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Abstract 

The present article describes aspects of the cold gas spray processability of the intermetallic Ti-

48Al-2Cr-2Nb (at. %) alloy, which is employed as a structural material in gas turbine engines. 

The effects of processing parameters, namely, gas pressure, gas temperature, spray distance, as 

well as the gas atomized feedstock particle size (d50=30 and 42 µm, respectively) and phase 

composition on deposition, were investigated. The results showed that when the highest available 

gas pressure (40 bar) and temperature (950 °C) were combined with a short spray distance 

(20 mm), well-adhering coatings could be deposited regardless of the investigated particle size. 

However, the maximum coating thickness could be achieved was about 30 µm with a deposition 

efficiency of 1%. Phase composition of the gas atomized feedstock was investigated with HT-

XRD and according to the findings, heat treatment of the feedstock under vacuum was carried 

out. With this treatment, non-equilibrium, disordered α phase of the atomized powder was 

transformed into an α, α2 and γ phase mixture. At the same time, an increase in the hardness and 

oxygen content of the powder was detected. Swipe test performed with the heat treated powder 

revealed no improvement in terms of deposition, in fact, the number of adhering particles on the 

substrate was decreased in comparison with that of the untreated powder.  

1 Introduction 

Gamma-Titanium-Aluminide alloys (γ-TiAl), attract a great deal of attention in the aero-engine 

industry as they offer about half the density of Ni-based superalloys, high temperature creep 

strength and oxidation resistance as well as a high melting temperature [1]. Thus, their 

application can contribute to reductions in fuel consumption as well as in pollutant and noise 

emission. Ti-48Al-2Cr-2Nb (hereafter referred to as TiAl (48-2-2)) belongs to the second 



 
 

3 
 

development stage of these alloys and was employed in the beginning of the nineties for 

components in land-based turbines and combustion engines. TiAl (48-2-2) is designed to be 

constituted of two main (α2, γ) and one minor (βo) equilibrium phases which provide maximum 

ductility, that is, if the microstructure is also optimized. In 2011, it was applied for the first time 

to build low-pressure turbine blades for aero-engines [2].  

Cold gas spraying (CGS) is a rapidly developing deposition technique and in contrast to other 

thermal spray techniques, the deposition takes place in solid state [3]. This becomes very 

advantageous for deposition of ductile metallic materials as the oxidation rates are kept to the 

minimum levels while no heat-induced phase transformations occur. The bonding of the sprayed 

particles on the substrate in CGS relies on the plastic response of the depositing material at strain 

rates as high as 109 s-1 [3]. For that reason, one of the main criteria for successful deposition of a 

material by CGS is to have ductility and to this end, it should be assured that the particle impact 

temperatures exceed the brittle to ductile transition temperature (BDTT) of the material. This 

makes challenging the deposition of materials with high BDDT such as intermetallics by CGS. 

The BDDT of TiAl (48-2-2) alloy was reported to be approximately 750°C [4], though this 

temperature strictly depends on the microstructure, grain size, phase distribution of the alloy and 

strain rate of the deformation. The plastic response of ductile metallic materials under 

deformation in CGS process is often simulated by Johnson-Cook plasticity model. Accordingly, 

the particle bonding occurs if the thermal softening associated with the temperature spike upon 

particle impact overcompensates the strain and strain rate hardening of the material [5]. In this 

context, high strain rate sensitivity of γ-TiAl alloys [6] is also expected to be problematic for 

CGS processing. Flow stress anomaly reported by Maloy and Gray is another aspect related to 

high strain rate deformation of TiAl (48-2-2) alloy [7]. The authors studied compressive 
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deformation behavior of TiAl (48-2-2) alloy in the duplex microstructure at a strain rate of 2000 

s-1 between room temperature and 1100 °C. They observed that flow stress during the 

deformation started to increase at 500 °C and continued up to 1100 °C. The implication is that if 

such strengthening also occurs during the deformation of gas atomized feedstock microstructure 

in CGS process, it would complicate the successful bonding. Another characteristic that was 

reported to be closely linked to the ductility of TiAl (48-2-2) alloy is the oxygen content in the 

microstructure. The work of Lamirand et al. showed that the room temperature ductility of the 

fully lamellar and duplex microstructure TiAl (48-2-2) was reduced when the oxygen present in 

the alloy was greater than 0.1 wt.% [8]. 

