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Abstract: A rectangular plate of Ti—6.5A1-3.5Mo—1.5Zr—0.3Si titanium alloy was fabricated by laser melting deposition (LMD)
technology. Macrostructure and microstructure were characterized by optical microscope (OM) and scanning electron microscope
(SEM). Room temperature tensile properties were evaluated. Results indicate that the macro-morphology is dominated by large
columnar grains traversing multiple deposited layers. Two kinds of bands, named the wide bands and the narrow bands, are observed.
The wide band consists of crab-like o lath and Widmanstitten o colony. The narrow band consists of « lath and transformed /. The
formation mechanism of the two bands was explored. The influence of heat effect caused by subsequent deposition layers on
microstructural evolution during deposition process was discussed. The room temperature tensile test demonstrates that the strength
of laser deposited Ti—6.5A1-3.5Mo—1.5Zr—0.3Si is comparable to that of wrought bars.
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1 Introduction

Laser melting deposition (LMD) manufacturing
technology, a newly developed fabrication technology
that combines the prototyping and laser cladding
techniques, can fabricate fully dense, high performance
and complex shaped metal components without using
any molds [1]. The technology is also known as laser
engineered net shaping (LENS) [2], direct light
fabrication (DLF) [3], direct metal deposition (DMD) [4],
laser additive manufacturing (LAM) [5] and selective
laser melting (SLM) [6]. Compared with conventional
manufacturing  technologies, LMD offers many
outstanding advantages, such as shorter design-to-
production cycle, lower cost, higher utilization ratio of
material. It is worthwhile to point out that LMD enables
the fabrication of near-net-shape metallic components
with  complex  geometric  shapes or graded
microstructure/composition. Hence, LMD technology is
especially suitable to manufacture large titanium alloy
components which are difficult to fabricate by traditional
wrought-based process.

Actually, plenty of researchers have focused on the
fabrication of titanium alloys by LMD technology

[7-16]. In Ref. [7], Ti-6Al-4V was manufactured by
direct light fabrication (DLF) technology and the
influences of processing parameters on microstructure
were studied. The layer bands which consisted of coarse
a and f laths were found in the heat affected zone below
the interface between adjacent layers. KELLY and
KAMPE [9] fabricated Ti—6Al-4V builds through laser
additive manufacturing (LAM) process, and the
mechanism of microstructural evolution and the forming
process of layer bands were explored. In another study,
TIAN et al [10] created a Ti—4Al—1.5Mo plate by LMD
and the effects of annealing temperatures on
microstructure and impact toughness were analyzed. In
studies of BAUFELD et al [12,13], several components
were deposited by shaped metal deposition (SMD) and
two kinds of bands, i.e., parallel bands and convex bands,
were observed. Moreover, AHSAN et al [15] discussed
the effects of laser powers and mass flows of powders on
prior beta grains of Ti—6Al-4V fabricated by laser direct
metal deposition (LDMD). In a recent paper [16], a
graded structural material (GSM) of Ti—6Al-4V/
Ti—6.5A1-3.5M0—1.5Zr—0.3Si was manufactured by
LMD, and a columnar-to-equiaxed-to-columnar
transition of grains and the thermal behavior of molten
pool during LMD process were analyzed.
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However, little studies about laser melting deposited
Ti—6.5A1-3.5Mo—1.5Zr—0.3Si titanium alloy have been
reported. The Ti—6.5A1-3.5Mo—1.5Zr-0.3Si is a Si-
containing a+f titanium alloy that can be used at 500 °C
for a long period of time for its excellent high
temperature strength and creep performance. And the
alloy has high room temperature strength and good
capacity of plastic deformation. The alloy is mainly used
to manufacture compressor discs, blades and hub sleeves
of aero-engine, and can also be used to fabricate aircraft
structural parts [17]. Furthermore, the fabrication of
compressor blisks consisting of Ti—6.5A1-3.5Mo—
1.5Zr-0.3Si by LMD is significant for aeroengines.
Hence, the study on the fabrication of Ti—6.5A1-3.5Mo—
1.5Zr-0.3Si through LMD is necessary. In addition,
owing to the existence of heat effect caused by
subsequent deposition layers during LMD process, it is
essential to study microstructural evolution which
probably determines the properties of laser deposited
metals. In the present work, a thick plate of
Ti—6.5A1-3.5M0—1.5Zr—0.3Si  titanium alloy was
fabricated by LMD. Macrostructure and microstructure,
room temperature tensile properties were investigated.

