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10MgO-Zr0O,/Ni—Al cermet powders are sprayed by flame-spray technique
onto low-carbon steel substrates’ type (API 5L) used commonly in oil indus-
trial. The present study is aimed to investigating the influence of thermal-
treatment behaviours on the structural, mechanical, and microstructure evo-
lution properties to check the thermal phase stability at high temperatures.
The free-standing cermet samples (of 1.85 mm thick) are heat-treated in air
at 1000, 1100, 1200, 1300, and 1350°C, for a 2-hours’ ageing time. The test
properties are characterized by x-ray diffraction (XRD), scanning electron
microscopy (SEM), energy dispersive spectroscopy (EDS), wear loss, and
Vickers hardness. The results show the deposited cermet coating became
thicker and have ideal phase stability with the best mechanical attributes,
when the heat treatment is at 1300°C for 2 hours of sintering. Above that, at
1350°C, the microstructural surface shows split-up cracks and pores across
the layers, which is not reliable for longer thermal stability. The results also
show that zirconium oxide (Zr0,) has a significant change from cubic (f.c.c.
Zr0,), tetragonal (¢-ZrO,) and monoclinic (m-Zr0O,) structures through the
various temperature degrees. These results also show that the wear loss value
of the cermet coating is so lower, depending strongly on the porosity and
hardness values. Finally, we can say that the heat treatment at 1300°C (2
hours) has a typical uniform lamellar structure and high hardness values,
which is reliable for longer thermal stability.

ITopomku wmeranokepamiku 10MgO-ZrO,/Ni—Al mamopoIiryBaium MeTOAOM

HOJYMEHEBOT'O PO3MOPOIIEHHA Ha IMiAKJAAUHKN 3 HU3BKOBYIJIEIIEBOI KPHMITL
(API 5L), 1o 3a3Buuail BUKOPUCTOBYEThCA B HadTOBiil mpomucaosocti. Ile
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JOCTiIKeHHA OyJIO CIIPIMOBAHO Ha MOCTiMKeHHSA BILINBY IOBEAiHKM IIif yac
TePMiUYHOTO OOPOOGJIEHHSA Ha €eBOJIIOIII0 CTPYKTYPHUX, MEeXaHidYHMX i MiKpo-
CTPYKTYPHUX BJIACTHUBOCTEM /A IepeBipKu TepMiuHOi paszoBoi crabiibHOCTH
3a BUCOKUX TeMieparyp. OKpeMo cToAYi 3pasky MeTajloKepaMiku (TOBIITMHOIO
y 1,85 Mmm) miggaBanuca TepMivHOMY 00po6JIeHHIO Ha IIOBIiTPi 3a TeMIIepaTyp y
1000, 1100, 1200, 1300 i 1350°C ympomoB:k 2 roguH crapinua. TecToBi Biac-
TUBOCTI OyJIM OoXapaKTepH30BaHi 3a JOIOMOTOI0 PEHTIeHiBChbKOI mum@pakilii,
CKaHYBaJbLHOI eJIeKTPOHHOI MiKpPOCKOIIil, eHeprogucuepciiHol cieKTPOCKOomil,
BTpPATHU Ha 3HOIIEHHA Ta TBepAocTu 3a Bikkepcom. PesynbraT; moxkasaiu, 1Mo
HaHeceHe MeTaJIoKepaMiuHe HOKPUTTSA CTAJIO TOBIIUM i MaJIo ifeanbHyY a3oBy
cTabiMbHiCTh i3 HAUMIMIIUMY MeXaHiYHUMH BJIACTUBOCTSIMU, KOJIU TepPMiuHe
o6pobaenusa BindoyBamocs 3a 1300°C ynpomoB:k 2 roauH cllikanusd. Buriie m1so-
ro, 3a 1350°C, MiKpOCTPYKTypHA MOBEPXHA ITOKA3Y€E€ PO3KOJOTI TPIIMHHU Ta
TIOpH B3[IOBXK IIAPiB, IO He € HaAiHUM AJId TPUBAJIOl TepMiuHOI cTabiJbHOC-
Tu. Pe3ysbTaTy TakoyK MOKAas3yIOTh, IO OKCUA IUPKOHi0 (Zr0,) Mmae 3HaAUHI
aminu Bix Ky6iumoi (I'IIK-ZrO,), Terparonansuoi (£-Zr0O,) i MoHOKIiIHHOI (M-
Zr0O,) CTPYKTYp uepesd pisHUX rpaxyciB temmneparypu. 1li pesyabraT Takox
TMOKAa3yIoTh, 1110 3HAYEHHS BTPAT HA 3HOIIEHHA METAJIOKePaMiuHOTO TOKPUTTSA
HACTiJIbKU HUIKUNMU, 1110 CHJIBHO 3aJI€KATh BiJl 3HAUEHDb IIOPUCTOCTU Ta TBEP-
moctu. Haperrti, Mu Mo2KeMoO CKasaTu, 1o TepMmiutae oopobsennsa 3a 1300°C (2
TOAWHU) MA€ TUIIOBY PiBHOMIipHY IIJIACTHHUYACTY CTPYKTYPY Ta BUCOKi 3HAUEH-
HS TBEPAOCTH, IO € HaAiHUM 1 O1JIBIIT TPUBAaJI0l TepMiuHoi cTabiIbHOCTH.

