
El-kashlan et.al.                                                                                                           DOI: 10.21608/adjalexu.2020.24145.1048 

121 
Alexandria Dental Journal. Volume 46 Issue 2 Section B   

EFFECT OF AIR-BORNE PARTICLE 
ABRASION/SINTERING SEQUENCE ON THE 

FLEXURAL STRENGTH OF ZIRCONIA. 
(AN IN VITRO STUDY) 

 
Amr A.E. El-kashlan1*BDs, Ihab A. Hammad2 DSc, Naguib A.N. El-Fawal3 PhD. 

 
 
ABSTRACT 
 
INTRODUCTION: Zirconia represents a valuable material that combines both color acceptance and ability to withstand high loads. It had been 
reported that sintering of Zirconia followed by air-borne particle abrasion affect its strength. The effect of air-borne particle abrasion/sintering 
sequence on shear bond strength of resin cements to Zirconia was found non-significant; however the effect of sequence on the flexural strength 
has not been reported. The Ivoclare Vivadent manufacturer recommendation is to sinter the Zirconia before subjecting it to any air-borne particle 
abrasion. 
AIM OF THE STUDY: to evaluate the effect of air-borne particle abrasion/sintering sequence on the flexural strength of Zirconia. 
MATERIALS AND METHOD: forty bars of dimensions (26 × 6 × 1.5 millimeter) were fabricated from IPS e-max zircad. The total number of 
specimens was divided into two equal groups (A and B). The specimens of group A (AS) were subjected to air-borne particle abrasion followed 
by sintering. However specimens of group B (SA) were sintered before air-borne particle abrasion. Specimens of each group were subjected to X-
Ray Diffraction to show monoclinic-tetragonal phases percentage. Three-point loading was applied to all specimens to measure the flexural 
strength using a Universal Testing Machine. 
RESULTS: At statistically significant level p ≤ 0.05. Group SA has showed significantly higher flexural strength compared to group AS. Air-
borne particle abraded surface of group SA showed the highest amount of monoclinic phase crystals after X-Ray Diffraction analysis. 
CONCLUSIONS: Air-borne particle abrasion/sintering sequence affects flexural strength of Zirconia. Air-borne particle abrasion surface 
treatment induces tetragonal to monoclinic phase transformation in fully sintered Zirconia. 
KEY WORDS: Sequence – Flexural strength – Pre-sintered – Zirconia  – Air-borne particle abrasion. 
RUNNING TITLE: Air-borne particle abrasion/Sintering sequence of Zirconia.  
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INTRODUCTION  
All-ceramic restorations are now widely used in clinical 
practice for esthetic demand (1). Zirconia has proved 
superior mechanical properties which made it a reliable 
alternative to porcelain fused-to-metal (PFM) restoration, 
in addition to its biocompatibility and tooth-like color (2).   
Zirconium oxide monoclinic and tetragonal allotropes have 
a transformation toughening phenomenon. Pure Zirconia 
exists as a monoclinic crystal structure at room temperature 
and transforms to tetragonal structure when sintering at 
1173 ◦C. For dental applications, Zirconia can be stabilized 
in tetragonal phase by the addition of 3mol% yttrium 
oxide, resulting in Yttria-stabilized  
Tetragonal Zirconia Polycrystalline (Y-TZP), which is 
metastable in its tetragonal crystalline at room temperature 
(3,4). Improved mechanical properties of Zirconia are 
related to its transformation from tetragonal phase to 
monoclinic phase under externally applied compressive 
stresses. This transformation is accompanied by a 3% to 
5% volume expansion that causes resistance to crack 
propagation, or in other words acts as crack stopper (5,6).  

