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Abstract Thermal spraying using liquid feedstock can

produce coatings with very fine microstructures either by

utilizing submicron particles in the form of a suspension or

through in situ synthesis leading, for example, to improved

tribological properties. The focus of this work was to

obtain a bimodal microstructure by using simultaneous

hybrid powder-precursor HVOF spraying, where nanoscale

features from liquid feedstock could be combined with the

robustness and efficiency of spraying with powder feed-

stock. The nanostructure was achieved from YSZ and ZrO2

solution-precursors, and a conventional Al2O3 spray pow-

der was responsible for the structural features in the micron

scale. The microstructures of the coatings revealed some

clusters of unmelted nanosized YSZ/ZrO2 embedded in a

lamellar matrix of Al2O3. The phase compositions con-

sisted of c- and a-Al2O3 and cubic, tetragonal and mono-

clinic ZrO2. Additionally, some alloying of the constituents

was found. The mechanical strength of the coatings was not

optimal due to the excessive amount of the nanostructured

YSZ/ZrO2 addition. An amount of 10 vol.% or 7 wt.%

8YSZ was estimated to result in a more desired mixing of

constituents that would lead to an optimized coating

architecture.

Keywords Al2O3-ZrO2 � ceramic matrix composite �
coating � hybrid � HVOF � solution-precursor spraying

Introduction

Thermally sprayed ceramic coatings are typically used in

the aerospace industry for their low thermal diffusivity and

high-temperature erosion resistance. Other applications are

found, e.g., in components in the process industry, such as

center rolls and dewatering elements for paper machines,

mechanical seals and process valves (Ref 1). In these

components, combined wear- and corrosion resistance is

the key factor and the main reason for choosing ceramic

coatings over other material options. However, typically

brittle behavior and interlamellar cracking prevent their use

in many applications (Ref 2).

Al2O3 is a widely used ceramic material in thermal

spraying due to its low cost and various favorable prop-

erties, such as resistance to abrasive and sliding wear, and

high dielectric strength (Ref 3, 4). However, its tribological

properties are not up to par with other ceramic coatings,

such as Cr2O3 (Ref 5), in more demanding conditions. In a

technical perspective, a vast amount of research has gone

into improving the fracture toughness of Al2O3 with

additions of ZrO2, with the intent of strengthening the

composite. This can be achieved by the well-known

toughening effect of the phase transformation of tetragonal

ZrO2 to monoclinic and the following volume change as

well as the ferroelastic domain switching in tetragonal

ZrO2 (Ref 6-10). An undesirable side effect of the phase

change is a large volume increase, which deteriorates the
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coating integrity. However, it can be countered by stabi-

lizing the ZrO2 to either non-transformable tetragonal or

cubic phases by adding stabilizing oxides, such as MgO

(resulting in MSZ, magnesia-stabilized zirconia) or Y2O3

(leading to YSZ, yttria-stabilized zirconia). This practice is

already widely utilized in top coats of thermal barrier

coatings, where the coatings resistance to catastrophic

failure is critical due to immense cyclic thermo-mechanical

loading (Ref 1, 11).

While improvements are usually gained in the tribo-

logical behavior of thermally sprayed Al2O3-YSZ coatings,

no evidence of toughening has been found, though some

studies claim the transformation is the cause for the

improved wear behavior (Ref 12, 13). Sometimes, how-

ever, the improvement is attributed to the lower melting

point and better cohesion of the coating (Ref 14). We have

previously studied the effect of this phase change in con-

ventional thermally sprayed Al2O3-40ZrO2 coatings as

well, but the toughening was not evident (Ref 15, 16).

Nanocrystalline structures have been achieved in ther-

mal spraying using suspension- and solution-precursor

feedstocks (Ref 13, 17-24), indicating the potential of

novel processing routes in achieving the desired toughness

increase. The toughening was achieved without compro-

mising structural cohesion, for example, by increasing the

crack propagation resistance when small unmelted ZrO2

particles are preserved in the coating matrix (Ref 13).

However, alloying Al2O3 with ZrO2 is challenging in

thermal spraying of nanoscale feedstock as the composition

can easily lead to the formation of an amorphous phase

during processing that deteriorates mechanical properties

due to a reduction in available slip planes leading to

increased brittleness (Ref 13, 25).

