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Abstract
A defined surface roughness is important for the adhesive bonding of veneering ceramic to zirconia frameworks. 
Thus, we investigated the effects that sandblasting has upon the surface roughness and residual stress of zirconia. So 
as to achieve well-defined blasting parameters and also generate highly reproducible results; a custom-made, auto-
mated sandblasting machine was constructed (based on a 3D-printer construction kit). Thirty-two samples (measuring 
30 mm × 35 mm × 0.2 mm) were cut from densely sintered 3Y-TZP blanks and then ground with a 45 µm grinding disc. 
After undergoing regeneration firing, the samples were sandblasted with varying working parameters: blasting angle (45°, 
60° and 90°); blasting pressure (2 bar, 4 bar and 6 bar); and working distance (0.5 cm, 1.0 cm and 1.5 cm). The sandblast-
ing path was chosen so as to create samples with an even surface roughness. Changes in blasting pressure resulted in 
the greatest changes in the surface roughness, the highest surface roughness values were achieved with sandblastings 
perpendicular to the sample surface. Furthermore, a correlation was found between the mean surface roughness and 
the residual stress.
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1  Introduction

Yttria-stabilized tetragonal zirconia polycrystalline ceramic 
(Y-TZP), often called zirconia, is a widely used ceramic 
material for artificial joints, dental implants and implant-
abutments, dental crowns and bridges [1, 2]. The white 
or tooth-coloured zirconia is aesthetically far superior 
to metal alloys, especially when frameworks of crowns 
and bridges are exposed. Zirconia implant abutments in 
the anterior region have the advantage that they do not 
cause the grey discolouration of thin gingival tissue often 
observed when metal abutments are used. Moreover, 
there has been an increasing number of allergies and intol-
erances observed secondary to the use of dental alloys 

over the years [3–5]. In the context of this, the release of 
metal ions and the effect of their accumulations in lymph 
nodes and organs has also been a topic of discussion for 
some time [3, 6]. Zirconia on the contrary is chemically 
stable, non-toxic and very biocompatible [2, 7–9]. Further-
more, zirconia-based ceramics have a low thermal conduc-
tivity and a high mechanical strength, whereas the latter is 
due to the martensitic phase transformation (tetragonal to 
monoclinic) which has a key role in transformation tough-
ening [10–14].

It has been shown that a roughening of the surface is 
useful for various dental applications. A rough ceramic sur-
face improves the osseointegration of ceramic implants 
and the bonding strength between framework and 
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veneering ceramic [15–17]. The improved wettability of 
the roughened material favours an even blood contact 
which facilitates osseointegration. With regards to crowns 
and bridges, the improved wettability of the zirconia-
based ceramic supports a better application and firing of 
the first veneering layer [18, 19]. Nonetheless, no standard 
procedure has been established for surface roughening 
in order to achieve the optimal adhesion of veneering 
ceramic.

Currently, the most common methods used for surface 
roughening include thermal etching, acid etching, grind-
ing and sandblasting [20]. Factors that need to be taken 
into consideration for sandblasting include: particle size, 
exposure time, nozzle size, working distance, blasting 
pressure and blasting angle [21]. Therefore, the aim of 
the current study was the development of a sandblast-
ing machine that accounts for all of these factors—in par-
ticular allowing a precise adjustment of working distance, 
blasting pressure and blasting angle—and hence provides 
a highly reproducible, modifiable sandblasting process for 
flat zirconia specimens. Moreover, we aimed to examine 
the effect of the different sandblasting parameters.

2 � Materials and methods

2.1 � Materials

To evaluate the effects that sandblasting has upon sur-
face and subsurface properties of zirconia, we crafted 
flat test specimens from 3Y-TZP ceramic blanks (Nacera 
Pearl 1, Doceram Medical Ceramics GmbH, Germany) 
(ZrO2, > 5.5 wt% Y2O, ≤ 2 wt% HfO2, < 0.5 wt% Al2O3 [22]). 
After the blanks had been sintered, samples (measuring 
approximately 30 mm × 35 mm × 0.2 mm) were cut from 
the blanks with a linear precision saw (Brillant 220, ATM 
GmbH, Germany). The specimens were then ground in a 
semi-automatic grinder-polisher unit (PowerPro™ 4000, 
Buehler, Germany) using a 45 µm diamond grinding disc 
(Apex DGD 45 µm, 10′’, Buehler, Germany) with water cool-
ing. Post-grinding, the samples were cleaned with acetone 
in an ultrasonic bath for five minutes. Subsequently, a 
regeneration firing was conducted in a muffle furnace 
(P310, Nabertherm GmbH, Germany)—in accordance with 
the VITA Zahnfabrik, Germany, firing parameters [23]—to 
reverse any possible phase transformations that may have 
occurred on the surface during the cutting and grinding 
process. Starting at room temperature (28 °C), the temper-
ature in the furnace was initially raised to 500 °C in 8 min, 
then heated with a heat-up rate of 100 °C/min to 1000 °C, 
and fired at 1000 °C for 15 min. After the firing process, the 
samples were allowed to cool down to room temperature 
(4.5 h) prior to re-opening the furnace.