2 Experimental

A rectangular plate of Ti—6.5A1-3.5Mo—1.5Zr—
0.3Si titanium alloy with geometrical sizes of 400 mm %
40 mm x 80 mm was fabricated on a substrate by LMD,
using a 8 kW continuous wave CO, laser processing
system with four-axis computer-numerical controlled
(CNC) work station. An argon purged processing
chamber with oxygen content less than 510~ was used
to prevent the molten pool from oxidization. The LMD
processing pattern is schematically illustrated in Fig. 1. It
was based on the concept of three dimensional printing
and characterized by layer-by-layer deposition and
synchronous powder feeding. During the deposition
process, the laser beam was directed onto a substrate to
create a molten pool; and metal powders were delivered
into the molten pool through the powder feed system.
The metal powders were melted and subsequently
re-solidified [18]. The substrate was moved, relative to
the laser beam, along the line patterns via the computer
numerical motion control system. After a layer was
completed by means of overlapping between adjacent
tracks as shown in Fig. 1, the laser beam and powder
delivery nozzles were incremented upward in the
deposition direction by a defined layer thickness [19].
The previous layer would be molten partially when a
new layer was deposited onto it. The process was
repeated until a component was constructed in a
layer-by-layer deposition manner. In this experiment, the
LMD processing parameters were as follows: laser

power 4500-5000 W, beam diameter 5 mm, laser
scanning speed 300—350 mm/min and powder feed rate
10.5-12.5 g/min.
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Fig. 1 Schematic illustration of LMD process for rectangular
plate of Ti—6.5A1-3.5Mo—1.5Zr—0.3Si alloy

Metallographic samples were prepared by standard
mechanical polishing and were etched by a solution of
1 mL HF, 6 mL HNO; and 43 mL H,O in order to be
examined by an OLYMPUUS BX5IM optical
microscope (OM) and a CS3400 scanning electron
microscope (SEM). Microstructure was observed on
XOZ and YOZ sections as shown in Fig. 1, respectively.
Microhardness test was performed on a sample by a
FM—-800 tester with a load of 100 g for 10 s, each datum
presented was the average of three values. Tensile
specimens (as shown in Fig. 2) for room temperature
tensile tests were cut by electric discharging from the
laser deposited Ti—6.5A1-3.5Mo—1.5Zr—0.3Si plate and
mechanically polished before tests. The long axis of all
tensile specimens was perpendicular to the deposition
direction. The tensile tests were carried out according to
the test standard of GB/T228.1—2010. Three specimens
were tested to get the average tensile properties values.
The fracture surfaces were inspected using SEM.
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Fig. 2 Geometry of room temperature tensile specimen (unit:

mm)
3 Results and discussion

3.1 Macrostructure and microstructure
Figure 3(a) shows the optical macro-morphology of
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laser deposited Ti—6.5A1-3.5Mo—1.5Zr—0.3Si plate on
the YOZ section. As can be seen, no pores and fusion
defects are present; and the sample is dominated by large
columnar grains traversing multiple deposited layers.
Several bands, called “wide bands”, are found as shown
in Fig. 3(b). These wide bands are parallel and the width
of a single one is 120—160 pm. The distance between the
two adjacent wide bands is 700 um approximately.
Figure 3(c) presents the microstructure within a wide
band. Compared with nominal microstructure (Fig. 3(d))
consisting of basketweave a laths, the microstructure in
Fig. 3(c) is relatively coarse. For further analysis, the
microstructure within the wide band is depicted by SEM
as shown in Figs. 3(e) and (f). It can be seen that the

