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ABSTRACT

Aroughnessm eter wa s u sed to Quantitatively determine solid volume loss and variation in surface
void volume (chips or pores) and roughness as a resu lt of subjecting ceramic glazes to wear by
abrasion.

A magnitude related to mater ial volume loss for different degrees of abrasion, was determined
fr om the Abbott curv e, corresponding to a diametral profile of the circular wear su rface. Th is
informati on was used to ca lculat e a coefficient representative of wear by ab rasion, for the glazes.

An attempt wa s made to relate rough ne ss values and those of the magnitude representative of
void volu me per unit surface a rea, to the change in surfa ce Quality of the glaze as a result of wear.

1.- INTRODUCTION.

1.1.- Abrasion of ceramic tile by the PEl classification m ethod.

Resi stance to wear by abrasion is one of the most important mechan ical propert ies of glazed
ceramic floor til e. Wear by abrasion is the material loss a solid surface undergoes as a result of a
mechanica l act ion (fr iction , impact, etc.). In the case of glazed ceramic t iles this wear takes place on
the glazed su rface.

Usually the PEl cla ssifica t ion , de scribed in European standard EN 154 "Ce ramic til es.
Determination of resistance to surface ab rasion. Glazed tiles.", is used to establish the degree of
resistance to wear by abrasion in ceramic floor ti le glazes [I I. Th e me thod involves visually
a ppraising the change in surface Qual ity of a glaze afte r being subjected to wea r in a standa rd
abrasion tester .

219



A drawback of this method is the visual assessment of the impaired surface appearance, which
involves a certain subjectiveness in the evaluation. Moreover, there are other reasons for questioning
its effectivity, some of which are set out below:

a) Influence of surface colour on loss of surface quality.

On abrading a glaze surface, its appearance tends to evolve towards lighter colours, as its texture
changes.

Material loss, when dirt is absent, is therefore more easily appreciated in dark glazes than light­
coloured ones, so that, with equal abrasion resistance, the former tend to yield a lower PEl
classification than the latter.

However on true use of th e floor tiles, dirt retention in the wear surface areas stands out much
more in ligh t-coloured glazes than in dark ones, where this partially hides the change in appearance
as a result of wear. Application of the PEl method as set out in the standard, is therefore not
comparable to the true action which causes loss of surface quality in installed floor tiles.

b) Influence of apparent porosity and wear-induced irregularities in the surface.

Most ceramic glazes show a certain internal porosity (sealed) which depends on the composition
and manufacturing process. This porosity progressively becomes apparent with surface wear of the
piece. Dirt enters these newly opened pores which is then retained irreversibly as it cannot be
removed by washing. Another considerable amount of dirt is "reversibly" held in the surface
roughness and chipping which arise from wear, and which also contributes to changing the surface
appearance of floor tile on use . This can be removed by washing.

The standard procedure used in establishing the PEl classification, does not allow detection of
these changes which are closely related to progressive loss of surface quality of the glaze.

c) Lack of wear un iformity.

The test carried out according to the PEl method does not uniformly wear away all the treated
surface area, but affects its peripheral area most intensely. This ring with its greater degree of
abrasion, widens as the test duration increases. Th is lack ofwear un iformity, can be misleadingwhen
attempting to classify a glaze by this method.

PA Walters and R.Harrison [21, proposed replacing the abrasive charge used in this PEl method
by one in which size distribution of the steel balls was modified and glass balls were introduced, in
order to obtain more un iform wear.

1.2.- Modified PEl method.

With a view to studying the effect irreversible dirt retention has on loss of surface quality of the
abraded glaze , the standard PEl method was modified by dirtying the wear surface area and then
cleaning it with detergent, to remove the material not held in open pores [31.

The findings showed the modified PEl method to be more representative than the standard
method, as it enables the influence of the irreversibly retained dirt to be appreciated on loss ofsurface
quality as a result of wear, of the glaze surface. However , it is more effective for light-coloured glazes
than for dark ones, in which retained dirt hides wear, yielding PEl classification values above the
true values.
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1.3.-Usin g a roughnessmeter fo r th e quantitative study of abrasion resistance and the
cause s of loss of surface quality as a result of wear.

In order to attempt to quantitatively assess wear by abrasion in ceramic glazes, the possibility of
usi ng a roughnessmeter was considered. This apparatus allows a series of param eters to be
determined by measuring surface roughness profiles, which mu st be rela t ed to loss of surface quality
as a result of wear, in these glazes .

This technique is at present being utilized in studying wear in techn ical ceramics and metal
surfaces.

1.3.1.- Abrasion resistance measurement.

