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Abstract: The microstructure, microhardness and tensile properties of laser additive manufactured (LAM) Ti—5A1-2Sn—2Zr—-4Mo—
4Cr alloy were investigated. The result shows that the microstructure evolution is strongly affected by the thermal history of LAM
process. Primary a (a,) with different morphologies, secondary a () and martensite a’ can be observed at different positions of the
LAMed specimen. Annealing treatment can promote the precipitation of rib-like a phase or acicular o phase. As a result, it can
increase or decrease the microhardness. The as-deposited L-direction and T-direction specimens contain the same phase constituent
with different morphologies. The tensile properties of the as-deposited LAMed specimens are characterized of anisotropy. The
L-direction specimen shows the character of low strength but high ductility when compared with the T-direction specimen. After
annealing treatment, the strength of L-direction specimen increases significantly while the ductility reduces. The strength of the
annealed T-direction specimen changes little, however, the ductility reduces nearly by 50%.
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1 Introduction

Ti—5AI-2Sn—2Zr—4Mo—4Cr alloy, researched and
developed in 1970s by GE, is classified as “p-rich” o+f
alloy. It is widely used for gas turbine engine component,
such as disks for fan and compressor stages because of
its characters of high-strength, deep hardenable and
high-toughness [1,2].

Laser additive manufacture (LAM) is an advanced
processing technology that can be used to fabricate 3D
near-net shape metal components directly [3—5]. During
LAM process, metal powders are fed into the molten
pool on the substrate produced by the laser irradiation
and the injected powders re-solidify after melting. The
laser beam or table moves along the
predesigned paths, thus, 3D metal parts without any
tooling are fabricated layer by layer. The LAM process
offers  distinct advantages over  conventional
manufacturing, such as free of tooling, high design
freedom and short lead time. The LAM process is
particularly appealing for fabrication of expensive and
unworkable titanium aerospace components. Lots of

working

studies focused on microstructure evolution of LAMed
titanium alloy have been carried out. Typical
macrostructure of LAMed o+ titanium alloy is usually
comprised of columnar f grains which grow epitaxially
from the substrate [6—8]. The a phase precipitated in the
£ matrix during cooling shows more
features, such as fine lamellar structure containing
martensitic a’ [9], coarsen lamellar structure [10] and
layer bands [11—13]. Researches on near £ titanium
alloys, such as Ti—5A1-5Mo—5V—1Cr—1Fe alloy, have
revealed that the deposited sample fabricated under the
same process parameters can exhibit more complex
microstructure characterization due to the more complex
alloy ingredients. As reported by LIU et al [14],
ultra-fine o laths, coarse « laths and ultra-fine
basket-weave a can be obtained [14]. As well
documented that the mechanical properties of titanium
alloy components are strongly affected by the
microstructures characterizations [15]. In other words,
different microstructures and mechanical properties may
be achieved even though the titanium components with
different sizes and shapes were fabricated by the
same processing parameters due to the different thermal
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history they experienced. However, little work focusing
on this effect has been conducted.

In this study, the samples with different dimensions
were fabricated under the same processing parameters.
The effects of dimensions and annealing treatment on the
microstructure  characterization were investigated.
Besides, the microhardness and room temperature tensile
properties of the as-deposited and annealed specimens
were also examined.

2 Experimental

All the samples were fabricated by an LAM
equipment which consists of a 4 kW continuous wave
CO, laser, a 5-axis numerical control working table, an
inert gas chamber filled with pure argon and a coaxial
powder feeder nozzle.

The Ti—5A1-2Sn—2Zr-4Mo—4Cr alloy powders
with the sizes of 80—120 um were used as cladding
materials. The powders were dried in a vacuum oven at
(12045) °C for 2 h to eliminate moisture absorption. The
LAM processing parameters, laser power (LP), scanning
speed (SS), powder federate (PF), spot diameter (SD)
and overlaps (OL), are shown in Table 1.

