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Abstract

This work is devoted to the preparation of alloys based on intermetallic compounds in Ti-Al-Si system by

powder metallurgy using Self-propagating High-temperature Synthesis (SHS). Since samples after SHS are

very porous, in order to reduce the porosity, a combination of SHS, milling, and Spark Plasma Sintering

(SPS), has been here tested as a complex production technology. Selected mechanical properties of

consolidated samples (hardness, fracture toughness) and tribological properties (abrasive wear resistance)

were determined. Microstructure of compacted Ti-Al-Si alloys is almost non-porous with the combination of

titanium aluminides and titanium silicides. The alloys achieve good mechanical properties except for the

fracture toughness.

Keywords: intermetallics, titanium aluminides, titanium silicides, microstructure, X-ray diffraction

1. Introduction

Automotive and aerospace industries are searching for new high-temperature structural materials with

improved properties (especially resistance to oxidation, thermal stability and mechanical properties) in

combination with low density [1]. Intermetallic compounds based on the Ti-Al system are very attractive
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materials, where the decisive factor is low weight of the components. TiAl and Ti3Al are the most popular

titanium aluminides, which are characterised by high resistance against oxidation, creep resistance and low

density. γ-TiAl has excellent mechanical properties (relatively high yield strength at elevated temperatures) 

and corrosion resistance at temperatures above 600 °C. This combination of useful properties makes them

very promising high-temperature structural materials [2,3]. Improvement of their mechanical properties can

be achieved by the means of alloying e.g. by following elements: silicon (increases strength), chromium and

molybdenum (increase resistance against oxidation at high temperatures) or niobium (increases ductility and

resistance against oxidation at high temperatures) [4]. Silicon probably seems to be the most promising

among these elements because of low density in comparison with chromium, molybdenum or tungsten and

the the formation of Ti5Si3 phase, which has a significant strengthening effect. Silicon is also appropriate

additive for the improvement of the resistance against oxidation and corrosion at high temperatures [5,6].

High brittleness at room temperature is the main drawback of the Ti-Al-Si alloy system, which is likely to

be solved by modifying the resulting structure through an appropriate and dedicated, processing technology

[7,8]. Very complicated production limits wider use of intermetallics. Conventional melting metallurgy is the

most common preparation method of intermetallic compounds nowadays. The use of this method causes

serious obstacles because of high melting points of intermediary phases (Ti5Si3 melts above 2000 °C), the

exothermic reaction during their formation, and high reactivity of the melt with crucible [9]. The other

problem is frequent occurrence of casting defects, in particular the formation of cracks and pores, and poor

melts fluidity [5]. Forming of intermetallics is almost impossible due to the high brittleness (low toughness)

of intermetallic phases and easy cracks formation on surface or in volume of the casting [10].

Reactive sintering appears to be a very suitable method for the production of intermetallics. Mixture of

metal powders is compressed and heated to a temperature lower than the melting point of the produced

material during this process, which leads to the formation of intermetallic compounds. These reactions are

very exothermic. After reaching the initiation temperature of the reaction, there is not necessary to heat up

further, reaction proceeds spontaneously using its own energy and it is very fast (max. few minutes).

Therefore the process is called Self-propagating High-temperature Synthesis (SHS). For certain alloy

systems (e.g. Ti-Al, Fe-Al), porous products are formed by this process [11,12]. Reaction forming Ti-Al

intermetallics occurs around 660 °C. Melt is formed from powders of titanium and aluminium at this
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temperature. Melt fills some pores, but resulting alloy is still very porous due to unbalanced diffusion rates,

high speed and short time of sintering, gas evolution from volatile impurities or possible differences in

density of the initial components and reaction products. Addition of silicon could be a solution for this

problem. Eutectic Al-Si melt is formed during sintering, which fills the pores and minimizes formation of

Kirkendall porosity [7,8,11].