32 samples were prepared for the main investigation, 
with four samples being used for each of eight parameter 
combinations. The parameter combinations were selected 
from a preliminary experiment, which is not shown in this 
manuscript for clarity.

2.2 � Sandblasting machine

The machine was based on a 3D-printer construction kit 
(Reptile, Locxess, Germany), which allows for precisely 
controlled movements in both the x and y-axes with the 
help of stepping motors and toothed belts (Fig. 1a). Sepa-
rate baseplates were mounted onto each of the x-axis and 
y-axis transfer wagons. The y-axis baseplate had a seated, 
perforated sample tray affixed to it, and was connected 
via a funnel and a tube to a suction machine (providing 
suction in the direction of the blasting). The frame for the 
perforated sample tray was covered by a sliding lid, which 
had an opening for the blasting protection tube (Fig. 1b). 
The x-axis baseplate was equipped with a blasting stylus 
holder in a pivoting mounting (settable to angles of 45°, 
60° and 90°) (Fig. 1c), which was interfaced with one of 
the three blasting protection tubes (machined to their 
respective blasting angle) (Fig. 1a). Additional compo-
nents included in the construction were: a control unit, a 
sandblaster with pressure regulator (IP Mikro-Sandy, Spezi-
alDental, Germany) and blasting stylus with nozzle (diam-
eter of 1.0 mm for 80–110 µm particle size). The sandblast-
ing machine was operated via a computer installed with 
the firmware “Marlin” and the control software “Repetier 
Host” (both supplied with the 3D-printer set). G-Code was 
used to program the sandblasting movement path into 
the controller.

2.3 � Sandblasting parameters

Prior to setting the various blasting parameters, the sam-
ples were fixed with double-sided tape into position onto 
the perforated sample tray. The blasting angle α was varied 
via the blasting stylus holder, which could pivot to three 
different positions (45°, 60° and 90°) with an accuracy 
of ± 0.25°. The working distance d (between the nozzle 
and the surface of the zirconia sample) was adjusted by 
placing spacers—manufactured specifically for the three 
chosen angles—on top of the specimens (Fig. 2a) and then 
aligning the blasting stylus holder to the spacer and fixing 
it into this position. The blasting pressure p was controlled 
and set manually by the pressure regulator (accuracy 
of ± 0.2 bar). 110 µm grain alumina (Al2O3) (SHERA, Ger-
many) particles were used for the sandblasting process, 
and the forward blasting speed was set at 3.5 mm/s.

Based upon a blasting line width of approxi-
mately 1.4 mm (at a distance of 1.0 cm to the sample 
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surface—determined during preliminary tests), the dis-
tance between the parallel blasting lines was fixed at 
1.0 mm to assure that there was overlapping of the sand-
blasting lines (Fig. 2b).

2.4 � Surface roughness measurement

In this study, the arithmetic mean roughness (Ra) was 
used to assess how evenly distributed the roughen-
ing process was, and the mean roughness depth (Rz) 

was used as the measure for surface roughness. Both 
were calculated from profilometry measurements taken 
perpendicularly to the sandblasting path by a tactile 
profilometer (Perthometer Concept, Mahr, Germany) 
(Fig.  2b). For the calculation of the mean roughness 
depth, each sample underwent profilometry along five 
separate scanlines, and each of these scanlines were in 
turn subdivided into five equal parts (0.8 mm long) for 
analysis—in accordance with DIN EN ISO 4288 [24]. The 
resulting 25 values (five scanlines each divided into five 

Fig. 1   Custom-built automated sandblasting machine (a), with y-axis baseplate component details (b) and adjustable blasting angle set-up 
(c)

Fig. 2   Adjustment of the work-
ing distance using individual 
spacers for each angle (a), 
sandblasting path with parallel 
blasting lines 1 mm apart and 
the profilometry path was per-
pendicular to the sandblasting 
path (b)
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segments) were then used to calculate the mean value 
(Rz) for that sample.