To the best of the authors´ knowledge, the work of Cinca et al. has been the only published study 

investigating the cold gas spray deposition of an intermetallic (Fe40Al) starting from an 

intermetallic feedstock [9]. They reported that the deposition was critically dependent on powder 

particle size and process parameters, i.e. shorter spray distance was found to yield higher coating 

thicknesses than the longer distance. More recently, Gizynski et al. [10] investigated the 

deposition of Ti-46Al-8.5Nb-1Ta alloy using warm spray technology and their result showed 

that fairly dense and about 200 µm thick coatings could be produced by this method. 

Presumably, due to the fact that the particles can be heated up to relatively higher temperatures 

in warm spray than the cold gas spray process, this helped to overcome the brittleness problem of 

the material. Higher particle temperatures at the same time could have lead to higher oxidation 

levels, however, that was not commented on in the study. Other approaches such as cold gas 

spraying of Ti and Al powder mixtures were also published in the literature. Accordingly, Ti/Al 

composite coatings could be deposited by cold gas spray process with high efficiencies [11, 12], 

however, development of heat treatment regimes is still required to transform the deposited Ti/Al 
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mixture into intermetallics. First attempts of Novoselova et al. [12] in this direction revealed that 

porosity content of the coating was increased after a heat treatment at 850 °C due to Kirkendall 

effect. Following this information, Yang et al. [13] showed that porous Ti-48Al-6Nb coatings 

could be manufactured for membrane application by cold gas spraying and subsequent reactive 

sintering. 

The cold gas sprayability of gas atomized TiAl (48-2-2) powder is explored throughout this 

manuscript for jet engine repair application. The effect of powder phase composition, oxygen 

content and particle size distribution, the influence of spray parameters e.g. gas temperature, gas 

pressure and spray distance as well as the impact of the substrate on the deposition are reported. 

2 Material and Methods 

2.1 Manufacturing and characterization of powder 

The powder was manufactured by electrode induction gas atomization (EIGA) from pre-alloyed 

rods (diameter 80 mm, length 400 mm) at Helmholtz-Zentrum Geesthacht (Geesthacht, 

Germany). The manufactured powder was sieved into two different particle size fractions and 

particle size distributions measured with the laser diffraction method (LA-950-V2, Horiba Ltd., 

Tokyo, Japan) are given in Table 1.  

The elemental analysis of the feedstock was carried out by inductively coupled plasma optical 

emission spectroscopy (ICP-OES, using an iCAP 7600 instrument, Thermo Fischer Scientific 

GmbH, Kleve, Germany). The oxygen content of the powder was determined by hot gas 

extraction using Leco TCH600 nitrogen/oxygen/hydrogen determinator (Leco Instrumente 

GmbH, Mönchengladbach, Germany). Phase composition of the powder was investigated with 

Bruker D4 Endeavor diffractometer in Bragg-Brentano geometry using a Cu Kα anode. High-
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temperature XRD (HT-XRD) was performed at the PANalytical Empyrean diffractometer in θ-θ 

geometry using a Cu Kα anode and an environmental heating chamber HTK1200N (Anton Paar 

GmbH, Ostfildern, Germany) between room temperature and 1000 °C in vacuum (10-4 mbar). 