Spark Plasma Sintering (SPS) is a modern way of sintering, which allows creation of compact material

from powders by using high heating rate (to more than 300 °C/min) and short-time sintering (usually 5 to 10

minutes). Adsorbed gases and surface oxides on the powder particles are partially removed by spark

discharges, which together with high pressure cause a perfect sintering of the material [13]. The sintering

temperatures range from few hundreds to above than 2000 °C [14]. The advantage of this sintering method is

to maintain the fine-grain structure, to limit the crystallization processes (activated by increasing temperature

during sintering) and to gain non-porous solid material [13].

The aim of this study was to prepare innovative materials, based on a Ti-Al-Si system, by using a

complex processing technology, such as a sequence of SHS, milling, and Spark Plasma Sintering. This

process has a good potential to substitute conventional melting metallurgy for these alloys in the future. The

aim of this work is to determine the phase composition, microstructure and selected mechanical properties

(especially hardness).

2. Material and methods

2.1. The material

Ti-Al-Si alloys were prepared by powder metallurgy, where at first titanium powder (purity 99.8 %,

particle size < 100 µm), silicon powder (purity 99.99 %, particle size < 20 µm) and powder from AlSi30

alloy (particle size of about 100-500 µm) were blended together. Powder (in the form of fine chips) of

AlSi30 alloy was prepared by mechanical machining of compact AlSi30 alloy. Then the mixture was

compressed by the pressure of 420 MPa at laboratory temperature using a universal loading machine LabTest

5.250SP1-VM. Formed cylindrical samples had a diameter of about 12 mm and height of approx. 6 mm. Pre-

pressed samples were sealed in evacuated silica glass ampoules in this process in order to proceed the SHS

under vacuum.



4

2.2. Production method of the intermetallic compound

SHS of pre-pressed powder mixtures TiAl10Si20, TiAl10Si30, TiAl15Si15, TiAl20Si20, TiAl20Si30 and

TiAl30Si20 (percentage by weight) was conducted for 30 minutes in electric resistance furnace preheated to

a temperature of 900 °C. Heating rate over 300 °C/min was reached by direct insertion of the sample to

heated furnace. After SHS process, the ampoules with the samples were air-cooled to laboratory temperature.

A part of the prepared samples was cut off using precision metallographic diamond saw and used for

microstructure characterization and the rest was milled in vibrating laboratory mill VM4 for 7 minutes.

Resulting powder was consolidated by the means of Spark Plasma Sintering at the temperature of 1100 °C

for 5 min using the heating rate of 100 °C/min and pressure of 48 MPa. Formed cylindrical samples had

diameter of about 20 mm and height of approx. 5 mm.

2.3. Method of investigation and sample preparation

For the microstructure inspections, samples were ground by P80 to P4000 sandpapers (abrasive particles

Al2O3 and SiC) and polished by diamond paste D2. After that, the samples were etched by Kroll's agent

(10 ml HF, 5 ml HNO3 and 50 ml H2O). Microstructure was investigated by the metallographic optical

microscope Olympus PME3 and was documented using the digital camera Carl Zeiss AxioCam ICc3 and

AxioVision software. Porosity was evaluated using Lucia 4.8 image analyser. The electron microscope

TESCAN VEGA 3 LMU equipped with EDS analyser (SEM-EDS) was used for more detailed view of the

structure and identification of present phases.

TEM thin discs were mechanically grinded and thinned to a final thickness of 80-90 m, then punched

and dimpled in both sides to a thickness of about 30 m. Finally, TEM discs were ion milled by a Gatan©

PIPS working at 8 KeV, with incident beam angle, respectively, of 8, 6, and 4° for a total preparation time of

less than 30 min. TEM inspections were carried out using a Philips CM-20 working at 200 KeV, and using a

double-tilt specimen holder. TEM inspections were performed for the TiAl15Si15 and TiAl10Si20

intermetallic alloys.

