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Abstract: The Fe-based coatings in powder form were deposited on a steel type E335 by flame spraying technique. The 
effects of the post heat treatment on the microstructure and the mechanical properties of sprayed coatings were studied. 
Post heat treatment was conducted in a furnace in air at 623 K, 823 K and 1023 K for 1 h and then cooled in air. The 
results showed that with the increase of annealing temperature, the microstructure of coating treated at 823 K and 1023 
K had several changes as follows: the reduction of porosity, formation of carbides and oxides. It was found that the 
solid solution FCC (Fe, Ni), intermetallic compound AlFe3 and carbides [Fe, C] were the main phases for coatings 
as-sprayed and treated at 623 K and while iron carbide, molybdenum carbide and oxide as Fe3O4 became the main 
phases and reinforced the solid solution FCC (Fe, Ni) phase for annealed coatings at 823 K. However, it was observed 
the disappearance of molybdenum carbide and oxide Fe3O4 at 1023 K. The coating annealed at 823 K exhibited an 
excellent wear resistance than the as-sprayed and annealed coatings at 623 K and 1023 K and shows the lower wear rate 
than another coating treated or as sprayed. 
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1 Introduction 
 

Thermal spraying is one kind of surface 
engineering technologies which is utilized in almost 
industrial fields. Continuous advancements and 
enhanced understanding of thermal spray 
technology have facilitated a synergetic approach 
towards a sustainable growth of its industrial 
applications [1–3]. Thermal spraying coatings 
deposited by techniques such as plasma spraying 
(PS), high velocity oxy-fuel (HVOF), arc wire, 

flame spraying, can provide a cost-effective 
solution for tribological application in 
rolling/sliding contact [4–7]. Post heat treatment is 
now widely used to further improve the required 
properties of coatings materials, such as furnace 
heat treatment [8–10], quenching [11] and laser 
remelting [12], among which furnace annealing is 
the most fundamental one. By adjusting the 
annealing temperature, it can reach the achievement 
of refining crystal, relieving residual stresses and 
even changing the microstructure and phases to 
enhance the mechanical properties [13], such as  
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fracture toughness and wear resistance. However 
relative to bulkmaterials, little work has been done 
to analyze the effect of annealing on materials at 
small scale, such as films and coatings [14]. 

It has been found that the microstructure and 
characterization of the coatings were significantly 
affected by a post heat treatment [15]. As a result, 
the thermal fatigue behavior of the sintered coatings 
was greatly improved. The heat treatment of 
amorphous coatings leads to the precipitation of 
sub-micrometric crystals [16], which definitely 
enhances the mechanical properties of coatings, 
such as the microhardness, fracture toughness and 
wear resistance [17–20]. YOO et al [21] have found 
that the amorphous structured coatings exhibit a 
superior corrosion resistance to the crystallized 
coatings with high polarization resistance, and the 
corrosion resistance decreases after heat treatment. 
Studies on the post heat treatment of arc sprayed 
Fe-based amorphous coatings have not been 
reported so far, to the authors’ knowledge. 

The aim of this work is to study the effect of 
post heat treatments on the microstructure and 
tribological behavior of iron-based alloy coating 
produced by flame thermal spray process. The 
microstructural and structural characterization of 
the powder and coatings untreated and heat-treated 
at different temperatures 623 K, 823 K and 1023 K 
are obtained by using the scanning electron 
microscopy (SEM), energy dispersive spectroscopy 
(EDS) and XRD diffraction. Mechanical properties 
are investigated by determining the coefficient of 
friction and the wear rate of the coatings carried out 
under various applied loads. 
 
2 Experimental 
 
2.1 Preparation of coatings 

The powder used was ProXon 21023 (denoted 
P23) based iron of granulometry (44–105 µm) and 
the nominal composition (Ni 22%; Al 17%; Mo  
8%; C 0.16% and Fe balance) was used as sprayed 
material for its higher micro-hardness and better 
wear-resistance. The morphology of the powder is 
given in Figure 1. 