The surface wear rate of a solid is defined as the amount of material lost (expressed in volume or
mass units), per unit of the magnitude used to measure the duration of th e abrasion pr ocess. This
magnitude depends on the nature of th e meth od used to bring about wear [4], [5], [6], [7]. If wear is
produ ced in the abrasion tester used in applying the standard PEl method, the reference magnitude
will be the number of revolutions to which the glaze surface has been subj ected in the apparatus.
Therefore, in this instance, the wear rate [8] can be defined in the form:

R = - --
N

whe re:

(I)

R =
s», =
N =

wear rate (m'/no. of rev.)
volume of material lost by abrasion (m')
number of revolutions the glaze is subjected to in the ab rasion tester (no. of rev.)

For metals, wear resistance (E) is defined as th e inv erse of the wea r rate [8J:

E = l/R (2)

By applying th is defin ition to ceramic glazes, from Eqs .Cl ) and (2), finding tN h yields:

tNh =N/E (3)

1.3.2.- Dirt retent ion capability measurement of a glazed surface.

i) Measurement of v•.

A series of pa rameters may be obtained from which th e so-called "oil retention volum e" (v.) [9]
ste ms, from one of th e different surface roughness profiles measured by means of a roughn essmeter,
which represents " the void volum e per unit area, capable of retaining oil on a scratched metal
surface". This paramet er , which was defined for engine cylinder liners, could be directly related to
th e dirt retention capability of ceramic glaze surfaces.

ii) Roughness measurement.

Surface roughn ess is defined in the literature as " th e set of surface irregularities, conventionally
defined, in a section wher e errors of shape and waves have been removed". [I OJ

Several parameters are used in mea suring rough ness with a roughnessmeter .The most commonly
used one is th e so-call ed "arithm etic mean roughness value" (Ra) , compu ted as the ari thmetic mean
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of the absolut e values of the point h eights making up the profil e, with rega rd to its reference line.

Th e value of this roughness parameterhas been shown to increase with wear inte nsity on ab rading
the surface, in the case oftechnical ceramics [2], [6]. This increase in roughness, besides influencing
some surface properties which are closely related to its appearance (varia tion in gloss and colour
inten sity), can contribute to retention of removable or "reversible"dirt, i.e. dirt removable by washing.

2.- AIM OF THIS STUDY.

As pointed out in the In troduction, the PEl classification method used to assess wea r by ab rasion
in ceramic glazes, is qualitative and imparts a certain subjectivity to the findings . Moreover , some
of th e factors contributing to the loss of surface quality in ceramic tiles on true use, are not
contemplated.

Using a roughnessmeter was therefore considered, in an attempt to measure quantitatively and
instrumentally, th e solid volume loss, roughness and the appearance of open pores, produced as a
result of wear in ceramic glazes by abrasion. Furthermore, it was thought it migh t be inte resting to
try and relate th ese variables with the change in surface quality of th e glaze as a result of th is
abrasion, as well as trying to calcul ate its own wear resistance from the solid volume loss.

With this aim, execution of the following stages was programed:

1) Setting up a procedure involving a roughnessmeter, for measuring the amount of material lost
from the glaze surface as a result of wear by abrasion accor ding to the PEl test method.

2) Computing wear res istance in some ceramic glazes from th e data obtained by the above
procedure, applied to different degrees of wear.

3) Measuring the void volume capable of retaining dirt, per un it area , on the rough wear surfaces
of glazes abraded in an abrasion tester (according to the PEl method).

4) Studying the variation in void volume per un it surface area pot entially capable of retaining dirt
and the variation in surface roughness with the degree of wear of the glaze.

5) Studying the poss ible relation between the values obtained for these last two paramete rs and
the dirt retention capability of the glaze surface.

3.- EXPERIMENTAL TECHNIQUE.

3.1.- Preparation of the surfaces to be stu d ie d .

3.1.1.- Abrasion test s.

Th e abrasion tests were conducted accord ing to th e PEl meth od described in standard EN 154
"Ceramic tiles . Determination of resi stance to surface abrasion. Glazed tiles." , which involves
subjectin g th e glazed tile surface to the action of an abrasive charge consisting of steel balls ,
corundum and distilled water, in a standard abrasion tester.

3.1.2.- Surface d irtiness.

In order to explore possible dirt retention in th e wear surfaces, th ese were dirtied after each test
in the abrasion tester by pouring several drops of a mix of mineral oil and active powdered carbon on
th em , in a proportion of 85/15 in wt.
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This mix was forced into the surface pores and cracks by means of a brush making a constant rotary
movement and bringing t o bea r a uniform pressure . The remaining mix wa s th en wiped ofT with a dry
cloth.

3.2.- Surface roughness profile measurement.

