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Knaislova, et al. “High-temperature oxidation of Ti-Al-Si alloys prepared by powder
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knowledge about Ti-Al-Si alloys and describes improvement their properties using
addition of other alloying elements, which is very important for possible further use in
automobile or aerospace industry. We would like to ask you to consider this paper for
publishing also in Journal of Alloys and Compounds.

Yours sincerely

Anna Knaislova
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Czech Republic
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elements and characterization the effect of these elements on the microstructure, mechanical,
tribological and high-temperature properties of Ti-Al-Si alloys prepared by mechanical
alloying and Spark Plasma Sintering. In this work, the addition of cobalt, chromium, iron,

molybdenum, niobium and nickel was tested.
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Abstract

Intermetallic alloys based on Ti-Al-Si system are significant for their excellent high-temperature properties,
especially for resistance against oxidation and achieving good mechanical properties at elevated
temperatures. The main problem of these materials is high brittleness at room temperature, which could be
solved by modifying the structure through the addition of other elements. In the previous work, selected
alloying elements were added into the Ti-Al-Si alloys prepared by reactive sintering, but the properties did
not meet the requirements for subsequent use in the automotive or aerospace industry, the materials had a
very porous microstructure. Here, the addition of cobalt, chromium, iron, molybdenum, niobium and nickel
into the TiAI15Si15 alloy prepared by mechanical alloying and Spark Plasma Sintering is tested and it is
expected to improve the mechanical and high-temperature properties, in particular, fracture toughness. In this
paper, the Ti-Al-Si alloys have been assessed on basis of microstructure, phase composition, mechanical and
tribological properties, such as hardness, fracture toughness and strength in compression. Cyclic oxidation
tests were performed for 400 hours at the temperatures of 800 and 1000 °C. The cyclic oxidation tests
simulate industrial processes, where the material is alternately exposed to elevated temperature and
subsequent cooling (eg, engine components). From the viewpoint of most of the tested properties, alloying

by niobium seems to be the most promising.
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1. Introduction
Ti-Al-Si alloys consist of titanium aluminides and titanium silicides. Aluminide phases are tougher than

silicide phases. On the other hand, silicides are very hard but brittle phases. Ti-Al-Si alloys combine the
properties of both phases and excel especially in low density, high-temperature oxidation and creep
resistance [1-3]. The TisSis phase acts as a reinforcement for titanium aluminide matrix due to strength, it is
also very good chemically, and mechanically compatible with TiAl (they have similar thermal expansion

coefficients) [4].

The previous studies have shown that aluminium and silicon in Ti-Al-Si alloys reduce the oxidation rate
of titanium to approximately 850 °C. Resistance against high-temperature oxidation is caused by the
formation of protective layers of TiO; (rutile), Al.Oz (corundum) and SiO, (silica). In particular, the addition
of silicon has a significant reduction effect on the oxidation rate due to the slow rate of oxygen diffusion in
the SiO; layer in comparison with the diffusion rate in rutile (TiO) [5, 6]. Silicon also supports the formation
of TiN (titanium nitride) between the base material and the oxide layer, where it forms a separate layer or
insulated particles reinforcing the base material. Silicon reduces the solubility and diffusion rate of nitrogen
in the titanium, and thus the titanium nitride is not formed in the Ti-Al alloy [5, 7-9].

One of the main factors limiting the wider use of Ti-Al-Si alloys is their low fracture toughness at room
temperatures due to the missing area of plastic deformation at the tensile curve [10]. However, the plasticity
of Ti-Al-Si alloys increases with the increasing temperature (DBTT) and can be improved by the addition of
alloying elements. The limiting temperature of their use is set to 800 °C [11].

The addition of alloying elements (cobalt, chromium, iron, molybdenum, niobium and nickel) can
improve strength, ductility and resistance to high-temperature oxidation of Ti-Al-Si alloys. There are few
comprehensive studies on the effect of alloying elements on this alloy system [2, 12, 13]. The addition of
cobalt improves the high-temperature properties and hardness of these materials [14, 15], chromium
improves ductility, strength and oxidation resistance and creep [16]. Iron atoms primarily substitute
aluminium positions in TiAl, so they cause substitution strengthening [17]. Molybdenum and niobium
increase high-temperature and mechanical properties and niobium also fracture toughness [14, 15, 18].

Niobium also increases the thermodynamic activity of aluminium compared to titanium and thus supports the



formation of a stable Al,Os layer. It also supports the formation of TiN layer at the interface between the
oxide layer and the base material [19]. Nickel improves high-temperature properties [20].

The aim of this work is to describe the properties of TiAl15Si15X15 alloy (X = Co, Cr, Fe, Mo, Nb, Ni)
prepared by mechanical alloying followed by Spark Plasma Sintering method. In this paper, microstructure,
phase composition, selected mechanical and tribological properties and high-temperature oxidation are

shown and the properties are compared with the ternary TiAI15Si15 alloy.

2. Material and methods

2.1. Preparation of intermediary phases by mechanical alloying and consolidation by Spark Plasma
Sintering

Powders of intermetallic alloys TiAI15Si15X15 (wt. %), where X = Co, Cr, Fe, Mo, Nb, Ni, were prepared by
powder metallurgy method using mechanical alloying. Pure powders were used as starting materials: titanium (purity
99.5 %, particle size < 50 pm), aluminium (purity 99.7 %, particle size < 50 um), silicon (purity 99.5 %, particle size <
50 pm), cobalt (purity 99.8 %, particle size 2 wm), chromium (purity 99 %, particle size < 150 um), iron (purity 99.9 %,
particle size < 150 um), molybdenum (purity 99 %, particle size < 150 pum), niobium (purity 99 %, particle size < 150
um) and nickel (purity 99.99 %, particle size < 150 um) powder. The prepared powder mixtures weighing 5 grams were
placed in a milling vessel and mechanically alloyed in a planetary ball mill Retsch PM 100. Metal powders were ground
with 10 milling balls (ball to powder ratio of approximately 60:1). The milling vessel was filled with an inert gas
(argon) to prevent the oxidation of powders. The parameters of mechanical alloying were chosen based on our previous
research [4], the powders were milled 4 hours with 400 rpm and after 30 minutes the direction of rotation was changed.

Thus prepared powders were compacted by SPS (Spark Plasma Sintering). The sintering process was carried out at a
temperature of 1100 °C for 15 minutes, a pressure of 80 MPa, in a continuous current flow mode and the resulting

tablets were cooled continuously with a rate of 50 °C/min.

2.2. Phase composition and microstructure of TiAl15Si15X15 alloys

The phase composition of milled powders, as well as compacted alloys, was examined by X-ray diffraction analysis
by the means of a diffractometer PANalytical XPert Pro, diffraction patterns were evaluated in PANalytical HighScore
plus program using the PDF2 database. The metallographic samples were prepared using grinding papers P80 to P4000,
the ground samples were then polished with a polishing suspension Eposil F (a mixture of silica particles with hydrogen
peroxide). The samples thus prepared were etched with modified Kroll’s reagent (10 ml HF, 5 ml HNO; and 85 ml
H>0). The microstructure was observed using an optical light microscope Olympus PME3 with Carl Zeiss AxioCam
ICc3 digital camera and AxioVision program. The detailed microstructure and the composition of individual phases of

the samples was investigated by scanning electron microscope TESCAN VEGA 3 LMU equipped with energy
3



dispersive analyser (SEM-EDS). The porosity and pore size were determined by microstructure images of non-etched

compact alloys and evaluated by program Lucia 4.8.

