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Abstract: In this work, Al-Ti alloys were prepared using metallic powders of Al and Ti via Powder Metallurgy (PM) and
Arc Melting (AM) route. Four chemical compositions including pure aluminum were studied. Metallic powders were
mixed with three compositions, Al-5Ti, Al-10Ti and Al-10Ti-2SiC. All the compositions were in atomic percentage.
In case of PM, samples were pressed uniaxially at 170 MPa to fabricate 10 mm diameter compacts followed by
pressure-less sintering at 620°C under argon atmosphere for 4 hr. Pure Al showed densification up to 96% whereas
sample with 5 at.% Ti decreased in densification to 90%. For samples with 10 at.% of Ti and with 2 at.% SiC,
densification values were 92% and 93%, respectively. In the case of AM method, the process was carried out under
vacuum in Argon atmosphere followed by homogenization at 600°C for 1 hr. The resulting microstructure and
composition of samples were analyzed. X-ray diffraction (XRD) results confirmed the formation of TiAl; intermetallic
phase in the alloy. The mechanical test used to assess samples performance was hardness. Hardness results showed a
strong increase in hardness with increasing Ti contents and SiC addition for both types of samples. The developed Al-Ti
and Al-Ti-SiC alloy exhibit better hardness properties and have the potential to be used for light-weight materials
applications.
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1. Introduction

Aluminum (Al, 2.7 g/cm?) and Titanium (Ti, 4.5 g/cm?3) both are low-density materials as compared to steel (7.8 g/cm?)
and possess high specific strength [1-3]. Al and Ti form passive oxide layers in the atmosphere which results in the good
corrosion resistance [4].

Aluminum-based lightweight materials is a topic of interest among scientists and engineers working in the transportation
industry especially in the aerospace industry. Reduced weights of vehicles improve fuel efficiency. Mostly used lightweight
materials for structural applications are Aluminum (Al), Magnesium (Mg), Titanium (Ti), Beryllium (Be), Titanium Aluminides,
Engineered Plastics, Structural Ceramics, Metal Matrix Composites (MMCs), Polymer Matrix Composites (PMCs) and Ceramic
Matrix Composites (CMCs) [3,5]. Tisza and Czinege [6] compared the application of light-weight Aluminum with heavy-weight
steel in the production of automotive parts. Campbell [3] provides the uses of lightweight materials in details. Apart from
structural utilities, light-weight materials including Aluminum alloys are widely being used in sports applications [7], power
generation plants [8] and body implants [9].

Intermetallic compounds (IMCs) are ordered compounds comprising of two or more than two elements in a fixed ratio
having a complex crystal structure different from the parent elements. These elements can be metals or combination of
metals and non-metals. Mixed bonding is present in Intermetallics i.e. partially covalent/ionic and partially metallic [10]. Their
most attractive properties are low density, high strength, high creep and corrosion resistance at elevated temperatures [11-13].
However, some disadvantages e.g. low ductility, high brittleness, low fracture toughness, difficulties in fabrication and post-
fabrication machining, etc. are also associated with Intermetallic compounds which limits their structural applications [14,15].

Al-Ti binary system produces different intermetallic compounds (IMCs) at different compositions of Al and Ti. With the varying
composition of Ti in Al metal, alloys of different physical and mechanical properties are produced. Different IMCs known as Titanium
Aluminides (Ti-Aluminides) formed in the Al-Ti system are TisAl, TiAl (6 phase), Ti>Als, TiAl, and TiAls [16]. The solid solubility of Tiin Al
is limited i.e. less than 0.7 atomic% (1.3 weight %), so mechanical properties of these alloys mildly get influence by solid solution
strengthening [17]. Due to the limited solubility of Ti in Al, the major strengthening effect is caused by Intermetallics produced in this
system which act as precipitates dispersed in alloy matrix, enhancing mechanical aspects of the alloys. Al-Ti alloys show a
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combination of better physical and structural properties than individual Al and Ti metals. These alloys are lightweight, possess high
strength to weight ratio and capable of operating at high temperatures [16,17].

