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Abrasive Wear Resistance of Plasma-Sprayed
Glass-Composite Coatings
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A ball-milled mixture of glass and alumina powders has been plasma sprayed to produce alumina-glass
composite coatings. The coatings have the unique advantage of a melted, ceramic secondary phase parallel
to the surface in an aligned plateletlike-composite structure. The alumina raises the hardness from 300 HV
for pure glass coatings to 900 HV for a 60 wt.% alumina-glass composite coating. The scratch resistance
increases by a factor of 3, and the wear resistance increases by a factor of 5. The glass wears by the formation
and intersection of cracks, while the alumina wears by fine abrasion and supports most of the sliding load.
The wear resistance reaches a maximum at 40 to 50 vol.% alumina, above which there is little further
improvement. This critical alumina content corresponds to the changeover from a glass to a ceramic matrix.

Kingdom) of 3 mm thickness. The steel substrates were de
greased and grit blasted to give a surface wRlvalue of 7um
immediately before spraying. Spraying was carried out using 3
) Sulzer-Metco plasma spray system with a MBN torch and flu-
Introduction idized bed hopper. The plasma gas and powder-carrier gass
. . were argon-5% hydrogen and pure argon, respectively. An ar
Glasses are extremely versatile materials, easy to Processyqer of 29 KW and a spraying distance of 100 mm were used
and capable of producing high-quality surface finishes. GIaSSThe feedstock powder was injected into the plasma in front o
also provides effective coatings in many applications owing pri- the nozzle at 90° to the axis of the jet.
marily to its dense structure, corrosion resistance, aesthetic ap- 1ha vickers hardness of the coatings was determined using
pearance, and low co8tThe wear resistance of glass coatings, Mitutoyu (Mitutoyu (UK) Ltd., Andover, UK) tester with a load
however, is limited, owing to their relatively low hardness and ot 5 5N for 15 s. A Teledyr;e Taber iTaber Industries. North
fracture toughness. This paper is aimed at improving the wearr, v anda, NY) scratch tester was used to evaluate scratch rd
resistance by incorporating alumina into glass coatings duringgsiance This equipment has a conical diamond indenter with a
the deposition process. A series of simple mixtures of glass an pex angle of 90°. A single unidirectional scratch was made
alumina powders were prepared by ball milling and classifica- ,qer 10ads of 0.500 to 5 N, and the width of the scratch was mea:
tion prior to plasma spraying on steel substrates. This paper in e ysing an optical microscope. Wear testing was undertake
vestigates the deposition, microstructure, and properties of thesg, 5 reciprocating ball-on-flat machine using Alsint alumina balls
alumina-glass composite coatings. (Fisher Science Ltd., Loughborough, United Kingdom) of 10
mm diameter. The length of each pass was 12 mm, and the fre|
guency was 60 cycles per minute, giving a distance traveled pe
cycle of 24 mm. The load applied to the sliding ball was 20 N.

Keywords glass coatings, plasma spraying, wear

Experimental Details

A borosilicate glass (Escol Products Ltd., Huntingdon,
United Kingdom) was processed to powder (Corus plc, Port Tal- . .
bot, United Kingdom) with a particle size range of 38 tquAb Results and Discussion
gnd oven-dried to remove moisture b(_afore sprgying. The soften- Figure 1(a) shows an optical micrograph of a polished cross
ing temperature and thermal expansion coefficient of the glasssgtion of a 20 wt.% alumina-glass coating. The thin, elongate

° 6 K1 i i - ; . . . '
are 430 °C and 148 10°°K™, respectively. The aluminapow- _ hite phase is the alumina splats embedded in a gray glass m
der was a commercial thermal spraying g_rade (Metqo 105 SF iy The black circles are pores in the glass matrix. The feed
S_ulzer_-Met_co .Ltd‘_’ Farnborough, United Kingdom) with apar stock powders were thoroughly dried before spraying, and thg
ticle size distribution 0f-25 to 5um. The glass and alumina ¢, rce of the pores or bubbles is attributed to the release of wat
were mixed by ball milling and then classified to give the feed- opamically hound to the glass structure during deposition. The
stock powdgr for plasma-spray deposition. The feeplstock POW-31umina was observed to be uniformly dispersed throughout th
ders contained 0, 20, 40, 60, and 100 wt.% alumina with the lass coating.
balance being glass. The substrate material was a Iow-c_arbor? A significant observation from Fig. 1 is that the alumina has
aluminium-killed sheet steel (Corus plc, Port Talbot, United qjteq during deposition as well as the glass, despite its consid
erably higher melting point of 2050 °C, compared with a soft-
D.T. Gawne, Z. Qiu, Y. Bao, T. Zhang, and K. ZhangSchool of En- ening temperature of 430 _°C. It is interesting to note how suc
gineering Systems and Design, South Bank University, London, SE1thermally dissimilar materials can both melt simultaneously in
0AA, United Kingdom. Contact e-mail: gawnedt@sbu.ac.uk. the plasma jet without degradation of one or the incomplete
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Fig. 2 The effect of alumina content on the hardness of glass-com-
posite coatings
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Fig. 1 Polished cross sections of composite glass coatingsayi# .
and p) 60 wt.% alumina Alumina content / wt %

Fig. 3 The effect of alumina content on the residual stress of glass-

melting of the other. The alumina splats are thin with a large as-¢omposite coatings

pect ratio, which indicates a low viscosity and extensive flow of
the alumina particles on impact with the substrate.

