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Abstract: In the present study, a nanostructured FeAl coating was prepared by cold spraying of
ball milled powder. Annealing treatment was applied to the coating to investigate its effect on the
microstructure, phase structure and microhardness of the cold-sprayed nanostructured FeAl coat-
ing. The results showed that the FeAl phase was kept unchangeable when the coating annealed at
the temperature above 500°C. Annealing temperature significantly influenced the microstructure
and microhardness of cold-sprayed FeAl coating. With raising annealing temperature, the lamellar
structure in the as-sprayed coating disappeared and a dense coating microstructure with fully bond-
ing of deposited particles at their interfaces was achieved after annealing at 950°C. Nanograin
growth of the FeAl phase occurred at an annealing temperature higher than 800°C. The microhard-
ness of cold-sprayed FeAl coating remained about 400 Hvo. at the annealing temperature below
800°C and decreased to 300 Hvo. at 1100°C.
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1. Introduction

Iron aluminide intermetallic compounds possess advantageous properties such as
high specific strength, high specific stiffness and strength at intermediate temperatures
and excellent corrosion resistance in oxidizing and sulfidizing atmospheres [1-2]. These
features make the FeAl intermetallic compound a very attractive material for structural
applications at elevated temperatures in hostile environments. However, industrial appli-
cation of iron aluminides has been hampered because of its low ductility at room temper-
ature and its poor creep resistance [2]. It was found that nanocrystalline structure ob-
tained by mechanical alloying can improved ductility of intermetallics [3]. Consequently,
there is a large scope for research to produce FeAl structural materials with nanostructure.
Thermal spray processes also have been used to deposit nanostructured intermetallic
coatings through ball- milled intermetallic compound feedstocks [4-6]. However, high
temperature during spraying would change the composition and microstructure design
of the feedstocks and consequently deteriorates the properties of the coatings.

In the last decade, the emerging cold spraying (or cold gas dynamic spray) has
evolved tremendous expectation in fabrication of nanocrystalline materials. In this pro-
cess, no heat source is used to melt powder particles. A coating is formed through the
intensive plastic deformation of particles upon impact in a solid state at a temperature
well below the melting point of the spray material. The low temperature characteristic,

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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and high deposition rate as well make cold spraying technique as an efficient process to
deposit metal [7-9], composite [10-12] and even cermet materials [13-15] with a limited
influence on the microstructure of feedstocks. Therefore, cold spraying was expected to
be a potential process to deposition of nanostructured FeAl coating. Our previous study
has indicated that the nanostructured FeAl intermetallic [16] and FeAl/Al20s composite
[17] coating can be produced by cold-spraying of mechanically alloyed powders and fol-
lowed by post-spraying annealing treatment.

It was well known that coating microstructure has significant influence on the prop-
erties of coating. For a cold-sprayed coating, the limited bonding at the interface between
the deposited particles may result in anisotropy of coating microstructure and conse-
quently lower mechanical strength. Several investigations have demonstrated the effect
of annealing on the properties of cold sprayed coatings [18-22]. Our previous study [23]
also found that the erosion resistance of cold-sprayed FeAl coating prepared by post-
spray annealing at 950°C was higher than that of heat-resistant 2520 stainless steel under
abrasive temperature of 800°C by a factor of three. Therefore, the annealing treatment may
provide an approach to modify the microstructure and properties of cold-spray
nanostructured FeAl coating. However, it was noted that cold-sprayed nanostructured
FeAl coating has the lower thermal stability, therefore, the nanograin growth would occur
accompanying microstructure improvement during annealing treatment, which would
decrease coating property such as microharness [24].

Therefore, the aim of the present paper is to investigate the effect of annealing tem-
perature on the development of the microstructure including phase structure and
nanograin size and microhardness of the nanostructured cold-sprayed FeAl coatings and
the relationship between coating microstructure and hardness was examined.

2. Experimental materials and procedures
2.1. Materials

The commercially available Fe (99.8 wt.%, 54 um, Youxinglian Nonferrous Metals
Ltd, Beijing, China) and Al (99.5 wt.%, 74 um, Youxinglian Nonferrous Metals Ltd, Beijing,
China) powders were used as starting materials to produce a FesAl4 (at.%) powder mix-
ture. The ball-milling process was carried out in a high-energy ball mill (ND-4L, Nanjing
University, Nanjing, China) for 36 hours under an argon atmosphere. The details of this
experimental step have been described elsewhere [16]. The as-milled Fe(Al) alloy powder
was sieved to a size less than 30 um and used as the feedstock for spraying deposition.
Fig. 1 shows typical SEM images of the morphology and cross-sectional microstructure of
the as-milled feedstock. The as-milled powder presented an irregular morphology, which
is typical of milled powders and is generally attributed to the continuous welding and
fracturing of particles caused by the collision of balls. It can be noted in Fig. 1(b) that a fine
lamellar structure is present in the powder. Two distinguishable regions with different
microstructural characteristics can be clearly observed.
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Figure 1. Typical morphology (a) and cross-sectional microstructure (b) of the feedstock for cold
spraying.