 
 
Any of the in-lab or in-office procedures may be a 
contributing factor affecting the strength of Zirconia. 
During processing of a fixed dental prostheses, Zirconia 
may undergo air-borne particle abrasion surface treatment, 
or one of the other options of surface treatment, including 
diamond burs abrasion, silicoating, selective infiltration 
etching, and LASER (Light Amplification by Stimulated 
Emission of Radiation).  
Studies have shown that surface treatment can accelerate 
tetragonal-to-monoclinic (t→m) phase transformation 
associated with microscopic cracks (7,8). Previous 
researches have suggested that air-borne particle abrasion 
before sintering is a useful method for significantly 
increasing the surface roughness of Zirconia. The sintering 
process is considered to reverse the transformation caused 
by air-borne particle abrasion. This reverse action caused 
acceleration of monoclinic-to-tetragonal (m→t) (7,9).  
The flexural strength represents the highest stress 
experienced within the material at its moment of yield (10). 
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Factors affecting flexural strength of Zirconia include; 
grain size, shape of the Zirconia particles, and its 
tetragonal-monoclinic phases transformation toughening 
phenomenon (1), sintering temperature (12), number and 
size of surface flaws and surface roughness (13). When a 
material is tested for flexural strength, the surface 
subjected to the load is under compressive stress while the 
other surface is under tensile stress.  
Controversy exists regarding the relationship between 
flexural strength of Zirconia and air-borne particle 
abrasion/sintering sequence. Many manufacturers 
recommend sintering of Zirconia before air-borne particle 
abrasion surface treatment. However the effect of reversing 
this sequence on flexural strength of Zirconia has not been 
reported.  
The Null hypothesis is that there is no difference in 
flexural strength of Zirconia in different air-borne particle 
abrasion/sintering sequence. This study was designed to 
evaluate the effect of air-borne particle abrasion/sintering 
sequence on Zirconia’s flexural strength. 
 
MATERIALS AND METHOD 
In order to fabricate Zirconia specimens from (IPS e-max 
ZirCAD, MT, A2; Ivoclare.Vivadent. Germany. LOT-
W12559) using CAD CAM machine (KaVo Everest. 
Germany), “3dCAD”software was used to design a 
specimen with dimensions (26 millimeter in length × 6 
millimeter in width × 1.5 millimeter in thickness). Then 
file was saved in the ‘.STL’ format and sent to KaVo 
Everest computer, in which calculations for dimensions to 
compensate for shrinkage 18.8246 percentage of ‘IPS e-
max ZirCAD’ after sintering, and arrangement of the bars 
with connectors that keep it attached during machining, 
were performed using “KaVo Hyperdent” software for 
nesting installed by default. The information was then sent 
to “KaVo Everest engine control CAM2 version 9.6” for 
processing of milling task. 
The ‘IPS e-max ZirCAD’ had been firmly fixed inside the 
machine attachment platform, while “milling pin ZS1 
long” and “CAM2 milling pin ZS2” were loaded into the 
machine. Milling progress started by rough milling of the 
bar and completed by fine milling. Machined bars were 
detached with low speed motor straight hand piece. Forty 
bars were fabricated by CAD CAM machine. 
All the bars were polished using 1200 grit water-proof 
silicone-carbide paper as shown in figure (1).  

 
Figure (1): Showing a polished pre-sintered (Y-TZP) 
specimen. 
The forty identical bar specimens were randomly divided 
into two equal groups, (group A) coded as ‘AS’ and (group 
B) coded as ‘SA’ each consists of twenty specimens. 
Specimen dimensions were confirmed by digital caliber 
(‘NEIKO’ SAE-Metric Conversion New 01407A – China.). 
Special specimens holder had been designed and fabricated 
in metal. It was designed to hold specimens and meanwhile 
fix Air-borne particle abrasion (APA) nozzle as shown in 
figure (2), 

 
Figure (2): Pre-sintered (Y-TZP) specimen mounted on 
special holder inside chamber of air-borne particle abrasion 
device and nozzle fixed into a sliding arm. 

 with adjustable angle and distance from the surface of 
specimen to be treated. In addition to capability of sliding 
the nozzle at the adjusted angle and distance along the 
specimen. In group AS, pre-sintered (Y-TZP) specimens 
were first air-borne particle abraded using 120 μm 
aluminum oxide (Al2O3) particles with 2 bar blasting 
pressure at a distance of 10 millimeter and 90 degrees 
incidence angle for 10 sec, using Air-borne particle 
abrasion device (model S 100/200/300, Silfradent S 
SOFIA-Forli – Italy). The specimen was sintered in 
Sintering machine (Ney Ceramfires, 
Dentsply. Switzerland.), at a heating speed of 5˚C/min to 
1450˚C, and sustained that temperature for two hours, then 
it was kept to naturally cool to room temperature. In group 
SA, specimen was first sintered then air-borne particle 
abraded. 
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All specimens for both groups were subjected to X-Ray 
Diffraction test by (X-Ray 7000 Shimadzu-Japan.) with 
Cupper Target, 40.0(kV) and 30.0(mA) X-ray tube, as 
shown in figure (3). 