Table 1 Processing parameters of LAM process
LP/KW  SS/(mm's ') PF/gmin') SD/mm OL/%
2.5-2.8 8-10 3-5 2-3 40

Two solid structures with dimensions of 10 mm X
10 mm x 5 mm and 10 mm X 10 mm %X 25 mm were
fabricated on the surface of the forged Ti—5AI-2Sn—
27Zr—4Mo—4Cr alloy plate. The as-deposited samples
were sectioned into 4 pieces along the direction
perpendicular to the laser scanning direction. One of
them was used as-deposited state sample, and others
were annealed with different heat treatment routes:
600 °C, 1 h/FC (furnace cooling); 600 °C, 2 h/FC;
600 °C, 4 h/FC. Metallographic specimens for scanning
electron microscopy (SEM, Tescan VEGA Il LMH) were
prepared by mechanical polishing and revealed by a
solution of 2 mL HF, 6 mL HNO; and 100 mL H,O.
Thin foils for transmission electron microscopy (TEM)
were prepared by electro-polishing using a double jet
apparatus with a solution of 300 mL methanol, 180 mL
butanol and 30 mL perchloric acid at a potential of 15 V
DC. The phase constitution was analyzed by X-ray
diffraction (XRD, Bruker D8 Advance). The
microhardness from the bottom to the top of the
specimens along the building direction was measured on
a Duranmin—A300 microhardness tester after the
samples were re-polished. The test was carried out with
the load of 5 N and the load time of 15 s and the interval
between two indentations was 0.5 mm.

The blocky samples used for tensile test were
deposited on the surface of the titanium plates. As shown
in Fig. 1(a), the specimen with the loading direction
parallel to the building direction is labeled as L-direction
specimen and the specimen with the loading direction
perpendicular to the building direction is labeled as
T-direction. After heat treatment at 600 °C for 1 h
followed by furnace cooling, the samples were machined
to standard tensile specimens (Fig. 1(b)) according to
GB/T228 and tested on an Instron 5982 tensile machine.
The as-deposited specimens were also tested under the
same condition in order to compare with the annealed
specimens. The tensile fracture surfaces and cross-
sections of the tensile specimens were examined using a
scanning electron microscope.

L-direction

(a)

Buliding
direction

T-direction

Substrate

2-M12

71

Fig. 1 Schematic of L-direction and T-direction specimens (a)
and standard tensile specimen (b) (unit: mm)

3 Results and discussion

3.1 Microstructure characteristics of as-deposited

samples

The microstructures of the 5 mm as-deposited
sample are shown in Fig. 2. The microstructures are
obviously different according to the positions. At the
bottom of the sample, very fine basket-weave o phase
can be observed (Fig. 2(a)). However, at the top of the
sample, acicular martensite a’' can be observed in the
TEM image (Fig. 2(b)). The results of XRD analysis of
the as-deposited and 4 h annealed samples are shown in
Fig. 2(c). The much wider a peaks of the as-deposited
sample identify the presence of martensite structure (a”).

Figure 3 shows the SEM images of the 25 mm
as-deposited sample from the bottom to the top along the
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Fig. 2 Microstructures of 5 mm as-deposited sample: (a) SEM
image of bottom of deposited layers; (b) TEM image of top of
deposited layers; (c) XRD patterns of as-deposited and 4 h
annealed samples
building direction. It can be found that the
microstructures change considerably compared with the
as-deposited 5 mm specimen. The amount and the
morphology of a phase change notably along the
building  direction. =~ Very  fine  basket-weave
microstructure can be observed at the bottom of the
sample, as shown in Fig. 3(a). Near the bottom of the
specimen, irregularly primary o phase (a,) and fine
secondary o phase (as) can be seen in Fig. 3(b). Away
from the bottom of the sample, only a,can be observed
(Fig. 3(c)). At the top of the specimen, there is no a
phase (Fig. 3(d)).

The microstructure evolution is considered to

depend on the thermal history of the LAM process.
Thermal history during LAM process was simulated by
adopting the birth and death technology and the enthalpy
potential method. The finite-element model was
discussed in another study [16] and the same physical
parameters were adopted. Figures 4(a) and (b) show the
simulation results of temperature distribution when the 5
and 25 mm samples are finished. It can be seen that the
temperature distribution of the samples is not uniform.
The temperature at the top of the sample is the highest
and reduces gradually from the top to the bottom. It
should be noted that the temperature of the 25 mm
sample is higher than that of the 5 mm specimen due to
the heat accumulation which may lead to a faster cooling
rate at the beginning of cooling process.