2.2. Coating preparation and annealing treatment

The cold spraying system developed in Xi’an Jiaotong University was used for ma-
terials deposition. The detail information about the system is described elsewhere [9]. A
spray gun with a converging—diverging de Laval type nozzle of a throat diameter of 2 mm
was adopted. The divergent nozzle is 100 mm in length with an exit diameter of 6 mm.
Nitrogen gas was employed as both accelerating and powder feeding gases used at a pres-
sure of 2.0 and 2.5 MPa, respectively, and at a temperature of 500°C in the pre-chamber of
spray gun. The standoff distance from the nozzle exit to the substrate was 20 mm. During
deposition, sandblasted stainless steel plates were used as a substrate, the gun was ma-
nipulated by a robot and at a traverse speed of 40 mm/s relative to the substrate.

Following cold spraying, as-sprayed coating samples were annealed for different
times at the temperatures of up to 1100°C in a furnace in an argon atmosphere.

Table 1. Processing parameters in cold spraying.

Accelerating gas N2

Powder carrying gas N>
Accelerating gas pressure, MPa 2.0
Powders carrying gas pressure, MPa 2.5
Accelerating gas temperature, °C 350
Gun traverse speed over substrate, mm/s 40
Standoff distance, mm 20

2.3. Coating characterization

The phase transformation of the cold-sprayed FeAl coating during annealing treat-
ment was analyzed by X-ray diffraction diffractometer (XRD, XRD-6000, Shimadzu,
Kyoto, Japan) using Cu-Ka radiation. The microstructure evolution of coating was exam-
ined by scanning electron microscopy (SEM, Quanta 200, FEI, Czechoslovakia) equipped
with energy dispersive X-ray analysis (EDX). The morphology and grain size in the as-
sprayed and annealed coatings were investigated by transmission electron microscope
(TEM, JEM-200CX, JEOL, Japan). Hardness was measured using a Vickers microhardness
tester with a 100 g load and averaging the results of 10 measurements.

3. Results and discussion
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3.1. Microstructure of the as-sprayed coating

Fig. 2. shows typical microstructure of the as-sprayed coating. Apart from the refined
lamellar structure, some thicker layers with a white contrast appeared on the coating mi-
crostructure. According to EDX analysis results, the thicker white layer was a Fe-rich
phase and the fine lamella was a Fe(Al) solid solution with high Al content. It was noted
that this lamellar structure evolved not only from the particle deformation but also from
the inner microstructure of the milled powder, as shown in Fig. 1b.

ey T -

Figure 2. SEM micrograph of the as-sprayed coating in back scattered mode: (a) overview; (b) high
magnification.

Fig. 3. shows a TEM image of the as-sprayed Fe(Al) alloy coating. Typical grains ob-
served in the coating were in an equiaxed morphology and in a grain size range from 10-
50 nm. The corresponding SAD pattern revealed the bcc-a-Fe structure. It can be clearly
recognized that the nanocrystalline Fe(Al) solid solution alloy coating was produced by
cold-spraying of the mechanically alloyed powder.

Figure 3. TEM micrograph of the as-sprayed coating (a) Bright-field and (b) Dark-field.

3.2. Effect of annealing on phase structure

Fig. 4. shows XRD patterns of the cold-sprayed FeAl coating after annealing treat-
ment. After annealed at 500°C for 5 hours, the coating mainly consisted of FeAl phase.
However, a small fraction of Fe(Al) still retained in the coating. This remnant Fe(Al) will
completely transform to FeAl through increasing annealing time [16] or raising annealing
temperature. After annealed at 700°C for 6 hours, the diffraction peaks of Fe(Al) disap-
peared completely and only diffraction peaks of FeAl intermetallic compound phase were
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present in the XRD patterns. By raising temperature to 950 and 1050°C, respectively, the
phase structure of the deposit kept unchangeable and still FeAl intermetallic compound
phase was present in the deposit.
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Figure 4. Effect of annealing on the phase structure of the cold-sprayed FeAl coating.

3.3. Evolution of coating microstructure during annealing treatment

Fig. 5. shows the microstructure of cold-sprayed FeAl coating annealed at 200°C,
500°C, 700°C and 950°C, respectively. After annealing at 200°C, the microstructure of the
coating showed no obvious change compared to that of the as-sprayed coating. The refine
white and gray lamellar structure existed in the as-sprayed coating was still visible as
marked by arrows in Fig. 5a, which indicates that elemental diffusion did not occur under
this condition. This result was in agreement with the XRD analysis of the phase evolution
of coating in the previous paper [16]. However, when raising annealing temperature to
500°C, the above-mentioned fine lamellar structure almost completely disappeared due to
the high thermal reactivity and short diffusion distance of nanostructured FeAl coating.
In addition, white Fe-rich zones (relatively thick layers) in the as-sprayed coating (Fig. 2)
became not obvious in contrast because of elements diffusion within the coating as shown
in Fig. 5b. This fact means that the heterogeneous feature in the as-sprayed coating can be
modified through annealing treatment. The diffusion in the coating led to the elimination
of the micro-pores and the uniform distribution of elements. After annealing at 700°C, the
heterogeneous structure of element completely disappeared and the microstructure of the
coating was significantly improved. With raising annealing temperature to 950°C, the mi-
crostructure of the coating became very dense and homogeneous. The lamellar structures
in the as-sprayed coating had completely disappeared through solid-state diffusion.
Therefore, the homogenization of the coating microstructure was achieved through post-
spray annealing treatment.


