
metals

Article

Influence of Direct Energy Deposition Parameters on Ti–6Al–4V
Component’s Structure-Property Homogeneity

Chan Hyeok Lee 1,2,†, P. L. Narayana 1,2,†, Seong-Woo Choi 1, N. S. Reddy 3, Jae H. Kim 1,*, Namhyun Kang 2,*
and Jae-Keun Hong 1

����������
�������

Citation: Lee, C.H.; Narayana, P.L.;

Choi, S.-W.; Reddy, N.S.; Kim, J.H.;

Kang, N.; Hong, J.-K. Influence of

Direct Energy Deposition Parameters

on Ti–6Al–4V Component’s

Structure-Property Homogeneity.

Metals 2021, 11, 887. https://doi.org/

10.3390/met11060887

Academic Editor: Antonio Mateo

Received: 26 April 2021

Accepted: 26 May 2021

Published: 28 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Titanium Department, Advanced Metals Division, Korea Institute of Materials Science,
Changwon 51508, Korea; rchan0955@kims.re.kr (C.H.L.); plnarayana@kims.re.kr (P.L.N.);
rhkdgh@kims.re.kr (S.-W.C.); jkhong@kims.re.kr (J.-K.H.)

2 Department of Materials Science and Engineering, Pusan National University, Busan 46241, Korea
3 School of Materials Science and Engineering, Gyeongsang National University, Jinju 52828, Korea;

nsreddy@gnu.ac.kr
* Correspondence: jaehkim@kims.re.kr (J.H.K.); nhkang@pusan.ac.kr (N.K.)
† These authors contributed equally to this paper.

Abstract: Ti–6Al–4V alloy is a typical 3D printing metal, and its application has been expanded to
various fields owing to its excellent characteristics such as high specific strength, high corrosion
resistance, and biocompatibility. In particular, direct energy deposition (DED) has been actively
explored in the fields of deposition and the repair of large titanium parts. However, owing to
the complicated thermal history of the DED process, the microstructures of the fusion zone (FZ),
heat-affected zone (HAZ), and base metal (BM) are different, which results in variations of their
mechanical characteristics. Therefore, the process reliability needs to be optimized. In this study,
the microstructure and hardness of each region were investigated with respect to various DED
process parameters. An artificial neural network (ANN) model was used to correlate the measured
characteristics of the FZ, HAZ, and BM of Ti–6Al–4V components with the process parameters. The
variation in the mechanical characteristics between the FZ, HAZ, and BM was minimized through
post-heat treatment. Heat treatment carried out at 950 ◦C for 1 h revealed that the microstructure and
hardness values throughout the component were homogeneous.

Keywords: direct energy deposition; Ti–6Al–4V alloy; melt pool geometry; artificial neural network;
heat treatment

1. Introduction

Titanium alloys, in particular, Ti–6Al–4V alloy, are widely used in the energy plant,
aerospace, defense, and biomedical industries owing to their high specific strength and
corrosion resistance [1]. As the immediate and widespread application in these industries
requires complex-shaped alloy products, the conventional manufacturing process leads
to high material wastage and processing costs. Furthermore, complex component repair
with a near-net part is challenging for designers. An expensive partial replacement can
be avoided if minor component damage is repaired. Thus, a progressive manufactur-
ing process that can overcome the limitations of conventional manufacturing processes
is needed.

Recently, there has been an increasing demand for the additive manufacturing (AM)
process because of its potential to produce near-net-shape components with reduced cost
and time [2,3]. In particular, the direct energy deposition (DED) technique has received
attention for the fabrication and repair of larger Ti–6Al–4V parts. Compared with the
powder bed fusion AM processes, the DED process has a higher deposition rate and
relatively flexible work environment [4–8]. It is important to note that successful component
fabrication/repair requires clear knowledge of the process parameters so that the product
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is manufactured with the required properties. The disproportionate selection of processing
conditions will lead to severe defects in the product and its subsequent failure.