The powder P23 was sprayed onto a grit 
blasted and degreased E335 with the chemical 
composition (wt%) obtained by using energy- 
dispersive X-ray fluorescence analysis (Fe (bal), Cu 
0.2wt%, C (0.1–0.15)wt%, Ni <0.05wt%, Mn 
(0.2–0.25wt%). The process parameters were 

 

 
Figure 1 SEM images of powder Fe-based alloy 

 
optimized as follows: The powders were flame 
sprayed onto grit blasted substrates using an 
oxygen-acetylene gun (model Castodyn DS 8000, 
Eutectic Castolin) and the input parameters were  
400 kPa oxygen pressure, 70 kPa acetylene pressure 
and 350 kPa air pressure. In flame spraying, the 
powder materials were heated by an oxy-acetylene 
gas flame and heated particles were propelled onto 
the substrate by the expanding combustion gases. 
The corresponding spraying distance was 150 mm. 
The coatings subsequently deposited had an 
average thickness in the range of 800 µm. Heat 
treatment was carried in a C1228 cress single 
chamber heat treat furnace for 1 h. The temperature 
was selected at 623 K, 823 K and 1023 K. To avoid 
peeling off of the coating from the substrate due to 
larger thermal stresses, the heating and cooling of 
all samples were carried out in the furnace with low 
heating and cooling rate. 
 
2.2 Microstructural and structural examination 

The surface of samples was ground using SiC 
paper with grit sizes and finally polished with 
alumina. Microstructures of the initial powders and 
produced coatings were observed on their surface 
using an environmental scanning electronic 
microscope (ESEM) from Philips (FEI Quanta 200) 
in high vacuum. Chemical composition was 
analyzed using EDS. The phases present in the 
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powder and coatings untreated and post heat treated 
at different temperatures were identified using 
X-ray diffraction. The X-ray diffraction patterns 
were recorded at room temperature with a X'PERT 
PRO MRD diffractometer of PANalytical equipped 
with a Cu-anode X-ray tube and a curved graphite 
monochromator in the diffracted beam set of Cu-Kα 
radiation which includes the Kα1 and Kα2 
wavelengths. The strong presence of defects in 
these materials creates a significant background 
noise; to improve counting statistics and increase 
the peak/background ratio, an acquisition time of 40 
s was used per angular step of 0.04° over the 
30°–120° (2θ) range. The identification of the 
crystal phases present in the coatings was 
performed using X'Pert HighScore software 
supported with the ICDD-PDF2 database. 
 
2.3 Hardness investigation 

The microhardness of the coatings (Vickers 
scale) was measured using a micro–Vickers 
hardness tester B 3212001 type Zwick. The 
measurements were carried out on the cross- 
sections of the coatings. A load of 300 g was 
selected for the average values of the coatings. The 
given microhardness value was the average of        
10 measurements. 
 
2.4 Wear resistance performance 

The abrasive wear test was carried out on a 
pin-on-disc. The specimens dimensions were 
cylindrical pin of 10 mm diameter and 15 mm 
length. The pin-on-disc contact tests were 
performed under different loads (5, 10, 15, 20 and 
30 N) with a siding distance of 900 m and sliding 
speed of 0.5 m/s. A sintered steel disc 100Cr6 was 
employed as the counter body with a new disc 
being used for each test. In order to study the wear 
behaviour of coatings in severe conditions, the tests 
were carried out without any lubrication. The wear 
experiencing by the samples during the tests was 
determined by weighing each sample before and 
after the test. The weight loss suffered by the pins 
was measured using electronic weighing balance 
having an accuracy of ±0.01 mg. The wear rate was 
calculated using the following equation: 

 

v
C

=
m

K
N


                                (1) 

 
where Kv is wear rate; Δm is mass loss; NC is sliding 

distance. 
The value of the static friction coefficient is 

obtained by the equation below: 
 
t=

F

N
                                   (2) 
 
where Ft is tangential force; N is normal force. 
 
