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10MgO-ZrO2/Ni-Al cermet powders were sprayed by flame spray 
technique onto low carbon steel substrates type API 5L used commonly 
in the oil industrial. The aim of the present study was to investigate 
the influence of the thermal treatment behaviour on the structural, 
mechanical and microstructural evolution properties in order to verify 
the thermal phase stability at high temperatures. The free-standing 
cermet samples (1.85 mm thick) were heat treated in air at 1000°C, 
1100°C, 1200°C, 1300°C and 135°C, respectively, for a 2 h aging time. The 
test properties were characterised by X-ray diffraction (XRD), scanning 
electron microscopy (SEM), energy dispersive spectroscopy (EDS), wear 
loss and Vickers hardness. The results showed that the deposited cermet 
coating became thicker and had ideal phase stability with the best 
mechanical properties when heat treated at 1300°C for 2 h of sintering. 
In addition, at 1350°C, the microstructure surface revealed split cracks 
and pores across the layers, which is not reliable for longer thermal 
stability. The results also showed that zirconium oxide (ZrO₂) undergoes 
a  significant change from cubic (FCC-ZrO₂), tetragonal (T-ZrO2) and 
monoclinic (M-ZrO2) structures through the different temperature 
levels. These results also revealed that the wear loss value of the 
cermet coating is thus lower, and depends strongly on the porosity and 
hardness values. Finally, it can be concluded that the heat treatment 
at 1300°C (2 h) produces a typical uniform lamellar structure and high 
hardness values, which is reliable for longer thermal stability.

Keywords: thermal aging treatment, cermet coating, MSZ/Ni-Al 
system, thermal spray coating, mechanical properties

Preparation and characterization of cermet MSZ/Ni-Al coating 
deposited by flame spraying technique
Przygotowanie i charakterystyka powłoki cermetalowej MSZ/Ni-Al  
osadzonej techniką natrysku płomieniowego

Fig. 9. Oxidation kinetics of binary alloys
Rys. 9. Kinetyka utleniania stopów binarnych

Na podłoża ze stali niskowęglowej typu API 5L, powszechnie stosowanej 
w przemyśle naftowym, naniesiono techniką natrysku płomieniowego pro-
szek cermetalowy 10MgO-ZrO2/Ni-Al. Celem badania było określenie wpły-
wu obróbki cieplnej na właściwości strukturalne, mechaniczne i mikrostruk-
turalne powłok, aby zweryfikować stabilność fazy termicznej w wysokich 
temperaturach. Próbki powłok cermetalowych (o grubości 1,85 mm) pod-
dawano obróbce cieplnej w powietrzu w temperaturach 1000°C, 1100°C, 
1200°C, 1300°C i 1350°C przez 2 h. Właściwości próbek oznaczono meto-
dą dyfrakcji rentgenowskiej (XRD), skaningowej mikroskopii elektrono-
wej (SEM) i spektroskopii rentgenowskiej z dyspersją energii (EDS), określono 
także zużycie ścierne i twardość Vickersa. Wykazano, że osadzona powłoka 
cermetalowa miała większą grubość i idealną stabilność fazową oraz naj-
lepsze właściwości mechaniczne po 2 h spiekania w temperaturze 1300°C. 
Po obróbce cieplnej w temperaturze 1350°C na powierzchni mikrostruktury 
pojawiły się pory i pęknięcia w poprzek warstw, co nie sprzyja zapewnieniu 
stabilności termicznej w dłuższym czasie. Z badań wynika również, że tle-
nek cyrkonu (ZrO2) w różnych temperaturach ulega znacznym zmianom: 
ze struktury sześciennej (FCC-ZrO2) w  tetragonalną (T-ZrO2) i  jednosko-
śną (M-ZrO2). Uzyskane rezultaty świadczą także o tym, że zużycie powłoki 
cermetalowej jest mniejsze i silnie uzależnione od porowatości i twardości. 
W wyniku obróbki cieplnej w temperaturze 1300°C (przez 2 h) wytwarza się 
typowa jednolita struktura lamelarna i osiąga ona wysoką twardość, co jest 
konieczne do zapewnienia długotrwałej stabilności termicznej.