Mechanical tests were performed on the compact samples. Tests of compressive strength were conducted

by the means of the testing machine LabTest 5.250SP1-VM. Values of yield strength in compression were
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determined from the measured loading curves. Vickers hardness with a load of 5 kg (HV 5) was measured

from 10 indentions into the polished samples (10 measurements were made on each specimen).

Fracture toughness was measured by Vickers indentation method on microhardness tester Future-Tech

FM-700. Vickers hardness with a load of 1 kg (HV 1, 9.8 N) was measured from 10 indentions into the

polished sample. Indentions were observed with optical microscope Olympus PME3. Fracture toughness was

calculated through Palmquist’s equation (1):

� � = 0,016 · �
�
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�
�
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�

�
�
��
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where E is modulus of elasticity [GPa], HV is Vickers hardness [GPa], F is load [N] and c is half of

the crack length after indention [mm] (Fig. 1) [15].

Abrasive wear resistance was tested by modified pin-on-disc method on tribometer at room temperature.

The sample was moving on rotating sandpaper P1200 with load 5.8 N for 15 minutes. Grinding distance was

approximately 2.5 km long. Wear rate was calculated through equation (2):

� =
∆ �

� ∙ �
(2)

where w is wear rate [cm3·m-1], Δm is the weight lost [g], ρ is density of alloy [g·cm-3] a l is length of

grinding distance on sandpaper [m]. The average density of Ti-Al-Si alloys (4.7 g·cm-3) was measured by

Archimedes method.

Nanoindentation measurements were carried out on samples polished up to a 0.25 m diamond

paste. Measurements were performed on a Hisytron© Inc. UBI-1® Triboscope nanoindenter, using a a sharp

(radius ~160 nm) diamond Berkovich tip. Tip area function calibration was obtained by indentation on a

fused quartz sample, according to the calibration procedure outlined in [M1]. Unload curve analysis was

done according to the Oliver and Pharr method [M2]. To determine the hardness, H, and reduced elastic

modulus, Er, a trapezoidal load function (5s load – 15 s hold – 5 s unload) was used.

3. Results and discussion

3.1. Alloys after SHS
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Based on a previous published paper by Knaislová et al. [16], Ti-Al-Si samples were pressed from

powders using universal loading machine and SHS process was carried out in electric resistance furnace in

silica glass ampoules at 900 °C for 30 min. All prepared alloys (TiAl10Si20, TiAl10Si30, TiAl15Si15,

TiAl20Si20, TiAl20Si30 and TiAl30Si20) have very porous structure. Phase composition is shown by XRD

patterns in Fig. 2 and corresponding microstructures in Fig.3.

In the case of TiAl10Si20 and TiAl15Si15 alloys, containing the mixture of TiAl and Ti5Si3 phases, the

phase composition corresponds well to the equilibrium phase diagram of Ti-Al-Si system (Table 1) [17].

These alloys, TiAl10Si20 (Fig. 3a) and TiAl15Si15 (Fig. 3c), are characterized by a very homogenous

structure with fine sharp-edged Ti5Si3 silicides and TiAl matrix (Fig. 2). Also the phase composition of

TiAl30Si20 alloy (TiSi, Ti5Si4, TiAl3) follows the Ti-Al-Si equilibrium phase diagram (Fig.4, Table 1). In

TiAl15Si15, traces of TiSi silicide were also detected. In the case of TiAl20Si20, TiAl10Si30 and

TiAl20Si30 there are deviations from the equilibrium phase composition due to minor amounts of unreacted

silicon. Due to the residual initial component, the other phases also differ from the equilibrium state. The

alloy TiAl20Si20 is composed of silicides Ti5Si3, Ti5Si4 and TiSi2, while the higher proportion of aluminium

to titanium unbound in silicides results in the single-phase TiAl3 matrix (Fig. 2). TiAl10Si30 (Fig. 3b) alloy

has a heterogeneous structure and contains a highly branched and angular silicides Ti5Si3, in whose edges the

TiSi silicide is located (Fig. 2). TiAl30Si20 (Fig. 3f) alloy contains large sharp-edged particles of Ti5Si4

silicide surrounded by TiSi silicide.

