
INTRODUCTION

Among many techniques in the area of sur-
face engineering, the thermal spraying methods 
are most frequently used in industrial applica-
tions. The main idea is heating of the feedstock 
material (in the form of powder, wire, or rods) by 
flame, electric, or plasma arcs. Then, the molten 
particles are accelerated towards the substrate and 
create the coating layer by layer [1–3]. Plasma 
spraying is the most common method among the 
thermal spray techniques. Temperature could be 
as high as 20000 K, and the velocity of the par-
ticles may achieve as much as 800 m/s. The elec-
trical arc is ignited between the tungsten cathode 
and copper anode. The versatility of plasma spray 

processes allows manufacturing different types of 
feedstock materials. Usually, ceramic [4], metal-
lic [5], polymer [6], or composite [7] coatings are 
deposited. In the case of plasma powder spraying, 
the feedstock material particle size ranges from 
20 µm to 90 µm [8, 9]. Therefore, the conven-
tional plasma-sprayed powder coatings, as well 
as atmospheric plasma spraying (APS), consist-
ing of coarse grain-size microstructure and nano-
structure deposits cannot be manufactured and the 
modern spray method such as suspension plasma 
spraying (SPS) should be employed. 

The nanostructured materials have been 
studied extensively, starting from the 1990s. 
The nanostructured coatings present especially 
outstanding mechanical, electrical, physical, 
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and optical properties. According to a defini-
tion, the nanostructured materials have crystals 
smaller than 100 nm [10]. It is known that the 
nano-size microstructure effects on the modifi-
cation of material properties [11]. Strengthening 
of metallic materials results from the fact that 
the nanophase microstructure is nearly disloca-
tion-free. Improvement of nanostructured mate-
rials in strength, resistance to wear and thermal 
shock, and reduction of micro-cracking, caused 
an increasing interest in the research and possible 
applications of such materials [12]. Overall, the 
mechanical properties are dependent on the pres-
ence of defects in material or its plasticity. Initia-
tion of defects is much more difficult when grain 
dimensions are fine. It results in a change of the 
mechanical properties. Generally, the plasticity or 
ductility results from a number of grain size and 
density of interfacial boundaries [10, 12]. Gener-
ally, the microstructure refinement increases the 
mechanical properties of engineering materials. 

One of the fastest growing branches of nano-
science is surface engineering. The coatings based 
on nanostructured materials are mainly produced 
using the vapour condensation methods, such 
as physical vapour deposition, chemical vapour 
deposition and similar methods [13]. However, 
these methods allow obtaining a rather thin coat-
ing, with thickness generally not greater than a few 
micrometres. Moreover, the deposition rate is rela-
tively low, and the processes are cost-demanding. 
On the other hand, the conventional thermal spray-
ing techniques, especially plasma spraying, allow 
deposition of thick coatings, even over 1 mm, with 
good efficiency. However, these coatings do not 
have a nanostructured architecture [8–10]. 

Therefore, novel spray techniques for manu-
facturing the nanostructured coatings are being 
systematically developed. However, the differ-
ent issues with the materials deposition-techno-
logical parameters had to be solved beforehand. 
The crucial problems relate to transporting and 
feeding of fine and dry particles, even in submi-
crometric range, smaller than 10 μm. In addition, 
injection of such small powder particles and pen-
etration of jet or flame implies difficulties. This 
results from the smaller mass of particles and, 
consequently, lower momentum and results in 
the fact that fine particles are moved in the colder 
and outer zones of the plasma jet. One solution 
to this problem was proposed using greater car-
rier (transport) gas flow rate. It was, however, 
not practical because it resulted in cooling of the 

plasma jet [11, 11, 14]. A completely different so-
lution was proposed by a group from Sherbrooke 
University, about fifteen years ago. They devel-
oped a new technique, in which fine particles are 
transported into the plasma jet, or flame, by liq-
uid transport media, such as suspension or solu-
tion [15]. In this technique, the liquid including 
solid fraction is injected into the hot temperature 
zone of the plasma jet. Suspension and solution 
thermal spraying (SPS) techniques allow obtain-
ing finely structured, even nanostructured, coat-
ings with thickness from a few up to hundreds 
of micrometers [1, 8, 10, 11]. More information 
about the important process parameters, as well 
as the detailed description are given in [16]. The 
area of potential applications of SPS coatings is 
very wide and could be found in: (i) thermal bar-
rier coatings [17, 18], (ii) solid oxy-fuel cells [19, 
20], (iii) biomedical [21, 22], wear resistance 
[23, 24] and (v) photocatalytic surfaces [25, 26]. 