Key words: thermal-ageing treatment, cermet coating, MSZ/Ni—Al system,
thermal-spray coating, mechanical properties.

Karouosi cioBa: 06po0IeHHA TEPMIUHUM CTapiHHAM, MeTaJOKepaMiuHe ITOK-
purts, cucrema MSZ/Ni—Al, TepmiuHe HAIOPOINIEHHSA MOKPUTTS, MeXaHiuHi
BJIACTUBOCTI.
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1. INTRODUCTION

Thermal barrier ceramic coatings are an attractive combination of
structural and mechanical properties, including good thermal stabil-
ity at high temperatures [1, 2]. The usage of thermal ceramic coat-
ings can be useful in a wide range of applications to enhance the
service life of hot parts, oxidation resistance, and protection of the
consumed parts by adding thick coatings, especially on oil tubes in
refineries [3, 4]. Partially stabilized zirconia ceramic (ZrO,) exhibits
sterling electrical and mechanical properties like good wear re-
sistance, high toughness, high melting point, and excellent thermal
resistance stability [56, 6]. Several researchers have regarded that
self-bonding metals such as Ni, Al, Cr, Co, or alloys mixing with ce-
ramic metal oxides like Al,O;, TiO,, ZrO,, WC, and SiC have signifi-
cant exothermic reactions between them, improving the bond
strength, which gives a high adhesion force to the deposited coating,
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generally called generally a cermet composite material [7]. The flame
spray coating technique is the most ideal and superior method to de-
posit thick cermet coatings and can be used for several engineering
implementations, such as a high stability operating temperature on
turbine blades, oil pipe protection, and thermal insulation [8]. The
previously studied effort by using the yttria partially stabilized zir-
conia system (YSM) with self-bonding (Ni—Co—Al) metals does not
encourage succeeding results for high temperature actuation [9, 10].

In this work, ceramic powders consisting of 10MgO—-ZrO, mixed
with bond (Ni;—Al;,) metal powders by ball milling process, getting
a nanoparticle size of cermet composite of 10MgO-ZrO,/Ni—Al
which is named the MSZ/Ni—Al composite system, were sprayed by
using flame coating technique under optimum parameters to inves-
tigate the effect of heat treatment on the phase stability, micro-
structure, and wear resistance properties.

