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ABSTRACT 

This study presents significant advantages of cold-
spraying in performance of coatings based on Al matrix 
reinforced by metastable nano- and submicrosized 
quasicrystalline particles as compared to those 
processed by thermal spraying and, in particular, by 
high velocity oxy-fuel (HVOF) spraying technique. 
Two kinds of feedstock powders with nominal 
compositions Al^J^C^ and Al94Fe2.5Cr2.5Ti1 were 
employed in spraying the coatings on cold rolled steel 
substrate. Microstructure and key mechanical characteristics 
of feedstock powders and coatings performed by cold-
spraying and HVOF process were studied and discussed. 
The main benefit of cold-spraying as opposed to HVOF 
spraying was that the composite quasicrystalline 
structure of initial feedstock powders is retained in the 
interior of flattened particles heavily deformed under 
impact in solid state. Strain hardening of coating and 
substrate is resulted from impact during cold-spraying. 
The results showed that unlike to HVOF sprayed 
coatings important advantage of cold-sprayed 
quasicrystalline coatings is referred to combination of 
increased hardness with ductility indicated by plasticity 
characteristic just about critical value δΗ « 0.9, which is 
quite enough for preventing brittle failure of material 
during particle impact onto substrate or previously 
deposited particles. 
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1. INTRODUCTION 

Quasicrystals as a new class of solids with unusual 
quasiperiodic atomic structure /I/ exhibit unique 
physical, chemical, and mechanical properties, making 
them of growing attention for researchers employed in 
scientific and engineering applications. In particular, Al-
based quasicrystalline materials demonstrate relatively 
low density roughly about 4.5 g/cm3, high hardness 
ranging from 4 to lOGPa, high Young's modulus 
ranging from 70 to 100 GPa, low thermal conductivity, 
low friction, and oxidation resistance 12-11. Among 
other valuable properties high elevated-temperature 
strength indicative of nanoquasicrystalline alloys in Al-
Fe based systems /3, 8 - 14/ is important for different 
applications and, especially, for application in aircraft 
industry. 

Unfortunately, single-phase quasicrystalline solids 
are of brittle nature /3/. State-of the-art quasicryactalline 
alloys consist of α-AI matrix reinforced by nano-sized 
quasicrystalline particles show remarkable advantages 
in material mechanical performance, allowing for 
combination of high strength and sufficient ductility /10, 
15-17/. 

Generally, rapid solidification technique with high 
cooling rate about 105 K/s is required to create 
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quasicrystalline phases 13, 11, 18, 19/. Metastable state 
is indicative of quasicrystalline phases although stable 
quasicrystals are also found 131. A number of processing 
routes including rapid quenching /20, 21/, centrifugal 
atomisation /22, 23/, crystallisation of amorphous alloy 
/24/, spray forming /25/, etc. are presently available for 
synthesis of Al-based quasicrystalline alloys while 
powder atomisation technique either with argon-gas / l l , 
26/ or inhibited water /10, 17/ are thought to be mostly 
effective for mass production. When quasicrystalline 
alloy is performed as semi-product in form of 
powder/flakes their following consolidation is required 
to manufacture the bulk material. 

Plasma spraying and high velocity oxy-fuel (HVOF) 
flame spraying technique are commonly applied for 
performance of Al-based quasicrystalline material in 
form of coating 13, 16, 26-33/. These thermal spraying 
processes exhibit high deposition efficiency although 
they have several technical limitations as applied to 
performance of quasicrystalline coatings and especially 
those based on Al matrix reinforced by metastable 
quasicrystalline phases. In thermal spray processes, 
phase transformation can occurs since the sprayed 
material is at least partially molten because of extremely 
high temperatures which are typically achieved up to 
2000... 5000° C as in HVOF process or 3000 ... 
20000° C as in plasma spraying 1341. Oxidation can 
occur during the flight through the nozzle and the free 
gas jet, and also it can take place during solidification 
on the substrate l\0l. Moreover, thermal spraying can 
result in Al evaporation loss, causing undesirable 
alteration of alloy elementary composition. 

