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SUl\ [\!ARY

Abrasion tests using the PEl - visual eval uation. rugosity and ligh t ' s reflection technique s . were
carr ied with the pu rpose to investigate the size and volume tr ic frac tion effects of a reinfo rcing phase.
on the ce ramic glazes ab rasive wear mechanism. based on the microstru ctural design . The
microstructural design. elaborated from quantitative criteria shows to be suitable to predict the
microstructure before firing process . The study of the microstructural aspects shows that when both .
siz e and mean free path. of the reinforci ng phase dec rease and its volumetric fraction increases . the
ab rasiv e wea r res istance increases . It was also observed. that a porosity reduct ion occ urre d whe n the
size and vo lumetric fraction of the re inforci ng phase dec reased. The abras ive surface observa tion
show s that the wear mechanism is characterized by multiple frac tures of the conchoid al type .
or ig inated into the vitreous matrix. which can be eva luated from the indent ation model for brittle
mate rials .

I. ! l'"TRODUCTI ON

In the las t decades . the research and dev elopment co ncern ing the manufac turing techno logy of
ceramic glazes have cont rib uted very much to the quality improvement of the ceramic products . whic h
have influenced significantlly to increase the product lites . Recent publications [1.2 .3.4) sho w that
the inves tigations are directioned in most of the cases . to the study of abrasion resistance of the final
properties of a ceramic glaze. whose purpose is to actuate like a coat ing of ce ramic products dest ined
to cover the surface on several of Society's sectors. the ab rasio n resistance is the most important .
s ince it is dec isive to product selection for a specific appli cation. The abrasion resistance of ce ramic
glazes for ce ramic tloor tiles is a complex pro perty. since its control is not d irectly related only to the
material removi ng rate. but. spec ially. to the aest hetic aspect result fro m use .

The variation of the materia l remov ing rate is associat ed to the individual properties of the harde ner
pa rticles and matri x. microstru ctural geo metric parameters and the resid ual porosity : otherwise . the
aesthetic aspect also requ ires a suitable combi nation of sh ine and colours. Based in these aspects. and
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regard ing that ceramic glazes usually have a microstructure like a composi te material (vitreous matrix
and dispersed hard crystalli ne particles). this work has as objetives to study the influence of the
porosity and microstructural geometr ic parameters on the abrasive wear behavior of ceramic glazes
formed by a vitreous matrix (brilliant transparent frit ) reinforced by zircon crysta lline particles with
contro lled size , distribution and volumetric fraction , with the purpose of establishing a methodology
which allows the microstructure des igns with high performance and a better understanding of the
poss ible controller and limitat or factors of the abrasion resistance. Knowing the micros tructural facto rs
which controlls the abrasion resistance, it is possible to design and obtain a suitable rnicrosctructure
to the use with optim ized performance.

2. MICROSTRUCTURE DESIGN· THEORETICAL FUNDAMENTALS

2.1 INTRODUCTION

Tradi tionally, the ceramic glaze layers deposited on the ceramic body are muhiphase systems. Their
microstruc ture consists of a high volumetric fraction of precipitates (crys talline phases) or dis persed
phases , which have a hardness equal or higher than that of the abras ive parti cles. These reinforcing
phases are obtained during the cooling proc ess or are directly introduced into the vitreous matrix (frit )
to form the desired composite. The reinforcing phases offer a good pro tection against abrasion. while
the matrix is reponsible for overall thoughness and ceramic glaze bonding with the ceramic bod y. This
technical result comes from a experimental confirmation (abrasive wear tests ). but withou t controll
of the microstructural variables. usually depending of the chemical composit ion , firing cycle and
milling time of the elements which participate of the ceramic glaze.

The emphasis based on the microstructual design used in this work tries to establ ish a quantitative
relation between microstructu ral paramete rs and properties . specially abrasion resistance . Knowing
the microstructural factors which control the abrasio n resistance it is possible to design and to obtain
a suitable microstructure to use with maximum performance.