Alloys based on Al-Ti Intermetallics impose difficulties in processing because of their low ductility and high brittleness at
room temperature. Desirable properties of these alloys were not achievable in the past due to the lack in understanding of
their microstructure and the deformation mechanism. Influence of gamma titanium aluminides is given in Kim [18] and
Liu et al. [19]. is related to the tensile properties and fracture toughness of TiAl alloys with controlled microstructures.
Microstructure stability and the creep properties of intermetallic B-solidifying y-TiAl based alloys is given in
Kastenhuber et al. [20]. Review on improvements in the surface performance of TiAl-based alloys by double glow plasma
surface alloying technology is given in Lin et al. [21]. With the advancement in the manufacturing techniques, deep knowledge
of the microstructure-property relationship, and the influence of alloying elements. has led to the industrial scale production
of Al-Ti Intermetallics based alloys [22-24]. Proper heat treatment of these alloys results in the refined grain structure which in
turn improves room temperature ductility. Among the Intermetallics produced in Al-Ti binary system, TiAl; have the lowest
density (3.4 g/cm?), highest micro hardness value (465-670 kg/mm?) and best oxidation resistance [25]. However, high
brittleness renders its deployment for aerospace and other light weight applications. Processing technologies resulting in near-
net shape are so far considered the best option for manufacturing these Intermetallics to avoid numerous processing and
post-processing steps [25]. These techniques include sintering from metallic powders, arc melting, direct metal deposition,
laser forming etc. Development of freeform fabrication method for Ti-Al-Ni intermetallics is given in Cao et al. [26]. In situ
formation of Ti-TiAl Intermetallic composite by electric current activated sintering method is explained in detail in
Yener et al. [27] and Yue et al. [28] discusses the combustion synthesis of y-TiAl Intermetallic compound.

The processing techniques used in this research are based on sintering of metallic Al-Ti compact and arc melting of Al-Ti
powder compacts using button arc furnace. The composition of powders is chosen in order to produce alloys of rich Al content
i.e. Al-5Ti, Al-10Ti, and Al-10Ti-2SiC are mixed together. Comparison of the properties of aluminum-titanium based alloys with
and without ceramic reinforcement SiC is also presented. Composition range selected for this research was 5-10 atomic %
addition of Ti in Al. In the Al-Ti binary system, this composition falls in the range of intermetallic compound TiAl; [20]. A small
amount (2 atomic%) of SiC powder was also added in one sample to observe the effect of ceramic reinforcement in the
developed Al-Ti alloy.

2. Experimental Work

The particle size of powders was analyzed using a laser diffraction particle size analyzer. Powder morphology was
evaluated using field emission Scanning electron microscope. Four sample mixtures were prepared. Pure Al sample was
prepared as a reference. Metallic powders were mixed with three atomic compositions, Al-5Ti, Al-10Ti, and Al-10Ti-2SiC.
All powder mixtures were subjected to dry milling in a Cole-Palmer (Model: RZ-04149-05) ball mill prior to compression to
ensure uniform mixing of metal powders. The milling time was 3 hours at a rotational speed of 100 rpm. Zirconia balls were
used as grinding medium. Media-to-powder ratio was kept as 3:1. Compaction of powder mixture was performed in a
hydraulic press (Specac Hydraulic Press) under a pressure of 170 MPa. Steel die having an internal diameter of 10 mm was
used for pressing. Holding time of the press was kept for 3 minutes for all samples.

2.1. Processing via powder metallurgy

The first batch of samples was fabricated by pressure-less solid state sintering. Pellets having a diameter of 10 mm were
sintered at 620 °C in a tube furnace (KJ-1600VF, Kejia Furnace Company, China) under argon atmosphere. Uniform heating rate
of 5 °C/min was established. Holding time was 4 hrs, followed by room temperature cooling. Annealing of sintered pellets in a
chamber furnace (ENTECH Furnace, Sweden) was performed at 160 °C for 7 hrs.

2.2. Processing via arc melting

The second batch of samples was fabricated through arc melting. The process was carried out in Edmund Buehler Mini
Arc Melter available in the GIK Institute, Pakistan under vacuum. Argon was used as purging gas. The electric arc was
generated by non-consumable Tungsten electrode. The current intensity was kept at 80-100 amperes. Titanium getter was
used and was melted first to absorb any gases e.g. oxygen to avoid oxidation of metal melt. Samples were then subjected to
homogenization in the tube furnace at 600 °C for about 1 hr. Alloy samples of pure Al, Al-5Ti, Al-10Ti, and Al-10Ti-2SiC
prepared by powder metallurgy route are shown in Figure 1.
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Al-10%Ti-2%SiC

Al-5%Ti

Figure 1. Alloy samples of pure Al, Al-5Ti, Al-10Ti and Al-10Ti-2SiC prepared by powder metallurgy route.