The reasons for the deviations from the equilibrium phase composition can be probably caused by too

short duration of the process or by highly exothermic nature of the reactions. Due to rapid evolution of the

heat during the reaction, the sample heats rapidly. When the reaction is completed, the temperature drops

quickly to the furnace temperature. Therefore, the aluminide and silicide phases are supersaturated by silicon

or aluminium, respectively. This fact was proved by EDS local chemical analysis, see Table 2.

Area fraction of silicides in alloys was determined from images of microstructure acquired by the optical

microscope. The samples after SHS were used, because there were clearly visible differences between the

phases and it can be highly expected that the volume fraction of silicides is not affected by subsequent

milling and SPS sintering significantly. Manual image analysis using grid method was applied for the

determination of the area fraction of silicides. In Fig. 4 is shown that the largest fraction of silicides is in the
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TiAl10Si30 and TiAl20Si30 alloys, which corresponds to the highest silicon content in the starting powders.

The lowest amount of silicides was found in the TiAl15Si15 alloys, which has homogenous fine-grained

structure formed by aluminides and silicides nearly in the same ratio (the area fraction of silicides is 55 vol.

%).

The main problem of the alloys prepared by this process is a porous structure (Fig. 5). For this reason, we

included milling in a vibratory mill after SHS and Spark Plasma Sintering for subsequent consolidation of

the milled powder. It was aimed at formation of homogenized structure with low porosity.

3.2. Alloys after consolidation by SPS

After Spark Plasma Sintering at the temperature of 1100 °C, Ti-Al-Si alloys are characterised by a nearly

nonporous fine-grained structure. Phase composition is shown in Fig.6.

Microstructure of SPS consolidated samples (Fig. 7, Fig. 8) is composed of silicides (lighter areas) and

aluminides (darker areas). The phase composition of TiAl10Si20 and TiAl30Si20 remained unchanged by

SPS (Table 2) due the fact that the equilibrium phase composition was achieved already after SHS. The

TiAl15Si15 is characterised, as after SHS, by the most fine-grained structure with Ti5Si3 silicides in TiAl

matrix. The traces of TiSi disappeared as a result of the homogenization of the material during thermal

exposure in SPS device. However, in the case of the other alloys (TiAl10Si30, TiAl20Si20 and TiAl20Si30),

the thermal exposure during SPS was not sufficient to achieve the equilibrium phase composition, even

though some minor changes proceeded, see Table 2. The substitution of elements in aluminide and silicide

phase by silicon and aluminium, respectively, stays at similar level as after SHS (Table 3). It confirms that

the diffusion-controlled processes leading to the phase composition changes during SPS were only minimal.

Consolidated alloys prepared by Spark Plasma Sintering method are characterised by low porosity in

comparison with alloys prepared by SHS. Porosity of each alloy does not exceed the value of 2.5 % by

volume (Fig. 5).

Concurrently, they exhibit finer-grained structure than directly after SHS. This fact is caused by cracking

of brittle silicides during milling.

3.3 Mechanical and tribological properties of Ti-Al-Si alloys after consolidation by SPS
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Hardness of Ti-Al-Si alloys (Fig. 9) varies between 630 and 1100 HV 5 and increases with the growing

amount of silicon in alloy. TiAl10Si30 and TiAl20Si30 alloys achieve the highest hardness. It is because

silicon in alloy supports formation of higher amount of silicides (Ti5Si3, Ti5Si4 and TiSi), that have the higher

hardness than present aluminides [7]. The hardness of the Ti-Al-Si alloys reaches the level of cold-work tool

steels (e.g Vanadis 6) [18]. However, heat treatment is required for tool steels to reach this value of hardness.

In the case of tested Ti-Al-Si alloys, no heat treatment was required.