HVOF spraying of ceramics requires a combustible gas

capable of producing a high flame temperature with oxy-

gen to produce the energy required to melt the material.

Due to the restriction of available energy combined with

high velocities leading to short dwell times, the HVOF

system is mainly used with low-melting ceramics, such as

TiO2 (Ref 26) or Al2O3 (Ref 27). For higher melting

materials, such as ZrO2, particle size is the key between

achieving a coating by melting or partly melting and partly

sintering the material (Ref 28).

Solution-precursor HVOF (SP-HVOF) spraying is a

novel spray process, in which coating formation through

in-flight nanoparticle synthesis and subsequent melting is

attainable. The size of the synthesized particles in SP-

HVOF is 10-500 nm (Ref 29). However, creating a thick,

cohesive coating with SP-HVOF is not only tedious due to

the relatively low deposition rate, but also difficult due to

the necessity to melt the particles to form the coating

without inducing excessive grain growth. This problem has

been tackled by Joshi et al. (Ref 30) by utilizing a hybrid

plasma spray, where solution and powder are being fed

simultaneously into the plasma, forming a coating of

micron-sized lamellae from powder particles with nano-

sized particles originating from the solution in the splat

boundaries. The coatings provided the best properties of

both processes: The high deposition rate of traditional

plasma spraying of powder feedstock, along with the high

hardness and density of solution-precursor plasma-sprayed

coatings. More recently, Goel et al. (Ref 31) have

employed the same philosophy in depositing an Al2O3-

YSZ coating from Al2O3 powder and an 8YSZ suspension

with an axial plasma spray process, providing a higher

wear resistance with the introduction of the suspension into

the process. Similarly, Murray et al. (Ref 32) showed

increased fracture toughness and lower wear rate of pow-

der-suspension and suspension-suspension-sprayed Al2O3-

YSZ coatings sprayed with the same system when com-

pared to either powder- or suspension-sprayed Al2O3.

In this study, the feasibility of a hybrid HVOF process

utilizing a powder with a second feedstock, in this case

solution-precursor, is examined for Al2O3-YSZ/ZrO2

composite coatings. The goal is to be able to deposit

nanosized YSZ/ZrO2 particles at the splat boundaries

between the Al2O3 splats to bind the splats together and,

thus, improve the mechanical properties of the coatings.

Two separate variables were studied: the effect of the

amount of YSZ (0, 20 and 40 wt.%), and the effect of

stabilization of the ZrO2. The coating microstructures were

characterized by FESEM and XRD, and their mechanical

properties, hardness and cavitation erosion resistance were

measured.

Experimental Methods

Coating Preparation

The powder feedstock material for the alumina (Al2O3)

component was Amperit 740.001 (- 25 ? 5 lm) (H.

C. Starck GmbH, Munich, Germany). The yttria-stabilized

zirconia (YSZ) solutions were manufactured by mixing a

saturated water-based solution (at 20 �C) of

yttrium(III)nitrate hexahydrate (Acros organics/Thermo

Fisher Scientific Inc., Geel, Belgium) and a 16 wt.% zir-

conium acetate solution in dilute acetic acid (Sigma-

Aldrich/Merck KGaA, Darmstadt, Germany) in proper

ratios to achieve 8 wt.% of yttria in zirconia after pyrolysis

in the flame to create stabilized tetragonal zirconia (8YSZ).

One solution was prepared without adding yttria in order to

examine the effect of stabilization of the zirconia.

The coatings were sprayed with a TopGun HVOF sys-

tem (GTV GmbH, Luckenbach, Germany) modified for

liquid feedstock spraying, using ethene as a fuel gas and
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oxygen as an oxidant on 50 9 100 9 5 mm substrates of

stainless steel (AISI 316) that were grit-blasted with

180-220 mesh alumina prior to deposition. The powder

feedstock was fed with a commercial 9MP powder feeder

(Oerlikon Metco AG, Wohlen, Switzerland), and the

solution was fed with a diaphragm pump feeder made in-

house, that was equipped with a closed-loop mass-flow

meter to stabilize the solution flow rate. The powder and

the liquid precursor were injected in the same injector

where they were mixed and injected together into the

combustion chamber. Atomizing of the mixture was

brought about by the carrier gas of the powder. The feeding

setup is explained in detail by Björklund et al. (Ref 33).

