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In this paper, the powder metallurgy method was employed to prepare titanium alloys with high-carbon
ferrochrome (HCFeCr). With the HCFeCr addition, the size of the f grains decreased and the lamellae of
the « phase became thinner. The TiC strengthening phase precipitated at the grain boundaries, resulting in
the inhibition of the f grain growth and hardness enhancement. In addition, Fe and Cr as p-stabilizing
elements existed in the enriched S-Ti phase, which increased the  phase amount. The strength improve-
ment was attributed to grain size optimization and strengthening phase formation. With the 9 wt.%
HCFeCr addition, the corresponding Vickers hardness increased to 480 HV, which is 60% higher than the
Ti6Al4V alloy. The tensile and yield strength was 1228 and 1140 MPa, respectively. The addition of
HCFeCr can effectively enhance the strength and hardness while reducing the cost. This is a promising
additive to obtain low-cost Ti alloys with high mechanical properties.

Keywords carbon titanium, high-carbon ferrochrome, mechanical
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1. Introduction

Titanium and titanium alloys are important high-quality
light structural and functional metals. They are used in
aerospace, military, and medical applications because of their
excellent mechanical properties and corrosion resistance (Ref 1,
2). However, industrial applications of titanium and titanium
alloys are greatly restricted due to the high cost (Ref 3, 4). The
high cost of titanium products has many reasons. On the one
hand, the molten Ti exhibits an extremely high chemical
activity, so it will react with most gases and crucible materials.
Thus, conventional casting methods require special production
equipment (Ref 5, 6). On the other hand, the processing cost is
high because of the poor machinability associated with a
relatively low thermal conductivity of titanium alloys (Ref 7,
8). The material utilization is only 10% for some complex
shape parts. To reduce the cost of titanium products, many
researchers have focused on the powder metallurgy (PM)
technology. Due to its near-net-shape capabilities, homogenous
microstructure, and isotropic properties, PM technology is
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considered as an effective approach to obtain low-cost Ti alloys
(Ref 9-11).

The advantages of PM Ti alloys include many aspects. First,
the sintering temperature of PM titanium alloys is lower than
the melting point of titanium, so they can be processed without
melting titanium. Second, the near-net forming PM process can
reduce the cutting cost. PM titanium alloys also have uniform
composition without components segregation. Finally, the
dispersion strengthening phases in PM Ti alloys can be
beneficial to enhance the mechanical properties (Ref 12, 13).
Therefore, the prospects of PM Ti alloys are very broad. The
commonly used commercial Ti alloy is Ti6Al4V grade 5 with
an expensive V element addition. Many efforts have been made
recently to prepare low-cost titanium alloys by adding inex-
pensive alloying elements, such as Fe, Mn, and Si (Ref 14, 15).
Among various elements, Fe is regarded as the most promising
due to its low cost. The tensile strength dramatically improves
with the Fe addition (Ref 16). One of the limitations of Fe in
ingot metallurgy Ti alloys is the elements’ segregation because
of the density difference. This problem can be effectively
avoided by using PM methods.

Previous research has shown that Cr is a stabilizing element
for the S-Ti phase and has good solubility in it (Ref 17).
Generally, C is a common impurity element in Ti alloys, but
titanium carbide (TiC) particles can be synthesized in situ,
enhancing the alloy hardness and strength (Ref 18-20).
Therefore, high-carbon ferrochrome (HCFeCr) was chosen as
an addition to pure Ti in this article. HCFeCr contains Fe and
Cr elements; it is less expensive and easier to obtain. It is also
expected to further improve the mechanical properties of the
titanium alloy with carbon introduction.

The PM method was used to prepare Ti alloys to avoid Fe
and Cr elements segregation. In addition, the effects of HCFeCr
on microstructure and mechanical properties of PM titanium
alloy were investigated. For comparison, the commercial
Ti6AI4V alloy was also prepared. To date, there have been no
related reports in this field.
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2. Experimental Procedure

2.1 Alloy Preparation

The raw materials were hydrogenation—dehydrogenation
(HDH) Ti powder (99.5% purity, Dso = 10 pm), Ti6Al4V
powder (99.5% purity, Dso = 10 pm), and HCFeCr powder
(99.9% purity, Dsg = 20 um). Chemical analysis results of the
raw powder are listed in Table 1. The HDH titanium and the
Ti6Al4V powder size is about 10 um, and the HCFeCr powder
size is about 20 pm, as shown in Fig. 1.

