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Abstract

Alumina coatings were prepared by atmospheric plasma spraying through controlling the surface temperature of the coatings during spraying.

Both the polished and fractured cross-section microstructures of the coatings were characterized by scanning electron microscopy (SEM). The

phase structures of the coatings and the feedstock were analyzed by X-ray diffraction technique (XRD). The microstructure and phase structure of

the coatings prepared at different substrate temperatures were examined. SEM observations show that the intersplat bonding within the coatings

was significantly improved by increasing the substrate temperature. The fracture toughness of the deposits was measured by indentation methods.

For the coatings prepared at low substrate temperatures, the fracture toughness increased with the substrate temperature due to the improvement in

the intersplat bonding. However, a significant decrease in the fracture toughness was found for the coatings prepared at high substrate temperatures.

The change in phase structure of the coatings suggested that the residual tensile stress mainly resulted from phase transformation from g-alumina to

a-alumina at high substrate temperature should answer for the decline in the fracture toughness.
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1. Introduction

Traditional plasma sprayed alumina coatings exhibit a

lamellar structure, which affects coating properties [1,2]. The

previous study revealed that only limited lamellar interface is

bonded together in APS ceramic coatings and the maximum

bonding ratio between lamellar interfaces is about one-third of

the total apparent interfaces [3]. The limited interface bonding

dominates thermal and electrical conductivities of the coating

[2]. In our previous studies, it was found that the electrical

conductivity was significantly increased when YSZ was

deposited on a substrate heated to a high temperature compared

with that deposited at ambient temperature [4,5]. The improved

conductivity is attributed to the improved lamellar interface

bonding at high substrate temperature. From the previous

investigations [6–10], it can be suggested that increasing

substrate temperature may improve the lamellar bonding.
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Although Heintze and Uematsu [11] obtained a-Al2O3 coatings

by plasma spraying process through elevating the surface

temperature of the coating during deposition, few attempts

were made to investigate systematically the effect of the

substrate temperature on the fracture toughness of plasma-

sprayed alumina coatings.

In this work, during deposition of alumina coatings by

plasma spraying, the surface temperature of the coatings was

controlled carefully. Alumina coatings were prepared by

plasma spraying under different coating surface temperatures

(substrate temperature). The variations in the microstructure

and the fracture toughness of the coatings were investigated.

2. Experimental

2.1. Material and coating preparation

Commercially available fuse-crushed Al2O3 powders were

used for coating preparation. The powders have a particle size

range from 20 to 50 mm, as shown in Fig. 1. The alumina was

deposited on a stainless steel substrate surface by a commercial
d.
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Fig. 1. Fractured cross-sections for (a) C1, (b) C2, and (c) C5 [18].

Table 1

Substrate temperature during deposition of the coatings.

Sample Substrate temperature (8C)

C1 240 � 73

C2 430 � 82

C3 760 � 91

C4 960 � 121

C5 1120 � 111
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plasma spray system (80 kW class, Jiujiang Spraying Equip-

ment Factory, China). The plasma torch was operated at 36 kW.

The pressures of primary gas Ar and secondary gas H2 were

fixed at 0.7 and 0.4 MPa, respectively. The flow rates of Ar and

H2 were 33 l/min and 2 l/min, respectively. The powder was fed

into a plasma jet using an internal powder port. The torch–

substrate distance during deposition was 80 mm. A robot was

used to drive the plasma torch back and forth across the

substrate surface during deposition.

To prepare the samples for the SEM observations of both

fractured and polished cross-section, free-standing alumina

coatings (about 400 mm in thickness) were obtained through

post-spray dissolution of the substrate in hydrochloric acid

solution. During deposition, the mean substrate temperature

was controlled in the range from 240 to 1120 8C through

heating with a flame gun combined the plasma torch from the

front of the substrate and cooling with the compressed air from

the back of the substrate. A pyrometer (RAYR312ML3U,

Raytek, USA) was placed in front of the substrate to monitor

the substrate temperature, which was coating surface

temperature as the first layer of alumina was deposited. The

substrate was heated to the desired temperature by the flame

gun in one minute, and then started the spraying process.

During spraying, to make the substrate temperature (coating

surface temperature) to be identical with the desired

temperature as far as possible, both the flame gun–substrate

distance and the flow rate of the compressed air were changed

at any moment. After spraying, only the flame gun kept

working and the flame gun–substrate distance was increased
slowly to ensure a slow cooling rate of the coating-substrate

system. As the coating surface temperature reached below

150 8C, the flame gun stopped working and the coating-

substrate system was cooled to room temperature in the air. The

change in the substrate temperature during coating spraying

was listed in Table 1.