2.2 ~HCROSTRUCTURAL QUANTITATIVE MODEL

Figure 1 shows the important parameters for quantitative microstrutura l analysis whic h have been
esta blished to des cribe two-phase material s [ 5.6, 7 ].

d~

Figura J. Mlcrostrutural parameters ill a Two-phase material /7/ .
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Where :

fv{3 = volumetric fraction of {3 phase [oj :
d{3 = size of {3 phase [I'm] :
A = mean free path between {3 phase [)lm1:
Sa {3 = total inte rface! area [Jlm' IJlm11

Under defined co nditions, a given phase shows a specific wea r mode and wear rate, which is
cont ro lled by its individual properties . Consequently , when various phases are combined, forming
a multiphase material. it is expected that the overall behavior will be a function of the co rrespo nd ing
co ntributio ns of each phase . Based on this app roach . the wear resistance has been mathemat ically
describe d by Khru schov in [7] as a linear function of the volumetric fract ion of the occ urring phases
. Garrison in [7J, demonstrated that Khruschov 's model pred icts the wear behavior of multiphase
materials only when each phase shows a wea r rate proport ional to the appli ed load . Th at is the case
of duc tile materials . However. when ha rd phase and ceramic materials are involved, the wea r rate is
not linear. Another important point is the particl e-matrix inte rfacial bond strengt h.

Th e model proposed is this work (fig . I ) is based in no-phase interact ion for uniform spherical
part icles . In order to bett er understand the mechanism involved in the total tribolog ical sys tem. the
inte ract ing effects among the geo met rical facto rs will be analysed . The total abrasive action on the
multiphase sys tem is co nside red to be a macroscopic sum of each mic roscopic effect produced by an
individual abrasive pa rt icle . Each of these wear microevents generates a groove in the mater ial. It is
expected that the reinfor cing role of a dispe rsed phase may change when its size and mean free pat h
is higher or lower that the abrasive particle size . Thi s co ncept refl ects the intensit y of the abras ion
phenom enon and takes into account abrasiv e properti es , such as hardness , chape and size , and it
includes the load which the abrasive particle is subjected to on the surface.

The relationsh ip between composite microstructure and abrasive microevent is shown in Fig .2 in
schematic form. The figure is based on the hypothetical ana lys is of a two-phase composite subjected
to abrasion.

Abrasive particle
Load

Abrasive part icle

External action

!if;1

~

Figura 2. Relat ion between the microstructura l parameters . regarding an abrasive microe vent ,Condition 1 : meanfret!
path high er than the abrasive particle si:e : Condition 2 : mean fret! path lower than the abrasive particle
si:e 17f.

The condition I ( in Fig . 2 ) represents a small abrasive pa rt icle comparing to the size of the
microstrucrural phases . The ab rasive pa rticle wears a and {3 alternately in an inde pendent manne r.
Interfacial effec ts are not expected to be invo lved to any great extent . Th e spe cific wea r mode of each
phase independentl y would ess entia lly contribute to the total wear rate . In condition 2 ( also shown
in Fig. 2 ), the microstructural parameters are lowe r or equa l than the abras ive parti cle size . Abras ive
action is produced simultaneously on a and {3 and also on the inter face . in this case . the interface may
playa mor e impo rtant ro le in the overall wea r beha vior.
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This quantitative model. which establi shes a hyphotet ical relation of interaction between abrasive
particle and microstructure as a cause r of the material' s wear. is the theoretical base established for
the study of the effect on the size and dist ribution of particles in the abrasion wear res istance and
mechanism .

3. EXPERIMENTAL PROCEDURES

The raw material s used were a non-alkaline brilliant transparent frit (vitreous matrix) and zircon
(hardener element) . The designed conditions for study are shown in Table I. where two mean particl e
sizes ( d/3 = 34 .0 and 48 .5 I'm) and three mean free paths ( " = 60 . 120 and 180 I'm ) were
established. Using the equat ions ( I) and (2) the volumetric fractions and the interfacial areas S",/3 were
calculated .