Powder metallurgical (PM) route using extrusion 
technique is alternative process for consolidation of 
powdered quisicrystalline alloy by plastic deformation. 
There are two different PM processes performed either 
in hermetic chamber with argon gas / l l / or degassing 
capsule /10, 16/. Although PM route offers indisputable 
advantages in term of retaining the elementary balance 
in quasicrystalline alloy as well as avoiding the 
oxidation and phase transformation it is rather 
complicated and expensive for industrial application. 

Cold spraying recently developed in the family of 
thermal spray processes /35, 36/ offers wide scope in 
performance management and volume production of 
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quasicrystalline material and coating. In this process 
feedstock powder particles are accelerated to supersonic 
velocities by a highly pressurised gas jet generated 
through a convergent-divergent Laval-type nozzle at the 
temperature well below the melting point of the sprayed 
material. Thus, cold spraying is a solid-state process 
which results in coating formation by intensive plastic 
deformation similar to that indicative of PM route, as 
was shown in previous paper /16/. However, cold 
spraying process is yet imperfectly characterised in 
respect to performance of quasicrystalline coatings 
although its efficiency in deposition of many other 
metallic coatings including nanostructured ones has 
been justified 131-43, 45/. 

This paper demonstrate the capabilities and 
advantages of cold spraying in performance of Al-based 
quiasicrystalline coatings by comparing their structure 
and key properties with those of thermally sprayed 
coatings. 

2. EXPERIMENTAL 

2.1 Powder and Coating Preparation 

Quasicrystalline powders of two aluminium alloys 
with nominal compositions of Al94Fe3Cr3 and 
Al^Fe^QisTii were chosen as sprayed materials /10/. 
Powders of Al-alloys with oxygen content about 0.3% 
were fabricated by water -atomisation technique using 
inhibited high-pressure water with Ph 3.5 /44/. As 
compared to conventional gas-atomisation process, 
water-atomisation process provides advantages in 
higher cooling rates up to 106 K/s although the oxygen 
content (0.2%) is almost the same. After atomisation the 
powders were sieved to less than 40 μιτι in size using 
the corresponding sieves. 

Coatings were performed both by cold spray 
technique and HVOF spraying. A commercial cold 
spray system (DYMET 403) was used in spray 
experiments. In this system, preheated propellant gas is 
driving through Laval nozzle to get a supersonic 
gas/particle jet. High-pressure compressed air was used 
both as the propellant gas unlike the other studies, 
which provide application of inert gases such as argon 
or helium in cold spraying the Al-alloy powders /39, 41, 
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46/. Atomised Al particles are often covered by oxide 
layer of nanosized thickness that originated from water 
medium as well as from oxygen contamination of inert 
gas. The dense oxide layer interfere further oxidation of 
Al-powder, making the demands to oxidation 
prevention of small importance. Feedstock Al-powder 
was injected into the supersonic jet from radial direction 
behind the throat of the nozzle by Venturi effect. 
Standoff distance was set at 10 mm in front of the spray 

Cold rolled plates of low carbon steel (carbon content 
0.2%) with a thickness about 3.0 mm were used as 
substrates and they were sand-blasted prior to spraying. 
Substrate overall dimensions and coating thickness were 
chosen with regard to further investigations. 

2.2 Powder and Coating Characterisation 

Composition of feedstock powder and coating were 
examined by X-ray diffraction (XRD) analysis using Cu K a 

radiation. Scanning electron (SEM) microscope Jeol 
Superprobe-733 (JEOL, Japan) equipped with X-ray 
detectors (EDX and ΕΡΜΑ) was used to recognise 
feedstock powder morphology (particle size and shape) and 
microstructure as well as to get basic information about 
coating thickness, porosity, microstructure, and also 
particle/substrate and particle/particle bonding. Transmission 
electron microscopy (TEM) images and selected area 
electron diffraction (SAED) patterns being performed using 
JEM 2100 F (JEOL, Japan) microscope were also analysed 
to study structural features of sprayed coatings. Coating 
porosity was determined by image analysis of the cross-
section samples. 

gun to built-up the coating on the substrate. Principle 
and technical set-up for cold spraying are described 
elsewhere /35/. 

