
A

I
r
a
a
a
i
c
c
d
b
h
©

K

1

a
w
p
a
m
m
t
t
c
t
m
a
l
a
n
r

0
d

Journal of the European Ceramic Society 27 (2007) 1767–1773

Measurement of Vickers hardness on ceramic floor tiles

Leposava Sidjanin a,∗, Dragan Rajnovic a, Jonjaua Ranogajec b, Elvira Molnar b

a Department for Production Engineering, Faculty of Technical Sciences, University of Novi Sad, Trg D. Odradovica 6, 21000 Novi Sad, Serbia and Montenegro
b Department of Materials Engineering, Faculty of Technology, University of Novi Sad, Bul. Cara Lazara 1, 21000 Novi Sad, Serbia and Montenegro

Available online 6 June 2006

bstract

n this paper, Vickers macro- and micro-hardness of ceramic floor tiles samples made from two types of clay materials, kaolinite and illite–carbonate
aw materials, were presented. The samples, designed separately, from both types of clay materials were shaped by dry pressing at 25 MPa, then fired
t 960 and 1050 ◦C in laboratory conditions and exposed to freezing/thawing cycles with the aim to compare the hardness before and after cycling
nd correlate it to their microstructure. The results showed that Vickers macrohardness increases with the increasing of the firing temperature,
lthough the expected microstructure is not achieved. The results obtained after freezing and thawing follow the same trend. In addition, the
ndentation size effect (ISE) in the case of low-load hardness testing was analysed. It should be noticed that the samples based on illite–carbonate
lay material after the freezing/thawing cycles showed an unexpected increasing of hardness. The obtained results might be the consequence of the

alcium silica hydrates formation during cycling treatment, causing a different behaviour of this kind of systems under low-loading. The ISE was
escribed through the application of the Mayer’s law, proportional specimen resistance (PSR) model and modified PSR model. The best correlation
etween measured values and used models was achieved in the case of modified PSR model. The most reliable results for the load independent
ardness, HLIH, were obtained in the case of Vickers hardness measurement HV1.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Hardness testing is the most frequently used method for char-
cterizing mechanical properties of ceramics. An indenter of
ell-defined geometry is pressed into the surface of the sam-
le under a predefined load.1 The quotient of the load and the
rea of the residual indentation impression are regarded as the
easure of hardness. Three levels of indentation hardness are
easured: the nano, the micro and macro.2 Nanohardness inden-

ations are on the sub-micron scale and can be used to estimate
he mechanical properties of very fine structures including pre-
ipitates and thin films.3 The microhardness indentations are of
he micron size scale and have been extensively applied at the

icrostructure level when Vickers diamond pyramid indenters
re usually applied.4 Macrohardness measurements are much
arger in scale then micro- and nano-hardness and are often

pplied as bulk testing procedures. However, when macrohard-
ess measurements are applied to ceramics, the testing usually
esults in chipping and formation of massive cracks.5 In contrast,
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hen microhardness testing is applied, the measured values of
ardness decrease with the increasing test load, showing the
indentation size effect” (ISE).6

The existence of the ISE implies absence of a single value
or the microhardness. At high indentation test loads, the micro-
ardness is constant as far as the indentation test load and a single
ardness value are concerned, a phenomenon described as the
oad independent of hardness, HLIH, or the “true” hardness.2

n this paper, Vickers macro- and micro-hardness of two types
f ceramics floor tiles were presented. The samples belong to
he model systems based on kaolinite/illite–carbonate compo-
ition. In addition, the ISE for the low-load hardness testing of
he model system specimens was analysed. The ISE reported
ere was described quantitatively through the application of the
ayer’s law, proportional specimen resistance (PSR) model and
odified PSR model7–10 to best correlate measured values with
athematical models.

. Experimental procedure
The cross-section of a ceramic floor tile is given on Fig. 1.
he tile consists of three layers: glaze on the top, engobe in the
iddle and biscuit as a ceramic matrix.

mailto:lepas@uns.ns.ac.yu
dx.doi.org/10.1016/j.jeurceramsoc.2006.04.150
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Fig. 2. SEM image of the K sample system fired at 1050 ◦C-before freez-
ing/thawing procedure, (G—amorphous/glassy phase).

