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Abstract: Ti-6Al-4V alloy fabricated by laser powder bed fusion (L-PBF) and electron beam powder
bed fusion (EB-PBF) techniques have been studied for applications ranging from medicine to aviation.
The fabrication technique is often selected based on the part size and fabrication speed, while less
attention is paid to the differences in the physicochemical properties. Especially, the relationship
between the evolution of α, α’, and β phases in as-grown parts and the fabrication techniques is
unclear. This work systematically and quantitatively investigates how L-PBF and EB-PBF and their
process parameters affect the phase evolution of Ti-6Al-4V and residual stresses in the final parts.
This is the first report demonstrating the correlations among measured parameters, indicating the
lattice strain reduces, and c/a increases, shifting from an α’ to α+β or α structure as the crystallite
size of the α or α’ phase increases. The experimental results combined with heat-transfer simulation
indicate the cooling rate near the β transus temperature dictates the resulting phase characteristics,
whereas the residual stress depends on the cooling rate immediately below the solidification temper-
ature. This study provides new insights into the previously unknown differences in the α, α’, and β

phase evolution between L-PBF and EB-PBF and their process parameters.

Keywords: Ti alloys; phase composition; laser powder bed fusion; electron beam powder bed fusion;
thermal history

1. Introduction

Titanium alloys are widely studied as important materials with various applications
in medicine and aviation owing to their low density, high yield strength, and excellent cor-
rosion resistance [1]. Ti-6Al-4V is one of the most commonly used titanium alloys [1–3].
However, Ti-6Al-4V poses many challenges in production, including high cost, poor ther-
mal conductivity, the tendency to strain hardening, and high chemical reactivity to oxygen.
The additive manufacturing (AM) technique has the potential to overcome these challenges
owing to its ability to produce near-net-shape structures [1].

Among the AM techniques, powder bed fusion (PBF) is suitable for fabricating small
parts with complicated shapes, and their applications have been widely studied [4,5].
PBF techniques use either a laser or electron beam as the heat source, which scans and fuses
thin layers of powder, pass-by-pass, and layer upon layer, to build a solid part according to
a computer-aided design file. These techniques are called laser powder bed fusion (L-PBF)
or electron beam powder bed fusion (EB-PBF), depending on the heat source. Both are
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among the few AM techniques established for industrial applications of metal AM [6,7].
L-PBF is suitable for small parts with complex details, while EB-PBF is more suited for
larger parts owing to its higher scanning speed [8].

Ti-6Al-4V is an α/α’+β alloy. The α phase is the primary phase, and it has a hexagonal
close-packed (hcp) structure. The α’ phase has the same hcp structure but contains a
higher level of dislocations because it forms through a martensitic transformation from
the body-centered cubic β phase by rapid cooling. Due to its higher level of dislocations,
the α’ phase often shows broader X-ray diffraction (XRD) peaks [9]. The α and α’ phases
also have slightly different lattice parameters because the α’ phase is saturated with β-
stabilizing alloying elements. Sofinowski et al. [10] reported that the α’ phase has a smaller
c/a value than that of the α phase. The mechanical properties of AM-made parts depend
heavily on the quantity and morphology of the α, α’, and β phases [11–13]. To control and
achieve the desired phase structure, we need to understand how each AM technique and
its process parameters affect phase evolution. Although many comparisons of L-PBF and
EB-PBF have been reported [14–16], to the best of the authors’ knowledge, there has been
no in-depth and quantitative comparison of the crystalline phase structures. In this study,
we used high-precision X-ray diffraction (HP-XRD) and the fundamental parameter (FP)
method [17] to systematically and quantitatively investigate the α or α’+β crystalline phase
structures of Ti-6Al-4V parts fabricated using L-PBF and EB-PBF under various process
conditions.