The HDH Ti powder was mixed with various amounts of the
HCFeCr powder (3, 5, 7, 9, and 11 wt.%). The powder was
mixed by ball milling for 2 h using a SPEX 8000 mixer/mill.
The weight ratio of the balls to the raw material was 5:1. Then,
the mixed powder was uniaxially cold-pressed (zinc stearate
lubricated floating die) with 700 MPa pressure. The compact
size was about 15 mm x 15 mm x 120 mm. The sintering
was carried out at 1573 K for 1 h in a high-vacuum atmosphere
(107* Pa) using the 5 K/min heating and cooling rate. The
sintering temperature was referenced to the temperature of
titanium alloying and the temperature at which TiC forms (Ref
21). The Ti6Al4V powder was pressed and sintered using the
same processing parameters as the comparison group.

2.2 Testing and Characterization

The specimens for mechanical properties analysis were
prepared as described in the ASTM ES8 standard (Ref 22). The

Table 1 Chemical composition of raw powders in wt.%

Al \4 Fe Cr C (0] Ti
Ti 0.3 ... 006 035 Bal
Ti6Al4V 6.3 43 025 ... 006 035 Bal
HCFeCr . . Bal. 60 8 0.5

dimensions in millimeters of the tensile test specimen are
shown in Fig. 2. Five samples for each processing condition
were tested to confirm reproducibility. Tensile properties of the
specimens were tested by an electronic universal testing
machine (Instron 6025). The Vickers hardness (HV30) was
measured using a universal tester (Wilson Wolpert). The phases
composition was analyzed by x-ray diffraction (XRD) using the
Shimadzu XRD-6000 diffractometer with Cu Ko radiation
operating at 40 kV and 40 mA between 20° and 90° 20 angle
range. The microstructure of the sintered samples was charac-
terized by scanning electron microscope (Philips LEO-1450)
equipped with the Oxford Instruments X-Max 80 energy-
dispersive x-ray spectroscopy (EDS) detector. The EDS
analysis was performed to evaluate the uniformity of different
elements distribution and to validate the effectiveness of the
PM process in homogenizing the elements during sintering.

3. Results and Discussion

3.1 Microstructure Characterization

Figure 3 shows the microstructure of the sintered Ti-
HCFeCr and Ti6Al4V alloys. The sintered alloys have a typical

Fig. 1 SEM micrographs of the raw materials: (a) HDH Ti powder, (b) Ti6Al4V powder, (c) high-carbon ferrochrome powder
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Fig. 3 SEM micrographs of the sintered samples: (a) Ti-3 HCFeCr, (b) Ti-5 HCFeCr, (c) Ti-7 HCFeCr, (d) Ti-9 HCFeCr, (e) Ti-11 HCFeCr,

(f) Ti6AI4V

o—f lamellar structure. As shown in Fig. 3(a), the Ti-3HCFeCr
sample has alpha lamellae with 20 pm width and the prior beta
phase grain size of over 200 um. This is a common structure of
titanium alloys slowly cooled from the beta region (Ref 23).
The width of the alpha lamellae and the beta grain size
gradually decreased with higher Fe and Cr content. For the Ti-
7HCFeCr sample in Fig. 3(c), the width of the alpha lamellae
changed to 10 pm. After adding 9 and 11 wt.% HCFeCer, the 8
grain boundaries can be clearly seen and the prior f§ grain size
was about 50 and 30 pum. However, there were also a few
defects in Fig. 3(e).

In addition, it can be observed that the equiaxed phase,
corresponding to the dark contrast region, formed in the matrix
for each sample. As shown in Fig. 3, the average diameter of
the equiaxed phase is about 10-15 um. The proportion of the
equiaxed phase increased with the HCFeCr content. In
Fig. 3(d), the equiaxed phase formed at the grain boundaries,
which prevented the matrix grain growth.