2.3. Characterization

The density of the alloy samples processed through powder metallurgy was calculated before and after sintering. Green
compacts and sintered pellets were weighed using a microbalance and micrometer screw gauge was used to measure
thickness and diameter of pellets. Density and percentage densification was then calculated.

Theoretical p of all the samples was calculated using the rule of the mixture as shown in Equation 1. The density of Al, Ti
and SiC were taken as 2.7, 4.5 and 3.2 g/cm?, respectively.

Theoretical p = (p 4x atom %Al) + (ppx atom %Ti) + (pgex atom %SiC) (1)

For microstructural analysis, samples were prepared according to standard metallurgical procedures. After grinding and
polishing with alumina paste, etching of the specimens was done using freshly prepared Keller's reagent (190 mL distilled
water with 5 mL HNOs, 2 mL HF, and 3 mL HCI) with immersion time of 30 s. Microstructures of sintered and arc melted Al-Ti
alloy samples were evaluated using field emission scanning electron microscope (SEM). For chemical composition, energy
dispersive X-ray spectroscopy (EDS) was employed. X-ray diffraction (XRD) was performed to confirm the development of
intermetallic phase in the alloy using Cu-Ka (1.5418 °A) radiation in the diffraction angle (28) range of 30°-80° with a step size
of 0.05. Hardness was measured using micro Vickers hardness testing (Fujitsu HmV-G, Shimadzu Corporation) under a test load
of 500g. To obtain an average hardness value, five to seven values were taken for each specimen under the same test load.
The complete experimental plan for both powder metallurgy route and arc melting process and the materials characterization
techniques carried out in this study is schematically represented in Figure 2.
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Figure 2. Flow diagram of experimental procedures.

Figure 3 shows the SEM micrographs of Aluminum, Titanium and Silicon Carbide powder particles and particle size
distribution of these powders using particle size analysis are shown in this Figure as well. The particle size of Aluminum
(density 2.7 g/cm?) powder measured by particle size analyzer was 70um and from SEM it was analyzed that the particles were
irregular in shape. It was also analyzed from the SEM micrograph of Figure 3b, the titanium (density 4.5g/cm?) powder used in
this study was a porous and irregular shape with a particle size of 100 um. Dense and irregular shape SiC powder was used as
ceramic reinforcement in an intermetallic based alloy having an average particle size of 25 um. Dimensions (weight, thickness,
and volume) of sintered alloy samples along with the theoretical density and resulting densification was measured for alloy
compositions developed by powder metallurgy route.
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Figure 3. SEM micrographs of (a) Al Powder (b) Ti Powder (c) SiC Powder. Particle size distribution is shown below each figure.

The diameter of all the samples was about 10mm as the steel die used for compaction had an internal diameter of
10mm. Densification of developed alloys with composition change is shown in Figure 4.

Densification
100

90 I I l
85

Al Al-5Ti Al-10Ti Al-10Ti-28iC

Densification, %

Figure 4. Percentage densification variation with composition.

Reasonable densification of 96% was found in pure Al sample. Sample with 5% and 10% Ti addition showed the
densification of up to 90% and 92%, respectively. Sample with 2%SiC addition was dense up to 93%. 100% densification was
not obtained in any sintered alloy sample. One reason is the fact that Ti powder particles used in the study had spongy shape
and all the spaces were not filled leaving some porosity in the sintered samples. Although Al powder used in this study was
dense, however even Aluminum did not present 100% densification. This showed that both the process and the porous
powders seem to account for the porosity. Although Aluminum and SiC powders used in this study were compact, however,
they were irregular in shape, so some porosity remained between these powder particles and 100% densification could not
achieve.
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3.2. SEM-EDS analysis

SEM micrographs of sintered and arc melted alloy samples are shown in Figure 5 and Figure 6 respectively. A contrast of
dark and light gray regions can be seen in the samples. The intermetallic phase was observed to be uniformly dispersed in the
Al matrix for all samples.

TiAl;
SiC
TiAl;
TiAl; Al
Al

Figure 5. SEM-EDX analysis of sintered samples: (a) Pure Al; (b) Al-5Ti; (c) Al-10Ti; (d) Al-10Ti-2SiC.