A HOMMELWERKE, model T4000 roughnessmeter, with an traverse unit reaching up to 150
mm in its t rave l, supplied with software for condu cting topographi es, wa s used to determine the
parameters derived from the surface roughn ess profiles of th e material s studied.

Measurement was conducted by means of a laser pick-up with a 1 11m diamete r , and a vertical
mea sureme nt capability of ±500 11m.

3 .2.1.- Abrasion res istance measurement.

The surface area abraded by th e abrasion tester involved a circle wear face with an 82·mm
diam eter.

The profiles mea sured with th e roughn essmeter to compute abrasion resistance lay over a travel
ofl OOmm, an d at both ends of the pa thlength , part of the origi nal unworn surface was included, as
well as diametrically scanning the circle wear area. On abrading th e piece, th e central part of the
profiles lost he ight with regard to the starting surface, represen ted by th e two profile outer ends
whi ch, as they remained un varying , serve d as references t o compute th e magn itude related to th e
material volu me loss in the wear area.

3.2.2.- Determination of v.'

Ten roughness profile scans were run to dete rm ine this parameter, at a dist ance of 0.5 mm from
each other , with a pa thlen gth of80 mm. In th is way, an area of80x5 mm wa s covered , corresponding
to the central region of th e wear circle. Th e pa ramete r v, was computed from each profile an d the
arithmetic mean of the ten values obtained, was calculated [9].

This det ermination was fir st ca rri ed out on th e un abraded surface. It wa s then repeat ed with the
same glaze afte r subjecting it t o wear produced by applying 200 revolutions in th e abrasion tes ter.
This step was repea ted seve ral t imes. After each abra sion tr ea tm ent , the wear surface was washed,
fir st with a di luted hyd rochloric aci d solution to remove oxide residues from the steel ba lls in the
abrasive charge used, and the n with soap and dist illed wate r , ap plying ultrasounds. Finally it was
left to drain and was dried before measuring with the roughn essmeter.

Subsequen tly, the wea r surface was dir t ied with a mineral oil and active carbon mix , and it was
repeatedly wipe d with a dry cloth , examining th e circle wear area to see if there was any dark ening
as a resul t of dirt retention.

3 .2.3.- Su rface roughness measurement.

The values of surface roughn ess pa ram ete r R. were compu ted as the arithmetic mean of the
values determined by the roughn esssmeter , for each of the te n mea sured profiles, at ea ch N value
tested.

3.3 .- Determination of scratch hardness.

Th e method desc rib ed in Europea n standard EN 101 "Ceramic tiles. Determina tion of scratch
hardness according to Mohs.", was used in determi ning scra tch h ardness of th e glaze surfaces, which
involves attempting to scratch the surface with fragments of mineral s be longing to Mohs scale.

Surface hardness is th at of th e min era l with the lowest hardness which produc es no more than one
scra tch .
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3.4.- Determination of Vickers microhardness.

Vickers microhardness was determined with a LECO microhardness tester, model M400, with a
standa rd Vickers indenter.

Several indentations wer e carried out on a test piece of each of the mate rials tested, load ing at
200 g for 15 s.Th e number ofindentations performed depended on the dispersion of the microhardness
values found for each material.

Th e arithmetic mean of th e values obtained for ea ch of the sa mples tested, wa s th en computed.

4.- MATERIALS.

Four materials were chosen with a view to carrying out this study, whose surfaces were
apparently differen t to each other:glass, two transparent glazes (crystalline) and a matt white glaze.

The characteristics of the pieces tested are bri efly described below:

a ) Glass.

Owing to the uniformity of glass surface properties and microstructure, it was thought to use it
in the fir st place, to test the experimental method propo sed in Section 4 a nd verify it s effecti vity.

Th e pr epared test pieces consisted oflOOxlOO mm pieces cut from sheets of float glass (cooled on
a tin bath ). Th is kind of gla ss is used in calibrating th e abrasion tester, according to European
standa rd EN154 [1].

b ) Transparent glaze obtained in the laboratory.

The test pieces ofthis glaze were obtained bycutting up fired bodies ofindustrial wa re, which were
first coated with an engobe layer. A transparen t glaze composition, commonly used in ceramic wall
til e manufacture, was th en applied. The pieces were the n fired in an electri c la boratory furnace at
1l00°C for 3 minutes.

c) Transparent glaze.

Test pieces of this glaze were obtained by cutti ng pieces measuring l OOxl OO mm from industrially
manufactured wall tile .

In th e photograph of Figure l a, it may be obse rved that th ere are no crystalline pha ses in this
glaze.
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d ) Matt white glaze.

Figure la.- SEM photograph, magnification (l 250x), revealing the absence of crystall ine phases in the
transparent glaze obtained from industrial ware.

