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1. Introduction

  For decades, titanium alloys have become one of the 
most attractive engineering materials for various appli-
cations, such as aircraft and biomedical industries, due 
to their low density, superior mechanical properties, 
and excellent corrosion resistance. Ti-6Al-4V, classi-
fied as α+β titanium alloy, dominates more than half of 
the total titanium usage1). Ti-6Al-4V is the most widely 
used among other titanium alloys since it has complex 
microstructures that can be modified to improve me-
chanical properties2,3). Furthermore, this alloy also has 
a lower cost compared to the high-strength β titanium 
alloy. 
  Owing to the high demand for Ti-6Al-4V, several 
manufacturing methods have been utilized to fulfill the 
necessity. Ti-6Al-4V is conventionally fabricated using 
casting and forging, followed by machining to precisely 
tailor the final dimension4). However, these conven-
tional methods are disadvantageous due to inefficient 
materials usage, ineffective lead time, high-cost proc-
esses5). To overcome the issues, additive manufacture 

(AM) has been developed as a promising technology to 
fabricate a three-dimensional net-shaped product in a 
manner of layer-by-layer. The feature of net-shaped can 
minimize the material waste, which increases the 
buy-to-fly ratio and subsequently enhances the cost-ef-
fectiveness6,7). AM can be divided into powder bed fu-
sion (PBF) and directed energy deposition (DED) based 
on the principle process. A prior study reported that 
DED exhibited a higher deposition rate and material ef-
ficiency than PBF8,9). Therefore, the DED becomes a 
potential process to fulfill the high demand for Ti-6Al-4V.
  In DED Ti-6Al-4V, the microstructures of α’ marten-
site and α massive phase (αm) are generally formed due 
to the high cooling rate introduced during the proc-
ess10). The α’ and αm usually are observed with the ap-
pearance of acicular and sub-lamellar morphology, re-
spectively11). However, the microstructures of α’ and αm 
in the lower layer experience intrinsic heat treatment 
due to the repetition of subsequent layers during build-
ing the product12,13). Accordingly, the microstructures 
of α’ and αm can be decomposed when subjected to the 
intrinsic heat treatment, which is unavoidable heat trans-
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fer from the melt pool of the upper layer. Meanwhile, 
the extrinsic heat treatment is a subsequent heat treat-
ment of the alloy after DED fabrication, which is usu-
ally conducted using a furnace. The alteration in the 
morphology of α’ and αm consequently can affect the 
mechanical properties of the Ti-6Al-4V. This present 
study mainly investigates the influence of the α’ and αm 
decomposition on the mechanical properties of the ad-
ditively manufactured Ti-6Al-4V alloy by DED.  

2. Experimental Methods

  The AM Ti-6Al-4V with a total number of 10 layers 
was manufactured using DED by depositing the alloy 
powder on a Ti-6Al-4V substrate. The alloy powder 
was fabricated using a plasma atomization process, re-
sulting in an average powder size of 90 ㎛. During 
DED, the powder feed rate was varied at 3, 6, and 9 
g·min-1, while the laser power and the scan speed were 
set at the constant values of 900 W and 900 mm·min-1, 
respectively. The schematic of the DED process in this 
work is illustrated in Fig. 1a. Subsequently, the de-
posited alloy was cut from the substrate for further mi-
crostructural and mechanical properties examinations.
  For the microstructure observation, all specimens were 
initially ground using SiC paper until 2400-grit, fol-
lowed by mechanical polishing using 1-㎛ diamond 
suspension. The specimens were then etched using 
Kroll’s reagent with the composition of 85 vol.% dis-
tilled water, 10 vol.% nitric acid, and 5 vol.% hydro-
fluoric acid. Optical microscopy (OM) and scanning 
electron microscopy (SEM) were conducted to measure 
the microstructure at the center region of the bottom to 
the top layer of the deposited Ti-6Al-4V alloy. As for 
the characterization of mechanical properties, Vickers 

microhardness and tensile tests were conducted at room 
temperature. The Vickers microhardness test with a 
load of 1 kgf and a dwell time of 10 s was performed at 
the center region of the bottom to the top layer. For the 
tensile test, flat dog-bone-shaped specimens (Fig. 1b) 
with a gauge length of 5 mm, a gauge width of 2.5 mm, 
and a thickness of 1 mm were prepared by an electrical 
discharge machining. The position of the tensile test 
specimens was identified to be located in layers 5-6. 
Prior to the tensile test, the specimens were ground by 
2400-grit SiC paper to eliminate any surface defect and 
set 1 mm in thickness precisely. The tensile test with a 
strain rate of 8.3 × 10-4 s-1 was conducted at room tem- 
perature. The digital image correlation (DIC) technique 
by VIC-2D software was then utilized for precise strain 
distribution on the surface of the tensile specimens.