2. MATERIALS AND TECHNIQUES

In this study (API 5L), low-carbon steel pipes used in the oil industry
are preferred as substrates. Pipes were cut as square-shaped coupons
(26.5%26.5 mm with a thickness of 3.51 mm) as substrate pieces. The
substrate contains the chemical elements listed in Table 1. Substrates
were sand blasting with (Al,O,) of particle size of 6 ym at a pressure of
5 bar. The ‘blistering’ is achieved at a 70° angle and a 20 cm distance to
make sure it creates a good roughness with the best adhesion force. The
substrates were initially cleaned with alcohol, acetone, distilled water,
and hot air drying. The flame spraying technique was carried out im-
mediately after the cleaning type (Rototec 80, Castoline, Eutectic
Switzerland) was used, as shown in Fig. 1, a.

The sample number six was fixed to holes by turning a holder made
from steel, as shown in Fig. 1, b. The commercial powders used for the
fabrication of the cermet coatings, the oxide ceramic (10MgO—-ZrO,)
powders, supplied by the Sulzer—Metco company, with a 40-50 yum
particle size and partially stabilized by MgO, were used as ceramic
coating materials. In addition, nickel-aluminium powder of 55-pm
average particle size was used as a bonding Ni;,—Al;, type (Amdry No.
995). Before spray coatings, the initial morphology of both powders
was determined, as shown in Fig. 2, a, b, by scanning electron micros-
copy (SEM). The raw cermet of composite 10MgO—-ZrO,/Ni—Al pow-
ders, with a purity 99.6%, was ball milling technique using a high-
energy planetary (Home Madel) consisting of stainless-steel jars and
40 balls with a diameter of 10 mm. The rotation speed was 137 rpm.
The ball-to-powder weight ratio was set at 40:1 gm. The new product
sample for 1 hour of milling was 60 nm in size.

The ideal parameters in the cermet coating process, resulting in
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TABLE 1. Chemical elements of oil pipe substrate.

Element C Mn P S Cu Ni Cr Mo Vv

Weight, % | 0.30 | 1.20 | 0.05 | 0.045 | 0.40 | 0.40 | 0.40 | 0.15 | 0.08

a b c

Fig. 1. The flame-spray process during coating: a—flame spray device; b—
turning holder; c—sample product.

Fig. 2. SEM morphology for initial powders used: a—ceramic MgO—ZrO.,;
b—Ni,,—Al,, alloy bond; c—cermet coating of MgO-ZrO,/Ni—Al at RT by
flame spring method.

optimized results, are presented in Table 2.

The cermet coating samples were isothermally heat treated in a
high-temperature chamber furnace (HTK 20/17, Bremen, Germany)
at various temperatures starting from 1000, 1100, 1200, 1300, and
1350°C, respectively, for a 2-hour ageing time. The samples were
heated at about 10°C/min to the target temperature and then cooled
naturally in the side furnace to room temperature.
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TABLE 2. The ideal flame-spray parameters of the cermet coating
MSZ/Ni—-Al.

No. | Operating parameters Values
1. Spray distance 20 cm
2. Flame-spray temperature ~ 3000°C
3. Maximum thickness 1.850 mm
4. Particle size of MgO—-ZrO, 40-50 pm
5. Particle size of Ni;,—Al;, 55 um
6. Oxygen pressure 5—6 bar
7. Acetylene pressure 2—3 bar
8. Angle of sand blasting 70°
9. Rotation number 5
10. Oxy—Acetylene mixing 3:1