2.3. Mechanical tests of TiAI15Si15X15 alloys
Mechanical properties were tested on the compacted alloys. Compressive strength tests were performed

on a LabTest testing machine 5.250SP1-VM. Hardness and microhardness were measured using Vickers
hardness with a load of 1 kg (HV 1) and 0.1 kg (HV 0.1) on the Future-Tech FM-700 machine. Fracture
toughness was evaluated based on the crack size on the image analysis and determined by calculation
according to Palmqvist equation (1):
1

Ke =0.016- (=) <:_%) €

where Kc is fracture toughness (MPa-m*?), E is the modulus of elasticity (GPa), HV is the Vickers
hardness (HV 1, GPa), F is the load (N) and c is a half of crack length (mm). Abrasive wear resistance was
carried out by a modified pin-on-disc method on a disc tribometer. Each tested sample passed approximately
2.5 km distance in 15 minutes on P1200 grinding paper with 5.8 N normal force. The resulting wear rate was

calculated based on equation (2):
w = 4Am )

where w is the wear rate (cm®*m™), Am is the mass loss (g), 1 denotes the path length on grinding paper
(m) p is a density of sample (g-cm™). The density was measured by the Archimedes method.
2.4. High-temperature oxidation tests of TiAl15Si15X15 alloys

Cyclic oxidation tests are intended to help simulate industrial processes where the material is exposed to
elevated temperatures and subsequent cooling. The temperature of 800 °C was chosen according to the
temperature of the applicability of Ti-Al alloys. The temperature of 1000 °C was chosen for the examination
of the possibility of increasing the thermal stability by the addition of silicon. The alloy samples were
annealed for 400 hours. The samples are removed from the furnace after 50-hours intervals, air-cooled,
weighed and then returned to the furnace to the given temperature.. The internal stress occurs between the
base metal and its oxide layer as the consequence of cyclically repeated annealing. The sample and the

sample with scaled-off oxides were weighed after every 50 hours. The oxide layer was observed using an



optical and scanning electron microscope. The thickness of the oxide layer was measured by image analysis

using ImageJ program. The values of parabolic constants were calculated according to equation (3):

N

2
K, =2l ®3)
where Kj is the parabolic constant (g>m*h), Am is the weight gain (g), A is the sample area (m?) and t is

the duration of cyclic oxidation (h).
3. Results

The addition of alloying elements to Ti-Al-Si alloys was tested to improve the properties of the material.
Ti-Al-Si-X alloys were prepared by a combination of mechanical alloying and Spark Plasma Sintering
(MA+SPS) to maintain a fine-grained structure. Cobalt, chromium, iron, molybdenum, niobium and nickel
were selected from the alloying elements. Cobalt improves high-temperature properties and hardness,
chromium ductility, strength and oxidation resistance, iron strength, molybdenum with niobium high-
temperature and mechanical properties, niobium should increase fracture toughness and nickel high-
temperature properties.

3.1. Phase composition and microstructure of TiAI15Si15X15 powders

The optimal duration of mechanical alloying (MA) of TiAl15Si15X15 (X = Co, Cr, Fe, Mo, Nb, Ni)
powders was chosen on the basis of the previous research [4]. After 4 hours of MA, all pure element powders
have reacted and formed intermetallic phases. The phase composition of the mechanically alloyed powders is
described by X-ray diffractograms in Figure 1. All alloys are formed by TisSis and TiAl stable phases. A
metastable phase AlgoCrz in TiAI15Si15Cr15 alloy is also formed. Furthermore, it can be assumed that all
phases are substituted by other elements, as shown by the shift of the diffraction lines in the XRD pattern.
The alloying elements do not form separate phases but dissolve in titanium silicide or titanium aluminide.

The microstructure of TiAI15Si15X15 powders prepared by MA is shown in Fig. 2. Micrographs show
that the powder particles have a homogeneous structure. Regions of different compositions are not visible,
except for areas with higher amount of iron. All mechanically alloyed powders were contaminated by iron
from the material of the milling vessel - light areas in the figures. The particle size of alloy powder after MA

varies in the order of tens of micrometers. Titanium with silicon form TisSiz titanium silicides, titanium with



aluminium form TiAl titanium aluminide. Numerous cracks in the microstructure suggest the formation of
brittle intermetallic phases.
3.2. Phase composition and microstructure of TiAI15Si15X15 compact alloys

Figure 3 shows the phase composition of TiAI15Si15X15 alloys prepared by mechanical alloying (MA)
and Spark Plasma Sintering (SPS) using X-ray diffraction. All alloys are formed by TisSistitanium silicide,
which is preferably formed because silicon has a high affinity to titanium. Silicides of alloying elements
(cobalt, chromium, iron, niobium and nickel) are also present in the structure. The silicides are generally
very hard and brittle phases. Titanium aluminides TiAl are also present in the alloy structure and they are
tougher than silicides. Aluminides of other alloying elements were not identified as separate phases, although
these elements (Co, Fe, Nb, Ni) form stable aluminides. It can be assumed that phases of unbalanced
composition (i.e mixed aluminides and silicides), which are supersaturated to the equilibrium composition,
are present in the structure of Ti-Al-Si-X alloys prepared by MA and SPS.

Figure 4 shows the microstructure of TiAl15Si15X15 (X = Co, Cr, Fe, Mo, Nb, Ni) alloys prepared by
mechanical alloying followed by Spark Plasma Sintering. The microstructure is very fine-grained, well
sintered and without the presence of unreacted basic elements. The structure of alloys consists of titanium
silicides, selected silicides of alloying elements and titanium aluminide TiAl. Using the EDS point analysis
elemental composition of various regions of microstructure was found. It cannot completely distinguish areas
rich in individual phases. Lighter areas indicate the presence of heavier elements such as iron or silicon.
Darker areas appear to be richer in aluminium. Numerous cracks were also detected in the microstructure of
alloys, which are likely to arise due to anisotropy of the thermal expansion coefficient of TisSis phase in
different crystal directions [1]. Iron contamination from the grinding vessel was found in all alloys.

The porosity of TiAI15Si15X15 alloys does not exceed 3 vol. % (Fig. 5). Alloy with nickel reaches the
highest porosity. The remaining alloys reach the porosity under 1 vol. %. Average equivalent diameter of
pores is from 4.5 to 7 um (Fig. 5).

3.3. Mechanical and tribological tests of TiAI15Si15X15 compact alloys

All mechanical and tribological tests were measured on compact samples. The hardness of all Ti-Al-Si-X

alloys exceeds 1000 HV 1 (Fig. 6). Alloy with iron reaches the highest hardness (1330 HV 1), followed by

alloy with cobalt and nickel. The alloy containing molybdenum has the lowest hardness (1026 HV 1).



The values of microhardness (HV 0.1) exceed 1500 HV 0.1 and range from 1527 HV 0.1 in the case of
TiAI15Si15Co015 alloy up to 1813 HV 0.1 for TiAI15Si15Mo15 alloy (Fig. 7). The high values of
microhardness of all alloys indicate significant reinforcement by alloying elements. The highest values of
microhardness were achieved by alloy with molybdenum and niobium. These elements are able to substitute
titanium position in titanium aluminide (TiAl) and thus strengthen it significantly. The microhardness value
HV 0.1 of the TiAI15Si15C015 alloy is the lowest of all alloys and the hardness value HV 1 is the second-
highest for this alloy, proving the sensitivity of this method to phase distribution.

Fracture toughness of all alloys is low, i.e. all alloys tend to brittle fracture (Fig. 8). The highest value of
fracture toughness was reached by alloy with chromium (1.7 MPa-m%?), the addition of chromium has a
significant effect on the increase of toughness of titanium aluminides [14]. On the other hand, alloy with
cobalt achieved the lowest value (0.69 MPa-mY?) due to a higher portion of silicides, cracks and especially
pores in the microstructure, which behave as material imperfections. A stress concentration occurs at the
edges of the microcrack. Then a certain stress value is reached, which leads to disruption of the bonds
between atoms to form new surfaces [21].

The compression tests of Ti-Al-Si-X alloys were carried out at room temperature and the tests ended by
fracture of material (Fig. 9). The absence of yield strength on compression curves indicates a missing area of
plastic deformation, the mechanically alloyed Ti-Al-Si-X alloys are brittle. The values of ultimate tensile
strength vary for each alloy, mainly because of the occurrence of cracks and pores in the microstructure of
alloys. The highest ultimate tensile strength was reached by TiAlI15Si15Mo15 alloy (2298 MPa). Alloys
containing niobium and iron exceeded the limit of 2000 MPa in at least one of the performed tests. The
lowest ultimate tensile strength was reached by TiAlI15Si15Co015 alloy due to the large number of structural
inhomogenities.

Ti-Al-Si-X alloys achieve very good values of abrasive wear resistance (Fig. 10). The wear rate of all
alloys is very low, the lowest values were achieved by alloy with molybdenum, niobium and iron. The high
abrasive wear resistance corresponds to the high ultimate tensile strength and hardness of these alloys.

