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Abstract: Electron beam rapid manufacturing (EBRM) is a novel layer-additive manufacturing process which was developed to di-
rectly fabricate metal parts from computer aided design (CAD) data. The present study was conducted to evaluate the microstructure
and the mechanical properties of Ti-6Al-4V by EBRM. Results show that typical microstructures exhibit large columnar g grains
nucleated at the substrate and grew epitaxially along the height direction of deposits through many deposition layers, and alternately
light and dark banded textures at layer-layer and bead-bead interfaces have been also found due to complex thermal history during
deposition process. As a result, the tensile properties of the as-deposited and the as-annealed deposits exhibit distinct anisotropy. The
strength in X and Y directions are similar and markedly higher than that in Z. No significant impact of annealing treatment has been
found on room temperature tensile properties. Hot isostatic pressing (HIP) treatment obviously decreases the dispersion of the high
cycle fatigue data and improves both ductility and toughness, while at the expense of the tensile strength. The tensile properties of
the as-deposited and as-annealed Ti-6Al-4V by EBRM can meet the mechanical property requirements of AMS4999 standard, but

can not fully meet the requirements of HB5432 standard.
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Electron beam rapid manufacturing (EBRM) is a novel lay-
er-additive manufacturing process which was developed over
the past decade to directly fabricate complex metal compo-
nents from computer aided design (CAD) data. In a vacuum
environment, a molten pool is created by electron beam on a
substrate and moves along the paths designed by computer
program. The metal wire is fed into the molten pool and de-
posited layer by layer to form a near net shape metal part.
Compared to other direct metal deposition technology, the
EBRM process has such superiorities as high deposition rate,
for instance, in excess of 3500 cm®/h for titanium or aluminum
alloyst™, and excellent mechanical properties can be obtained
which is comparable to those of wrought plate at some cir-
cumstances!?. This process has wide-spread potential applica-
tions for fabrication of large aircraft and spacecraft structures

Received date: April 19, 2013
Foundation item: National Preparatory Item (51318030203)

with the benefits of lower cost and shorter depositing time
than conventional casting, or forging®®!.

Ti-6Al-4V produced by EBRM has been investigated by
researchers from NASA Langley Research Center, Boeing
Phantom Works, Lockheed Martin company and Sciaky com-
pany to evaluate this technology®®. AMS4999 revised in
2011 by Boeing is a specification for as-annealed Ti-6Al-4V
fabricated by direct deposition. It has been demonstrated that
the properties of EBRM materials are influenced by such fac-
tors as the raw materials, forming process, heat treatment,
shape of the structure, etcll. In this study, Ti-6Al-4V was
produced by EBRM. After the annealing and HIP treatment,
microstructure, tensile properties, impact toughness and high
cycle fatigue in different directions were investigated to give a
better understanding of the microstructure-property relation-
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ship for this kind of alloy.
1 Experiment

This study was performed on a EBRM machine of Science
and Technology on Power Beam Processes Laboratory, Bei-
jing Aeronautical Manufacturing Technology Research Insti-
tute (BAMTRI). The machine consists of a 10 kW/60 kV gun,
a vacuum chamber of 1.2 m long, 0.6 m wide and 1.0 m high,
wire-feeding assembly and 3-axis positioning worktable (X, Y,
Z).

In the present experiment, Ti-6Al-4V wire with a diameter
of 2.0 mm was used with nominal composition in accordance
with GB/T 3623. Depositing parameters included a beam cur-
rent with power setting of 35 mA at 60 kV, the wire feeding
rate of 90 cm/min (0.75 kg/h), and the path travel speed of 30
cm/min. The gun-to-work distance was 30 cm, and the beam
focus was above the part. The substrate was a Ti-6Al-4V
rolled plate (2 cm thick, 17 cm long and 12 cm wide), and
clamped to the worktable by bolts after cleaning. The deposi-
tion paths were parallel lines parallel to X direction. The layer
was added along the height direction of the deposit, and each
single layer was about 1.2 mm thick.

The sample built in this experiment is shown in Fig.1, and

its size is about 150 mm long, 100 mm wide and 100 mm high.