The cermet coating sample was also heat-treated at 1300°C for 6
hours in the furnace to check the influence of time ageing on the
thermal phase stability and mechanical properties. The thermal sta-
bility was also examined by scanning colorimetry (DSC) (Netszch
404, Germany) with a rate of 5°C min™ up to 1750°C. The structural
and phase transformations were carefully studied by x-ray diffrac-
tion (XRD) in a Philips diffractometer using philtred CuK, radiation
(A=1.540 A). The goniometer was set at a scan rate of 0.05°/sec
over a 20 range. The microstructure and morphology of cermet
composite powder particles and as-sprayed coatings at various tem-
perature ranges were investigated using scanning electron microsco-
py (SEM) equipped with an energy dispersive x-ray analyser
(EDAX). The SEM type (Jeol JIB-46 I0F) was used. The microhard-
ness of surface coating values (HV) was determined by the average
of five tests at a loading of 100 gm during the 15-second period.
The microhardness type (Leitz Wetzlar, Germany) was used after the
preparation of smoothing and polishing the coating surface. Finally,
the wear test method of pin-on-disc sliding was used. The steel ro-
tating disc of 40-HV hardness under constant (9 N) load and (1200
cm/min) sliding distances was used as shown in Fig. 3, a, b. The
samples were weighted before and after each test using an electronic
balance with an accuracy of 0.002 gm, and losses were recorded.

3. RESULTS AND DISCUSSION

The composition used of both feed stock materials was investigated
initially before spray coating, as shown in Fig. 2, a, b, c. It shows
the SEM microstructure of 10MgO—-ZrO, powder and Niy,—Al;, pow-
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Sliding direction
b

Fig. 3. Wear test of cermet coating MSZ/Ni—Al [11]: a—wear pin-on-disk
machine; b—schematic diagram of the wear test.

der, respectively. Figure 2, a shows large agglomerates of spherical
particles, shaped in a uniform homogenous condition, while Fig. 2,
b appears to have sub-angular particles, whose size of Niy—Al;, is of
around 50-55 pm, while that of 10MgO-ZrO, is of about 40-50 pm.
Figure 2, ¢ shows the micrograph of the cermet coating after ball
milling at 1 hour. As shown, MSZ/Ni—Al particles are spherical-
shaped and of uniform size, when the spray distance is of 20 cm.

Figure 3, a—e shows SEM micrographs of MSZ/Ni—Al surface
cermet coating at different heat-treatment high-temperature values
1000, 1200, 1300, 1350°C, respectively, for 2-hr sintering time.
Figure 4, a shows the morphology of the cermet surface coating un-
der heat treatment of 1000°C at the sintering time of 2 hr. The sur-
face coating show a high uniform spherical particle distribution of
ZrQ, grains are formed agglomerates with a grain size of around
45-55 pm. The grains of MgO, Ni—Al and ZrO, are appears strongly
sintered at 1000°C. In addition, the results at heat-treated sample
at 1100°C (Fig. 4, b) show that the surface coating is similar than
as at 1000°C treatment. It shows that most MSZ/Ni—Al particles
are also spherical uniformed as agglomeration everywhere on the
surface coating, which looks like homogenous condition [12].

When the heat treatments are performed at 1200°C, we have ob-
served that grains are also homogeneously distributed, a good small
and large agglomerated microstructure among all grain sizes of
MgO, Ni—Al and ZrO, particles is shown in Fig. 4, ¢. For further
high treatment at 1300°C, as shown in Fig. 4, d, it gives the high
increment of grain growth significantly different from other treat-
ed samples. No any significant of any trace of pores or cracks ap-
peared. It is clear that the steady state for size distribution of par-
ticles has been nearly achieved balance more uniform particle size
and formed agglomerated strongly as can be seen in Fig. 4, d.
Above that at 1350°C treatment, spallation, visible pores and cracks
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SEM MAG:5.00 kx| Dato{midyl: 0912522

Fig. 4. SEM micrographs of MSZ/Ni—Al surface cermet coatings at different
temperature values for 2-hr sintering time. a—1000°C; »—1100°C; c—
1200°C; d—1300°C; e—1350°C, scale 5 nym; f—1350°C, scale 2 ym.

observed at the surface coating, as shown clearly in Fig. 4, e. In
Figure 4, f, SEM morphology structure of the cermet coating
MSZ/Ni—Al system at small scale of 2-um size was taken for more
accuracy, which shows the spallation and surface defects clearly
[13].

