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ABSTRACT 

 

Residual stress within the porcelain veneer of 3-unit zirconia fixed dental prostheses 

with different framework designs measured by nanoindentation 

 

 The present study aimed to identify different concentrations of residual stress of 

surfaces of porcelain veneer (PV) fused to zirconia 3-unit fixed dental prostheses (FDPs) with 

even thickness and modified (lingual collar connected to proximal struts presenting 12 mm2 

connector area) framework designs by nanoindentation method. Twenty-three FDPs replacing 

second premolar (PM) were fabricated and the cyclic loading was applied on twenty FDPs. 

Fractured, suspended and non-fatigued FDPs were selected and divided (n=3/each) into: 1) 

Fractured even thickness (ZrEvenF); 2) Suspended even thickness (ZrEvenS); 3) Fractured 

with modified framework (ZrModF); 4) Suspended with modified framework (ZrModS); 5) 

Non-fatigued even thickness (Control). Moreover, the control group surfaces could be divided 

(n=3/each) into: 6) Mesial PM abutment (MPMa); 7) Distal PM abutment (DPMa); 8) Buccal 

PM abutment (BPMa); 9) Lingual PM abutment (LPMa); 10) Mesial PM pontic (MPMp); 11) 

Distal PM pontic (DPMp); 12) Buccal PM pontic (BPMp); 13) Lingual PM pontic (LPMp); 

14) Mesial molar abutment (MMa); 15) Distal molar abutment (DMa); 16) Buccal molar 

abutment (BMa); 17) Lingual molar abutment (LMa). The PV surfaces were nanoindented in 

regions of interest (ROI) 1, 2 and 3, which were 0.03 mm, 0.35 mm and 1.05 mm from outer 

PV surface surface towards the PV/framework interface, respectively. Each ROI received 5 

nanoindentations with 10 µm of minimum separation loaded to a peak load 4 µN. The Linear 

Mixed Model test and Least Significant Difference (95%) were used. The statistical analysis 

among ZrEvenF, ZrEvenS, ZrModF, ZrModS, and Control groups showed differences 

(p=0.000) except for the comparison between ZrModS and Control group (p=0.371). Also, 

ROI 1, 2, and 3 were different (p<0.001) with higher residual stresses in outer PV regions 

relative to those closer to the framework. The comparison among crowns showed that pontic 

was different from premolar (p=0,001) and molar (p=0,007) abutments, always showing 

higher residual stress levels. When marginal ridges groups (MPMa, DPMa, MPMp, DPMp, 

MMa, DMa) were compared, the DMa group was different from DPMp (p=0,004) and MPMa 

(p=0,00) group, whereas MPMa was different among all groups. The residual stress of 

porcelain veneer FDPs was different between: fractured and suspended FDPs regardless of the 

framework design; ROI 1, 2 and 3; and pontic and abutment crowns. Moreover, the proximal 

areas presented the highest concentration of residual stress. 

 

Key words: Fatigue. Dental porcelain. Dental stress analysis. Denture, partial.  



 

 

 

 

 

 

 

 

 

 

  



 

 

RESUMO 

 

Estresse residual na porcelana de revestimento de próteses parciais fixas de 3 elementos 

com diferentes desenhos de infra-estrutura mensurado por nanoendentação  

 

 O presente estudo teve como objetivo identificar diferentes concentrações de tensão 

residual de superfícies da cerâmica de revestimento (CR) de próteses parciais fixas de zircônia 

de 3 elementos (PPFs) com desenho da infraestrutura de espessura mínima e modificada 

(cinta lingual conectada aos postes proximais com 12 mm2 de área de conector) pelo método 

de nanoindentação. Vinte e três PPFs repondo segundo premolar (PM) foram confeccionados 

e o carregamento dinâmico foi aplicado em vinte PPFs. As PPFs fraturadas, suspensas e não 

fadigadas foram selecionadas e divididas (n=3/cada) nos seguintes grupos: 1) Fraturadas com 

espessura mínima (ZrEvenF); 2) Suspensas com espessura mínima (ZrEvenS); 3) Fraturadas  

com infraestrutura modificada (ZrModF); 4) Suspensas com infraestrutura modificada 

(ZrModS); 5) Não fadigadas com espessura mínima (Controle). Além disso, as superfícies do 

grupo controle foram divididas (n=3/cada) nos seguintes grupos: 6) Mesial do pilar PM 

(MPMa); 7) Distal do pilar PM (DPMa); 8) Vestibular do pilar PM (BPMa); 9) Lingual do 

pilar PM (LPMa); 10) Mesial do pôntico PM (MPMp); 11) Distal do pôntico PM (DPMp); 

12) Vestibular do pôntico PM (BPMp); 13) Lingual do pôntico PM (LPMp); 14) Mesial do 

pilar molar  (MMa); 15) Distal do pilar molar (DMa); 16) Vestibular do pilar molar (BMa); 

17) Lingual do pilar molar (LMa). As superfícies da CR foram nanoendentadas nas regiões de 

interesse (ROI) 1, 2 e 3, a qual a distância da superfície externa da CR no sentido da interface 

