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Abstract
The effects of Cr and Fe addition on the mechanical properties of Ti–6Al–4V alloys prepared by direct energy deposition 
were investigated. As the Cr and Fe concentrations were increased from 0 to 2 mass%, the tensile strength increased because 
of the fine-grained equiaxed prior β phase and martensite. An excellent combination of strength and ductility was obtained 
in these alloys. When the Cr and Fe concentrations were increased to 4 mass%, extremely fine-grained martensitic structures 
with poor ductility were obtained. In addition, Fe-added Ti–6Al–4V resulted in a partially melted Ti–6Al–4V powder because 
of the large difference between the melting temperatures of the Fe eutectic phase (Ti–33Fe) and the Ti–6Al–4V powder, 
which induced the formation of a thick liquid layer surrounding Ti–6Al–4V. The ductility of Fe-added Ti–6Al–4V was thus 
poorer than that of Cr-added Ti–6Al–4V.
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1  Introduction

Laser-based metal 3D printing can be divided into selec-
tive laser melting (SLM) and direct energy deposition 
(DED). In SLM, a metal powder is filled in the entire area 
of the target layer, and the laser melts the powder. The 
resulting net-shaped product is advantageous for additive 
manufacturing, and the product samples can be formed 
in complex shapes [1]. However, the SLM process has 
a disadvantage in that the process duration is relatively 
long because a controlled atmosphere is employed in 

the chamber. In the DED process, a sample is fabricated 
while a laser is simultaneously jetted with a powder, and 
the laser power is relatively high. Although the building 
speed is fast, the net shape of the DED sample is poor, 
so machining processes such as surface treatment are 
required. During DED, the shielding gas is sprayed and 
deposited without controlling the atmosphere as a whole, 
which is advantageous because it can be used for produc-
ing and repairing a large product [2]. This type of addi-
tive manufacturing has been studied to prepare various 
alloys, including Ni-based superalloys and stainless steel 
[3, 4]. Many studies using titanium alloys have also been 
carried out for the manufacture of aerospace components 
with additive manufacturing (AM) [5]. Since titanium is 
expensive and difficult to manipulate during the deforma-
tion process, the buy-to-fly ratio is low. Applying titanium 
to additive manufacturing can greatly increase the buy-to-
fly ratio and thus decrease the production cost. Among the 
titanium alloys, Ti–6Al–4V alloys have especially good 
mechanical properties and have been extensively studied 
as a result [6, 7].

When DED is carried out on a Ti–6Al–4V alloy, coarse 
prior β grains are formed with the martensite phase owing 
to the high cooling rate during deposition. The strength 
of the processed alloy is higher than that of wrought 
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Ti–6Al–4V, but the ductility is low, which limits its practi-
cal application. It is known that adding alloying elements 
to Ti–6Al–4V can form fine and equiaxed β grains. Martin 
et al. [8] have developed a successful process to produce 
crack-free fine equiaxed grain structure by adding Zr as an 
alloying element to the Al7075 alloy with selective laser 
melting. Attempts have also been made to add a β stabilizer 
such as Mo to the DED process of titanium alloys [9]. It 
was reported that the size of the prior grains in Ti–6Al–4V 
alloys can be controlled by adding Cr and Fe as alloying 
elements [10].

When a mixed Ti–6Al–4V–M powder is subjected to the 
DED process, its strength and prior β grains can be con-
trolled. However, there have been very few studies on the 
deposition of a mixed Ti–6Al–4V–M powder in additive 
manufacturing. The addition of Cr and Fe during DED is 
expected to improve the low ductility of the Ti–6Al–4V 
alloy. In this study, the effects of the addition of alloying 
elements (2 and 4 mass% of Cr and Fe powders) on the 
mechanical properties and microstructure of the Ti–6Al–4V 
alloy were investigated.