The results also show that the grain size growth started to in-
crease gradually, during the increasing the heat treatment until
1350°C and then dropped suddenly, due to the surface splitting and
arising several pores with crack propagation on the top surface
cermet coating as shown in Fig. 5, a—b. These results can be com-
pared between 1000°C and 1300°C that refers obviously the effect
of heat treatment on formation high growth rate [14]. In Figure 5,
a too, we noticed that the grain sizes of cermet coating of MSZ/Ni—
Al composite during treated at 1300°C is bigger than, when heated
at 1000°C, about more than twice (2.478), which indicates that us-
ing treated sample at 1300°C is significantly improved in a uniform
microstructure, high adhesion force between layers with high
thickness <1.85 mm, which gives a great advantage especially at
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a

Fig. 5. a—The relationship between the grain sizes and heat-treatment
temperatures of surface composite MSZ/Ni—Al coating; b—photographs of
seceding samples treated at 1350°C for 2-hr sintering time.

¥ S8 —— Pores

¥~ Microscracks

Fig. 6. SEM micrographs of cermet MSZ/Ni—Al surface coatings after treated
at 1300°C as a function of sintering time at: a—6 hours; b—7 hours.

high thermal-stability applications [14, 15].

Some other attempts have been tested again at a heat-treatment
temperature of 1300°C for 6-7 hours to see the effect of sintering
time on the microstructure properties of the cermet coating of the
MSZ/Ni—Al system, as shown in Fig. 6, a, b. The results showed
that, after 6 hours of sintering, the cermet coating had an atypical
structure without any trace of surface defects, as shown in Fig. 6,
a. For heat treatment for 7 hours, sintering time was used to check
the thermal stability of the sample. It appears that degeneration oc-
curs in the surface coating with micropores, which are dominated as
result in a long sintering time (7 hr) effect, as shown in Fig. 6, b.

Energy dispersive x-ray analysis (EDX) experiments have been
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conducted on the cermet coating samples at various thermal treat-
ment temperatures of 1000°C and 1350°C, respectively, as shown in
Fig. 7, a, b and Table 3.

It is clearly seen that only the peaks of Zr, Mg, Ni, Al, and O
with trace Cr are observed for both samples. Actually, the existence
of Cr elements is coming from a production company to increase the
adhesion force between the elements of cermet coating [16]. The re-
sults also noted that the weight percentages (wt.% ) for all elements
in both treated samples are very close. This means that the raw ma-
terials used in this search are of high pure quality, and the accura-
cy of the tests is high. In comparison between both samples treated
at 1000-1300°C, we found that the samples have agglomerated
spherical particle distributions, as shown in Fig. 6. This aggrega-
tion may cause a more homogenous structure due to the interaction
between the MgO-ZrO,/Ni—Al particles, providing much improved
mechanical and structural properties. Indeed, the sample treated at
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Fig. 7. EDX patterns for cermet coating MSZ/Ni—Al system at various
temperatures: a—1000°C; b—1300°C.

TABLE 3. Analysis of elements by EDX processing at 1000°C and 1350°C
for MSZ/Ni—-Al coating.

Temperature, °C | Element |Energy level | Weight percentage, % | Total
(0]

K 27.95
Zr L 51.21

1000 Mg K 9.67 99.97%
Ni K 5.18
Al K 5.96
(0) K 29.66

Zr L 55.12 o

1300 Ni I 791 99.51%
Al L 6.82
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1300°C for 6 hours of sintering time provided more successfully a
strong thermal stability [17].

