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Abstract
Purpose: Various surface roughness parameters are utilized to describe the surface
in the tooth to ceramics abrasion and to assess the resulting wear. The use of three-
dimensional parameters may offer a better estimation for wear and an improved
deduced clinical surface treatment. The aim of this study was to determine the influence
of various surface roughness parameters of zirconia and lithium disilicate ceramics on
the wear of steatite antagonists.
Material and methods: Forty zirconia specimens with a diameter of 7 mm and a thick-
ness of 3 mm and 40 lithium disilicate specimens with the dimensions 10×10×4 mm
were each divided into five subgroups. Two subgroups were treated with different clin-
ically established diamond burs; a third subgroup was treated with a silicone polishing
set. Two additional subgroups were produced by glazing the surfaces after treatment.
Surface roughness parameters were determined by laser scanning microscopy. All spec-
imens underwent 1.2 million loading cycles using steatite antagonists. After regular
intervals of cycles, precision impressions were made to assess the wear. The correlation
between wear and different roughness parameters was evaluated using the Spearman
correlation test.
Results: For the glazed zirconia, unglazed zirconia, and glazed lithium disilicate
specimens no significant correlations (p > 0.05) between the investigated roughness
parameters and antagonist wear could be found. In the unglazed lithium disilicate
groups, significant (p ≤ 0.05) correlations with steatite substance loss could be found
for several roughness parameters after 1.2 million cycles.
Conclusions: For lithium disilicate, it seems not sufficient to use only one rough-
ness parameter to indicate the wear behavior of the surface. There was no correlation
between wear and the tested roughness parameters of zirconia surfaces.
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In the last decades all-ceramic single crowns (SCs) and
all-ceramic fixed dental prostheses (FDPs) have gained
widespread use, because of their high aesthetic and improved
mechanical properties.1 High-strength ceramics, combined
with computer-aided design and computer-aided manu-
facturing (CAD-CAM) milling methods allow all-ceramic
multi-span restorations, even in posterior areas, and also
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produce SCs with a clinically acceptable marginal fit and sur-
vival rate.2 High- strength ceramics, for example, zirconia,
can be used directly as a restoration or as a substructure with
subsequent veneering.3 Monolithically fabricated lithium dis-
ilicate FDPs have comparable failure load results to the
metal-ceramic gold standard.4 In the context of the intensified
usage of all-ceramic SCs and FDPs, the antagonist substance
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loss of the all-ceramic restorations in vivo has been thor-
oughly examined and identified as an undesirable property.5

The ceramic surface texture as an important factor for
antagonist wear behavior has been described in various stud-
ies with varying considerations of surface textures.6–8 Often
the treatment of the surface prior to the start of a wear
experiment is described, for example, the size of the pol-
ishing diamond suspension.9,10 For quantifiable data surface
roughness parameters such as the root-mean-square rough-
ness Rq, or the total height of the surface profile Rt came
to use.11,12 Various studies used the mean roughness Ra to
describe the surface texture,3,13–15 or Sa.

16 It could be stated
that the higher the value of Ra, the more antagonistic wear
resulted.14,17 The mean surface roughness Ra has been proven
to play an essential role in the wear interaction of enamel and
ceramics.18 Nonetheless current systematic literature reviews
could not identify a dominant parameter for antagonist wear
against ceramic due to a lack of standardized parameters.19,20

Little research has been done on determining whether there
are more suitable dental ceramic surface roughness param-
eters that correlate significantly with antagonist wear. A
comparison of differently treated surfaces could be made pos-
sible by a greater variety of standardized surface roughness
parameters. Furthermore, using up-to-date 3D measuring
techniques according to DIN ISO 25178-2 is lacking;
this would provide more significant and function-oriented
information on surface topography.21

The large number of available surface parameters makes
a closer selection necessary. The selected surface parame-
ters should be function-relevant22 and manufacture-related.23

Ra and Sa are widely used in the industry.24 Unfortunately
by using only Ra or Sa it is not possible to describe the
surface after two processes.23 More parameters are nec-
essary to assess the surface texture, for example, Sp, the
maximal height of the highest peak from the center plane,
Sz the sum of the value of the highest peak and deepest
point from a center plane, or their linear parameters further
characterize the surface amplitude, while Sku (areal kurto-
sis) or Rku (linear kurtosis) describe the character of height
distribution.23 The depth of the deepest point below cen-
ter line Rv is used to acknowledge a recent study, which
used Rv to assess the effects of tooth brushing on the den-
tal and restorative surfaces;25 the areal version is used, too.
Sku or Rku can be used to identify surfaces after different
machining processes.26 Low kurtosis also improves contact
of rough surfaces and furthermore Sq/Sa strongly correlates
with Sku,

