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Abstract. Aluminum matrix composite (AMC) reinforced with in-situ Fe,Als
intermetallics particles was prepared through annealing treatment of the cold-
sprayed Al/Fe composite precursor with an Al/Fe weight ratio of 85:15. The
deformation characteristics of Al and Fe particles in cold spraying process and the
effect of heat treatment temperature on the in-situ Fe,Als intermetallics formation
and the morphology evolution were investigated. The results showed that the cold-
sprayed Al/Fe composite deposit had a dense microstructure and its composition
was nearly same as that of original powder mixture, and soft Al particles exhibited
the significantly intensive deformation compared to Fe particles, which caused the
elongation of Al grains. The Fe,Als intermetallics were formed and uniformly
dispersed in the Al matrix after annealing at 500°C. The content of Fe,Als phase
increased with raising annealing temperature and Fe particles in Al/Fe composite
were fully consumed by diffusion alloying reaction with Al matrix above 550°C and
simultaneously the fragmentation of Fe,Als intermetallics particles occurred.
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1. Introduction

Because of their attractive high specific strength and good wear resistance, Al-based
matrix composites (AMCs) have been widely interested [1-2]. Generally, SiC, TiC and
Al,Os etc. ceramic particles were used as reinforcement for AMCs [3-5]. However,
ceramic particle-reinforced AMCs had some drawbacks for commercial applications,
including high production costs, difficulty to machinability and incompatibility with the
environment [2]. Because of its high hardness, high stability and good compatibility with
aluminium matrix, in-situ intermetallic particles are expected to as reinforcement to
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fabrication of AMCs [6]. Many processes or technologies can be used to produce the
AMC s, for example sinter, hot pressing, casting [7-9], thermal spraying (TS) [10-12],
etc.

Cold spraying (CS) technology has been attracting interest in fabrication dense and
no oxidation composite coating and deposit. In this process, particles in a solid state
occur intensive plastic deformation when impacting upon substrate and /or the pre-
deposited particles and consequently form a coating without the deleterious problems
inherent to conventional TS, for example oxidation, phase transformation,
decomposition, grain growth and etc [13]. A few papers showed that the dense Ti/Al [14-
15] and Ni/Al [16] composites can be produced by CS of powder mixture and post-spray
treatment would occur Al-based intermetallic phase formation.

Therefore, the present work was to fabricate in-situ Fe,Als intermetallics-reinforced
AMC and study annealing temperature effect on in-situ formation of Fe,Als
intermetallics and structure evolution of cold-sprayed AMCs.

2. Materials and Procedures

The elemental powder were Al (99.5 wt.%, -48 um) as a matrix and Fe (99.8 wt.%, ~30
pm) powders as reinforcement. The powder mixture composition ratio of Al and Fe was
85:15 wt.%, namely 94.2:5.8 in the volume fraction. The mixing process was performed
in planet style ball mill with the mass ratio of ball-to-powder about 2:1 at speed of 150
rpm for 2 hrs. Fe powders were angular and Al powders were spherical in figures 1(a)
and 1(b), respectively.
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Figure 1. SEM images of the Fe (a) and Al (b) powders.

A cold spraying system installed in our lab was used to prepare Al/Fe compoiste
deposit. Nitrogen was used as both driving gas and powder carrier gas with a pressure of
2 MPa and 2.2 MPa, respectively. Driving gas temperature was about 200°C and standoff
distance was 20 mm. Substrate was Al plate with the thickness about 5 mm and
sandblasted before deposition. In order to form intermetallic-reinforced aluminum
composites, the as-sprayed Al/Fe deposit was annealed at 500°C and 550°C for 5 hours
to form in-situ intermetallic compounds by solid-state diffusion. All samples were
furnace heated and cooled. The microstructure and phase structure of Al/Fe deposits were
examined by scan electron microscopy (SEM) and X-ray diffraction diffractometer
(XRD), respectively
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3. Results and Discussion

3.1. Microstructure of Al/Fe Composite Deposits

The Al/Fe composite deposit had the same phase components as the powder mixture with
only Fe and Al phases. There were no Fe-Al intermetallic phases, Al or Fe oxides existed

in the cold-sprayed Al/Fe composite (in figure 2), which was ascribed to the low
deposition temperature of cold spray process.
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Figure 2. XRD pattern of the as-sprayed Al/Fe deposit.

Figure 3 shows typical surface morphologies of the cold-sprayed Al/Fe composite
deposit, in secondary electron (SE) and backscattered electron (BSE) mode, respectively.
The as-sprayed Al/Fe composite showed rough topography, which was formed by
successive impacting particles (namely ‘splat’) piled up (in figure 3(a)). White Fe particle
in contrast embedded in the surface of dark Al particles due to its relatively high hardness
and high impacting velocity, as marked by white double arrows in figure 3(b). However,
many impacting craters resulted from the rebounded Al or Fe particles can be evidently
found on the surface of dark Al particles due to its low hardness, as marked by white
arrows in figure 3(b). Hence, Al particles experienced more intensive deformation
compared to Fe particles.

