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Abstract: The Ti-Al-Mo-V-Ag a+f alloys were processed by powder metallurgy (PM) using the blended elemental (BE) technique.
The effects of Ag addition and sintering temperature on microstructure and properties of the Ti-5Al-4Mo-4V alloys were investigated
using X-ray diffraction, optical microscope, scanning electron microscope and mechanical properties tests. The results show that
adding Ag element increases the relative density and improves the mechanical properties of PM Ti-5A1-4Mo-4V alloy. After sintering
at 1 250 °C for 4 h, the relative density and compression strength of Ti-5Al-4Mo-4V-5Ag alloy are 96.3% and 1 656 MPa,

respectively.
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1 Introduction

Titanium alloys have been widely used in military
and civil fields, due to their low density, high specific
strength, high yield-strength ratio, excellent plasticity
and ductility, and good corrosion resistance [1-3].
However, the difficulty in extracting, melting and
machining of titanium leads to high cost of production,
and therefore restricts the wide applications of titanium
alloys [4—5]. Powder metallurgy (PM) approaches are
advantageous in producing near net shapes of
components, and therefore largely increase the utilization
ratio of materials and reduce machining cost [6].
Homogeneous and fine microstructure can be obtained
by means of this way too. PM forming technology turns
out to be a significant method for reducing costs of
titanium alloys [4—5, 7]. The researches of titanium PM
forming technology focus on the study of three methods:
the blended elemental (BE), pre-alloying (PA), rapid
solidification (RS), among which BE is much better than
the other two methods either in economic benefit,
component selection or the design of microstructure
[8-9]. Products made from titanium alloys by BE are
mainly applied in complex-shaped parts such as
commercial titanium filters and impellers [7].

Aluminum has low density and high solid solubility
in titanium (with a mass fraction more than 6%), which
makes it one of the main alloying elements for titanium
alloys [10—12]. The Ti-5Al-4Mo-4V (mass fraction, %)
alloy prepared by cast processing and subsequent
thermo-mechanical treatment is a high strength and heat
resistant titanium alloy, and has been widely used in
aerospace industry in Russia [1].

In this work, Ti-5A1-4Mo-4V powders with
different Ag contents were consolidated to full density
by vacuum sintering at high temperatures. The effects of
addition of Ag on the microstructure and mechanical
properties were investigated and compared with the
samples without Ag additions.

2 Experimental

Table 1 shows the nominal composition of
Ti-5A1-4Mo-4V alloys with different Ag contents. The
raw materials include titanium powder (99.6%),
molybdenum powder (99.5%), aluminum powder
(99.5%), silver powder (99.7%), Al-V intermediate alloy
powder (99.4%), with the average grain sizes of 48, 1.5,
2.6, 0.7 and 74 um, respectively. Ag powders were added
to Ti-5A1-4Mo-4V powders before milling. Mechanical
milling was carried out for 48 h in 4 planetary ball
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Table 1 Nominal composition of samples (mass fraction, %)

Sample Al Mo \ Ag Ti

Alloy 1 5 4 4 Bal.
Alloy 2 5 4 4 Bal.
Alloy 3 5 4 4 Bal.
Alloy 4 5 4 4 10 Bal.

milling system in alcohol under argon atmosphere. The
ball to powder mass ratio was 5:1 and the milling speed
was 350—400 r/min. After milling, the slurry was dried in
a vacuum oven at 60 °C for 24 h. The mixed powders
were granulated and pressed to compacts of 25 mm in
diameter under a pressure of 200—300 MPa in a steel die.
The compacts were put on a molybdenum piece and
sintered at 1 150, 1 250 and 1 350 °C for 4 h in a vacuum
sintering furnace, respectively. After sintering, the alloys
were cooled to room temperature in the furnace.

The density of the sintered alloys was measured by
Archimedes method. After being polished, the samples
were corroded by Kroll reagent and observed using an
optical microscope. Compression tests were carried out
on a fully digital 3356 Instron testing machine at a speed
of 1 mm/min. These samples were machined to size of
d5 mmx7 mm. Fracture surface of the alloys after the
compression tests was examined by FEI-Nano 230 field
emission scanning electron microscopy (SEM) and the
phase analysis was carried on a D/max2550pc X-ray
diffractometer.