The processing parameters were optimized in preliminary

studies and are listed in Table 1. A schematic of the hybrid

powder-precursor HVOF spray process is presented in

Fig. 1.

Coating Characterization

The coatings were characterized with field emission scan-

ning electron microscopes (FESEM) (Zeiss ULTRAplus

and Zeiss Crossbeam 540, Carl Zeiss Microscopy GmbH,

Jena, Germany). The FIB cross section and consequent

analysis were performed with a Helios Nanolab 600 (FEI

Company/Thermo Fisher Scientific Inc., Hillsboro, OR,

United States). Compositional analyses of the coated sur-

faces were carried out using Inca x-act 350 energy-dis-

persive spectrometer (EDS) attached to the FESEM

(ULTRAplus) and the phase analysis with x-ray diffraction

(XRD, Empyrean, PANalytical, Cu-Ka radiation, The

Netherlands).

Mechanical Characterization

The coating hardness was determined from ten indentations

on the coating cross section using a Vickers hardness tester

(MMT-X7, Matsuzawa Co., Ltd., Akita, Japan) with a load

of 300 gf (HV0.3). The cavitation erosion test was per-

formed with an ultrasonic transducer (VCX-750, Sonics

and Materials Inc., Newtown, CT, USA), according to the

ASTM G32-10 standard for indirect cavitation erosion. The

vibration tip, made of a Ti-6Al-4V alloy, was vibrating at a

frequency of 20 kHz with an amplitude of 50 lm at a

distance of 500 lm from the surface. The sample surfaces

were ground flat and polished with a polishing cloth and

diamond suspension (3 lm). The samples were cleaned in

an ultrasonic bath with ethanol and weighed after drying.

Samples were attached on a stationary sample holder, and

the head of the ultrasonic transducer was placed at a dis-

tance of 0.5 mm. Samples were weighed after 15, 30, 60

and 90 min. One sample per coating was tested. The long

duration and high impact frequency of the test lend credi-

bility to sufficient statistical certainty. Cavitation resistance

of the coatings was calculated as the reciprocal of the mean

depth of erosion per hour, which in turn is derived from the

theoretical volume loss (presuming a fully dense coating)

and the area of the vibrating tip.

Results and Discussion

Microstructural Characterization

The cross sections of the coatings are presented in Fig. 2

and in higher magnification in Fig. 3. The coatings adhered

well to the substrate, and in all hybrid coatings bimodality

was achieved with in situ synthesized YSZ/ZrO2 particles

of \ 200 nm embedded between the well-melted Al2O3

splats. The coating structures seemingly have some

apparent porosity; however, it is likely stemming from

pullouts, i.e., the removal of poorly bonded particles or

agglomerates during the sample preparation. According to

the cross-sectional images, the synthesized nanoparticles

obtained a round morphology indicating partially molten

state, but a majority of the nanoparticles were not well

Table 1 Processing parameters

of the coatings
Sample name A A20Y A40Y A40Z

Material chemical composition, wt.% Al2O3 Al2O3-20YSZ Al2O3-40YSZ Al2O3-40ZrO2

C2H4, slpm 97

O2, slpm 232

O2/C2H4-ratio 2.38

Powder feed rate, g/min 12 16 12 12

Solution feed rate, g/min … 22 44 44

Standoff distance, mm 100

Relative surface speed, m/min 51

Offset, mm/pass 4

Passes, number 28 10 10 20

Coating thickness, lm 180 170 134 250
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Fig. 1 A schematic of the

hybrid powder-precursor HVOF

process

Fig. 2 Cross-sectional

micrographs of the coatings.

(a) A, (b) A20Y, (c) A40Y,

(d) A40Z. FESEM (SE) images

Fig. 3 Cross-sectional

micrographs of the coatings.

(a) A, (b) A20Y, (c) A40Y,

(d) A40Z. FESEM (SE) images.