Figure 3. Surface morphology of the as-sprayed Al/Fe composites deposit in the SE (a) and BSE mode (b).

The cross sectional microstructure of the as-sprayed Al/Fe composite deposit in SE
and BSE mode was shown in figures 4(a) and 4(b), respectively. Al/Fe deposit had the
dense microstructure (in figure 4(a)) and its porosity was only 1.2+0.44, determined by
the image analyzing method. Due to be softer than Fe particles, Al particles intensively
deformed to make up a dense matrix, in which white Fe particles embedded (in figure
4(b)). Due to different hardness, particle size, particle morphology and etc, Fe particle
and Al particle would exhibit different deformation behavior and subsequently different
deposition efficiency. The real volume fraction of Fe in as-sprayed Al/Fe composite was
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6.3+£0.21, which was nearly same as the nominal volume fraction of Fe in Al85Fel5
composite (about 5.8%).

The as-sprayed Al/Fe composite in the high magnification were given in figure 4(c)
and 4(d). The Al/Fe composite was etched using Krolls reagent (3ml HF: 6ml HNOs:
100ml H>0) in order to clearly displayed the boundary characteristics between particles
and particles. The Al/Fe composite presented a dense microstructure and Fe particles
were embedded on Al matrix (in figure 4(c)). In addition, Al particles exhibited intensive
deformation compared to Fe particles. As a result, the Al particles boundaries were nearly
indistinguishable. The distinct deformation behavior of Al and Fe particles would be
ascribed to their discrepancy in density, hardness and particle size as well. It was
noticeable that some Al particles have been deformed into long thin splats (as marked by
B in figure 4(c)) and other particles do not experienced significantly deformation (as
marked by A in figure 4(c)). At higher magnification (in figure 4(d)), Al particles were
in intimate contact at the interface (as indicated by white broken lines), which would be
conducive to solid state diffusion between Al and Al or Fe particles during post spray
annealing treatment. Our previous research [17] found that this intensive deformation
can accelerate the interface diffusion during annealing treatment. In addition, elongated
grains mostly appeared close to particle boundary and undeformated grains were mainly
in the particle interior, as indicated by white arrows in figure 4(d). This phenomenon also
testified that the impacting particle deformation mainly occurred in the particle boundary.

Figure 4. Cross section images of the cold-sprayed Al/Fe composite deposit in the SE (a) and BSE mode (b),
and (c), (d) in high magnification.

3.2. Annealing Effect on Al/Fe composite

Figure 5 shows SEM images of the annealed Al/Fe composite. Some gray particles
appeared beside white Fe and dark Al matrix when annealed at 500°C, as indicated by
white arrows in figure 5(a). According to Fe-Al diffusion theory and the previous study
[18], these gray particles were “new born” Fe,Als intermetallics, which had the bigger
size comparing to original Fe. This fact indicated that Fe,Als intermetallics interface
grow up toward Al matrix during element diffusion. In addition, some Fe particle did not
completely transformed into Fe,Als intermetallic phase and the unreacted Fe was still
present in the inner of particles and some cracks appeared in the outside area of Fe,Als
intermetallic phase, as indicated by white arrow in figure 5(b). However, Fe completely
disappeared and transformed into Fe,Als after annealing at 550°C (in figure 5(c)). It was
notable that may small Fe,Als particles appeared in the annealed composites as indicated
by white arrows in figure 5(c). When Fe transform to Fe>Als, its volume would contract,
whereas, the diffusion of Al into Fe structure would cause volume expansion. Such
contrary volume change induce different stress state, namely tensile stress in outer
surface and compressive stress in inner. Therefore, outer Fe,Als area is under tension and
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inner Fe is under compression. The residual stress in Fe,Als area was too small to cause
obvious crack when the annealing temperature is low (such as 500°C). However, this
tensile stress would significantly increase with raising annealing temperature (such as
550°C) and finally cause fragmentation of brittle Fe,Als, as shown in figure 5(d). The
detailed fragmentation mechanism of Fe,Als needs further studies and discussion.
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Figure 5. SEM images of Al/Fe composite annealed at different temperature: (a) (b) 500°C and (c) (d) 550°C,
respectively.

Figure 6 shows the XRD patterns of the annealed Al/Fe composite deposits. It can
be seen that the composite annealed at S00°C presents the same phase structure as the as-
sprayed deposit consisting of Al and Fe. However, Fe,Als phase has actually appeared
(phase in a gray contrast in the figure 5(a)), which was ascribed to the low content of
Fe,Als phase in the annealed Al/Fe composite. After annealed at 550°C, the peaks of
Fe,Als intermetallic compound can be clearly detected in the coating. This indicated that
the content of Fe»Als phase in annealed deposit greatly increased, as can be testified from
figure 5(c).
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Figure 6. XRD patterns of Al/Fe composite deposits annealed at different temperatures.