The Rietveld analysis of the collected XRD data was carried out with the software TOPAS V4 

(Bruker AXS GmbH, Karlsruhe, Germany). Metallographic cross-section of the powder particles 

was prepared for scanning electron microscope investigations (SEM) (ULTRA 55, Carl Zeiss 

NTS GmbH, Oberkochen, Germany) and energy dispersive X-ray spectroscopy (EDX, Octane 

Puls, EDAX, Ametek GmbH, Meerbusch, Germany) analysis. For electron backscatter 

diffraction (EBSD, JSM-7000F FEG-SEM by JEOL, equipped with a “Hikari” camera by 

Ametek-EDAX) observation, the as-received powder was mounted in conductive resin, 

mechanically ground, polished and finally Ar+-ion (6 keV) polished using an SM-09010 cross-

section polisher by JEOL. The EBSD data were measured with OIM Data Collection V 7.3 by 

Ametek-EDAX, using 20 keV electrons with a step size of 200 nm. The hardness of the 

embedded and cross-sectioned powder particles was tested by a nano-indentation device (CSM, 

Switzerland). 20 measurements were done with a maximum indentation load of 10 mN on 

randomly selected particles. The hardness was evaluated from the load-displacement curves 

using the Oliver-Pharr method [14]. 

2.2 Spraying of coatings and single particles 

Coatings were prepared using the CGS-Oerlikon Metco Kinetics 8000/52 kW cold spray system 

equipped with a standard D24 de-Laval type converging-diverging nozzle with an expansion 

ratio of 5.6. Nitrogen was used as propellant and feedstock carrier gases. The spray parameters 

used for the deposition of coatings are summarized in Table 2. High gas temperatures were 

selected to reach highest particle temperatures and hence to increase the material ductility. The 
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coatings were deposited on Alumina grit blasted (63-106 µm grit size, 2.5 bar pressure) 

Austenitic stainless steel and TiAl (48-2-2) substrates. 5 spray passes were used for the coating 

build-up, as no significant increase in the coating thickness by increasing the number of passes 

was observed. Additionally, swipe tests were carried out by spraying a single pass of particles on 

mirror polished substrates. Adhesive carbon tapes were fixed in front of the substrate holder 

during swipe tests so as to collect bounced-off particles from the substrate. The morphology of 

these particles was also investigated under SEM.  Deposition efficiency was calculated by 

comparing the powder flow mass over the time taken for deposition and mass of the deposit on 

the substrate.  

2.3 Characterization of coatings and sprayed/collected single particles 

Phase composition of the coatings was investigated with Bruker D4 Endeavor diffractometer 

using a Cu Kα anode. Metallographic cross-sections of the coatings were prepared to investigate 

the microstructure using scanning electron microscope (SEM) (ULTRA 55, Carl Zeiss NTS 

GmbH, Oberkochen, Germany, TM3030, Hitachi High-Technologies, Chiyoda, Tokyo, Japan). 

The surface morphology of the single particles on mirror polished substrates was analyzed by a 

3D laser confocal microscope (Keyence VK-9700, Keyence, Osaka, Japan), while high 

magnification imaging was carried out under SEM. EBSD analyses were performed in an 

analogous way as for the powder specimen, the only difference is that the sample was 

mechanically ground and polished down using 0.25 µm diamond suspension, followed by a 

3.5 min final polishing using 50 nm OP-S (colloidal silica suspension). The EBSD data were 

measured with OIM Data Collection V 7.3 by Ametek-EDAX, using 20 keV electrons with a 

step size of 100 nm. 
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3 Results and Discussion 

3.1  Properties of TiAl (48-2-2) feedstock 

Table 3 shows the elemental composition of the powder in wt.%, which corresponds to 48.3Ti-

47.8Al-1.67Cr-2.04Nb in at. %. The oxygen content of the powder was found to be  0.079 wt.%, 

which is below the critical limit of 0.1 wt.%, as explained earlier.  

Figure 1a shows the morphology of gas atomized TiAl (48-2-2) particles, which exhibits mostly 

spherical shape. Fine satellites observed on the particles are indications of in-flight particle 

contact during the process. Figure 1b shows the inverse pole figure (IPF) orientation map of 

particle cross-section in the y-direction, which demonstrates that the grain size in the powder 

particles has a wide distribution (few microns to tens of microns). The dendritic microstructure 

of the gas atomized powder is visible in Figure 1c. It is well established that high cooling rates 

may be reached during atomization, e.g. calculated cooling rate of a 50 µm Ti-49Al alloy particle 

atomized under Ar atmosphere is 5x104 K/s [15], which leads to significant undercooling of 

atomized droplets and thus to dendritic solidification. Depending on the particle size, the 

solidification rate and hence microstructural features such as dendritic arm spacing are distinct 

for individual particles and solute segregation during solidification is also closely linked to this. 