2 � Experimental Procedures

The baseplate used for deposition in the present study was 
made of a Ti–6Al–4V alloy. Three powders were used as the 
starting materials—Ti–6Al–4V powder with 99.9% purity, 
Cr powder with 99% purity, and Fe powder with 99.9% 
purity. As shown in Fig. 1, the Ti–6Al–4V alloy powder 
particles had a completely spherical shape, and the Cr and 
Fe powder particles had an irregular shape. The composition 
of the Ti–6Al–4V powder is shown in Table 1. The aver-
age powder diameter of Ti–6Al–4V, Cr and Fe are 111.6, 
78.8 and 64.8 μm, respectively. All of powders were sieved 
in order to improve flow rate. These powders used in the 
experiment were mixed for 1 h with a two-axis rotation tool.

The deposition method used in the DED process is illus-
trated in Fig. 2, and all of the samples were deposited under 
the same conditions. Contours were deposited at the begin-
ning and the end, and a pocket was deposited in the mid-
dle of the process. The pocket was used to alternately stack 
the odd- and even-numbered pattern layers shown in Fig. 2. 
The sample was designed to have a rectangular shape with 
dimensions of 8 × 8 × 45 mm. The layer thickness (L) and 

Fig. 1   SEM images of powders: 
a Ti–6Al–4V (regular shape), b 
chromium (irregular shape), and 
c iron (irregular shape)

(a) 

(b) (c) 

250 um

250 um 250 um

Table 1   Chemical composition 
of Ti–6Al–4V powder

wt% Ti Al V Fe O Other

Ti–6Al–4V Balance 6.44 4.0 0.21 0.1 < 0.4
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the spacing (s) were set at 0.25 and 0.5 mm, respectively. 
The laser used in the experiments was a 2 kW Nd–YAG 
laser from IPG Photonics (USA), and it had a spot diameter 
of 0.8 mm. The optimum operating settings of the laser for 
deposition were a power of 350 W and a scanning speed of 
0.85 m/min. The deposition process was carried out with 
flows of powder gas at 2 L/min, coaxial gas at 9 L/min, and 
shielding gas at 5 L/min. The alloy powder was distributed 
at a rate of 1.5 g/min.

Three tensile tests were carried out for every alloy sam-
ple. ASTM E8M tensile specimens with a gauge length of 
12.5 mm were machined from fabricated samples. The ten-
sile axis is aligned parallel to x axis shown in Fig. 2. The 
tensile test was conducted at a speed of 10−3/s. The hardness 
was measured using a Vickers hardness tester with a load of 
0.5 kgf. The microstructure was examined, and energy-dis-
persive X-ray spectroscopy (EDS) analysis was carried out 
after the specimens were mechanically polished and etched 
in a Kroll solution (96 H2O + 2 HF + 2 HNO3). For electron-
backscatter diffraction (EBSD) analysis and electron probe 

micro-analyzer (EPMA), mechanical polishing was per-
formed using ≤ 800 grit paper, followed by electro-polishing 
with a solution consisting of 50% CH3OH, 42.5% C2H6O2, 
and 7.5% HClO4. The EBSD used a working distance of 
18 mm, a voltage of 15 kV, and a step size of 0.2 μm. The 
average of confidence index was 0.79. The operating settings 
of EPMA were a voltage of 15 kV, a dwell time of 20 ms, 
and a probe diameter with circle shape of 0.3 μm.

3 � Results and Discussion

Figure  3 shows the tensile properties of Ti–6Al–4V; 
Cr-added Ti–6Al–4V, hereafter refer red to as 
Ti–6Al–4V–(Cr); and Fe-added Ti–6Al–4V, hereafter 
referred to as Ti–6Al–4V–(Fe). The original Ti–6Al–4V 
alloy showed an ultimate tensile strength (UTS) of 
970 MPa and an elongation of 5%. As the Cr and Fe content 
was increased, the tensile strength of the modified alloys 
increased: the Ti–6Al–4V–4Cr and Ti–6Al–4V–4Fe alloys 
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Fig. 2   Schematic diagrams to indicate scanning pattern and experimental parameters of DED process
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Fig. 3   Effect of a Cr and b Fe composition on the mechanical properties of Ti–6Al–4V alloys
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exhibited UTS of 1418 and 1457 MPa, respectively. The Cr 
and Fe additions on hardness showed same trend and it can 
be seen that the hardness increases with increasing the Cr 
and Fe additions (Fig. 3). The total elongation increased as 
the Cr and Fe concentrations were increased to 2 mass%, 
while it decreased when the Cr and Fe concentrations were 
about 4 mass%.