Słowa kluczowe: starzenie cieplne, powłoka cermetalowa, układ  
MSZ/Ni-Al, powłoka natryskiwana cieplnie, właściwości mechaniczne
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(Fig. 1b). The commercial powders used to prepare the cermet coat-
ings consisted of oxide ceramic powders (10MgO-ZrO2) supplied by 
Sulzer-Metco with a particle size of 40–50 μm and partially stabil-
ized with MgO. Nickel-aluminium powder with an average particle 
size of 55 µm was also used as a binder (Ni50-Al50; Amdry No. 995). 
Prior to spray coating, the initial morphology of both powders was 
determined by scanning electron microscopy (SEM) as shown in 
Fig. 2a, 2b. The raw cermet of the composite 10MgO-ZrO2/Ni-Al 
powders, with a  purity of 99.6%, was ball milled using a  high 
energy planetary mill (homemade) consisting of stainless steel jars 
and 40 balls with a diameter of 10 mm. The rotational speed was 
137 rpm. The ball to powder weight ratio was set at 40 : 1 gm. The 
new product sample after 1 h milling was 60 nm in size. The ideal 
parameters in the cermet coating process that produced optimized 
results are shown in Table 2. The cermet coating samples were iso-
thermally heat treated in a  high temperature chamber furnace 
(HTK 20/17, Bremen, Germany) at different temperatures of 1000°C, 
1100°C, 1200°C, 1300°C and 1350°C, respectively, for a  2 h aging 
time. The samples were heated at approximately 10°C/min to the 
target temperature and then cooled naturally to room temperature 
in a side furnace. The cermet coating sample was also heat treated 
at 1300°C for 6 h in the furnace to check the influence of time aging 
on thermal phase stability and mechanical properties. The thermal 
stability was also investigated by differential scanning calorimetry 
(DSC; Netszch 404, Germany) at a rate of 5°C min−1 up to 1750°C. 

1. Introduction

Thermal barrier ceramic coatings offer an attractive combination of 
structural and mechanical properties, including good thermal sta-
bility at high temperatures [1, 2]. The use of thermal barrier ceramic 
coatings can be useful in a wide range of applications to increase 
the service life of hot parts, oxidation resistance and protection of 
consumables by adding thick coatings, particularly on oil pipes in 
refineries [3, 4]. Partially stabilized zirconia ceramic (ZrO2) exhibits 
excellent electrical and mechanical properties such as good wear 
resistance, high toughness, high melting point and excellent ther-
mal resistance stability [5, 6]. Several researchers discovered that 
self-bonding metals such as Ni, Al, Cr, Co or alloys mixed with  
ceramic metal oxides such as Al2O3, TiO2, ZrO2, WC and SiC undergo 
significant exothermic reactions between each other, improving 
bond strength, which provides the deposited coating, generally 
referred to as a cermet composite material, with a high adhesive 
force [7]. The flame spray coating technique is the most ideal and 
superior method to deposit thick cermet coatings and can be used 
for several engineering applications such as on turbine blades 
to provide protection from exposure to a  high stable operating 
temperatures, or as oil pipe protection and thermal insulation [8]. 
Previously studied efforts using the yttria partially stabilized zir-
conia (YSM) system with self-bonding Ni-Co-Al metals do not yield 
successful results for high temperature operation [9, 10]. In this 
work, ceramic powders consisting of 10MgO-ZrO2 mixed with bond-
ing Ni50-Al50 metal powders by means of the ball milling process, 
obtaining a  nanoparticle size cermet composite of 10MgO-ZrO2/ 
Ni-Al, named the MSZ/Ni-Al composite system, were sprayed by 
using the flame coating technique under optimum parameters to 
investigate the effect of heat treatment on phase stability, micro-
structure and wear resistance properties. 