This sample was sliced into many plates of 20 mm-thickness.
Then these plates were divided into three groups: the first

Fig.l1 Ti-6Al-4V sample built by EBRM (150 mmX 100 mm X
100 mm)

Table 1  Tests scheme and the orientation of specimens

Tests content Heat treatment and orientation of specimens

(room temperature)

As-deposited  As-annealed  As-HIPed
Tensile XY,z XY,z XY,z
Impact - — X,Y,Z
High cycle fatigue X - z

group was as-deposited, the second was soaked to a stress re-
lief annealing (vacuum, 650 °C, 2 h, furnace cooling), and the
third was subjected to a HIP treatment of 920 °C/110 MPa/2 h.
The specimens for tension, impact and fatigue tests along X, Y
and Z directions were prepared. The testing scheme and ori-
entation of the specimens are shown in Table 1.

There were more than 5 tensile specimens for each heat
treatment condition and orientation, not less than 10 for the
impact toughness, and not less than 30 for fatigue.

2 Results and Discussion

2.1 Characteristics of microstructure

Fig.2 shows the macrograph of the Ti-6Al-4V bulk built by
EBRM. In EBRM process, columnar 8 grains grow epitaxially
along the contrary direction of thermal flux with the largest
thermal gradient. And the columnar grains are capable of
growing through many depositing layers from the substrate
along the height direction of the deposit. The moving speed
and the direction of heat source have a significant impact on
the thermal gradient. Axes of the prior £ grains will incline
toward the beginning of the paths if the heat source moving
along single direction in a layer. However, in the present ex-
periment, the heat source moving paths are to-and-fro; there-
fore, the axes of the prior # grains are perpendicular to the
faceplate of the substrate.

The prior § grain size is varying in a deposition and the av-
erage width grows from 0.5~2 mm to 10~15 mm, and the av-
erage length increases from 2~5 mm to 20~30 mm from the
substrate to the top of the part during depositing. With the
cumulation of heat in the part, the thermal gradient decreases
and the temperature rises, which may accounts for the $ grain
growth along the height of the EBRM part. Even at the same
height in a complex component, the § grain size may be dis-
tinctly different due to the different heat dispersing conditions.
It is necessary to optimize the deposition process or carry out
subsequent heat treatments to minimize the unfavorable influ-
ence resulting from the microstructure heterogeneity of f grains.

Alternately light and dark banded textures exist around the
layer-to-layer and bead-to-bead boundaries all over the section
of the deposit, exhibiting parallel stripes in XZ section (Fig2.b)
and meshy network in YZ section perpendicular to the depos-
iting paths (Fig.2c). The origin of the banded textures are sim-
ilar to the heat affect zone (HAZ) occurring in welding. The
deposition consists of many beads formed by moving
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Fig.2 Macrograph of the Ti-6Al-4V bulk built by EBRM: (a) XY
section, (b) XZ section, and (c) YZ section

molten pool with feeding wire along the paths. Therefore, the
prior solidified metal close to the fusion boundary is reheated
by subsequent depositing of beads, and the a—p—a' or o+
phase transformation will happen during this transient heating
and cooling process. The resulting microstructure is exhibited
in Fig.3b. The banded textures reflect the actually gradient
microstructure caused by thermal gradient resulting from the
complex thermal history during deposition. Therefore, it may
be not so apparent or even disappear when the temperature is
very high and the thermal gradient is small in the part; on the
contrary, if the temperature of the deposition is comparatively
lower and the thermal gradient is large, the banded textures
will be obvious.

The microstructures of the as-deposited Ti-6Al-4V are
shown in Fig.3. Basketweave microstructure can be found
within a layer which composed of fine acicular « laths, and
fine continuous « phase is found along former £ grain bounda-
ries, as indicated by A arrow in Fig.3. In some local areas,
coarsened o laths can be found, as shown by arrow B in Fig.3
and a colony composed of parallel « laths is found on both
sides of the former g grain boundaries, as shown by C and D
arrows in Fig.3.