23 hence these parameters are function-relevant.
Other parameters of interest are Sz or Rz maximal valley
depth from the center plane and depth of the deepest point
below the center line. There is the opinion that the maxi-
mum roughness height Sz or Rz is related to surface damage
while the averaged parameters are related to surface nor-
mal functioning.27 Also Sz or Rz can be used for detecting
outliers.23 For the authors of this study it was of interest
whether any sharp spikes that may be present, could affect
the amount of antagonist substance loss. Therefore Sp or Rp
are of interest because they define the maximum surface ele-
vation height.28 Another parameter, Spd (peak density per

surface), takes into account only those significant spikes that
remain on the surface after discrimination by segmentation,29

similar to Spd, Spc (arithmetic mean of peak curvature). Or
their linear parameter considers only significant spikes and
describes the peak curvature.23 A hybrid parameter should
also come to use; Sdr is denominated as surface ratio, with
specific values it correlates with Sdq, when the surfaces are
oriented.30 The treatment should take place under water irri-
gation to approximate the oral situation and to minimize the
alteration of the system’s configuration and dynamics by third
particle contact.31

Therefore, the aim of the present laboratory study was to
investigate the correlation of antagonist wear with surface
roughness parameters of two dental ceramics after standard-
ized clinically relevant surface treatments with and without
subsequent glazing. Steatite balls were selected as antag-
onists. Although steatite may not be considered an ideal
substitute for human enamel, the standardized properties
seem advantageous and it has been approved for in vitro
tests.32,33 The null hypothesis is that there are no significant
correlations between roughness parameters and wear.

MATERIALS AND METHODS

Agonist and antagonist

In this laboratory study the agonist materials were 40 round
discs of Y-TZP zirconia (Cercon base, Dentsply Sirona
Deutschland GmbH, Germany, batch number: 20017175)
with a diameter of 7 mm, a thickness of 3 mm, and a flexural
strength of 1,200 MPa, and 40 rectangular discs of lithium
disilicate (IPS e.max CAD, Ivoclar Vivadent, Schaan, Liecht-
enstein, batch number 550172) with the size of 10 mm ×

10 mm, a thickness of 4 mm, and a flexural strength of 530
MPa. Four groups of the agonist material were treated with
a glaze with a flexural strength of ≥ 50 MPa (Glaze Fluo,
Ivoclar Vivadent, batch number WZ1008). All figures are
given as provided by the manufacturers. Steatite balls (Steatit,
CeramTec, Lauf, Germany) with a diameter of 6 mm, a Mohs-
hardness of ≥7, a surface roughness Ra = 4.21 µm,34 and a
modulus of elasticity of >80 GPa were used as antagonists.

Creating equal surface conditions

All specimens were polished in a grinding machine (Ecomet
250 pro, Buehler, Esslingen am Neckar, Germany) under a
load of 49 N. All specimens were surface finished with a
polishing cloth and diamond emulsions. The grain sizes, 3
µm then 0.25 µm, came to use. The details of the polishing
procedures are shown in Table 1.

Specimens were cleaned in an ultrasonic bath for 5 min-
utes in demineralized water followed by 99% isopropanol.
They were dried with oil-free air. Afterwards, all specimens
were scanned with a confocal laser scanning microscope
(VK-X 100, Keyence, Osaka, Japan) and analyzed to verify
homogenous surface conditions.
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e54 KRÜGER ET AL.

TA B L E 1 Pretreatment steps for all zirconia and lithium disilicate specimens

Step I II III IV V VI VII

Grinding
technique

Diamond coated
grinding disc

P 600
SiC

P 1 200
SiC

P 2 500
SiC

P 4 000
SiC

Diamond emulsion 3
µm

Diamond emulsion 0.25
µm

 Loadout for diamond burs Loadout for polishers 

Front 
view 

  

Top 
view 

  

F I G U R E 1 Device used for automated surface
treatment.