2. Materials and Methods

L-PBF powder (EOS, Krailling, Germany) and EB-PBF powder (Arcam, Mölnlycke,
Sweden) were spherical, and D50 was 41.2 µm and 82.3 µm, respectively. Specimens with
dimensions of 5 mm (width)× 5 mm (depth)× 50 mm (height) were fabricated. Figure 1a,b
show the appearance of the built specimens. Three types of scan strategies were compared,
as shown in Figure 2 [18,19]. For L-PBF, we used the EOS M 290 (EOS, Krailling, Germany)
equipped with a Yb fiber laser and compared two settings of beam power and scanning
speed: 360 W at 1200 mm/s and 75 W at 250 mm/s. The scan pitch and layer thickness were
0.1 mm and 0.06 mm, respectively. For EB-PBF, we used Arcam Q10 (Arcam, Mölnlycke,
Sweden). The powder bed was preheated to 520 ◦C, and two conditions of beam current
and scan speed, 15 mA at 5000 mm/s and 12.5 mA at 6000 mm/s, were compared. The scan
pitch and layer thickness were 0.1 mm and 0.05 mm, respectively. Table 1 summarizes the
specimen labels and process conditions. The microstructure was studied by field-emission
scanning electron microscopy (FE–SEM, JIB–4610F, JEOL, Akishima, Japan).

The residual stress data and whole polycrystalline diffraction patterns were collected
using a SmartLab diffractometer (Rigaku Corporation, Akishima, Japan) equipped with a
Cu target 9 kW rotating anode X-ray generator, a horizontal goniometer, a Eulerian cradle,
an XY mapping stage, and an Si strip detector. A parabolic multilayer mirror with 0.04◦

beam divergence on the incident side and a parallel slit analyzer with a 0.5◦ acceptance
angle on the receiving side achieved a parallel beam geometry with Cu Kα radiation.
The X-ray generator was operated at 45 kV and 200 mA, and the Si strip detector was
used as the point detector. To map the change in the residual stress and crystal structure
along the growth direction of the specimens, we shaped the incident X-ray beam to a
1 × 2 mm rectangle, which resulted in a beam footprint on the specimen surface of 1–3 mm
width, depending on the X-ray incident angle, and 4 mm long in the growth direction.
To maintain the analyzed volume between the residual stress and the crystal structure
analysis, we used the same experimental setup to analyze the residual stresses, lattice pa-
rameters, crystallite size, random lattice strain of α or α’phase, and β phase quantities.
A total of 240 locations (20 locations of the 12 parts listed in Table 1) were analyzed.
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Figure 1. (a) Appearance of L-PBF-made parts. From the left, L-PBF-360W-Fast-X, XY, Rot, L-PBF-75W-
Slow-X, XY, Rot; (b) The appearance of EB-PBF-made parts. From the left, EB-PBF-900W-Slow-X, XY, 
Rot, EB-PBF-750W-Fast-X, XY, Rot; (c) Measurement locations are shown with the part dimensions, 
coordinate axes, and layer growth direction. Each of the “measured spots” is 4 mm long in the Z direc-
tion and 1–3 mm wide in the X or Y direction, depending on the X-ray incident angle. 

 
Figure 2. X-scan, XY-scan, and Rot-scan strategies. 

Table 1. Process conditions. 

Name Technique  Beam Power 
(W) 

Scan Speed 
(mm/s) 

Scan 
Strategy 

L-PBF-360W-Fast-X L-PBF  360 1200 X 
L-PBF-360W-Fast-XY L-PBF  360 1200 XY 
L-PBF-360W-Fast-Rot L-PBF  360 1200 Rot 
L-PBF-75W-Slow-X L-PBF  75 250 X 

L-PBF-75W-Slow-XY L-PBF  75 250 XY 
L-PBF-75W-Slow-Rot L-PBF  75 250 Rot 

Name Technique 
Beam Current 

(mA) 
Beam Power 

(W) 
Scan Speed 

(mm/s) 
Scan 

Strategy 
EB-PBF-900W-Slow-X EB-PBF 15 900 5000 X 

EB-PBF-900W-Slow-XY EB-PBF 15 900 5000 XY 

Figure 1. (a) Appearance of L-PBF-made parts. From the left, L-PBF-360W-Fast-X, XY, Rot, L-PBF-
75W-Slow-X, XY, Rot; (b) The appearance of EB-PBF-made parts. From the left, EB-PBF-900W-Slow-X,
XY, Rot, EB-PBF-750W-Fast-X, XY, Rot; (c) Measurement locations are shown with the part dimensions,
coordinate axes, and layer growth direction. Each of the “measured spots” is 4 mm long in the Z
direction and 1–3 mm wide in the X or Y direction, depending on the X-ray incident angle.