3 Results and discussions 
 
3.1 XRD analysis 

The XRD pattern of powder P23 is represented 
in Figure 2. The XRD pattern of powder P23 
reveals three phases. The first one is a body- 
centered cubic (bcc) structure with a lattice 
parameter of 2.8849 Å that corresponds to the solid 
solution (JCPDS n° 00-047-1126) of the elements 
Fe, Ni, and Al. One can also note the presence of 
the (bcc) Fe-α which is practically pure (JCPDS  
No. 01-085-1410) corresponding to a parameter of 
2.8849 Å. The third structure has monoclinic 
(JCPDS No. 01-078-0272). It corresponds to 
molybdenum iron carbide as (Fe, Mo)C. The XRD 
patterns of both the as-sprayed coatings and the 
treated coatings are shown in Figure 3. The 
diffraction X-ray patterns of the coatings as-sprayed 
and heat treated at 623 K (Figures 3(a) and (b)) 
revealed the presence of three common phases: The 
main phase is identified as face-centered cubic 
(FCC) (Fe, Ni) structure with a lattice parameter of  
3.5160 Å that corresponds to the solid solution 
(JCPDS No. 00-003-1044). One can also note the 
presence of related FCC peaks corresponding to a 
parameter of 5.7934 Å with the intermetallic 
compound such as AlFe3 (JCPDS No. 00-045- 
1203). The formation of this compound is made 
possible as a result  of  the larger content  of 
 

 
Figure 2 XRD pattern of P23 powder 
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Figure 3 XRD patterns: (a) As-sprayed; (b) Treated at 623 K; (c) Treated at 823 K; (d) Treated at 1023 K 

 

aluminum. The third structure corresponds to the 
carbide of iron (Fe, C) (JCPDS No. 00-017-0333). 
In this context, an important feature has to be 
underlined, dealing with the large statistical 
variations of composition. In contrary, the XRD 
pattern of the coating treated at 823 K (Figure 3(c)) 
revealed the disappearance of intermetallic phase 
AlFe3; only the FCC (Fe, Ni) solid solution is still 
present. One notes also the formation of others 
carbides type Fe5C2 (JCPDS No. 00-051-0997) and 
Mo2C (JCPDS No. 001-1188) and a fraction of 
oxides such as Fe3O4 (JCPDS NO. 028-0491). After 
post heat treatment at 1023 K, the spectrum (Figure 
3(d)) shows the presence of a FCC (Fe, Ni) solid 
solution while Mo dissolved in this solid solution 
and iron carbides type Fe5C2  and cementite Fe3C 
(JCPDS No. 01-085-1317). 
 

3.2 Microstructures of coatings 
Microstructures of both the as-sprayed 

coatings and the treated coatings are shown in 
Figure 4. It is revealed that coatings are composed 
of numerous equiaxed structures, indicating that 
most particles were sprayed in the molten state or 

semi-molten when they impact. However, it is 
observed that there are more small dark precipitates 
in the coating as-sprayed. The modification of the 
coating’s morphology is visible. Some original 
boundaries between thin lamellae get unclear, 
indicating that diffusion and sintering processes 
occurred during the heat treatment. The as sprayed 
coating has the highest porosity and decreased with 
increasing temperature of post heat treatment. 
Consequently, the microstructure of the coatings 
treated was densified. Typical microstructure of the 
as-sprayed coating (as shown in Figure 4(a)) 
consists of light phase and darker blocky phase 
which intercrosses each other and forms a kind of 
netlike structure and in agreement with the 
observation of ZHANG et al [22] and YOUNES  
et al [23]. 

Figures 4(a) and (b) reveal that the 
microstructure of the as-sprayed coatings and those 
treated at 623 K show three phases: the white area 
(A), the light grey area (B) and dark grey area (C). 
The results of EDS (as shown in Table1) indicated 
that the white area is relatively rich in Fe and 
contains a few of carbon element. The main phase 
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Figure 4 SEM images (backscattered electron) of coating P23: (a) As-sprayed; (b) Treated at 623 K; (c) Treated at  

823 K; (d) Treated at 1023 K 

 
of the dark area is identified as FCC (Fe, Ni) solid 
solution, while Mo dissolved in this solid solution 
and in light gray area formed intermetallic 
compound particles such as AlFe3 as the XRD 
results proved. In contrary, the microstructure of the 
coating treated at 823 K has few pores. They find 
their origins probably in the trapping of air between 
the different coating layers. We also note the 
presence of white nodules that represent oxides type 
Fe3O4 (Figure 4(c), area (D)). These oxides have 
been demonstrated by microanalysis (EDS) while 
they are not noticed their presence in as-sprayed 
coating and heat treated at 623 K and 1023 K. In 
this coating, the intermetallic phase AlFe3 has 
disappeared; only the FCC (Fe, Ni) solid solution 
and the carbides type Fe5C2 and Mo2C are present 
(Table 1, white area (A)). Furthermore, the 
formation of these carbides is also revealed by the 
XRD diffraction. In flame spaying, the formation of 
hard films such as Fe3O4 oxide phase leads to 
improved wear properties [24, 25]. After post heat 
treatment at 1023 K, it can be seen in Figure 4(d) 
that the distribution of the darker area as FCC   
(Fe,  Ni) solid solution is much more uniform 
while Mo and Al dissolved in this solid solution 

(Table 1, area (C)). In white area (A), more carbon 
took part in the reaction with iron which promoted 
the formation of iron carbide at the same time. 
 