3 Results

3.1 Microstructures of sintered alloys

Figure 1 shows the XRD patterns of the alloys after
sintering at 1 250 °C. It is found that the four alloys
contain o and S phases. With increasing Ag content, the
diffraction intensity of S phase increases. This indicates
that Ag addition increases the volume fraction of S phase
in the based alloys. Moreover, the 26 angle of o phase
shifts from low angle towards high angle direction, as
can also be seen in the figure, indicating a change of the
lattice parameter for alloys with the addition of Ag.
Beside the diffraction peaks of a phase and f phase, there
are also TiAg peaks in alloy 4.

Figures 2—4 show the microstructures of the
samples sintered at different temperatures. The results
show that the four alloys are all typical o+f
microstructure and there are fine lamellar o phase and o
colony. However, the microstructures vary apparently
with different Ag additions.

Figure 2 shows the microstructure of the alloys after
sintering at 1 150 °C. Increasing Ag content decreases
the amount of pores in alloys, and increases the grain
size slightly. There is not apparent difference between
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Fig. 1 XRD patterns of samples after sintering at 1 250 °C

the microstructures of alloys 1 and 2. They are typical
o+p two phases, in which more equiaxed o phases occur
(the white area in Fig. 2(a) and Fig. 2(b)). This indicates
that 2% addition of Ag influences the microstructure of
the based alloy. When adding 5% Ag, the microstructure
of alloy 3 is mainly the Widmanstaetten structure, which
consists of the primary f grains, lamellar a phases and
colony a phases. The volume diffraction of the equiaxed
o phase decreases (Fig.2(c)). With even more Ag added,
alloy 4 is still mainly the Widmanstaetten structure
consisting of primary f grains, lamellar o phase in S
grains and o colony, and meanwhile there is minor
amount of net-basketlike structure (Fig. 2(d)).

The microstructures of alloys 1 and 2 sintered at
1 250 °C (Fig. 3) are similar to the alloys sintered at
1 150 °C. The phases of the alloys 1 and 2 are a+f two
phases, in which the equiaxed o phase is the main phase.
Compared with the alloys sintered at 1 150 °C, alloy 3
has less the equiaxed o phase and more Widmanstaetten
structure consisting of primary £ grains, lamellar «
phases and colony o phases. However, there is no any
equiaxed o phase but the Widmanstaetten structure exists
in alloy 4 (Fig. 3(d)). The thickness of lamellar a phases
is smaller than that in alloy 3, and the amount of
net-basketlike structure decreases too (Fig. 3(d)).
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Fig. 2 Optical microstructures of samples after sintering at 1 150 °C: (a) Alloy 1; (b) Alloy 2; (c) Alloy 3; (d) Alloy 4
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Fig. 3 Optical microstructures of samples after sintering at 1 250 °C: (a) Alloy 1; (b) Alloy 2; (c) Alloy 3; (d) Alloy 4
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Figure 4 shows the microstructures of the alloys is the dominating phase. At the same time, the grain size
sintered at 1 350 °C. The microstructure of the alloys 1 increases as well as the lamellar a phase. However, alloy
and 2 is a a+f two phases, in which the equiaxed a phase 3 apparently has the Widmanstaetten structure consisting
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Fig. 4 Optical microstructures of samples after sintering at 1 350 °C: (a) Alloy 1; (b) Alloy 2; (c) Alloy 3; (d) Alloy 4

of primary S grains, lamellar o phases and colony o
phases, among which the thickness of lamellar a phase is
comparatively bigger. Alloy 4 has the similar
microstructure to alloys sintered at 1 250 °C, but
decreased thickness of a phase at boundaries of primary
p grains as well as decreased o colony size.