Table I. Design compositions

Composition x d/3 fV /3 weigth S",/3
[I'm) [urn] H % [rnmv mm']

I - - 0.00 0 .00 0 .00

2 60 0.274 39 . 17 48 .35

3 120 34,0 0.159 24 .39 28 .05

4 180 0. 11 2 17. 71 19.76

5 60 0.350 47.88 43.40

6 120 48.5 0.2 12 31 .46 26 .23

7 180 0 . 152 23.42 18.80

The milling process, mixing and deposi tion were condu cted by the usual laboratory method. To
avoid the body interfere nces in the porosity evoluation , the ceramic glaze deposition was made on an
inertized cerami c body. The samples were fired in a fast cycle labora tory furnace at the tempe rature
of 1170 "C. which was determined by the viscosity method described by Vogel-Fulche r-Tamman
[8. 1O.11 .I3J following a single fast-firing cycle. The abrasion wear resistance was evaluated by the
PEl - method ( EN - 154 ) and ISO/TC 189 project for a stain ing test, and a quantitative determinat ion
of the material loss , dur ing the abrasive test was determinated from a laser rugosimeter. Also, a
measurement technique based in reflected light model POZ-OI was developed. with the finality of
quantify the effects from visual analysis of the abrasive wear. which allowed to determinate the
reflected light. in Volts, from the non-abrased and abrased surfaces, in two d ifferent levels of
revolutions . The device is formed by an illumination system ( white light ) and lenses which produce
parallel rays. which reach the sample obliquely , illuminating all the abrased area, the reflected light
rays reach a LOR resistor type which is conected in series assoc iation to a conventional resistor . being
the assemblage excited by a continuous tension of 10 V ( stabi lized source ). The tension on the LOR
resistor is measured by a digital voltmeter of 3 1/2 digits ( reading erros of 0 .2% ).

The quanti tative determinat ion of the microstru tural parameters includ ing the residual porosity and
the wear mechanism stud y were conducted in an optical and scanning elect ron microscopes .
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4. RESULTS AND D1SCUSSIO)';

4. 1 FRIT 'S PHYSICAL CHARACTERIZATIO)';

The initial step resulls of the frir's phys ical characterization which made possible the fire gap
determination and consequently . the fire temperature selection. are shown in Fig . 3 and Tab le 2.

Table 2. Frit s characteristic viscosity points

Material
Tg ['C] Tw ["C] Tm ["C] Temperature

~ = lO"P ~ = 1 0 1O ~'P ~ = lO' 55 p fire gap ["C]

Frir 659 793 1156 1156- 1370

61265
Log ~ = - 24

T + 1007
CL 20

:?:
' iIl

150
o
Ul.;;- 100
Ol
0

...J 5

0
300 600 900 1200 1500

Temperature ('C)

Figura J. Log 'T/ l 'S. temperature uf the frit.

From these data the fire temperature of 1170 "C was chosen. being all the samples subjected 10 the
same thermal cycle of fast single fire .

4.2 MICR OSTR UCTVRAL CHARACTERIZATIO)';

The microstructure and residual porosity aspec t in some of the ceramic glaze layers stud ied
includ ing the frit and the zirc on powder are shown in a mic rograph of the fig . 4 .

The micrographs (fig. 4) show the zircon crystalli ne phase whose colour is white and irregu lar
morphology distributed rand omly . the vitreous matrix (frit) whose colou r is gray and pores . The
morphology of the zirco n pan icles is maintained . since the zircon is nor dis solved in the tire
temperature (1 170 "C) and by comparing of the fig . 4 (d) with the other ones . the porous rounded
shape wh ich was observed in all the composi tions indicates thai the tire temperature was suitable . The
microstructural parameters and residual porosity measu red are shown in Table 3. including the
designed microstructural parameters .
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Figura 4. Ceramic gtazes and zircon powder optical micrographs. polish ollly - lion-etched . (a) pure fri t. (b)
jvf3 =0.273. d = ~7. 7-1 ~III . A = 22.35 ~III: Ie) fi 'f3 = 0.300. d = 83.00 ~III. A = ~7.16 um: Id) zircon
powder.