3.4. High-temperature oxidation tests of TiAl15Si15X15 compact alloys
Fig. 11 shows the time dependence of the weight gain of Ti-Al-Si-X alloys during cyclic oxidation at

800 °C. It can be shown from the graph that the highest weight gain was found for alloys with cobalt and



iron and in one case also for alloys with molybdenum, but the values are minimal and comparable with tests
of Ti-Al-Si alloys without alloying elements also prepared by MA+SPS [2]. On the contrary, an almost
negligible weight gain was found in alloys with chromium and niobium, which confirmed the very positive
effect of these elements on high-temperature properties. The oxidation Kinetics is probably controlled by a
chemical reaction (linear course of the curve) for alloys with cobalt and iron, for others, it is a diffusion
control (parabolic dependence). Fig. 12 shows the number of scaled-off oxides formed during cyclic
oxidation at 800 °C. It can be seen from the graph that the amount of delaminated oxides is almost negligible
for all alloys (the change in weight is in thousands of grams), which means that all oxide layers are cohesive
and there is no peeling of oxides (which can be confirmed in Fig. 13, where the compact surface of each
alloy is visible).

Fig. 14 shows the time dependence of the weight gain of Ti-Al-Si-X alloys during cyclic oxidation at
1000 °C. In the figure, it is possible to see the parabolic growth of the oxide layer in the case of an alloy with
molybdenum, chromium and niobium. In the sample of alloys with nickel, cobalt and iron, there was a
weight loss of the sample, which indicates the formation of no-adherent oxide layer, which delaminated
during the oxidation test, as confirmed by Figures 15 and 16. The cobalt-alloyed alloy broke after 400 hours
of oxidation (Fig. 16).

The phase composition of the oxide layer of Ti-Al-Si-X alloys was determined by X-ray diffraction
analysis and the results are shown in tab. 1. The oxide layer consists of titanium dioxide (rutile), alumina
(corundum) and silica. The oxide layer is also formed by oxides of alloying elements (MoO2, MoQs, Fe;05)
and mixed oxides (Al TiOs, FeTiOs3). In addition to oxygen, nitrogen also penetrates from the air into the
alloy, forming nitrides found in the alloy with iron (FesN) and niobium (AIN, NbzN). In the alloy with
molybdenum, niobium and nickel, aluminide and titanium silicide, which belong to the base material, were
also detected in the oxide layer. These phases were found by X-ray diffraction because the oxide layer after
oxidation at 800 °C is very thin and also a crack could be found at the diffraction site.

Table 1 Phase composition of the surface oxide layer of Ti-Al-Si-X alloys after 400 hours of cyclic

oxidation

Phase composition Phase composition

Alloy (cyclic oxidation, 800 °C) (cyclic oxidation, 1000 °C)




TiAI15Si15C015 TiOz, Al2O3, SiO2 TiOz, Al2O3, SiO;

TiAl15Si15Cr15 TiO2, Al;O3, SiOz, Al,TiOs TiO., Al;O3, SiO2
TiAlI15Si15Fel5 TiO,, Al;O3, SiO, Fe;0s TiO., Al;O3, SiO;, FesN, FeTiO3
TiAl15Si15Mo15 TiO2, Al;03, M00Os3, TisSis TiO2, SiO2, M0oO:;
TiAI15Si15Nb15 TiO2, Al;O3, SiOz, AIN, TisSis TiO., Al;Os3, SiOz, AIN, NbzN
TiAI15Si15Ni15 TiO., Al;Os3, SiOz, TiAls TiO., Al;O3, SiO2

The following Fig. 17 and Fig. 18 shows the microstructure of the oxide layers of TiAl15Si15X15 alloys,
the figure on the left always shows the appearance of the layer after oxidation at 800 °C, on the right after
oxidation at 1000 °C. It can be seen from the figures that after oxidation at 800 °C, the alloy with cobalt, iron
and nickel formed the thickest oxide layer, which was approximately 40 pum thick, while the alloy with
chromium or niobium formed almost no observable oxide layer on the surface. For oxidation at 1000 °C, the
results were similar, the least resistant was again the alloy with cobalt, iron and nickel and the most resistant
was the alloy with chromium and niobium. The images show that some oxide layers are cracked. Cracks
most often appear at the base material-oxide layer interface.

The elemental composition of individual parts of the oxide layer was determined by EDS analysis. The
outer part of the oxide layer is made of titanium dioxide, under which there are silica and alumina. In the
inner part of the oxide layer, there is a higher proportion of alloying elements and we can also find selected

oxides of iron or molybdenum. Using EDS analysis, no nitrogen-rich areas were found in any alloy.

4. Discussion

TiAI15Si15X15 alloys are all formed by the stable titanium silicide TisSiz and silicides of the alloying
elements (cobalt, chromium, iron, niobium and nickel). The aluminide matrix in all alloys is the TiAl phase,
which is also found in the TiAI15Si15 alloy [4]. In articles [15, 22], TiAl15Si15X15 alloys were prepared by
reactive sintering. The article described that some of the used alloying elements are mainly aluminide-
forming (cobalt, copper and nickel), others silicide-forming (iron) and chromium with molybdenum form
stable aluminides and silicides. SEM-EDS analysis showed that TiAI15Si15X15 alloys prepared by reactive
sintering do not form detectable amounts of silicides and aluminides of added alloying elements and only

mixed silicides/aluminides are formed, where the alloying elements dissolve in titanium silicides and
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aluminides [2, 15]. TiAI15Si15X15 alloys in this work were prepared by mechanical alloying, where X-ray
analysis of the powders did not show the formation of silicides or aluminides of the alloying elements after
MA. After Spark Plasma Sintering, the formation of silicides of alloying elements (cobalt silicide CoSi,
chromium silicide CrSi, iron silicide Fe,Si, niobium silicide NbsSis and nickel silicide Ni,Si) was confirmed
by X-ray diffraction. None of these silicides were found in samples prepared by reactive sintering. In the
TiAI15Si15Fel5 alloy, a mixture of titanium aluminides TiAl and TisAl was found after reactive sintering,
while after MA+SPS only titanium aluminide TiAl was found. The results of the EDS analysis showed that
the alloying elements do not form a detectable amount of their own phases during reactive sintering, they
only dissolve in titanium silicides or aluminides. After SPS, the silicides of the alloying elements arise.
Mechanical alloying causes aluminium in titanium aluminides to be strongly substituted with silicon and
vice versa in titanium silicides. The authors described that Ti(Al,Si) supersaturated solid solutions are
formed after at least 10 to 20 hours of milling [23, 24], but as shown in this work, intermetallic phases are
formed during a much shorter mechanical alloying duration (after 4 hours). Mechanical alloying in
combination with Spark Plasma Sintering leads to a very fine microstructure of the investigated alloys. The
authors described that mechanical alloying is a very efficient process for obtaining nanometer-sized grains
[25, 26]. The refinement of TisSi; crystallites is probably due to strong deformation and subsequent
recrystallization. The distribution of titanium silicides is much more homogeneous because the brittle
powder is crushed into very fine particles during the first step of the mechanical alloying. The elements in
the obtained compounds are substituted for each other, which exceeds the limits of equilibrium solubility
[27]. Fine-grained microstructure due to mechanical alloying and higher compaction pressure significantly
reduced the porosity of alloys compared to alloys prepared by reactive sintering [15]. The porosity of the
TiAI15Si15 alloy prepared by MA+SPS was 0.4 % by volume [4]. The addition of chromium and
molybdenum slightly increased the porosity (to 0.7 % by volume and 0.8 % by volume, respectively), the
addition of iron tripled the value (to 1.2 % by volume) and the addition of cobalt even increased fivefold (to
2 % by volume). The same effect of these alloying elements is also mentioned in articles [15, 22]. The article
[15] further shows that the addition of nickel reduces the porosity, however, the opposite effect was found in

this work. The TiAI15Si15Ni15 alloy had the same high porosity value as the alloy with cobalt. Only
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niobium as an alloying element did not increase the porosity, the TiAI15Si15Nb15 alloy had the same
porosity as the TiAI15Si15 alloy without alloying elements.

