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ABSTRACT

A method has /JeCII [me- tuned 10 reproduce porcelain tile polishillg l>y IIsillg a tribometcr of
the pill-all-disk Iype all a tabomtoru scale. By this lIIethod, test specimen» of porcelain tile, ill the
form of cqlindrica! rods C'pin: "), are subiccted 10 the action of a disk sintiiar to tlte abrasit»: tool»
used ill polishillg all all industrial scale, 111111 the ntass loss is determined of both pill and disk uiith
lime. Tile method is demonstrated to /'e rcliabte and rcpcatabie, and I1IlIllysis of tlu: res ulting surjacc
textu re has showII 1111/1 it salisfaclorily rcproducc« the mcclumisms l>y tohicl: porcelain tile
polisllillg occllrs 0 11 tlI1 industrial scale.

The lise of thi« appartuu« toiih disks of abrasiue material, made l>y the same procedureas the
abrasive lools used ill the industrial polishillg lilies, has enabled Silidyillg the effect of certain
al>rasipe tool oarinblcs, sucl: as gril size and content, wCllr ill the porcelain lile alld ill the 1001itself
thus allowillg eff iciellcy 10 l>e qlllllllilatipely determined. The silldy also dcntonstratcs tha! lests of
this Iype ellaNe eslal>lishillg II,e order of adtmncc of gril sizes and gril workillg times, 10 prauide
all optimum porcelain tile polishillg cllrpe.

The silldy shows tliat the pili-Oil-disk tribometer call be a lisef ill 1001all a labomt orv scale,
for controlling gri lldillg 1001 qllality and i ll a lIIore general way, for oplilllisillg the polishillg
operat ion.
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3. FIN E-TUNI NG T HE PIN-O N-DISK TEST

Having selec ted the pin-an-disk method to perform the study, a series of tests was
cond uc ted to establish the ran ges of the wo rking vari abl es, as well as su itable conditions
for the stud ied mat erials.

In the firs t place, to determine the d egree of machining accu racy required for the
porcelain tile test specime ns, a first test was done to establish wh ether a sma ll change in
test specimen base area (contact area) cou ld cause some change in the wea r me chanism
owing to pressure cha nges in the contact area . The existence of a change in mechanism
(d uc tile-britt le), as a result of modi fyin g pressllfe in the contact are a wou ld be reflected in
a change of slope of the mass loss va lues, w hich would then not fit a stra ight linerM<].
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For thi s, a wed ge-sh ap ed test specime n was mad e, so that the contac t su rface would
be ve ry sma ll (h igh pressure) at the beginning of the test , progressively increasing as the
test advanced (lower p ress ures) . Figure 2 shows that the mass loss va lues (-,~m ) found
align perfect ly, demon strating th at in the tested contact area va ria tion ran ge, much high er
than that produced on mach ining the test specimens, no cha nge took p lace in the wea r
mechani sm .

In the seco nd place, the effect of the load on the prism-sh aped test specime n was
stud ied, using the different weights with wh ich the ass embly is equ ipped (2, 5 and 7 N),
in order to es tablish if, in this ran ge of load s, any cha nge existed in the wear mechanism
and to define the mo st ap prop ria te load for testing. Figure 3 shows that wear rate (W I,)'
ca lculated as the slope of eac h resulting stra ight line, increases linearly with applied
pressure (1'). Thi s linear dependen ce ind icates that , though the wear intensity increa ses
with ap plied pressure, the mechanism producing this does not va ry, and hence it is
possibl e to work with an y load inside this ran ge.

Finally, as water is used in the ind ustrial po lishing process to elim inate polishing
wastes and coo l the g rind ing tools and tiles, and since the tr iborncter can also be used for
wet testing with materi als im me rsed in a liquid, a test was carried out to de termine the
convenience of running the tests in thi s way. Several mat erials were chosen for thi s
purpose, whi ch exh ibited qui te different wear rates in dry testing. These were then put
throu gh a we t test. The results revealed that the differen ces in wear rate observed in the
dry tests we re also iound in the wet tests, althoug h the wet test wear ra te va lues were a
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little lower. In view of this similarity in the res ult s, it was decided to perform the rest of
the tests dry, parti cularly in view of the grea ter simp licity and speed of the dry test.