Al
TiAl3
Al Sic
sic
TiAl3
TiAl3
Al
Al

Figure 6. SEM-EDX analysis of arc melted samples: (a) Pure Al; (b) Al-5Ti; (c) Al-10Ti; (d) Al-10Ti-2SiC.
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Chemical composition of different phases of sintered samples is given in Table 1. SEM-EDX analysis revealed dark regions
as pure Al and light regions as intermetallic phase TiAl;. Table 1 (sintered samples) and Table 2 (arc melted samples) give a
detailed compositional analysis of different points in the alloy.

Table 1. Composition analysis of sintered alloy samples.

(b) (c) (d)

Sample points RS Al+5Ti Al+10Ti Al+10Ti+2SiC Phase identified
Al Al Ti Al Ti Al Ti Si C
+1 100 100 0 100 0 100 0 0 0 Al
+2 - 74.86 25.14 72.21 27.79 75.41 24.59 0 0 TiAl;
+3 - - - - - 3.83 0.07 44.74 51.36 SiC

Table 2. Composition analysis of arc melted samples.

(a) Pure (b) . (d)
Sample Al Al+5%Ti ST Al+10%Ti+2% SiC Phase identified
points Al Al Ti Al Ti Al Ti Si c
1 100 100 0 100 0 100 0 0 0 Al
2 - 75.9 241 75.0 25.0 73.4 26.6 0 0 TiAls
+3 - i - i i 49 0.9 426 51.6 sic

In Figures 5a and 6a, area analysis was performed which corresponded to 100% Al in both type of samples. No other
phases were found. Figures 5b-d and 6b-d shows point analysis. Different phases are shown with arrow heads in these Figures.
Point 1 in all samples corresponded to pure Al whereas point 2 showed compositions corresponding to TiAls intermetallic
phase. Point 3 in Figure 5d and 6d represent SiC. As the Ti amount was increased in samples b and ¢ from 5atomic% to
10atomic%, respectively, the amount of intermetallic phase TiAl; was observed to increase in Al-10Ti sample as compared to
Al-5Ti sample. Figure 6b-d shows uniformly dispersed intermetallic phase in the form of dendrites in the Al matrix oriented in
different directions. Comparing these images with the images of sintered samples shown in Figure 5b-d it was observed that
intermetallic phase TiAl; formed in arc melted alloy was more uniformly dispersed in the metal matrix than the intermetallic
phase formed in sintered alloy samples. This is related to uniform mixing during arc melting process as compared to solid-state
processing in the sintering process. As shown in Figure 6c, SiC particles were dispersed in Aluminum matrix in Al-10Ti-2SiC
sample.

3.3. Phase analysis (XRD)

Phase analysis of sintered and arc melted alloy samples are shown in Figures 7 and 8 respectively. Pure Al sample (a) was
used as a reference. After processing, the formation of intermetallic phase was anticipated. Enough number of peaks of TiAls
phase was observed in XRD pattern which confirmed the formation of intermetallic phase TiAls in Ti added Al-Ti alloy samples.
Different peaks were indexed in Figure 7 and Figure 8 for sintered and arc melted alloy samples. SiC phase peak was not clearly
analyzed from these XRD diffraction patterns due to the low concentration of SiC in Al-10Ti-2SiC. Only one small peak of TiAl;
phase was identified for Al-5Ti arc melted sample however more than one peaks of TiAl; phase were clearly identified for
sintered Al-5Ti sample. As arc melted samples were uniformly mixed (Figure 6) as compared to sintered samples (Figure 5), so
in some regions of sintered Al-5Ti sample, TiAl; phase was formed. However, in the arc melted Al-5Ti sample, percentage of
TiAl; phase was so small that it could not be detected by XRD.The TiAl; phase was clearly identified for both sintered and arc
melted Al-10Ti and Al-10Ti-2SiC samples.TiAls phase peak intensity was also found higher for Al-10Ti and Al-10Ti-2SiC samples
as compared to Al-5Ti sample, clearly showing that the amount of TiAl; phase has increased by increasing the Titanium content
in Aluminum matrix.
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Figure 7. XRD of sintered alloy samples with indices (a) Pure Al; (b) Al-5%Ti; (c) Al-10%Ti; (d) Al-10%Ti-2% SiC.
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Figure 8. XRD of arc melted alloy samples with indices (a) Pure Al; (b) Al-5%Ti; (c) Al-10%Ti; (d) Al-10%Ti-2% SiC.
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To quantify the phases indicated in the XRD patterns of arc melted and sintered alloys, the reference intensity ratio (RIR)
quantification analysis was used. For arc melted alloys, the percentage of TiAl; was found to be 18%, 31%, and 33% for Al-5Ti, Al-10Ti,
and AI-10Ti-2SiC respectively. For sintered alloys, the percentages of TiAl; was measured as 5%, 32%, 27% for above-mentioned
compositions respectively. The remaining percentage is of Al in both arc melted and sintered alloys. The XRD phase analysis shows
that the percentage of TiAls is increasing with increasing content of Ti in the Al matrix. The SiC carbide was not detected in XRD
diffractograms because of its smaller content.