The microhardness values of all TiAI15Si15X15 alloys are higher than the values for the TiAI15Si15
alloy prepared by MA+SPS [28] because the alloys were further strengthened by the addition of alloying
elements. Also, the increase in hardness may be associated with the strengthening of hard particles of
titanium silicides by alloying elements [15]. Molybdenum and niobium replace the positions of titanium in
titanium aluminide TiAl, thus significantly strengthening it, so the microhardness of these alloys was the
highest of all tested. Along with the hardness, the alloying elements also increased the ultimate tensile
strength values, except for the alloy with cobalt or nickel, where there were numerous cracks in the
microstructure. The article [22] shows that all alloying elements added to Ti-Al-Si alloys prepared by
reactive sintering decrease mechanical properties, especially fracture toughness. In our case, however, the
fracture toughness did not decrease, on the contrary, the fracture toughness reached higher values compared
to TiAI15Si15 alloy without alloying elements [28]. The TiAI15Si15Cr15 alloy prepared by ML + SPS
reached the best values of fracture toughness of all tested alloys.

The high-temperature oxidation can be controlled by diffusion or chemical reactions. If the growth of the
oxide layer proceeds through a diffusion-controlled mechanism, the resulting growth of the oxide layer to the
annealing time has a parabolic dependence. During the oxidation, the oxide layer grows to a certain limit,
where the diffusion of oxygen into the material is limited. The layer on the material no longer grows, so it
protects the material well. The linear dependence of the kinetic curve is associated with the formation of an
oxide layer by chemical reaction-controlled process. This mechanism applies primarily when the material
has a porous oxide layer or contains a significant amount of cracks, and so oxygen from the surrounding
atmosphere can easily penetrate into the depth of the material. Likewise, this mechanism applies to the
destroying of the oxide layer (pores, cracks). The formation of the oxide layer can be determined based on
values of parabolic constant Kp. If the value of the parabolic constant does not change over time, it indicates
the diffusion-controlled mechanism. The high-temperature behaviour of Ti-Al-Si alloys was detailed
described in our previous articles [2, 11, 29, 30].

The authors described that the high-temperature behaviour of Ti-Al-Si alloys can be improved by the

addition of other alloying elements. The addition of niobium was the most studied [31-36]. The combination
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of silicon and niobium resulted in much better oxidation resistance than with the addition of individual
elements. Cobalt, chromium, copper, iron, molybdenum and nickel also increase the resistance to oxidation
at 1000 °C [15]. In this article [15] the Ti-Al-Si-based alloy prepared by reactive sintering and containing 15
wt. % molybdenum had the best oxidation resistance, followed by an alloy with chromium. These two alloys
also showed very good thermal stability [15, 22]. The positive influence of alloying elements for the
oxidation resistance of Ti-Al-Si alloys was also confirmed in this work. All alloys had very good adhesion of
the oxide layer, which was relatively thin, and the minimum scaled-off oxides occurred only at a temperature
of 1000 °C. The most oxidation-resistant samples were alloyed with chromium and niobium, which confirms

the positive effect of these elements on oxidation resistance.

5. Conclusions

Ti-Al-Si alloys prepared by mechanical alloying have a homogeneous and fine-grained microstructure
with low porosity, which ensures high mechanical properties. Ti-Al-Si alloys are extremely resistant at
temperatures up to 800 °C. The addition of alloying elements improved the properties of Ti-Al-Si alloys.
Along with hardness, the alloying elements also increased the compressive strength values. The
TiAI15Si15Cr15 alloy achieved the best values of fracture toughness of all tested alloys. The best oxidation

resistance was achieved by an alloy with niobium and chromium.
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Figure and table captions

Fig. 1 XRD patterns of TiAl15Si15X15 powders

Fig. 2 Scanning electron micrographs of TiAI15Si15X15 (X = Co, Cr, Fe, Mo, Nb, Ni) powders prepared by
mechanical alloying

Fig. 3 XRD patterns of TiAI15Si15X15 compact alloys

Fig. 4 Scanning electron micrographs of TiAl15Si15X15 (X = Co, Cr, Fe, Mo, Nb, Ni) alloys prepared by
mechanical alloying and Spark Plasma Sintering

Fig. 5 Porosity and pore size of TiAl15Si15X15 compact alloys
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Fig. 6 Hardness of TiAI15Si15X15 compact alloys

Fig. 7 Microhardness of TiAI15Si15X15 compact alloys

Fig. 8 Fracture toughness of TiAI15Si15X15 compact alloys

Fig. 9 Compression tests of TiAI15Si15X15 compact alloys

Fig. 10 Abrasive wear resistance of TiAI15Si15X15 compact alloys

Fig. 11 Time dependence of the Ti—Al-Si-X alloys (MA+SPS) mass gain during cyclic oxidation at 800 °C
Fig. 12 Time dependence of the scaled-off oxides (MA+SPS) mass gain during cyclic oxidation at 800 °C
Fig. 13 Appearance of Ti—-Al-Si-X alloys (MA+SPS) after 400 h of cyclic oxidation at 800 °C: a)
TiAI15Si15C015, b) TiAlI15Si15Crl15, c) TiAI15Si15Fel5, d) TiAl15Si15Mo15, e) TiAI15Si15Nb15, )
TiAI15Si15Ni15

Fig. 14 Time dependence of the Ti—Al-Si-X alloys (MA+SPS) mass gain during cyclic oxidation at 1000 °C
Fig. 15 Time dependence of the scaled-off oxides (MA+SPS) mass gain during cyclic oxidation at 800 °C
Fig. 16 Appearance of Ti—-Al-Si-X alloys (MA+SPS) after 400 h of cyclic oxidation at 1000 °C: a)
TiAI15Si15C015, b) TiAlI15Si15Cr15, ¢) TiAI15Si15Fel5, d) TiAl15Si15Mo15, e) TiAI15Si15Nb15, )
TiAI15Si15Ni15

Fig. 17 Microstructure (SEM) of the Ti-Al-Si-X alloys (MA+SPS) after cyclic oxidation (400 h): a)
TiAI15Si15C015, b) TiAl15Si15Cr15, ¢) TiAl15Si15Fel5

Fig. 18 Microstructure (SEM) of the Ti—Al-Si-X alloys (MA+SPS) after cyclic oxidation (400 h): a)
TiAI15Si15Mo15, b) TiAI15Si15Nb15, ¢) TiAI15Si15Nil5

Table 1 Phase composition of the surface oxide layer of Ti-Al-Si-X alloys after 400 hours of cyclic oxidation
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Highlights (for review)

- Ti-Al-Si-X (X=Co, Cr, Fe, Mo, Nb, Ni) alloys prepared using mechanical alloying and Spark Plasma
Sintering
- Alloys have fine-grained and homogeneous microstructure with low porosity.

- Alloyed elements increased hardness and compressive strength values.
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23 Abstract

Intermetallic alloys based on Ti-Al-Si system are significant for their excellent high-temperature properties,
28 especially for resistance against oxidation and for achieving good mechanical properties at elevated

30 temperatures. The main problem of these materials is high brittleness at room temperature. In the previous
32 work, selected alloying elements were added into the Ti-Al-Si alloys prepared by reactive sintering, but the
properties did not meet the requirements for subsequent use in the automotive or aerospace industry, since
37 the materials had a very porous microstructure. Here, the addition of cobalt, chromium, iron, molybdenum,
39 niobium and nickel into the TiAI15Si15 alloy prepared by mechanical alloying and Spark Plasma Sintering is
41 tested and it is expected to improve the mechanical and high-temperature properties. In this paper, the Ti-Al-
43 Si alloys have been assessed on basis of microstructure, phase composition, mechanical and tribological

16 properties, such as hardness, fracture toughness and compressive strength. Cyclic oxidation tests were

48 performed for 400 hours at the temperatures of 800 and 1000 °C. The cyclic oxidation tests simulate

50 industrial processes, where the material is alternately exposed to elevated temperature and subsequent

52 cooling (eg, engine components). From the viewpoint of most of the tested properties, alloying by niobium

seems to be the most promising.

58 Keywords: intermetallics, mechanical alloying, sintering, microstructure, mechanical properties, oxidation
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1. Introduction

Ti-Al-Si alloys consist of titanium aluminides and titanium silicides. Aluminide phases are tougher than
silicide phases. On the other hand, silicides are very hard but brittle phases. Fracture toughness of TiAl phase
at room temperature reaches from 11 to 18 MPa-m*? and fracture toughness of TisSis reaches from 2 to
4 MPa-mY2[1-8]. Ti-Al-Si alloys excel especially in low density, high-temperature oxidation and creep
resistance [9-11]. The TisSi; phase acts as a reinforcement for titanium aluminide matrix due to its strength,
it is also very good chemically, and mechanically compatible with TiAl (they have similar thermal expansion

coefficients) [12].