0.• ,-- - - ---- - - ---- - - - - ---,

0.3

0,1

10•,o,o l----~---_--_---~--___I

o

Figure3. Tests I'l'r!onl /L'd at diffa cllt loads.

After cond uc ting these tes ts the variables of the appara tus were se t as follows:

Linear velocity = 0.27 tvi ] s

Applied load = 5 N
Co ntac t area pressure = 2.12 kg ! cm'

Dr y test

4. USE OF T H E PI N-a N-DI SK TRIBOM ET ER FO R STUDYING T HE POLISHIN G
STAGE

4.1. EX PERIMENTAL

4.1.1 Materials

To perform the wear tests, test specimens were made from industria l porcelai n tiles.
The tiles came from a sing le production lo t to ens u re identical cha rac teris tics. Th e test
spe cimens were machined unti l producing paralle lepiped specime ns w ith a 0.24 cm' base
and 4 em height.

The ab rasive d isks were made by a grind ing tool producer with spe cia lly desi gned
moulds. These yielde d disk -shaped too ls, of 4 cm di ameter and 5 mm thick, for use in the
tr ibometer, Th e ma tri x used for mak ing these w as a magnesiu m ceme nt, widely em ployed
in producing grind ing tools for industrial pol ishing. Silicon carbide was used as abrasive
materi al w ith three grit s izes, covering the range used on an indust rial scale.

Abrasiv e disks were prepared for each of the selected grits, wi th three SiC mass
fraction s a round the va lues typically used in industry:

• Mass fraction A: 57<,. • Mass fracti on B: 10%. • Mass fract ion C: 20%

P. GI - 405
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4.1.2 Experimenta l procedure

To perform the wear tests a tribom eter was used with the pin-o n-d isk configuration
described in sec tion 3 (Figure 1). The test consisted of successive wear stages, cleaning and
weighing the test spec ime n and abras ive di sk afler eac h stage to determine ma ss loss. Test
va riables were those set out in sec tion 3.

It sho u ld be noted that before cond uc ting the wear tests, the abras ive d isk su rface
was eroded by sand blasting so that the abras ive particles would su rface in the di sk
(d ress ing operati on). Otherwise the test specime n would slip over the abras ive di sk
binder matrix w ith no wear efficiency.

This opera tion was also performed after each wear stage so that the abrasive di sk
wo u ld at all times have fresh abras ive parti cles. Thi s ensured cons istent test e fficiency.

4.2 RESULTS AND DISCUSSIO N

4.2. Selection of the grit size to he uset!

To se lect three grit sizes th at were representati ve of the di fferent phases that take
place in the po lishing line, tile gloss and weight measu rements we re carried out a t
d ifferen t points in an ind ustrial pol ishing facility. Figure 4 shows the evolu tion of tile
su rface gloss and ma ss loss in the polish ing line.

It can be observed that high mass loss occurs initi ally, while tile gloss remains sta ble
a t very low levels. These results indicate tha t in thi s zone of the po lishing facility ve ry
severe wear develops, with massiv e materi al rem oval.
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As the piece advances along the polishing line, mass loss d ecreases progressively
wh ereas gloss valu es stay very low and stable. From position 40 on, mass loss is very low
with a tendency to stabil ise, whi le gloss begins to rise very abrup tly. In this zone, the wear
mechanism is no longer so se ve re and its effect is a mixture of smoothing and pu llout of
sma ll materia l parti cles.
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Fina lly, fro m position 60 on, practicall y no mass loss is furth er observed, whi le g loss
has increased cons iderably, to s tabilise a t a m aximum va lue. At th is po in t a ve ry gen tle
wear mechanism is involved , in which p lastic s tra in predominates, w ith hardly any
material loss.

Thus, the industrial poli shing facilit y co uld be di vided ideally into th ree zo nes,
depending on the type of opera tion effected. A first zone where massive materi al removal
occ urs, a second zone in which the piece begins to ga in gloss, and fina lly a zone in which
fina l gloss is prod uced . These th ree zo nes co rrespond to polishi ng tool heads con ta ining
ab rasive w ith the following grain size:

• Firs t zone: Gri t 36 (d~1 = 525 11 m)
• Second zone: Grit 320 (d 50 = 33 11m)

• Third zo ne : Gr it 1500 (d" = 5 11 m)

Selecting these three grit s izes therefore ena bled covering the th ree phases found in
the polish ing line.