The Table 3 shows that the pores/mnr' number decreases when the zircon volumetric fractio n
increases. being this influence more accentuated for the composition groups with smalle r mean zircon
panicle size. The pores/rum' number decrease is a consequence of the vitreous phase volumetric
fraction decreasing . since, its decreasing is associated 10 the zircon volumetric fraction increasing .and
that. the porosity is originated in the vitreous phase.

The total porosi ty increasing , as a consequence of the zircon volumet ric fraction increasing and
the mean free path decreasing is a result of the anchoring. generating . consequently. the bubles
growing du ring the firing process, like the case of compositions 2 and 5.

The comparison between measured and designed microstructura l parameters shows , as expected,
that deviat ions for A parameter. are related 10 the size differe nce between measured and designed
panicles . Since this technique of granulornetric separation of the employed additive was made by
sieving. However, it was possib le 10 get a mean free path variation which made it possible 10

investigate the desired effect. In fact. a measured and designed microstructural parameter optimization
can be later obtained knowing the part icle mean size distr ibution, after sieving. since , the mean size
obtained for this selection technique shows a tendency 10 be higher than the estimated mean value ,
due 10 the irregular morphology of the panicles . which are chracterizated by a high relation
length/width . Consequently, the A designed is larger than the A measured .
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Tab le 3. Measured am! design nucrostructurat parameters and porosity,

Compos ifion d 1 ~1111 A 1~1111 fviJ 1·1
Pores/nun- Tota l porosity pores %

Number x 10 1%1 < 50,'( 01

I . . 11.20 0 .6 1 100 .00

2
(60) (0. 2 7~1

9.20 5 .31 100.00
( 3 ~. 0) 22.35 0 .273

3 ~7 .7~
(120) (0.1 59)

12 .40 2. 13 100.00
39.57 0 .13 ~

~
(180) (0. 112)

13AO 1.08 100.00
60 .33 0 . 112

5
(60) (0.3 50)

7.80 11. 12 6~ . 1 1
(~8. 5) ~7 . 1 6 0 .300

6 83.00
(120) (0.111)

13.75 2 .03 100.00
87.23 0.13..l

7
( 180) (0 .152)

17.80 2.80 75.00
105.32 0.15 5

( ) Devign microes truc rural parame ters.

4.3 ABRASION RESISTENCE CHARACTERIZATION

The resu lts concerning to the behav iour under abrasive wear condition are sho wn at Fig . 5 . Unde r
a view point of PE l - classification the better results obtained were for compositions I. 3.4 and 7.
which show the classification PEl - V. However. these results are in contradiction with those obtained
by abrasive wear physical evaluation. by the rugosimeter method . In this case . the compositions with
better performances ( lower mate rial loss ) are 2 and 5 . which. correspond to the lower mean free
path to the higher volumet ric fracti ons . as was expected from the microstructural design concept. This
observed contracditi on is typical of the PE l - eva luation criteria . since this evaluation is based in
visual criteria . we re the comrast. shine and co lour are factors who contribute to difficult the
eva luation . In fact. the surfaces I and 2 show the higher relative retl ections when subjected (() the
reflectometer .

This observation cont ributes (() the unde rstanding of the contracd itory results obtained by PE l ­
evaluation and rugosimeter . The tests employing the reflect orneter proposed in this work. show to
be a complementary too l to the PEl and rugosim ete r methods .