The artifacts on the cross

sections arise from residue in

sample preparation
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integrated to the alumina splats, as presented in Fig. 4(a).

In addition, some mixed-phase areas were found, shown as

the light gray areas in Fig. 4(b). This indicates the possi-

bility of strengthening the traditional powder-sprayed

coating structure by interlocking the microscale splats, as

the nanosized ceramics (with a very large surface area)

enhance the diffusion of atoms in splat-nanoparticle inter-

face (Ref 34). Additionally, since it has been shown that

reducing the primary particle size to the nanoscale can lead

to significant reductions in the sintering temperature in

stabilized ZrO2 (Ref 35), some amount of sintering and

enhanced diffusion could occur during spraying. Therefore,

in optimal conditions, the sintered YSZ could be chemi-

cally bonded by diffusion/mixed phase with surrounding

Al2O3 splats, leading to an extremely coherent structure.

Some amount of unmelted nanoparticles can potentially

also improve the toughness and wear resistance of the

coating when the nanostructured zones are well embedded

in the coating and act as crack arresters (Ref 36).

The EDS analyses of the coatings are presented in

Table 2. The amount of ZrO2 was about half of the nominal

amount from the feedstock. The low deposition efficiency

of ZrO2 in comparison with Al2O3 can be attributed to its

higher melting point as well as small particle size, leading

to particles drifting along with the gas flow away from the

substrate due to the high stagnation pressure zone near the

surface slowing the particles down (bow-shock effect) and

drag along the surface (Ref 37-39). Further optimization of

the process parameters should improve this aspect along

with decreasing the amount of unmelted YSZ/ZrO2

particles.

The EDS map of the coating A40Y is presented in

Fig. 5. As expected from the contrast in the FESEM ima-

ges, the bright areas consist of YSZ and darker areas of

Al2O3. A mixed-phase area exists with a grayish color that

can be verified from the EDS map, consisting of oxides of

both aluminum and zirconium. In order to confirm that the

mixed color did not arise from a brighter layer of zirconia

under a darker layer alumina, FIB-FESEM studies were

carried out. The sample was inspected from a FIB-milled

cross section, where a light gray area was located, and the

sample was subsequently milled from that plane on two

more times, 2 lm at a time, as displayed in Fig. 6. It was

ensured that the mixed-phase splat was indeed continuous

also in the third dimension and not an artifact from the

penetration depth of the electrons.

The x-ray diffraction patterns are presented in Fig. 7. As

expected, the ZrO2 in the stabilized Al2O3-YSZ coatings

was in the tetragonal form. A40Z consisted also of mon-

oclinic and cubic ZrO2, which was unexpected since the

stable phase of ZrO2 in room temperature is monoclinic.

The occurrence of all the phases of ZrO2 in the unstabilized

coating can be explained either by their metastability or by

the size dependence of the phase transformations: For

example, cubic ZrO2 stays stable in room temperature with

crystallite sizes \ 2 nm (Ref 40, 41). Al2O3 was in all

cases as a- and c-phases, as is typical in HVOF spraying of

Al2O3, where the core of some particles of the feedstock-

powder presumably does not melt and stays as a-phase.
Interestingly, amorphous compounds, which are a common

product of thermal spraying Al2O3-ZrO2 mixtures from

powder (Ref 16, 25), were not found in significant

quantities.

Mechanical Properties

Coating hardnesses were decreased by the addition of YSZ/

ZrO2 in Al2O3, as presented in Table 3. However, the

reduction in hardness was moderate in the case of A20Y,

indicating the possibility to achieve a dense structure even

Fig. 4 FIB-milled cross section

of (a) A40Y showing mixed

phase and unmelted ZrO2

particles in splat boundaries and

(b) signs of diffusion of YSZ in

Al2O3. The white regions are

severely charged areas. FESEM

(BSE) images

Table 2 Coating composition

as calculated from EDS

analyses

wt.% Al2O3 ZrO2 Y2O3

A 100.0 0.0 0.0

A20Y 90.0 9.9 0.1

A40Y 73.3 26.0 0.8

A40Z 69.9 30.0 0.0
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with the addition of nanoparticles, as also evidenced by

Goel et al. (Ref 31). The coatings with 40 wt.% nominal

addition of YSZ/ZrO2 underwent a more severe reduction

in hardness, as could be predicted from the large clusters of

nanoparticles between the splats as seen in all hybrid

coatings in the cross sections in Fig. 3 and in detail for

A40Y in Fig. 4; the cohesion of the coatings was reduced

as compared to the reference.