Fig. 3. SEM image of the IC sample system fired at 1050 ◦C-before freez-
ing/thawing procedure, (C—unreacted free CaO).
Fig. 1. The cross-section of the floor tile, SEM image.

In this study, two model systems, formed from different
ypes of raw materials, (ceramic matrix), were used. One
aw material was a mixture of kaolinite, quartz and pla-
ioclase (K system: Al2O3/SiO2 = 17.61/71.61; MgO = 0.80
ass%; K2O = 2.42 mass% and Na2O = 0.30 mass%), while

he other contained illite, quartz and carbonates (IC system:
l2O3/SiO2 = 9.88/47.83; CaO = 13.73 mass%). The values of

he moisture level of the initial raw materials were different.
or the K model it was 1.17 mass%, while for the IC it was
.12 mass%. The specimens were shaped by dry pressing at
5 MPa to a size of 5 mm × 5 mm × 25 mm. After shaping proce-
ure the samples were fired at 960 and 1050 ◦C. The soaking time
t each maximum temperature was 90 min. Furthermore, half of
he specimens were exposed to the standard frost resistant proce-
ure (EN 539-2). The idea was to compare their hardness values
efore and after the standard procedure of freezing/thawing.

Vickers hardness measurements HV0.1, HV0.2, HV0.5, HV1
nd HV5, were performed according to ISO 6507, using inden-
ation loads: 0.9807 N (0.1 kgf), 1.961 N (0.2 kgf), 4.903 N
0.5 kgf), 9.807 N (1 kgf) and 49.03 N (5 kgf), respectively.
ndentation tests were carried under laboratory conditions on
ighwood HW DW-3 Vickers tester with error of measurement
0.1 �m. Before hardness measurements all specimens were

repared by the standard metallographic technique.6 The sam-
les were mounted with epoxy resin, grinded with SiC papers
rom grade 220–2400 and than polished up to 0.25 �m with

diamond paste and finally coated with gold in a vacuum.
heir reflectivity was improved in order to precisely measure the

ength of the two diagonals of the square-shaped Vickers inden-
ation (Leitz light microscope with a magnification of 200×).

icrostructural features were examined using a scanning elec-
ron microscope (JEOL JSM 6460LV).

. Results and discussion

.1. Microstructure characteristics
.1.1. State before the freezing procedure
The kaolinite system (K system), due to the absence of car-

onates and thermal transformations within Al2O3–SiO2 com-

Fig. 4. SEM image of the IC sample system fired at 960 ◦C-after freez-
ing/thawing procedure, (Z—zeolite crystals and CSH—calcium silicate
hydrates).
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Table 1
Vickers hardness

System HV5 (MPa)

Not cycled Cycled

K960 381 115
K1050 1115 644
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ig. 5. SEM image of the IC sample system fired at 1050 ◦C-after freez-
ng/thawing procedure, (Z—zeolite crystals).

osition, in the presence of K/Mg ions, contains a considerable
mount of amorphous/glassy phase, Fig. 2. The mechanical
roperties of this system were improved by intercalation of
uartz and crystobalite crystals and by the existence of sealed
orosity. On the other hand, the illite–carbonate system (IC sys-
em), due to the high carbonate content and insufficient quantity
f clay minerals necessary for the formation of Ca/Al silicates,

ossesses unreacted free CaO, Fig. 3. The presence of free CaO
akes this system less meltable and the CO2 release increases

ts porosity.11–13 Moreover, slight forces kept the layers of illite
lay mineral together after the thermal treatment.14 Therefore,

3

m

Fig. 6. Vickers hardness obtained by low-loading
C960 225 115
C1050 272 196

hose facts indicated that mechanical properties of the IC sam-
les might decrease.

.1.2. State after the freezing procedure
The bar shaped crystals were noticed at the end of the standard

reezing procedure for the IC system, fired at 960 ◦C. Zeolite
rystals and calcium silicate hydrates were identified, Fig. 4.
owever, fired at 1050 ◦C the IC system showed only zeolite

rystals, Fig. 5. The analysis of the microstructure of the both
systems, showed no appearance of new crystal formations.

hese results suggest that the frost actions changed only the
ore structure in the samples of K system without revealing new
rystal forms during freezing procedure.