HVOF spraying was performed with well-
established combination of feedstock powder and gas 
conditions using "Peryn-C" apparatus. In this system 
acetylene-oxygen mixture was used as an explosive fuel 
gas. Spray conditions accepted in the experiments are 
summarised in Table 1. 

Prior to SEM observation feedstock powder was 
glued by conductive compound and prepared by 
standard metallographic technique with polishing by 
diamond slurry. The same polishing procedures were 
used to prepare surface and cross-sections of coatings 
jigged in cramps. 

2.3 Mechanical Properties 

Hardness measurements and bond strength tests 
were used to characterize coating mechanical properties. 
Coating plasticity was also determined in addition to 
microhardness as a measure of material strength. 

Hardness measurements were performed on polished 
cross-sections of coatings in the as-sprayed state using 
conventional microhardness machine equipped by 
standardised Vickers pyramid. In addition, polished 
steel substrate and polished sample of glued feedstock 
powder were also subjected to hardness measurements. 
Microhardness values of tested materials were 
determined under loads higher than critical value F > Fc 

to avoid uncertainty in comparison of measurement 
results caused by the size effect, as was proposed in /47/. 
Since critical indentation load Fc is variable value that 

Table 1 
Spray parameters of cold spraying (CS) and high velocity oxy-fuel (HVOF) process 

Process Feedstock Powder Process gas 
Velocity, 

m/s 
Standoff 

Distance, mm 
Inlet 

Temperature, °C 
Pressure, 

MPa 

CS 
0-40 μηι 

Al94Fe3Cr3 
Al94Fe25Cr25Tii 

Compressed Air 700 10 <200 0,8 

HVOF 
0-40 μηι 

Al94Fe3Cr3 
Al94Fe2.5Cr2.5Ti, 

0 2+C 2H 2+air 
900-1000 110 2500 -
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depends on solid composition and structure /47, 48/ it 
was found in preliminary indentation experiments with all 
materials of interest. According to the test method 
procedure microhardness numbers were determined in 
wide range of indentation loads and then they were 
truncated to define area corresponded to results measured 
under F > Fc where dependence of HV on F is negligible. 
Final microhardness numbers determined under the each 
of indentation loads were averaged over the data obtained 
by the measuring not less than 10 indentations. Overall, 
indentation load used in microhardness measurements of 
powder particles was as high as 0.2 whereas that 
employed in experimentation with coatings/substrate was 
about 1.0 N. 

Plasticity characteristic δΗ was derived by 
calculations through microhardness measurement results 
/49/. According to physical definition δΗ parameter 
characterises material capability to change the form and 
defines a share of plastic deformation in total 
elastic/plastic deformation under indentation. Plasticity 
characteristic δΗ is dimensionless parameter that can 
vary in the range from 0 (for "pure" elastic contact) to 1 
(for "pure" plastic contact). 

Following equation was used for calculation of 
plasticity characteristic δΗ through Vickers hardness /49/ 

δ Η = l - 1 4 . 3 ( l - v - 2 v 2 ) ^ (1) 

where ν and Ε are Poison ratio and Young 's modulus of 
tested material, respectively. 

Microtester capable for load-displacement 
measurements and equipped by Berkovich pyramid was 
used to determine Young's modulus, E, according to the 
test method procedure originally proposed by Oliver 
and Pharr /50/. In addition, plasticity characteristic δΑ, 
which is physically close to that denoted by δΗ /49/ was 
derived from loading and unloading data according to 
demands of International standard ISO 14577-1:2002 
(E). Maximum indentation load used in load-
displacement experiments was as high as 2 N. Principles 
and test method procedure for determining the plasticity 
characteristic δΑ, are described in /51-53/. It is 
noticeable that compared to δΗ parameter determination 
of plasticity characteristic δΑ offers doubtless 
advantages because its value is directly derived from 

experimental data and no evidences concerning the 
values of Young 's modulus and Poison ratio are not 
required. 