Figure 1(b) shows a photomicrograph of the 60 wt.% alu- ume to that at the glass transition temperature, the viscosity of
mina-glass coating, and, here, it is seen that the alumina is th¢he material decreases drastically, and a fluid zone propagates
major constituent and the matrix phase. The glass splats art¢hrough the sampl@.The disclike splats of alumina are consid-
much thicker than those of alumina in Fig. 1(a) and have smallerered to act as obstacles to shear band propagation and, thus, to
aspect ratios. This indicates much less flow of glass particles orraise the stress for plastic deformation. As a result, the hardness
impact than that of the alumina particles. This is caused by theis expected to increase with decreasing alumina-splat spacing or
high silica content of the glass resulting in a strong network- increasing alumina content, as found in Fig. 2.
forming tendency and a consequent high viscd$itgn the Figure 3 gives the residual stress of the coatings over the
other hand, there is sufficient enthalpy and temperature in therange of alumina contents. The residual stress reduces with in-
plasma to melt the crystalline alumina particles, and the rela-creasing alumina and eventually becomes compressive (nega-
tively simple structure of the ionic melt provides a lower vis- tive) at 60 wt.% alumina. The residual stress is less than 10 MPa
cosity liquid and extensive fluidity at impact. in both the 40 and 60 wt.% alumina coatings. This reduction in

Figure 2 gives the hardness of the coatings over a range oresidual stress is related to the decrease in mismatch of the ther-
alumina contents and shows that it conforms approximately to amal expansion coefficient between the coating and the substrate
rule-of-mixture relationship, which is typical of a well-bonded and is discussed by the authors elsewHere.
composite material. Microscopic observations on the indenta-  Figure 4 gives the scratch data for the coatings under an ap-
tions formed by hardness testing indicate that they were formedplied load of 5 N. Scratch testing was carried out to complement
by plastic deformation. It is expected that the deformation will wear testing because it consists of a single unidirectional pass of
take place by shear banding in the softer glass-matrix phase. Ththe slider over the specimen surface as compared with the much
shear banding is likely to be initiated by the dilation caused by more complex operation of many reciprocating passes in the
the stress field at discontinuities, such as surface notches. Whewear trials. The results show that the presence of alumina pro-
the dilation becomes large enough to increase the specific vol-duces a major increase in scratch resistance: a content of only 20
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Fig. 6 Scanning electron microscopy (SEM) micrograph of the worn
surface of a 40 wt.% alumina-glass composite coating
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Fig. 4 The groove widths of glass composites after scratch testing

under specified loads T

s
g F e e e
]
-
)
EAG f---fecamcssaaans T tiEEmrEEErETIEELERa
c
[
B 40 oeenerlye Ceeennnnes
i
o]
N SN i -
0 40 40 i « 100 Fig. 7 An SEM micrograph showing the crack network in the glass
Aluming contert eSS (dark phase) matrix on the worn surface of a 40 wt.% alumina-glass

coating

Fig. 5 The effect of alumina content on the wear rate of glass-com-

posite coatings
approximately 50 wt.%, and, thereafter, there is little further im-

provement. Figure 6 gives the worn surface of a 40 wt.% alu
wt.% alumina reduces the width of the scratch groove to lessmina-glass coating and shows alumina (the white phase) spla
than a third of that of the pure glass coating. in a darker glass matrix. Closer examination of the coating re
Sliding wear tests were carried out on the coatings against aveals that the glass phase contains a pronounced crack netwo
loaded aluminaball. Aninitial period of rapid wear was followed as shown in Fig. 7. The pure glass coatings also exhibit crac
byamore gradual wear stage. Therapid wear is due tothe running-networks on their worn surfaces. This contrasts with the beha
inofthe two sliding surfacesinvolving the removal of protrusions, ior in hardness testing, which did not generate visible cracks
high spots, and misalignments due to the high local stresses. Asaround the indentations in the glass phase. However, the slidi
sliding progresses, the contact stresses reduce, and the wear mocaction modifies the stress field and, in particular, introduces &
transforms into the milder equilibrium stage. Owing to the in- significant tensile component immediately behind the moving
evitable minor variations in setting up the test and in the sample slider>-4 This combines with the biaxial-tensile residual stress
surfacefinish, the equilibriumwear stageisthe more reproducible, already present (as a result of thermal stresses generated duri
and this was used as the indicator of the wear of the coatings. depositioftl) to initiate cracks normal to the sliding surface and
Figure 5 shows the influence of alumina content on the slid- to create the observed network.
ing wear rate of the glass composite coatings. The wear resis  Further microstructural observations, particularly after pro-
tance reduces substantially for alumina additions up to longed sliding, show that the individual cells of the crack net-
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from the alumina splats appears to have occurred mostly by fine
abrasive wear: plastic deformation followed by microfracture.