Several studies have investigated the effect of process parameters on the microstruc-
ture of DED-processed Ti–6Al–4V parts [1,9–13]. Kistler et al. [14] reported the effect of
processing conditions, such as substrate thickness, interlayer dwell time, temperature,
hatch pattern, and number of layers, on the microstructure, porosity, and hardness of
the deposition region. Carrozza et al. [13] investigated the effect of laser power, powder
feed rate, and scanning speed on the grain size and mechanical properties of DED parts.
Although the influence of processing conditions on the deposited material has been stud-
ied, changes in the base plate microstructure and mechanical properties require further
attention. The process parameters have been reported, especially the power and scan
speed, to significantly alter the microstructure of the fabricated component. In general, at
constant power, the higher scan speed leads to the formation of martensite (α’), whereas
the lower scan speed tends to form the α laths; this is attributed due to the cooling rate.
The slow cooling rate upon lower scan speed gives higher reheating time to overlaying
layers which can decompose the α’ phase and forms the α [8,15]. In particular, in the case
of component repair, the higher power input during the DED process can significantly
alter the base material microstructure [16]. Thus, the structure and property homogeneity
should be ensured throughout the repaired component.

Recently, Scherillo et al. [17] reported welds with microstructures and hardness values
similar to those of the base material. These welds were produced using linear fraction
welding of EBM-processed Ti–6Al–4V components. In this regard, the powder-based DED
process has the potential for component repair applications and, thus, requires significant
attention. To address this gap, the present study focuses on a systematic investigation
of the influence of power and scan speed on changes in the base plate as well as Ti–
6Al–4V deposits. A backpropagation neural network model was utilized to correlate the
characteristics of Ti–6Al–4V alloy components (e.g., microstructure and geometry) with the
DED process parameters. In addition, to enhance the homogeneity of the Ti–6Al–4V alloy
components after repair, post-heat treatment was performed.

2. Materials and Methods

A spherical Ti–6Al–4V alloy powder with size in the range of 45–150 µm (KOS wire,
Busan, Korea) was used to fabricate five unidirectional tracks using a three-dimensional
(3D) printer (InssTek, Daejeon, Korea). A wrought Ti–6Al–4V alloy with an equiaxed
microstructure was used as the base plate. A total of 25 samples were deposited at a
laser power varied from 200 to 600 W and a scan speed varied from 0.3 to 1.5 m/min.
The width of the fusion zone (FZ), width of the heat-affected zone (HAZ), height of the
deposited material, and average columnar grain width were measured with the help of
optical microscopy images. The hardness values of the components in the FZ, HAZ, and
deposition region were measured using a Vickers hardness machine (Mitutoyo, Kanagawa,
Japan) with the load of 0.5 kgf. The post-heat treatment was carried out at the α + β

phase field at two different temperatures to attain uniformity of the components. Firstly,
we applied the conventional stress relief heat treatment at 550 ◦C; however, the resultant
microstructure was quite similar to the as-fabricated condition. Upon heat treatment
at several high temperature regions, we found that heat treatment 950 ◦C was able to
provide quite a uniform microstructure throughout the fabricated sample. For the electron
backscatter diffraction (EBSD) analysis, the samples were electropolished using a solution of
95% methyl alcohol and 5% perchloric acid at 30 V and−30 ◦C. The microstructural changes
and phase fractions in the as-deposited and post-heat-treated samples were investigated
using the field emission scanning electron microscope (FESEM)—EBSD analysis (JEOL,
Tokyo, Japan) with a step size of 0.3 µm.
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3. Artificial Neural Network

An artificial neural network (ANN) model consists of input, output, and hidden layers.
The number of units in the input and output layers is usually determined by the number
of independent and dependent variables, respectively. In addition, the number of hidden
layers and neurons required for the model are determined by model training. Briefly,
the ANN model training involves weight adjustment to minimize errors in the model
predictions. The weights are adjusted by optimizing the model hyperparameters, such as
hidden layers, neurons, and iterations. A detailed description of the ANN model used in
this study has been reported in the authors’ previous study [18,19]. Accordingly, in the
present study, an ANN model was developed to correlate power and scan speed (inputs)
with various parameters, such as length and height of the FZ, HAZ, grain size, and build
height, (outputs) of the manufactured Ti–6Al–4V components.