According to demands of European standard EN582 
bond strength measurements were performed in a tensile 
mode from the pull-off test. As-sprayed bond strength 
samples were glued to counter bodies using the adhesive 
(Loctite, Ireland) with nominal strength up to 70 Μ Pa. 
Technical set-up for pull-off test is described elsewhere 
15 Al. 

3. RESULTS AND DISCUSSION 

3.1 Microstructure of Feedstock Powder and 
Sprayed Coatings 

Morphology of as-atomised powder is shown in 
Figure la . It could be seen that powder particles have 
irregular shape typically formed by water-atomisation 
technique /44/. Compared to spherical shape indicative 
of gas-atomised powder, irregular shape of water-
atomised powder particles offers essential advantages, 
ensuring higher particle velocity as it was shown for 
cryomilled powder of Al-atloy /38 / and easier 
compaction under further consolidation in dense 
coating. 

SEM images for microstructure of as-atomised 
powder demonstrate a huge numbers of white particles 
presented in the interior of the powder particles, as 
shown in Figure lb. The results of XRD analysis 
indicate quasicrystalline nature of powdered alloy, see 
Figure 2a In the XRD diffraction pattern of powdered 
alloys strong diffraction peaks attributed to icosahedra) 
phase (further denoted as i-phase) are revealed besides 
diffraction peaks of α-Al. In AI94Fe3Cr3 alloy increased 
content of Fe and Cr is detected in quasicrystalline 
particles by EDX analysis whereas the presence of 
titanium is additionally detected in quasicrystalline 
particles of AUFeisCrzsTi] alloy. Elementary 
composition of quasicrystals in Al92.5Fe2.5Cr2 5Ti2 5 alloy 
was thought to be compositionally corresponded to 
Al75Fe13CrnTii compound 1551. 

Size of quasicrystalline particles typically varies 
from 50 to 200 nm although quasicrystalline particles 
with the size increased up to 1.5 μπι are also revealed in 
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Fig. 1: SEM images of (a) morphology and (b) microstructure of as-atomised powder. 

® - quasicrystal ls 

ο - A l 

2θ, degrees 
Fig. 2: XRD patterns of (a) the Al94Fe2.5Cr2.5Tiι-feedstock powder and (b, c) coatings performed by (b) cold spray technique 

and (c) HVOF spraying. 
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the interior of some powder particles, suggesting 
variable cooling conditions for water jets. By using 
XRJD analysis volume fraction of quasicrystalline 
particles could generally be estimated roughly about 
25 %, which is nearly the same as that published in /10/ 
for quasicrystalline alloys of the same nominal 
compositions. 

As could be seen in Figure 2b no changes in 
intensity of diffraction peaks attributed to α-AI and i-
phase presented in XRD patterns for cold-sprayed 
coatings are revealed, suggesting the maintenance of 
composite quasicrystalline structure the same as that of 
feedstock powder. Actually, huge numbers of white 
quasicrystalline particles within the feedstock powder 
particles are clearly visible in SEM images of the 
surface and cross-sectional microstructures of cold-
sprayed coatings, shown in Figure 3b. Quasicrystalline 
nature of these particles is specified by the results of TEM 
observation. Typical TEM image of coating material and 
corresponding selected are of electron diffraction (SAED) 
is shown in Figure 4. Quasicrystalline particles with quite 
rounded shape are seen in TEM image while SAED pattern 
reveals five-fold spots indicative of i-phase. 

The results testify that the thickness of cold-sprayed 
coatings varies from 750 to 800 μπι and a few or no 
defects are visible at the interface with substrate, see 
Figure 3a. Apart from, no cracking and delaminating are 
observed in as-sprayed coatings. There are only some 
pores presented at the particle/particle interface at the 
porosity level that does not exceed 3%. 