On the basis of literature review, it can be 
stated that from the wide range of SPS materi-
als, the yttria stabilised zirconia (YSZ) is the most 
examined feedstock material [27–29]. Moreover, 
the depiction procedure of the YSZ is being sys-
tematically developed. It is known that the ther-
mal spray parameters strongly affect the proper-
ties of the coatings. Therefore, in our study, we 
used and attempted to investigate the coatings ob-
tained with the untypical injection mode (radial 
and internal), which could result in good thermal 
treatment of the coatings material. Therefore, to 
preliminarily investigate the elaborated usage of 
the specific plasma torch, we studied the coatings 
deposited with different spray distance. For this 
reason, the paper analysed the microstructure, 
mechanical properties and dry-sliding wear resis-
tance of the YSZ coatings manufactured by SPS. 

The main aim of the study was to investigate 
the influence one of the fundamental SPS process 
parameters, namely stand-off distance, on the 
YSZ coating mechanical properties, such as ad-
hesion, cohesion, hardness and dry sliding wear 
resistance.

EXPERIMENT DESIGN 

Suspension preparation and 
spray parameters

The commercially available powder Metco 
204 NS (Oerlikon Metco, Pfaffikon, Switzer-
land) of ZrO2 + 8 wt% Y2O3 (YSZ) was used. 
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For the formulation of liquid feedstock, coarse 
powder was crushed in an EMax device ball mill-
ing (Retsch GmbH, Haan, Germany) in order to 
obtain the monomodal particles size distribution 
with average diameter dVS50 approximately equal 
to 1 µm. The solid content in suspension was 
equal to 20 wt%. A liquid phase was a mixture of 
distilled water and ethanol in the mass ratio 1:1.

The coatings were manufactured by means 
of the SPS method. Suspension plasma spray-
ing (SPS) was carried out with the use of SG-100 
one cathode, one anode plasma torch, which was 
mounted on the 6 axis Fanuc 2000 IA industrial 
robot. The mixture of plasma gases consisted of 
argon and hydrogen. The suspension was injected 
radially and in internal mode through the nozzle 
with the diameter equal to 0.5 mm. All process 
parameters are collected in Table 1.

Table 1. Technological parameters of suspension ther-
mal spraying

Sample code
Spray parameter

YSZ40 YSZ60

Stand-off distance, mm 40 60
Plasma gases composition and its flow 
rate, slpm* Ar - 45 + H2 - 5

Electrical power, kW 40

Suspension feed rate, g/min 39

Torch velocity, mm/s 500

* slpm – standard liter per minute.

Coatings were deposited onto the stainless 
steel substrate grade X2CrNiMo17-12-2 accord-
ing to the PN-EN 10088-1:2014-12 standard 
(AISI 316L), with 25 mm in diameter and 6 mm 
in thickness. Before spraying, the substrate sur-
face was sand-blasted with corundum grit (F80 
according to the FEPA standard) under the pres-
sure equal to 0.4 MPa from a distance about 100 
mm. Then, the substrates were cleaned in ultra-
sonically assisted ethanol bath.

Microstructure and morphology analysis

The free surfaces of coatings and their cross-
sections were investigated by SEM JEOL JSM 
5800 LV scanning electron microscope (JEOL 
Ltd., Akishima, Japan) to observe the microstruc-
tural features of deposits. The main aim was to 
determine the morphology of coatings, including 
the degree of melting of the particles, appearance 
of microcracks and voids, etc. On the cross sec-
tion, the measurements of the thickness of the 

coatings were carried out at 500x magnification in 
10 random locations. On the other hand, at 1000x 
magnification, the porosity was evaluated by im-
age analysis, according to the ASTM E2109‐01 
Standard. The roughness of coatings was mea-
sured by Surtronic S-128 stylus profilometer, 
Taylor-Hobson. The mean values of the Ra, Rz, 
and Rt parameters were calculated according to 
the formulas presented in previous papers [30, 
31]. Five measurements on each sample were car-
ried out and average and standard deviation (SD) 
were determined.

MECHANICAL PROPERTIES

The mechanical testing of the yttria stabilised 
zirconia (YSZ) coatings deposited with suspen-
sion plasma spraying (SPS) was divided into two 
sections: adhesion, cohesion, hardness testing 
and dry sliding wear resistance testing.