4. Results and Discussions
4.1. Design of Experiments

A total of 25 samples were obtained after the deposition of five-layer tracks of Ti–6Al–
4V at various powers and scan speeds. Figure 1 shows the melt pool geometry, deposit
height, and columnar size of the samples measured. The results are summarized in Table 1.
The total data were utilized to develop an ANN model to predict the influence of power
and scan speed on the melt pool and deposit geometries and the corresponding grain size.
In terms of melt pool and deposit geometries, it can be observed that a high scan speed
and a low power result in a smaller size, whereas a low scan speed and a high power
significantly increase the geometries of the deposit and melt pool. Overall, at a constant
power, an increase in the scan speed decreases the deposit height. Similarly, at a constant
scan speed, an increase in the power enhances both the melt pool and deposit geometries.
For a better understanding of the effect of the scan speed and power on the melt pool
geometry, deposit geometry, and columnar grain size, an ANN model was developed and
implemented to estimate the relationship between the input and output variables more
accurately. These findings promote a better understanding of the influence of process
parameters on the resultant physical and mechanical properties of the deposits.
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300 0.9 0.164 1.032 0.292 1.358 0.0717 0.41 

Figure 1. Macroscopic images of direct energy deposition-processed Ti–6Al–4V alloy samples fabricated at various powers
and scan speeds.

Table 1. Measured values of the melt pool and deposit geometries and average columnar grain size of DED-processed
Ti–6Al–4V alloy samples under various process conditions.

Power (W) Scan Speed
(m/min)

Length of FZ
(mm)

Width of FZ
(mm)

Length of
HAZ (mm)

Width of
HAZ (mm)

Columnar
Width (mm)

Deposited
Height (mm)

200 0.3 0.125 0.968 0.336 1.351 0.2095 1.0857
300 0.3 0.213 1.305 0.382 1.712 0.2108 1.3429
400 0.3 0.267 1.538 0.468 2.115 0.2693 1.5914
500 0.3 0.368 1.877 0.497 2.528 0.2686 1.84
600 0.3 0.422 2.415 0.676 2.943 0.306 2.1
200 0.6 0.099 0.916 0.321 1.247 0.0855 0.6314
300 0.6 0.168 1.132 0.354 1.529 0.0933 0.7843
400 0.6 0.233 1.345 0.38 1.743 0.0979 0.8986
500 0.6 0.311 1.539 0.404 2.104 0.1297 1.06
600 0.6 0.33 1.821 0.463 2.401 0.2683 1.1229
200 0.9 0.079 0.762 0.265 1.14 0.0889 0.3972
300 0.9 0.164 1.032 0.292 1.358 0.0717 0.41
400 0.9 0.215 1.228 0.335 1.675 0.0902 0.6371
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Table 1. Cont.

Power (W) Scan Speed
(m/min)

Length of FZ
(mm)

Width of FZ
(mm)

Length of
HAZ (mm)

Width of
HAZ (mm)

Columnar
Width (mm)

Deposited
Height (mm)

500 0.9 0.274 1.411 0.354 1.891 0.0974 0.7486
600 0.9 0.292 1.581 0.419 2.027 0.0867 0.7614
200 1.2 0.096 0.739 0.228 1.042 0.0592 0.2614
300 1.2 0.14 0.929 0.261 1.246 0.0637 0.3429
400 1.2 0.19 1.131 0.29 1.412 0.0896 0.45
500 1.2 0.225 1.268 0.31 1.637 0.0774 0.5029
600 1.2 0.264 1.418 0.347 1.852 0.0793 0.5495
200 1.5 0.046 0.642 0.213 0.99 0.035 0.1543
300 1.5 0.105 0.89 0.237 1.154 0.0506 0.2314
400 1.5 0.183 1.044 0.251 1.341 0.0733 0.3714
500 1.5 0.203 1.215 0.293 1.515 0.0733 0.4
600 1.5 0.256 1.362 0.325 1.734 0.0783 0.4143

4.2. Model Training and Performance
4.2.1. Model Training

Initially, the ANN model was trained by varying the number of hidden layers (one
and two) and hidden neurons (varied from two to ten). To choose the optimum hidden
layer(s), the mean squared error (MSE) variation between the models with a single and
two hidden layers was studied. The respective plot is illustrated in Figure 2a.