Fig. 3 Morphologies of laser deposited Ti—6.5A1-3.5Mo—1.5Zr—0.3Si plate on YOZ section: (a) Macro-morphology; (b) Locally
magnified of (a); (c) Microstructure within wide band; (d) Nominal microstructure; (¢) SEM morphology within wide band;
(f) Locally magnified of (e)

wide band consists of crab-like « and Widmanstitten «
colony. The crab-like a is the a lath with tentacles on the
end faces. And the volume fraction of crab-like «a
decreases gradually from the bottom to the top in
Fig. 3(e). The Widmanstitten a colony is composed of
several a laths with similarly aligned patterns (Fig. 3(f)).
Figure 4 displays the macro-morphology on the top
area of the Ti—6.5A1-3.5Mo—1.5Zr—0.3Si plate. It is
observed on the XOZ section on which tracks are
overlapped with each other. A lot of deposited layers
could be found and the last eight layers are marked by
A—-H, respectively. The thickness of each layer,
except for the last deposited layer 4, is about 764 pm
corresponding to the distance between two adjacent wide
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Fig. 4 Macro-morphology of laser deposited Ti—6.5A1-3.5Mo—1.5Zr—0.3Si plate on XOZ section

bands. The top darker area in Fig. 4 corresponds to the
dark zone as marked by an arrow in Fig. 3(a). Wide
bands and another kind of bands, named “narrow bands”,
are visible in Fig. 4. The width of a single narrow band is
much smaller than that of the wide band. The wide bands
only appear in the lower part. In contrast, the narrow
bands are present in the whole plate but difficult to be
discerned in the lower part. Figure 5 illustrates the
morphology of the dividing area between the darker area
and the lower part in Fig. 4. A wide band and a narrow
band are observed in this figure. This wide band is the
uppermost one in the whole plate. In other words, wide
bands are formed in the bottom of the darker area.
Systematic variation in composition between and within
bands did not exist as determined using the electron
microprobe [9,20]. Hence, it could be proposed that the
heat effect caused by subsequent deposition layers
should take responsibility for the formations of bands.

3.2 Wide band

To explore the formation mechanism of the wide
bands, the microstructure of last eight layers are studied.
Figure 6(a) shows the solidification microstructure of
layer A and Figs. 6(b)—(h) show the microstructures of
layers B—H experienced heat effect caused by the
depositions of subsequent layers above them. As shown
in Fig. 6, the morphologies of layers A—D are similar and
consist of ultra-fine a laths and transformed /. The heat
effect with high cooling rate and peak heating
temperature acting on layers B—D inhibit the growth of a
phase. The width of a laths increases and the aspect ratio
of a laths decreases in Fig. 6(¢) compared with those in
Figs. 6(a)—(d). Furthermore, the area fraction of a phase

Fig. 5 Morphology of dividing area between darker area and
lower part

has significantly increased and transformed f surrounded
by o laths is observed as shown in Fig. 6(e). Due to the
heat effect with low cooling rate and peaking heating
temperature, a phase has further precipitated from S
phase in layer E. Figure 6(f) shows the resulting
microstructure morphology of layer F. Compared with
Fig. 6(e), a laths continue coarsening and the volume
fraction of a phase relatively increases. The transformed
f surrounded by « laths still could be found, illustrating
that a phase has not precipitated from f phase at the most
extent. However, the transformed S has disappeared in
the resulting microstructure of layer G (Fig. 6(g)), which
demonstrates that a phase has precipitated sufficiently.
Through comparing Fig. 6(g) with Fig. 6(h), it is
indicated that there is no obvious difference in
microstructure between layers G and H. In other words,
the heat effect, which is caused by the deposition of layer
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Fig. 6 Microstructures of last eight deposited layers A—H in Fig. 4: (a) Layer 4; (b) Layer B; (c) Layer C; (d) Layer D; (e) Layer E;

(f) Layer F; (g) Layer G; (h) Layer H

A, on layer H becomes useless. Hence, it is concluded
that the microstructure in a layer has become stabilized
after six layers deposited on it.

When a layer is deposited, a series of isotherms
lines will form in the as-deposited part. According to the

significant differences in microstructure between
Figs. 6(e)—(f) and Figs. 6(b)—(d), it is inferred that layers
B, C and D experience a heat treatment with a
temperature above f-transition point; layers E, F, G and
H undergo a heat treatment with a temperature below
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p-transition point as layer 4 is deposited. Based on the
analysis and the morphology of Fig. 4, it is deduced that
[-transition point is located in the dividing area between
the darker area and the lower part. Therefore, according
to Fig. 5, the wide band is formed in the position where
the temperature is close to the p-transition point. As
Fig. 3(e) illustrates, the crab-like o« laths decrease
gradually from the bottom to the top and disappear
finally on the top. On the basis of the studies in Ref. [21],
the crab-like a laths were obtained through heat
treatments in the upper part of ot/ phase region.
Therefore, it is deduced that the wide band forms in the
region below and closest to the S-transition point.