3.2 Mechanical properties

Figure 5 shows the properties of the sintered alloys.
With increasing Ag content, the relative density of alloys
sintered at 1 150 °C increases from 82.5% (alloy 1) to
93.6% (alloy 4). The compression property testing shows
that the compressive strength of alloy 1 without Ag is
1 002 MPa, with a compression rate of 2.1%. The
compressive strength and compression rate of alloy 2
with 2% Ag is 1 244 MPa and 6.2%, respectively. With
further increasing Ag content to 5%, the compressive
strength of alloy 3, compared with that of alloy 1, is
increased by 578 MPa, and the compression rate reaches
25%. The compressive strength and compression rate of
the alloy with 10% Ag reach 1 476 MPa and 21%,
respectively.

The relative densities of the four alloys sintered at
1 250 °C, which are 85%, 88%, 95% and 96%,
respectively, increase compared with those of the alloys
sintered at 1 150 °C. The compression property testing
indicates that the compressive strength of matrix alloys
increases apparently with increasing Ag content, from
1 134 MPa to 1 568 MPa. And the compression rate

increases from 1.5% to 19.2%. Besides, the comparison
between 1 150 °C and 1 250 °C shows that increasing
sintering temperature improves the compressive strength
while decreases the compressive rate.

With increasing Ag content, the relative density of
the alloys increases to 93.6% (alloy 2), 95.3% (alloy 3)
and 97.1% (alloy 4), respectively. The compression
property testing shows that the compressive strength of
alloy 1 (1 231 MPa) sintered at 1 350 °C is slightly
improved compared with that of the alloys sintered at
1 250 °C. The compressive strength of the other three
alloys with Ag content is higher than that of alloy 1, and
the strength of alloy 4 exceeds that of alloy 3. However,
compared with the samples sintered at 1 250 °C, the
compressive strength and compression rate of the alloys
with the same alloying constituents decrease, which
indicates that increasing sintering temperature is
disadvantageous for the compression property of powder
metallurgy titanium alloys.

Figure 6 shows the typical compression stress—
strain curves of the four alloys sintered at different
temperatures. By adding 5%—10% Ag, the sintered alloys
shows apparent plastic deformation stage, indicating that
the alloys are highly resistant to plastic deformation. The
high plastic deformation ability can avoid sudden
fracture of alloys in actual working condition. In addition,
after sintering at different temperatures, the alloys have
high compress modulus.
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Fig. 5 Properties of samples after sintering at different
temperatures: (a) Relative density; (b) Compression strength; (c)
Compressive rate

3.3 Fracture analysis

Figure 7 shows the microstructures of the
compression fracture surface of alloys 1 and 4 sintered at
1 250 °C and 1 350 °C, respectively. The amount of
pores on the fracture surface decreases apparently with
the increase of Ag content, which confirms the results
in Figs. 4 and 5. The fracture modes are mainly
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Fig. 6 Compressive stress—strain curves of samples after
sintering at different temperatures: (a) 1 150 °C; (b) 1 250 °C;
(c) 1350 °C

transgranular fracture. Meanwhile, there is obvious
lamellar structure and the lamellar structure has the
colony o phases in the alloy 3. SEM observation on o
colony (Fig. 8) shows that the colony o phases consist of
lamellar structure with an average size of 120 nm, and
between the lamellas there are nanometer spherical TiAg
compounds, which can contribute to the dispersion
strengthening of the alloy 3.
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Fig. 7 SEM images of fracture surface of alloys 1(a, b) and 4 (c, d) after sintering at 1 250 °C (a, ¢) and 1 350 °C (b, d)