Degrading surface treatment

The specimens of the two ceramics were embedded into a low
shrinking, cold polymerizing 3-component resin (Technovit
4000, Kulzer, Hanau, Germany, batch number R1) and then
divided into 5 subgroups for each material. The surface treat-
ment was undertaken with a self-designed machine, which
applied force and at the same time moved back and forth with
a speed of 5.5 mm/s (Fig 1).

Three subgroups of both ceramics were roughened with
torpedo-shaped diamond burs using a load of 4.9 N and a
steady movement under water cooling. For two of these sub-
groups red marked diamond burs (REF: 8837 314 012, batch
number: 133313, FG – Friction Grip, ISO: 806 314 289 514
012, Brasseler, Lemgo, Germany) with the diamond grain
size “fine” of 46 µm was used. For the remaining subgroup
torpedo-shaped diamond burs with yellow marking (REF:
837EF 314 012, batch number: 128030, FG – Friction Grip,
ISO: 806 314 289 504 012, Brasseler, Lemgo, Germany) dia-
mond grain size “extra fine” of 25 µm was used. Both burs
had an operation length of 8 mm and a diameter of 1.2 m.
They were used with a rotation speed of 20,000 per minute
with water spray cooling. The group codes of all subgroups
are shown in Table 2.

The specimens of the two remaining subgroups were
polished in the grinding machine with drum-shaped silicone-
polishers (Zil-Master 0640, 0646 and 0670, batch number:
071611, Shofu Dental, Ratingen, Germany) with a pres-
sure of 1 N and 20,000 per minute, according to the
recommendations of the manufacturer. The polishing set
is indicated for use on lithium disilicate and zircona
ceramic and it consists of three polishers that were subse-

quently used. First the “coarse” (green marking), then the
“medium” (blue marking), and finally the “fine” (yellow
marking) polishers were applied. All grinding tools were used
first in one direction followed by a second perpendicular
direction.

The specimens were again cleaned in an ultrasonic bath
for 5 minutes with demineralized water followed by 99%
isopropanol and dried with oil-free air. All specimens were
scanned with a confocal laser scanning microscope (VK-X
100, Keyence, Osaka, Japan) and analyzed (µsoft analy-
sis extended version 7.4.8164, Nanofocus AG, Oberhausen,
Germany). The linear roughness parameters were measured
perpendicularly to the linear surface texture of the diamond
burs and polishers. The following roughness parameters were
evaluated: Ra, Rp, Rz, Rv, Rt, Rku, Rpc, Sa, Sp, Sz, Sv, Sku,
Spc, Spd, and Sdr (Table 3).

Glazed subgroups

For each agonist material two subgroups, one finished with
the red marked diamond bur and one with the silicone
polishers, were glazed with the low-fusing nano-fluorapatite
glass-ceramic Glaze Fluo (Ivoclar Vivadent AG, Schaan,
Lichtenstein). Prior to the glaze firing, the synthetic
embedding material was removed manually and the speci-
mens were cleaned in the ultrasonic bath as aforementioned.
The thickness of the glaze layer was measured with a gauge;
on average it was 50 µm thick and varied between 40 µm
and 70 µm. The specimens were re-embedded into the resin
material. Afterwards the four groups were cleaned in the
ultrasonic bath for 5 minutes with demineralized water,
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TA B L E 2 Treatment and group codes of all agonistic specimens

Material Treatment Subgroup code Combined subgroups

Zirconia Diamond bur red marking Zr.R (N = 8)

Zirconia Diamond bur yellow marking Zr.Y (N = 8) ZrNG

Zirconia Silicone polishers Zr.S (N = 8)

Zirconia Diamond bur red marking, glaze firing Zr.RG (N = 8) ZrG

Zirconia Silicone polishers, glaze firing Zr.SG (N = 8)

Lithium disilicate Diamond bur red marking LD.R (N = 8)

Lithium disilicate Diamond bur yellow marking LD.Y (N = 8) LDNG

Lithium disilicate Silicone polishers LD.S (N = 8)

Lithium disilicate Diamond bur red marking, glaze firing LD.RG (N = 8) LDG

Lithium disilicate Silicone polishers, glaze firing LD.SG (N = 8)

TA B L E 3 Means (standard deviations) of all included surface roughness parameters of zirconia specimens. Statistically different roughness parameters
(p ≤ 0.05) are indicated by different lowercase letters (within a row)

Zirconia Zr.R Zr.Y Zr.S Zr.RG Zr.SG

Ra [µm] 0.622a (0.107) 0.199b (0.017) 0.210b (0.073) 0.157b (0.036) 0.202b (0.062)