Fig. 10 shows representative nanoindentation load-displacement curves of the five following intermetallic

compounds: TiAl10Si20, TiAl10Si30, Tial15Si15, TiAl20Si20, TiAl20Si30. It appeared that the TiAl15Si15

is the one with the deepest penetration depth (being up to 450 nm), and the TiAl20Si20 is the one showing

the lowest penetration depth of 90 nm. This, in turns, reflects a significant difference in the mean hardness

values obtained for the five different intermetallic alloys. With this respect, Fig. 11 shows a histogram of

hardness, H, and local elastic modulus, Er. It resulted that as the Ti volume fraction of the intermetallic alloy

decreases in favour of the aluminum and silicon content, the hardness and elastic modulus tend to rise. Thus,

the lowest value of 1 GPa, of the TiAl15Si15 alloy, keeps to increase to 4.5 and 7 GPa, in the

TiAl10Si30 and TiAl20Si30 alloy, respectively. The only clear exception is constituted by the TiAl20Si20

alloy that shows a remarkable high value of hardness with a rather modest local elastic modulus. These data

suggest a larger stiffness of the TiAl20Si20 compound, respect to the other 5 intermetallic alloys.

Fracture toughness of Ti-Al-Si alloys is shown in Fig. 12. All of the alloys achieve low values of fracture

toughness (from 0.7 to 1.7 MPa·m1/2) compared to Ti-Al-Si alloys prepared by mechanical alloying [19].

These values are lower than for brittle ceramics - alumina or silicon carbide, which reach the values of

fracture toughness around 4 MPa·m1/2 [20]. It implies that further improvement is required, for example by

refinement of the structure. The showed TiAl20Si20 worst fracture toughness response is also supported by

the obtained large stiffness and quite high harness values by nanoindentation.

Abrasive wear resistance is shown in Fig. 13. TiAl15Si15 alloy contains large amount of softer

aluminides and the lowest fraction of hard silicides among all tested alloys (Fig. 4). Therefore, this alloy

reaches the highest abrasive wear rate, i.e. the lowest abrasive wear resistance. TiAl10Si20 alloy manifests

the highest abrasive wear resistance (i.e. the lowest wear rate), which is due to combination of three factors:

very fine-grained structure, presence of TiAl (aluminide with good ductility, more ductile than TiAl3) and
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higher portion of silicides (Ti5Si3). Abrasive wear resistance of tested alloys is comparable (or even slightly

higher) with high grade cold-work tool steels (e.g. Vanadis 6) [21,22].

3.4. TEM inspections of the TiAl15Si15 and TiAl10Si20 alloys.

Fig. 14 shows representative BF-TEM micrographs of the TiAl15Si15 and TiAl10Si20 alloy

microstructure. In particular, Fig. 14a shows the TiAl15Si15 alloy grain structure in the [001]

crystallographic direction, while Fig. 14b reports the grained structure in the [01-12] hexagonal

crystallographic direction. Actually, the reported XRD results on the SPS-TiAl15Si15 revealed the presence

of two phases: Ti5Si3, which is hexagonal with P63/mcm Hermann-Mauguin lattice space notation, and TiAl,

which is tetragonal with P4/mmm Hermann-Mauguin lattice space notation. Thereafter, Fig. 14a refers to the

grained structure of the tetragonal TiAl phase, while Fig. 14b refers to the hexagonal Ti5Si3 phase. Fig. 14c

and 14d refers to the TiAl10Si20 alloy, in which the XRD analyses revealed the presence of the same two

phases: Ti5Si3 and TiAl. In this case, Fig. 14c reports the tetragonal [011] crystal orientation, and thus refers

to the TiAl phase, while Fig. 3d shows the microstructure of the TiAl10Si20 alloy taken at [-2110] crystal

orientation, thus preferentially showing the microstructure of the Ti5Si3 phase.