Figure 1d-g shows the Ti, Al, Cr, and Nb EDX maps of the particle shown in Figure 1c, which 

demonstrates Al and Cr segregation in the interdendritic regions whereas Nb is maintained in the 

Ti-rich inner dendrites. Similar findings were reported by Laipple et al. [16].  

Figure 2 shows the XRD-pattern of the gas-atomized powder, which was indexed as hexagonal 

α2 (Ti3Al, P63/mmc, a=5.733(4) Å, c=4.604(4) Å, D019 structure) phase and body-centered cubic 

βo (Im-3m, a=3.19(1) Å, B2 structure) phase. Quantitatively, the powder mainly consisted of α2 
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phase (95 wt.%), however, the quality of the fit was rather poor, as superstructure peaks were 

missing in the measured pattern. According to the Ti-Al binary phase diagram, the Ti-48Al 

composition has a mixture of α2 (Ti3Al) + γ (TiAl) phases dominated by γ phase at room 

temperature [17]. Therefore, the absence of γ phase in the XRD pattern and missing peaks of α2 

suggest that the detected phase was a disordered version of α2 phase (referred to as α phase with 

A3 structure in the literature [16]) formed during quenching, which is consistent with the non-

equilibrium microstructure of the powder mentioned above.  

3.2 Coating microstructure and phase composition 

The microstructures in cross-sections of TiAl (48-2-2) coatings sprayed on stainless steel 

substrates are shown in Figure 3a-d. The layer thickness of these coatings (average of 20 

measurements) and area-specific weights (ASW) are summarized in Table 4. Standard 

deviations in the layer thickness measurements are quite large but considering them together 

with ASW values, it appears that the effect of gas pressure on the amount of deposited material is 

less pronounced than that of the gas temperature. 950 °C yielded better results than 900 °C, 

which can be attributed to higher particle temperature and impact velocity achieved at 950 °C 

due to the higher speed of sound that is reached in the throat of the nozzle. Nevertheless, it 

should be noted that in all four combinations of temperature and gas pressure investigated here, 

the deposition efficiency could not exceed 1 %. For a successful particle bonding, a material 

dependent critical velocity (Vc) should be exceeded by the particle impact velocity (Vp). The 

findings here suggest that the particle impact velocities are just below the critical velocity and η 

(= Vp / Vcr) gets closer to unity at higher gas temperatures. Even so, once the surface of the 

stainless steel substrate is covered by TiAl (48-2-2), extreme strain, and strain rate hardening 

during deposition of next layers probably lead to a further increase of Vcr. To demonstrate the 
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effect of the substrate (or the previously deposited layer) on impact behavior of particles, 

experiments were conducted comparatively on stainless steel and TiAl (48-2-2) substrates and 

the results are discussed at section 3.3 below. 

Figure 4a shows the high-magnification BSE-SEM image of the coating sprayed at 950°C gas 

temperature with 40 bar pressure. The dendritic type microstructure of the powder is recognized 

to be retained in the coating microstructure. The EBSD analysis shown in Figure 4b 

demonstrates large un-indexed, black regions suggesting severe plastic deformation in the 

coating as expected. Indexed regions, on the other hand, revealed some preferred orientation 

close to [0001]∥y, indicating that the hexagonal basal planes are aligned in the impact direction. 

In the austenitic stainless steel substrate, close to the substrate-coating interface, a thin layer (1-

3 µm) of refined grains was observed. A similar finding was reported in the literature for a low 

alloy steel substrate after Inconel coating deposition by CGS (500 °C-30 bar He) and was 

attributed to thermally activated dynamic recrystallization of the heavily deformed substrate in 

that study [18]. The same phenomenon could possibly occur for austenitic stainless steel taking 

into account the higher gas temperature used in the present study, however, no detailed 

investigation was carried out on this matter. 