Fig. 8 SEM images of fracture surface of alloy 4 after sintering at 1 350 °C

4 Discussion

The properties of powder metallurgy titanium alloys
can be affected by alloying constituents, porosity and
microstructure. Ti-5A1-4Mo-4V alloys are typical a+f
microstructures. Aluminum is the a-stability element,
while Mo and V act as the f-stability elements. All these
elements are dissolved in a and S phases and can
contribute to the effect of solid solution strengthening.
Moreover, they also change the phase proportion in the

powder metallurgy titanium alloys. Ag is an eutectoid
[-stability element, which can strengthen the solid
solution. However, when the content of Ag exceeds
certain amount, eutectoid transformation takes place
between the excessive Ag and Ti, and produces
TiAg compounds (Fig. 1). This violently decreases the
transformation temperature of (a + B)/f phases and
makes it easy for the generation of lamellar structure in
alloys [12—15]. The results of Figs. 2—5 indicate that the
dominating structure in the alloys consists of primary f
grains, lamellate o phase in £ grains and a colony.
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In the Ti-5A1-4Mo-4V-(5—10)Ag alloy system, the
alloys located in two-phase region were cooled to room
temperature in furnace from £ phase region. During the
cooling stage, crystal nucleus was formed at the
boundaries and grew into crystal boundaries, due to the
small supercooling degree. Then, a large amount of
nucleus in the region of grain boundaries grew towards
the inner grains and formed parallel lamellar o phase
with the same orientation. On the other hand, nucleus can
also be formed inside the grains and grew into o colony.
The size and quantity of a colony are affected by many
factors. Higher heating temperature, longer holding time,
more f-stability elements, lower f phase transformation
point and less cooling rate make larger a colony. The
quantity of a colony in alloy 4 surpasses that of alloys 3
and 2 apparently, mainly due to the high Ag content of
[-stability elements. Figures 2—4 also show that the
amount of the equiaxed o phases in alloy 3 decreases
while the Widmanstaetten structure decreases. This is
attributed to the increasing diffusion rate of the
[-stability elements (Mo, V, Ag) with the improvement
of sintering temperature. And therefore solution is more
adequate in the subsequent furnace cooling process, and
o phases precipitate from primary S phase to form fine
lamellar Widmanstaetten structure.

In addition, Figure 5 shows that the relative density
of the sintered alloys increases with the sintering
temperature and can reach as high as 97%, due to the
high powder activity at high sintering temperature. And
the greater diffusion rate of S-stability elements (Mo, V,
Ag), faster shrinkage of the sintered alloys and less
porosity promote the relative density of the sintered
alloys. At the same time, the addition of Ag can lower the
(o + p)/p phase transformation point, thus lower the
sintering temperature of composite powder. Nano-scale
TiAg compounds generated during sintering can also
prevent the grain growth so as to raise the relative
density of the sintered alloys containing Ag.

Figures 5 and 6 show that, the properties of the
sintered alloys with different Ag contents are different.
With the increase of Ag content, porosity decreases with
the increase of relative densities of alloys (Figure 5)
under the same sintering process. And compressing
strength and plastic deformation capacity increase with
the increase of Ag content. Especially with 5%—10% Ag
content, the compressing strength of the alloys is over
1 400 MPa and the compression rate also becomes more
than 19% under 1 250—1 350 °C sintering temperature.
The relationship between strength and density of the
alloys can be expressed using the following formula
[16]:

om=00exXp(—bm) (N

where oy, is the corrected tensile strength, g, is the real

tensile strength of the alloy having certain porosity m,
and b is a constant of about 4—7. We can see that, with
the decrease of porosity m, o, of the sintered titanium
alloy performs exponential growth trend. From Figs. 1
and 5, adding high content Ag improves the relatively
density of the sintered alloys, and changes the phase
composition of the based alloy. The microstructures of
alloys change from o+ pf phase microstructure to the
Widmanstaetten structure, while nano-scale TiAg
compound also is generated, and the compression
strength is improved.

5 Conclusions

1) Ti-5Al-4Mo-4V alloys with 5%—10% Ag were
prepared by BE technique. The addition of Ag can
improve the relative density and the compression
properties.

2) By increasing the sintering temperature, the
relative density of the sintered titanium alloys can reach
96%, the compressive strength is over 1 500 MPa and the
compression rate can reach more than 19%.

3) When adding 5%—10% Ag into the based alloy,
the microstructure of sintered alloys changes from
typical a+f two phases to the Widmanstaetten structure.
Meanwhile, nano-scale TiAg compound is generated in
the matrix alloys, acting as dispersion strengthening.
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