Besides of the possibilit ies to obtain indirect measurements of the rugosity. in physical unities
(Volts) . the method can cha racterize the contras t between the non-abrased and ab rased surfaces . Th us .
lower values of reflec ted light indica te higher values of rugosi ty and lower values of br illiance. and
higher values of relative reflect ion are related to high contrast .
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Reflection (V] Rugosity - Ra [I'm]
Composition

N = 0 N = 1500 N = 0 N = 1500

I 7.15 6.66 0 .24 1.13

2 6.95 6.33 2.38 2.80

3 7.17 6.67 0.60 1.80

4 7.08 6.66 0.24 1.49

5 6.23 5.73 6.24 11.8

6 6.98 6 .52 1.14 2.04

7 7.18 6.72 0.56 1.49

N = Revolution number

• Rugos ity method £E PEl - method 0 Relative renecncn
50
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Figura 5. Abrasion lest results

4.4 WEAR MECHANISl" A:\,ALISYS

The abrasive wear of brittle mate rials and specially of ceramic glazes is a complex phenomenon
of difficult quanti ficatio n. because it depends of a lot of factors . like hardness and surface rugosity.
elasticity modulus. thoughness, and microstructural factors like crystalli ne phase and residual porosity
[9 .1 1. 12]. Meanwhile. despite of many empir ical investigations on the removal rate of materia ls in
abrasive wear conditions. the understanding of wear mechanism is still not well known. because it is
a fundamental requisite for the development of materials with optmized microstruc tural characteristics
of abrasion resistance. In the part icular case of ceramic glazes subjected to the abrasive wear by PEl ­
method • the material removal occurs due to the movement of part icles harder than the vitreous

material . under the action of mechanical forces parallel to the surface. producing {he grooving and
later {he chipping and removal of material like it is shown in fig . 6 .
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Figu ra 6. Optical micrographs 011 a abrased ,\'II f/ OCt'S, showing the abrasive wear evolution by PEl - method/or the frit
fa) 150; (b) 1500 revolutions ,

The surface aspect shows that the materi al removal occurs by the pull ing out produced by
localized small cracks in small material areas forming holes . with dimensions of approximately 10
to 250 I'm of diametra l extension .

Based in wide studies of the fractu re mechanism during static indentat ion and localized impac t
many auth ors [ 14.15. 16 I conviction has grown that the methods of fractu re mechanism analys is by
identation can be applied to help the understand ing of fracture mechanism of vitreou s materials . A
fracture mechanism mode l with material removal which was recently indentified by seve ral
resea rchers [14.16] is the latera l fracture . which can be produced by the application of a load by an
indentator (Vickers pyramidal diamond) at the mater ial surface studied, and by the later analysis of
the damages caused to this surface through optical and scanning electro n microscop ies . A schematic
represent ation of the late ral fracture mechanism is presented at fig . 7.

-"'"

(a ) (d l

­\ .

(b)
- ~

<el

1+
f-- "":"" -

I
',I

I

(e)

Figura 7. Schematic of \'em crack formatio n under point indentation, Median "ell!fo rms dur ing loading ( + ) hulf-cycle,
lateral velllJ durin}: unloading (-) hal f -rvc!e , Fracture initiates form inelastic deformation ::,ofle (dark rex ion)
/1 5 .16J.
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The basic sequence of the events and subsequent crack propagation is the following [15. 16) :

(a) initial loading : the sharp indenter induces a zone of irreversible deformation about the
contact point. The size of this zone increases load;

(b) critical zone formation : at some critical indenter load a crack suddenly initiates below the
contact point. where the stress concentration is greatest. This crack. commonly termed the
median vent. lies on a plane of symmetry in the applied field. Its orientation depends on the
indenter geometry.

(c) stable crack growth : increasing the load causes further. stable extension of the median vent;
(d) init ial unloading : the median vent begins to close but not heal ;
(e) residual-stress cracking: relaxation of defo rmed material within the contact zone just prior

to removal of the indenter superimposes intense residual tensile stress upon the appl ied field .
Sideways-extend ing cracks, termed latera l vents, begin to appear;

(I) complete unload : lateral vents continue to extend. and may cause chipping.