Adhesion, cohesion and hardness 

The coatings adhesion strength, as well as 
cohesion in the coating, were carried out in the 
Micro Combi Tester (Anton Paar, Graz, Austria) 
equipped with Rockwell diamond indenter with 
a tip radius equal to 0.1 mm. The tests were per-
formed in accordance with the ASTM C1624-05 
standard [32]. In the adhesion strength, three tests 
were carried out. The scratches were linear with 
progressively increasing load from 0 N up to 30 
N. In this work, the critical load Fc was defined 
as the beginning of visibility of metallic substrate 
inside the scratch channel. On the other hand, 
for the scratch hardness (HSL) determination, the 
load was fixed on the constant level equal to 15 
N. Then, the scratch width was measured in three 
different locations. The HSL values were calcu-
lated according to the ASTM G171-03 standard 
based on equation (1) [33] :

	

 

HSL= 
8 ∙ F
π ∙ 𝑑𝑑2 [MPa] 

 

𝑊𝑊𝑊𝑊 = 
𝑉𝑉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
𝐹𝐹𝑁𝑁 ∙ S

 [mm3·N-1·m-1] 

	 (1)

where:	F – applied normal load, N
	 d – corresponding scratch width, mm

Instrumental indentation tests (IIT) were 
performed with the use of an NHT3 nanoin-
denter (Anton Paar, Graz, Austria) on the pol-
ished cross sections of coatings. The procedure 
corresponded to the ATSM E2546 standard. In 
the measurements, the Berkovich indenter was 
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used. The maximum load (Pmax) value used in 
IIT was equal to 200 mN. The loading and un-
loading force was twice greater than the value of 
Pmax and the dwell time was equal to 15 s. The 
indentation hardness values were determined by 
Oliver-Pharr method [34, 35].

Dry sliding wear resistance

The dry sliding wear tests were carried out in 
rotating unidirectional configuration according to 
the ASTM G99-17 Standard using a CSM Instru-
ments tribometer (CSM Instruments SA, 2034 
Peseux, Switzerland). The WC counter body with 
the diameter of 6 mm was used. The applied load, 
sliding speed and sliding distance were as fol-
lows: 10 N, 0.1 m/s, and 1000 m, respectively. 
The wear rate (WR) was calculated from the wear 
formula of Lancaster [36]:

	

 

HSL= 
8 ∙ F
π ∙ 𝑑𝑑2 [MPa] 

 

𝑊𝑊𝑊𝑊 = 
𝑉𝑉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
𝐹𝐹𝑁𝑁 ∙ S

 [mm3·N-1·m-1]  	 (2)

where:	Vwear – volume loss, mm3

	 FN – normal load, N
	 S – sliding distance, m

RESULTS AND DISCUSSION

Coatings microstructure and surface 
morphology

The surfaces of sprayed coatings are shown 
in Figure 1, whereas their cross-sections are pre-
sented in Figure 2. It can be observed that the 

microstructure of the obtained coatings is not uni-
form. It is created by well-molten lamellas, sepa-
rated by the areas consisting of sintered powder 
particle agglomerates which did not melt com-
pletely. It is a so-called two-zone microstructure, 
characteristic for the technique of suspension 
plasma spraying [37]. 

The microcracks visible on the surfaces of the 
sprayed coatings (Fig. 1) are supposedly caused 
by the thermal stresses resulting from a short 
spraying distance in the SPS method comparing 
to the traditional APS (atmosphere plasma spray) 
method. Upon observing the cross-sections of the 
coatings (Fig. 2) it can be noted that the YSZ60 
sample has more pores, which indicates that de-
creasing the spraying distance allows obtaining 
a denser coating structure containing more well-
melted lamellas. 

On the basis of the measurements, the follow-
ing thicknesses and the roughness of the coating 
were obtained. The results are shown in Table 2. 
The YSZ coating sprayed with 40 mm stand-off 
distance results in average thicker coatings which 
can be explained by the higher heat input that re-
sults in a higher rate of feedstock material deposi-
tion. However, the analysis pertaining to the devia-
tions of the roughness parameters and thickness in-
dicates that both values were at a comparable level. 

Hardness, adhesion and cohesion 
The hardness of the YSZ40 and YSZ60 coat-

ings equals, 3.1±0.5 GPa and 2.2±0.6 GPa, re-
spectively. Higher hardness of YSZ40 can be 

Fig. 1. Surface morphology of the YSZ40 (a) and YSZ60 (b) coatings
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explained by the denser microstructure, which is 
a result of shorter spray stand-off. The hardness 
is in the range reported by our previous study 
[38] for the yttria stabilised zirconia coatings. 
The tests on adhesion in coatings revealed sig-
nificant differences in the results for the analysed 
coatings. In the case of the YSZ40 sample, the val-
ues of critical load Fc exceeded 28 N, whereas in 
the case of the YSZ60 sample the value of 20 N 
was not reached (Fig. 3). It is to be stated that 
the damage of the coating material took place 
only in a small area. In the whole scratch, the 
complete delamination was not observed. 

In the case of testing the cohesion describing 
parameter in coatings, a similar tendency to the 
case of adhesion was observed, mainly that for a 
coating sprayed from a shorter distance (YSZ40) 
the value of the cohesion parameter (HSL) is 
greater than in the case of YSZ60 (Fig. 4). The 
differences between the coatings cohesion are 
not as significant as it was in the case of criti-
cal load noted in the adhesion tests. However, 
the surface coated from a shorter distance has 
a higher value of the HSL than YSZ60 coating. 
This indicates that it is more resistant to delami-
nation throughout its entire volume.