3. Results 

  Figs. 2 and 3 show the formation of α’ and αm, respectively, 
within the prior β grain of the as-built DED Ti-6Al-4V 
alloy, as a result of high cooling rate (beyond 4000 
K·s-1) in the DED process10). The α’ generally appears 
as a needle-shaped morphology, as shown at the top 
layer of the specimens in Figs. 2a-2c. On the other hand, 
the α’ seems to be partially decomposed in the middle 
layer of the specimens (Figs. 2d-2f). The morphology 
of α’ in layer 6 shows a combination of needle-shaped 
and lamellae morphology. A fully decomposed α’ was 
further observed in layer 2 (Figs. 2g-2i), in which the α 
lamellae was surrounded by the β phase. As for the αm 
observation, the αm in the top layer exhibits a sub-la-
mellar structure (Figs. 3a-3c), which is similar to the 
previous study11). In the middle layer, the morphology 
of αm exhibits a more continuous lamellar structure 
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Fig. 1  Schematic of (a) the DED process for manufacturing a specimen with dimensions 24 × 10 × 10 mm3, and (b) the 
orientation of the tensile specimen, which is perpendicular to the build direction. The position of the tensile test 
specimens is located in the middle layers of the deposited alloy
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Fig. 2 The α’ martensite in the center region of the top, middle, and bottom layers for the specimens with the different 
powder feed rates: (a,d,g) 3 g·min-1, (b,e,h) 6 g·min-1, and (c,f,i) 9 g·min-1
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Fig. 3 The αm phase in the center region of the top, middle, and bottom layers for the specimens with the different powder 
feed rates: (a,d,g) 3 g·min-1, (b,e,h) 6 g·min-1, and (c,f,i) 9 g·min-1, The white dashed lines indicate the prior β grain 
boundary
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compared to that in the top layer (as shown in Figs. 
3d-3f). A thinner formation of αm with the α thickness 
of 0.5 ㎛ was further observed in the bottom layer of 
the specimens (Figs. 3g-3i). Moreover, according to 
Figs. 2 and 3, the microstructure was further decom-
posed for the specimen with a lower powder feed rate.
  Fig. 4 displays the hardness tendency in the deposited 
layers for specimens with the powder feed rates of 3, 6, 

and 9 g·min-1. The hardness values in the bottom layer 
varied from 375 HV to 400 HV depending on the pow-
der feed rate. The hardness values increase gradually 
with higher deposited layers, reaching up to 450-480 
HV in the top layer. This phenomenon can be corre-
lated with the alteration of the α’ and αm microstructural 
morphology. These hardness values are generally high-
er than those in Ti-6Al-4V produced using other fab-
rication methods14,15) and the substrate's mean hardness 
(356 HV). Furthermore, it is noticed the hardness val-
ues increase with the increasing powder feed rate, and 
the specimen with the powder feed rate of 9 g·min-1 exhibits 
the highest hardness values among the other specimens 
in this study.
  The tensile test results of the DED Ti-6Al-4V speci-
mens with the powder feed rates of 3 and 6 g·min-1 are 
shown in Fig. 5a. The specimen with the powder feed 
rate of 9 g·min-1 could not be tensile tested owing to a 
severe lack of fusion. Both specimens with the powder 
feed rates of 3 and 6 g·min-1 exhibited an elastic mod-
ulus of approximately 119 GPa; this value is in agree-
ment with prior studies16,17). For the specimen with the 
powder feed rate of 3 g·min-1, the yield strength, the ul-
timate tensile strength (UTS), and the elongation were 
observed to be approximately 950 MPa, 1049 MPa, and 
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Fig. 4 Hardness variation of the specimens with the pow-
der feed rates of 3, 6, and 9 g·min-1 from the bot-
tom to the top layer
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Fig. 5 (a) Engineering stress-strain curves of the specimens with the powder feed rates of 3 and 6 g·min-1, (b) Von-Mises 
strain distribution for the tensile specimens, analyzed by DIC, (c) Engineering local strain distribution in the speci-
mens with the powder feed rates of 3 g·min-1 and 6 g·min-1 along the black arrows in (b) between the 5th and 6th layers 
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10.1%, respectively. Meanwhile, the specimen with the 
powder feed rate of 6 g·min-1 displayed enhanced yield 
strength and UTS of approximately 1050 MPa and 
1180MPa, respectively, despite an elongation reduction 
of 5.1%. According to the tensile results, the specimen 
with the powder feed rates of 3 g·min-1 exhibited a better 
fracture toughness (integrated area of the stress-strain 
curve) than the specimen with the powder feed rate of 6 
g·min-1.   
  The analysis of Von-Mises strain distribution by DIC 
in the DED Ti-6Al-4V tensile specimens prior to frac-
ture is displayed in Fig. 5b. It is noticed that a higher 
local strain was found at layer 5 for both specimens 