The XRD pattern of the same coating (950 °C-40 bar) is shown in Figure 5. In comparison with 

the powder, no phase transformation but a significant peak broadening in the cold sprayed 

coating was found. Grain size refinement and strain related peak broadening are typical in cold 

sprayed coatings due to plastic deformation produced at the moment of impact. Additionally, 

increased intensity of diffraction from (002) basal plane (parallel to the coating surface) at 38.95° 

indicated preferred orientation in the coating in agreement with the EBSD analysis results. The 

degree of orientation in the coating was calculated from the XRD data using the March-Dollase 



 
 

11 
 

approach [19] and found to be 22 % (March parameter, r=0.68). Generally, it is well known that 

the coatings showing preferred orientation also exhibits anisotropic mechanical behavior, 

particularly at lower temperatures. Therefore the influence of texture should be considered and 

further investigated in future studies. 

3.3 Effect of substrate on the deposition  

Swipe tests were performed on the mirror polished stainless steel and TiAl (48-2-2) substrates to 

investigate the effect of substrate on the deformation of particles upon impact. Figure 6 shows 

the results of these experiments. It can be clearly seen in Figure 6a, b, that the number of 

bonded particles is greater on the stainless steel substrate. Furthermore, Figure 6a1, b1 reveal 

that the TiAl (48-2-2) particles on stainless steel substrate are still in spherical shape whereas the 

ones on the TiAl (48-2-2) substrate are significantly distorted. The measured hardness of the 

substrates indicated about the two-fold high hardness of TiAl (48-2-2) substrate 

(HV0.03=388±60 (average ± stdev of 20 measurements)) in comparison with the stainless steel 

substrate (HV0.03=177±7), which can explain these findings. Severe plastic deformation on TiAl 

(48-2-2) substrate possibly leads to higher work hardening in the material and hence an increased 

Vcr resulting in fewer particles being bonded. The craters observed on both of the substrates 

suggest that the adiabatic sheer instabilities could not be reached even though the substrate and 

particles were deformed. Bounced-off particles from the substrates which were collected on 

adhesive carbon tapes are shown in Figure 6a2, b2. The bounced-off particles from the stainless 

steel substrate were found to be mostly in one side flattened morphology (Figure 6a2). The 

particles of the same type were observed in case of the TiAl (48-2-2) substrate as well, however, 

fractured bounced-off particles were also found abundantly on the carbon tape (Figure 6b2), 

indicating the lack of material ductility at higher strain rates. 
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3.4 Effect of particle size and spray distance 

Figure 7 shows the cross-section of TiAl (48-2-2) coatings deposited using two different particle 

size fractions (d50=30 µm and d50=42 µm) and spray distances (60 and 20 mm) on TiAl (48-2-2) 

substrates. When the larger particle size fraction was used at large spray distance, only some 

attached particles were found on the substrate (Figure 7a). The number of attached particles 

could be increased when the particle size was reduced, however, the adhesion was very poor and 

horizontal cracks were observed at the coating-substrate interface (Figure 7b). When the spray 

distance was shortened from 60 mm to 20 mm, regardless of the particle size, well-adhering 

coatings with an average thickness of about 20 µm could be achieved. At the shorter spray 

distance, slower Vp and at the same time smaller Vcr is expected due to increased particle 

temperatures. Therefore no significant change in the η values is anticipated as a function of spray 

distance. However, the slower Vp combined with the higher substrate temperature at shorter 

spray distance (about 50 °C increase from 60 mm to 20 mm was monitored), might have led to 

lower strain rates upon impact. Thus, decreased Vcr as a result of diminished work hardening can 

explain the better deposition at the short spray distance.  