https://doi.org/10.20944/preprints202306.1443.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 June 2023 doi:10.20944/preprints202306.1443.v1

Figure 5. Backscattered SEM images of the cold-sprayed coating annealed at (a) 200°C, (b) 500°C for
25 hours and (c) 700°C, (d) 950°C for 5 hours.

Fig. 6. shows the results of TEM observations of the microstructure of the FeAl coat-
ing after annealing at different temperatures. The coating annealed at 500°C for 25 hours
was clearly composed of FeAl nanograin of a size range from 10-50 nm [16]. After an-
nealed at 700°C for 5 hours, the grain size in the coating exhibited a certain increase and
still less than 100 nm as shown in Fig. 6b. Generally, the nanograin would grow rapidly
with raising annealing temperature. The enhanced thermal stability of the nanocrystalline
structure in the cold sprayed FeAl coating was associated with Al solute drag [25], zener
pinning [26] by aluminum-iron oxide and aluminum oxide phases at grain boundaries,
and reduction of grain boundary energy by Al segregation and chemical ordering [27].
With raising temperature to 950°C, the FeAl grain significantly grew and the grains size
reached to about 200 nm as shown in Fig. 6c. The change of grain size in the cold sprayed
FeAl coating during annealing treatment was in agreement with the results observed by
Morris et. al. [28] in annealing milled nanostructured FeAl. They found that the grain size
changed slightly at low temperature and significantly increased at higher temperatures
(above 900°C). Those facts suggest that the nanostructure of cold-sprayed FeAl coating
can be maintained up to a temperature less than 950°C.
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Figure 6. Bright-field TEM images of the nanocrystalline FeAl intermetallics after annealing at (a)
500°C for 25 hours, (b) 700°C and (c) 950°C for 5 hours.

3.4. Effect of annealing treatment on microhardness of FeAl Coating

Fig. 7. shows the effect of annealing temperature on the microhardness of the cold-
sprayed FeAl coating [24]. It was seen that the coating microhardness changed little and
kept about 400 Hvo: when annealed at a temperature below 800°C. Such change can be
attributed to the change of FeAl coating microstructure. Investigation [29] on the thermal
stability of milled FeAl powders showed that recovery and reordering took place at tem-
perature ranging from 100 to 250°C, while recrystallization and grain growth were de-
layed to higher temperatures. In the present study, as revealed by XRD analysis, the phase
transformation from Fe(Al) alloy to FeAl occurred at annealing temperature of 500°C. The
significant increase in the grain size took place at a temperature from 700 to 950°C. A sig-
nificant decrease in coating microhardness at annealing temperature from 800 to 900°C is
well consistent with the occurrence of rapid grain growth as observed by TEM mentioned
above. Therefore, the fact that the annealing at 900°C caused significant decrease of the
coating microhardness can be attributed to the nanograin growth. Although the cohesion
between the deposited particles was improved after annealing at 950°C, as shown in Fig.
5d, the strength of FeAl coating would be lowered owing to the coarsening of the FeAl
grain. With further raising annealing temperature to 1100°C, the microhardness of the
coating change little and had a microhardness about 300 Hvo.1, which was similar to that
of the HVOF FeAl coating with coarse grain [6]. Therefore, the size control of FeAl grain
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through annealing of cold-sprayed nanostructured FeAl alloy can be of significant im-

portance.
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Figure 7. Effect of the annealing temperature on the microhardness of the cold-sprayed FeAl coating.

4. Conclusions

The effect of annealing treatment on the microstructure, microhardness and phase
structure of cold-sprayed nanostructured FeAl coating was investigated. It was found that
annealing treatment provided an effective approach to control the microstructure and mi-
crohardness of the cold sprayed FeAl coating. After annealing at a temperature less than
700°C, minimal grain growth of the FeAl nanograin was observed accompanied by the
microstructure improvement of the cold sprayed coating at the elevated treatment tem-
peratures. The microhardness of the cold-sprayed FeAl coating remained about 400 Hvo.
when annealed at the temperatures of below 800°C and decreased significantly with in-
creasing annealing temperature to 900°C, which may be attributed to the grain growth of
the FeAl nanograin and the softening of the matrix during annealing treatment.
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