Generally, as-received cold-sprayed coatings 
demonstrate intimate bonding at the particle/particle and 
coating/substrate interfaces under strong impact despite 
of difficulties related to processing behaviour of Al-based 
feedstock powder. Compared to powder of pure metals 
and, in particular, Cu, Zn with high density and good 
deformability under sufficient kinetic energy [56], it is 
difficult to produce a dense Al-based coatings because 
of oxide film naturally presented on the surface of 
feedstock ΑΙ-powders and their low density /39, 24, 25/. 
In the present study, high strain rate lied in the region 
from 1.15 χ 107 to 1.15 x l0 5 s" ' and resulted from 
particle impact velocity estimated as high as 700 m/s 
/16, 38/ was quite enough to break off the surface oxide 
film and generate intimate metallurgical bonding 
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between adjacent particles and substrate. Actually, 
remnant agglomerations of broken oxide layer are revealed 
by TEM observation at the particle/particle interfaces 
within coatings, as could be seen in Figure 4a. 

Two different deformation processes ensure intimate 
bonding between particle surfaces cleaned from oxide 
layer. Severe plastic deformation of particles results in 
flattening and mechanical interlocking the splats by cold 
forging under high contact pressure estimated as great as 
1.9 GPa /16/. Figure 3 shows that in contrast to 
quasicrystalline particles, which keep unchanged 
morphology, feedstock powder particles exhibit irregular 
polyhedral shape only in coating surface whereas they are 
flattened and heavily deformed in cross-sectional 
microstructure. Powder particles get elongated lens-like 
shape with aspect ratio kf « 4 . 7 , indicating splat 
behaviour in solid state under impact. 

The second deformation process is attributed to 
localised deformation at the particle/particle interfaces, 
resulting in so-called phenomenon as flow jet or adiabatic 
shear instability under high strain rate resulted from high 
impact velocity /57 ,58 ,59 / . This bonding process is 
considered to be comparable to that in explosive welding 
or shock wave powder compaction /60, 61/. Figure 3b 
shows the evidences of intense shear localisation and 
those indicative of metallurgical bonding by impact 
fusion. 

However, HVOF-sprayed coatings deposited using 
employed quasicrystalline feedstock powders is rather 
different compared to cold-sprayed coatings. Indications 
of partial transformation of metastable quasicrytalline i-
phase into conversional intermetallic compounds with 
nominal compositions such as Al13Fe4 and Al13Cr2 are 
revealed in XRD pattern for HVOF-sprayed coatings, as 
could be observed in Figure 2c. This result is in good 
agreement with the data /62/ concerning partial 
transformation of i-phase into conventional intermetallic 
compounds resulted from plasma spraying the feedstock 
powder of quasicrystalline Al83 7Fe7Cr63Ti3 alloy 
attributed to Al -Fe-Cr-Ti system the same as that 
employed in the present study. Apart from, characteristic 
features of XRD pattern for HVOF-sprayed coatings are 
reduced intensity of diffraction peaks of α-AI and the 
presence of diffraction peaks attributed to aluminium 
oxide. 
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c) d) 

Fig. 3: SEM images of (a, b) cross-sectional and (c, d) surface microstructure of cold-sprayed coating performed by 
Al94Fe25Cr25Ti|-feedstock powder. The arrow in (b) indicates interface between coating and substrate material. 
Black arrows in (a) indicate the evidence of shear instabilities at the particle/particle boundaries whereas white 
arrows in (a) indicate the local metallurgical bonding between the powder particles. 

\ 

a) b) 

Fig. 4: (a) TEM image and (b) SAED pattern of cold-sprayed coating performed by AI^e i sGisTipfeeds tock powder. 
Arrows in (a) indicate the remnants of broken oxide layer. 
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b) d) 

Fig. 5: SEM images of cross-sectional microstructure of HVOF-sprayed coating deposited using the feedstock powder of 
aluminium alloys with nominal compositions (a, b) Al94Fe3Cr3 and (c, d) Al94Fe2.5Cr2.5Ti1. In (b) elongated splats of 
aluminium oxide (dark grey) are marked as Ο whereas particles of intermetallic compounds (white and light grey) are 
marked as P. 