2.2. Characterization of the alumina coatings

Cross-sections of alumina coatings were carefully polished

for microstructure examination. The microstructure of the

coatings was characterized by scanning electron microscopy

(SEM, VEGA II-XMU, TESCAN, Czech). To examine the

columnar structure and lamellar interface bonding, the coatings

were fractured in a direction perpendicular to the coating

surface. The fractured surface was examined using SEM. The

phase structure of the coatings was analyzed by X-ray

diffraction (XRD).
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2.3. Measurements of the fracture toughness of the alumina

coatings

The fracture toughness of the coating cross-section was

measured by diamond pyramid (Vickers) indentation test [12].

Vickers’ indentation was conducted with diamond indenter

(HVS-50Z/LCD, Shanghai Taiming Optical Corporation,

China) under a load of 50 kgf for a loading time of 10 s to

induce cracking of the alumina coating on the cross section. Ten

tests were conducted at the center locations of the coating

thickness for each sample. During testing, one diagonal was

parallel to the coating surface and the other was perpendicular

to the coating surface. Although there are many formulae can

be used to calculate the fracture toughness, Niihara [13] and

Anstis formulae had been employed to calculate the fracture

toughness of thermally sprayed coatings [14–16]. For the

plasma-sprayed ceramic coatings, the fracture toughness

should be lower than that of bulk materials due to its limited

interlamellar bonding [2]. However, the fracture toughness

value calculated by Niihara formula for C1 was higher than that

of bulk alumina. Therefore, in present work, the indentation

fracture toughness was calculated using the Anstis formula

[12]:

K1C ¼ 0:016
E

H

� �1=2 P

C3=2

� �
(1)

where K1C is the fracture toughness, E the elastic modulus, H

the Vickers hardness, P the load and C is the crack length.

The microhardness of the deposit cross-section was tested by

a Vickers microhardness tester (BUEHLER MICROMET5104,

Akashi, Japan) under a load of 300 gf for a loading time of 10 s.

The elastic modulus at the direction perpendicular to the

coating surface was determined through a Knoop indentation

approach [17]. Knoop indentation was conducted with diamond

indenter (BUEHLER MICROMET5104, Akashi, Japan) under

a load of 200 gf for a loading time of 10 s. Here, the data used in

Eq. (1) for the microhardness and elastic modulus of the

deposits can be found in our recent report [18].

3. Results

3.1. Microstructure

To reveal the state of interlamellar bonding within the

coatings prepared at different substrate temperatures, each

sample was fractured along the direction perpendicular to the

surface and the microstructure of the fractured surface was

examined by SEM. Fig. 1 shows typical microstructures of the

fractured alumina coatings. The columnar grain structure in a

direction perpendicular to the lamellar plane was clearly

observed in individual splats. It was evident that alumina (C1 in

Fig. 1a) deposited at 240 � 73 8C exhibited a lamellar

structure.

However, with the increase of the substrate temperature the

interlamellar bonding was improved accordingly. As the

substrate temperature reached to 430 � 82 8C for the sample
C2, the chemical bonding recognized by long through-lamellar

columnar grain was observed over a great many of lamellar

interfaces (Fig. 1b). With further increase of the substrate

temperature, more and more lamellar interfaces bonded

chemically, as shown in Fig. 1c. In C5, most splats were

bonded together. Long columnar grains were observed through

the coating thickness, which means that overlaying splats were

bonded as a whole. This clearly indicates continuous growth of

columnar grains across splat interfaces when the surface

temperature of the pre-deposited splat is greater than 430 8C for

plasma-sprayed alumina coatings.

Fig. 2 shows the microstructures of the polished cross-

sections for the coatings prepared at different substrate

temperatures. It is clear that the lamellar structure cannot be

observed for all samples even though the alumina coatings,

especially for the coatings deposited at low substrate

temperature (see C1 in Fig. 2a), should be composed of

lamellae. This is due to the limitation of the direct observation

of the coating microstructure using microscopy [19]. Large

voids are visible (Fig. 2a and b). It is believed that most of these

voids result from the removal of the ceramic particles during

the polishing process owing to the poor intersplat bonding [3].

On the other hand, few large voids present on the cross sections

of C3–C5, as shown in Fig. 2c–e. This fact suggests the

formation of the improved intersplat bonding within the

alumina coatings of C3–C5 deposited at high substrate

temperatures. This is because a better interface bonding can

prevent the well bonded splats from removal. Such fact is

consistent with the bonding conditions of the alumina coatings

observed from the fractured cross sections. As a result, these

coatings exhibit a relatively dense microstructure.

The apparent porosity levels of the alumina coatings

prepared at different substrate temperatures were determined

by image analyzing using the polished cross-sectional

photographs. The results (see Fig. 3) show that the apparent

porosity decreases with the increase of the substrate

temperature. As the substrate temperature increases from

240 to 1120 8C, the mean apparent porosity of the coatings

decreases from about 17.1% to about 7.6%.