Rp [µm] 2.684a (0.319) 1.258b (0.140) 0.760b (0.289) 0.472b (0.101) 0.646b (0.180)

Rz [µm] 5.516a (0.690) 2.707ab (0.358) 1.822b (0.663) 2.192b (1.086) 2.679b (1.328)

Rv [µm] 2.832a (0.416) 1.449ab (0.229) 1.062b (0.384) 1.721ab (1.016) 2.034ab (1.178)

Rt [µm] 6.554a (0.865) 3.566 ab (0.388) 2.443b (0.792) 4.299ab (2.261) 5.070ab (2.766)

Rku 3.787b (0.616) 7.697ab (1.308) 5.712b (1.015) 26.691a (18.912) 23.342a (11.153)

Rpc [1/cm] 204.007a (16.085) 203.841a (12.430) 142.048ab (17.024) 64.124b (5.993) 74.659b (3.555)

Sa [µm] 0.614a (0.095) 0.203b (.0155) 0.240b (9.051) 0.266b (0.074) 0.282ab (0.063)

Sp [µm] 10.484a (3.719) 7.730a (3.335) 7.969a (1.548) 6.495a (1.209) 9.253a (3.202)

Sz [µm] 19.336 bc (6.515) 12.872c (4.853) 13.341c (3.084) 45.297ab (14.432) 56.963a (8.874)

Sv [µm] 8.852ab (2.836) 5.142b (2.149) 5.372b (1.862) 38.803ab (14.009) 47.710a (7.983)

Sku 7.474c (6.461) 17.835bc (23.030) 10.835bc (3.723) 1071.374ab (1067.322) 1386.328a (1009.486)

Spc [1/µm] 35.825ab (6.501) 21.008b (8.740) 23.682b (13.029) 123.090a (51.100) 153.720a (58.693)

Spd [1/µm2] 0.017a (0.005) 0.012a (0.006) 0.002ab (0.001) 0.000b (0.000) 0.000b (0.000)

Sdr [%] 35.087a (6.501) 15.395ab (2.800) 3.849b (1.968) 2.368b (1.553) 3.372b (2.480)

followed by 99% isopropanol and dried with oil-free air. The
surfaces were measured with the confocal laser scanning
microscope.

Wear evaluation

The ceramic specimens were dynamically loaded in a biaxial
chewing simulator (CS 4, SD Mechatronik, Feldkirchen-
Westerham, Germany) for 1,200,000 cycles using the spher-
ical steatite balls with a nominal weight of 5 kg at a loading
speed of 30 mm/s and an additional 0.3 mm sliding move-
ment while in contact with a frequency of 1.3 Hz with water
irrigation to minimize third body abrasion. Silicone impres-
sions (Express 2 Ultra-Light Body Quick, 3M ESPE, Saint

Paul, MN) of the steatite and ceramic specimens were made
before testing and after 120,000, 240,000, 480,000, 600,000,
840,000, and 1,200,000 cycles, respectively. The silicone
impressions were scanned with the confocal laser scanning
microscope.

The analysis of the surface roughness took place prior to
the wear experiment. In order to quantify the wear behav-
ior, the vertical substance loss of the spherical steatite and
ceramic specimens after each interval was measured with
software (VK-H1XP Analyzer Plus Ver. 3.4.0.1, Keyence
Corporation), as shown in Figure 2. The distance from
the “deepest” dent in the lithium disilicate and zirconia
specimens to the normal surface level was measured. In
addition, images of the specimens after 1,200,000 cycles
were taken after the deposition of a 10 nm gold layer with
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LD.R 

prior to 
abrasion 

 

 

LD.R 

after 
1,200,000 
cycles 

 

LD.R 

steatite 

After 
1,200,000 
cycles, 

before and 
after 
spherical 
correction 

  

F I G U R E 2 Exemplary measurement process of wear evaluation, steatite height loss measurement after spherical correction (VK-H1XP Analyzer Plus
Ver. 3.4.0.1, Keyence Corporation).

a scanning electron microscope (SEM, XL 30 CP, Philips)
using an acceleration voltage of 10 kV (Fig 3).

Statistical analysis

Vertical substance loss and roughness parameters were not
normally distributed in all subgroups (Shapiro-Wilk test).

