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Abstract

Ti—6.5A1-2Zr—1Mo—-1V/TiB metal-matrix composites were produced by vacuum arc or selective laser melting
(SLM) methods using 0.7 and 2wt.% TiB; in the charge mixture. The initial microstructure of the as-cast and
SLM composites consisted of TiB fibers randomly distributed within the two-phase o/ matrix. The average
apparent length and cross-sectional size of the TiB fibers in the as-cast composite with 0.7wt.% TiB> and
as-cast composite with 2wt.% TiB, were ~10 and ~11um and ~ 1.0 and ~ 1.2 um, respectively. The average
apparent length and cross-sectional size of the TiB fibers in the SLM composite with 0.7 wt.% TiB> and the SLM
composite with 2wt.% TiB, were ~3.5 and ~4.0um and ~0.2 and ~0.25 um, respectively. The addition of the
TiB fibers resulted in 20—27% increase in the strength without visible decrease in the ductility. An unreinforced
alloy produced by the SLM showed 60% increase in strength compared to that obtained by the vacuum arc
melting. The addition of the TiB fibers resulted in ~30% increase in the strength (for both composites) with
a decrease in the ductility to 8 and 3% for the SLM composite with 0.7 wt.% TiB> and the SLM composite with
2wt.% TiB,, respectively.
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Introduction

Titanium and titanium-based alloys are widely used in shipbuilding and aerospace industries due to their high
specific strength, high corrosion resistance, and good manufacturability [1, 2]. And more importantly, high-
temperature titanium alloys can be used for the production of parts, such as aircraft turbine compressors, which
operate at elevated temperatures. However, a noticeable decrease in the strength characteristics at tempera-
tures of 500-600°C, which is mainly due to the lack of high-temperature hardening mechanisms, limits the
application of these alloys. Specifically, the operating temperatures of a well-known high-temperature near-
alpha Ti—6.5A1-2Zr-1Mo-1V alloy are below 500°C [3]. Increasing the heat resistance of the titanium alloys
is simultaneously fundamental and technical problem, the solution of which opens up the possibility for these
alloys to replace partially much heavier steels and nickel alloys [1-4].

A promising approach to an increase in the high-temperature strength of titanium alloys is the creation of
metal-matrix composites (MMCs) by introducing refractory and strong ceramic phases into the ductile titanium
matrix [5, 6]. One of the most promising reinforcements is provided by TiB particles which (i) are well matched
with the titanium matrix without the formation of a transition region, (ii) have a close thermal expansion
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coefficient, and (iii) provide increased strength even at elevated temperatures due to good thermal stability of
TiB [5-7]. Specifically, the TiB reinforced MMCs can be used at temperatures by 100-200 °C higher than those
of usual industrial high-temperature titanium alloys, reaching the operating temperature range of 600-800°C
[8].

An important factor influencing the morphology of borides and structure of the matrix and directly affecting
the mechanical properties of the composites is the MMCs production method. For example, the sizes of borides
formed during the casting process can be quite large both due to a relatively slow cooling rate and hypereutectic
composition of the Ti-TiB system. The formation of large needle-like precipitates can decrease the ductility
and crack resistance of the MMCs [7, 9]. In contrast, the short processing time and high cooling rate during
selective laser melting (SLM) resulted in the formation of much smaller borides [10, 11]. In addition, some
obvious difference in the structure can be caused by the different approach itself, i.e. powder metallurgy (SLM)
and usual casting (vacuum arc melting) [12]. Earlier investigations [10-13] also showed rather high strength
properties of the Ti-TiB MMCs obtained by the SLM. However, there is practically no information on the
effect of the amount of borides on the microstructure and mechanical properties of composites obtained by the
SLM. Therefore, the aim of the present work is the examination of the effect of production method (casting vs.
SLM) on the structure and mechanical properties of the TiB reinforced Ti—6.5A1-2Zr—1Mo-1V alloy at room
temperature.