As could be seen in Figure 5, HVOF-sprayed 
coatings with the thickness about 500 μηι show quite 
non-uniform microstructure consisted of lamellar like 
regions with rather different contours of contrast, 
indicating a steeper gradient in oxygen concentration 
dissolved within them. In addition, huge number of 
coarse and/or spheroidized particles compositionally 
corresponded to intermetallic compounds and splats of 
aluminium oxide are observed in the lamellar structure. It 
is noticed that the presence of small amount of titanium 
in composition of Al^FeisGisTii-feedstock powder 
causes the oxidation level of HVOF-sprayed coating to 
rise up, resulting in reduced content of intermetallic 
compounds. Attention should be drawn to increased 
porosity level (between 5 . . . .7%) of HVOF-coatings, as 
shown in Figure 5. In addition, the presence of coarse 

brittle oxides and intermetallic compounds causes as-
sprayed coatings to cracking and delaminating that 
crucially impair their structural performance, see 
Figure 4a, b. 

Thus, the results of the present study show significant 
advantages of cold-sprayed technique compared to 
thermal spray processes and, in particular, to HVOF 
spraying. The main benefit of cold spraying is that the 
composite structure of initial feedstock powder of Al 
matrix alloy reinforced by metastable quasicrystalline 
particles is retained in coatings whereas microstructure of 
HVOF-sprayed coatings is highly supersaturated with 
oxygen and mainly dominated by oxides and 
conventional intermetallic compounds both formed in 
partially molten state during spraying as well as it is 
much impaired by increased porosity and local defects. 
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3.2 Mechanical Performance of Sprayed Coatings 

Mechanical characteristics of feedstock powders as 
well as those of coatings performed by cold spray 
technique and HVOF spraying are listed in Table 2. It 
could be seen that the hardness HV of cold-sprayed 
coatings is higher roughly about by 2 times than that of 
corresponding feedstock powder, suggesting material 
strain hardening upon impact. Indeed, the presence of Ti 
in quasicrystalline alloy causes hardness numbers of 
feedstock powder and cold-sprayed coating, both 

It is noticeable that plasticity characteristics δΗ (δΑ) 
for both kinds of feedstock powders are greater than 
critical value δΗ £0 .9 , indicating ductile behaviour of 
material in conventional tensile and bending tests /49/ 
and, therefore, ensuring its good deformability under 
impact. That is why no evidences of delaminating and 

performed by Al94Fe2.5Cr2.5Ti,-alloy, to be somewhat 
higher than those performed by Al94Fe3Cr3-alloy. 
However, despite of increased hardness cold-sprayed 
coating performed by Al94Fe25Cr2.5Tii-alloy shows the 
values of plasticity characteristics δΗ (δΑ) the same as 
those of cold-sprayed coating performed by A l ^ F e j Q v 
alloy. By considering the Eq. (1) it is easy to show that 
plasticity characteristic δΗ keeps the invariant value 
because the increased hardness number was balanced by 
increased value of Young 's modulus, see Table 2. 

cracking have been observed in microstructure of as-
received cold-sprayed coatings, see Figure 3. It is also 
essential that both kinds of cold-sprayed coatings keep 
the values of plasticity characteristics δΗ (δΑ) just about 
critical value, implying their workability under loading 
during exploitation /48/. 