3.5 Effect of feedstock phase composition and oxygen content 

3.5.1 HT-XRD investigation of the feedstock  

To achieve an equilibrium dual phase (α2 and γ) microstructure in the feedstock, time and 

temperature dependent phase composition evolution was monitored via HT-XRD. The α2 and γ 

phase mixed microstructure was desired as it was expected to have a higher ductility than that of 

the gas atomized single phase microstructure. The plot in Figure 8 demonstrates HT-XRD 

patterns of the feedstock at room temperature and between 600-1000 °C under 10-4 mbar 

vacuum. The duration of each measurement was 30 min and heating and cooling rates were 

5 K/min. At each temperature, two measurements were done to monitor the kinetics of the 
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transformation. At 600 °C, the intensity of α/α2 peaks (see (201)) was observed to be 

significantly reduced whereas the peaks of γ phase started to grow. Up to 800 °C, the intensities 

of the γ peaks continued to increase but no significant change was observed above this 

temperature. Furthermore above 800 °C low-intensity peaks of the oxidized alloy elements e.g. 

TiO2, Al2O3, CrO2 were also detected. It should be also noted that an ordering from α to α2 phase 

is expected to take place at these high temperatures. However, it was not possible to distinguish 

α and α2 due to the presence of too many superimposed low-intensity peaks at elevated 

temperatures. Additionally, peak shifts at elevated temperatures stemming from the thermal 

expansion of the material further complicated the analysis. Table 5 summarizes the quantitative 

phase analysis results of the measurements up to 800 °C. In this temperature range, the estimated 

precision is ≈3 %. Inaccuracy increases at higher temperatures due to the aforementioned 

reasons. Accordingly, the most significant change from α/α2 to γ takes place within 1 h 

measurement time at 600 °C, the transition progresses in the following 1 h at 700 °C, and it 

becomes almost completed in the next 1 h at 800 °C. These results are fairly in agreement with 

the recent study of Guyon et al. [20], which reported the evolution of metastable α phase in the 

same alloy system at elevated temperatures.  

Although it appeared that the complete transition requires 800 °C and about 3 h (cumulative time 

of the measurement between 600-800 °C), considering that the oxidation becomes severe at 

higher temperatures and must be avoided, the feedstock was heat treated in a vacuum oven (10-

5 mbar) at 700 °C for 1 h as a first attempt.  

3.5.2 Characteristics of the heat treated powder and swipe test 

Figure 9 shows the XRD-pattern of the heat treated powder, which was indexed as hexagonal α2 

(Ti3Al, P63/mmc, a=5.73(1) Å, c=4.61(1) Å, D019 structure) and tetragonal γ (P4/mmm, 
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a=2.83(1) Å, c=4.05(1) Å, L10 structure) phase. The missing superstructure peaks of α2, e.g. at 

27°, implies that the α2 structure is still disordered (α), however, this absence might be also a 

consequence of peak broadening. More accurate conclusions in this regard require further TEM 

investigations. Quantitatively, the heat treated powder had 24 wt.% α and 76 wt.% γ phase. 

Using the fundamental parameter approach [21] to separate instrumental broadening from the 

sample broadening, the grain size in the heat treated powder was calculated and found to be 

30 nm in the α phase and 20 nm in the γ phase. The cross-section microstructure of a particle 

shown in the same figure reveals that after the heat treatment the dendritic microstructure is 

retained and changing image contrast suggests that the micro segregations are still not 

homogenized. Obviously, these changes require higher temperature – longer treatment times. 

Although no oxidation peaks were observed in the XRD pattern of the heat treated powder, the 

oxygen content of the powder was analyzed again using the hot gas extraction technique. The 

result revealed a significant increase from 0.079 wt.% (Table 3) to 0.145 wt.% after this heat 

treatment.  

To evaluate the effect of the change in the phase composition as well as the increase in the 

oxygen content, the hardness of the individual powder particles were measured by means of 

nano-indentation from particle cross-sections. Figure 10 shows the loading-unloading curves of 

these indentations taken from both gas atomized and heat treated powder as well as average 

indentation hardness (HIT) calculated from the 20 curves. Accordingly, it was found that the 

phase transformation and/or oxygen content increase in the powder induced a change in the 

plastic behavior at room temperature. The hardness of the powder was found to be increased 

from 6.9±0.3 GPa to 9.5±0.3 GPa after the heat treatment. Lower plastic deformability of the 

heat treated powder is also visible from the smaller area between loading and unloading curves 
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in comparison with the gas atomized powder. Although the mechanism of such hardening 

behavior is not fully understood, it was expected to be not favorable for processing as it would 

only worsen the bonding. To examine that, swipe tests were carried out with the heat treated 

powder using the best parameter set (950 °C-40 bar-20 mm), and the results are shown in Figure 

11. As anticipated, when compared with the same test done with the gas atomized powder, a 

noticeably low number of bonded particles were found on the substrate. 