Crystals 2021, 11, x FOR PEER REVIEW 3 of 18 
 

 

 
Figure 1. (a) Appearance of L-PBF-made parts. From the left, L-PBF-360W-Fast-X, XY, Rot, L-PBF-75W-
Slow-X, XY, Rot; (b) The appearance of EB-PBF-made parts. From the left, EB-PBF-900W-Slow-X, XY, 
Rot, EB-PBF-750W-Fast-X, XY, Rot; (c) Measurement locations are shown with the part dimensions, 
coordinate axes, and layer growth direction. Each of the “measured spots” is 4 mm long in the Z direc-
tion and 1–3 mm wide in the X or Y direction, depending on the X-ray incident angle. 

 
Figure 2. X-scan, XY-scan, and Rot-scan strategies. 

Table 1. Process conditions. 

Name Technique  Beam Power 
(W) 

Scan Speed 
(mm/s) 

Scan 
Strategy 

L-PBF-360W-Fast-X L-PBF  360 1200 X 
L-PBF-360W-Fast-XY L-PBF  360 1200 XY 
L-PBF-360W-Fast-Rot L-PBF  360 1200 Rot 
L-PBF-75W-Slow-X L-PBF  75 250 X 

L-PBF-75W-Slow-XY L-PBF  75 250 XY 
L-PBF-75W-Slow-Rot L-PBF  75 250 Rot 

Name Technique 
Beam Current 

(mA) 
Beam Power 

(W) 
Scan Speed 

(mm/s) 
Scan 

Strategy 
EB-PBF-900W-Slow-X EB-PBF 15 900 5000 X 

EB-PBF-900W-Slow-XY EB-PBF 15 900 5000 XY 

Figure 2. X-scan, XY-scan, and Rot-scan strategies.

Table 1. Process conditions.

Name Technique Beam Power (W) Scan Speed (mm/s) Scan Strategy

L-PBF-360W-Fast-X L-PBF 360 1200 X
L-PBF-360W-Fast-XY L-PBF 360 1200 XY
L-PBF-360W-Fast-Rot L-PBF 360 1200 Rot
L-PBF-75W-Slow-X L-PBF 75 250 X

L-PBF-75W-Slow-XY L-PBF 75 250 XY
L-PBF-75W-Slow-Rot L-PBF 75 250 Rot

Name Technique Beam Current (mA) Beam Power (W) Scan Speed (mm/s) Scan Strategy

EB-PBF-900W-Slow-X EB-PBF 15 900 5000 X
EB-PBF-900W-Slow-XY EB-PBF 15 900 5000 XY
EB-PBF-900W-Slow-Rot EB-PBF 15 900 5000 Rot

EB-PBF-750W-Fast-X EB-PBF 12.5 750 6000 X
EB-PBF-750W-Fast-XY EB-PBF 12.5 750 6000 XY
EB-PBF-750W-Fast-Rot EB-PBF 12.5 750 6000 Rot

For the residual stress measurements, we aligned and tested the diffractometer ac-
cording to the American Society for Testing and Materials (ASTM) E915-10 standards [20].
The residual stress measurement conditions were selected according to the Society of Au-
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tomotive Engineers (SAE) International standards [21]. The sin2ψ iso-inclination method
was used to measure the horizontal σX and σY components of the residual stresses on the
XZ and YZ planes, respectively. The sin2ψ side-inclination method was used to measure
the vertical σZ component of the residual stresses on the XZ and YZ planes. Figure 3 shows
each residual stress component at the center of the z-axis as an example. A diffraction
peak as close to 165◦ as possible and a sufficient number of ψ positions (seven or more) are
recommended for an accurate determination of the residual stress [20]. We used the α or
α’ phase (2 1 3) reflection at approximately 142.0◦ and 11 points of ψ from 0.0◦ to 45.0◦.
In this setting, the penetration depth of the Cu Kα radiation, defined as a point where only
1% of the incident beam can travel to, varied from 22 µm at ψ = 45◦ to 48 µm at ψ = 0◦.
A Young’s modulus of 114 GPa [22] and Poisson’s ratio of 0.34 were used for the residual
stress calculation. The average deviation of the eleven ψ positions from the linear fit of the
sin2ψ plot was used as the size of the error bar of each residual stress value because this
value reflects the validity of the linear fit model as well as the accuracy of the measurement
of diffraction angles [20].
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The polycrystalline diffraction patterns were analyzed using the whole pattern fitting
(WPF) method. A polycrystalline diffraction pattern can be calculated using the X-ray
intensity Ical as a function of the scattering angle 2θ using the following equation:

Ical(2θ) = A(2θ)∑
n

Sn ∑
hkl

Mn,hkl Ln,hkl In,hklΦn(2θ − 2θn, hkl − T(2θ)) + yb(2θ), (1)

where A(2θ) is the absorption factor and Sn is the scale factor of the nth phase. The Mn,hkl,
Ln,hkl, and In,hkl terms are the multiplicity factor, Lorentz polarization factor, and integrated
diffraction intensity of the (h k l) reflection of the nth phase, respectively. The Φn term
is the profile shape function of the nth phase, 2θn, hkl is the diffraction angle of the (h k l)
reflection of the nth phase, calculated from the lattice parameters, T(2θ) is the systematic
diffraction peak shift, and yb(2θ) is the background scattering. The systematic diffraction
peak shift T(2θ) was corrected by measuring a standard reference lanthanum hexaboride
powder, NIST SRM 660c (National Institute of Standard and Technology, Gaithersburg,
MD, USA), with a known lattice parameter of 4.156826 ± 0.00008 Å at 22.5 ◦C, certified by
the National Institute of Standards and Technology [23]. The WPF method is also called
the Pawley method when In,hkl is not constrained by the crystal structure. This method
increases the precision of the lattice parameter analysis by introducing constraints based
on the crystal symmetry and profile shape function Φn, and systematic diffraction peak
shift T(2θ) determined by the standard reference material [24]. By combining the parallel
beam geometry, systematic peak shift correction, and WPF method, the HP-XRD method
can analyze lattice parameters with a sensitivity of 0.02% or better [25,26].

The profile shape is related to the crystallite size and the random lattice strain of the
corresponding phase. The crystallite size is defined as the size of a crystallite considered
to be a single crystal that diffracts X-rays coherently. The random lattice strain is the
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distribution of the atomic plane distance, or d-spacing, around the average value caused by
dislocations and other imperfections in the crystal structure. To analyze these parameters
precisely, one needs to eliminate ambiguity and minimize the degrees of freedom in the
profile shape analysis as much as possible. Meanwhile, the profile shape function Φn is
conventionally approximated by purely mathematical functions, such as pseudo-Voight
or Pearson-VII [27], leaving some degrees of freedom in the fitting process. In contrast,
the fundamental parameter (FP) method significantly reduces the degrees of freedom
by theoretically calculating the profile shape based on the X-ray geometry. As a result,
this method can increase the precision and reliability of the crystallite size and random
lattice strain analyses [17]. We used the FP method to calculate the profile shape function
Φn in Equation (1) and refined the crystallite size and random lattice strain parameters
in the a- and c-axis directions separately [28]. The random lattice strain was assumed to
follow a Gaussian distribution.

We also used the WPF method to quantify the weight percentages of the α or α’ and β

phases. The α and α’ phases were not distinguished. The WPF method can introduce con-
straints in diffraction peak intensities by theoretically calculating the integrated diffraction
intensity, In,hkl in Equation (1), based on the atomic coordinates. This technique is called the
Rietveld method. By introducing the diffraction peak intensity constraints, the scale factor,
Sn in Equation (1), can be converted into the weight% of the nth phase in a mixture [29].

To understand the origin of the differences in the crystal structures observed on the
L-PBF-made parts between different process parameters, we performed finite element analysis
to simulate the heat transfer and temperature change during the L-PBF process. COMSOL
Multiphysics® 5.5, (COMSOL Inc., Burlington, MA, USA) was used for the numerical simula-
tion. The dimensions of the finite element model were 5 mm (width)× 5 mm (depth)× 2 mm
(height). In the simulation, the laser scanned the entire 5 mm × 5 mm XY plane to calculate
the temperature distribution at the center of both the XZ and YZ planes. The L-PBF-360W-
Fast-X and L-PBF-75W-Slow-X scanning conditions shown in Table 1 were used in the
simulation. Under these conditions, the laser made 25 round trips per 60 µm thick layer. As
we assume that the heat flux from the laser beam satisfies the Gaussian distribution [30–32],
the three-dimensional energy distribution can be expressed as a function of radius r and
depth z:

Q0(r, z) =
2αP

πR2z0
exp

(
−2r2

R2

)
×

(
1− z

z0

)
(0 < z < z0) (2)

where α is the heat absorptivity of the laser beam on the metal powder bed, P is the laser
power, R is the radius of the beam set to 50 µm [33,34], and z0 is the penetration depth of the
laser. In this calculation, the powder bed was not modeled, but α was set to 85% to consider
the high heat absorptivity of the powder bed [30]. The z0 value was adjusted based on the
melt-pool dimensions [35,36]. The temporal and spatial heat transfer is governed by the
following equation [37,38]:

ρC
∂T
∂t

+∇·q = Q, (3)

where ρ is the material density, C is the specific heat capacity, T is the temperature, t is the
time, q is the heat flux, and Q is the amount of heat generated per unit volume. The heat flux
due to heat conduction is represented by the following equation, according to Fourier’s law:

q = −k∇T, (4)

where k is thermal conductivity. The boundary conditions on the outer surface of the model
are set using the following equation:

− n·q = q0 = h (Text − T), (5)

where n is the normal vector of the surface through which the heat flows, h is the heat
transfer coefficient and was set to 10 W/m2·K, and Text is the external temperature at
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which the model contacts the environment. The thermal conductivity [39,40], specific heat
capacity [41], and material density [42] were treated as functions of temperature.

3. Results
3.1. Crystallite Size, Random Lattice Strain, and Lattice Parameter Analyses

The WPF analysis result of L-PBF-360W-Fast-X on the XZ plane at Z = 25 mm is
shown in Figure 4. The goodness of fit parameters Rwp and S [43] were 10.36% and 1.2556,
respectively. All 240 points were analyzed in the same manner, and the crystallite size,
lattice parameters a and c, and the random lattice strain parameters in the a and c directions
of the α or α’ phases were refined. When the β phase was present, the quantity in weight%
was also refined.
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Figures 5–7 show the random lattice strain of α or α’ phase in the a- and c-axis
directions, c/a, and β quantity plotted against the crystallite size of the α or α’ phase,
respectively. All parameters showed a strong correlation with the crystallite size, indicating
that as the crystallites of the α or α’ phase grew, the random lattice strain decreased,
and c/a increased. All these structural changes are related to the shift from α’ to α or α + β

structures [9,10]. However, the same crystallite sizes of the α or α’ phases have different
corresponding random lattice strains and c/a of the α or α’ phases in the L-PBF and EB-PBF
parts. Furthermore, in the L-PBF parts, the β phase quantity increased as the crystallites
grew, while the β phase was not detected in the EB-PBF-made parts. It is also notable that
the random lattice strain in the c-axis direction was smaller than that in the a-axis direction.
This result indicates that a greater number of dislocations cause atomic displacement in the
a-axis direction [44], which is consistent with the fact that the preferred Burgers vector in
the hcp system is 1/3

〈
1120

〉
[45].
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A correlation between the crystallite size and the β quantity is seen.

3.2. Microstructure

The representative microstructures of the L-PBF and EB-PBF-made parts (L-PBF-360W-
Fast-X and EB-PBF-900W-Slow-X) are shown in Figure 8. The α and α’ laths typical for
PBF-made Ti-6Al-4V [1] were confirmed. The EB-PBF-made part showed thicker laths than
L-PBF because of the repeated heating above the martensitic start temperature caused by
the preheating [46]. It should be noted that the lath size observed in the SEM images is
different from the crystallite size measured by XRD, as mentioned before. One grain or
lath is composed of multiple crystallites that share the general crystallographic orientation
but do not consist of a coherent single crystal.
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Figure 8. SEM images of the representative microstructures: (left) L-PBF-360W-Fast-X; (right) EB-PBF-900W-Slow-X.