The previous studies have shown that aluminium and silicon in Ti-Al-Si alloys reduce the oxidation rate
of titanium to approximately 850 °C. Resistance against high-temperature oxidation is caused by the
formation of protective layers of TiO- (rutile), Al.O3; (corundum) and SiO; (silica). In particular, the addition
of silicon has a significant reduction effect on the oxidation rate due to the slow rate of oxygen diffusion in
the SiO; layer in comparison with the diffusion rate in rutile (TiOy) [13, 14]. Silicon also supports the
formation of TiN (titanium nitride) between the base material and the oxide layer, where it forms a separate
layer or isolated particles reinforcing the base material. Silicon reduces the solubility and diffusion rate of
nitrogen in the titanium, and thus the titanium nitride is not formed in the Ti-Al alloy [13, 15-17].

One of the main factors limiting the wider use of Ti-Al-Si alloys is their low fracture toughness at room
temperatures due to the missing area of plastic deformation at the deformation curve [18]. The low fracture
toughness is caused by the complex crystal structure of TisSiz phase. Due to the low symmetry, the size of
the Burgers vector is large in the TisSis, raising the self energy of the dislocation. The low symmetry and
highly covalent bonding, is responsible for a large Peierls stress, required for dislocation movement. As a
result, even if dislocations are present inside the TisSis grains, they are hardly mobile. Another problem
affecting the fracture toughness of TisSis is the coefficient of thermal expansion (CTE) anisotropy between
the c and a axes, which generates thermal residual micro-stress inside the grains during cooling [8].
However, the plasticity of Ti-Al-Si alloys increases with the increasing temperature and can be improved by
the addition of alloying elements. The upper limiting temperature of their use is set to 800 °C [19].

The addition of alloying elements (cobalt, chromium, iron, molybdenum, niobium and nickel) can

improve strength, ductility and resistance to high-temperature oxidation of Ti-Al-Si alloys. There are few
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comprehensive studies on the effect of alloying elements on this alloy system [10, 20, 21]. The addition of
cobalt improves the high-temperature properties and hardness of these materials [22, 23], chromium
improves ductility, strength and oxidation resistance and creep [24]. Iron atoms primarily substitute
aluminium positions in TiAl, so they cause substitution strengthening [25]. Molybdenum and niobium
increase high-temperature oxidation resistance and mechanical properties [22, 23, 26]. Niobium also
improves the fracture toughness [23]. Niobium also increases the thermodynamic activity of aluminium
compared to titanium and thus supports the formation of a stable Al,Os layer. It also supports the formation
of TiN layer at the interface between the oxide layer and the base material [27]. Nickel improves high-
temperature properties [28].

The aim of this work is to describe the properties of TiAl15Si15X15 alloy (X = Co, Cr, Fe, Mo, Nb, Ni)
prepared by mechanical alloying followed by Spark Plasma Sintering method. In this paper, microstructure,
phase composition, selected mechanical and tribological properties and high-temperature oxidation

behaviour are shown and the properties are compared with the ternary TiAI15Si15 alloy.

2. Material and methods

2.1. Preparation of intermediary phases by mechanical alloying and consolidation by Spark Plasma
Sintering

Powders of intermetallic alloys TiAI15Si15X15 (wt. %), where X = Co, Cr, Fe, Mo, Nb, Ni, were prepared by
powder metallurgy method using mechanical alloying. Pure powders were used as starting materials: titanium (purity
99.5 %, particle size < 50 pm), aluminium (purity 99.7 %, particle size < 50 um), silicon (purity 99.5 %, particle size <
50 pm), cobalt (purity 99.8 %, particle size 2 wm), chromium (purity 99 %, particle size < 150 um), iron (purity 99.9 %,
particle size < 150 um), molybdenum (purity 99 %, particle size < 150 um), niobium (purity 99 %, particle size < 150
um) and nickel (purity 99.99 %, particle size < 150 um) powder. The prepared powder mixtures weighing 5 grams were
placed in a milling vessel and mechanically alloyed in a planetary ball mill Retsch PM 100. Metal powders were ground
with 10 milling balls (ball to powder ratio of approximately 60:1). The milling vessel made of 1.4034 stainless steel was
filled by an inert gas (argon) to prevent the oxidation of powders. The parameters of mechanical alloying were chosen
based on our previous research [12], the powders were milled 4 hours with 400 rpm and after 30 minutes the direction
of rotation was changed.

Thus prepared powders were compacted by SPS (Spark Plasma Sintering). The sintering process was carried out at a

temperature of 1100 °C for 15 minutes, a pressure of 80 MPa, in a continuous current flow mode and the resulting
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tablets were cooled continuously with a rate of 50 °C/min. [The resulting cylindrical sample had a height of 5 mm and a
diameter of 20 mm.
2.2. Phase composition and microstructure of TiAI15Si15X15 alloys

The phase composition of milled powders, as well as compacted alloys, was examined by X-ray diffraction analysis
by the means of a diffractometer PANalytical XPert Pro, diffraction patterns were evaluated in PANalytical HighScore
plus program using the PDF2 database. The metallographic samples were prepared using grinding papers P80 to P4000,
the ground samples were then polished with a polishing suspension Eposil F (a mixture of silica nanoparticles with
hydrogen peroxide). The samples were etched by modified Kroll’s reagent (10 ml HF, 5 ml HNO; and 85 ml H,0). The
microstructure was observed using an optical light microscope Olympus PME3 with Carl Zeiss AxioCam ICc3 digital
camera and AxioVision program. The detailed microstructure and the composition of individual phases of the samples
was investigated by scanning electron microscope TESCAN VEGA 3 LMU equipped with energy dispersive analyser
(SEM-EDS). The porosity and pore size were determined by microstructure images of non-etched compact alloys and
evaluated by program Lucia 4.8.

2.3. Mechanical tests of TiAI15Si15X15 alloys
Mechanical properties were tested on the compacted alloys. Compressive strength tests were performed

on a LabTest testing machine 5.250SP1-VM. The test specimens had the shape of a cube with an edge length
of 3 mm. A minimum of 3 samples were tested for each alloy. Initial strain rate applied for compression
testing was 2 mm-min*. Hardness and microhardness were measured using Vickers hardness with a load of 1
kg (HV 1) and 0.1 kg (HV 0.1) on the Future-Tech FM-700 machine. Fracture toughness was evaluated

based on the crack size on the image analysis and determined by calculation according to Palmqvist equation

(2):

K, =0.016- (Hiv)% : (%) (1)

cz

where Kc is the fracture toughness (MPa-m*?), E is the modulus of elasticity (GPa), HV is the Vickers
hardness (HV 1, GPa), F is the load (N) and c is a half of crack length (mm). Abrasive wear resistance was
carried out by a modified pin-on-disc method on a disc tribometer. Each tested sample passed approximately
2.5 km distance in 15 minutes on P1200 grinding paper with 5.8 N normal force. The position of the sample
on the grinding paper was automatically changed continuously in order to keep the grinding ability of the

paper for longer time. The resulting wear rate was calculated based on equation (2):
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w=— 2

where w is the wear rate (cm*m), Am is the mass loss (g), 1 denotes the path length on grinding paper
(m) p is a density of sample (g-cm™). The density was measured by the Archimedes method.
2.4. High-temperature oxidation tests of TiAlI15Si15X15 alloys

Cyclic oxidation tests are intended to help simulate industrial processes where the material is exposed to
elevated temperatures and subsequent cooling. The temperature of 800 °C was chosen according to the
temperature of the applicability of Ti-Al alloys. The temperature of 1000 °C was chosen for the examination
of the possibility of increasing the thermal stability by the addition of silicon. The alloy samples were
annealed for 400 hours. The samples are removed from the furnace after 50-hours intervals, air-cooled,
weighed and then returned to the furnace to the given temperature. The internal stress occurs between the
base metal and its oxide layer as the consequence of cyclically repeated annealing. The sample and the
sample with scaled-off oxides were weighed after every 50 hours. The oxide layer was observed using an
optical and scanning electron microscope. The thickness of the oxide layer was measured by image analysis

using ImageJ program. The values of parabolic constants were calculated according to equation (3):