4.2.2.Effect of IIbra sive disk characteris tics 011 porcelain tile w ellr rate

Figure 5 plots tes t specimen mass loss ve rs us the number o f rev olutions on the
tr ibo me ter for the d ifferent tested abras ive di sks. In the firs t place it can be observed th at
wear rate (slope of the s tra ight lines) ca used by the ab ras ive di sks corresponding to grit
36 is much higher than th at of the d isks conta ining finer abrasives (gri ts 320 and 1500),
independently of g rit concentra tion. These results match the measured mass loss val ues
in the indust rial polishing line (Figure 4).

As a curious fea ture, it may be noted that the test specimens abraded wi th the
abrasive di sks contain ing g rit 1500 exhib it a sl igh t mass gai n instead of mass loss. This is
becaus e res ts of the disk matrix remain stu ck to the test specimen contact surface, fo rming
a surface layer. This effec t, which is not observed in the indust rial polish ing lin e, is
probably caused by car ryi ng out dry instead o f wet wear tests.
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The main reason for the di fference in be hav iour be tween di sks with different grit
s izes is the d iffere nt rea l contact surface that each presents. Thus for a certa in mass
frac tion, the larger the gri t size, the fewe r are the nu mber of particles pe r u nit surface area
that en ter into contact wi th the materi al to be abraded, so tha t the p ressure increases a t the
contact points. On the other hand, la rge gra ins can stand ou t more from the surface of the
subs tra te that holds them, so that they can hav e grea ter pen et ra ting power into the surface
o f the materi al to be abraded, and hence more abradi ng stre ng th than the smaller ones.
According to the lite rature su rveyed's', the mechanism by w hich wea r occurs in britt le
materi als by ab ras ive particles d epends on the applied pressure, wi th a tran siti on
occur ring from a severe wear mechanism (de tachme nt of chips by fracture), to a gentler
wea r mechani sm , in which ma teria l is removed in powder form, to ultimately reach
plastic st ra in, as press ure decreases!".

Using the d ata in Figu re 5 the wear rate was calcu la ted, plott ed in Figure 6 versus
grit 36 an d 320 ma ss fract ions . The resu lts foun d for the disks w ith grit 36 show that
initi ally, on increasing grit mass frac tion, the wear rate increases until peaki ng, a t mass
frac tion val ues slight ly below 10%, after which it decreases w ith the rise in grit content.
Acco rdi ng to these resu lts, there seems to be a grit con tent in the grindi ng tools, w h ich
maxim ises wear. As for the g rit 320 abrasive disks, the low we ight loss they exhibit d oes
not allow es tablishing appreciable d ifferences . The va lues ob ta ined with the fine grit di sks
have not been plotted for the reasons se t out in the previou s section.

The inc rease in grit mass frac tion has two opposite effects on wea r rate. On one hand
it raises the number of abrasive gra ins that enter in to contac t w ith the work piece, w hich
cont ributes to increasing Wear ra te. On the othe r, it lowers th e real p ressure that each gra in
appl ies, w hich p rod uces the opposite effect.

The results shown in Figure 6 indicate tha t at low gri t mass frac tions, the first effect
predominates over the second, leading to a rise in wear rate up to a maximum value, after
which the tenden cy inverts.
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Fisure 6. Effect of grit /I1a5~ fmct ioll lllll'tlY(daiJl tilt' iPI'llr rate.

To com pare the effect of abrasive particle size on porcelain tile su rface texture,
topogra phic maps were mad e of the abra de d test specimen su rfaces on two different sca les.
In those of Figure 7, covering an area of 2.5x2.5 mm, the larges t size grit (a) has produced
large grooves in the su rface, about 100 urn wide and app roxima tely 130 urn deep. The
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surface produced wit h the intermedia te size grit is mu ch smoother (b) due to the absence of
deep grooves, although it is no t flat. Las tly, the surface cor respond ing to the sma lles t grit (c)
is much flatter tha n the previous ones and does no t exhibit large irregul arities.