3.4. Microhardness

Figure 9 represents the micro Vickers hardness values of sintered and arc melted samples. In the case of sintered
samples, the average hardness values of pure Al were found as 19 HV. A little increment in Vickers hardness from 19 HV to
22 HV was observed with the addition of 5% Ti in Al.

28 - Sintered samples o 804 Arc melted samples "
e 70 2 '

S 26 >
£ 4 Z 6]
0 / »
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o </ o 404
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Figure 9. Separate hardness graphs with error bars of alloy samples fabricated through powder metallurgy and arc melting.

This could be due to the formation of a small amount of intermetallic compound TiAl; and solid solution strengthening
effect due to little solubility of Ti in Al. Further 10% addition of Ti in Al increased the hardness value up to 27 HV which is a
result of more intermetallic phase formation in the sample as confirmed from XRD analysis. The strengthening in this
composition range (i.e. 5-10% Ti in Al) is a result of dispersion of intermetallic TiAl; phase which generates strain field in the Al
matrix which in turn increases the hardness. As solid solubility of Ti in Al is very limited (about 1%), so solid solution
strengthening effect is negligible and dispersion of intermetallic TiAiz phase is responsible for the increase in the hardness of
Al-10Ti as compared to pure Al. A very small ceramic reinforcement i.e. 2% of SiC in Al-10Ti-2SiC further enhanced the
hardness up to 28 HV.

As for the alloy samples fabricated through arc melting, hardness trend was found similar to alloys developed by powder
metallurgy route, a gradual increasing trend in hardness values with an increasing amount of Ti was observed. However,
hardness values were found much higher than sintered alloy samples. Average hardness of the pure Al sample was 21 HV.
Alloy sample with 5%Ti resulted in 42 HV which was exactly double of pure Al sample. Hardness value of 72 HV was achieved
for the sample with 10%Ti. Highest value achieved was75 HV for Al-10Ti-2SiC.

Figure 9 shows an increase in hardness for sintered samples is less than arc melted samples. SEM micrographs
(Figure 5 and 6) give a better understanding of these results. Alloy formed in Al-Ti system generally acquire high hardness
values due to the formation of hard and uniformly dispersed intermetallic phases. SEM Images show that intermetallic phase
TiAl; is more uniformly dispersed throughout the alloy matrix in arc melted samples as compared to sintered samples thus
causing higher hardness values. It was also difficult to control the porosity in powdered samples than arc melted samples, so
hardness trend of arc melted samples were found similar to powder metallurgy route but the hardness values were small for
samples developed by powder metallurgy route than with arc melting method. These results show that the addition of
Titanium, as well as SiC, are effective in improving the strength of aluminum due to precipitation hardening due to the
formation of TiAl; phase, solid solution strengthening effect and dispersion of SiC phase in an aluminum matrix of these alloy
compositions.

4, Conclusions

Two sets of test samples based on Al and Ti metals and SiC reinforcement were prepared using powder metallurgy and
arc melting routes. Reasonable densification was found in all test samples synthesized via powder metallurgy technique.
Scanning electron microscopy of samples showed an overall uniform distribution of intermetallic phase in Al-Ti alloy for arc
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melted samples as compared to sintered samples. Intermetallic phases were seen in the form of small islands in Al-matrix. In
case of arc melted samples, flakes of intermetallic phase, uniformly dispersed in alloy matrix were seen. EDS and XRD analysis
confirmed the presence of TiAl; intermetallic phase in the alloy samples. Specimens of both types displayed a gradual
increment in hardness with the addition of 5 at.% and 10 at.% of Ti. A higher value of hardness was observed for Al-10Ti-2SiC
ceramic reinforcement. In comparison, arc melted samples showed higher hardness values than sintered samples prepared by
powder metallurgy route. These results verify that the alloy produced in the Al-Ti system provides better hardness aspects and
these alloys are good option to replace heavier alloys for light weight and aerospace-related applications.
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