Industrially manufactured single-fired floor tile was used to obtain test pieces of this glaze.

In the ph otograph in Figure I b, the cry stalline phases include d in th e glassy ph ase of this glaze,
as well as the open pores are to be observ ed, which, as will be seen below, are characteri st ic for thi s
glaze.

Figure t b.. SEM photograph, magnification (l 250x), revealing the presence of crystalline phases.

5.- R E SULTS AND DISCUSSION.

5.1.- We ar r es is tan ce.

5.1.1.- E xperiments with gl a ss.

Figure 2 plot s the val ues of x, (see the ANNEX ) ver su s the corresponding values ofh for differen t
degrees of abrasion , corresponding to different values of N. These values were deduced from the
re sp ecti ve Abbott cu rves as set out in th e ANNEX .
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Figure 2.- Computation of the glass volume lost by abrasion.

From each ofthese curves, th e values Of(A,,)Nand (LlA,,)N were computed by using Eq. (A-3) and the
fir st and th ird memb ers of Eq. (A-8) respectively (see ANNEX). The results are shown in Table I.

N (n.r .) (A~)N (Mh) N
(um / j.lrn) ( j.lrn2/j.lrn)

0 1 . 5 03 -
5 0 0 2. 5 6 1 1. 0 58

1 0 0 0 2. 9 9 7 1. 494
15 0 0 4 . 103 2 . 600
2000 5.133 3 . 63 0
2500 5 . 8 7 8 4 .3 7 5
30 0 0 7. 9 2 1 6 . 4 1 8
6 0 0 0 12 .951 11. 448
9000 18 .63 3 1 7 . 1 30

Table I.
The values of Nand (LlA,,)Nin Table 1 are plotted in th e form (LlA"ls=f(N) in Figure 3. As may be

observed, th e point s sa tisfactorily fit a straight line,virtually passing through th e origin ,having slope
1.923·10" , in accordance with th e fir st and fourth members of Eq. (A-8).

226



(;.:t.=--A..:..h:,:)~N...:.(~=--m_2/...:~_m...:.) --,
30

25

20
•

15

10

5

•

12 _ 14
N (r ev.) x10 3

108642
O ~'-----'--_--L._----'--------'--_.l...-_---'-----'

o

Figure 3.- Variation of the glass volume lost by wear. with the number of revolu tion s in the abrasion
tes te r.

This outcome in dicates that the behaviou r of the glass , in the interval of N values studied, is
analogous to that of metals, with regard to wear . A coefficien t representative of wear resistance of the
glass, was computed from the slope of the straight line found, with the val ue:

(n .r .) 11m
KE =520,0 --- -

5.1.2.- E xperiments with ceramic glazes .

5.1.2.1.- Homogeneous glazes.

a ) Transparen t glaze obtai ne d in the laboratory.

Figure 4 reports the curves x.=f(h), obtaine d for differ ent values of N to whi ch the glaze was
subject ed in the abrasion tester . Th e values of (A,,)s and (M,,)N' obtaine d fro m them are listed in
Table II.
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Figure 4.- Computation of the transparent laboratory glaze volume lost by abrasio n.

N ( n . r. l ( A~lN (aAh l N
( J.lml iLm1 ( J.lm2 TJ.lml

0 84. 74 -
1 00 0 90. 8 8 6 . 1 4
2000 9 3 . 67 8. 9 3
300 0 9 5.4 8 10.74
4000 9 8 . 2 2 13.48
5 0 00 1 0 2. 1 6 17 .42
6 0 0 0 1 0 5. 2 4 20.50

Table II

On plotting th ese values in th e fonn (dA"ls=f(N1 (Figure 51, they may also be observed to fit a
st raigh t line with slope 2.857·10.... The value obtained for the coefficient of wear resistance
[KE=350.0( n.r .1·lJrn/lJm2], indicates that thi s glaze is less resistant to abrasion than the glass studied.

b) Transpa ren t glaze of an industrial ware .

Th e va lues of(A"ls and (dA"ls obtained for this glaze from the corresponding curves ofx.=f(h1, plotte d
in Figu re 6, are listed in Table III.
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Figure 5.- Variation of tbe trans parent laboratory glaze volume los t by wear, with the number of
revolu tions in the abrasio n tester
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Figure 6.- Com putation of the transparent glaze volume los t, obtained from industria l ware , by abrasion .
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N (n.r. ) (A~)N (ilAh )N
(um :j um) ( /l m2 i'/lml

0 5.91 -
1000 7 . 3 6 1.45
2000 1 0 .13 4.22
3000 12 .01 6.10
4000 13.63 7.72
5000 15 .72 9 .81
6000 17 .61 11 .70
9000 21. 61 15 .70

Table III

Th e val ues of(dA,,)N versus N are reported in Figure 7.These also fit a stra ight lin e passing through
the origin, with slope 1.798·10". From this curve, a value of KE=556.2 (n. r .j-um/um" is deduced , ofthe
same order as that obtained for the gla ss studied.