When layer A4 is deposited on layer B in Fig. 4, the
region where the uppermost wide band forms is heated
into a temperature very close to the f-transition point.
Thus, only a few of a laths (denoted as pre-existing o
laths) are retained. When temperature lowers, the
pre-existing o laths grow and the morphology of
crab-like a forms due to the preferential epitaxial growth
of secondary a on the edge of pre-existing a laths along
with the (1510} preferred crystallographic direction
[21]. On the other hand, because a phase (HCP) and S
phase (BCC) differ continuously and significantly in
composition, the solute diffusion to and from the
interface (denoted as a/f interface) between the
pre-existing a lath and the parent f phase always occurs
during the growth of the pre-existing a lath, which
causes a supersaturation within f phase adjacent to the
o/f interface [22,23]. The supersaturation will provide a
chemical thermodynamic driving force for sympathetic
nucleation. Sympathetic nucleation is defined as the
nucleation of a precipitate crystal, which differs in
composition from that of the matrix, at the inter-phase
boundary of another crystal of the same phase [24]. This
type of nucleation has been observed to occur frequently
in Ti-based [25—27] and Fe-based [25,28] alloys. In the
present work, the Widmanstitten a laths sympathetically
nucleate in the vicinity of the broad face of the
pre-existing a laths [22]. The nuclei which reach up to
the critical radius before being over-run by the
progression of the a/f interface could grow and spread
into f phase rapidly [29]. Eventually, the Widmanstéitten
o laths impinge to other Widmanstitten a colony or
crab-like a laths and the wide band forms. This
formation mechanism of the Widmanstétten a colony has
been discussed in our early work [30]. Through
comparing the two wide bands in Fig. 3(c) and Fig. 5, it
is known that the heat effect with a temperature below
[-transition point has no obvious influences on the
formed wide bands.

Actually, there is another mechanism, an unstable
interface  mechanism, about the formation of
Widmanstétten plate. The thermal and solute gradients

and interfacial energy could lead to the perturbation of
o/p interface [31,32]. When a protuberance emerges on
the interface due to the perturbation and reaches a critical
dimension, it could grow into S phase rapidly [29],
forming Widmanstétten morphology. However, in this
condition, the Widmanstétten o lath and pre-existing o
lath should be monolithic due to no nucleation. In other
words, there is no interface between the Widmanstitten o
lath and pre-existing a lath and they should be connected
to each other. Nevertheless, the interfaces occur
universally in Fig. 3(f). Hence, the probability that
Widmanstétten a colony within the wide band is resulted
from the unstable interface mechanism is eliminated.

3.3 Narrow band

With regard to the narrow bands as shown in Fig. 5,
they are difficult to be distinguished at high
magnification. As Fig. 4 demonstrates, the narrow bands
are clear in the top darker area but difficult to discern in
the lower part. And the narrow bands are formed close to
the bottom of the molting pool. Actually, the narrow
bands are similar to the layer bands in Ref. [20] and the
formation mechanism was discussed in detail. When a
new layer is deposited on the previous material, a narrow
solid region closest to the molten pool is heated into a
very high temperature which is near the melting point.
The high temperature reheating treatment results in high
extent of homogenization within narrow band [20]. The
microstructure exhibits a better corrosion resistance than
that in other regions.