Figure  4 shows optical micrographs of the 
Ti–6Al–4V–(Cr, Fe) prepared by DED process. The 
Ti–6Al–4V alloy consisted of α and α′ phases within the 
coarse columnar-grained prior β phase. As reported in the 
literature [11, 12], Ti–6Al–4V alloy made of AM normally 
has a fully columnar structure. The addition of Fe and Cr 
to titanium alloys resulted in constitutional undercooling at 
the solid/liquid interface during solidification and this may 
facilitate the formation of fine equiaxed prior β grains [13]. 
Some of black particles (Fig. 4c, e) were observed in the 

Ti–6Al–4V–(Fe) alloys, whereas few traces of particles were 
observed in the Ti–6Al–4V–(Cr) alloys.

In order to identify the black particles shown in Fig. 4c, 
e, EPMA mapping was conducted in DED processed 
Ti–6Al–4V alloy. Figure 5 shows the SEM and Fe elemen-
tal mapping micrographs of this particle. It can be seen that 
the particle has a spherical shape and shows low Fe content. 
The particles had no Fe content (Ti–6Al–4V) while the aver-
age Fe content of matrix was about 3.26 mass%. The result 
reveals that Fe addition induces partially melted Ti–6Al–4V 
powder and the powder diameter decreases less than the ini-
tial diameter. It appears that these partially melted particles 
could act as defects and hence reduce the elongation of DED 
processed Ti–6Al–4V–4Fe alloy.

It is essential to understand the solidification process in 
order to predict the microstructural evolution during SLM 
and DED processes. Figure 6 shows the solidification map 
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Fig. 4   Optical microstructures of the DED specimens: a Ti–6Al–4V, b Ti–6Al–4V–2Cr, c Ti–6Al–4V–2Fe, d Ti–6Al–4V–4Cr, and e Ti–6Al–
4V–4Fe
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Fig. 5   The partially melted Ti–6Al–4V powders in Ti–6Al–4V–4Fe sample: a SEM image, b Fe mapping, and c Ti mapping
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of Ti–6Al–4V alloy, which is suggested by Kobryn and 
Semiatin [14]. Figure 6 also shows the temperature gradi-
ent (G) and solidification rate (R) conditions of Nd:YAG 
laser processed Ti–6Al–4V alloy [15], which is similar to 
the present experimental conditions [16, 17]. As the laser 
power increases, the position of the plot shifts downward. 
As the scan speed increases, the position of the plot moves to 
the upper right direction. The solid lines in Fig. 6 represent 
experimentally determined boundary lines between colum-
nar and equiaxed grain morphologies of Ti–6Al–4V alloy 
based on the Hunt’s columnar to equiaxed transition (CET) 
model [18]. According to Hunt’s CET model, fully equiaxed 
grain structure is obtained by Eq. (1):

where G is the temperature gradient, N0 is the number of 
nucleation sites, ΔT

N
 is the undercooling at the heteroge-

neous nucleation temperature, and ΔT
c
 is the undercooling 

equal to that of the columnar growth front temperature. In 
the meantime, the solidification structure is fully columnar 
when