The shape and the size of « laths are found to vary with the
position. Fig.3b shows the microstructure near the interlay re-
gion. For the sake of description, this region is divided into
three parts as illustrated in Fig.3b. It is found that the horizon-
tal lines between the light and dark zone in Fig.2 (labeled as L)
consist of a colonies with parallel a plates (see E area in
Fig.3b). The microstructures change from coarsened strip a
laths at the top of the former layer zone to fine needle-like a
laths at the bottom of the subsequent zone. And Widménsttten
consisting of « bunches are within the boundary zone. It is be-
lieved that the temperature is above the £ transus temperature,
and f—a' occurs upon cooling which leads to formation of
fine needle-like o' laths. However, in the former layer zone,

Fig.3 Microstructure of the EBRM Ti-6Al-4V: (a) weaved fine
acicular o laths, o bunches and continuous grain boundary «;
(b) microstructure around interlayer boundaries

region IIT in Fig.3b, temperature is just high enough to trig-
ger o'—a+f phase transformation, and « laths grow to the size
close to that of the grain boundary a.
2.2 Characteristics of mechanical property
2.2.1 Room temperature tensile property

Fig.4 shows the tensile properties of EBRM Ti-6Al-4V in
as-deposited, annealed and as-HIPed conditions, and each da-
tum in Fig.4 is an average of five tensile data. Table 2 exhibits
the required minimum tensile properties of annealed
Ti-6Al-4V produced by direct deposition in AMS4999 revised
by Boeing in 2011, and that of wrought plates in HB5432 of
China revised in 1989. Differences can be found by comparing
the data in Fig.4 and Table 2.

(1) Anisotropy of tensile properties

The tensile properties in deposited, annealed and HIP con-
ditions all exhibit an anisotropy and this phenomenon is spe-
cially distinct in the former two conditions. Among the X, Y
and Z directions, the highest ultimate strength and yield
strength are found in X direction while the lowest is found in Z
direction in deposited and annealed conditions. The difference
of ultimate strength between X and Y directions is less pro-
nounced (22 MPa) than that between X and Z directions (61
MPa). After annealing treatment, the anisotropy becomes
more distinct, and the difference of ultimate strength between
X and Y directions increases to 38 MPa and that between X
and Z directions increases to 73 MPa. On the contrary, HIP
treatment decreases the anisotropy, and the strengths in dif-
ferent directions are close while the ductility still exhibits an-
isotropy.
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(2) Heat treatment impact on tensile properties

Fig.4 indicates that a relief stress annealing treatment at
650 °C has no significant impact on the tensile properties. In
as-HIPed conditions, the anisotropy of strength is reduced,
accompanied with distinct decrease of both ultimate and yield
strength in all the three directions, and the decrease in X and Y
directions is more pronounced than that in Z. For instance, the
ultimate strength of the as-deposited Ti-6Al-4V is 907 MPa in
X direction, which is corresponding 809 MPa in the as-HIP
conditions, and the difference is 98 MPa. However, in Z direc-
tion, the decrease is only 30 MPa, i.e., from 846 MPa in the
as-deposited condition to 816 MPa in the as-HIPed condition.
Meanwhile, HIP treatment increases the ductility in all three
directions.

(3) The difference of the present tensile properties with that

in the specifications
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Fig.4 Tensile properties in three directions (X, Y, Z) of EBRM
Ti-6Al-4V alloy under as-deposited (a), as-annealed (b), and
as-HIPed (c) conditions

Table 2 Tensile specifications of Ti-6Al-4V in AMS4999

and HB5432
Specifications Ultimate Yield Elongation/
P strength/MPa  strength/MPa %
HB5432 (Chi
(China) >10 (X, Y, 2)
Wrought plates >895 (X, Y, 2Z) >825(X,Y, 2) -8 (2)
(<150 mm) -
AMS4999 (USA
Direct de E)site d) >889(X,Y) =799 (X,Y) >6 (X, Y)
P >855 (2) >765 (2) >5(2)

products (annealed)

The ductilities in the as-deposited, as-annealed and
as-HIPed conditions are all comparable to that of wrought
plate (6<150 mm) in HB5432, which is a specification used in
Chinese aerospace industry. It is clear that the mean values of
ultimate and vyield strength of the as-deposited and
as-annealed EBRM TC4 in X direction are slightly above and
those in Y direction are slightly below the minimum require-
ment, and those in Z direction are significantly below the re-
quirement and the gap is about 50 MPa. The strengths of the
as-HIPed are distinctly below the requirement by 79~100 MPa.
AMS4999 is an aerospace material specification of the USA,
which defines the acceptance criteria of annealed Ti-6Al-4V
produced by direct deposited process. In the present experi-
ment, both the mean values of strength and ductility are com-
parable to the AMS4999 requirements.