It appeared that the grained structure of the Tial15Si15 alloy is much finer and regular respect to the

TiAl10Si20. The mean grain size of the TiAl15Si15 was 320  20 m (equivalent diameter), practically for

both the phases of which the alloy is constituted. On the contrary, the mean grain size of the TiAl10Si20 was

significantly higher, as it was evaluated that the Ti5Al3 phase had a mean equivalent diameter of 1100  150

m, and the TiAl phase of 950  100 m. That is, the TiAl10Si20 alloy grained structure was 3-times coarser

than the TiAl15Si15 alloy. Moreover, the microstructure of the SPS-TiAl15Si15 appeared to be more

homogeneous, and the TiAl10Si20 grained microstructure is decorated by a large quantity of mutually

orthogonal twinning.

According to the histograms of Fig. 4 and Fig. 5, the TiAl15Si15 alloy after SPS, resulted to be the one

with lowest fraction of silicides, and, more important, the one with lowest porosity. TEM inspections

revealed that this intermetallic alloy was able to retain its homogeneity and fine structure after the SPS

consolidation process. On the other hand, the showed difference of fracture toughness (Fig. 12) and wear

resistance (Fig. 13) of the two alloys: TiAl15Si15 and TiAl10Si20 is likely to be related not only to a
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different efficiency of the consolidation process in terms of intermetallic composition, but it is also related to

the significant microstructure differences observed by TEM (Fig. 14).

4. Conclusion

Microstructure of Ti-Al-Si alloys is very porous after SHS. TiAl20Si20 and TiAl30Si20 alloys are

characterised by TiAl3 matrix and TiAl10Si30 contained Ti2Al aluminide phase unlike other alloys with TiAl

matrix. All alloys contain various combinations of silicides Ti5Si3, Ti5Si4 a TiSi. The coincidence with the

equilibrium phase diagram was relatively good, when taking into the account the short period of the SHS

process and rapid temperature changes. TiAl10Si20 and TiAl15Si15 alloys have the most fine-grained

structure.

Spark Plasma Sintering was used for the consolidation of milled powders after SHS. There were only

minor changes in the phase composition of the alloys during SHS, forwarding closer to the equilibrium state.

Microstructure of compacted Ti-Al-Si alloys is almost non-porous. Therefore, this method is useful for

preparation of intermetallic based on the Ti-Al-Si system.

The alloys achieve good mechanical properties except for the fracture toughness. For the applications,

where high hardness is necessary, the best alloys are with the highest amount of silicon and with large

portion of silicides (TiAl10Si30 and TiAl20Si30). All Ti-Al-Si alloys reaches low values of fracture

toughness, they are very brittle because of high amount of silicides in the structure. The abrasive wear

resistance is very good, especially in the case of TiAl10Si20 alloy, and it is comparable with high grades of

cold-work tool steels. The nanoindentation results showed that hardness appeared to rise as the content of Al

and Si in the Ti-based intermetallic increase. The highest stiffness of the TiAl20Si20, showed by the

combined measured very high hardness and relatively low elastic modulus, resulted in a high fracture

toughness of this intermetallic alloy.

The mechanical results were fully supported by the microstructure differences observed in two of the five

here presented intermetallic alloys, namely, the TiAl15Si15 and TiAl10Si20.
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Table and Figure captions

Table 1. Comparison of phase composition of Ti-Al-Si alloys in phase diagram [17], after SHS and after SPS

Table 2: Average composition of present phases after SHS

Table 3: Average composition of present phases after SPS

Fig. 1. Scheme of the fracture toughness measurement by indentation method

Fig. 2. XRD patterns of samples prepared by SHS at 900 °C for 30 min.

Fig. 3. Microstructure of a) TiAl10Si20, b) TiAl10Si30, c) TiAl15Si15, d) TiAl20Si20, e) TiAl20Si30, f)

TiAl30Si20 prepared by SHS at 900 °C for 30 min in electric resistance furnace with the heating rate of

300 °C/min.