2. Materials and techniques

In this study, low carbon steel pipes (API 5L) used in the oil industry 
were used as a substrate. Tubes were cut as 26.5 × 26.5 mm square 
coupons with a thickness of 3.51 mm as substrate pieces. The sub-
strate contained the chemical elements listed in Table 1. The  
substrates were sandblasted with Al2O3 with a particle size of 6 μm 
at a pressure of 5 bar. Sandblasting was performed at an angle of 70° 
and at a distance of 20 cm to ensure that a good roughness with the 
best adhesion was obtained. The substrates were first cleaned with 
alcohol, acetone, distilled water and dried using hot air. The flame 
spraying technique was carried out immediately after the cleaning 
(Rototec 80, Castoline Eutectic, Switzerland), as shown in Fig. 1a. 
Sample number 6 was fixed to holes on a  rotating steel holder  

Fig. 1. The flame spray process during coat-
ing: a) flame spray device, b) turning holder,  
c) sample product 

Rys. 1. Proces natryskiwania płomieniowego 
podczas powlekania: a) urządzenie do natry-
skiwania płomieniowego, b) uchwyt obrotowy,  
c) próbka produktu

Table 2. The ideal flame spray parameters of the cermet coating MSZ/Ni-Al

Tabela 2. Optymalne parametry natrysku płomieniowego powłoki cerme-
talowej MSZ/Ni-Al

Operating parameters Values

Spray distance 20 cm

Flame spray temperature ≈(3000)°C

Maximum thickness 1.850 mm

Particle size of MgO-ZrO2 40–50 µm

Particle size of Ni50-Al50 55 µm

Oxygen pressure 5–6 bar

Acetylene pressure 2–3 bar

Angle of sand blasting 70°

Rotation number 5

Oxy-acetylene mixing 3 : 1

Table 1. Chemical composition of oil pipe substrate

Tabela 1. Skład chemiczny rurociągu do transportu ropy naftowej

Element C Mn P S Cu Ni Cr Mo V

Weight% 0.30 1.20 0.05 0.045 0.40 0.40 0.40 0.15 0.08

a) b) c)
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The structural and phase transformations were carefully studied 
by X-ray diffraction (XRD) in a Philips diffractometer using filtered 
Cukα radiation (λ = 1.540°A). The goniometer was set to a scan rate 
of 0.05°/s over a range of 2Θ. The microstructure and morphology 
of the cermet composite powder particles and as-sprayed coatings 
at different temperature ranges were investigated using a scanning 
electron microscope (SEM) equipped with an energy dispersive 
X-ray (EDAX) analyzer. A Jeol JIB-46 IOF SEM was used. The micro-
hardness of the surface coating values (HV) was determined by the 
average of 5 tests at a load of 100 gm during a 15 s period. A micro-
hardness tester (Leitz Wetzlar, Germany) was used after smoothing 
and polishing the coating surface. Finally, the pin-on-disc wear test 
method was used. The steel rotating disc of hardness HV 40 was 
used under constant load (9 N) and sliding distance (1200 cm/min) 
as shown in Fig. 3. The specimens were weighed before and after 
each test using an electronic scale with an accuracy of 0.002 g, and 
the losses were recorded.

3. Results and discussion

The composition of the two raw materials used was first investigated 
prior to spray coating (Fig. 2). It shows the SEM microstructure of 
10MgO-ZrO2 powder and Ni50-Al50 powder, respectively. Fig. 2a re-
veals large agglomerates of spherical particles formed in a uniform 
homogeneous state, while Fig. 2b appears to have sub-angular par-
ticles whose size of Ni50-Al50 is about 50–55 µm, while that of 10MgO-
-ZrO2 is about 40–50 µm. The micrograph of the cermet coating after 
ball milling for 1 h (Fig. 2c) shows that the MSZ/Ni-Al particles are 
spherical and uniform in size at a spray distance of 20 cm.                                                   