.2. Vickers hardness
.2.1. Macrohardness
The macro Vickers hardness values HV5 for all used speci-

ens are given in Table 1. The results show that the maximum

: (a and b) K system; (c and d) IC system.
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Table 2
Regression analysis results of the experimental data according to Meyer’s law

System A log A n Correlation factor (R2)

K960 159.7 2.203 1.9219 0.9995
K960C 99.4 1.997 1.7668 0.9990
K1050 213.2 2.329 1.6434 0.9987
K1050C 203.6 2.309 1.7064 0.9997
IC960 98.2 1.992 1.7410 0.9967
IC960C 56.1 1.749 1.3574 0.9893
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ardness value was obtained for the not cycled K 1050 specimen.
he results also show that the increase of firing temperatures

ead to the increase of hardness, where the hardness for the K
pecimens were always higher. These results correlate well with
he specimens microstructure. The observed carbonate content
greater than 10%) appears to make the system less meltable
nd more porous. Even slight forces, which keep the layers
f illite clay mineral together, cause the IC specimens to have
ower hardness than specimens of the K systems. In contrast,
he absence of carbonate and thermal transformations within
l2O3–SiO2 composition, cause the formation of a consider-

ble amount of amorphous/glassy phase and sealed porosity.
onsequently, these conditions cause higher values of hardness

n the case of model samples K in comparison with the IC model
ystems. The results after 35 cycles of freezing follow the same
attern as non-cycled samples. For the K system the values of
ardness remained greater following freezing and thawing pro-
edures. For each firing temperature, hardness value of both, K
nd IC samples, were smaller compared to that of non-cycled
amples. The drop of hardness after cycling is likely due to
he micro cracks formation, as the consequence of frost sample
amage.

.2.2. Microhardness

The Vickers hardness numbers obtained by loading with

.9807, 1.961, 4.903, 9.807 N, for the model system of two
ypes of clay materials and two types of firing temperature used,
efore and after cycling, are plotted in Fig. 6(a)–(d) as the func-

u
o

P

Fig. 7. Correlation between P and d according to the Me
C1050 125.1 2.097 1.6133 0.9967
C1050C 197.1 2.295 2.0023 0.9871

ions of the applied test load. Data points represent an average
easurement from at least three tests. The ISE was observed

n the both, K and IC tile materials. The higher the firing tem-
erature, the higher the hardness values. Hardness after cycling
ollow the same pattern, but the values are lower compared to
he same values before cycling. However, the cycled IC samples,
red at 960 ◦C, compared with K system, showed an unexpected

ncreasing of the hardness values. These results might be due to
he calcium silica hydrate formation during cycling treatment
esulting in a different behaviour of the IC samples under low-
oading (see Figs. 4 and 6(c)).

The load-dependence of the measured Vickers hardness val-

es can also be described quantitatively through the application
f the classical Meyer’s law:

= Adn (1)

yer’s law: (a and b) K system; (c and d) IC system.
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Table 3
Regression analysis results of the experimental data according to PSR model

System a1 a2 Correlation factor (R2)

K960 1.437 174.83 0.9981
K960C 5.624 114.14 0.9867
K1050 13.614 338.58 0.9989
K1050C 10.100 289.99 0.9998
IC960 4.729 125.84 0.9906
IC960C 17.467 65.42 0.8610
I
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here P is the indentation test load and d is the resulting indenta-
ion size. The parameters A and n are values that can be derived
irectly from the curve fitting of the experimental data. The
eyer’s law parameters determined by the regression analy-

es are summarizes in Table 2 and presented in Fig. 7(a)–(d).
he ISE is commonly related to the deviation of the n-value

rom two. For virtually all materials the power law exponent n
s experimentally observed to be between 1 and 2, which indi-
ates that lower indentation test loads result in higher apparent
icrohardness. The results presented in Table 2 indicated that

he most significant ISE was obtained in the case of cycling IC
pecimens fired at 960 ◦C (n = 1.3574), while the ISE observed in
ycling specimens fired at 1050 ◦C was independent (n = 2.00).
he correlation factors R2 are between 0.9893 and 0.9997.