Figure 4 and Table 2 show the results of EDS analysis of
different regions in the Ti-3HCFeCr sample. The dark phase,
“point 2” in Fig. 4, only contained Ti and C elements.
Therefore, it can be inferred that the equiaxed phase was the
TiC phase. There were almost no Fe and Cr in the o phase
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(“point 3”’). The EDS analysis revealed that Fe and Cr were
mainly distributed in the f phase (“point 1), as given in
Table 2. This is expected because both Cr and Fe have a higher
solubility in the beta phase. Based on the Ti-Fe and Ti-Cr
binary phase diagrams, Fe and Cr are barely soluble in the o
phase (Ref 24).

Figure 5 shows the distribution of different elements in the
Ti-3HCFeCr alloy. The introduced Fe and Cr elements were
evenly distributed in the beta phase, and there was no obvious
segregation. This was mainly due to the application of PM
technology. Fine raw material powder was uniformity mixed
after a long time of ball milling. In the sintering process, the
composition homogenization depends largely on the diffusion
of Fe and Cr. Because the diffusion coefficients of Fe and Cr in
titanium are relatively high, it was also beneficial for the
homogenization of the alloying elements (Ref 25, 26).

The composition of the precipitated phase was further
analyzed by XRD. As shown in Fig. 6, the main phases are Ti
and TiC. Thus, it is clarified that the equiaxed phase is the TiC
phase. The corresponding carbon content increased with more
high-carbon ferrochromium, resulting in a larger amount of the
TiC phase precipitation (Ref 27). This is also consistent with
the SEM results.
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Fig. 4 EDS analysis of the Ti-3HCFeCr alloy

Table 2 Results of the Ti-3HCFeCr EDS analysis in
wt.%

C Ti Fe Cr
Point 1 0.43 88.47 3.68 7.42
Point 2 345 96.55 0 0
Point 3 0 99.66 0 0.34

Based on the phase diagrams, Fe and Cr can form
intermetallic compounds with titanium, which will affect
mechanical properties (Ref 24). However, it was found that
these compounds did not appear for the current quantity and
process conditions, as shown in Fig. 6. This is mainly because
the rates of eutectoid reactions of Fe-Ti and Cr-Ti are relatively
slow. There were no intermetallic compounds formed at the
current cooling rate.

As shown in Fig. 6, the Ti-HCFeCr alloys all have
hexagonal alpha titanium phase and body-centered cubic beta
titanium phase. The diffraction reflection intensity of the (101)
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planes of the alpha Ti phase was reduced with higher HCFeCr
content, while it increased for the (100) planes of the beta Ti
phase. These results indicated that the higher the content of beta
stabilizers, the greater the relative amount of the beta phase
present in the microstructure, which is consistent with the SEM
results.

In order to evaluate the mechanical properties of the Ti-
HCFeCr alloys, the tensile tests were carried out. The results
were compared with the PM Ti6Al4V and cast Ti6Al4V
(values of ASTM standard). From the stress—strain curves
reported in Fig. 7, the ultimate tensile strength (UTS) of the
Ti-HCFeCr alloys was significantly increased compared with
the PM Ti6Al4V alloy. As given in Table 3, the cast Ti6Al4V
and the PM Ti6Al4V alloys had UTS of 825 and 892 MPa,
while the Ti-3HCFeCr sample was higher at 923 MPa.
Meanwhile, with the addition of high-carbon ferrochromium,
the tensile strength and yield strength (YS) increased. When
9% HCFeCr was added, UTS was 1228 MPa and YS was
1140 MPa. The main reason for improving the strength is the
solid solution strengthening effect of Fe and Cr. After adding
Fe and Cr f-stabilizing elements, the beta phase is more
stable and the tendency to decompose decreases during
cooling. Due to the beta phase having higher strength, a
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Fig. 5 EDS analysis of the Ti-7HCFeCr sample showing Ti, Cr, Fe, and C elements distribution

larger amount of the beta phase resulted in higher alloy
tensile strength. On the other hand, the elongation (EL)
decreased with the HCFeCr content, as given in Table 3. The
EL of cast and PM Ti6Al4V is 6% and 6.9%, respectively,
while it is 3.1% for the Ti-9HCFeCr alloy. The main reason
is the formation of the brittle TiC phase, which causes
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plasticity reduction. The Ti-9HCFeCr sample has good UTS
(1228 MPa), YS (1140 MPa) and EL (3.1%). This can also
be attributed to the formation of the TiC phase (Ref 28). The
TiC phase not only increased the strength but also prevented
grain growth and refined the f§ grains, resulting in mechanical
properties optimization.
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Fig. 6 X-ray diffraction patterns of the Ti-HCFeCr alloys
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Fig. 7 Stress—strain curves of the Ti-HCFeCr and Ti6Al4V alloys