Therefore, the Kruskal-Wallis test and Mann-Whitney-test
with Bonferroni-Holm correction were used for statistical
analysis of the significant effects of the different surface
treatments on vertical substance loss. The statistical corre-
lation between the vertical substance loss and the roughness
parameters was checked with Spearman´s Rho. The sig-
nificance level was set at p ≤ 0.05 for all tests (Table 4).
Four combined subgroups were created according to the
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F I G U R E 3 SEM images of typical specimen
surfaces of each subgroup after 1,200,000 loading
cycles.

material, which was in contact to the antagonist during the
chewing simulation. Two combined subgroups included all
unglazed specimens of zirconia (ZrNG) and lithium disilicate
(LDNG) (n = 24) and the other two combined subgroups
included all glazed specimens (ZrG and LDG, respectively,
n = 16). The combined subgroups are shown in Table 4.

The statistical analysis was carried out with the software
SPSS 20.0.0 (IBM Corporation, Armonk, NY, USA). The
test groups are named with abbreviations according to their
material and treatment: zirconia treated with the red diamond
bur (Zr.R), yellow bur (Zr.Y), Shofu-polishing (Zr.S), red
bur and glazing (Zr.RG), and Shofu-polishing and glazing
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e58 KRÜGER ET AL.

TA B L E 4 Means (standard deviations) of all included surface roughness parameters of lithium disilicate specimens. Statistically different roughness
parameters (p ≤ 0.05) are indicated by different lowercase letters (within a row)

Lithium disilicate LD.R LD.Y LD.S LD.RG LD.SG

Ra [µm] 0.849a (0.166) 0.196ab (0.039) 0.152b (0.072) 0.091bc (0.042) 0.060c (0.031)

Rp [µm] 4.944a (1.27) 0.931ab (0.210) 0.388bc (0.117) 0.371bc (0.136) 0.275c (0.127)

Rz [µm] 8.608a (1.818) 2.166ab (0.488) 1.097b (0.348) 0.737c (0.213) 0.606c (0.306)

Rv [µm] 3.663a (0.636) 1.234ab (0.288) 0.708bc (0.257) 0.366c (0.099) 0.331c (0.187)

Rt [µm] 10.935a (2.275) 2.889ab (0.648) 1.501bc (0.509) 1.173bc (0.361) 1.037c (0.528)

Rku 5.616ab (0.952) 4.515b (0.452) 4.778b (1.966) 17.611a (13.867) 20.893a (17.062)

Rpc [1/cm] 164.804ab (15.799) 219.673a (14.006) 157.85ab (46.899) 63.29c (6.604) 68.449bc (12.579)

Sa [µm] 0.871a (0.137) 0.206b (0.037) 0.172b (0.059) 0.275ab (0.145) 0.227ab (0.100)

Sp [µm] 19.917a (3.71) 4.662bc (.453) 3.222c (0.990) 6.988ab (4.007) 7.156abc (3.116)

Sz [µm] 34.449a (5.494) 9.588bc (1.610) 6.717c (1.482) 22.955ab (10.166) 22.159ab (9.110)

Sv [µm] 14.531ab (3.23) 4.927bc (1.238) 3.495c (1.161) 15.966a (7.991) 14.999ab (7.956)

Sku 18.550ab (8.33) 8.300b (2.015) 9.111b (6.290) 116.598a (260.761) 56.852a (64.597)

Spc [1/µm] 53.958a (8.118) 15.974bc (3.105) 10.105c (4.530) 30.491abc (12.570) 37.961ab (12.551)

Spd [1/µm2] 0.021a (0.008) 0.009a (0.004) 0.001b (0.002) 0.000b (0.000) 0.000b (0.000)

Sdr [%] 90.584a (14.022) 11.0302ab (3.791) 1.594bc (1.354) 0.758c (0.637) 0.624c (0.435)

TA B L E 5 Spearman correlation analysis significance (Spearman’s ρ) after 1,200,000 cycles. A correlation was assumed to be significant for p ≤ 0.05,
highlighted with bold numbers

1,200,000 cycles ZrNG ZrG LDNG LDG

Ra 0.682 (−0.088) 0.542 (0.165) 0.024 (0.459) 0.862 (−0.047)

Rp 0.872 (−0.035) 0.602 (0.141) 0.049 (0.405) 0.948 (0.018)

Rz 0.716 (−0.078) 0.672 (0.115) 0.040 (0.423) 0.957 (0.015)