The cross sectio n observation of the observated samples by optical microscopy. as shown the fig.
8 . supplies a clear evidence of similarity between fracture model prod uced by an identer and that
produced on the abrased ceramic glaze. which elucidates the mechanism of initia l hole formation by
lateral crack propagation.

•

Figura 8. Optical micrographs of the surface cross section abrosea by PEl method (a) frit, (h) /V(3 = 0./55 . d{3 =
ssu,«. A ~ 105.32I'm.

The development of these cracks. therefore. will depend on the residua l stresses created by abrasive
particl es ( or by the indenter) when the part icle looses contact with the surface. Its extension will
depend. consequently. on the applied normal load caused by the abrasive particle on the ceramic glaze
surface, the particle size and the mater ial microstructure. In this part icular case the most important
microstru ctural paramete r is the mean free path between the microstructural reinforcing particles . The
microstructural evidences (wich can be seen at fig . 9 ) show in a sequence, the involved steps on the
material removal process : groovi ng. lateral crack formation and hole formati on . Figs . 9 (c) and (d)
show the mean free path and reinforced particles size effects on the material removal mechan ism. It
can be seen a decrease of hole medium size with the decrease of reinforcing particle size and mean
free path.

However . a reduction of the mean free path difficults the abrasio n process in two manners.
Statistically. the abrasive particles will have lowe r contact with the vitreous matri x. inhibiting the
abrasive process development . i.e ., difficulring the critical residual stress production . in orde r to
produce the nucleation and propagation of lateral cracks.
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On the ot he r hand. the reinforcin g part icles bein g near each other. ca n easily act ua te like "crack
arrest " . pr odu cin g . co nsequently. lower size holes . T he ex perime ntal evidences do not allow a clear
understandi ng of the particle mean size effects on the ab rasion resistance. since its effect can be
confuse d wit h the mean free path .

However. as the lower size particles supply higher resistance tha n those of the higher size . these
lower size part icles must atenuare the abrasive wear process . since it is reasonable to suppose that the
reinforcing pa rticles participate of the abrasive wear mechanism interacting with the mai n crack or
nucleating seco ndary cracks .

,

l
15J.1rn (bl ,----

,
.,

(el

Figura 9. sticrograpns of the abrasrd sample surfaces obtained by Jcmming electron microscope. fa) gwm'in~

fo rmation: f/J) lateral crack [ormation , to holes formation, fi ·J = 0 .2 73. tid = 4 7. 7.Jpl1l . }.. = 22.35pm: fd)

holes fo rmation, fl'f3 = 0 .300. tld -= 83.0 p.m. }.. = 105 .3 2p.m.

5. C Ol"CLljSIO l'o'S

The po ros ity of the stud ied ceramic glaze layers inc reases with the increas ing of the zi rco n
particle vo lumet ric frac tion . particularily for those co mpositions with higher zircon particle
sizes . altho ug h the mean free path has bee n high er for a sa me vo lumetric frac tion.

The obtention of low porosity is a factor wh ich contributes for the ab rasing resistance increasing
by the PE l - v isua l evaluation me thod . since the stai ning test is directly related with thi s factor.
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The abrasion resistance (material loss) measured by the rugosimeter increases with the
volumetric fraction increase. and with the zircon panicle size reduction and mean free path.

The abrasive wear mechanism analysis based on the lateral fracture mechani sm by indentatio n
has shown to be suitable to auxiliate on the fracture mechanism under standing with material
removal of vitreous materials.

The utilizat ion of the reflected light technique - model POZ -0 1 , developed in this workfor
the quantificatio n of the effects originated from the visual analysis of the abrasive wear , is a
complementary tool for the diagnosis of the abras ive wear evaluation of ceramic glazes .

At last. it is important to sign that from a practical view point the microstructu ral design
concept can help in a ceramic glaze select ion that needs high abrasive wear resistance. In this
case. the size, the volumetric fraction and the mean free path of the reinforcing phase can be
optimized relating to the abrasive pan icle sizes.
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