4 Conclusions 

In this study, gas atomized TiAl (48-2-2) powder was characterized and its cold gas sprayability 

was investigated. The gas atomized TiAl (48-2-2) powder was found to have disordered, single 

alpha phase, due to non-equilibrium solidification conditions in the gas atomization process. 

Spray experiments carried out with this powder in two different particle size fractions (d50=30 

and 42 µm) on stainless steel and TiAl (48-2-2) substrates. The experimental results revealed 

that: 

i) It was possible to deposit thin (~20 µm thickness), well adhering, uniform TiAl (48-

2-2) coatings on TiAl (48-2-2) substrates. This requires using high gas stagnation 

temperature and pressure (950 °C-40 bar N2) and a short spray distance (20 mm), 

which delivers high particle velocity, particle and substrate temperatures 

concurrently. 

ii) At longer spray distance (60 mm), it was not possible to achieve an adhering coating 

on the TiAl (48-2-2) substrate, although a 30 µm thick coating was attainable on the 

stainless steel substrate. The assertion is that two-fold high hardness of the TiAl (48-

2-2) substrate than that of the stainless steel elevated the work hardening during the 
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deposition. The hardening was possibly diminished by increased substrate 

temperature at the shorter distance. 

iii) Very low deposition efficiency of the process (about 1%) and high sensitivity of the 

deposition to spray distance and substrate material indicates that the reached particle 

impact velocities at 950 °C-40 bar were close/right below the critical velocity. 

To achieve the equilibrium phase composition and microstructure in the gas atomized 

feedstock, the feedstock was heat-treated at 700 °C for 1 h in a vacuum oven. The results 

showed that the desired γ rich phase composition could be achieved after the heat treatment 

so that an increased ductility was expected. However, hardness measurements revealed that 

the hardness of the powder was increased from 6.9 GPa to 9.5 GPa after the heat treatment. 

Swipe tests performed with the heat treated powder also showed that success of the particle 

bonding on the substrate was even worse than that of the gas atomized powder. This 

unpredicted change after the heat treatment was ascribed to increased oxygen content in the 

powder (up to 0.145 wt.%), however, further investigation is required to provide evidence for 

this. Furthermore, the non-homogenized microstructure of the powder obtained after the 

relatively low temperature – short time heat treatment needs to be further characterized and 

improved. Therefore, an investigation is ongoing for developing a heat treatment method to 

attain optimum particle microstructure and phase distribution, without raising the oxygen 

content level of the feedstock. 
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Tables 

Table 1: Particle size distribution of gas atomized feedstock 

Powder Fraction d10 [µm] d50 [µm] d90 [µm] 

1 28 42 61 

2 18 30 45 
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Table 2: Cold gas spraying conditions 

Parameter Setting 

Gas temperature (N2) [°C] 900-950 (varied) 

Gas pressure (N2) [bar] 35-40 (varied) 

Gas flow rate (N2) [m3/h] 70 

Spray distance [mm] 20-60 (varied) 

Pre-chamber length [mm] 102 

Feed rate [g.min-1] 15 

Gun traverse speed [mm/s] coating deposition :500  

swipe test:1000 
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Table 3: Elemental and oxygen analysis results of powder. 

 Ti [wt.%] Al [wt.%] Cr [wt.%] Nb [wt.%] O [wt.%] 

Gas-atomized 
TiAl (48-2-2)   

59±1.4 33.7±0.8 2.25±0.05 4.91±0.12 0.079±0.005 
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Table 4: Layer thickness and area-specific coating weight of the cold sprayed coatings that are 
shown in Figure 3.  