3.3. Lattice Parameter Location Dependency

To obtain further insight into the evolution of each phase, we investigated the location
dependence of the random lattice strain, lattice parameters, crystallite size of the α or α’
phase, and β quantity. Figure 9 shows an example of the lattice parameter analysis on
L-PBF-360W-Fast-X and L-PBF-75W-Slow-X. The lattice parameters a and c were plotted
as a function of the Z position (growth height) for the XZ and YZ planes. The c-axis
became longer as the parts grew in the Z-direction. This trend was more significant in
L-PBF-360W-Fast-X than in L-PBF-75W-Slow-X. In L-PBF-360W-Fast-X, the c-axis on the
XZ plane was longer overall than that on the YZ plane. Figure 10 shows an example of the
lattice parameter analysis on EB-PBF-900W-Slow-X and EB-PBF-750W-Fast-X. The a-axis
became shorter as the parts grew in the Z-direction. This trend is more significant on the
YZ plane than on the XZ plane. The elongated c-axis observed in the L-PBF parts and the
shrunken a-axis observed in the EB-PBF parts both correspond to greater c/a and shift from
α’ to α structures [10]. Only the lattice parameter analysis results are shown as an example
here; however, it should be noted that the change in the lattice parameters is correlated
to all of the other parameters analyzed by HP-XRD, such as the random lattice strain and
crystallite size of the α or α’ phase, and β phase quantity, as shown in Figures 5–7.
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Figure 9. α or α’ phase lattice parameters measured at different locations on (a) L-PBF-360W-Fast-X
and (b) L-PBF-75W-Slow-X. The data points on the front sides, colored red and blue in Figure 1,
are shown. The c-axis became longer as the parts grew in the Z-direction. This trend was more
significant in L-PBF-360W-Fast-X than in PBF-75W-Slow-X. In L-PBF-360W-Fast-X, the c-axis on the
XZ plane was longer than that on the YZ plane.

Crystals 2021, 11, x FOR PEER REVIEW 11 of 18 
 

 

The c-axis became longer as the parts grew in the Z-direction. This trend was more significant in L-PBF-
360W-Fast-X than in PBF-75W-Slow-X. In L-PBF-360W-Fast-X, the c-axis on the XZ plane was longer 
than that on the YZ plane. 

 
Figure 10. α or α’ phase lattice parameters measured at different locations on (a) EB-PBF-900W-Slow-X 
and (b) EB-PBF-750W-Fast-X. The data points on the front sides, colored red and blue in Figure 1, are 
shown. The a-axis was long at the beginning of the growth process and then became shorter as the parts 
grew in the Z direction. This trend is more significant on the YZ plane than on the XZ plane. 

  

Figure 10. Cont.



Crystals 2021, 11, 796 11 of 17

Crystals 2021, 11, x FOR PEER REVIEW 11 of 18 
 

 

The c-axis became longer as the parts grew in the Z-direction. This trend was more significant in L-PBF-
360W-Fast-X than in PBF-75W-Slow-X. In L-PBF-360W-Fast-X, the c-axis on the XZ plane was longer 
than that on the YZ plane. 

 
Figure 10. α or α’ phase lattice parameters measured at different locations on (a) EB-PBF-900W-Slow-X 
and (b) EB-PBF-750W-Fast-X. The data points on the front sides, colored red and blue in Figure 1, are 
shown. The a-axis was long at the beginning of the growth process and then became shorter as the parts 
grew in the Z direction. This trend is more significant on the YZ plane than on the XZ plane. 

  

Figure 10. α or α’ phase lattice parameters measured at different locations on (a) EB-PBF-900W-Slow-
X and (b) EB-PBF-750W-Fast-X. The data points on the front sides, colored red and blue in Figure 1,
are shown. The a-axis was long at the beginning of the growth process and then became shorter as
the parts grew in the Z direction. This trend is more significant on the YZ plane than on the XZ plane.