Fig. 2. Cross-sectional microstructure: YSZ40 (a) and YSZ60 (b)

Table 2. Thickness and roughness of the as-deposited SPS coatings, mean ± SD

Coating Thickness, μm
Surface roughness parameter, μm

Ra Rz Rt

YSZ-40 62± 6 3.04 ± 0.47 11.16 ± 2.79 15.44 ± 3.86

YSZ-60 58± 5 2.85 ± 0.75 10.44 ± 2.93 14.77 ± 3.61

Fig. 3. Comparison of average values of criti-
cal load for the YSZ40 and YSZ60 samples

Fig. 4. Comparison of HSL cohesion pa-
rameter of YSZ40 and YSZ60 coatings
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Wear behaviour 	

The results of sliding wear resistance of coat-
ings are shown in Table 3. The friction coefficient 
for both coatings is at comparable level, but YSZ40 
gives the lowest average value of 0.48. Conse-
quently, it can be claimed that the YSZ40 coating 
presents slightly higher wear resistance indicated 
by the lower mean WR and lower friction coeffi-
cient. This is a result of better adhesion, cohesion 
properties of YSZ40 than for YSZ60. Moreover, 
the friction coefficient is obtained in a wide range, 
and this can be explained by the coatings cohe-
sion and non-uniform coatings microstructure that 
consist of well-molten lamellas and sintered ag-
glomerates of the YSZ coating material. Summing 
up, the results given in Table 3 indicate a relative-
ly high wear resistance of both YSZ coatings. In 
comparison to the recent results reported by our 
research group [39–45] for metallic materials, 
coatings and surface treatments, the overall wear 
resistance of the YSZ coatings can be classified as 
comparable to the alumina-based ceramic coating, 
rather than bulk metal alloys, composite coatings 
or metallic coatings. On the other hand, it is to be 
mentioned that similar results were obtained for 
typically submicrometric coatings, also with yttria 

stabilised zirconia oxide as the output material, 
but with the grain size c.a. 400 nm. These coatings 
were also suspension plasma sprayed [46]. 

The sliding wear mechanism of the YSZ ce-
ramic coatings is presented in Figure 5. The anal-
ysis of the wear mechanism indicates that both 
coatings show a comparable wear mode, namely 
the adhesive wear mechanism dominates. The ad-
hesion relies on transferring the coating material 
by the counterbody ball. The adhesive damage is 
facilitated by the secondary wear mechanism that 
works on severe delamination of the coating ma-
terial and exposition of a more in-depth located 
material. Figure 5b presents the exposed coating 
initial structure that consists of the YSZ particle. 
Loose debris produced by delamination is trans-
ferred and smashed thorough the wear track. It 
is known from literature that the adhesive wear 
mode usually results in a high wear rate [47, 48].

CONCLUSIONS

The goal of the study was to investigate the in-
fluence of the suspension plasma spraying (SPS) 
process parameter, namely stand-off distance (40 
mm and 60 mm), on the ZrO2 + 8 wt% Y2O3 (YSZ) 
coating adhesion, cohesion, hardness and dry slid-
ing wear resistance. The distance from which the 
SPS coating is sprayed is significant for the micro-
structure and mechanical properties. The results of 
the study lead to the following conclusions:
1.	The shorter distance, the more promising me-

chanical properties and microstructure. The 

Table 3. Dry sliding wear results of YSZ coatings, 
mean ±SD

Sample Wear rate,  
WR, ×10‑6 mm3·N‑1·m‑1

Friction 
coefficient, f

YSZ40 3.2 ± 0.4 0.48 ± 0.06

YSZ60 3.6 ± 0.4 0.55 ± 0.07

Fig. 5. Wear traces of the YSZ40 (a) and YSZ60 (b) coatings, SEM
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research indicated that in the case of both coat-
ings, a two-zone microstructure typical for 
the SPS method, was obtained. However, the 
YSZ40 coating was characterised by a smaller 
number of unmelted particles in the form of 
sintered agglomerates. 

2.	Moreover, upon comparing the YZS40 and 
YSZ60 samples, it was observed that the YSZ40 
coating has higher average adhesion, cohesion 
and hardness, denser microstructure as well as 
lower wear rate than the YSZ60 coating. 

3.	The YSZ coating sprayed from 40 mm stand-off 
distance presents a higher wear resistance than 
that deposited from 60 mm. The YSZ40 wear 
rate and friction coefficient was equal to 3.2×106 
mm3·N1·m1 and 0.48±0.06, respectively. 

4.	The analysis of the dry sliding wear mechanism 
of the YSZ coatings allows stating that for both 
coatings it relies on the adhesive mode, which 
is intensified by the severe coating material 
delamination.
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