Cavitation erosion resistance is typically a good measure

of the cohesion of thermally sprayed coatings, and it is able

to reveal weak links in the microscale (Ref 15, 42). The

experiment revealed structural weakness in the hybrid

powder-precursor-sprayed coatings: Similarly to the hard-

ness values, a reduction in cavitation resistance was

observed with increasing amounts of YSZ/ZrO2, as can be

observed in Fig. 8. However, this time the reduction is

significant, dropping to less than half with 20 wt.% YSZ

and to less than a quarter with 40 wt.% YSZ and ZrO2

additions as compared to pure Al2O3. This is supported by

Fig. 9, where surface images of A40Y are presented as-

sprayed and after the test. Clearly, there are vast amounts

of YSZ nanoparticles on top of the surface (Fig. 9a), like

was seen between the splats as well (Fig. 4a), that impair

the cohesion of the coating, which is most exposed under

fatiguing conditions. These particles were removed during

the experiment, as can be seen from their lesser amount in

Fig. 9(b), where mainly larger well-melted splats are visi-

ble. The cavitation erosion resistance is typically favored

Fig. 5 EDS map of A40Y

visualizing the elemental

distribution in the coating

Fig. 6 The cross section of A40Y FIB-milled to (a) 0 lm, (b) 2 lm and (c) 4 lm depth from the reference plane. The box indicates the same

detail of a mixed-phase region of Al2O3 and YSZ. The white regions are severely charged areas. FESEM images
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by good cohesion and small splat size of the formed

coating, while nonintegrated particles are readily attacked

and act as concentration sites for the erosion (Ref 15, 42).

The hybrid HVOF-sprayed coatings aimed to achieve these

beneficial qualities but missed the goal as the nanoparticles

were not successfully embedded in the coating and an

insufficient amount of mixed-phase regions were created to

strengthen the coating. These results are contradictory to,

for example, the results of Murray et al. (Ref 32) who were

able to increase the wear resistance in dry-sliding ball-on-

flat test of the reference Al2O3 coating by the addition of

YSZ suspension. The test conditions were 30 min with a

6.3-mm-diameter alumina ball, a load of 10 N and a sliding

speed of 10 mm/s. In their case, however, the major dif-

ference was that an axial-feed plasma-spray system was

used, which has enough power to melt the YSZ particles

from the suspension and there was no detrimental nonin-

tegrated particles embedded in the coating. Additionally,

the scale in their test is some orders of magnitude larger

since the cavitating bubbles, being a few tens of microns,

mainly nucleate on surface asperities and cavities of similar

size (Ref 43). The tests measure, thus, somewhat different

features.

Tailoring Possibilities of the Coating Architecture

In order to evaluate the next steps to optimize the coating

architecture, calculations were performed on black/white

histograms of a cross-sectional image (as visualized in

Fig. 10) of the pure Al2O3 coating to obtain the amount of

horizontal vacancies between the lamellae. These vacan-

cies could be filled with the nanosized YSZ/ZrO2 particles

or the Al2O3-YSZ/ZrO2 mixed phase in order to increase

the structural integrity of the coating. Theoretically,

packing the interlamellar vacancies with a sufficient

amount of nanoparticles while avoiding overpacking would

lead to the densest achievable coating with optimal prop-

erties, as pictured in Fig. 10(b). Five vertical areas of the

image were selected, and the area fraction of interlamellar

vacancies to lamellae is calculated from a black/white

histogram, Fig. 10(c). By selecting narrow, vertical areas

from regions with few vertical cracks, we aim to isolate the

horizontal vacancies between the lamellae, which are

desirable to be filled. An average of 10 vol.% of horizontal

vacancies/splat boundaries was determined, which trans-

lates to a theoretically optimal mixture of 7 wt.% of the

8YSZ solution and 93 wt.% Al2O3 powder. This is not far

from the actual amount obtained from A20Y due to the

lower deposition efficiency of YSZ. Hence, a coating with

this or lower ratio should be manufactured and evaluated in

the next phase of the study, in order to create a distinct

enough difference to A20Y.