3.4. Residual Stress Analysis

The results of the residual stress analysis are shown in Figure 11. As there was no
significant difference between the scan strategies and different Z positions, these values
were averaged over five Z positions and three scan strategies, a total of 15 data points, to
determine the difference between L-PBF and EB-PBF, beam power and scanning speed,
measured planes (XZ and YZ planes), and residual stress directions (horizontal and vertical).
The EB-PBF showed significantly lower residual stresses than the L-PBF. No systematic
or noticeable difference was observed among the EB-PBF-made parts, considering the
size of the error bars. In contrast, the L-PBF parts exhibited lower residual stresses under
low power and low scanning speed conditions. The YZ plane exhibited lower stresses
than the XZ plane. It should also be noted that the vertical residual stress is greater than
the horizontal residual stress. All of these differences correspond to the difference in
the heating and cooling rates immediately after the solidification occurring at a solidus
temperature of 1605 ◦C [46].
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4. Discussion
4.1. Heat Transfer Simulation

To investigate the origin of the phase structure dependency on the process parameters
and measured locations observed in Section 3.1, we conducted heat transfer simulations
for L-PBF-360W-Fast-X and L-PBF-75W-Slow-X. The temperatures and heating and cooling
rates were calculated at a depth of 20 µm from the center of the XZ and YZ plane surfaces
to match the area measured using HP-XRD. We focused on the area around the β transus
temperature, 991 ◦C (1264.15 K) [47]. The simulated temperature, heating rate, and cooling
rate are shown in Figure 12. The moments at which the temperature reaches the β transus
temperature are denoted as a red circle for the L-PBF-360W-Fast-X XZ plane, a blue circle
for the L-PBF-360W-Fast-X YZ plane, a red square for the L-PBF-75W-Slow-X XZ plane,
and a blue square for the L-PBF-75W-Slow-X YZ plane in Figure 12a. These points are
marked in Figure 12b,c to determine the cooling rate at each point.
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Figure 12. Heat transfer simulation for L-PBF-360W-Fast-X and L-PBF-75W-Slow-X: (a) Temperatures calculated at 20 µm
depth from the center of the XZ and YZ plane surfaces for L-PBF-360W-Fast-X and L-PBF-75W-Slow-X; (b) Heating/cooling
rates calculated at the same location for L-PBF-360W-Fast-X; (c) Heating/cooling rates calculated at the same location for
L-PBF-75W-Slow-X. The moments the temperature reached the β transus temperature are marked as a red circle for the
L-PBF-360W-Fast-X XZ plane, a blue circle for the L-PBF-360W-Fast-X YZ plane, a red square for the L-PBF-75W-Slow-X XZ
plane, and a blue square for the L-PBF-75W-Slow-X YZ plane.

As shown in Figure 12b,c, the cooling rate of L-PBF-75W-Slow-X was an order of
magnitude higher than that of L-PBF-360W-Fast-X. When the scan speed was low, the laser
beam was still scanning the vicinity of the points analyzed by HP-XRD even after the
temperatures of those points reached the β transus temperature. It takes 20 ms to scan
a 5 mm line with the slow scan speed at 250 mm/s. Therefore, when the temperature
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reached the β transus temperature on the L-PBF-75W-Slow-X XZ plane (red square) at t
= 37.55 ms, the laser beam was still scanning a line only 0.1 mm away, causing a rapid
change of the temperature at the point analyzed by HP-XRD on the XZ plane. On the other
hand, when the scan speed was high, the laser beam was scanning rather far locations from
those points and did not cause a rapid temperature change by the time the temperature
reached the β transus temperature. It takes only 4.2 ms to scan a 5 mm line with the
fast scan speed at 1200 mm/s. In this case, when the temperature reached the β transus
temperature on the L-PBF-360W-Fast-X XZ plane (red circle) at t = 65.55 ms, the laser
beam was already scanning a line 1.5 mm away without causing a rapid change of the
temperature at the point analyzed by HP-XRD on the XZ plane. In Figure 12b, it can also
be seen that, for L-PBF-360W-Fast-X, the YZ plane experienced a slightly higher cooling
rate than the XZ plane.

These results explain why (1) the L-PBF-75W-Slow-X showed a more α’-like structure
(smaller c/a, smaller crystallite size, and high level of random lattice strain) compared
to L-PBF-360W-Fast-X, and (2) the YZ plane of PBF-360W-Fast-X showed a more α’-like
structure compared to the XZ plane.

4.2. Process Techniques, Process Parameters, and Resulting Parts’ Characteristics

Previous studies have suggested that the α’ phase contains more dislocations than the
α phase [10], and α’ has a shorter c/a than that of α [9]. Furthermore, Yang et al. [48] has
reported that the α+β structure evolves through the β to α’ martensitic transformation and
the growth of the α’ phase into greater α laths or the decomposition of the α’ phase into
the α+β structure during the rapid cooling of the L-PBF process. Based on these factors,
we can interpret the crystal structure parameters analyzed by HP-XRD as indicators of
different stages of the α’ to α or α+β structure evolution.