 
Figure (3): Showing (Y-TZP) bar specimen during X-Ray 
Diffraction test. 

 Specimen was continuously scanned at 5.0 - 80.0 (deg) 
scan range, 12.0 (deg/min) scan speed and 0.020(deg) 
sampling pitch. 
 All Data obtained by XRD for treated and untreated 
surfaces were then analyzed based on the COD-Inorganics 
reference database 2019 (Crystallography Open Database) 
using “Match!3” software program version 3.8.1.143 
developed by ‘Crystal Impact’ company, Bonn, Germany.  
Each specimen for both groups was mounted on Universal 
Testing Machine (UTM) (“Autograph AG-IS Shimadzu”-
Japan.) to test flexural strength, where the untreated 
surface of each specimen is facing the compressing side. 
Force was applied to the middle of specimen at a crosshead 
speed of 1 millimeter/minute. Flexural strengths were 
calculated based on the following equation (14, 15): 

22
3

hw
LF

××
××

=σ  

Where: 
σ = Flexural strength (MPa).                            w = 
specimen width (mm). 
F = Load at fracture (N).                           h = specimen 
height (mm). 
L = span between supports (mm). 
Statistical analysis of data was done using software 
(SPSS), where the statistical significance was judged at p ≤ 
0.05. Student t-test was used for comparison between the 
two studied groups according to tetragonal Zirconia phase 
(%) and according to Flexural strength (Mpa). However, 
Mann Whitney test was used for comparison between the 
two groups according to baddeleyite (monoclinic Zirconia 
phase) (%). 
 
RESULTS 
In this study, data results representing tetragonal and 
monoclinic phases distribution and percentage of each of 
Air-borne particle abraded surfaces and Untreated Zirconia 
surfaces for both Group AS and SA specimens, were all 
collected for statistical analysis. 
Statistical analysis presented in table (1) and figure (4) 

showed significantly higher tetragonal Zirconia phase at 
both Air-borne particle abraded surface and Untreated 
Zirconia surface of Group AS with Probability of error (P) 
<0.001. While Baddeleyite (monoclinic Zirconia phase) 
(%) was significantly higher at both Air-borne particle 
abraded surface and Untreated Zirconia surface of Group 
SA with probability of error <0.001. 
After mounting of the specimens corresponding each 
studied group on UTM and load was applied, maximum 
load at failure was recorded and Flexural strength was 
calculated. Data results representing Flexural strength of 
bars in two groups were collected to be statistically 
analyzed. Statistical analysis presented in table (2) showed 
significantly higher Flexural strength for Group SA with 
probability of error <0.001, as shown in figure (5). 

 
Figure (4): Showing comparison between the two groups 
according to tetragonal Zirconia phase (%) and baddeleyite 
(monoclinic Zirconia phase) (%). 

 
Figure (5): Showing comparison between the two groups 
according to Flexural strength (mega pascal) (Mpa). 
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Table (1): Showing comparison between the two groups 
according to tetragonal Zirconia phase (%) and baddeleyite 
(monoclinic Zirconia phase) (%).  
t: Student t-test.            U: Mann Whitney test    
p: p value for comparing between the two studied groups. 
*: Statistically significant at p ≤ 0.05.   
Group AS (Group A), Group SA (Group B). 
Table (2): Showing comparison between the two groups 
according to 3 point loading. 