3.2. Phase structure

Fig. 4 shows the XRD patterns for both the as-received

powder and the alumina coatings. It is clear that the powder is

mainly comprised of a-Al2O3 phase. In respect of C1 and C2,

due to rapid solidification of the alumina splats during spraying,

the coatings consist predominantly of g-Al2O3 phase. This is

consistent with the results of previous reports [11,20–22]. As

for C3–C5, d-Al2O3 and a-Al2O3 become predominant phases.

To calculate the content of a-Al2O3 phase in the coatings,

semi-quantitative analysis was carried out by following

equations, for C1 and C2,

Ca ¼
Ið1 0 4Þ þ Ið1 1 3Þ þ Ið1 1 6Þ

Ið1 0 4ÞþIð1 1 3ÞþIð1 1 6ÞþIð3 1 1ÞþIð4 0 0ÞþIð4 4 0Þ
(2)



Fig. 3. The variation of apparent porosity of alumina coatings with the substrate

temperature.

Fig. 4. Phase constituent of the alumina coatings deposited at different

substrate temperatures.

Fig. 2. Polished cross-sections for (a) C1, (b) C2, (c) C3, (d) C4, and (e) C5.
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Fig. 5. Relative content of a-Al2O3 in the alumina coatings deposited at

different substrate temperatures.
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for C3, C4, and C5,

Ca ¼
Ið1 1 0Þ þ Ið1 1 3Þ þ Ið1 1 6Þ

Ið1 1 0ÞþIð1 1 3ÞþIð1 1 6ÞþIð0 4 0ÞþIð0 0 6ÞþIð0 4 6Þ
(3)

where Ca represents the content of a-Al2O3, I the area of the

peak.

Fig. 5 shows the relative content of a-Al2O3 phase

calculated by above equations for the coatings. It is found

that an increase in the content of a-Al2O3 phase from 5.8% for

C1 to 17.7% for C5 appears. It was reported that a-Al2O3 phase

in the coatings deposited at low substrate temperature was

mainly derived from unmelted particles during spraying

[1,22,23]. With the increase of the substrate temperature, g-

Al2O3 to a-Al2O3 phase transformation become possible due to

the high substrate temperature which provides heat treatment

effect to the splats during deposition [11,20,22].

3.3. Fracture toughness

Fig. 6 shows the influence of the substrate temperature on the

fracture toughness of the alumina coatings. The results clearly

indicate that the fracture toughness of the alumina coatings is

significantly influenced by the substrate temperature. With the

coatings prepared at 240 8C, the measurement of the fracture
Fig. 6. Fracture toughness of the alumina coatings deposited at different

substrate temperatures.
toughness yielded a value of 1.0 � 0.2 MPa m1/2. However,

with increasing the substrate temperature to 430 8C, the fracture

toughness of the alumina coatings reached a maximum value of

2.3 � 0.2 MPa m1/2, which is about 69% of that for sintered

bulk materials reported by Bocanegra-Bernal et al. [24] and

Kim et al. [25]. As the substrate temperature increased to

1120 8C, the fracture toughness of the alumina coatings

decreased to 0.6 � 0.1 MPa m1/2.

4. Discussion

4.1. The mean bonding ratio of the coatings

The present results clearly revealed that with increasing the

substrate temperature (coating surface temperature) the

lamellar interface bonding was significantly improved. Such

increase should be mainly attributed to the epitaxial columnar

grain growth across lamellar interfaces at an elevated substrate

temperature. Furthermore, such significant increase in the

bonding of the coatings directly resulted in the significant

change of coating properties. The measurement of the

mechanical properties of alumina coatings deposited at

different substrate temperatures clearly revealed that the elastic

modulus increased with the increase of the substrate

temperature. Such increases should be attributed to the increase

of the lamellar interface bonding.

According to Section 3.1, the intersplat bonding of the

alumina coatings was improved by increasing the substrate

temperature, especially, when the substrate temperature was

above 430 8C, a rapid improvement in the intersplat bonding of

the alumina coatings was found. This phenomenon can be

explained by the occurrence of intersplat chemical bonding at

high substrate temperatures (above 430 8C).