4. Conclusions

In-situ Fe;Als intermetallics-reinforced aluminum matrix composite (AMC) was
successfully fabricated by annealing cold-sprayed Al/Fe precursor composite deposit.
The as-sprayed Al/Fe composite deposit had a same phase structure and constitute with
that of the original powder mixture. The intensive deformation of Al particles caused
close interface contact between particle/particle and the remarkable grain elongation in
deposited Al particles. In-situ Fe,Als intermetallic compound appeared in the Al/Fe
deposit after annealed at 500°C. All Fe particles completely transformed into Fe,Als
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intermetallics by diffusion alloying reaction with Al matrix at 550°C and the
fragmentation of Fe,Als intermetallics particles simultaneously occurred.

Acknowledgments

National Natural Science Foundation of China (NSFC) (No.51561013, 52161012) and
Jiangxi Natural Science Foundation (No.20151BAB206008, 20192BAB206006) are
acknowledged for the funding of the work.

References

(1]
(2]
[3]

(4]
(3]
(6]
(7]
(8]
(9]

[10]

[16]
[17]

(18]

Eesley GL, Elmoursi A, Pater N. Thermal properties of kinetic spray Al-SiC metal matrix composite.
Mater. Res. 2013 Apr; 18(4): 855-60.

OzbenT, Kilickap E, Akir O. Investigation of mechanical and machinability properties of SiC particle
reinforced AI-MMC. J. Mater. Process. Technol. 2008 Mar; 198 (1-3): 220-5.

Pardo A, Merino MC, Merino S, Lopez MD, Viejo F, Carboneras M. Influence of SiCp content and
matrix composition on corrosion resistance in cast aluminium matrix composites in salt fog. Corros. Eng.
Sci. Technol. 2004; 39(1): 82-8.

Ghosh K, Troczynski T, Chaklader ACD. Aluminum-silicon carbide coatings by plasma spraying. J.
Therm. Spray Technol. 1998 Mar; 7(1): 78-86.

Hunt WH. Metal matrix composites: applications. Encyclopedia of materials science and technology.
Elsevier. 2001; 5442-6

Srivatsan TS, Al-Hajri M, Smith C, Petrarolic M. The tensile response and fracture behavior of 2009
aluminum alloy metal matrix composite. Mate. Sci. and Eng. A. 2003 Apr; 346(1-2): 91-100.

Davidson AM, Regener D. A comparison of aluminium-basedmetal-matrix composites reinforced with
coated and uncoated particulate silicon carbide. Compos. Sci. Technol. 2000 May; 60(6): 865-9.
Mondal DP, Das S. High Stress Abrasive wear behaviour of aluminium hard particle composites: effect
of experimental parameters, particle size and volume fraction. Tribol. Int. 2006 June; 39 (6): 470-8.
Yalcin Y, Akbulut H. Dry wear properties of A356-SiC particle reinforced MMCs produced by two
melting routes. Mater. Design. 2006; 27(10): 872-81.

Bach FW, Eng L, Josefiak LA: Development of light metal matrix composite coatings using high velocity
thermal spray processes. Thermal spray 2003: Advancing the Science and Applying the Technology,
Moreau C and Marple B, Eds., May 5-8, 2003; (Orlando, FL,USA), ASM International, OH, p.769-77.
Torres B, Campo M, Urefia A, Rams J. Thermal spray coatings of highly reinforced aluminium matrix
composites with sol-gel silica coated SiC particles. Surf. Coat. Technol. 2007 May; 201(16):7552-9.
Gui MC, Kang SB, Euh K. Thermal expansion behaviour of plasma sprayed Al-SiCp composites. Mater.
Sci. Technol. 2008 Nov; 24(11): 1362-8.

Papyrin A. Cold spray technology. Adv. Mater. Process. 2001; 159 (9): 49-51.

Novoselovaa T, Celottob S, Morganb R, Foxa P, Neillb WO. Formation of TiAl intermetallics by heat
treatment of coldsprayed precursor deposits. J. Alloys Compd. 2007; 436(1-2): 69-77

Kong LY, Lu B, Cui XY, Du H, Li TF, Xiong TY. Oxidation behavior of TiAl3/Al composite coating
on orthorhombic-Ti2AIND based alloy at different temperatures. J. Therm. Spray Technol. 2010; 19(3):
650-6.

Lee HY, Jung SH, Lee SY, Ko KH. Alloying of coldsprayed Al-Ni composite coatings by post-annealing.
Appl. Surf. Sci. 2007 ; 253(7): p 3496-3502

Wang HT, Li CJ. Yang GJ. Li CX. Cold spraying of Fe/Al powder mixture: Coating characteristics and
influence of heat treatment on the phase structure. App. Sur. Sci. 2008 Dec; 255(5): 2538-44.

Wang HT, Li CJ. Ji GC, Yang GJ. Annealing effect on the intermetallic compound formation of cold
sprayed Fe/Al composite coating. J. Therm. Spray Tech. 2012 Dec; 21(3-4): 571-7.