,,(.6.:.:A:.:!h~)~N..::(1l::m::.2....:/~1l:::.m::.) -,
30r

25

20

15

10

5

o

2 4 6 8 10 12 14
N (r'!v.).10-3

Figure 7.- Variation of the transparent glaze volume lost, obtained from industrial ware, by wear, with
the num ber of r evolutions in the abrasion tester.

5.1.2 .2.- Matt heterogen eous glaze of an industrial ware.

The curves x.=f(h) for each value of N a re plotted in Figure 8. Th e va lues obtained for (A,,)s are
listed in Table IV toge the r with the corresponding ones of (dA,,)s for each va lue of N .
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Figure 8.- Computation of the matt glaze volume lost, obtained from industri al ware, by abrasion .

N ( n. r . ) ( A~ ) N (~h)N
(JLIn ~ i JLIn) ( JLm2 j"JL~ )

0 6 5 . 8 8 -
2 0 0 0 6 9 . 1 5 2.50
4 0 0 0 7 3 . 2 3 5 .03
6000 7 1. 3 7 5.4 9
8000 77 .3 9 8.9 7

10000 75 .9 5 1 0. 0 7
12000 78 . 2 7 1 2 . 3 9

Table IV

3 0tA
' )N(um

2
/um)

>O f20

15 -

' 0

5

O~..,:::::,-----~----~__~_~_ _ ~_.-J

o 2 '" 6 8 10 N h ~~~) .,o- 3 '"

Figure 9.- Variation of the matt glaze volume lost, obtaine d from industrial ware, by wear, with the
number of revolutions in the abrasion tester.

Th e plot of th e values of (llA,,)N versus those ofN (Fig 9), fits a st raight line with slope 1.04·10·',
wh ich yields:

KE = 961. 5 (n. r.j -um/um

Thi s resu lt leads to th e conclusion that the matt glaze has greater wear resistance than th e glass
or th e transparent glazes.

5.1.3 .- Mohs scratch hardness and Vic k ers microhar d nes s. Com parison w i th the
fo regoing r e sults.



Scratch hardness of each of th e studied materials was determined, according to th e method
described in European standard EN 101 "Ceramic tiles. Determination of scratch hardness according
to Mohs."

Vickers microhardness was also measured, by carrying out seve ral indentations on the surface
of each material and computing th e ari thmetic mean of the va lues obtained.

Th e results of th ese tests are reported in Tabl e V, togethe r with the valu es of the coefficient ofwear
resistance (KE) obtained previously.

Ma terial K.E Moh s Microh a r dne s s
( n . r .) . 11m/11m2 ha r dne s s Vickers (kg/mm2)

Gla s s 5 20, 0 4 607
Tr a n s .la b . gla z e 350 , 0 3 -
Tr a ns.ind . g l a z e 556,2 4 568
Matt i nd o glaze 9 61, 5 5 58 1

Table V

On comparing the values of the coefficient of wear resistance (KE) with th e results obtained on
testi ng scratch hardn ess, a certain parallelism between both properties may be observed, sinc e th e
lat ter increa ses as wear resistance grows.

On comparing the val ues of the coefficient (KE) with those corresponding to microhardness, no
kind of relation between these properties is to be observed. In the literature however [Il l, [12l, there
seems to be a certain relationship in the case of brittle materials, which include most ceramic
ma terials (alumina, zirconia, etc).

Th e results obtained could be due to the fact th at the mechanism used in conducting glaz e
scra tching is more like that produc ing abrasion-induced wear than the mechanism producing th e
indent in th e Vickers microhardness tester .

From the foregoing, it may be concluded that using the roughnessmeter to measure ma terial loss
caused by wear in a ceramic glaze, on treating it in an abrasion tester according to the PEl meth od,
may be at least as repre sentative as the method put forward in the standard, which is based on
measuring material mass loss by weigh ing, brought about as a result of abrasion on applyin g 6000
revolutions in the abrasion tester.

The procedure test ed h ere is ba sed on the va riations the wea r surface profil e undergoes and th e
err or involved depends on th e accuracy of th e apparatus and th e techni que used. The method has one
constraint : it can only be used when th e st arting glaze surface is completely flat or slightly concave.

On the other hand, the method involved in standard EN 154, is based on measuring very small
changes in material mass, caused by th e removal of part of this mass by wear, and measurement of
which on sens itive scales, is subj ect to considerable erro rs and fluctua tions in th e case ofceram ic ware.
In fact, th e conditions in which the test is carried out (re lative atmosph eri c moisture, time th e test
pieces dwell in certain ambient conditions, etc.), can influence th e findings.