An alternative analysis of ISE to the Meyer’s law is propor-
ional specimen resistance (PSR) model based on the Eq. (2)7:

= a1d + a2d
2 (2)

nd modified from PSR model proposed by Gong et al.,9 giving:

= P0 + a1d + a2d
2 (3)

here P0, a1, and a2 are experimental constants.
Eq. (2) means the applicability of the PSR model in order

o describe the observed ISE by testing the linearity between
/d and d. Thus, the result is summarized in Table 3 and pre-

ented in Fig. 8(a)–(d). From Fig. 8 it is evident that in each
ystem, the data points show linearity with correlation factor R2

etween 0.8610 and 0.9998. The proportional specimen resis-
ance (PSR) model actually was introduced by Li and Bradt.7

p
n
(
p

Fig. 8. Correlation between P/d and d: (a a
C1050 11.520 179.77 0.9812
C1050C −2.473 216.20 0.9711

hey accepted the concept of the existence of a minimum level
f the applied test load. They named it the test of specimen
esistance (W = a1d). Below the minimum level, the permanent
eformation, due to the indentation, is not initiated but only
lastic deformation occurs.

Eq. (3) is a modified form of the PSR model with the same
hysical meaning of the parameters a1 and a2, as those in Eq. (2).
he modified PSR model was suggested by Gong et al.,9 who

ound that surface of specimen is not in stress free state, but rather
xposed to the same kind of stress induced during machining
nd polishing of the sample. This stress changes the specimens
esistance parameter to (W = P0 + a1d), where P0 is related to the
esidual surface stresses with small negative value and a1 with

ositive value, as they represent a specimen resistance to perma-
ent deformation. The fit values of all parameters included in Eq.
3) for the specimens of K and IC systems are listed in Table 4 and
resented in Fig. 9(a)–(d). The solid and dashed lines in the plots

nd b) K system; (c and d) IC system.
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Fig. 9. Correlation between indentation load (P)

re obtained by conventional polynomial regression according
o Eq. (3). For the same Vickers hardness values, the regression
nalysis returns correlation coefficients between 0.9984 and 1.
owever, from Table 4 it can be seen that for the same samples

he parameter P0 has a positive value and a1 negative. The sim-
lar results on traditional ceramics were also obtained by Kim
nd Kim.6 Very recently, Gong and co-workers,6,9,15 has given
reasonable explanation for the modified PSR model, based on

he consideration of the effect of the porosity of material on the
egative or positive values of P0 and a1 parameters.
In this paper the results obtained under low-load testing hard-
ess provide the best correlation between measured values and
he modified PSR mathematical model. It was also noticed, that
he most reliable results for the load independent hardness, HLIH

able 4
egression analysis results of the experimental data according to modified PSR
odel

ystem P0 a1 a2 Correlation factor (R2)

960 0.4631 −6.316 201.41 0.9999
960C −0.8510 18.554 75.36 0.9993
1050 −0.0838 15.927 326.19 0.9999
1050C 0.0226 9.576 292.42 1.0000

C960 0.7843 −8.026 166.60 0.9997
C960C −0.2490 22.611 48.20 0.9984
C1050 0.4580 1.800 219.20 0.9986
C1050C 1.4500 −28.469 312.85 0.9998
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ize (d): (a and b) K system; (c and d) IC system.

or tiles examined were achieved in the case of Vickers hardness
easurement HV1.

. Conclusions

The hardness values of the floor tiles presented in this
aper are directly connected to their microstructures which vary
ccording to the mineral composition of the ceramic raw mate-
ial and the firing temperature. With the increasing of the firing
emperature, an increase of hardness values HV5 were observed.
he results obtained after cycling follow the same pattern, but

he values of hardness were lower compared to the same values
efore cycling. This was due to the occurrence of micro cracks
roduced by frost damages. In addition to macrohardness, the
ndentation size effect ISE obtained under low-load testing, was
xamined. For ISE the best correlation between measured values
nd mathematical models was achieved with the modified PSR
odel. It was also noticed, that the most reliable results of the

oad independent hardness, HLIH, for the tiles examined were
chieved in the case of Vickers hardness measurement HV1.
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The Vickers hardness measurements were performed in the
ab of Department of Mining and Materials Engineering, Prince
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