N

K, =L g

where K, (g>m*h?), Am (g), A (m?) and t (h) are the parabolic constant, the weight gain, the sample area
and the duration of cyclic oxidation, respectively.
3. Results
3.1. Phase composition and microstructure of TiAI15Si15X15 powders

The optimal duration of mechanical alloying (MA) of TiAI15Si15X15 (X = Co, Cr, Fe, Mo, Nb, Ni)
powders was chosen on the basis of the previous research [12]. After 4 hours of MA, all pure element
powders have reacted and formed intermetallic phases. The phase composition of the mechanically alloyed
powders is described by X-ray diffraction patterns in Figure 1. All alloys are formed by TisSis and TiAl
stable phases. A metastable phase AlgoCrzo [29, 30] in TiAI15Si15Cr15 alloy is also formed. Furthermore, it
can be assumed that all phases are substituted by other elements, as shown by the shift of the diffraction lines
in the XRD pattern. With the mentioned exception of chromium, the alloying elements do not form separate

phases but dissolve in titanium silicide or titanium aluminide.
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The microstructure of TiAI15Si15X15 powders prepared by MA is shown in Fig. 2. Micrographs show
that the powder particles have a homogeneous structure. Regions of different compositions are not visible,
except for areas with higher amount of iron. All mechanically alloyed powders were contaminated by iron
from the material of the milling vessel and balls - light areas in the figures. The particle size of alloy powder
after MA varies in the order of tens of micrometres. Titanium with silicon form TisSis titanium silicide,
titanium with aluminium form TiAl titanium aluminide. Because the phases are very fine and probably arose
almost simultaneously during milling, silicon and aluminium in titanium silicide and aluminide are partially
substituted by aluminium and silicon, respectively (see Spectrum in Fig. 2). Numerous cracks in the
microstructure suggest the formation of brittle intermetallic phases.

3.2. Phase composition and microstructure of TiAI15Si15X15 compact alloys

Figure 3 shows the phase composition of TiAI15Si15X15 alloys prepared by mechanical alloying (MA)
and Spark Plasma Sintering (SPS) using X-ray diffraction. All alloys are formed by TisSistitanium silicide,
which is preferably formed because silicon has a high affinity to titanium. Silicides of alloying elements
(cobalt, chromium, iron, niobium and nickel) are also present in the structure. The silicides are generally
very hard and brittle phases. Titanium aluminides TiAl are also present in the alloy structure and they are
tougher than silicides. Aluminides of other alloying elements were not identified as separate phases, although
these elements (Co, Fe, Nb, Ni) form stable aluminides. It can be assumed that phases of unbalanced
composition (i.e mixed aluminides and silicides), which are supersaturated over the equilibrium composition,
are present in the structure of Ti-Al-Si-X alloys prepared by MA and SPS.

Figure 4 shows the microstructure of TiAl15Si15X15 (X = Co, Cr, Fe, Mo, Nb, Ni) alloys prepared by
mechanical alloying followed by Spark Plasma Sintering. The microstructure is very fine-grained, well
sintered and without the presence of unreacted basic elements. The structure of alloys consists of titanium
silicides, selected silicides of alloying elements and titanium aluminide TiAl. Using the EDS point analysis
elemental composition of various regions of microstructure was found. It cannot completely distinguish areas
rich in individual phases. Because the phases are very fine, titanium silicide and aluminide are often
substituted by aluminium and silicon, respectively (see Spectrum in Fig. 4). Individual areas of silicides of
alloying elements (cobalt, chromium, niobium, nickel and iron) cannot be distinguished even by EDS

analysis. Lighter areas indicate the presence of heavier elements such as iron or silicon. Darker areas appear
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to be richer in aluminium. Numerous cracks were also detected in the microstructure of alloys, which are
likely to arise due to anisotropy of the thermal expansion coefficient of TisSi; phase in different crystal
directions [9]. Iron contamination from the milling vessel and balls was found in all alloys.

The porosity of TiAI15Si15X15 alloys does not exceed 3 vol. % (Fig. 5). Alloy with nickel reaches the
highest porosity. The remaining alloys reach the porosity under 1 vol. %. Average equivalent diameter of
pores is from 4.5 to 7 um (Fig. 5).

3.3. Mechanical and tribological tests of TiAl15Si15X15 compact alloys

The values of microhardness (HV 0.1) exceed 1500 HV 0.1 and range from 1527 HV 0.1 in the case of
TiAI15Si15Co015 alloy up to 1813 HV 0.1 for TiAI15Si15Mo15 alloy (Fig. 6). Because the microstructure of
the alloys is very fine-grained (see Fig. 6 top right, there is an indentation to TiAI15Si15Co15 alloy), it is
possible to use a very small load to examine the hardness. The high values of microhardness of all alloys
indicate significant reinforcement by alloying elements, in comparison TiAl15Si15 alloy described in our
previous article [12] reached 1426 + 136 HV 0.1. The hardness of TisSis titanium silicide and TiAl titanium
aluminide were tested in our previous article [31]. Titanium silicide TisSis hardness varies between 1070 and
1175 HV 0.05, the hardness of the titanium aluminide varies between 200 and 530 HV 0.05. The big
variations in the hardness of the aluminide phase are given by the substitution of silicon in titanium
aluminide and the formation of small particles of titanium silicides in Ti-Al matrix. Titanium silicide TisSia
has the same hardness as titanium silicide TisSis [31]. The values of microhardness correspond to phase
composition described in Fig. 4. The highest values of microhardness were achieved by alloy with
molybdenum and niobium. These elements are able to substitute titanium position in titanium aluminide
(TiAl) and thus strengthen it significantly. And also the hardness of the niobium silicide NbsSis is higher
than the hardness of titanium silicide TisSis [32]. On the other hand, the microhardness value HV 0.1 of the
TiAI15Si15Co015 alloy is the lowest of all alloys, because hardness of cobalt silicide CoSi is significantly
lower than the hardness of titanium silicide TisSis [33].

Fracture toughness of all alloys is low, i.e. all alloys tend to brittle fracture (Fig. 7). The highest value of
fracture toughness was reached by alloy with chromium (1.7 MPa-m¥?), the addition of chromium has a
significant effect on the increase of toughness of titanium aluminides [22]. On the other hand, alloy with

cobalt achieved the lowest value (0.69 MPa-m*2) due to a higher portion of silicides, cracks and especially
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pores in the microstructure, which behave as material imperfections. A stress concentration occurs at the
edges of the microcrack. Then a certain stress value is reached, which leads to disruption of the bonds
between atoms to form new surfaces [34].

The compression tests of Ti-Al-Si-X alloys were carried out at room temperature and the tests ended by
fracture of material. There was no plastic deformation observed during the test, since the mechanically
alloyed Ti-Al-Si-X alloys are brittle. The values of ultimate compressive strength vary for each alloy, mainly
because of the occurrence of cracks and pores in the microstructure of alloys. The highest ultimate
compressive strength was reached by TiAl15Si15Mo15 alloy (2298 MPa). Alloys containing niobium and
iron exceeded the limit of 2000 MPa in at least one of the performed tests. The lowest ultimate compressive
strength was reached by TiAI15Si15Co015 alloy due to the large number of structural inhomogenities (tab. 1).

Table 1 Ultimate compressive strength values of Ti-Al-Si-X alloys

Ultimate compressive strength
Alloy

[MPa]
TiAI15Si15C015 521
TiAI15Si15Cr15 1826
TiAI15Si15Fel5 2101
TiAI15Si15Mo15 2298
TiAI15Si15Nb15 2271
TiAI15Si15Ni15 1416

Ti-Al-Si-X alloys achieve very good values of abrasive wear resistance (Fig. 8). The wear rate of all
alloys is very low, the lowest values were achieved by alloy with molybdenum, niobium and iron. The high
abrasive wear resistance corresponds to the high ultimate compressive strength and hardness of these alloys.
3.4. High-temperature oxidation tests of TiAl15Si15X15 compact alloys

Fig. 9 shows the time dependence of the weight gain of Ti-Al-Si-X alloys during cyclic oxidation at
800 °C. It can be shown from the graph that the highest weight gain was found for alloys with cobalt and
iron, but the values are minimal and comparable with tests of Ti-Al-Si alloys without alloying elements also
prepared by MA+SPS [10]. On the contrary, an almost negligible weight gain was found in alloys with
chromium and niobium, which confirmed the very positive effect of these elements on high-temperature

8
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properties. The oxidation kinetics is probably controlled by a chemical reaction (linear course of the curve)
for alloys with cobalt and iron, for others, it is a diffusion control (parabolic dependence). Fig. 10 shows the
number of scaled-off oxides formed during cyclic oxidation at 800 °C. It can be seen from the graph that the
amount of delaminated oxides is almost negligible for all alloys (the change in weight is in thousands of
grams), which means that all oxide layers are cohesive and there is no peeling of oxides (which can be
confirmed in Fig. 11, where the compact surface of each alloy is visible).