The structural properties of the cermet coating under different
heat-treatment temperatures by XRD RT, 1000, 1100, 1200, and
1300°C for a 2-hour sintering time are investigated as shown in
Fig. 8, a—f, respectively. Figure 8, f shows the sample treated at
1300°C for 6 hours of sintering to see the effect of sintering time
on the structural properties of MSZ/Ni—Al coating. Before coating,
the cermet powders (RT) show that four phases are indicated, obvi-
ously, corresponding to the cubic (f.c.c.-ZrQ,) phase and the tetrag-
onal (¢-ZrO,) phase. The other two phases belong to the cubic (f.c.c.-
MgO) and (f.c.c.-self-bonding Ni—Al) phases. All peaks are clearly
small in intensity, with broader peaks as shown in Fig. 8, a. The
powder samples after coating and treatment at 1000°C for 2 hours
of sintering time show that the peaks at high 20 angles are still
wider with small intensity, but, at small angles at 20 ~ 35°, they
show a high intensity of (¢-ZrO,) phase at all the various heat
treatments used. The diffraction peaks related to the f.c.c.-ZrO, and
t-ZrO, phases are still dominant during the heat treatment until
1300°C for a 2-hour sintering time, as shown in Fig. 8, b—f.

The results also show that phases increase noticeably with in-
creasing heat-treatment temperatures. The peak intensity of the
cermet MSZ/Ni—Al coating at 20 ~35.30° with the ¢-ZrO, phase
looks like much stronger intensity than the other phases. Moreover,
interest is in studying the effect of sintering time in order to check
the thermal stability at high temperatures (1300°C) as a function of
the sintering time (6 hr), as shown in Fig. 8, f. It shows that a split

1000°C
powder

o o T-Zr0,
- O fee N1 Al
+ =1 A M-ZxrO
: <
= © m fce Mg%)
= bt » fee ZrO,
;5 (=]
< = o
© &g o
~ o8
P < “E
| —a oy
= 1300°C
_.«_5\9
2| 1200°C : :j
R
— 1100°C }

20 30 40 50 60 70 80
20, deg.

Fig. 8. The XRD structural peaks at various heat treatment of cermet coating
MSZ/Ni—Al as functions of treatment temperatures at 2-hr sintering.
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peak at a high angle around (20 = 71°) starts increasing from the
initial treatment 1000°C until the severalty state at 1300°C treat-
ment at a sintering time of 6 hours, as shown in Fig. 8, f. This
splitting phenomenon was observed and accompanied by losing to-
tally the f.c.c.-ZrO, phase at the position angles (20) of 45° and
65°, respectively, as shown in Fig. 8, e—f. The splitting peak actual-
ly has two peaks sitting in the same position. As shown by x-ray
analysis, it was accompanied by appearing new monoclinic phase m-
Zr0O, with t-ZrO, together, as shown clearly in Fig. 8, f [18]. This
may be due to the treatment at 1300°C for 6 hours of sintering,
which is enough treatment to intensify two (¢-ZrO, and m-ZrO,)
phases, giving the best thermal stability [19]. Finally, the x-ray
peaks for all measured patterns under several treatments do not
show any trace of strange elements, as impurity phases were no-
ticed. This result is actually identical to the results of the EDX
test, which also shows no impurities.

Finally, the results of the effective variable heat-treatment tem-
peratures at 2-hr sintering time on the mechanical properties (hard-
ness, grain size, porosity, wear loss) of the cermet 10MgO—ZrO,/Ni—
Al (MSZ/Ni—Al) coating are shown in Table 4. The results of micro-
hardness (HV) clearly show that there is no big change, when vary-
ing the heat treatment from 1000°C to 1300°C at a 2-hr sintering
time, probably, due to the fact that all particles of the composite
cermet coating are formed and totally melted in a homogeneous
structure [12, 19]. The results also observed at the same time (Table
4) showed a small change in the magnitude of thickness and porosity
percentage values during the treatment processes, which were
around 1.854-mm thickness and 7.480% porosity, when treated with
the cermet the sample at 1300°C for 2 hours of sintering. This
means that a thick cermet coating can improve the structural and
mechanical properties of the low-carbon steel substrate of oil pipes
used in this search, when exposed to an erosive environment at
1300°C, that is proved as most suitable to give the best thermal sta-
bility and is ideal for longer temperature life [18, 20].