2.5 � Residual stress determination

The residual stress was determined for the 32 sam-
ples mentioned in 2.1. The residual stress was deter-
mined from measurements taken in the middle of each 
specimen´s treated surface with a diffractometer (XRD 
3003 ETA, GE Inspection Technologies Systems GmbH, 
Germany) by applying the sin2ψ-method [25]. Meas-
urements were made parallel to the sandblasting path 
with a 2  mm collimator, Co Kα-radiation with 30  kV 
and 40 mA, and had a maximum penetration depth of 
τ = 3.1 µm.

The radiographic method uses the effect of diffrac-
tion of X-rays at the crystalline lattice. For this it is neces-
sary to work with monochromatic (Kα1) or at least with 
quasi-monochromatic X-rays (Kα1 + Kα2). If possible, a 
single standing peak in the diffractogram, not overlaid 
by other X-ray reflections, is selected for examination. 
The position of this peak is in the so-called reflection 
range, i.e. at a diffraction angle of 2θ > 90°. The strains 
of the crystal lattice deformed by residual stresses are 
expressed in a displacement of the peak position with 
respect to the unstrained lattice [26].

2.6 � Statistical analysis

A one-way analysis of variances (ANOVA) and Tukey´s 
pairwise multiple comparisons were used for data 
analysis. Results are displayed in the form of mean val-
ues with standard deviations for each parameter com-
bination, and were considered statistically significant 
when p < 0.05. Furthermore, a three-way ANOVA was 
performed using distance, pressure and angle as inde-
pendent variables and Rz and s as dependent variables.

3 � Results

With our sandblasting design (in particular the chosen 
1  mm distance between blasting lines with a forward 
blasting speed of 3.5 mm/s) an evenly distributed surface 
roughening was found irrespective of which parameter 
combination had been used. An example of this is shown 
in Fig. 3 for the parameter combination of: working dis-
tance 1.0 cm, 6 bar blasting pressure and 90° blasting 
angle.

32 samples were prepared and sandblasted with the 
selected eight parameter-combinations (four samples per 
blasting parameter group). Figure 4 shows the mean sur-
face roughness Rz and mean residual stress of these eight 
groups.

Specimens from group D exhibited both the highest 
surface roughness (Rz = 7.14 µm ± 0.19 µm) and highest 
residual stress (s = -1291 MPa ± 19 MPa). Samples in group A 
had the lowest surface roughness (Rz = 3.68 µm ± 0.17 µm). 
Whereas the lowest residual stress (s = -373 MPa ± 47 MPa) 
was found in group G. Analysis of variance showed statisti-
cally significant differences between all groups (p < 0.05). 
No significant difference was found between the four 
groups which were sandblasted with 2 bar blasting pres-
sure, but they were all significantly different from the 
groups sandblasted with 6 bar blasting pressure. Group 
F and group H were significantly different (p < 0.05) from 
group D and group B significantly different from group H. 
Furthermore, a 2-side Pearson correlation test for Rz and 
s was calculated. Rz and s are correlated on a significance 
level of 0.01.

The Three-way ANOVA for the residual stress s showed 
the pressure to have the highest non-combined effect 
(F = 1007, p < 0.01), followed by the angle (F = 233, p < 0.01) 
and the distance (F = 13, p < 0.01). The highest com-
bined effect was angle*pressure (F = 60, p < 0.01), then 
angle*distance (F = 27, p < 0.01) and distance*pressure 
(F = 11, p < 0.01). The test for the combined effect of all 
three parameters showed no significant result (p > 0.05).

Fig. 3   Profilometry for a sam-
ple sandblasted with a working 
distance of 1.0 cm, blasting 
pressure of 6 bar, 90° blasting 
angle and a forward speed of 
3.5 mm/s
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The Three-way ANOVA for the mean surface rough-
ness Rz showed the highest effect for pressure (F = 1491, 
p < 0.01), then angle (F = 41, p < 0.01), angle*pressure 
(F = 20, p < 0.01) and angle*distance (F = 17, p < 0.01). The 
Distance and the other combined effects showed no sig-
nificant result (p > 0.05).

For the ease of comparison with other studies, Fig. 5 
presents both the mean roughness Ra and the mean 
roughness depth Rz (mean values and standard deviations) 
with their associated selected working parameters.

The highest Ra-value were found in group D 
(Ra = 1.11 µm ± 0.06 µm), and the lowest in group G. All 
results for mean surface roughness Rz and Ra and mean 
residual stress s with standard deviation are summarised 
in Table 1.