Fig. 4a–4e show SEM micrographs of MSZ/Ni-Al surface cer-
met coating at different heat treatment high temperature values: 
1000°C, 1200°C, 1300°C, 1350°C, respectively, at a sintering time of 
2 h. In Fig. 4a the morphology of the cermet surface coating under 

heat treatment of 1000°C at a sintering time of 2 h is shown. The 
surface coating reveals a high uniform spherical particle distribu-
tion of ZrO2 grains which constituted agglomerates with a  grain 
size around (45–55 µm). The grains of MgO, Ni-Al and ZrO2 appear 
to be strongly sintered at 1000°C. Also, the results of the sample 
heat treated at 1100°C (Fig. 4b) indicate that the surface coating 
is similar to that treated at 1000°C. It shows that most of the MSZ/
Ni-Al particles also produce spherically uniform agglomerates 
everywhere homogenously on the surface coating [11]. When the 
heat treatments reach 1200°C, it is observed that the grains are 
also homogeneously distributed, with small and large agglomer-
ated microstructures observed among all grain sizes of MgO, Ni-Al 
and ZrO2 particles (Fig. 4c). Further treatment of Al at 1300°C yields 
a  high increment of grain growth which constitutes a  significant 
departure from the other treated samples (Fig. 4d). No substantial 
trace of pores or cracks appeared. It is clear that the steady state 
for particle size distribution has almost been achieved thanks to 
a  balance with more uniform particle size and strongly formed 
agglomerates (Fig. 4d). Moreover, at 1350°C treatment spallation, 
visible pores and cracks were observed on the surface coating as 
clearly is shown in Fig. 4e. Fig. 4f reveals the SEM morphology struc-
ture of the cermet coating MSZ/Ni-Al system at small scale (2 µm), 
which was taken for greater accuracy, and clearly shows spallation 
and surface defects [12]. The results also show that the grain size 
growth started to increase gradually during the increasing heat 
treatment up to 1350°C and then suddenly decreased due to sur-
face cleavage and formation of several pores with crack propaga-
tion on the top surface of the cermet coating (Fig. 5). The results 
obtained between 1000°C and 1300°C are clearly linked to the ef-
fect of heat treatment on the high growth rate [13]. Fig. 5a also re-
veals that the grain size of the MSZ/Ni-Al composite cermet coating 
during treatment at 1300°C is more than two times larger (2.478) 
than when heated at 1000°C, which indicates that the sample  

a)

Fig. 2. SEM morphology for initial 
powders used: a) ceramic MgO-ZrO2, 
b) Ni50-Al50 alloy bond, c) cermet coating 
of MgO-ZrO2/Ni-Al at RT by flame spray-
ing method

Rys. 2. Morfologia SEM zastosowanych 
proszków wyjściowych: a) ceramiczny 
MgO-ZrO2, b) spoiwo stopowe Ni50-Al50, 
c) powłoka cermetalowa MgO-ZrO2/ 
Ni-Al przed obróbką, nałożona metodą 
natryskiwania płomieniowego

b) c)

Fig. 3. Wear test of cermet coating MSZ/
Ni-Al: a) wear pin-on-disc machine,  
b) schematic diagram of the wear test

Rys. 3. Test zużycia powłoki cermetalo-
wej MSZ/Ni-Al: a) urządzenie do bada-
nia zużycia ściernego, b) schemat testu 
zużycia

Source: [6, p. 146].

Źródło: [6, s. 146].

a) b)
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a)

b)

b)

treated at 1300°C has a significantly improved uniform microstruc-
ture, high adhesion force between layers and high thickness ≤1.85 
mm, which gives a great advantage especially in high thermal sta-
bility applications [13, 14].

Some other tests were repeated at a heat treatment temperature 
of 1300°C for 6–7 h to see the effect of sintering time on the micro-
structural properties of the cermet coating of the MSZ/Ni-Al system 
(Fig. 6). The results showed that after 6 h of sintering, the cermet 
coating had an atypical structure without any trace of surface de-
fects (Fig. 6a). For the heat treatment of 7 h, the sintering time was 

used to check the thermal stability of the sample. It appears that 
degeneration occurs in the surface coating with micropores, which 
are dominated as result in a long sintering time 7 h effect (Fig. 6b).