(4) The effect of microstructure on tensile properties

In reviewing the tensile test data and the macrograph of the
EBRM Ti-6Al-4V, it can be believed that the large g grains
along the height direction may be the main cause for the an-
isotropy of tensile properties. Since the annealing temperature
is 650 °C, and the microstructure can not change remarkably,
in turn which leads to little change of the tensile properties for
this kind of titanium alloy. In the HIP condition, the material
is subjected to a temperature high in the o+8 phase field for a
long time then followed by a low cooling rate comparable to
furnace cooling, which leads to coarsening of both primary o
laths and secondary « in transformed g phase. As a result, the
strength decreases and ductility increases.

2.2.2 Room temperature impact energy

Room temperature impact tests were carried out and the re-
sults are shown in Fig.5. The specimens were in the as HIPed
condition, and the impact energy in three directions (X, Y, Z)
were studied. “U” grooves were machined on the XY surfaces
for the specimens in X and Y directions and for specimens in Z
direction, grooves were on the ZY plane. The results show that
the impact toughness of the as HIPed EBRM Ti-6Al-4V also
exhibits an anisotropy like tensile properties, and the impact
energies are higher in X and Y directions (the mean value is
about 101 J/cm?) than in Z direction (the mean value is about
80 J/cm?). All the data are above the minimum requirement in
HB5432 (>35 J/cm?).
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Fig.5 Room temperature Impact toughness oxu of Ti-6Al-4V
as-HIPed in three directions (X, Y, Z); selected 10 samples on
X, Y, Z directions, respectively (as Fig.2 show)

2.2.3 High cycle fatigue property

It is illustrated in the present experiment that the tensile
strength in X direction obviously is higher than that in Z for
as-deposited EBRM Ti-6Al-4V. High cycle fatigue tests (Ki=1,
R=0.1) were performed on the specimens in X direction under
as-deposited condition and in Z direction under as-HIPed con-
dition in order to estimate the difference of fatigue properties
between the two directions.

The results are given in Fig.6. It can be seen that the fatigue
limits are similar, 565 MPa in X direction and 545 MPa in Z
direction. However, the curves are clearly different. At high
stress level above 660 MPa and low stress level near the fa-
tigue limit, the S-N curve in X direction is above that in Z di-
rection. The data of the as-HIPed material exhibit less scatter
than those of the as-deposited in X direction. As high cycle fa-
tigue is sensitive to defects existing in the fatigue specimens, the
present tests indicate that the HIP treatment may efficiently help
to eliminate the defects produced in the deposition process. As a
result, the reliability and the security of the parts subjected to
fatigue loading may be increased by HIP treatment.
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Fig.6 High cycle fatigue S-N curves of EBRM Ti-6Al-4V in X
and Z directions

2.2.4 Discussion on methods to improve property

The materials, the deposition process and the subsequent
heat treatment have significant impacts on the mechanical
properties of direct deposited Ti-6Al-4V. The following ways
are believed to be capable of improving the properties.

(1) As the EBRM is carried out in vacuum environment, alu-
minum in the alloy tends to volatilize which results in decreas-
ing of the strength. The proper control of the contents of alumi-
num and oxygen can increase the strength of the material.

(2) HIP treatment can decrease the scatter of fatigue data
and improve the reliability at the expense of strength reduction.
The strength can be improved by performing solution plus
aging treatment after HIP.

(3) The optimizing of the deposition process by increasing
the thermal gradient can refine the microstructure and improve
the strength.

3 Conclusions

1) A typical microstructure is characterized by large co-
lumnar g grains throughout many deposition layers and alter-
nately light and dark banded textures at interlayers and inter-
beads boundaries due to complex thermal history during dep-
osition.

2) The tensile properties in the as-deposited and as-annealed
conditions exhibit distinct anisotropy.

3) The strength in X and Y direction are similar and dis-
tinctly higher than that in Z direction.

4) Annealing treatment has a insignificant impact on room
temperature tensile properties. HIP treatment obviously de-
creases the dispersion of high cycle fatigue data, and improves
the ductility and the toughness at the expense of tensile
strength. The tensile properties of as-deposited and
as-annealed EBRM Ti-6Al-4V can meet the requirements in
AMS4999 but fail to meet all the requirements in HB5432.
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