Table 2 
Mechanical characteristics of feedstock powders and coatings performed by cold spray 

(CS) technique and HVOF spraying 

Mechanical 
parameter 

Elementary composition of feedstock powder 

Mechanical 
parameter 

Al94Fe3Cr3 Al94Fe2.5Cr2.5Ti, Mechanical 
parameter 

Powder 
Coating 

Powder 
Coating 

Mechanical 
parameter 

Powder 
CS HVOF 

Powder 
CS HVOF 

E, GPa - 90.012.5 12915.4 - 92.013.0 10615.0 
HV, GPa 0.9110.3 1.9510.12 5.0010.4 1.0310.3 1.9910.14 5,1010.35 

δΗ 0.92 0.85 0.73 0.92 0.85 0.68 

δΑ - 0.87 0.78 - 0.86 0.73 

Table 3 
Cold spray gas conditions and adhesive strength of different cold-sprayed coatings 

Powder 
Propellant/ 
carrier gas 

Gas pressure 
(MPa) 

Gas 
temperature (° 

C) 
Substrate 

Adhesive strength 
(MPa) 

Al-Cr-Fe alloy Air/air 0.8 200 
Cold-rolled 

steel 
25±4 

A2319 [39] Air/ argon 2.8 560 Mild steel 34±4 
A112Si [391 Air/ argon 2.7 520 Mild steel > 5 0 

Ti [39] Air/ argon 2.8 520 Mild steel 15±4 
Ti-6A1-4V [39] Air/ argon 2.8 585 Mild steel 10±2 

Cu [41] 
Nitrogen/ 
nitrogen 

3.0 305 
Low carbon 

steel 
10 

Cu* [41] 
Nitrogen/ 
nitrogen 

3.0 305 
Low carbon 

steel 
27 

Notice: * annealed state (1 h/400° C) 
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HVOF-sprayed coatings demonstrate the values of 
Young's modulus and hardness, which much superior to 
those of cold-sprayed coatings their plasticity 
characteristics δΗ (δΑ) are too small and indicative of 
tendency to brittle fracture /48, 49/. Actually, cracking 
and delaminating have been typically observed in the 
microstructure of as-received HVOF-coatings, see 
Figure 5. In addition, as opposed to cold-sprayed 
coating the presence of Ti in composition of feedstock 
powder leads to decreasing the plasticity characteristics δΗ 

(δΑ) of HVOF-coating. Following to above explanation 
using the Eq. (1) it is understanding that decrease of 
Young's modulus is primary responsible for decreasing the 
plasticity characteristics δΗ when no change of hardness 
number occurs, see Table 2. 

Thus, with a view to damage tolerance the essential 
benefit of cold sprayed coatings based on Al matrix and 
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reinforced by quasicrystalline particles is providing the 
combination of relatively high hardness and high 
ductility. It is important, that quasicrystalline Al alloys in 
systems Al-Fe-Cr/Al-Fe-Cr-Ti exhibit the thermal 
stability of mechanical properties at least up to 300° C 
/10/, making the cold-sprayed coatings valuable for 
application in aircraft industry. 

Besides mechanical properties bond strength plays 
crucial role in mechanical performance of sprayed 
coatings. The results listed in Table 3 show that 
quasicrystalline coating cold-sprayed on cold rolled steel 
substrate demonstrate quite high value of adhesive 
strength although it is lower than that reported in 
literature for other ΑΙ-based coatings cold-sprayed on the 
middle steel plates. However, bond strength of Al-based 
quasicrystalline coatings is much higher than that for Ti -
based coatings cold-sprayed on the middle steel substrate. 
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Fig. 6: Vickers hardness, HV, across cross-sectional structures of cold-rolled steel processed with feedstock powder of 

Al94Fe3Cr3 alloy by using cold spray technique and HVOF spraying. 
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The differences in adhesive strengths could be 
ascribed to the differences in strength properties of 
substrate material and processing parameters used in cold 
spraying. In particular, bond strength is usually higher on 
soft substrate materials. For instance, adhesion of copper 
coating cold-sprayed on steel substrate with nitrogen as 
process gas does not exceed 10 MPa in the as-sprayed 
state whereas its bond strengths on aluminium and copper 
substrates achieve 44 and 38 MPa respectively, as was 
reported in /63/. Therefore, lower bond strength of cold-
sprayed quasicrystalline coatings could be resulted from 
high hardness of cold-rolled steel substrate. In addition, 
steel substrate experiences significant strain hardening 
under impact, as could be seen in Figure 6. Hardness of 
substrate zone adjacent to coating increases by 50% and 
reaches the value nearly the same as that of 
quasicrystalline coating. Then hardness decreases 
gradually toward the centre of substrate. After cold 
spraying the thickness of hardened zone in substrate 
reaches about 600 μηι. Improvement of cold-sprayed 
coatings could be provided by annealing a steel substrate 
before spraying. 