with the powder feed rates of 3 and 6 g·min-1, as in-
dicated by the red region. Meanwhile, the appearance 
of necking, which was adjacent to the high local strain 
region, occurred only in the specimen with the powder 
feed rate of 3 g·min-1, as this specimen exhibited a 
higher ductility. The local strain values tend to decrease 
gradually toward the layer 6 for both specimens (Fig. 
5c). The inhomogeneity of the local strain in the gauge 
area was likely attributed to the different amounts of in-
trinsic heat energy in the DED specimens. 
  The fracture surface observation for the tensile speci-
mens are presented in Fig. 6, in which the crack was in-
itiated from layer 5 (Figs. 6a and 6b). In the specimen 

(a)

3 g·min-1 6 g·min-1

(b)

(c) (d)

(e) (f)

(g) (h)
Tensile

direction  

Build
direction  

Fig. 6 (a,b) The crack initiation of specimens with the powder feed rates of 3 and 6 g·min-1, respectively, in the layer 5. (c) 
The presence of an elongated pore and dimples, (d) The formation of lack of fusion and needle, (e,f) Crack prop-
agation, (g, h) River patterns fracture
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with the powder feed rate of 3 g·min-1, the presence of 
an elongated pore with a size of 20 ㎛ was observed as 
a favorable crack initiation site (Fig. 6c). The presence 
of dimples further suggests a ductile fracture behavior 
in the specimen with the powder feed rate of 3 g·min-1 
(Fig. 6c). Meanwhile, the formation of lack of fusion in 
the specimen with the powder feed rate of 6 g·min-1 
(Fig. 6d) could act as a local stress concentration for 
the tensile fracture, as the defect has a sharp-edge 
morphology. The fracture area in the specimen with the 
powder feed rate of 6 g·min-1 exhibited a needle-shaped 
characteristic (Fig. 6d), indicating a brittle fracture mode. 
Furthermore, the crack propagation in the tensile speci-
mens (Fig. 6e and 6f) were observed in which the crack 
propagated through the prior β grain. The crack prop-
agation through the grain is supported by the occur-
rence of the river pattern, which usually indicates the 
transgranular fracture (Figs. 6g and 6h)18).

4. Discussion

4.1 Role of intrinsic heat treatment on the decom- 
position of α’ and αm

  The intrinsic heat treatment corresponded to the de-
composition of α’ and αm in the lower layers. The in-
trinsic heat treatment was originated through the heat 
conduction of the melt pool of the upper layer. 
Subsequently, the lower layers underwent cyclic heat 
conduction as a result of depositing new layers. The 
heat conduction rate can be calculated using the Eq. 1 
as follows:

  Qconduction  kAx
T

Jㆍs  (1)

where k is the thermal conductivity of 20 W·m-1·K-1 for 
Ti-6Al-4V19), A is the cross-sectional area of the speci-
men (m2), ΔT is the difference between the temperature 
of the melt pool and the initial temperature of the 
pre-existing layer (assuming 298 K), and Δx is the dis-
tance between the melt pool and the pre-existing layer 
(m). The heat conduction rate of the specimens with the 
powder feed rates of 3, 6, and 9 g·min-1 was calculated 
to be approximately 6064, 3383, and 2718 J·s-1, res- 
pectively. This heat conduction rate can alter the micro-
structures of α’ and αm in the lower layers, as shown in 
Figs. 3 and 4. The needle-shaped α’ was altered into α 
lamellae with the formation of β phase at α/α boundary. 
On the other hand, the sub-lamellar of αm coalesced in-
to the continuous lamellar morphology of α/β phase to 
decrease the boundary energy of αm/αm sub-lamellar11).  