Energy dispersive X-ray analysis (EDX) experiments have been 
conducted on the cermet coating samples at various thermal 
treatment temperatures: 1000°C and 1350°C (Fig. 7, Table 3). It is  
evident that only the peaks of Zr, Mg, Ni, Al and O with traces of Cr 
are observed for both samples. In fact, the presence of Cr elements 
results from it being added by the manufacturer to increase the 
adhesion force between the elements of the cermet coating [15]. 

c)

d) e) f )

Fig. 4. SEM micrographs of MSZ/Ni-Al 
surface cermet coatings at different tem-
perature values for 2 h sintering time:  
a) 1000°C, b) 1100°C, c) 1200°C, d) 1300°C, 
e) 1350°C, scale 5 µm, f ) 1350°C, scale 2 µm

Rys. 4. Mikrofotografie SEM powierzchni po-
włok cermetalowych MSZ/Ni-Al po 2 h spie-
kania w  różnych temperaturach: a) 1000°C,  
b) 1100°C, c) 1200°C, d) 1300°C, e) 1350°C, 
skala 5 µm, f) 1350°C, skala 2 µm

Fig. 5. Tests results: a) the relationship  
between the grain sizes and heat treatment 
temperatures of surface composite MSZ/
Ni-Al coating, b) photograph of sample 
treated at 1350°C for 2 h sintering time

Rys. 5. Wyniki badań: a) zależność między 
wielkością ziaren a  temperaturą obróbki 
cieplnej powierzchni kompozytowej po-
włoki MSZ/Ni-Al, b) fotografia próbki po 2 h 
spiekania w temperaturze 1350°C

Fig. 6. SEM micrographs of cermet MSZ/Ni-Al surface coatings after treat-
ment at 1300°C as a function of sintering time at: a) 6 h, b) 7 h

Rys. 6. Mikrofotografie SEM cermetalowych powłok powierzchniowych 
MSZ/Ni-Al po spiekaniu w temperaturze 1300°C przez: a) 6 h, b) 7 h

a) b)

a) b)
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The results also show that the weight percentage (wt%) for all ele-
ments in both treated samples is very similar. This means that the 
raw materials used in this study are of high purity and the accur-
acy of the tests is high. A comparison of the two samples treated 
at 1000–1300°C revealed that the samples possess agglomerated 
spherical particle distributions (Fig. 6). This agglomeration may 
result in a  more homogeneous structure due to the interaction 
between the MgO-ZrO2/Ni-Al particles, providing much improved 
mechanical and structural properties. Indeed, the sample treated 
at 1300°C for 6 h sintering time was more successful in providing 
strong thermal stability.

The structural properties of the cermet coating under differ-
ent heat treatment temperatures: RT, 1000°C, 1100°C, 1200°C and 
1300°C, for a sintering time of 2 h were analyzed by XRD (Fig. 8).  
Fig. 8f shows the sample treated at 1300°C for 6 h to see the effect 
of sintering time on the structural properties of the MSZ/Ni-Al coat-
ing. Before coating, the cermet powders (RT) show four phases, ob-
viously corresponding to the cubic FCC-ZrO2 and tetragonal T-ZrO2 
phases. The other two phases belong to the cubic FCC-MgO and 
FCC-self bonding Ni-Al phases. All peaks are clearly small in intens- 
ity, with broader peaks (Fig. 8). The powder samples after coating 
and treatment at 1000°C for 2 h sintering time show that the peaks 
at high (2Θ) angles are still broader with small intensity, but at small 
angles of 2Θ ≈ 35° they are characterized by high intensity of the 
T-ZrO2 phase for all the different heat treatments used. The diffrac-
tion peaks related to the FCC-ZrO2 and T-ZrO2 phases are still dom-
inant during the heat treatment up to 1300°C for a sintering time 
of 2 h (Fig. 8). The results also show that the phases increase sig-
nificantly with increasing heat treatment temperatures. The peak 
intensity of the cermet MSZ/Ni-Al coating at 2Θ ≈ 35.30° with the 
T-ZrO2 phase appears to be much stronger than the other phases. 
It is also interesting to study the effect of sintering time to check 
the thermal stability at high temperatures (1300°C) as a  function 
of sintering time (6 h), as shown in Fig. 8f; a  split peak at a  high 
angle around 2Θ ≈ 71° starts to increase from the initial treatment 
(1000°C) to the severalty state at the 1300°C treatment at a sintering 
time of 6 h. This splitting phenomenon was observed and accom-
panied by the total loss of the FCC-ZrO2 phase at the 2Θ angles of 
45° and 65°, respectively (Fig. 8e, 8f ). The splitting peak actually has 
two peaks in the same position. The X-ray analysis revealed the ap-
pearance of a new monoclinic phase M-ZrO2 together with T-ZrO2. 