Fig.4   Mean surface roughness Rz and mean residual stress post-
sandblasting with selected parameter combinations for lowest 
and highest surface roughness (with standard deviation), identical 
lower-case letters indicate groups with non-significant differences 

(p > 0.05) between their mean Rz values. Without sandblasting the 
surface roughness Rz was 0.12 µm ± 0.01 µm and the residual stress 
s was -18 MPa ± 2 MPa

Fig. 5   Mean surface roughness Ra and Rz of selected parameter 
combinations used to generate lowest and highest surface rough-
ness values (with standard deviation), identical lower-case letters 

indicate groups with non-significant differences (p > 0.05) between 
their mean values. Without sandblasting the surface roughness val-
ues were Ra = 0.01 µm ± 0.00 µm and Rz = 0.12 µm ± 0.01 µm
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4 � Discussion

The degree of surface roughness is important for zirconia 
frameworks, enhancing their wettability and microme-
chanical interlocking to the veneering ceramic [19, 27]. 
Sandblasting, grinding, and acid or thermal etching (or 
combinations of these) are some of the more commonly 
used methods for surface roughening [20, 27]. Moreover, 
sandblasting of 3Y-TZP surfaces causes phase transfor-
mations from the metastable tetragonal phase to the 
monoclinic phase [1]. Phase transformations were exam-
ined in several studies with X-ray diffraction, where the 
content of monoclinic phase increased after sandblast-
ing [21, 28–30]. These phase transformations result in 
compressive stress in the surface layers. The compressive 
stress can counteract tensile stress which might occur 
under load, thereby increasing the strength of the mate-
rial in the layers close to the surface [31]. Gentle sand-
blasting can achieve positive effects such as improved 
wettability, mechanical interlocking and the above-men-
tioned compressive stress field in the layers close to the 

surface. Whereas severe sandblasting might damage the 
material beyond the transformed region, weakening the 
zirconia-based material rather than strengthening it. One 
example for such a case has been reported by Chintapalli 
et al. [28]. The authors stated that the expectations when 
sandblasting zirconia with 250 µm alumina particles at 
2 bar, would be of a reduction in the material’s strength, 
since the depth of the resulting damage would be much 
greater than the depth of the compressive residual stress 
field.

In the current study, samples sandblasted perpendicu-
larly to their surface (α = 90°) and 1.5 cm working distance, 
demonstrated a higher surface roughness than samples 
sandblasted with a blasting angle of 60° and 1.5 cm work-
ing distance. Though, the greatest effects on both surface 
roughness and residual stress were seen with changes in 
the blasting pressure. In aid of comparing our study’s find-
ings with the literature, an estimated blasting time t was 
calculated by dividing the width of the blasting area by 
the forward speed. Table 2 provides a comparative over-
view of mean roughness values Ra before and after sand-
blasting from several studies. When comparing our results 

Table 1   Summary of mean 
surface roughness (Rz and Ra) 
and mean residual stress (s) 
with standard deviation

Group Blasting angle
α [°]

Working 
distance
d [cm]

Blasting 
pressure
p [bar]

Rz [µm] Ra [µm] s [MPa]

A 90 1.0 2 3.68 ± 0.17 0.31 ± 0.08 − 492 ± 49
B 6 6.71 ± 0.19 1.02 ± 0.08 − 1077 ± 32
C 1.5 2 4.08 ± 0.15 0.36 ± 0.07 − 570 ± 30
D 6 7.14 ± 0.19 1.11 ± 0.06 − 1291 ± 19
E 60 1.0 2 3.81 ± 0.21 0.33 ± 0.08 − 440 ± 59
F 6 6.25 ± 0.26 0.95 ± 0.06 − 796 ± 30
G 1.5 2 3.68 ± 0.23 0.25 ± 0.06 − 373 ± 47
H 6 6.06 ± 0.18 0.93 ± 0.09 − 812 ± 79
Without 

sand-blast-
ing

0.12 ± 0.01 0.01 ± 0.00 − 18 ± 2

Table 2   Parameters and 
mean roughness Ra before 
and after sandblasting from a 
selection of other studies and 
the present paper (selected 
parameter combinations for 
comparison)

Reference Grain size
A2O3 [µm]

Dis-
tance d 
[cm]

Time
t [s]

Pres-
sure p 
[bar]

Angle
α [°]

Without 
sandblasting 
Ra [µm]

With sand-
blasting Ra 
[µm]