To observe the three surfaces in more detail, sma ller topographies were mad e, thi s
time covering an area of 0.48x0.48 mm (Figure 8). These show that w hile the larger size
grit has left a very roug h surface, p rod uced by chipping (a), the inter media te size grit has
left a texture in w hic h shallow grooves p reva il (b), w ith much less chip ping than in the
previous figure . Fina lly, the texture p rodu ced by the fine gr it (c) is quite flat, present ing
some sha llow tracks and sma ll holes. In this sur face, owing to its low roughness, the
character is tic ope n po rcela in tile pores can be observed. The mod ification observed in the
topograph ic maps on changing grit size is consistent with the resul ts fou nd in a p reviou s
study!", in which the evol ution was stud ied of tile on its travel th rough the polishi ng line.
This va lidates the pin-on-d isk me thod for studying porcelain tile wear in the po lishing
stage.
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Figu re 7. '!i1l10Snlphic maps (2.5.\"2.5 /11111 ) t!{t"t' f l '::. f ~1't'(i"iI.' lI sllr/aCt·s abraded with disks
cO/l taill i llS diffl'rt'lf t grit shes: Il) gri t 36; [J) Srir 320; ( ) grit l S0(J ,

The mechani sms that cause chippi ng are those described in the literatu re on the '.
typical be haviour of br itt le materials, in wh ich cracks appear a t wh ich the removal of
portions of materia l s tarts. Cracks can occur by static inde nta tion (pe netration of a particle
without movement) or dyn am ic inde nta tion (scra tching action). The effect of a static
indentat ion , w idely stud ied in the literature, is sche ma tically illu strated in Figure 91"11' 1. It
shows how, whe n a particle exercises pressure on the su rface, a region o f elas tic strai n
forms with a sma ll zone of p lastic stra in in the area subject to grea tes t p ressure under the
inden ter tip, in w hich a crack is produced th at grows as the ap plied load is raised . O n
reducing the load the crack closes, but the reduced elas tic recovery capacity of this type
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of materi al prevents the a rising stresses from being released in the area unde r plastic
strain and may cause separation , genera ting ano the r crack below th is area, parallel to the
surface. If the tou ghness of the mat er ial is not sufficiently high , th is crack will propagat e
to the surface whe n the applied load is withdrawn , causing ch ipping.
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Figure9. Scratch St'lIt'ration ntccltanisnt by sintic indentation (Sol/ret': nf. 16/J .
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Figflrt>10. Scratches produced by320 grit. Figure 11. Scratcltillg ntechnnistu by plastic etmin.

In Figure 10, corres po nd ing to the surface of the test specimen ab raded with the
grind ing too l conta ining int ermed ia te abrasive grain (grit 320), two scratches have been
coloured, produced by moving abrasive grains. It shows the cracks formed in a
perpend icular d irection in the gra in trajectory. This con figura tion resembles the cracks
described in the lite rature as cha racteris tic brittle materials scra tche s'", w hich, following
the sa me process as the one d escribed for s ta tic indentation, can also cause ch ip p ing.

If the scra tches prod uced by the di sks w ith finer gr it (320 and 1500) are observed in
detail, the b rittle fracture and plas tic s tra in mechanisms are found to exis t together. This
is demonst rated by so me shallo w scra tches in which no crack ge ne ra tion occu rred, but
only plastic s tra in of the material (Figure 11).

4.2.3 Beluniiour of the abrasive discs during wear

To study the be hav iour of the abrasive d isks during the polishing stage their mass
loss was determined d uring the wear tests. Figure 12 sho ws th at the d isks containing large
size grit (grit 36) have worn cons ide rably, w hile those w ith in termed iate grit (grit 320)
practically und erwent no we ight loss. Thi s di fference is associa ted w ith the greater
pressure al the contac t poin ts of the di sks p repared with coarser abras ive gra in . Th us, the
high p ressures tha t d evelop at the contac t poin t, besides d amaging the porcelain tile, a lso
make the grit act as indenters on the matrix that hold s them, eve n p rod ucing its
deformati on . To this is fu rther ad ded the high exis ting friction force, w hich also
con tributes to w eak ening the matrix (Figure 13). This all affects the anchoring of the
abrasive gra ins and lead s to thei r detachment , thus facilitati ng progressive d isk wea r. This
form of wear produces the sca tter found in the ma ss loss d ata.