MSE =
1
p ∑

p
∑

i
(Ti −Oi)

2 (1)

where p is the data point, the (Ti − Oi)2 squares of the error. The model with a single
hidden layer yielded higher error values than that with two hidden layers. In particular,
the two hidden layers consisting of eight hidden neurons in each layer showed a minimal
MSE value of 0.0017. Therefore, the optimum model architecture was selected as 2–8–8.
Similarly, the number of iterations was varied from 1000 to 10,000. The obtained variation
in the MSE value is depicted in Figure 2b. The error in the predictions gradually decreased
with the number of iterations. Finally, the model with 10,000 iterations showed a minimum
error of ~0.0015. During the model training, other model parameters were constant. For
example, the learning rate and the momentum term values were 0.4 and 0.6, respectively.
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4.2.2. Model Performance

Figure 3 illustrates the correlation plots of various deposit characteristics of the DED-
processed Ti–6Al–4V components. Owing to the high accuracy of the predictions (Figure 2),
the model successfully correlated the complex interactions between the process parameters
and the component characteristics. The average error and the corresponding correlation
coefficient values (Adj. R2) of the length and width of the FZ, HAZ, build height, and grain
size are listed in Table 2.
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Table 2. Average error in predictions and correlation coefficient values of various deposit parameters
of the DED-processed Ti–6Al–4V alloy components.

Build Feature Average Error Adj. R2

Length of FZ, µm 0.009 0.99
Width of FZ, µm 0.015 0.96

Length of HAZ, µm 0.007 0.99
Width of HAZ, µm 0.019 0.97
Build height, mm 0.005 0.99

Grain size, µm 0.020 0.99

4.3. Effect of Power and Scan Speed: Estimated Using ANN

The ANN-estimated effect of power on the geometry of the FZ (Figure 4a,b), HAZ
(Figure 4c,d), average width of the columnar grain (Figure 4e), and deposit height (Figure 4f)
are depicted in Figure 4. For a constant scan speed value, an increase in the power steadily
increases the geometries of the FZ, HAZ, and deposit, as well as the columnar grain size.
In particular, the effect was more significant for the combinations of a low scan speed
(0.3 m/min) and a high power (500–600 W). In the case of the columnar grain size, a high
scan speed (0.9 to 1.2 m/min) showed a slight increment (from ~40–100 µm) with the laser
power. However, for low scan speeds (<0.6 m/min), increasing the power from 200 W to
600 W notably increased the grain size from 200 to 320 µm, as illustrated in Figure 4e. The
high energy density due to an increase in the power tends to melt the base plate wider and
deeper, which can further influence the size of the columnar grains. In addition, the height
of the deposit tends to increase with the power. This can be explained by the overheating
of the previous layer, resulting in the expansion of the deposited material. Furthermore,
the high power is associated with the melting efficiency of the powder, producing the
high deposit. Therefore, the height of the deposit increases with the energy density, which
is directly related to the laser power. A similar behavior was observed in the previous
studies [20,21].