HVOF-spraying leads also to strain hardening the steel 
substrate, as shown in Figure 6. The difference is that the 
extension of hardened zone resulted from HVOF-spraying 
is smaller by 4 times although the hardness of substrate 
zone adjacent to coating is roughly the same as that after 
cold spraying. However, strain hardening the substrate is of 
resulted from high velocity of gas-particles flow. Cold-
sprayed coatings exhibited flattened and heavily 
deformed powder particles with aspect ratio kf « 4 . 7 
whereas quasicrystalline particles in their interior kept 
unchanged morphology. 

Effective metallic bonding between the adjacent 
particles by breaking off the oxide films presented on the 
feedstock Al-powder and intimate contact between clean 
surfaces by mechanical interlocking and even by impact 
fusion was found to be indicative of the cold-sprayed 
coatings. Apart from, no cracking and delaminating are 
demonstrated in cross-sectional microstructure and at the 
coating-substrate interface whereas the defects above 
were revealed in HVOF-sprayed coatings due to the 
presence of brittle oxides and intermetallic compounds. 

Overall, strain hardening resulted in increased 
hardness of cold-sprayed coatings which superiors 

small significance because of HVOF-spraying can 
guarantee high bond strength due to at least partially 
molten state of sprayed particles. Unfortunately, despite of 
high hardness and high adhesive strength, cracking and 
delaminating resulted from low ductility impairs the 
mechanical performance of as-received HVOF-coatings, 
making them unserviceable for further engineering 
application. 

4. CONCLUSIONS 

By using feedstock powders with nominal 
compositions such as of Al94Fe3Cr3 and Al94Fe2 5Cr2.5Ti| 
the present study demonstrate significant advantages of 
cold-spraying in performance of Al-based coatings 
reinforced by metastable nano- and submicrometer-sized 
quasicrystalline particles as compared to thermal spray 
processes and, in particular, to HVOF spraying. 

The main benefit of cold spraying is that the 
composite quasicrystalline structure of initial feedstock 
powder is retained in coatings whereas microstructure of 
HVOF-sprayed coatings was dominated by conventional 
intermetallic compounds and aluminium oxides 
embedded in Al matrix highly supersaturated with 
oxygen. At the porosity level limited to 3% 
microstructure of cold-sprayed coatings was mainly 
affected by intensive plastic deformation under impact 
nearly by 2 times to that of corresponding feedstock 
powder. The important point is that the plasticity 
characteristics δΗ (δΑ) of feedstock powder and coatings 
were determined to be just about critical value δΗ = 0.9 
indicated in literature /49/ as criterion for ductile 
behaviour of material under conventional tensile and 
bending tests and, thus, quite enough for preventing 
cold-sprayed coatings against brittle failure during 
particle impact onto substrate or previously deposited 
particles. 

Adhesive strength of cold-sprayed coatings was 
determined to be about 25 MPa that is relatively high 
taking into account the high hardness of cold-rolled 
steel substrate. Due to strain hardening under impact 
hardness of substrate zone adjacent to coating increased 
by 50% and reached the value nearly the same as that of 
quasicrystalline coating. Despite of HVOF-sprayed 

335 



Vol. 29, Nos. 5-6,2010 Cold-sprayed Coatings based on High Strength 
Aluminium Alloys 

coatings could guarantee higher bond strength due to at 
least partially molten state of sprayed particles and give the 
hardness increased by roughly about two and half times 
compared to cold-sprayed coatings they showed rather low 
values of plasticity characteristics δΗ ξ5αξ0.7, indicating 
their tendency to brittle fracture and making them 
unserviceable for further engineering application. 
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