This may be due to the treatment at 1300°C for 6 h of sintering, 
which is sufficient treatment to intensify T-ZrO2 and M-ZrO2 phases, 
giving them the best thermal stability. Finally, the X-ray peaks for all 
the samples measured under different treatments do not show any 
trace of foreign elements, as impurity phases have been detected. 
This result is in fact identical to that obtained by EDX, which also 
indicates no impurities.

Fig. 7. EDX patterns for cermet coating MSZ/Ni-Al system at various temperatures: a) 1000°C, b) 1300°C

Rys. 7. Wykresy EDX dla powłoki cermetalowej MSZ/Ni-Al w różnych temperaturach: a) 1000°C, b) 1300°C

Fig. 8. XRD structural analysis at various heat treatment of cermet coating MSZ/
Ni-Al as a function of treatment temperatures at 2 h sintering time: a) powder,  
b) 1000°C, c) 1100°C, d) 1200°C, e) 1300°C, f ) 1300°C for 6 h sintering

Rys. 8. Analiza strukturalna XRD powłoki cermetalowej MSZ/Ni-Al po spiekaniu 
przez 2 h w różnych temperaturach: a) proszek, b) 1000°C, c) 1100°C, d) 1200°C,  
e) 1300°C, f ) 1300°C po spiekaniu przez 6 h

Table 3. Elemental composition analysis by EDX processing at 1000°C and 
1350°C for MSZ/Ni-Al coating

Tabela 3. Analiza składu pierwiastkowego powłoki MSZ/Ni-Al metodą EDX 
w temperaturze 1000°C i 1350°C

Temperature [°C] Element Energy level Weight% Total [%]

1000

O  K 27.95

99.97

Zr L 51.21

Mg K 9.67

Ni K 5.18

Al K 5.96

1300

O  K 29.66

99.51
Zr L 55.12

Ni L 7.91

Al L 6.82

a) b)
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Finally, the results of the effective variable heat treatment tem-
peratures at 2 h sintering time on the mechanical properties (poros- 
ity, hardness, grain size) of the cermet 10MgO-ZrO2/Ni-Al (MSZ/
Ni-Al) coating are summarized in Table 4. The microhardness (HV) 
results clearly revealed that there is no major change when the 
heat treatment is varied from 1000°C to 1300°C with a  sintering 
time of 2 h, which is likely due to the fact that all the particles of 
the composite cermet coating are formed and completely melted 
in a homogeneous structure [11]. The results also observed at the 
same time showed a small change in the magnitude of the thick-
ness and porosity percentage values during the treatment pro- 
cesses, which amounted to ca. 1.854 mm thickness and 7.480% 
porosity with the cermet the sample treated at 1300°C for 2 h of 
sintering. This means that a thick cermet coating can improve the 
structural and mechanical properties of the low carbon steel sub-
strate of the oil pipes used in this study when exposed to an erosive 
environment at 1300°C, which has been shown to be the most suit-
able in providing the best thermal stability and is ideal for longer 
temperature life.