Based on Hunt’s analytical method [18], it is assumed that 
the undercooling of the growing dendrite is simplified into
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V
′ is the real interface velocity, C0 is the initial solute con-

centration and A is the constant. It is assumed that Eq. (3) 
applies for the growing dendrite with both the columnar 
and the equiaxed morphologies. The effect of Cr addi-
tions on the CET of Ti–6Al–4V alloy is calculated using 
Eqs. (1–3) and is presented in Fig. 6 with a dashed dotted 
line (Ti–6Al–4V–2Cr) and dashed line (Ti–6Al–4V–4Cr). It 
can be seen in Fig. 6 that no significant change is observed 
with an addition of alloying elements in Ti–6Al–4V alloy. 
However, microstructural observations of these alloys clearly 
showed that the morphology of prior β grains changes from 
fully columnar to equiaxed with increasing alloying addi-
tions in Fig. 4b–e. These results indicate that increasing 
the undercooling of dendrite tip by the addition of alloying 
elements is not a critical factor to facilitate the growth of 
equiaxed β grains during DED process. Instead, it appears 
that Cr and Fe additions would significantly increase the 
nucleation sites and thus promote the formation of equiaxed 
β grains during solidification. It should be also mentioned 
that the partially melted Ti–6Al–4V powder during DED 
process could act as crucial heterogeneous nucleation sites 
of β grains. As reported by Wang et al. [19], partially melted 
powders could provide additional nucleation sites within the 
local melt pool and thus lead to the formation of equiaxed 
grains during laser melting deposition additive manufactur-
ing of titanium alloys. However, it appears that further work 
is needed in order to clarify the effect of partially melted 
powders on increasing the heterogeneous nucleation sites.

Figure 7 shows the EBSD results of the Ti–6Al–4V–(Cr, 
Fe) alloys. The orange and green colors represent the α and 
β phases, respectively. As the Cr and Fe content increased, 
the volume fraction of the remaining β phase increased. 
This can be explained by the molybdenum equivalent, 
which can be presented by Eq. (4) [20]:

The value of the molybdenum equivalent represents 
the effects of alloying elements on the stability of the β 
phase. As the molybdenum equivalent increased, the mar-
tensite transformation was inhibited and volume fraction of 
retained β increased [21]. Table 2 shows the phase fraction 
and molybdenum equivalent of Ti–6Al–4V–(Cr, Fe) alloys. 
It can be seen that the high β stability decreased the grain 
size of martensite. The martensite in the Ti–6Al–4V–4(Cr, 
Fe) alloys was extremely fine, which could result in high 
strength (> 1400 MPa) but poor ductility (< 5%).
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Figure  8 shows the fracture surface of Ti–6Al–4V– 
(Cr, Fe) alloys after the tensile tests. The Ti–6Al–4V, 
Ti–6Al–4V–2Cr, and Ti–6Al–4V–4Cr samples showed the 

coexistence of dimples and quasi-cleavage facet, but the 
Ti–6Al–4V–2Fe and Ti–6Al–4V–4Fe samples exhibited 
brittle fracture around the pores generated by the partially 
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Fig. 7   Effect of Cr and Fe composition on EBSD phase maps: a Ti–6Al–4V, b Ti–6Al–4V–2Cr, c Ti–6Al–4V–2Fe, d Ti–6Al–4V–4Cr, and e 
Ti–6Al–4V–4Fe

Table 2   Phase fraction and 
molybdenum equivalent of each 
alloy

Ti–6Al–4V Ti–6Al–4V–2Cr Ti–6Al–4V–2Fe Ti–6Al–4V–4Cr Ti–6Al–4V–4Fe

α 99.5 96.8 99.2 62.1 62.0
β 0.5 3.2 0.8 37.9 38.0
[Mo]eq 2.68 5.68 7.68 7.68 12.68
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Fig. 8   Effect of Cr and Fe composition on SEM fractography: a Ti–6Al–4V, b Ti–6Al–4V–2Cr, c Ti–6Al–4V–2Fe, d Ti–6Al–4V–4Cr, and e 
Ti–6Al–4V–4Fe
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melted powders as shown in Fig. 4c, e. These results reveal 
that the existence of the partially melted powders reduced 
the ductility. Overall, the Ti–6Al–4V–(Fe) alloys showed 
poor ductility when compared to the Ti–6Al–4V–(Cr) alloys.