Rv 0.549 (−0.129) 0.656 (0.121) 0.023 (0.463) 0.867 (0.046)

Rt 0.651 (−0.097) 0.617 (0.135) 0.032 (0.438) 1.000 (0.000)

Rku 0.576 (0.120) 0.787 (0.074) 0.169 (−0.290) 0.269 (0.294)

Rpc 0.384 (0.186) 0.418 (−0.218) 0.273 (−0.233) 0.966 (−0.012)

Sa 0.328 (−0.209) 0.542 (0.165) 0.021 (0.467) 0.259 (0.300)

Sp 0.622 (−0.106) 0.641 (−0.126) 0.019 (0.475) 0.633 (0.129)

Sz 0.460 (−0.158) 0.240 (−0.312) 0.154 (0.300) 0.762 (0.082)

Sv 0.470 (−0.155) 0.458 (−0.200) 0.198 (0.270) 0.579 (0.150)

Sku 0.869 (−0.036) 0.295 (−0.279) 0.255 (0.242) 0.656 (−0.121)

Spc 0.245 (−0.247) 0.721 (−0.097) 0.169 (0.290) 0.254 (0.303)

Spd 0.700 (−0.083) - (0.000) 0.030 (0.443) 0.757 (−0.084)

Sdr 1.000 (0.000) 0.664 (0.118) 0.047 (0.409) 0.729 (0.094)

(Zr.SG). The same naming convention was used for the
lithium disilicate groups: LD.R, LD.Y, LD.S, LD.RG, and
LD.SG.

RESULTS

The surface parameters prior to dynamic loading are given
in Tables 5 and 6. The statistical evaluation showed that in
many cases the roughness parameters of the different sub-
groups were not significantly different from each other. The

zirconia specimens themselves in the subgroup ZrNG did
not show a measurable vertical substance loss. However, a
vertical substance loss could be observed in the glazed zirco-
nia groups. Zr.RG showed a median of 49 µm (interquartile
range (IQR) = 21 µm) and Zr.SG showed a median of 43 µm
(IQR = 30 µm) vertical substance loss after 1,200,000 cycles.

All groups of the lithium disilicate specimens showed a
measurable vertical substance loss after 1,200,000 cycles.
LD.R showed a median of 55 µm (IQR = 11 µm), LD.Y
a median of 46 µm (IQR = 26), LD.S a median of 41 µm
(IQR = 26 µm), LD.RG a median of 62 µm (IQR = 21 µm),
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TA B L E 6 Surface roughness parameters, short descriptions

Parameter Short explanation

Linear parameters Ra Arithmetic mean roughness, average deviation from center line

Rp Height of the biggest profile peak from center line

Rz Averaged mean of 5 single following roughness depths

Rv Depth of the deepest point below center line

Rt Overall height, vertical distance between top peak and lowest point along measurement line

Rku Steepness; fourth power of square of average roughness value; no unit

Rpc Count of peaks per distance

Three-dimensional
parameters

Sa Amount of height difference of each point compared to the arithmetic mean of the surface

Sp Maximal height of highest peak from center plane

Sz Sum of value of highest peak and deepest point from center plane

Sv Maximal valley depth from center plane

Sku Kurtosis, degree of sharpness of the roughness profile Sku<3: Height distribution is inclined above mean plane Sku = 3:
Height distribution in accordance with normal distribution Sku>3: Height distribution is pointy

Spc Arithmetic mean of peak curvature, a small value means a rounder shape, a bigger value means a more pointy shape
towards other objects

Spd Peak density per surface

Sdr Percentage of additional surface originating from surface texture, compared to a perfect plane area

and LD.SG a median of 51 µm (IQR = 25) in vertical
substance loss. Between groups of the same material no
significant differences could be seen.

The steatite wear in the zirconia groups varied from 106
µm (IQR = 29 µm) in Zr.SG, to 145 µm (IQR = 73 µm)
in Zr.Y, after 1,200,000 cycles. However, there were no sta-
tistically significant differences in the vertical substance loss
between different zirconia subgroups. LD.R showed the high-
est steatite vertical substance loss overall with a median of
145 µm (IQR= 36 µm) after 1,200,000 cycles. Group LD.RG
showed the smallest steatite wear within the lithium disilicate
groups with a mean of 110 µm (IQR = 46 µm) steatite height
loss after 1,200,000 cycles. The vertical substance loss of the
steatite antagonist is illustrated in Figures 4 and 5.