Fig. 12 shows the time dependence of the weight gain of Ti-Al-Si-X alloys during cyclic oxidation at
1000 °C. In the figure, it is possible to see the parabolic growth of the oxide layer in the case of an alloy with
molybdenum, chromium, iron and niobium. In the sample of alloys with nickel and cobalt, there was a
weight loss of the sample, which indicates the formation of no-adherent oxide layer, which delaminated
during the oxidation test, as confirmed by Figures 13 and 14. The cobalt-alloyed alloy broke after 400 hours
of oxidation (Fig. 14).

The phase composition of the oxide layer of Ti-Al-Si-X alloys was determined by X-ray diffraction
analysis and the results are shown in tab. 2. The oxide layer consists of titanium dioxide (rutile), alumina
(corundum) and silica. The oxide layer is also formed by oxides of alloying elements (MoO,, MoQs, Fe;0s)
and mixed oxides (Al TiOs, FeTiOs). In addition to oxygen, nitrogen also penetrates from the air into the
alloy, forming nitrides found in the alloy with iron (FesN) and niobium (AIN, NbzN). In the alloy with
molybdenum, niobium and nickel, aluminide and titanium silicide, which belong to the base material, were
also detected in the oxide layer. These phases were found by X-ray diffraction because the oxide layer after
oxidation at 800 °C is very thin and also a crack could be found at the diffraction site.

Table 2 Phase composition of the surface oxide layer of Ti-Al-Si-X alloys after 400 hours of cyclic

oxidation
Phase composition Phase composition
Alloy (cyclic oxidation, 800 °C) (cyclic oxidation, 1000 °C)
TiAl15Si15Co15 TiO,, AlLO3, SiO; TiO,, Al;03, SiO;
TiAl15Si15Cr15 TiO;, Al,O3, SiO2, AlLTiOs TiO,, Al;,O3, SiO,
TiAl15Si15Fel5 TiOQ, A|203, SiOz, Fe,O3 TiOQ, A|203, SiOz, FeaN, FeTi03
TiAlI15Si15Mo015 TiO,, Al,O3, M0Os3, TisSis TiO,, SiO2, MoO;
9
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TiAI15Si15Nb15 TiOz, Al203, SiO2, AIN, TisSi3 TiOz, Al203, SiO2, AIN, Nb:N
TiAI15Si15Ni15 TiO., Al2O3, SiOz, TiAl3 TiO;, Al;O3, SiO2

The following Fig. 15 and Fig. 16 show the microstructure of the oxide layers of TiAI15Si15X15 alloys,
the figure on the left always shows the appearance of the layer after oxidation at 800 °C, on the right after
oxidation at 1000 °C. It can be seen from the figures that after oxidation at 800 °C, the alloy with cobalt, iron
and nickel formed the thickest oxide layer, which was approximately 40 um in thickness, while the alloy
with chromium or niobium formed almost no observable oxide layer on the surface. For oxidation at
1000 °C, the results were similar, the alloys with cobalt, iron and nickel were the least resistant was again,
while the alloys with chromium and niobium were the most resistant ones. The images show that some oxide
layers are cracked. Cracks most often appear at the base material-oxide layer interface.

The elemental composition of individual parts of the oxide layer was determined by EDS analysis. The
silicon and aluminium in Ti-Al-Si have a significant influence in improving the oxidation resistance of these
alloys, which can reduce the activity of titanium atoms and suppress the formation of TiO,. Silicon atoms
also can react with titanium atoms to form stable titanium silicides [35].The outer part of the oxide layer is
made of titanium dioxide, under which there are silica and alumina. The reasons for the formation of the
silica and alumina mixed layer are (1) TiO, with faster growth rate restrained the formation of Al.Os, (1) the
content of aluminium and silicon is limited, the content of aluminium for forming a protective scale is about
57-59 at. % [36] and the content of silicon for forming a protective scale must exceed 40 at.% [37-39]. In the
inner part of the oxide layer, there is a higher proportion of alloying elements and we can also find selected

oxides of iron or molybdenum. Using EDS analysis, no nitrogen-rich areas were found in any alloy.

4. Discussion

TiAI15Si15X15 alloys are all formed by the stable titanium silicide TisSiz and silicides of the alloying
elements (cobalt, chromium, iron, niobium and nickel). The aluminide matrix in all alloys is the TiAl phase,
which is also found in the TiAI15Si15 alloy [12]. In articles [23, 40], TiAlI15Si15X15 alloys were prepared
by reactive sintering. The article described that some of the used alloying elements are mainly aluminide-
forming (cobalt, copper and nickel), others silicide-forming (iron) and chromium with molybdenum form

stable aluminides and silicides. SEM-EDS analysis showed that TiAI15Si15X15 alloys prepared by reactive

ERV)
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sintering do not form detectable amounts of silicides and aluminides of added alloying elements and only
mixed silicides/aluminides are formed, where the alloying elements dissolve in titanium silicides and
aluminides [10, 23]. TiAI15Si15X15 alloys in this work were prepared by mechanical alloying, where X-ray
analysis of the powders did not show the formation of silicides or aluminides of the alloying elements after
MA. After Spark Plasma Sintering, the formation of silicides of alloying elements (cobalt silicide CoSi,
chromium silicide CrSi, iron silicide Fe,Si, niobium silicide NbsSis and nickel silicide Ni,Si) was confirmed
by X-ray diffraction. None of these silicides were found in samples prepared by reactive sintering. In the
TiAI15Si15Fel5 alloy, a mixture of titanium aluminides TiAl and TisAl was found after reactive sintering,
while after MA+SPS only titanium aluminide TiAl was found. The results of the EDS analysis showed that
the alloying elements do not form a detectable amount of their own phases during reactive sintering, they
only dissolve in titanium silicides or aluminides. After SPS, the silicides of the alloying elements arose.
Mechanical alloying causes aluminium in titanium aluminides to be strongly substituted with silicon and
vice versa in titanium silicides. The authors described that Ti(Al,Si) supersaturated solid solutions are
formed after at least 10 to 20 hours of milling [41, 42], but as shown in this work, intermetallic phases are
formed during a much shorter mechanical alloying duration (after 4 hours). Mechanical alloying in
combination with Spark Plasma Sintering leads to a very fine microstructure of the investigated alloys. The
authors described that mechanical alloying is a very efficient process for obtaining nanometer-sized grains
[43, 44]. The refinement of TisSi; crystallites is probably due to strong deformation and subsequent
recrystallization. The distribution of titanium silicides is much more homogeneous because the brittle
powder is crushed into very fine particles during the first step of the mechanical alloying. The elements in
the obtained compounds are substituted for each other, which exceeds the limits of equilibrium solubility
[45]. Fine-grained microstructure due to mechanical alloying and higher compaction pressure significantly
reduced the porosity of alloys compared to alloys prepared by reactive sintering [23]. The porosity of the
TiAI15Si15 alloy prepared by MA+SPS was 0.4 % by volume [12]. The addition of chromium and
molybdenum slightly increased the porosity (to 0.7 % by volume and 0.8 % by volume, respectively), the
addition of iron tripled the value (to 1.2 % by volume) and the addition of cobalt even increased fivefold (to
2 % by volume). The same effect of these alloying elements is also mentioned in articles [23, 40]. The article

[23] further shows that the addition of nickel reduces the porosity, however, the opposite effect was found in
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this work. The TiAI15Si15Ni15 alloy had the same high porosity value as the alloy with cobalt. Only
niobium as an alloying element did not increase the porosity, the TiAI15Si15Nb15 alloy had the same
porosity as the TiAI15Si15 alloy without alloying elements.