Material and methods

Laboratory scale ingots (50g) of the Ti—6.5A1-2Zr-1Mo—-1V composite were produced using the vacuum arc
melting of pure (299.9wt.%) Ti, Al, Zr, Mo, and V granules with 0.7 and 2wt.% commercial purity (CP)
powder of TiB2 (99.9 wt.%). CP powders of Ti—6.5A1-2Zr—1Mo-1V alloy (99.9wt.% with size ~100pm) and
TiB2 (99.99wt.% with size ~6um) were used for the selective laser melting of the Ti—6.5A1-2Zr-1Mo-1V
composites (Fig. 1). A powder mixture contained Ti—6.5A1-2Zr—1Mo-1V (base) with 0.7 and 2wt.% TiB»
produced using a Retsch RS200 vibrating cup mill in ethanol at a milling rotation speed of 700rpm and
a milling time of 1h. The SLM of the composites was carried out in an argon atmosphere using a 3D printer
DMP Flex 200 with a 316L steel plate used as a substrate. The flow rate of argon (used as shielding gas) was
51/min. To improve the quality of the workpieces, the direction of the laser beam movement changed by 67°
during fusion of each subsequent layer. The distance between tracks and the beam diameter were 50 and 70 um,
respectively. For the sake of comparison, unreinforced (i.e. without addition of TiBj) Ti—6.5A1-2Zr-1Mo-1V
alloy specimens were also fabricated using both vacuum arc melting and SLM. The notation of the investigated
materials is presented in Table 1.

Fig.1 SEM images of
TiB> (a) and Ti—6.5A1-2Zr—
1Mo-1V powders (b)
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Table 1 Notation of the Investigated Materials

Condition Marking
Ti—6.5A1-2Zr-1Mo-1V alloy produced by the vacuum arc melting AC alloy
Ti—6.5A1-2Zr—1Mo-1V composite with 0.7 wt.% TiB, produced by vacuum arc melting AC-0.7 composite
Ti—6.5A1-2Zr—1Mo-1V composite with 2 wt.% TiB, produced by vacuum arc melting AC-2 composite
Ti—6.5A1-2Zr-1Mo-1V alloy produced by the selective laser melting SLM alloy
Ti—6.5A1-2Zr—1Mo-1V composite with 0.7 wt.% TiB, produced by the elective laser melting SLM-0.7 composite
Ti-6.5A1-2Zr-1Mo-1V composite with 2wt.% TiB, produced by the selective laser melting SLM-2 composite

The samples measured 4x 4 x 6 mm? were cut from the produced materials. Then the specimens were com-
pressed at room temperature at a nominal strain rate of 1073 s™! to destruction. Microstructures of the composites
were examined using a FEI Quanta 600 scanning electron microscope (SEM) in backscattered electron (BSE)
and secondary electron (SE) regimes. Specimens for the SEM were prepared by careful mechanical polishing;
to reveal borides in the structure of the composites (in the SE regime), deep etching (for ~6min) was carried
out with Kroll’s reagent (95% H>0, 3% HNOs3, 2% HF). The Digimizer software was used to determine the
average length or diameter of borides. In each condition, at least 400 measurements were carried out.

Results and discussion

The initial microstructure of the AC composites consisted of TiB fibers randomly distributed within the two-
phase o/ff matrix (Fig. 2a—d). The volume fraction of the § phase did not exceed 4% in all AC composites.
The average apparent length and cross-sectional size of the TiB fibers in the AC-0.7 and AC-2 composites
were ~10 and ~11um and ~1.0 and ~1.2um, respectively (Fig. 2a—d). The values of the volume fraction of
the TiB fibers increased slightly from 6 to 8% for the AC-2 composite compared to the AC-0.7 composite.
A two-phase o/ff structure of the matrix was also obtained in the SLM composites, but the sizes of the
borides were found to be significantly smaller (Fig. 2e-h). For example, the average apparent length and cross-
sectional size of the TiB fibers in the SLM-0.7 and SLM-2 composites were ~3.5 and ~4.0um and ~0.2 and
~0.25 um, respectively. The volume fraction of borides also decreased to 4 and 5% for the SLM-0.7 and SLM-2
composites, respectively. Sporadic particles of unreacted TiB> (Fig. 1e,h) were found in the structure of the both
SLM composites, thereby suggesting not quite complete Ti + TiB>=2TiB in-situ reaction [5-7, 12].

Alloying with borides significantly affected the mechanical properties in compression at room temperature
(irrespective of the production method) of the composites as compared to the unreinforced alloys (Fig. 3
and Table 2). For example, the non-reinforced AC alloy demonstrated the yield strength, peak strength, and
compression ductility of 800MPa, 1350MPa, and 15%, respectively. The addition of TiB fibers resulted in
20 and 27% increase in strength without a visible drop in ductility for the AC-0.7 and AC-2 composites,
respectively (Fig. 3a and Table 2). A similar trend was observed for the composites obtained by the SLM.
However, there was an even greater increase in the strength properties with a slight drop in the plasticity
values (Fig. 3b and Table 2). The non-reinforced SLM alloy demonstrated the yield strength, peak strength, and
compression ductility of 1310 MPa, 1830MPa, and 13%, respectively. Alloying with the TiB fibers resulted in
~30% (for both composites) increase in the strength with the decrease of ductility to 8 and 3% for the SLM-0.7
and SLM-2 composites, respectively (Fig. 3b and Table 2). It should be noted that the strength characteristics
obtained in this work were found to be significantly higher in comparison with the composites obtained by the
SLM in earlier works [10, 11, 13].