Combined with the previous studies [14,17] and the
observed microstructure in this study, the microstructure
evolution is schematically illustrated in Fig. 4(c). At the
top of the sample, where the temperature is higher than
the f transus temperature (7), solution treatment occurs
in single S phase region. Due to the high f stabilization
in Ti-5A1-2Sn—2Zr-4Mo—4Cr alloy and air cooling
after the LAM process, the formation of o phase is
suppressed, and martensite o' in 5 mm specimen and
metastable f phase (5,,) in 25 mm specimen are obtained.
As described by SAUER and LUETJERING [18], high
temperature aging will form coarse a-plates throughout
the f matrix. During low temperature aging, a high
volume fraction of fine secondary a-plates is precipitated
in the £ matrix. So at a lower position, both coarse and
fine a phase can be observed with the decrease of
temperature in LAMed specimen.

For the 5 mm sample, only at the bottom of the
sample, the temperature is below T, while the
temperature at most part of the sample is close to or
above Tj. So, if the process ends, the transformation of §
to a would be suppressed due to the quick cooling rate.
The microstructure similar to the 5 mm sample would be
achieved. If the LAM process continues, an obvious
temperature gradient in the sample will form, as
approximately illustrated in Fig. 4(c). It is widely
accepted that as the temperature reduces in the a+f phase
field, the volume fraction of a phase increases [18] and
this can be confirmed in Fig. 3. Besides, a series of phase
transformations, such as f—a'or S, and o’ or f,—o+f
happen. As a result, very diverse microstructures can be
obtained in the 25 mm sample.

3.2 Microstructure characteristics of annealed
samples

The microstructures of the annealed 5 mm sample
are shown in Fig. 5. As shown in Fig. 5(a), the size of
fine acicular a phase at the bottom of the sample changes
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Fig. 3 Microstructures at bottom (a), middle (b, ¢) and top (d) of 25 mm as-deposited sample
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Fig. 4 Simulation results of ANSYS: (a) Temperature distribution of 5 mm sample; (b) Temperature distribution of 25 mm sample;

(c) Schematic of microstructure evolution

a little after 1 h annealing treatment. However, at the top
of the sample, martensite o' is replaced by rib-like a
phase (less than 2 um) and extremely fine o, as shown in
Fig. 5(b). As shown in Figs. 5(c) and (d), the rib-like a
phase becomes coarsening with prolonging the time. The
phase constituent of the 4 h annealed specimen was

analyzed by XRD and the result is shown in Fig. 2(c). As
shown in Fig. 2(c), there is no martensite a".

As shown in Figs. 6(a) and (b), annealing treatment
does not impact the microstructure significantly at lower
half part of the 25 mm specimen. There is still no
noticeable change when the annealing time extends to
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Fig. 5 Microstructures of annealed 5 mm specimen: (a) Bottom of 1 h annealed specimen; (b) Top of 1 h annealed specimen; (c) Top
of 2 h annealed specimen; (d) Top of 4 h annealed specimen
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Fig. 6 Microstructure evolution along building direction of annealed 25 mm sample: (a)—(d) Microstructures from bottom to top of
1 h annealed sample; (e) and (f) Microstructures corresponding to Fig. 6(c) after 2 h and 4 h annealing treatments, respectively
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2 and 4 h. This is because a phase precipitates from f
phase adequately during the LAM process. However, as
shown in Fig. 6(c), at upper half part of the sample, fine
o, precipitates directly from the metastable f phase. At
the top of the sample, acicular a can be observed. It can
be seen from Figs. 6(e) and (f), the microstructure does
not change apparently when the annealing time extends
to 2 and 4 h.