5.2.- Va ria tion of roughness, the "void vol u me dirt reten tion ca p a b ility", and surfa ce
qu ality of the glaze with the number of revolu t ions it u n dergoes in the abrasion
te ster.

In th is section, t ests wer e solely carried out with th e gla ss and with th e glazes (trans parent and
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matt) of industrially fabricated ware .

With a view to studying the possible relat ion of the param eters R. and v. with th e dirt retention
capability, and its evolution with wear, t hese pa ra meter s were measured , first for th e surface of the
unabraded te st piece and then for the surfaces resul t ing on seque ntial wear in th e ab rasion tester,
at 200-revolution intervals. After each measure ment, the test piece was dirtied as described in
Section 4.1.2 and su rface appearance was examined. Th e results of th e measuremen ts carried out,
together with surface appearance appraisal of the test pieces on dirtying them, for each materia l
st udied, are reported In Tables VI, VII, and VIII, and are plotted in the form v.=f(N) and R.=f(N), in
Figures 10 and 11 resp ectively .

Vs Surface
N Ra (um) (J..lrn 3/J..lrn2) appearance

0 0 . 10 0 .0 1 0 Clean
200 0 . 17 0.0 24 Slightly dirty
400 0 .21 0.062 Slight darkening
600 0 .44 0 . 109 Clearly dirty
800 0 .58 0 .149 11

1 0 0 0 0.76 0.194 Very dirty

Table VI.- Variation in the roughness and the volume afthe potential dirt rete ntion capability of the
surface , and its visu al appearance for the glass studied .

Vs Aspecto de la
N Ra (um) (J..lrn3/J..lrn2) superficie

0 0 .51 0.01 5 Lirnpia
200 0.57 0.046 Ligeramente sucia
400 0.58 0 .081 Claramente sucia
600 0.74 0 . 134 Muy suc ia
800 0.86 0.156 "

1 0 0 0 0.93 0.237 "

Table VII.- Variation in the roughness and the volume of the potential dirt retention capability of the
surface, an d its visual appearance for the trans parent glaze studi ed .
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Vs Surface
N Ra (10m) ( 10m3 / i>m2) appearance

0 2.32 0 .149 Slight l y d irty
2 0 0 2 .32 0.14 3 Slightly d irty . Ring
4 0 0 2 .29 0 . 148 Reta ined dirty
6 0 0 2.3 1 0.147 "
800 2.3 0 0 . 151 "

1 000 2.28 0.148 "

Table VIII.- Variation in the roughness and the volume of the potential dirt retention capability of the
surface, and its visu al appearance for the matt glaze studied.

On compa r ing th e values of'R, and v. in Tables VI and VII , and th e plots in Figures 10 and 11, these
param eters are obse rved to have very low values at the beginning, increasing progressi vely as N
increases (wear inte ns ity) in th e case of glass and transparent glaze. On th e contrary, in the ma tt
glaze R. and v. remain virtually constant, r ight from the start, havingcon siderably high er values than
th e othe r two materials.

V. (IJm 3/lJm2)

0.5~--------------;==========::::;I

0.4

0.3

0.2

0 . 1
I

u

1 2

Gla8 ,

* Tra nsp . glaze

o Matt glaze

3 N (rev.) xl0 ' 34

Figure 10.- Evolution of v. with wear intensi ty.

Visual inspecti on showed that initial glass and transparent glaze surfaces did not reta in dirt, but
on increasing N (degree of wear), retained dirt became more and more noticeable in the abraded area.
In th e case of th e matt glaz e, it was observed to already retain dirt before wea r , probably owing to the
high roughness value and v. of the starting surface.

On examining th e wear faces th rough a ste reoscopic magnifying glass, sma ll cracks and fra cture s
were already noticeable at low N values, in the form of chipping on th e abrad ed surface. Figure 12
shows a ph otograph taken by SEM, in which these chips on th e transparent glaze su rface can be
observed, afte r treatment at 800 r evolutions in th e abrasion tester . The photograp h reveals th at th e
impacts to which th e surfa ce was subje cted, have broken off pa rtofthe glaze, givingrise to severe edge
chipping and high roughness. Th ese craters or flak es are clearly distinguishable from th e circular,
deeper open pores, ap pearing togeth er with th em in the photograph in Figure 13, corresponding to
th e matt glaze abra ded at 400 revolutions.
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Figure 11.- Evolution of R. with wear intensi ty .

Figure 12 .- SE M photogra ph, magn ification (680x), of the surface of the transparent glaze, showing wear
at 800 revolutions.
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Figure 13.- SEM photograph, magnificati on (680x), of the surface of the matt glaze, showing wear at 400
revelutions.