3.3 Measurements of Vickers hardness 

Figure 5 shows that the substrate, coatings 
as-sprayed and heat treated at 623 K, 823 K and 
1023 K have averages of hardness values of 
HV0.2(201±14), HV0.2(331±23), HV0.2(354±24), 
HV0.2(505±38) and HV0.2(453±31), respectively. 
The coatings heat-treated at 823 K show the highest 
hardness. The micro hardness of this coating is 
three times higher than that of antagonist substrate 
and nearly twice higher than that of coating 
as-sprayed and heat treated at 623 K which has an 
average HV0.2340. This increased hardness is 
attributed to the fine microstructure formed by very 
compact and homogeneous strips and the presence 
of oxide Fe3O4 and carbides types Fe5C2 and Mo2C, 
also contributed to increasing the wear resistance. 
On the other hand, the post heat treatment at   
1023 K does not seem to affect the nature of the 
coating. Indeed, it records an average micro 
hardness of about HV0.2453 which is practically the 
same as that of the coating treated at 823 K. 
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Table 1 Results of EDS test of different area in coatings 

Coating Area 
x/% 

Fe Ni Al Mo O C 

As-sprayed 

White area (A) 72.08 — — 1.53 — 26.13 

Light grey area (B) 71.08 — 23.13 — 1.93 — 

Dark grey area (C) 44.13 46.08 — 4.68 — — 

Coating treated at 623 K 

White area (A) 69.08 — — 3.53 — 27.13 

Light grey area (B) 77.08 — 21.13 — — — 

Dark grey area (C) 52.13 44.08 — 2.68 — — 

Coating treated at 823 K 

White area (A) 49.08 5.53 — 30.09 — 15.13 

Dark grey area (C) 51.13 43.08 4.9 0.68 — — 

Oxide (D) 56.57 — — — 43.43 — 

Coating treated at 1023 K 
White area (A) 79.08 3.53 — 0.4 — 17.13 

Dark grey area (C) 47.13 30.08 7.53 12.68 — — 

 

  
Figure 5 Hardness of coating Fe-based under 300 g 

 
3.4 Wear property 

Figure 6 shows that the coatings as-sprayed 
have a bad wear resistance with a high wear rate  
 

  
Figure 6 Wear rate of coatings P23 as-sprayed and heat 

treated in function of load 

under sliding 0.5 m/s but the coatings thermally 
treated at 623 K and 1023 K led to decreasing 
slightly the wear rate. In contrast, the post heat 
treatment performed at 823 K exhibits better wear 
resistance. This is due to the fine microstrure 
formed by dense and compact strips and the 
presence of oxides Fe3O4 and carbide of 
molybdenum (Mo2C) which has a highest micro 
hardness and often searched to reduce wear losses 
then wear rate. 

Figure 7 shows that the friction coefficient of 
coatings as-sprayed and treated at different heat 
treatment have an average of 0.94 under a load of  
5 N. Above this load, the coefficient of friction 
decreases in the same way as for coatings sprayed 
and treated at 623 K. However, this tendency is 
reversed for the heat treatment of 1023 K. This is 
due to the asperities that generate significant 

 

 
Figure 7 Friction coefficient of coatings P23 as-sprayed 

and heat treated in function of load 
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tangential force. On the other hand, the friction 
coefficient is stable during the test for the coating 
treated at 823 K. This is attributed to the fine 
microstructure formed by a large fraction of oxides 
and carbides which harden the multilayer involving 
the difficulty of removing of these layers. However, 
it is interesting to focus this study on the variation 
of the friction coefficient of coatings in function as 
sliding time for loads of 5 N and 20 N (Figure 8). 
 