The grin d ing tools containing int erm edi at e size grit u nd ergo much smaller
deterio ration becau se the pressu res a t wh ich the contac t between the tw o surfaces occu rs
and the friction forces are much lower.

Th e varia tion of di sk we ar rate with grit s ize, determined in the labora tory, matches
what happens on an industr ial scale. In ind ustrial polishing facilit ies it is necessary to
subs ti tu te the polish ing too ls that contain larger size grit more freq uently (eve ry 2-3
hours) than those conta ining smaller size grit (several days).

P.GT-·H I
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To analyse the effect of grit concentration on disk wear, disk wear ra te was
calcula ted (slope of the straigh t lines), plotted versus grit mass fraction . Figure 1-lsho ws
tha t the di sk con taining grit 36 exhibits a maximum wear rate value at maximum g rit
frac tion val ues close to 10%. In contrast, in the d isk with grit 320, d ue to its low ma ss loss,
no di fferen ce is ob served at all in gri t mass fraction.
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It can be observed tha t for grit 36, maximum test specimen and disk wear rat e are
located at practically coinc id ing grit mass fraction va lues (around 10%). Thi s coincidence
indicates that the factors giving rise to the maximum wear rate in th e d isk are the same as
those discu ssed previously for the porcelain tile test spec imen .

4.2.4 Other upplicat ions IIf tire pill-oil-disk tri bomctcr

4.2.4.1 Determination of polishillg 1001 efficiellcy

In the foregoing sec tions the wear ra te of the two materials entering into contact on
pe rformi ng the wear test was determi ned separately. It was foun d tha t at a certain grit

P.GI ·.J12
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size, the re is a gri t conce n tra tion that maximises porcelain tile wear ra te. Howeve r, the
d isks prepared with this sa me grit concentra tion also un dergo the g rea test wear.
Therefore, to determ ine the abrasive concentra tio n that optimises this process stage, it is
necessary to study the ir comb ined e ffect, in order to es tablish real pol ishing tool efficiency.

For th is pu rpose, pa rameter u represen ting grinding tool efficiency has been
calcu lated from the following exp ress ion:

W"u = -
W{l

where:
• « = efficiency
• Wr = porcelain tile tes t specime n (pin) wear rate
• Wn = abrasive di sk (d isk) ra te

This para met er allows eva luating grind ing too l wear power and the deteriora tion it
undergoes togethe r during the test.

Figu re 15 plots pa rameter u versus g rit mass fraction of the d isk containing g rit 36.
It a lso inclu des the evolu tion of test specimen wear ra te (WP) and disk wear ra te (WD).
The va lues of u are found to fit a cu rve, w hich present s a maximum at mass fraction
values close to 10'/.,. In fact at th is concentration, altho ugh di sk wear is high, test specime n
wear rate peaks, optimising abrasive d isk efficiency. At lower mass fractions, di sk and test
s pecimen wea r rates decrease, the drop in test s pecimen wear rate bei ng mo re
pronou nced , wh ich lead s to a decrease in pa ram eter (1. Sim ilarly, a t mass fractions
exceed ing 10%, test specime n wear rate falls notably, w hile d isk wear remains stable at
h igh va lues. This gives a low grind ing too l efficien cy value.
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Cond ucti ng these tests for the differen t grit sizes used in the polish ing tools allows
determining their efficiency an d wi ll therefore enable optimising thei r grit mass frac tion.

4.2.4.2 Optimisution of til" polishing. cyel"

The main industrial polishing cycle variables are: order of grit size and
concentra tion, velocity of tile advance and pressure of the too l hea ds on the tiles. These
variables define the time d uring wh ich the tiles are subjected to the action of a cer tain grit,
pressu re at the contact poi nt an d cu tting velocity.