On comparing surface appearance, in Tables VI, VII and VII, after "dirtying", with the roughn ess
values <R. l and th e void volum e potentially capable ofdirt retention, it may be concluded that R. does
not appear to maintain any coherent relation atall with the visual appreciation ofglaze dirt retention.
In fact, a slight darkening in the glass begins to become noticeabl e for R.=0 .21 um , whilst this is
obse rve d in th e tran sparent glaze for R.=0 .57 urn. The matt glaze does not allow drawing any
conclusion , since a slight darkening is already obse rvable in th e starting surface before abrading, for
Ra=2 .32~m.

On th e other hand, th e value of the parameter v, might maintain a certain relationship to surface
dirtiness, as th is began to be detected in glass for v,=0.024 ~m3/~m2 and in transparent glaze for
v,=0.046 ~m3/~m2. The matt glaze is dirtied, without abrading, and has an initia l v, of 0.149 ~m3/~m2,

which seems to confirm th at for v, values greater th an 0.024 ~m3/~m2, surfa ce dirtiness becomes
noticeabl e.

As in Tables VI and VII, v measurement and visual appreciation of dirtiness for the glass and the,
tran sparent glaze were carried out at 200 revolution in tervals in the abrasion tester, it was decided
to repeat th is exper iment , carrying out measurement and surface appearance inspection at 25
revolution intervals, in order to see if the values for v, at which dirtiness in the glass and transparent
glaz e began, approache d each other more closely, as dirtiness wa s not found in either ofthem for N=O.

Th e findings are listed in Tabl es IX and X.
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N Vs (J,lm3/J,lm2 ) Appearance

0 0.008 Clean
25 0.007 "
50 0.012 "
75 0.023 Slight dar keni ng

1 0 0 0.025 "

Table IX- Variation of v, with the number of revolutions in the abrasi on tester for the glass.

N Vs (J,lm3/J,lm2 ) Appearance

0 0 .011 Clean
25 0 .0 19 "
50 0.023 Slight darkening
75 0.028 Darker

100 0.034 "

Table X.- Variation orv. with the number of revolutions in the abrasi on tester for the transparent glaze .

As may be observed, darkening of the surface begins to become noticeable for v.=0.023lJ,m' /i,lm',
for both th e glass a s well for the transparent glaze. This v. could therefore be considered the cri tical
value , start ing from which surface dirtiness becomes noticeable.

On abrading the matt glaze, besides chipping, open pores are seen to appear at 400 revolutions
(Figu re 13). Th ese pores, besides contributing to increasing the dirty appearance of th e wear surface,
retain dirt irrever sibly, unlike what is retained in chips, which can be removed by washing with soa p
and water.

In this matt glaze, th e ap pearance of open por es in th e wear surface does not appear to noticeably
con tribute to incre asing the v. parameter, from what may be deduced from Table VIII and Figure 10,
where thi s parameter is hardly observed to vary with N, despite open pores appearing a t N=400. Th e
val ue of v, ap pears to depe nd a lmost wholly on th e void volume produced in th e surface a s a resul t of
chipping.

In Figu res 14, 15 and 16 photographs a re shown of cross -secti ons of th e three material s st udied.
In the case of the glass, no bubbl es appear (Figure 14 ), in th e transparent glaze (Figu re 15) bubbles
with a diameter of s l Ourn ap pear and in the matt glaze (Figu re 16) th e bubbles a re larger, some of
them h avin g a diameter in the order of 80 and 50 urn .
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Fi gu re 14.- SEM photograph, magnification (326xl, of the cross-section of the glass.

Figure 15.- SEM ph otograph, magni fica tion (326xl, of the cross-section of the transparent glaze.

Figure 16.- SEM photograph, magnification (326x), of the cross-section of the matt glaze.
On abrading th e glaze, these bubbles appear at th e surface an d form the above-me ntioned open

pores, in whi ch dirt enters irreversibly. On th e wear surface ofthe matt glaze, these pores can be seen
bette r, as well as th e dirtin ess they cause, owing to th e bubbles being larger and th erefore also the
pores they give ri se to.

6.- CONCLUSIONS.