Fig. 4. Area fraction of silicides in Ti-Al-Si alloys after SPS

Fig. 5. Porosity after SHS and SPS of Ti-Al-Si alloys

Fig. 6. XRD patterns of samples prepared by SPS at 1100 °C for 5 min.

Fig. 7. Microstructure of a) TiAl10Si20, b) TiAl10Si30, c) TiAl15Si15, d) TiAl20Si20, e) TiAl20Si30, f)

TiAl30Si20 prepared by SPS at 1100 °C for 5 min using the heating rate of 100 °C/min and pressure of

48 MPa

Fig. 8. Detailed microstructure of a) TiAl10Si20, b) TiAl10Si30, c) TiAl15Si15, d) TiAl20Si20, e)

TiAl20Si30, f) TiAl30Si20 prepared by SPS at 1100 °C for 5 min using the heating rate of 100 °C/min and

pressure of 48 MPa

Fig. 9. Hardness of Ti-Al-Si alloys prepared by SPS at 1100 °C.

Fig. 10. Load-displacement representative curves of the different phases detected in the intermetallic alloys.

Fig. 11. Histogram of hardness, H, and local elastic modulus, Er, of the TiAl10Si20, TiAl10Si30, Tial15Si15,

TiAl20Si20, TiAl20Si30 intermetallic alloys.

Fig. 12. Fracture toughness of Ti-Al-Si alloys prepared by SPS at 1100 °C

Fig. 13. Abrasive wear rate of Ti-Al-Si alloys prepared by SPS at 1100 °C

Fig. 14. TEM micrographs of the TiAl15Si15 alloy (mechanically alloyed for 4h, SPS at 80MPa

100°C/15min, cooled at 50°C/min), a) ZA [001] preferentially showing TiAl grains, and b) [01-12]

preferentially showing Ti5Si3 grains; TiAl10Si20 alloy (SPS at 48MPa, 1200°C/15min, cooled at 50°C/min),

c) ZA [011] preferentially showing TiAl grains, and c) [-2110] preferentially showing Ti5Si3 grains.
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Table 1.

Alloy Phase diagram SHS SPS

TiAl10Si20 Ti5Si3, TiAl Ti5Si3, TiAl Ti5Si3, TiAl

TiAl10Si30 TiSi, Ti5Si4, TiAl3 TiSi, Ti5Si3, Ti5Si4, Ti2Al, Si TiSi, Ti5Si3, TiAl3, Ti2Al, Si

TiAl15Si15 Ti5Si3, TiAl Ti5Si3, TiAl, TiSi Ti5Si3, TiAl

TiAl20Si20 Ti5Si3, TiAl3 Ti5Si3, TiAl3, Ti5Si4, TiSi2, Si Ti5Si3, TiAl3, Ti5Si4, TiSi2

TiAl20Si30 TiSi, TiSi2, TiAl3 TiSi, Ti5Si3, TiAl, Ti2Al, Ti5Si4, Si Ti5Si3, TiAl, Ti5Si4, Si

TiAl30Si20 TiSi, Ti5Si4, TiAl3 TiSi, Ti5Si4, TiAl3 TiSi, Ti5Si4, TiAl3

Table 2.

at. % Ti Al Si

TiAl 51 ± 3 40 ± 5 10 ± 3

TiAl3 29 ± 3 59 ± 5 12 ± 2

Ti5Si3 64 ± 3 9 ± 4 28 ± 4

TiSi 53 ± 2 2 ± 2 46 ± 3

Table 3.

at. % Ti Al Si

TiAl 50 ± 3 42 ± 5 9 ± 3

TiAl3 30 ± 3 55 ± 5 12 ± 2

Ti5Si3 63 ± 3 8 ± 4 29 ± 4

TiSi 50 ± 2 4 ± 3 44 ± 3
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Figure 1.

Figure 2.
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Figure 3.

Figure 4.
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Figure 5.

Figure 6.
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Figure 7.

Figure 8.
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Figure 9.

Figure 10.

Figure 11.
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Figure 12.

Figure 13.

Figure 14.