 Layer thickness ± stdev [µm]  Area-specific coating weight [g/cm2] 

950°C-40bar 19.5±5.7 0.00491 

950°C-35bar 15.8±4.5 0.00488 

900°C-40bar 14.1±5.5 0.00244 

900°C-35bar 12.4±3.6 0.00240 
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Table 5: Quantitative phase analysis results of HT-XRD experiments. Note that each 
measurement takes 30 min and the minor contribution of βo phase was omitted in this analysis. 

Temperature α /α2 [wt.%] γ [wt.%] 
As atomized 100 0 
600 °C (1st ) 57 43 
600 °C (2nd ) 32 68 
700 °C (1st ) 14 86 
700 °C (2nd ) 11 89 
800 °C (1st ) 5 95 
800 °C (2nd ) 5 95 
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List of Figure Captions 

Figure 1: a) Morphology of gas atomized particles, b) EBSD inverse pole figure (IPF) map of 
particle cross-section in the y-direction, c) BSE-SEM image of a particle, d-g) EDX maps of the 
particle shown in c. 

Figure 2: XRD-diffractogram of gas atomized TiAl (48-2-2) powder.  

Figure 3: Cross-section microstructure of TiAl (48-2-2) coatings sprayed at a) 950 °C-40 bar N2, 
b) 950 °C-35 bar N2, c) 900 °C-40bar N2, d) 900 °C-35 bar N2 gas temperature and pressure, 
respectively, using powder fraction d50=42 µm. The substrates are alumina grit blasted stainless 
steel, the spray distance is 60 mm, and the number of passes is 5. 

Figure 4: a) BSE-SEM, a cross-section image of coating (950°C-40bar, d50=42µm), b) EBSD 
inverse pole figure map of the coating in the y-direction and corresponding inverse pole figure 
on the right. Hexagonal and FCC crystal systems are used for indexing the coating and austenitic 
stainless steel, respectively.  

Figure 5: XRD-diffractogram of cold sprayed (950°C-40bar, d50=42µm) TiAl (48-2-2) coating. 
Powder pattern is also shown for comparison. 

Figure 6: Confocal laser microscope, top view images of cold sprayed TiAl (48-2-2) particles 
(950 °C-40 bar, d50=42 µm) on mirror polished a) stainless steel, b) TiAl (48-2-2) substrates. 
Arrows on the images indicate the spray direction. High magnification BSE-SEM images of the 
TiAl (48-2-2) particles a1) on stainless steel, b1) TiAl (48-2-2) substrate. BSE-SEM images of 
the TiAl (48-2-2) bounced-off particles from a2) stainless steel, b2) TiAl (48-2-2) substrate. 

Figure 7: Cross-section SEM images of TiAl (48-2-2) coatings (950°C-40bar) on TiAl (48-2-2) 
substrates. a) d50=42 µm, spray distance 60 mm, b) d50=30 µm, spray distance 60 mm, c) 
d50=42 µm, spray distance 20 mm, d) d50=30 µm, spray distance 20 mm. Dashed lines show the 
coating-substrate interface. 

Figure 8: High-temperature XRD patterns of the TiAl (48-2-2) powder under 10-4 mbar vacuum. 
Non-indexed peaks above 800 °C belong to oxides. 

Figure 9: XRD-diffractogram of heat treated TiAl (48-2-2) powder at 700 °C-1 h with 10 K/min 
heating and cooling rate under 10-5 mbar. The inset shows a cross-section BSE-SEM image of a 
heat-treated particle. 

Figure 10: Loading-unloading curves of randomly selected 20 individual powder particles in the 
gas atomized state and after the heat treatment. 

Figure 11: Confocal laser microscope, top view images of cold sprayed TiAl (48-2-2) particles 
(950 °C-40 bar, 20 mm spray distance, d50=30 µm) on mirror polished TiAl (48-2-2) substrates, 
a) gas atomized, b) heat treated powder. Arrows on the images indicate the spray direction. 
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