The microhardness is in fact directly dependent on the porosity 
percentage, which was found to be about 7.48% after heat treat-
ment at 1300°C. This may be due to the presence of oxides related 
to MgO, ZrO2, NiO and Al2O3 oxides between the coating layers. As 
the heating temperature continued to increase to 1350°C, a signific- 
ant decrease in hardness value was observed. We believe that the 
increased cracking, porosity and other surface defects led to  
the reduction in hardness, as shown by the SEM results (Fig. 4), 
which reveals many defects with porosity. The results also clearly 
show the influence of the heat treatment on the grain sizes of the 
MSZ and Ni-Al samples (Table 4). It is evident that the grain size 
growth began to increase with increasing heat treatment up to 
1300°C, indicating the link between high temperature treatment 
and high growth. This may be related to the reduction in poros-
ity values associated with the increase and improvement in struc-
tural, microstructural and mechanical properties [16]. The wear loss 
amount is related to the sliding distance at 9 N load effect on the 
low carbon steel oil pipe substrate and into the 10MgO-ZrO2/Ni-Al 
cermet coating sample (Fig. 9). The results show that the wear loss 
value of the simple cermet coating on the substrate is lower prob-
ably due to the fact that the hardness value of the low carbon steel 
substrate is much lower than that of the cermet coating sample. In 
our wear loss results for the cermet coating, we found a very strong 
wear loss dependence on the porosity percentage and hardness 
values. The highest hardness value of 47.85 HV was observed at the 
lowest porosity percentage of 7.48%, while the lowest wear loss 

of approximately 3 × 10−3 mg was observed at the normal load of  
9 N (Fig. 9).

4. Conclusion

Cermet mixtures of ceramic 10MgO-ZrO2 oxide powder with 
bonding metal Ni50-Al50 alloy powder were deposited by the 
flame spray technique. The cermet sample 10MgO-ZrO2  +  Ni-Al  
coatings were subjected to heat treatment sintering for 2 h at dif-
ferent temperatures (1000°C, 1100°C, 1200°C, 1300°C and 1350°C) 
in order to study the influence of high temperature ranges on 
their structural, microstructural and mechanical properties. XRD 
analysis revealed that the cermet MSZ/Ni-Al powders before coat-
ing (RT) contain four phases: FCC-MgO, FCC(Ni-Al), FCC-ZrO2 and 
the tetragonal phase T-ZrO2 at different initial temperatures for 
a sintering time of 2 h. The thermal stability at high temperatures 
(1300°C) was checked by increasing the sintering time to 6 h. 
A  splitting peak at high angle was observed with the FCC-ZrO2 
phase completely losing, and a  new monoclinic phase M-ZrO2 
sharing the phase with the T-ZrO2 phase to produce the best 
thermal stability. The micrograph (SEM) of the MSZ/Ni-Al surface 
coating reveals highly uniform spherical particle distributions 
that form agglomerates up to 1300°C. Above that, at 1350°C treat-
ment, spallation, pores and cracks were clearly observed. The ef-
fect of variable heat treatment on mechanical properties was also 
observed, with no significant change in microhardness when the 
heat treatment temperature is varied up to 1300°C. There was also 
a sudden reduction in hardness value to 25.27 HV at 1350°C treat-
ment. The thickness and porosity values during heat treatment 
at 1300°C are 1.854 mm and 7.480%, respectively. We also noted 
the highest hardness value of 47.85 HV with the lowest wear loss 
of approximately 3 × 10−3 mg at 9 N normal load. In conclusion, 
this result means that the cermet coating MSZ/Ni-Al composite 
system sintered at 1300°C for 6 h can improve its structural and 
mechanical properties to protect the low carbon steel of oil pipes 
at higher temperatures.
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Fig. 9. Wear loss relation to the sliding distance at 9 N normal load effect

Rys. 9. Zależność zużycia od drogi poślizgu przy normalnym obciążeniu 9 N

Table 4. Mechanical properties of the cermet 10MgO-ZrO2/Ni-Al (MSZ/ 
Ni-Al) coating after 2 h sintering time at various temperatures  

Tabela 4. Właściwości mechaniczne powłoki cermetalowej 10MgO-ZrO2/ 
Ni-Al (MSZ/Ni-Al) po 2 h spiekania w różnych temperaturach

Temperature [°C] Porosity [%] Microhardness [HV] Grain size [µm]

1000 9.86 46.88 0.322

1100 8.89 46.98 0.412

1200 8.04 47.46 0.605

1300 7.48 47.85 0.798

1350 13.77 25.27 0.491
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