3.3 Microhardness of as-deposited and annealed

samples

The microhardness of as-deposited and annealed
samples (5 and 25 mm samples) along the building
direction is shown in Fig. 7. For the 5 mm sample, the
microhardness of the as-deposited sample is higher than
that of the annealed ones, and the microhardness values
decrease with prolonging the annealing time. For the
25 mm sample, as shown in Fig. 7(b), the microhardness
of as-deposited specimen is the lowest and the values
increase slightly along the building direction. These
curves of the annealed samples can be divided into 2
parts according to the microhardness value: 1) at lower
half part of the sample, the microhardness increases
along the building direction gradually; 2) at upper
half part of the sample, the microhardness (>*HV 500) is
almost invariable and significantly higher than that of the

650
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Fig. 7 Microhardness of different samples along building
direction: (a) 5 mm samples; (b) 25 mm samples

as-deposited sample (HV 411).

Apparently, the microhardness is closely related to
the microstructure of the samples. For the 5 mm sample,
the acicular o' in the as-deposited specimen transforms to
o+f after annealing treatment, and the microhardness
reduces with prolonging the time. The precipitation of
fine ag is the main reason why the microhardness of the
annealed 25 mm sample increases so much. At lower half
part of the sample, the strengthening effect increases
along the building direction because the amounts of o
increase with the increase of volume fraction of
metastable f phase. The majority of upper half part of the
as-deposited 25 mm sample is metastable S phase so that
a precipitates homogeneously after annealing treatment
which makes the microhardness more close to each other.
The little variation of microhardness of the samples with
different annealing time is consistent with the small
change in the microstructure.

3.4 Room temperature tensile properties

To release residual stress and keep strength of the
specimens, the heat treatment of 600 °C, 1 h/FC was
selected. The room temperature tensile properties of
as-deposited and annealed specimens (average values of
three specimens) are presented in Table 2. The
mechanical properties of the as-deposited LAMed
specimens are characterized by obvious anisotropy. The
character of anisotropy has also been reported by other
researchers [19,20]. The L-direction specimen shows the
character of low strength but high ductility when
compared with the T-direction specimen. After annealing
treatments, the L-direction specimen is strengthened
significantly accompanied by the reduction of ductility.
The strength of the annealed T-direction specimen does
not change, however, the ductility reduces notably.

Table 2 Room temperature tensile properties of as-deposited
and annealed specimens

Ultimate .
. ield . Area
. L tensile Elongation/ .
Specimen Direction stress/ reduction/
strength/ MPa % o
MPa ’
As- T 12257 1220+2 3.4+0.8 8.3+0.3
deposited L 105317 1030426 14+1.5 42428
T 1230+4 12202 2.4+0.3 342
Annealed
L 121014 1180+1 3.8+0.3 10+1.8

The SEM images of fracture surfaces and cross-
sections through the fracture surfaces of the as-deposited
T-direction and L-direction specimens are shown in
Fig. 8. As shown in Fig. 8(a), the as-deposited
T-direction specimen shows no apparent plastic
deformation before fracture. It has mixed-rupture

characteristics of trans-granular and inter-granular. The
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Fig. 8 SEM images of fracture surfaces (a, ¢) and cross-sections (b, d) of T-direction as-deposited specimen (a, b) and L-direction

as-deposited specimen (c, d)

grain boundary (GB) feature can be observed and
indicated. The cross-section microstructure near the
fracture is very fine rib-like o phase (1-3 um) and
microcrack can be observed in Fig. 8(b). The
microstructure is quite different from the 5 mm
as-deposited specimen due to different thermal history
caused by different sizes and shapes. The fracture of
L-direction as-deposited specimen takes place at the
location about 25 mm away from the bottom with
plastic  deformation. It shows the
characteristics of trans-granular fracture. As shown in
Fig. 8(c), a pore at the center of the fracture surface may
be the crack source. Besides, fibrous region and dimples
feature can be observed. The microstructure near the
fracture is panel-like a, with the length of 5-15 pm
(Fig. 8(d)) and no fine oy precipitates in the f matrix.
Finer microstructure shows higher strength but poor
ductility which can be explained by the fact that the
onset of plastic deformation depends on the a colony size
(it equals the width of rib-like a phase and panel-like a),
and small colony size delays the onset of plastic
deformation [21].