The microhardness actually depends directly on the porosity per-
centage, which was found to be about 7.48% after heat treatment

TABLE 4. The wear loss with a sliding distance at 9-N normal load.

Temperature, °C | Porosity, % |Microhardness, HV| Grain size, pm
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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Fig. 9. The wear loss relation to the sliding distance at 9-N normal load
effect.

at 1300°C sintering. This may be due to the presence of oxides re-
lated to MgO, ZrO,, NiO, and Al,O; oxides between the coating lay-
ers [21]. As the heat temperature continued to increase to 1350°C, a
significant reduction in the hardness value was noticed. We be-
lieved that the increased cracks, porosity, and other surface defects
led to a reduction in the hardness value, as shown in the SEM re-
sults (Fig. 4), which show many defects with porosity [22]. The re-
sults also clearly show the influence of the heat treatment on the
grain sizes of MSZ and Ni—Al samples, as shown in Table 4. It is
obviously noticed that grain-size growth started to increase during
the increasing thermal treatment until 1300°C, which refers to the
effect of high treatment on the formation of high growth. This may
be related to the reduction in porosity values accompanied by in-
creases and improvements in structural, microstructural, and me-
chanical properties [23]. The wear loss amount is related to the slid-
ing distance at 9-N load effect on the oil pipe substrate, low-carbon
steel, and into the cermet coating 10MgO-ZrO,/Ni—Al sample, as
shown in Fig. 9. The results show that the wear loss value of the
simple cermet coating is lower on the substrate; probably, this is
because the hardness value of the low-carbon steel substrate is very
lower than that of the cermet coating sample. In our wear loss re-
sults for the cermet coating, we found a very strong wear loss de-
pending on the porosity percentage and hardness values. The high-
est hardness value of 47.85 HV with the lowest porosity around
7.48% , having the lowest wear loss roughly of (3107 mg) at the 9-
N normal load, was observed as shown in Fig. 9.

4. CONCLUSIONS

Cermet mixtures of ceramic 10MgO-ZrO, oxide powder with bond
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metal Ni;,Al;, alloy powder were deposited by using the flam spray
technique. The cermet samples 10MgO—-ZrO, + Ni—Al coating were
subjected to heat treatment sintering for 2 hours at various tem-
peratures 1000, 1100, 1200, 1300, and 1350°C with the objective of
studying the influence of high temperature ranges on the structur-
al, microstructural, and mechanical properties. Four phases identi-
fied by XRD show that the cermet (MSZ/Ni—Al) powders before
coating (RT) contain four phases: f.c.c.-MgO, f.c.c.-Ni—Al, f.c.c.-
Zr0O, and the tetragonal phase t-ZrO, during different initial tem-
peratures at a 2-hour sintering time. The thermal stability at high
temperatures 1300°C was checked by increasing the sintering time
to 6 hours. The splitting peak at high angle was observed with the
f.c.c.-ZrO, phase losing totally and a new monoclinic (m-ZrO,) phase
sharing with #-ZrO, phase giving the best thermal stability. The mi-
crograph (SEM) of MSZ/Ni—Al surface coating shows high uniform
spherical particle distributions that form agglomerate until 1300°C.
Above that, at 1350°C, treatment, spallation, pores, and cracks
were clearly observed. The effect of variable heat treatment on me-
chanical properties has also been observed, with no significant
change in microhardness when the heat treatment temperature is
varied up to 1300°C. In addition, at 1350°C treatment, a sudden
reduction in hardness value to 25.27 HV. The thickness and porosi-
ty values during the heat treatment at 1300°C are of 1.854 mm and
7.480% , respectively. In addition, we noticed the highest hardness
value of 47.85 HV with the lowest wear loss of roughly (3-107 mg)
at 9-N normal load. Finally, this result means that the cermet coat-
ing (MSZ/Ni—Al) composite system at 1300°C for 6 hours of sinter-
ing can improve its structural and mechanical properties to protect
the low-carbon steel of oil pipes at higher temperatures.
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