3 point loading Group AS 
(n=20) 

Group SA 
(n=20) 

Test 
of sig. p 

Flexural  strength 
(mega pascal) 
(Mpa) 

    

Min. – Max. 218.86 – 438.85 270.80 – 733.33 

t=4.089* <0.001* 
Mean ± SD. 342.03 ± 57.29 465.93 ± 122.81 

Median (IQR)  355.21 
(306.7– 384.6) 

443.06 
(376.6– 556.5) 

t: Student t-test          
p: p value for comparing between the two studied groups. 
*: Statistically significant at p ≤ 0.05.  
Group AS (Group A), Group SA (Group B). 
 
DISCUSSION 
In order to achieve a successful conservative dental 
approach, the need for combining between high strength 
material and adhesion is recommended as in cases of resin-
bonded Zirconia FPDs or cantilever restorations. These 
restorations do not depend on macro-mechanical principles 
for retention. Airborne particle abrasion is a method for 
creating roughness in surfaces of polycrystalline solids 
such as Zirconia. Controversy exists regarding influence of 
mechanical surface treatment protocol on phase 
transformation tendency in Zirconia and the potential for 
surface damage as micro-cracks. This conducted study 
compared airborne particle abrasion before and after 
sintering of Zirconia, regarding the percentage of surface 
tetragonal/monoclinic phases and flexural strengths. 
In this study all specimens were fabricated by the 
CAD/CAM technology. A previous study had stated that 
Zirconia specimens were fabricated by cutting (oversized 
to compensate sintering shrinkage) using disks (16). 
Another study sliced Zirconia into bar specimens using a 
diamond-coated wheel (Isomet® 1000, Beuhler, Lake 
Buff, IL, USA) (17). Those researchers neglected 
CAD/CAM as a technology of producing Zirconia 
restoration in actual circumstances. Zirconia blocks 
manufactured in a standard process are subjected to 
complex network of events during CAD/CAM machining 
where the material may be vulnerable to residual stresses, 
subsurface damage or even chipping, as well as lateral and 
radial cracks (18,19). 
KaVo Everest. CAD CAM has been used to fabricate 
specimens of the current study, in which an open stl system 
provides easier procedure unrestricted by specific input 
source for a design creation, without the need for 
fabricating a special mold and scanning it. 
Polishing was carried out for all specimens before 
grouping to standardize surface characteristics. İşerı et al 
2010, polished Zirconia bars under water cooling using a 

grinder-polisher machine (Phoenix Beta Grinder/Polisher, 
Buehler, Germany). Ludovichetti et al 2019, manually 
polished Y-TZP disks using 600- and 1,200-grit sandpaper 

(20). The purpose of standardized polishing procedure was 
to remove external irregular scratches in all fabricated bars 
for standardizing variables before starting surface 
treatments and to round the chipped corners of the 
specimens symmetrically (16).  
Variables associated with airborne particle abrasion surface 
treatment such as, distance between the source of air-borne 
particle abrasion and surface to be treated as well as angle 
of applying air-borne particle abrasion might lead to 
different results (21). These variables are difficult to be 
controlled in freehand even by trained operator. It was 
essential for the current study to design and create a 
suitable special holder devise, that can control airborne 
particle abrasion procedure throughout the work. 
Bar shape specimen possess more sharp angles liable to 
stress concentration representing worst situation where a 
Zirconia specimen is subjected to load, compared with a 
disk geometrical shape. In a study done to evaluate 
different test methods for mechanical properties of 
Monolithic Zirconia, flexural strength measured using the 
3-point load test method on bars showed lower values 
compared to that measured with biaxial flexural strength on 
disks (22). 
Stress trigger transformation toughening mechanism in Y-
TZP ceramics, where (t) to (m)-phase transformation 
accompanied with local volumetric expansion 
(approximately 3–5%) induces compression, that could 
prevent initiation of crack or act around an existing defect 
or crack tip against propagation. This has been extensively 
stated in literature (23-26). In the current study, XRD 
analysis results showed higher percentage of (m) phase 
appeared at air-borne particle abraded surface of (SA) 
Group in comparison to untreated surfaces of Zirconia 
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particle abraded 
surface 