The objective pursu ed on designing a polishing cycle is for eac h tool to leave the
cha racteristic texture of the gr it it contains on the po rcelain tile surface wit h the great est
possi ble speed . To achieve this surface texture, a gri nd ing tool containing a cer tain size
grit needs to red uce the di mensions of the irregula rities produced by the previou s one,
removing pa rt of the material. This causes the roughness of the piece to evolve
progressive ly from very rough textures to very smooth ones.

To es tab lish the op timum grit size order of advance in the ind us trial tools and the
op timum time spe nt on each tile to achieve the required fina l texture, wear tests need to
be performed on po rcelain tile test specime ns usin g disks with progressively sma ller grit
sizes . To determine the feasib ility of using a pin-on -disk tribom eter for th is type of tests,
an experiment was cond ucted subjecting a test specimen to the successive action of the
ava ilable types of d isks.

Figure 16 plots mass loss of the test specimen subject to the successive action of di sks
con ta ining large and intermediate grit sizes. An abrupt cha nge of slope appea rs on
mod ifying the size o f the grit used, caused by the d iffe rent material removal capacity of
each ab ras ive di sk.
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Fixurt' 17. 'lill'os ml'hic map of tllt' abradt'd I'0rcl'lai" tilt> test =,pccimm :'lIrfan': a) witlt grit 36; M nfh'r 100
ff1'o!utimI5 ll'illl grit 320; c) apa 2UU ff'l.'olutim/5 idO, grit 320; d) djft·, 300 n"llo/ufitJII:' witl:grit 320; allll)

a.tll·' -lOO n'z'tl{lfthllls witlt grit 320.

To monitor the evolution of test spec imen texture on chang ing the type of abrasive
di sk, topographies were mad e on end ing a test with the grit 36 di sk and th rou ghout the
test w ith the grit 320 di sk . Figure 17 depicts the results. Th ey clearly sh ow the removal
process of grooves mad e during polishing. Thus, on end ing the wear process with g rit 36,
ti le topography exhibits a large groove 150 11m deep and 100 11m wide, which grad ua lly
decreases in size with removal of the materia l located in the high est area s (red colour in
picture a). Obviously, on end ing the test the tile su rface still ha s intact low areas in the
grooves prod uced by the previou s disk. Thi s fact , due to the eno rmous difference bet ween
the grit s izes used , indicates that grit size order should be more progressive or th at longer
period s of time are needed for the small size grit to completely elimina te the irregulariti es
produced by the previous grit s ize and provide the tile with the soug ht texture.

These results demonstrate that it is possible to reproduce industria l polishing cycles
in the pin-on-disk tr ibomctcr, us ing an ord er of di sks containing d ifferent g rit sizes . The
joint study of the su ccessive chang es of slope (wear rate) of the tiles on re plac ing one
abrasive ga in by another, toget he r w ith the cha nges observed in surface texture, w ill
enab le designing an optimum gr it size orde r and optimum g rind ing tool workin g times,
which on sca ling up to indust rial sca le wi ll allow optimi sing abrasive mat e rials
cons um ption and polishing cycles.
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5. CONCLUS IONS

• It has been shown that the use of a pin-on-disk triborneter enables reproducing
porcelain tile wea r during the poli shing operation.

• Porcelain tile wear rate increases with grit size due to the grea ter pressure that is
ge ne rated at the contact points and grea ter grit pen etration capaci ty in the tile.

• There was found to be a maximum grit conce ntra tion at whi ch porce lain tile wear
rat e maximi sed. The presen ce o f this maximum is due to the existence of tw o
opposing effects. O n increasing the grit concentra tion the number of contac ts rises
but the pressure at the contact points decreases.

• The va riation of the disk wear ra te with g rit concen tra tion follows the sa me
tenden cy as that expe rienced by porcelain tile, whi le their ma ximum valu es
coincide at a certa in grit mass fraction. Disk wear occurs by the high stresses that
develop in the grit-ma trix contact area, caus ing g rit d etachment.

• Using this appara tus the mechani sms that p roduce materi al removal have been
confirme d, p roceeding from very severe wear by brittle fracture (large grit s ize) to
gentle wear with p redomina nce of pla sti c strain (sma lles t grit size) .

• Finally, it has bee n shown tha t a pplication of this techn ique ena bles determining
polishing tool efficiency as well as designing and optimising industrial polishin g
cycles .
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