Figure 9 schematically illustrates the melting behav-
ior of Ti–6Al–4V–(Cr, Fe) powders. The left side of each 
panel shows the melting process of a mixed powder upon 
exposure to laser irradiation; the right side of each panel 
shows an illustration of the middle stage of melting. Since 
the wettability of the Ti–6Al–4V surface by the Cr and 
Fe liquids was high [22], the powder could be instantane-
ously enclosed by the liquid upon dissolution. In the case 
of the Ti–6Al–4V–(Cr) powder, because the melting point 
of Cr is higher than that of Ti–6Al–4V, Ti–6Al–4V melted 
first and encapsulated the Cr powder. When the eutectic 
composition (Ti and 44.5 mass% Cr) was formed around 
the Cr powder enclosed by Ti–6Al–4V, the melting point 
was reduced to approximately 300 °C below that of the 
Ti–6Al–4V powder. Since the layer depth was relatively 
low, the sphere could be uniformly melted because the 
temperature difference between the inside and the outside 
was small. In the case of the Ti–6Al–4V–(Fe) powder, 
because Fe has a lower melting point than the Ti–6Al–4V 
alloy, Fe melted first and the Fe liquid encapsulated the 
Ti–6Al–4V powder. When the eutectic composition (Ti 
and 33 mass% Fe) was formed around the Ti–6Al–4V 
powder that was surrounded by the Fe liquid, a flux could 

be formed at a temperature below 1085 °C inside the pow-
der. Since the liquid phase of the metal has a higher spe-
cific heat capacity than that of the solid phase, heating 
the dissolved liquid phase at lower temperatures requires 
more heat. A thick liquid layer was thus formed on the 
surface of Ti–6Al–4V. As a result, the Ti–6Al–4V pow-
der was protected by the thick liquid layer, and the par-
tially melted Ti–6Al–4V powder could finally remain on 
the plate. Because outer layer of Ti–6Al–4V powder was 
partially melted by the eutectic reaction, the diameter of 
the un-melted powder was smaller than that of the initial 
Ti–6Al–4V powder. This hypothesis is justified by the 
observed result showing that average powder particle of 
un-melted powder was approximately 58 μm which was 
51.8% smaller than that of initial Ti–6Al–4V powder with 
d50 particle size of 111.6 μm.

4 � Conclusions

The effects of Cr and Fe addition on the mechanical proper-
ties of Ti–6Al–4V prepared by DED were investigated. The 
main conclusions are as follows:

1.	 As the Fe and Cr content was increased from 0 to 
2 mass%, the morphology of the prior β phase started 
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Fig. 9   Schematic melting procedure of a Ti–6Al–4V–(Cr) and b Ti–6Al–4V–(Fe) mixed powder during laser exposure
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to change from coarse-grained columnar structures to 
fine-grained equiaxed structures. The partially melted 
Ti–6Al–4V powder acted as heterogeneous nucleation 
site, it caused the equiaxed prior β grain rather than com-
positional effect. The equiaxed prior β phase consisted 
of the α phase and fine martensite, which exhibited an 
excellent combination of strength and ductility.

2.	 As the Fe and Cr content was increased from 2 to 
4 mass%, a fine-grained and fully equiaxed prior β 
phase was observed. The martensite in the prior β phase 
was extremely fine. This martensitic structure resulted 
in very high strength (> 1.4 GPa), but poor ductility 
(< 5%).

3.	 The micrographs of the Ti–6Al–4V–(Fe) alloys show 
the presence of partially melted powders, whereas there 
was no trace of powder in the Ti–6Al–4V–(Cr) alloys 
because the difference between the melting temperatures 
of the Fe eutectic phase (Ti–33Fe) and the Ti–6Al–4V 
powder was much larger than that between the Cr eutec-
tic phase (Ti–44.5Cr) and the Ti–6Al–4V powder. This 
large temperature difference resulted in the formation of 
the thick liquid layer surrounding the Ti–6Al–4V pow-
der that prevented it from melting (shielding phenom-
enon).
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