 
Figure 8 Friction coefficient of coatings P23 as-sprayed 

and heat treated in function of time: (a) 5 N; (b) 20 N 

 
Figure 8 shows that the curves corresponding 

to the variation of the friction coefficient in function 
sliding time are nearly identical during the first    
5 min under applied loads (5 N and 20 N). This 
transition phase can be explained by the presence of 
asperities which generate a tangential shear force 
near the normal force applied. After this phase, the 
coatings gave the same average friction coefficient 
about 0.92 under load 5 N for all samples   
(Figure 8(a)). When they slid under 20 N (Figure 
8(b)), the less friction coefficient obtained (average 
0.7) is from the coatings as-sprayed and treated at 

623 K. One notes an important gap between others 
heat treated at 823 K and 1023 K. The coefficients 
of friction are stabilized at about 0.9. The highest 
friction coefficient is obtained from coating heat 
treated at 823 K. This is due to the presence of 
oxides type Fe3O4 while they are not noticed their 
presence in coatings as-sprayed and heat treated at 
623 K and 1023 K. The formation of hard films 
such as Fe3O4 oxide phase leads to improved wear 
properties. 

Through these results, we can conclude that 
the temperature of heat treatment for coatings 
affects the tribological properties. Indeed, the post 
heat treatment at 823 K stabilized the friction 
coefficient of coatings in function sliding time and 
increased their microhardness. On the other hand, 
the post heat treatment of the coatings at 623 K and 
1023 K decreased the friction coefficient. From this, 
we can say clearly that the post heat treatment 
affects the mechanical properties of Fe-based 
coating. 
 
4 Conclusions 
 

In the present study, the effects of post heat 
treatment on the microstructure and the mechanical 
properties of flame sprayed coatings were 
investigated. The obtained results are summarized 
as follows: 

1) Typical microstructure of the as-sprayed 
coating consists of blocky phases which 
intercrosses each other and forms a kind of netlike 
structure. However, the modification of the coating 
morphology is visible and had the higher porosity 
than another heat treated coating. 

2) The microstructures of coatings treated at  
823 K and 1023 K had several changes as follows: 
the reduction of porosity, formation of carbides and 
oxides. It was also found that the solid solution 
FCC (Fe, Ni), intermetallic compound AlFe3 and 
carbides [Fe, C] were the main phases for coatings 
as-sprayed and treated at 623 K  and while iron 
carbide, molybdenum carbide and oxide as Fe3O4 
became the main phases and reinforced the solid 
solution FCC (Fe, Ni) phase for coatings annealed 
at 823 K. However, it was observed the 
disappearance of molybdenum carbide and oxide at 
1023 K. 

3) As the annealing temperature increases, the 
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coating shows a significant increase of Vickers 
hardness. The highest value of 505 HV could be 
obtained in the coating heat treated at 823 K. 

4) The coatings annealed at 823 K exhibited a 
more excellent wear resistance than coatings 
as-sprayed and annealed at 623 K and 1023 K. 

5) The best heat treatment is under temperature 
823 K and it can be used to minimize the wear rate 
by enhancing various mechanical properties of 
coatings iron-base. 
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中文导读 
 

热处理对火焰喷涂 Fe–Ni–Al 合金涂层组织和摩擦性能的影响 
 
摘要：采用火焰喷涂技术在 E335 钢上制备粉末状 Fe 基涂层。研究了后续热处理对涂层组织和力学性

能的影响。在 623 K、823 K 和 1023 K 的空气中对涂层进行后续热处理 1 h，然后随炉在空气中冷却。

结果表明，随着退火温度的升高，823 K 和 1023 K 处理后涂层的微观结构发生了如下变化：孔隙率降

低，碳化物和氧化物形成。在 623 K 时，涂层的主要相为固溶体 FCC(Fe，Ni)、金属间化合物 AlFe3

和碳化物[Fe，C]；碳化铁、碳化钼和氧化铁 Fe3O4 作为主要相增强了 823 K 退火涂层中的固溶体

FCC(Fe，Ni)相；但在 1023 K 处理涂层中观察到碳化钼和氧化物 Fe3O4消失了。823 K 退火涂层的耐

磨性优于 623 K 和 1023 K 退火涂层，其磨损率最低。 
 
关键词：热喷涂；涂层；后续热处理；显微组织；磨损 