The results obtained clearly show a positive effect of borides on the strength of the Ti—6.5A1-2Zr-1Mo-1V
alloys produced by different methods, in accord with some earlier results [14, 15]. For example, for the
composites obtained by the vacuum arc melting, a moderate increase in the strength was observed with no
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Fig.2 SEM images of
the microstructure of
AC-0.7 (a,b), AC-2 (¢,d),
SLM-0.7 (e,f), and SLM-2
composites (g,h) for the
polished (a,c,e,g) and
etched surfaces (b,d,f,h)

Fig. 3 Engineering stress-
strain curves obtained dur-
ing compression of the as-
cast alloys (a) and SLM
alloys (b) at 20°C
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Table 2 Mechanical Properties in Compression of the AC
Alloy, AC-0.7 Composite, AC-2 Composite, SLM Alloy,
SLM-0.7 Composite, and SLM-2 Composite at room

temperature

Condition Yield strength, Peak strength, g, %
MPa MPa

AC alloy 800 +20 1350 +35 18 £3

AC-0.7 com- 920 +22 1620 +42 17 £3

posite

AC-2 compos- 1020 £25 1720 =45 16 £3

ite

SLM alloy 1310 £32 1830 +49 13+2

SLM-0.7 com- 1720 £45 2200 +52 8x1.5

posite

SLM-2 com- 1700 =44 1990 £50 3+0.5

posite

decrease in the ductility compared to the AC alloy, which is very important. It is worth noting that the SLM
alloy showed 60% higher strength compared to the AC alloy. More importantly, the ductility did not decrease
dramatically. Thus, the SLM is a very promising process for producing parts of TiB reinforced titanium alloys.
Slightly different results were obtained for the composites produced by the SLM. The tendency toward an
increase in the strength compared to the unreinforced SLM alloy was noted, similar to the composites obtained
by the vacuum arc melting. However, a drop in the ductility by 40 and 80% was observed for the SLM-0.7 and
SLM-2 composites, respectively. It is quite possible that this drop in the plastic characteristics occurred due to
the incomplete in-situ reaction of the boride synthesis, as evidenced by the presence of unreacted TiB; particles
in the structure of the SLM composites. In any case, a very high increase in the strength of the SLM composites
at room temperature allows us to consider the SLM to be a very promising approach to producing MMCs.

Conclusions

The initial microstructure of the as-cast composites consisted of the TiB fibers randomly distributed within the
two-phase o/f matrix. The average apparent length and cross-sectional size of the TiB fibers in the as-cast
composite with 0.7wt.% TiB; and as-cast composite with 2wt.% TiB, were ~10 and ~11pum and ~1.0 and
~1.2um, respectively. The values of the volume fraction of the TiB fibers increased slightly from 6 to 8%
for the as-cast composite with 2wt.% TiB> compared to the as-cast composite with 0.7wt.% TiB>. A two-
phase o/f structure was also obtained in the SLM composites, but the sizes of the borides were found to
be significantly smaller. The average apparent length and cross-sectional size of the TiB fibers in the SLM
composite with 0.7wt.% TiB2 and SLM composite with 2wt.% TiB> were ~3.5 and ~4.0pum and ~0.2 and
~0.25 um, respectively. The volume fraction of borides also decreased to 4 and 5% for the SLM composite with
0.7wt.% TiB, and SLM composite with 2wt.% TiB, respectively. Particles of unreacted TiB; were found in
the structure of both SLM composites.

Alloying with borides significantly affected the mechanical properties in compression of the composites at
room temperature compared to the unreinforced alloys. The addition of the TiB fibers resulted in 20 and 27%
increase in the strength without a visible drop in the ductility for the as-cast composite with 0.7wt.% TiB»
and as-cast composite with 2wt.% TiB2, respectively. The non-reinforced SLM alloy demonstrated the yield
strength, peak strength, and compression ductility of 1310MPa, 1830 MPa, and 13%, respectively. Alloying
with the TiB fibers resulted in ~30% increase in strength (for both composites) with a decrease in the ductility
to 8 and 3% for the SLM composite with 0.7 wt.% TiB> and the SLM composite with 2 wt.% TiB>, respectively.
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