4.2 Mechanical properties due to the decompo- 
sition of α’ and αm

  The decomposition of α’ and αm in the lower layers af-
fects the mechanical properties of the DED Ti-6Al-4V 
specimens. For the hardness result, the values are sig-
nificantly lower in the lower layers. This occurred due 
to the morphology alteration of the α’ and αm by the in-
trinsic heat treatment, which consequently decreased 
hardness values. The lowest hardness was obtained in 
the specimen with the powder feed rate of 3 g·min-1, 
which can be related to the highest heat conduction en-
ergy in this specimen to decompose the microstructure 
more severely. Meanwhile, the highest hardness values 
in the top layer are attributed to the microstructures, 
which are not decomposed into α and β phases. For the 
tensile result, the combination of lower tensile strength 
and higher elongation in the specimen with the powder 
feed rate of 3 g·min-1 is also related to greater heat con-
duction which further decomposed the microstructures. 
On the other hand, as the heat conduction in the speci-
men with the powder feed rate of 6 g·min-1 is approx-
imately 44% lower than in the specimen with the pow-
der feed rate of 3 g·min-1

, the decomposition of the mi-
crostructure was not that severe. Thus, the specimen 
with the powder feed rate of 6 g·min-1 exhibited a high-
er tensile strength but lower elongation. 
  The microstructure decomposition also affects strain 
distribution, as shown in Fig. 5. The higher local strain 
at layer 5 was apparently also attributed to the more re-
peated heating in this layer, compared to that in the lay-
er 6. Owing to more repeated heating, the micro-
structure at layer 5 becomes more decomposed, which 
cannot further accommodate the stress. Consequently, it 
caused the initiation of failure for both tensile specimens. 
Furthermore, the initiation of failure at layer 5 was also 
promoted by the formation of the elongated pore and 
the lack of fusion in the specimens with the powder 
feed rates of 3 and 6 g·min-1, respectively.
  The overall comparison of mechanical properties in 
Ti-6Al-4V alloy fabricated by several different methods 
is shown in Fig. 7. The AM Ti-6Al-4V alloys processed 
by PBF and DED generally show higher strength due to 
the formation of brittle microstructures, such as α’, αm, 
and finer prior β grains. It is correlated to the fast cool-
ing rate that generally takes place in PBF and DED 
processes. The mechanical properties of the specimen 
with the powder feed rate of 3 g·min-1 resembled the 
results of Ti-6Al-4V fabricated with similar DED 
methods. Although the specimen with the powder feed 
rate of 3 g·min-1 exhibited a lower tensile strength, it 
achieved a better fracture toughness compared to the 
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specimen with the powder feed rate of 6 g·min-1. The 
mechanical properties of the specimen with the powder 
feed rate of 6 g·min-1 resembled closer to the PBF 
method. This occurred due to the combination of the 
low heat conduction to further decompose the micro-
structures and the formation of lack of fusion which 
limits the elongation. Therefore, the optimization of 
proper feed rate and the post heat treatment process is 
needed to enhance the mechanical properties of addi-
tively manufactured Ti-6Al-4V alloy.              

5. Conclusion

  In this work, the effect of microstructure decom-
position between α’ and αm on the mechanical proper-
ties of AM Ti-6Al-4V processed by the DED with dif-
ferent powder feed rates were successfully investigated. 
The conclusions of this work can be listed as follows.
  1) The decomposition of α’ and αm into α and β phase 
in the lower layers were attributed to the repeated in-
trinsic heat treatment. The intrinsic heat treatment was 
originated from the heat conduction of the melt pool on 
the upper layer transferred to the lower layers.
  2) The DED Ti-6Al-4V specimen with the lower pow-
der feed rate exhibited the more severe decomposition 
of α’ and αm in the lower layers. This occurred since the 
lower powder feed rate caused the higher heat con-
duction rate transferred to the lower layers.
  3) The decomposition of α’ and αm significantly af-
fected the mechanical properties of the DED Ti-6Al- 
4V. The hardness values of the deposited layers tended 
to decrease with the decrease in powder feed rate. 
Meanwhile, the mechanical properties exhibited a bet-
ter fracture toughness for the specimen with the more 

severe decomposition related to the powder feed rate of 
3 g·min-1. 
  4) The microstructure decomposition also affected the 
strain distribution in the DED Ti-6Al-4V tensile speci- 
mens. The more decomposed microstructures in the 
lower layer exhibited the higher local strain, which sub-
sequently initiated the tensile fracture.  
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