Drawing from the results of this study, future research

should steer itself toward lower melting feedstock or

additives in the solution, such as citric acid or acetic acid,

to increase the exothermic nature of the synthesis reaction

(Ref 44). By combining solution and powder feedstock

in situ, it is possible to combine oxides into coatings jointly

with other oxides, hard metals or metals of virtually any

combination without the limitations of powder or

Fig. 7 The XRD patterns of the coatings. Symbols: t = tetragonal

ZrO2, m = monoclinic ZrO2, c = cubic ZrO2, a = a-Al2O3, c = c-
Al2O3

Table 3 The Vickers hardnesses of the coatings along with the 95%

confidence intervals (CI)

Coating Mean hardness (HV0.3) 95% CI

A 1090 75

A20Y 1032 92

A40Y 869 49

A40Z 823 81

Fig. 8 The cavitation resistance of the coatings, i.e., the time in

minutes it takes to remove one lm of material
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suspension preparation, thereby obtaining novel functional

properties for thermally sprayed coatings.

Conclusions

Preliminary results on the characterization of coatings

prepared via a hybrid powder-precursor HVOF spray pro-

cess were presented in this study. The coatings were

manufactured from a solution of zirconium acetate and

yttrium nitrate hexahydrate, and a commercial powder

feedstock of Al2O3. Microscopic characterization tech-

niques were used to investigate the formed microstructures,

and cavitation erosion was utilized to evaluate the cohesion

and structural integrity of the coating.

The coating structures were macroscopically dense and

bimodal, with nanosized YSZ/ZrO2 particles and agglom-

erates thereof occupying the interlamellar regions between

the Al2O3 splats, along with some mixed phase of Al2O3-

YSZ/ZrO2. However, the addition of YSZ/ZrO2 lowered

the hardness of the coating slightly. The cause was deter-

mined to be the areas with agglomerates of unmelted YSZ/

ZrO2 that were also found to weaken the coating in cavi-

tation erosion, which tests the structural integrity and

cohesion of the coating through fatigue from microscopic

impacts. Thus, the desired improvement in mechanical

properties was not achieved yet. The role of Y2O3 in sta-

bilizing t-ZrO2 as compared to unstabilized ZrO2 had no

effect on the hardness or cavitation resistance of the coat-

ing with the current achieved microstructure.

The usability of the novel hybrid powder-precursor

HVOF process has been successfully demonstrated, and

with further process optimization the composition is

believed to provide interesting results. The results impli-

cate that by reducing the amount of solution-precursor-

synthesized YSZ/ZrO2, the coating cohesiveness would be

Fig. 9 FESEM images of the

surfaces of the A40Y coating

(a) as-sprayed showing

nanoparticles on the surface of

the coating and (b) after

cavitation erosion, when there is

no evidence of nanoparticles left

on the larger splats

Fig. 10 (a) A portion of a

FESEM cross section of coating

A used to calculate the amount

of vacancies between the Al2O3

lamellae. (b) Visualization of

the theory of packing the empty

areas with nanoparticles. (c) An

example of the slicing

procedure done to perform

calculations of the amount of

vacancies

J Therm Spray Tech (2019) 28:98–107 105

123



sufficient to bring out the toughening effect of the added

nanostructured phase. Based on the calculations of vacan-

cies between splats in the Al2O3 coating, an optimal

feedstock mixing ratio would be 7 wt.% of 8YSZ solution

of the total feed presuming identical deposition efficiencies

of the two feedstocks. Further studies are recommended to

optimize the relationship between the feedstock and

deposition parameters. Additionally, by utilizing different

feedstocks with lower melting points than YSZ or ZrO2, it

is foreseen to be possible to produce interesting nano-mi-

crocomposite coatings of various compositions with rela-

tive ease and reproducibility bringing material tailoring of

thermally sprayed coatings to new levels.
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