He et al. [27] 100 1 10 2 N/A 0.63 ± 0.42 0.89 ± 0.35
Abi-Rached et al. [19] 120 1 15 2.8 90 0.35 ± 0.05 0.80 ± 0.04
Nakamura et al. [32] 70 1 10 2 N/A 0.1 or less 0.23 ± 0.10

6 N/A 0.1 or less 0.30 ± 0.10
Liu et al. [33] 50 1 15 3.5 90 0.196 ± 0.026 1.314 ± 0.138
Current study 110 1 0.4 2 60 0.01 ± 0.00 0.33 ± 0.07

90 0.01 ± 0.00 0.31 ± 0.07
6 60 0.01 ± 0.00 0.95 ± 0.06

90 0.01 ± 0.00 1.02 ± 0.07



Vol.:(0123456789)

SN Applied Sciences (2020) 2:1700 | https://doi.org/10.1007/s42452-020-03492-6	 Research Article

with the work of He et al. [27] (2 bar blasting pressure and 
1 cm working distance) and Abi-Rached et al. [19] (2.8 bar 
blasting pressure and 1 cm working distance) their result-
ant surface roughness proved to be much higher (details 
given Table 2). This may be related in part to both the 
surface roughness before sandblasting and the blasting 
times being greater in both of their studies. Additionally, 
the blasting angle was not mentioned by He et al. but 
Abi-Rached et al. did report sandblasting perpendicular 
to the surface. The results of Nakamura et al. [32] with 
70 µm Al2O3 and 6 bar blasting pressure corresponded 
with the surface roughness of samples sandblasted with 
110 µm and 2 bar blasting pressure in this paper. The sur-
face roughness values obtained in the current paper from 
samples sandblasted with 6 bar blasting pressure were 
three times greater than those from Nakamura et al. In 
the study of Liu et al. zirconia samples were sandblasted 
perpendicular to the surface at a pressure of 3.5 bar, with 
a working distance of 1 cm and a grain size of 50 µm [33]. 
The surface roughness Liu et al. obtained were higher than 
the result of the current study for 6 bar and 110 µm grain 
size. Again, the explanation might lie in the different blast-
ing times, grain size or blasting path.

When comparing the results of surface roughness 
after sandblasting in the selected studies, no correlations 
between different blasting parameters and the result-
ing surface roughness can be found. Passos et al. [34] 
explained that “air-abrasion was performed by making 
circular movements with the nozzle”  but this can also vary 
from sample to sample and is dependent on the investi-
gator. These factors can explain the different results from 
various studies even when the remaining parameters 
are comparable. For this reason an automated, mobile 
sandblasting machine was constructed for use in this 
current study—to eliminate the problems inherent with 
manual processing. Correspondingly, the resultant surface 
treatments are all highly reproducible since a computer-
controlled sandblasting path was used, in conjunction 
with the ease of precisely setting the requisite blasting 
parameters.

The results of the current study show a correlation 
between surface roughness and residual stress of sand-
blasted samples. However, other surface treatment meth-
ods have shown different results. When grinding a 3Y-TZP 
ceramic with diamond as the abrasive, with an average 
grain size of 15 µm or 251 µm, Denkena et al. [35] meas-
ured a surface roughness Rz approximately between 2 µm 
and 25 µm and residual stress approximately between 
−100 MPa and −900 MPa. The current study showed Rz-val-
ues approximately between 3 µm and 7 µm and residual 
stress between −400 MPa and −1300 MPa. Consequently 
no direct conclusion can be drawn from the surface 
roughness to the residual stress. This has to be taken into 

consideration when surfaces are roughened by sandblast-
ing, as there might be a limit to the observed correlation. 
Gentle sandblasting can achieve positive effects such as 
improved wettability and mechanical interlocking, as well 
as the phase transformation compressive stress field in the 
surface layers which increases the strength of the zirco-
nia-based material. Severe sandblasting on the contrary, 
which damages the material beyond the transformed 
region, could weaken the material.

5 � Conclusion

Within the limitations of this study, it was shown that the 
residual stress correlates with the mean surface rough-
ness Rz after sandblasting. The highest residual stress and 
surface roughness was found after sandblasting perpen-
dicular to the surface. Among the parameters blasting 
angle, blasting pressure and working distance, the blasting 
pressure showed the greatest effect on surface roughness 
and residual stress with the parameter range tested in this 
work. Further research is needed to evaluate the effect of 
these different surface treatment regimens on the adhe-
sive bond strength after veneering with feldspar ceramic.
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