The following conclusions may be drawn from th e findings obtaine d in thi s study:

i) Using a rough nessmeter in determining th e material loss a ceramic glaze undergoes on
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subject ing it to wea r by abrasion, has led to promising results, as these satisfactorily fit th e
equa tions put forward for wea r by abrasion of metal s and t echnical ceramics.

ii) A t echnique has been devel oped allowing qua ntitative values to be obtained for a coefficient
of resistance to wea r by ab rasion for ceramic glazes. This technique, based on the progressive
material volume loss the glaze undergoes, might give more represent ative va lues for this
property than the method ba sed on mass loss at 6000 revolutions, determined by weigh ing,
as establishe d by the PEl meth od.

iii) Wear in ceramic glazes, in an abrasion tester, ha s been observed to arise as a result of
progressive chippingofthe ab raded surface. The holes and craters appeari ng retain dirt which
is removable by washi ng.

iv) A parameter v (void volum e or crat ers in the wear surfa ce of a solid material , per unit a rea)
has been relaU:d to the dirt-bea ring capability of ceramic glaze surfaces. It was obse rved that
dirtiness of th ese surfaces began to become visually noticeabl e for values of this pa rameter
above 0.023 11m.

v) It was confirmed that the open pores formed in ceram ic glaz e surfaces from the inte rnal
bubbles appearing at the surface as a resul t of wear, contribute to dirtin ess, retain ing dirt
inside th emselves which is difficult to remove by washing.

ANNEX

COMP UTATION OF THE COEFFICIENT OF WEAR BY ABRASION

The Abbott curve 191, for a rough surface, is th e plot of th e solid fraction (x,) existi ng on a plan e
located at a distance h from the highest peak of the measured profile (where x.=O), versus th e
different valu es for h ranging from 0 to h

m
(Figu re A.l).

L

-. - ------_. _ ---_ _ ..---- '--

Figure A.I.· Definition of L, h and h•.
If for a pla ne loca ted at a distance h from the highest pea k, on defining:

L =
L =•
L· =

Profile length scanned by the roughness meter pick-up (rn ).
Profile length scanned occupied by solid material (rn) .

Profile length scanned occupied by void (rn).

th e sca nned profile fra ction occupied by solid material on thi s plane will be:

L.
x = -­• (A·l)
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L

and th e scanned profile fraction occupied by void

x = 1 . x. . (A -2)

The roughnessmeter can calculate the Abbott curve (Figu re A.2), for a given profile and from it
deduce th e curve x.=f(h).

1,0 .

h mh
0""""'--- - - - - - --- - - ---:'-- - -

Figure A.2.· Abbott curve .

If wear of a glaz e surface takes place in an abrasion teste r according to the PEl method, and th e
profile is always measured for th e same wear circle diam eter (82 mrn), for ea ch value of N a curve
of x.=f(h) will be obtained, from which th e corresponding x.=f(h) curve can be deduced.

By operating like this a set of curves will foun d as shown in Figure A.3.
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Fig A.3 .- Variation of x. with h
m

for different degrees of abrasion (N).

The void a rea tobe found in a vertical section , a long the length ofthe profile sca nned by the pick­
up (A" - > m void/m scanned profil e), can be comp uted from th e curves x.=f(h) (Figure A.4 ). Th erefore,
the integral is to be computed;

(hm)N

(A,,)N=J x. dh
o

(A -3)

wh ere (A,,)Nand (hm)Nare the values of Aband hmcor responding to each va lue of N applied to the glaze.

'/l/IT;·ITIIIT
Fig A.4 .- Definit ion of the variab le ~ for a given section of the eroded area (m of voidlm of scanned

profile).

On abrading a glaze by the PEl method, ab rasion is produ ced a s men ti oned above , in a cir cle with
an 82-mm diameter . If the profile for which the curves x.=f(h ), corresponding to differen t values of
N, is always measured along the same circle diam eter (always placing the square test piece in the
same positi on on the roughnessm eter), and assum ing that the value of(A,,)N obtained for thi s pro file
is rep resentative of the behaviour of the wh ole eroded area, there must be a direct rela t ionsh ip
bet wee n this magnitude and the ma terial volume lost (or void volu me produced) per unit surface area
scanned, expressing it in the form :

(A -4)
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If (Vh)N has the dimen sions of urn" void produced for each urn of surface area scanne d by the
r oughnessm et er pick-up, the constant K mu st be dim en sionless.

Eqs. (A-3) and (A-4) yield :

(hm )N

(Vh)N = K Jx, dh (A-5)

o
For each value ofN, the materi al volume lost by wear will be:

wh ere (Vh) , is the value of Vh computed for the profile corresponding to N = 0, which does not
necessarily h ave to be zero, as the starting surface is not completely smooth .

In accorda nce h erewith an d taking in to account Eq.(3) from th e Introduction, yields:

or also:

N

E
(A-7)

N

KE
(A -B)

From th e first and fourth members of Eq.(A-B) is to be deduced that on plotting (~A')N=f(N), a
straight lin e will be found , having slope lI(K-E), th at is, th e inver se of a paramet er represen tative
of resistan ce to wea r by abrasio n.
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