The predicted influence of the scan speed on the geometries of the FZ, HAZ, and
deposit as well as the columnar grain size is shown in Figure 5. For a constant power
value, an increase in the scan speed continuously decreases the length and width of the
FZ (Figure 5a,b) and HAZ (Figure 5c,d) as well as the height of the deposition region
(Figure 5f). Figure 5e shows the influence of the scan speed on the grain size at various
powers. For a particular power value, an increase in the scan speed significantly minimizes
the size of the columnar grains. The sample fabricated at the maximum power (600 W)
and a low scan speed (0.3 m/min) exhibits a coarse-columnar grain with an average size
of ~300 µm. With increasing the scan speed to the maximum of 1.5 m/min, the size of the
columnar grains decreases to ~90 µm within the same sample. As the laser scanning speed
is increased, the melt pool geometries (length and width of the FZ and HAZ) of the sample
decrease. Among all the samples, the sample fabricated at a low power (200 W) and a high
scan speed (1.5 m/min) exhibits the minimum height of the deposit. This is mainly because
a high scan speed leads to a decrease in the laser–metal interaction time, energy input, and
amount of powder deposition per unit area, which results in a lower deposit height [22].
Moreover, at higher scan speeds, the deposit height tends to increase with the power.
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Figure 6a–c show the variation in the hardness (HV) of the deposit as a function of the
power and scan speed. From Figure 6a, it is clear that increasing power does not vary the
hardness significantly. Overall, as the power range varies from 200 to 600 W, the hardness
value varies only by ~ 9 HV. On the other hand, the effect of scan speed on the hardness
exhibits a linear relation. With increasing scan speed from 0.3 to 1.5 m/min, the hardness
significantly increases from ~ 373 to 402 HV, as illustrated in Figure 6b. The overall power
and scan speed effect on the hardness value is plotted in Figure 6c. It can be seen that the
overall hardness values vary from 372 HV to 406 HV.
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Figure 6. Variation in the hardness values of the deposited materials as a function of the (a) power, (b) scan speed and (c)
combined contour plot estimated with ANN. The effect of power and scan speed on deposit height (d–f) and microstructure
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From the observed microstructure and the deposition height, the plot can be catego-
rized into two different regions: one with a lower scan speed (region-1) and another with a
higher scan speed (region-2), as shown in Figure 6c. Irrespective of the laser power, when
the sample was deposited at a lower scan speed (region-1), the deposit height of the de-
posited materials was higher (Figure 6d), and the microstructure of Ti–6Al–4V changed to
thick α plates (as shown in Figure 6d1). In addition, a higher scan speed (region-2) resulted
in a lower deposit height (Figure 6f) and a microstructure dominated by the martensite (α’)
phase, as illustrated in Figure 6f1.

In general, the higher energy input (owing to the lower scan speed) and the higher
laser–metal interaction time overheat the deposited material and result in its expansion.
In addition, the needle-shaped martensite phase heats and transforms into thick α plates
because of the slower cooling rate. In contrast, because of the shorter laser–metal interaction
time, a higher scan speed notably decreases the component height and increases the
cooling rate of the deposited material, resulting in the formation of α’. Thus, the optimum
condition for the component fabrication was selected as a power of 400 W and a scan speed
of 0.9 m/min, considering the quality of the deposition with acceptable hardness value.
The deposit height and respective microstructure (α’) of the sample fabricated with the
optimum conditions are depicted in Figure 6e,e1. At this power and speed, the hardness
values were optimum, and the deposit height was reasonable.
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4.4. Microstructure and Property Variations in the Components

This section discusses variations in the microstructure and properties of the DED-
processed components with respect to various locations. As shown in Figure 7, the hardness
values of the samples were measured perpendicular to the deposition direction (indicated
in Figure 7a). The variation in the hardness with respect to the distance from the center of
the deposition is plotted in Figure 7b. As expected, with the martensite α’ structure, the
hardness value was high in the FZ region and gradually decreased when moving away
from the FZ towards the base plate (equiaxed microstructure). It is important to mention
that such components (with nonuniform structure and properties) are not favorable from
the application point of view, especially in the case of repaired parts.
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The variations in the microstructure and phase fraction of the as-fabricated component
were examined in various regions by the EBSD analysis. The inverse pole figure (IPF) maps
taken from various locations of the as-fabricated component are shown in Figure 8a–c. The
deposition region of the Ti–6Al–4V alloy consists of a columnar grain with the acicular
martensite α’ structure [23,24], as illustrated in Figure 8a. The HAZ (Figure 8b) and the
base plate region (Figure 8c) have equiaxed α grains. In particular, the HAZ is dominated
by a mixture of the α phase morphology with equiaxed α (present in the base plate) and the
recrystallized fine-scale α (see Figure 8b). In addition, the phase volume fractions present
in various regions of the component were identified using the phase maps (Figure 8d–f).
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4.5. Effect of Post-Heat Treatment

Thus, to attain microstructural and hardness homogeneity throughout the component,
we used post-heat treatment at two different temperatures (HT #1 at 550 ◦C and HT #2
at 950 ◦C) below the beta transus temperature for 1 h followed by air cooling to room
temperature. The effects of heat treatment on the microstructure, phase fraction, and
hardness were systematically investigated. The component microstructure variation after
HT #1 is illustrated in Figure 9a–c (IPF) and Figure 10a–c (phase maps). The microstructure
of the component after HT #1 in various regions is similar to that of the as-fabricated
component. However, the component after HT #1 shows a significantly lower volume
fraction (~2%) of the β phase in all regions, as compared with the as-fabricated one
(Figure 10a–c).