Generally, bands are a phenomenon observed
frequently in the parts manufactured by deposition
techniques, such as LMD and LAM. And a lot of studies
about bands have been reported [7,9,12,13,20,33—-36].
However, those analyses are unclear and disorderly.
Many workers consider these two kinds of bands as one
kind. Therefore, a summary based on previous and the
present studies about bands has been proposed. Two
kinds of bands, namely wide bands and narrow bands in
this work, are also visible in the parts fabricated by
deposition techniques. The wide bands are the same as
the convex bands in Refs. [12,13] and the layer bands in
Refs. [9,36]. The narrow bands are the same as the
parallel bands in Refs. [12, 13] and the layer bands in
Refs. [15, 20]. Based on the discussion and analyses as
above, it is known that the narrow band definitely forms
in the narrow solid region closest to the melting pool. It
could be retained in f phase field. And the narrow band
occurs in the whole plate and is difficult to be discerned
in the lower part and at high magnification. Adversely,
the wide band will disappear when the temperature is
above p-transition point, and it forms in the region
closest to f-transition point. Moreover, it is uncertain
where the wide band appears in a layer. It is related to the
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processing parameters, especially laser power, layer
thickness, scanning strategy and the deposited materials.
In sum, the narrow band and the wide band are two
different kinds of bands. There is no relationship
between the formation mechanisms of them. They should
be studied separately.

3.4 Mechanical properties

Microhardness on and off a wide band is measured
to determine whether the difference between the wide
band and normal microstructure gives rise to a
non-uniformity in mechanical properties. The micro-
hardness curve across the wide band is shown in Fig. 7.
As the curve illustrates, no evident differences in
microhardness are found when the microhardness curve
passes the wide band from normal region which is
consistent with the result in Ref. [9].

The results of room temperature tensile test of laser
deposited Ti—6.5A1-3.5Mo—1.5Zr—0.3Si titanium alloy
are listed in Table 1. The ultimate tensile strength (UTS)
and yield strength (YS) are comparable to those of
wrought bars. However, the elongation (EL) and the
reduction in area (RA) are only 56.7% and 37.8% of
those of wrought bars, respectively. Figure 8 presents the
fracture surfaces of the LMD specimens after room
temperature tensile test. As Fig. 8(a) illustrates, the
fracture mode is a mixture of transgranular failure and
intergranular failure. Secondary cracks (indicated by
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Fig. 7 Microhardness profile on and off wide band

Table 1 Room temperature tensile properties of laser deposited
Ti—6.5A1-3.5Mo—1.5Zr—0.3Si titanium alloy

Material UTS/MPa YS/MPa EL/% RA/%
Laser deposited 1101£9  1030+11 10.2+2.2 17+1
Wrought bar
(950 °C, 1 h, AC+ 1119 998 18 45

530 °C, 6 h, AC) [17]

arrows in Figs. 8(a) and (b)), steps (Figs. 8(b) and (c))
and inter-granular fracture characteristics (Fig. 8(d)) are
found. Shallow dimples are observed at the top of the
steps (Fig. 8(c)). However, the dimples disappear and the

Fig. 8 Fracture morphologies of room temperature tensile specimen: (a) Overall view; (b) Steps; (c) High magnification of steps;

(d) Inter-granular fracture characteristics
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secondary cracks are visible at the bottom of the steps.
The step might be resulted from the intersection of two
cracks propagating in different crystallographic planes.
Short interruption occurs at the bottom of the step in the
intersecting moment. The formation of steps increases
the crack propagation path and more energy is absorbed.

As shown in Fig. 3(a), the sample is dominated by
large columnar grains. A large amount of grain
boundaries exist in the specimens for room temperature
tensile test and their orientations are perpendicular to the
loading direction due to the principle axis of the
specimens perpendicular to the building direction. This is
detrimental to the plasticity [13,37]. Hence, the
specimens present a poor tensile ductility.

4 Conclusions

1) The influence of heat effect caused by subsequent
deposition layers on microstructural evolution during
laser melting deposition process was discussed.
Microstructure in a certain layer could be stabilized after
six subsequent layers are deposited on the layer.

2) Two kinds of bands, namely narrow bands and
wide bands, were found. The narrow band consisted of «
lath and transformed f. It formed in the narrow solid
region closest to the melting pool. The wide band was
composed of crab-like o laths and Widmanstitten «
colony. It formed in the region closest to f-transition
point.

3) The tensile strengths deposited
Ti—6.5A1-3.5Mo-1.5Zr-0.3Si alloy were
comparable to those of the wrought bar. The ductility
was relatively poor due to the large number of grain

of laser
titanium

boundaries and their orientation perpendicular to the
loading direction.
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