There were only a few significant correlations between
steatite vertical substance loss and surface roughness param-
eters until 840,000 loading cycles were completed. In the
subgroup LDG after 240,000 cycles, Sa and vertical sub-
stance loss of the steatite showed significant correlations (p =
0.044), while in subgroup ZRG, after 480,000 cycles, Std and
vertical substance loss of the steatite did show a significant
correlation (p = 0.043).

There were no significant correlations of surface roughness
parameters and steatite abrasion after 1,200,000 cycles in the
zirconia groups and in groups LD.RG and LD.SG. In groups
LD.R, LD.Y and LD.S significant (p ≤ 0.05) medium-strong
correlations could be found in Ra, Rp, Rz, Rv, Rt, Sa, Sp, Spd
and Sdr after 1,200,000 cycles in LDNG. The results of the
Spearman correlation test are shown in Table 5.

The images of the specimen surfaces after 1,200,000 load-
ing cycles taken with the SEM are shown in Figure 3. The
zirconia groups Zr.R, Zr.Y, and Zr.S apparently showed sim-

ilar surface texture after 1,200,000 loading cycles. The wear
on the specimen surface is most visible in Zr.R and least in
Zr.S. Groups LD.R, LD.Y, and LD.S in contrast showed a
more roughened surface in addition to the loss of the applied
surface texture. Groups Zr.RG, LD.RG, Zr.YG, and LD.YG,
although glazed with the same material, showed great vari-
ability in the diameter of the worn surface. In addition, they
exhibited a roughened surface similar to lithium disilicate
surfaces.

DISCUSSION

The glazing material used had a flexural strength of 71.07
MPa and a hardness of 612 HV.35,36 The lithium disilicate
had a flexural strength of 376.9 MPa and a hardness of 452.9
HV.37 The zirconia was the most stable material with a flex-
ural strength of 1,200 MPa and 1454 HV.38 So, the three
materials differed considerably in their mechanical proper-
ties and it was assumed that these differences would result
in considerably different wear behaviors. More precisely
less antagonistic wear was expected, when specimens are
made of oxide ceramics instead of veneering ceramic39 and
glazed zirconia caused more antagonistic wear than polished
zirconia.40 The results showed that the glazed zirconia spec-
imens showed less antagonistic wear than unglazed zirconia,
which seems plausible due to the lower flexural strength and
hardness of the glazing material, which could have preserved
the steatite from degrading.

The vertical substance loss in Zr.G was in the regime
of the total layer thickness of the glazing material. Thus,
the surface below the glaze layer probably did not have a
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relevant influence on the vertical substance loss. As could
be expected, more vertical substance loss of the specimens
could be observed in the lithium disilicate groups and in the
glazed groups.41 A recent study reported that lithium disili-
cate caused more antagonist abrasion than zirconia,42 which
could not be confirmed in the current study. Although LD.R
had by far the highest Ra (Table 6), it did not cause the most
antagonist wear. Although using water irrigation in this study,
it was shown, that third particle contacts under a dry environ-
ment can act as a polishing agent for the lithium disilicate
and cause in the long run a smoother surface and subse-
quently less antagonist wear.43 Additionally, no significant
difference of antagonistic substance loss between the glazed
subgroups and the corresponding unglazed subgroups could
be observed.

The different surface treatments caused very similar antag-
onistic vertical substance loss. It has been shown, that the
antagonistic wear in zirconia treated with a diamond bur
or not treated at all, was similar or higher than in the pol-
ished group.13 Additionally, it has been shown that polished
zirconia causes less antagonist wear than glazed zirconia,
polished then reglazed zirconia, veneering ceramic, and
enamel.17,40

These results are in contrast to the results of the present
study. However, the differences in roughness between the
subgroups in the present study were small. Airborne par-
ticle abrasion with 110 mm diameter alumina particles at
4 bar pressure and subsequent glazing of zirconia resulted
in a higher antagonistic wear than manual polishing with a
goat hair brush and diamond paste (Dia-Glace, Yeti Dental)
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for 1 minute. The differences in the abrasive behavior can
be explained by the fact that the rougher surface under the
glaze layer came to the surface and into contact.9 This could
not be verified or falsified in the present study, since the
vertical substance loss of the glazed specimens was still
within the regime of the layer thickness of the glaze. Also, the
different chewing simulator setup with a maximum occlusal
load of 49 N at 1.67 Hz and simultaneous thermal cycling
(5◦C to 50◦C every 120 s) might have caused different results.