Table 3 Tensile properties of the Ti-HCFeCr and
Ti6Al4V alloys

Sample UTS, MPa YS, MPa EL, %
Ti-3HCFeCr 923 £3 867 £ 2 44+ 0.1
Ti-SHCFeCr 1103 £ 4 1028 + 3 354+03
Ti-7HCFeCr 1154 £ 2 1081 £+ 1 32402
Ti-9HCFeCr 1228 £2 1140 £ 2 3.1 £0.1
Ti-11HCFeCr 1233 + 4 1120 £ 10 1.2+ 0.5
PM Ti6Al4V 892 + 3 845 £ 1 6.9 + 0.3
Cast Ti6Al4V Ref 29 895 825 6
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When the HCFeCr content reached 11 wt.%, it can be seen
that the elongation decreased and the performance was no
longer stable. By observing the fracture morphology in Fig. 8,
when the content of HCFeCr was 3-9 wt.%, the fracture
morphology was mainly ductile fracture. When the content of
HCFeCr was 11 wt.%, the fracture surface exhibited obvious
cleavage fracture. The microstructure in Fig. 3(e) shows a large
amount of TiC in the Ti-11HCFeCr sample. Too much TiC
hindered sintering and produced many defects. Thus, the
elongation of the Ti-11HCFeCr sample was only 1.2%. To sum
up, the Ti-9HCFeCr sample has the best mechanical properties.

To evaluate the effects of HCFeCr, the hardness of the
samples was tested. Figure 9 shows Vickers hardness of the Ti-
HCFeCr alloys as a function of the HCFeCr content, along with
the hardness of cast and PM Ti6Al4V alloys. With the addition
of HCFeCr, the hardness of the Ti-HCFeCr alloys is signifi-
cantly increased compared to Ti6Al4V. With the 3 wt.%
HCFeCr addition, the hardness was 400 HV, much higher than
the cast and PM Ti6Al4V alloys (368 HV and 300 HV) (Ref
29). With higher HCFeCr content, the hardness gradually
increased to 500 HV. Compared with the Ti-3HCFeCr, the
hardness of the Ti-11HCFeCr alloy increased from 400 HV to
500 HV. The increase in hardness was caused by the increase in
the volume fraction of titanium carbide and grain refinement.
However, further research is needed to determine which factor
plays the major role.

4. Conclusions

In this paper, a low-cost titanium alloy was prepared by the
powder manufacturing technology. During the PM process,
vanadium was replaced by HCFeCr. The performance of low-
cost titanium alloys with different HCFeCr contents was
investigated, and the following conclusions can be drawn:

1. With the HCFeCr addition, the prior f grain size
decreased and the o phase became thinner and shorter. The
prior f3 grain size was over 200 um and the width of o lamellae
was about 20 pm in the Ti-3HCFeCr sample. After adding
9 wt.% HCFeCr, the prior § grain size was about 50 um and
the width of the o lamellae was less than 10 pm. The equiaxed
TiC phase precipitated at grain boundaries. The size of TiC was
about 10-15 pm.

2. Compared with the Ti6Al4V alloy, the tensile strength and
yield strength of the Ti-HCFeCr alloy have been greatly
increased. With the 9 wt.% HCFeCr addition, the UTS is
1228 MPa and the YS is 1140 MPa. In addition, the elongation
is 3.1% and the Vickers hardness can reach 480 HV. Thus, the
optimal content of the HCFeCr powder added into the titanium
alloys is 9 wt.%.

3. It is feasible to use low-cost HCFeCr as a source of
alloying elements in Ti alloys. Thus, production costs can be
effectively controlled.
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Fig. 8 Fracture morphology of the sintered samples: (a) Ti-3 HCFeCr, (b) Ti-5 HCFeCer, (c) Ti-7 HCFeCer, (d) Ti-9 HCFeCr, (e) Ti-11 HCFeCr,

(f) PM Ti6AI4V
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Fig. 9 Vickers hardness of the Ti-HCFeCr and Ti6Al4V alloys
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