According to previous study [26], when the lamellar

bonding ratio is less than 40%, the relative elastic modulus

of thermally sprayed deposit can be expressed as follows:

Ec

E
¼ a 1 þ 2p

a

d

� �4

b2 f ðbÞ
� ��1

(4)

where Ec and E are the through-thickness elastic modulus of the

coating and coating materials, respectively; a is the radius of

bonded area; b = (p/8a)0.5; and f(b) is a function of b, i.e., a

function of the lamellar bonding ratio a. When a becomes

larger than 40%, the bending effect of the lamella during

transfer of load on the additional deformation can be neglected

and the above equation then is reduced to Ec/E = a. Therefore,

the mean bonding ratio of the alumina coatings can be estimat-

ed. The elastic modulus of completely dense a-Al2O3 and g-

Al2O3 is 400 and 241 GPa [26], respectively. Considering the

a- and g-phase were the main phases in all coatings and the

contents of a-phase shown in Fig. 6, the elastic modulus of the

coating material and the mean bonding ratio of each coating can

be estimated, as shown in Table 2. Clearly, the mean bonding

ratio increased from 44% to 89% with increasing the mean

substrate temperature from 240 to 1120 8C.



Table 2

Mean bonding ratio of each coating estimated by the relationship between

elastic modulus and the bonding ratio of the coatings.

C1 C2 C3 C4 C5

Ec (GPa) [18] 111 141 199 231 239

E (GPa) 250 256 263 264 269

a (%) 44 55 76 88 89
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4.2. The variation in the fracture toughness of the coatings

As a tensile stress occurs within the coating, cracks will

propagate along the lamellar interface from the nonbonded

interfaces, acting as pre-cracks. With the increase of the

substrate temperature, the through-thickness columnar grains

growth occurs in the coatings and the bonding ratio increases

accordingly [4,5]. Crack deflection and bridging, resulting from

existence of the long columnar grains in the coatings,

contributes to hindering the propagation of the cracks and

leads to the increase of the toughness [27–29]. This correlates

directly with the change in the fracture toughness of the

alumina coatings. As reported in our study [30], the fracture

toughness of the YSZ (with 8 mol% Y2O3) coatings increases

with the substrate temperature due to the improvement in the

intersplat bonding. Similarly, the fracture toughness of the

alumina coatings should increase with the substrate tempera-

ture. However, there exists a sharp decrease in the curve of the

fracture toughness with the substrate temperature (see Fig. 6).

With C3–C5, the high substrate temperature during deposition

took effect as the heat treatment, which facilitated the g-Al2O3

to a-Al2O3 phase transformation (see Figs. 4 and 5). As a

transition phase for g-Al2O3 to a-Al2O3 phase transformation,

d-Al2O3 phase occurs in C3–C5. According to Damani and

Lutz [31], the formation of d-Al2O3 in a plasma spraying

process is due to a low splat cooling rate. In the case of C3–C5,

with increasing the substrate temperature, the cooling rate of

the splats is decreased to be around 3 8C/s, resulting in the

formation of d-Al2O3 phase and the change of the residual

stresses. At the same time, the thermal treatment effect at high

temperatures contributes to the alumina transformations under
Fig. 7. SEM micrograph of the fractured cross-section of C5 shows two cracks:

one is smooth nonbonded intersplat interface (marked by arrow A), the other is

step-like crack (marked by arrow B) resulting from the stresses relaxation.
this condition. Damani and Makroczy [20] suggest that the g-

Al2O3 transforms continuously via the short range diffusion and

re-ordering of vacancies and cations to d-Al2O3 and both phases

share the same lattice to some extent. This demonstrates the

phase transformation from g-Al2O3 to d-Al2O3 can hardly

induce stress. Due to high density of a-Al2O3, the g-Al2O3 to a-

Al2O3 phase transformation will result in volume contraction

and resultant tensile stress within the coatings. Moreover, there

also exists tensile thermal stress during deposition. Both the

tensile stresses lead to the cracking and the further propagation

of the cracks during indentation process, as shown in Fig. 7.

Therefore, the significant decrease in the fracture toughness of

the coatings from C2 to C5 appeared despite the existence of the

long columnar grains within the coatings.

5. Conclusions

Alumina coatings were prepared by atmospheric plasma

spraying through controlling the substrate temperature during

spraying. Both the polished and fractured cross-section

microstructures of the coatings were characterized by SEM.

The phase structures of the coatings and the feedstock were

analyzed by XRD. The changes in the microstructure and the

phase structure of the alumina coatings prepared at different

substrate temperatures were examined. The results show that

the interlamellar bonding in the coatings is significantly

improved with increasing the substrate temperature due to the

continuous growth of the grains from the substrate surface. The

enhancement in the bonding ratio results in an increase in the

fracture toughness of the alumina coatings. However, with the

stresses resulting from the thermal shrinkage and the phase

transform at high substrate temperatures, the fracture toughness

of the alumina coatings decreases from 2.3 � 0.2 MPa m1/2 to

0.6 � 0.1 MPa m1/2 as the substrate temperature increases from

430 to 1120 8C.
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