The SEM images of fracture surfaces and cross-
sections through the fracture surfaces of the 1 h annealed
T-direction and L-direction specimens are shown in
Fig. 9. As shown in Fig. 9(a), the annealed T-direction
specimen shows no necking and a mixed-rupture
characteristic of trans-granular and inter-granular. Grain
boundary feature can be observed both on the fracture
surface and the cross-section. It can be seen that the S
grains parallel to the building direction which is the

extensive

typical macrostructure characteristics of LAMed titanium
alloy. According to the river pattern direction, the crack
initiation at the grain boundary can be found. The
microstructure near the fracture is fine rib-like a phase
(1-3 pum) which is similar to the as-deposited specimen.
However, between the rib-like a phase, the extremely
fine o5 can be observed (Fig. 9(c)) which is different
from the as-deposited specimen.

Figure 9(d) shows the topography of fracture
surface of the annealed L-direction specimen and the
crack source is indicated. The annealed L-direction
specimen exhibits different appearance when compared
with the as-deposited one. The microstructure near the
fracture consists of coarse o, and fine a, (Fig. 9(e)). It
can be seen from Fig. 9(f) that microcrack forms along
the interface of a;, and f matrix. The existence of o, has
no obvious effect on changing the path of crack
propagation.

The different properties of these specimens are due
to the presence of different microstructures. As discussed
above, the microstructure of LAMed Ti—5A1-2Sn—2Zr—
4Mo—4Cr alloy depends on the thermal history. The
differences on fabrication path and shape of L-direction
and T-direction specimens will affect the thermal history.
So, the microstructure characteristics of L-direction and
T-direction specimens are obvious different, as shown in
Figs. 8 and 9.

The high strength is usually associated with the fine
nature of o phase which is equivalent to a small grain
size. For the as-deposited T-direction specimens,
the microstructure consists of very fine rib-like o phase.
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specimens

Usually, the grain boundary strength is superior to the
grain strength, so the fracture mechanism is
trans-granular at room temperature. However, the fine
rib-like a phase improves the grain strength significantly
and results in that the grain strength is superior to the
grain boundary strength, so the cracks tend to initiate and
expand along the grain boundary a layers. For the
as-deposited L-direction specimens, there is almost no a;
precipitated and the size of panel-like a phase is much
bigger. So, it is much easier to deform plastically. This
may be the main reason why the L-direction specimen
exhibits high ductility but low strength compared with
the T-direction specimen.

Though the strength of the annealed T-direction
specimen does not change, the ductility reduces notably
due to the precipitation of «,, and the tendency of
inter-granular fracture increases. But for the annealed
L-direction specimen, the microstructure consists of
larger but irregular a phase and unevenly distributed o
compared with the T-direction specimen. Crack initiation
occurs along the interface of o phase and f matrix due to
dislocation pileup. Furthermore, prior £ phase has a
dominant (100) solidification texture along the building
direction and keeps consistence after annealing
treatment [22,23]. Therefore, grain orientation may play
an important role on the path of crack propagation since
the principal stress of T-direction specimen is
perpendicular to the f columnar crystal, so crack is easy

to expand along the grain boundary [18].
4 Conclusions

1) The microstructure characteristics of the
as-deposited specimens along the building direction are
strongly affected by the thermal history of LAM process.
At the bottom of 5 mm sample, very fine basketweave a
phase can be observed; while martensite o' can be
observed at the top of the sample. At lower half part of
the 25 mm sample, both the @, and acan be obtained;
while at upper half part, no a phase is observed.

2) The annealing treatment can promote the
martensite o’ and retained f phase transforming to a+p.
For the 5 mm sample, the martensite o' transforms to
rib-like a and reduces the microhardness. For the 25 mm
sample, acicular a4 precipitates from the retained f phase
and increases the microhardness.

3) The room temperature tensile properties of the
as-deposited LAMed specimens are characterized of
anisotropy. The as-deposited L-direction
specimen shows the character of low strength but high
ductility when compared with the as-deposited
T-direction specimen. After annealing treatment,
L-direction specimen is strengthened significantly
accompanied by the reduction of ductility. The strength
of the annealed T-direction specimen does not change,
however, the ductility reduces obviously.

obvious
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