In the present study, the zirconia surface roughness
parameters showed no significant correlation with vertical
antagonist substance loss. This result confirms a previous
study, which showed that there was no correlation between
the mean roughness and antagonist wear for zirconia and
glazed zirconia.44

In contrast to the zirconia and the glazed specimens,
the lithium disilicate specimens´ surface roughness parame-
ters did show some statistically significant correlations with
antagonist height loss. The mean surface roughness Ra is
the base of several studies to differentiate between surface
treatments and treatment quality.6,8,45,46 In this study, Ra cor-
related also with antagonist height loss in the LDNG groups.
But also the surface roughness parameters Rp, Rz, Rv, Rt,
Sa, Sp, Spd, and Sdr correlate with steatite height loss. Hence,
the use of Ra only does not seem to give a completely suit-
able surface analysis in order to predict or estimate antagonist
wear and spikes might increase antagonist substance loss.

Some limitations of this study have to be addressed. In
general, stronger antagonist wear against the “rougher” sur-
faces was expected, accordingly a larger mean roughness Ra
or Sa would result in more antagonist wear, as was anticipated
from preceding studies.14,17,18 Unfortunately, this was only
the case in the lithium disilicate groups, but not in the zirco-
nia or glazed groups. Possibly the chosen surface treatments
for this experiment caused a problem. They were selected
based on clinical experience and studies, which reported
that coarse diamond burs and rougher surfaces should be
avoided for ceramic corrections to avoid reduction of frac-
ture resistance.47,48 The results of a study that clearly showed
that the rougher the surface of zirconia, the more antagonist
wear is to be expected cannot be accepted without reserva-
tion. The serious differences between the surface roughness
parameters with this study must be addressed. For example,
the mean surface roughness Ra ranged from 0.24 with a stan-
dard deviation (SD) (0.04) over 0.75 µm SD (0.25) µm, to
2.75 µm SD (0.30),18 thus differing strikingly. It seems that
in this study the red and yellow marked burs and the sili-
cone polishers produced too similar surface conditions and
roughness parameters (Tables 5 and 6). Larger differences
in the surface treatment, for example, using one coarser dia-
mond grain size of the burs, would probably produce more
distinguishable roughness parameters and thus more distin-
guishable antagonist wear results. Therefore, the differences
in surface roughness parameters between groups should be
magnified in future studies.

Also, the different wear behaviors of zirconia and lithium
disilicate may have furthermore influenced the wear results

and represent a limitation of this study. Unlike zirconia,
the contact stress produced during loading causes abrasion
through micro cracking in the lithium disilicate, increasing its
roughness and releasing wear particles from its surface. The
lithium disilicate surface combined with the presence of the
debris particles leads to dramatic increase in antagonist wear,
according to a recent review.49 In the present study the load-
ing was performed under water, which might have altered this
effect. The influence of the debris in this experimental setup
should be further examined. Another limitation of this study
is the use of steatite as the antagonist.50

Not having abraded into the base layer of the glazed spec-
imens is another topic for further investigation. One study
assumed 250,000 loading cycles corresponded to one year of
clinical function,51 while others considered 1,200,000 load-
ing cycles corresponded to 5 years of clinical loading.52

It is possible that the application of more loading cycles
could provide results on the interaction of antagonist wear
with the base ceramic; however, the clinical guideline on
how many loading cycles are reasonable for an in vitro
study remains somewhat unclear. Studies assessing the wear
rate of teeth by attrition, tooth-cleaning, corrosion, and
abrasion are subject to a substantial amount of bias.53

Using clinically well-proven materials and comparing the
vertical substance loss of the steatite in this study with
<0.16 mm (Figs 4 and 5) with other studies, it can be
deemed as clinically acceptable after presumed 5 years of
loading.54,55

CONCLUSIONS

In the zirconia (ZrNG) and glazed groups (ZrG, LDG)
no significant Spearman-correlations in vertical substance
loss to surface roughness parameters could be found after
1,200,000 loading cycles. In the lithium disilicate groups
(LDNG) medium strong correlations could be seen. Rp, Rz,
Rv, Rt, Sa, Sp, Spd, Sdr, and Ra correlated with antago-
nist wear. The differences in roughness parameters between
the different tested surface-treatments were too small; more
serious differences might reveal more wear influencing
parameters.
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