In the PBF technique, the thermal history during and after
solidification is exceptionally complicated. In addition, the
final constituent phase of the titanium-based alloy changes
depending on the alloy composition and thermal his-
tory.25,28,29,37,38) Furthermore, in recent years, attention has
been paid to the control of crystal texture (crystal orientation)
using the PBF technique.3941) The process conditions that
simultaneously achieve the reduction of residual stress and
the formation of the desired crystal phase and crystal texture
do not always match. When forming an unstable phase like
the ¢-type Ti15Mo5Zr3Al mentioned above, it is
necessary to consider the effect of residual stress on the
phase stability. Contrastingly, when forming a phase with
solid phase transformation, such as ¡ + ¢ type Ti6Al4V,
it is necessary to optimize the process conditions after
evaluating not only the cooling rate immediately after
solidification, which affects residual stress, but also the
cooling rate near the ¢ transus temperature, which affects the
crystalline phase at the same time. Furthermore, when a laser

Fig. 14 Relationship between the phase ratio of ¢ phase and crystallite size
of ¡/¡A phase. Modified citation from Ref. 33) (CC BY 4.0).

Fig. 13 Relationship between the c/a axis ratio of ¡/¡A phase and
crystallite size of ¡/¡A phase. Modified from Ref. 33) (CC BY 4.0).
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is used as a heat source, the cooling rate has a large effect
on residual stress and phase stability. Meanwhile, when using
an electron beam, annealing by preheating affects phase
stability primarily, so it is necessary to select an AM method
in consideration of the different thermal histories correspond-
ing to each heat source. It is essential to systematically and
quantitatively evaluate and understand the relationships
among the heat source, process conditions, residual stress,
and crystallographic properties to realize a part with excellent
mechanical properties that satisfy all structural requirements.
The analysis method that combines the XRD technique and
numerical temperature simulation introduced in this review
is very effective for such research, and we hope that more
researchers will gain relevant insights using these methods in
the future.
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