For the L-PBF parts, as shown in Figure 13, the cooling rate around the β transus
temperature, which is related to the scan power and speed, is a critical factor that dictates
the resulting structure. When the cooling rate was high (calculated rate in this study:
−5 × 104 to −3 × 104 K/s), the resulting parts showed a predominantly α’-like structure.
As the cooling rate decreased (calculated rate in this study: ~−6 × 103 K/s), the resulting
parts shifted toward the α+β-like structure. In contrast, the level of residual stress was
dictated more by the heating and cooling rates immediately after solidification.
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In addition, at the beginning of the growth process (low Z position), the crystal
structure was more α’-like than at the later stage (high Z position), as shown in Figure 9.
The α or α’ phase structure changed while the process parameters remained the same
because the cooling rate decreased during the growth process. At the beginning of the
growth process, the heat generated by the laser beam immediately escapes to the base plate,
and the overall growth layer temperature drops rapidly [49,50]. As the specimens grow in
height, it takes longer for the heat to escape to the base plate because more heat starts to
dissipate from the 5 mm × 5 mm specimen surface to the atmosphere, which is a slower
cooling process.

The most significant feature of the EB-PBF parts is the low to negligible amount
of residual stress. Preheating at 520 ◦C lowers the cooling rate, resulting in a reduced
temperature gradient and residual stress [51]. The cooling rate also affects the α or α’ phase
structure. Unlike the L-PBF parts, no significant differences among different beam powers
and scanning speeds were observed. However, the structure of the α or α’ phase showed
similar growth height dependency as the L-PBF-made parts did. At the beginning of the
growth process (low Z position), the crystal structure was more α’-like than at the later
stage (high Z position), as shown in Figure 10. This growth height dependency is also
caused by the change in the main heat transfer mechanism, as in the case of the L-PBF parts.

The results summarized in Figures 13 and 14 demonstrate that the relationship be-
tween the process parameters and the resulting phase structures is remarkably different
between L-PBF and EB-PBF. Furthermore, these results show that one needs to adjust the
L-PBF process parameters to optimize the cooling rates at specific temperature regions to
precisely control residual stresses and phase structures as well as ultimately achieve the
desired part’s performance.
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5. Conclusions

This study systematically and quantitatively investigated the difference between
L-PBF and EB-PBF techniques and their process parameters in surface residual stresses
and phase structures of α- or α’ + β-type Ti-6Al-4V. Specimens fabricated by L-PBF and
EB-PBF and different process parameters were analyzed using HP-XRD. Different levels of
residual stress and a wide range of phase structures from α’ to α and α + β were observed.
These parameters are correlated with the cooling rates. The results are summarized
as follows:
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1. For the L-PBF parts, the cooling rate around the β transus temperature was found to be
the critical factor that dictates the resulting structure. When the cooling rate was high
(low laser power and low scan speed), the resulting parts predominantly exhibited an
α’-like crystal structure. As the cooling rate decreased (high laser power and high scan
speed), the resulting parts shifted toward an α+β-like structure. In contrast, the level
of residual stress was dictated more by the heating and cooling rates immediately
after solidification.

2. No significant residual stress was observed in the EB-PBF-made parts. In addition,
unlike the L-PBF parts, no significant difference among different beam power and
scanning speed was observed in the EB-PBF parts. No significant amount of β phase
was observed.

3. Growth height (Z location) dependency was observed in both the L-PBF and EB-
PBF parts. The change in the cooling rate during the growth process due to the
change in the main heat transfer mechanism affects the resulting structure. The higher
cooling rate at the beginning of the growth stage resulted in a more α’-like structure.
Conversely, the lower cooling rate at the later stage resulted in a more α- or α+β-
like structure.

In AM processes, the control of the residual stress of the resulting parts and phase
structure is often discussed in the context of a generalized overall cooling rate or an even
more reduced parameter, such as energy density. However, the findings of the present
study suggest that the cooling rates at specific temperatures and part locations need to
be considered to control the residual stresses and phase structures as well as ultimately
achieve the desired mechanical performance.
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