The wear of the alumina-glass composite coating is consid-
ered to take place in two stages. The glass wears rapidly to leave
the alumina slightly raised above the mean surface level. The
alumina then becomes the sole contacting surface and wears at
a much lower rate than the glass. The alumina splats are ade-
guately supported by the glass matrix because much of the stress
field imposed on the surrounding matrix is compressive, which
acts to suppress cracking. The larger the volume or area fraction
of the alumina phase at the coating surface, the less the true con-
tact stresses and the lower the wear rate. In reality, the wear of
alumina and glass averaged over the entire specimen surface is
likely to occur simultaneously rather than sequentially. The re-
sultant wear resistance will be dominated by the stronger alu-
mina as this phase will support the applied sliding load for the
majority of the wear process.

Figure 5 indicates that above approximately 50 wt.% alumina
in the coatings there is little further improvement in wear resis-
tance. Figure 1(b) is a micrograph of a cross section of a 60 wt.%
alumina-glass coating and indicates that the matrix phase is now
alumina rather than glass. The coating consists of glass splats in
a surrounding alumina phase. The glass splats are much thicker
and have a smaller aspect ratio than the alumina splats in Fig.
1(a), which is a result of their higher melt viscosity, as discussed
previously. It is also noted that, because of the higher density of
alumina, 60 wt.% alumina corresponds to only 49% alumina by
volume, the matrix changeover takes place below 50 wt.%. This
is again expected to be a result of the low melt viscosity of alu-
mina relative to the glass, which enables it to flow around a sec-
ond phase and readily form a matrix.

Figure 5 shows that the coatings with more than 50 wt.% alu-
mina have similar wear resistance to that of the pure alumina
coatings. Cracks initiating in isolated glass splats are prevented
from propagating to other glass splats by the surrounding alu-
Fig. 8 An SEM micrographs of the worn surface of a 40 wt.% alu- mina matrix. However, it is still surprising that the weaker glass
mina-glass coating showing the formation of platelet debris phase does not adversely affect the wear resistance of the com-

posite. The glass splats contain pores, and these are known to
benefit strain tolerance in zirconia coatiffyjl.is thus possible,
work tend to fragment as thin platelets and form wear debris, as therefore, that the porosity in the glass splats improves the strain
shown in Fig. 8. This detachment process requires cracks totolerance of the composite coating and compensates for their
propagate parallel to the sliding surface in order to link with the lower strength.
normal cracks and form platelets. Idealized stress analysis on sta:
tic indentation and its extension to sliding cont&ctandicates
that lateral cracks can initiate from the bottom of the plastic zone Conclusions
in the coating beneath the slider and then propagate parallel to
the free surface before turning upward to form a detached 1. Alumina-glass composite coatings containing up to 60
platelet. A further possibility is that the material at the edges of wt.% alumina have been successfully plasma sprayed from feed-
the cracks in the network becomes slightly raised due to the stock consisting of simple ball-milled mixtures of glass-alumina
stress perturbations in the sliding system. These edges are thepowders.

struck by a returning reciprocating slider resulting in a lifting ac- 2. The alumina melted in the plasma as well as the glass and
tion or a shearing action, which initiates cracks parallel to the flows extensively to form splats in an aligned platelet-compos-
sliding surface. ite structure.

Examination of the alumina on the worn surfaces ofthe com- 3. Thealuminaincreases the hardness from 300 HV fora pure
posite coatings shows little evidence of visible, large-scale glass coatingto 900 HV for a 60 wt.% alumina-glass coating.
cracking, and cracks in the glass matrix do not propagate intothe 4. The alumina increases the scratch resistance by a factor of
alumina, as shownin Fig. 7. This is expected to be a consequence3 and the sliding wear resistance by a factor of 5.
of the higher strength and fracture toughness of aluminaas com- 5. The wear resistance reaches a plateau at 40 to 50 vol.%
pared with glass. This is reflected in the higher hardness (Fig. 2) alumina, which corresponds to the changeover from a glass ma-
and wear resistance (Fig. 4 and 5) of alumina. Material removal trix to an alumina matrix.
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