  

t=13.342* 
 <0.001* Min. – Max. 97.90 – 99.90 57.0 – 86.20 

Mean ± SD. 98.82 ± 0.62 73.10 ± 8.60 
Median (IQR) 98.60 

(98.40 – 99.28) 
73.55 

(68.65 – 77.30) 
Untreated 
Zirconia surface 

  

t=4.987* <0.001* Min. – Max. 98.10 – 99.90 92.60 – 99.30 
Mean ± SD. 98.97 ± 0.45 96.26 ± 2.39 
Median (IQR) 98.90 

 (98.70 – 99.20) 
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 (94.30 – 98.63) 

B
ad

de
le

yi
te

  
(m

on
oc

lin
ic

 Z
irc

on
ia

 p
ha

se
) (

%
) Air-borne 

particle abraded 
surface 

  

U= 0.0* <0.001* Min. – Max. 0.10 – 2.10 13.80 – 43.0 

Mean ± SD. 1.18 ± 0.62 26.90 ± 8.60 

Median (IQR)  1.40 
 (0.73 – 1.60) 

26.45 
(22.70 – 31.35) 

Untreated 
Zirconia surface 

  

U= 55.50* <0.001* 
Min. – Max. 0.10 – 1.90 0.70 – 7.40 

Mean ± SD. 1.03 ± 0.45 3.75 ± 2.39 

Median (IQR)  1.10  
(0.80 – 1.30) 

4.15  
(1.38 – 5.70) 
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specimens. This means that air-borne particle abrasion 
surface treatment was capable of inducing phase 
transformation (t → m) in fully sintered Y-TZP, and this is 
in agreement with De Kler et al (27). However, specimens 
that were subjected to heat treatment after air-borne 
particle abrasion (AS group) showed minimal (m) phase in 
contrast with (SA) group. This minimal (m)phase 
transformation is explained by the influence of sintering 
temperature that exceed the (m)phase occurrence range 
according to Pilathadka et al (28). 
In work done by Juntavee & Attashu (2018) (17), Zirconia 
bar specimens were sintered at different temperatures and 
holding times, then measured phase composition of 
Zirconia using X-ray diffraction machine (XRD, 
PANalytical, Empyrean, Almelo, Netherlands). Specimens 
were scanned with copper k-alpha (Cu Kα) radiation and 
2θ degrees of (20–40° range) with 0.02° step size every 2 
seconds’ interval. Phases were analyzed in comparison to 
the known standard database. Statistically significant level 
was set at (α=0.05). XRD patterns revealed that most of the 
crystal structures are t-phase with minor amount of m-
phase in every group, where all groups hadn’t been 
subjected to any airborne particle abrasion protocol. These 
results were in agreement with XRD for both treated and 
untreated surfaces of (AS)group specimens in the current 
study which were not subjected to any surface treatment 
after the sintering. This explains the slight conflict with 
XRD results of higher m-phase(%) shown in airborne 
particle abraded surface of (SA)group where it had been 
performed following the sintering process.  
In the current study (SA)group failed under higher load 
ranges than (AS)group, that might be explained by the 
higher (m)phase % at (SA)Group which acted as crack 
stopper (5,6). Another explanation for these results based 
on Flury et al. (2012) who stated that “higher roughness 
produces lower mechanical properties of ceramics” (29). 
Another study has already showed that air-borne particle 
abrasion before sintering of Zirconia could produce higher 
surface roughness than after sintering (30). 
Dilemma of creating or not creating roughness at surfaces 
of Zirconia restoration could be discussed from several 
aspects, since it was stated that roughness is beneficial for 
micromechanical retention meanwhile it decreases strength 
of material. Thus surface treatment must be a limited 
process that follows specific protocol based on certain 
criteria.   
 
CONCLUSIONS 
The following could be concluded within limitations of the 
current study: 
• Air-borne particle abrasion surface treatment is capable 

of causing tetragonal to monoclinic phase transformation 
at Y-TZP surface when it is done after sintering. 

• Air-borne particle abrasion/sintering sequence affects 
both the mechanical properties and crystal phase 
composition of Zirconia. 

• Sintering of Zirconia then air-borne particle abrasion is 
associated with higher flexural strength compared to 
other reversed sequence provided that air-borne particle 
abrasion parameters are standardized. This could be due 

to the higher (m)phase % at (SA)Group which acted as 
crack stopper. 
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