The values of microhardness correspond with the phase composition of alloys. The microhardness values
of all TiAI15Si15X15 alloys are higher than the values for the TiAlI15Si15 alloy prepared by MA+SPS [31]
because the alloys were further strengthened by the addition of alloying elements. Also, the increase in
hardness may be associated with the strengthening of hard particles of titanium silicides by alloying elements
[23]. The values of microhardness correspond with phase composition described in Fig. 4. The highest
values of microhardness were achieved by alloy with molybdenum and niobium. Molybdenum and niobium
substitute the positions of titanium in titanium aluminide TiAl, thus significantly strengthening it, so the
microhardness of these alloys was the highest of all tested. These elements are able to substitute titanium
position in titanium aluminide (TiAl) and thus strengthen it significantly. And also the hardness of the
niobium silicide NbsSis is higher than the hardness of titanium silicide TisSis [32]. On the other hand, the
microhardness value HV 0.1 of the TiAI15Si15Co15 alloy is the lowest of all alloys, because hardness of
cobalt silicide CoSi is significantly lower than the hardness of titanium silicide TisSis [33]. Along with the
hardness, the alloying elements also increased the ultimate compressive strength values, except for the alloy
with cobalt or nickel, where there were numerous cracks in the microstructure. The article [40] shows that all
alloying elements added to Ti-Al-Si alloys prepared by reactive sintering decrease mechanical properties,
especially fracture toughness. In our case, however, the fracture toughness did not decrease, on the contrary,
the fracture toughness reached higher values comparable to TiAl15Si15 alloy without alloying elements [31].
The TiAlI15Si15Cr15 alloy prepared by ML + SPS reached the best values of fracture toughness of all tested
alloys. However, the fracture toughness of all tested alloys is low, even lower than can be expected from the
combination of reported values for titanium aluminide and silicide phase (see above). The reason is probably
in the formation of high amount of defects during mechanical alloying, which results in massive deformation
strengthening, but also a drop of the toughness. Hence, mechanical alloying cannot be recommended as the
manufacturing method from the viewpoint of fracture toughness.

On the contrary to toughness, the wear resistance is one of the key strengths of the tested alloys. When we

compare the achieved values, they are comparable with the plasma nitrided alloyed high-carbon tool steel,
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which was recently tested under the same conditions [46]. The wear resistance was the best in the case of the
iron-, molybdenum- and niobium-containing alloys, i.e. in the case of elements, which form and could enter
the MsSis silicides. So the stabilization and possible strengthening of the silicide phase has the key effect on
the wear resistance. Due to high wear resistance, the tested alloys can be considered as candidates for the
protective coating used under the conditions of high abrasive wear.

The high-temperature oxidation can be controlled by diffusion or chemical reactions. If the growth of the
oxide layer proceeds through a diffusion-controlled mechanism, the resulting growth of the oxide layer to the
annealing time has a parabolic dependence. During the oxidation, the oxide layer grows to a certain limit,
where the diffusion of oxygen into the material is limited. The layer on the material no longer grows, so it
protects the material well. The linear dependence of the kinetic curve is associated with the formation of an
oxide layer by chemical reaction-controlled process. This mechanism applies primarily when the material
has a porous oxide layer or contains a significant amount of cracks, and so oxygen from the surrounding
atmosphere can easily penetrate into the depth of the material. Likewise, this mechanism applies to the
destroying of the oxide layer (pores, cracks). The formation of the oxide layer can be determined based on
values of parabolic constant Kp. If the value of the parabolic constant does not change over time, it indicates
the diffusion-controlled mechanism. The high-temperature behaviour of Ti-Al-Si alloys was detailed
described in our previous articles [10, 19, 47, 48].

The authors described that the high-temperature behaviour of Ti-Al-Si alloys can be improved by the
addition of other alloying elements. The addition of niobium was the most studied [49-54]. The combination
of silicon and niobium resulted in much better oxidation resistance than with the addition of individual
elements. Cobalt, chromium, copper, iron, molybdenum and nickel also increase the resistance to oxidation
at 1000 °C [23]. In this article [23] the Ti-Al-Si-based alloy prepared by reactive sintering and containing 15
wt. % molybdenum had the best oxidation resistance, followed by an alloy with chromium. These two alloys
also showed very good thermal stability [23, 40]. The positive influence of alloying elements for the
oxidation resistance of Ti-Al-Si alloys was also confirmed in this work. All alloys had very good adhesion of
the oxide layer, which was relatively thin, and the minimum scaled-off oxides occurred only at a temperature
of 1000 °C. The most oxidation-resistant samples were alloyed with chromium and niobium, which confirms

the positive effect of these elements on oxidation resistance.
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5. Conclusions

Ti-Al-Si alloys prepared by mechanical alloying have a homogeneous and fine-grained microstructure
with low porosity, which ensures high mechanical properties. Ti-Al-Si alloys are extremely resistant at
temperatures up to 800 °C. The addition of alloying elements improved the properties of Ti-Al-Si alloys.
Along with hardness, the alloying elements also increased the compressive strength values. The
TiAI15Si15Cr15 alloy achieved the best values of fracture toughness of all tested alloys. However, the
values of toughness are still too low. The best oxidation resistance was achieved by an alloy with niobium
and chromium. The presented results indicate that the tested alloys could be applicable e.g. in the form of

protective coatings, where the excellent high-temperature oxidation and wear resistance can be utilized.
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Figure and table captions

Fig. 1 XRD patterns of TiAI15Si15X15 powders

Fig. 2 Scanning electron micrographs and local chemical analysis (EDS, in at. %) of TiAl15Si15X15 (X =
Co, Cr, Fe, Mo, Nb, Ni) powders prepared by mechanical alloying

Fig. 3 XRD patterns of TiAl15Si15X15 compact alloys

Fig. 4 Scanning electron micrographs and local chemical analysis (EDS, in at. %) of TiAI15Si15X15 (X =
Co, Cr, Fe, Mo, Nb, Ni) alloys prepared by mechanical alloying and Spark Plasma Sintering

Fig. 5 Porosity and pore size of TiAI15Si15X15 compact alloys

Fig. 6 Microhardness of TiAI15Si15X15 compact alloys

Fig. 7 Fracture toughness of TiAl15Si15X15 compact alloys

Fig. 8 Abrasive wear resistance of TiAlI15Si15X15 compact alloys

Fig. 9 Time dependence of the Ti—Al-Si-X alloys (MA+SPS) mass gain during cyclic oxidation at 800 °C
Fig. 10 Time dependence of the scaled-off oxides (MA+SPS) mass gain during cyclic oxidation at 800 °C
Fig. 11 Appearance of Ti—-Al-Si-X alloys (MA+SPS) after 400 h of cyclic oxidation at 800 °C: a)
TiAI15Si15C015, b) TiAlI15Si15Cr15, ¢) TiAI15Si15Fel5, d) TiAl15Si15Mo15, e) TiAI15Si15Nb15, f)
TiAI15Si15Ni15

Fig. 12 Time dependence of the Ti—Al-Si-X alloys (MA+SPS) mass gain during cyclic oxidation at 1000 °C
Fig. 13 Time dependence of the scaled-off oxides (MA+SPS) mass gain during cyclic oxidation at 1000 °C
Fig. 14 Appearance of Ti—-Al-Si-X alloys (MA+SPS) after 400 h of cyclic oxidation at 1000 °C: a)
TiAI15Si15C015, b) TiAlI15Si15Crl15, ¢) TiAI15Si15Fel5, d) TiAl15Si15Mo15, e) TiAI15Si15Nb15, f)
TiAI15Si15Ni15

Fig. 15 Microstructure (SEM) of the Ti—Al-Si-X alloys (MA+SPS) after cyclic oxidation (400 h): a)
TiAI15Si15C015, b) TiAI15Si15Cr15, ¢) TiAl15Si15Fel5

Fig. 16 Microstructure (SEM) of the Ti—Al-Si-X alloys (MA+SPS) after cyclic oxidation (400 h): a)
TiAI15Si15Mo15, b) TiAI15Si15Nb15, ¢) TiAI15Si15Ni15

Table 1 Ultimate compression strength values of Ti-Al-Si-X alloys

Table 2 Phase composition of the surface oxide layer of Ti-Al-Si-X alloys after 400 hours of cyclic oxidation
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