Upon HT #2, the microstructure of the base material and the HAZ were notably
changed, as compared with those under the as-fabricated and HT #1 conditions. The mi-
crostructure of the deposit was transformed into thick irregular α plates (Figure 9d). In par-
ticular, the equiaxed α grains present in the base material and the HAZ changed to a coarse
bimodal morphology (with a nearly equiaxed primary α and lamellar structure [24,25]), as
illustrated in Figure 9e,f. Regarding the phase fractions, unlike the as-fabricated component
and the component after HT #1, the component after HT #2 had ~100% of the α fraction in
the deposition region, HAZ, and base material (Figure 10d–f). The β phase present in the
as-fabricated sample can be completely transformed to the α phase (β→ α) during HT #2;
thus, the sample contained a very small fraction of β (<0.2%).
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The quantified values of the α and β phase fractions of various samples are plotted in
Figure 11a,b, respectively. The hierarchy of the regions in terms of the β fraction is HAZ >
base plate > deposition. This can be understood by the heating and solidification behavior
of the Ti–6Al–4V alloy during the DED process. Starting from the deposition region
where the alloy melts and solidifies rapidly during printing, the resultant microstructure is
martensite. In contrast, the HAZ and the base metal are heated during printing, and the
heating temperature of the HAZ is significantly higher than that of the base material. Thus,
the fraction of β is higher in the HAZ than in the base material.
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Moreover, the hardness values for the regions (base material, HAZ, and deposit)
were measured and illustrated in Figure 12. The as-fabricated sample, starting from the
base material with an equiaxed α structure, the hardness value gradually increased along
the building direction (base material < HAZ < FZ < deposited material) and attained a
maximum value of ~ 392 HV in the deposition region. Considering the notable variation
in the microstructure and hardness of the as-fabricated component, such components
certainly alter the performance of the entire part (anisotropic nature). Therefore, it is
important to achieve a nearly homogeneous microstructure and properties throughout the
fabricated components. The hardness variation in the component after HT #1 condition
shown in Figure 12b. It can be noticed that the values are nonuniform. Finally, the
hardness values at various locations of the component after HT #2 are plotted in Figure 12c.
In contrast to the other two samples (as-fabricated and HT #1), the hardness value of
the HT #2 component does not vary with the location and shows a constant value of
~350 ± 10 HV, as depicted in Figure 12c. Therefore, on the basis of the microstructure
and hardness results, HT #2 is beneficial for fabricating DED-processed components with
homogeneous microstructure and mechanical properties, which further helps to handle
anisotropic regions in the repaired parts.
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5. Conclusions

In this study, the homogeneity of the Ti–6Al–4V alloy components fabricated by DED
was evaluated. Furthermore, the influence of the process variables on the microstructure
and hardness was studied. The conclusions are as follows.

1. For the constant scan speed, an increase in the laser power tends to increase the melt
pool geometry, grain size, and deposit height of the components. In contrast, for the
constant power, an increase in the scan speed tends to decrease these parameters of
the components.

2. The ANN model successfully correlated the relationship between the process parame-
ters (power and scan speed) and the geometries of the melt pool and deposit as well
as the grain size.

3. The hardness was measured along the scanning direction. Starting from the base
metal, the hardness gradually increased up to the FZ and again decreased when
moving away from the FZ.

4. The microstructural features of the as-fabricated component varied significantly from
the base plate (equiaxed) to the deposition region (martensite); thus, the hardness
value was notably varied for each region.

5. Post-heat treatment at a lower temperature (HT #1 ~ 550 ◦C) did not alter the mi-
crostructure of the components. However, the heat treatment (HT #2) at 950 ◦C
resulted in a homogeneous microstructure with irregular α plates, which resulted in
a uniform hardness value throughout the base plate and deposition regions.
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