CR/infraestrutura era de 0,03 mm, 0,35 mm e 1,05 mm, respectivamente. Cada ROI recebeu 5 

nanoendentações com espaço mínimo de 10 µm para carregar até 4 µN. O teste modelo linear 

misto com diferença estatística mínima (95%) foi executado usando os valores de dureza. A 

análise estatística entre os grupos ZrEvenF, ZrEvenS, ZrModF, ZrModS, e Control 

apresentou diferenças (p=0.000) exceto para a comparação entre os grupos ZrModS e Control 

(p=0.371). Também, ROI 1, 2 e 3 foram diferentes (p<0.001). A comparação entre coroas 

mostrou que o pôntico foi diferente dos pilares pré-molar (p=0,001) e molar (p=0,007), 

sempre apresentando os maiores níveis de tensão. Quando os grupos das cristas marginais 

(MPMa, DPMa, MPMp, DPMp, MMa, DMa) foram comparadas, o grupo DMa foi diferente 

dos grupos DPMp (p=0,004) and MPMa (p=0,00), enquanto que o grupo MPMa foi diferente 

de todos os grupos. A tensão residual da cerâmica de revestimento foi diferente entre: PPFs 

fraturadas e suspensas independente do desenho da infraestrutura; ROI 1, 2 e 3; e pônticos e 

pilares. Além disso, as áreas proximais apresentaram a maior concentração de tensão residual.   

 

Palavras-chave: Fadiga. Porcelana dentária. Análise do estresse dentário. Prótese parcial.  
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1 INTRODUCTION 

 

 

The advances of the esthetic materials have increased their use as an alternative of 

restorations for missing teeth in anterior and posterior regions. However, the fixed dental 

prostheses (FDP) of porcelain fused to zirconia (Y-TZP) continue presenting high rates of 

technical complications (1-5). The porcelain cohesive fracture is reported as the one of the 

most common complications, reported in a recent systematic review, with cumulative 5 years 

rate estimated in 34,9% (6). The reasons for such high percentage of failures are still under 

debate, but have been often associated, among others, to the presence of residual stress 

generated in the porcelain veneer during the manufacturing process (7-9). In order to decrease 

its presence, slow cooling rates of the porcelain veneer (8), compatibility in coefficient of 

thermal expansions between porcelain veneer and zirconia framework (8, 10), framework and 

connector designs (11, 12) have been recommended. Nevertheless, the understanding of the 

distribution and magnitude of residual stress in porcelain fused to zirconia prostheses remains 

limited(9).  

Currently, the literature presents various methods to identify and measure residual 

stress in porcelain veneer, such as: the Vickers indentation (9, 13, 14), finite element analysis 

(15, 16). Analytical models (8, 17), the hole-drilling method (18, 19), and optical 

birefringence technique (20, 21). Notwithstanding the methods above, the nanoindentation 

test has been highlighted in the measurement of residual stress. Its versatility offers potential 

advantages, such as quantitative indentation to extract local and volume average of hardness, 

Youg’s modulus, among others, from thin films and other small volumes materials with non-

destructive methodology (7, 22). In addition, this method is not limited to simple bilayer 

geometries, as bars, disks specimens (23), therefore the residual stress of FDP’s important 

areas can be measured (23). The residual stress can be evaluated by nanoindentation method 

based on the assumption that an extra force is added to indentation force. As such, if the 

residual stress is tensile, the extra force acts in the same direction as the indentation force, in 

other words, the specific nanoindented area would show less resistance to nanoindentation, 

and consequently the hardness would present lower values. The opposite behavior is expected 

for compressive residual stress (9).  

Previous studies have shown that porcelain veneered zirconia prostheses present 

higher residual stress in curve areas (20). As such, the proximal areas of crowns (24, 25) and 
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connector gingival areas of fixed dental prostheses (11, 26) have become a critical area. 

Despite the fact that manufacturer’s recommendations have been followed by most dental 

technicians, these areas often challenging to the longevity of the restoration (27). To avoid 

porcelain fractures, different framework designs have been suggested for increasing the 

porcelain veneer support and reduce the extent of porcelain veneer fractures (28, 29). When 

this approach is applied to crowns, proximal struts connected to lingual collars have increased 

the fatigue life of crowns in laboratory testing (28, 29), whereas the same improvements are 

yet to be confirmed for 3-unit porcelain veneered fused to Y-TZP. 

Besides the manufacturing process, some findings have important implications on the 

clinical location of occlusal contact in mouth (27). Surprisingly, the most common occlusal 

contact in mouth is cusp to marginal ridges (34,60%) (30), where the presence of one to three 

contacts is commonplace (31). When the occlusal contact involves the marginal ridges of the 

FDPs, the possibility of porcelain veneered and framework fractures may increase. Once the 

marginal ridge of the FDP’s most proximal areas presents porcelain fracture, the repair with 

composite resin may be successful or not.  Usually, the unsuccessful repair consequences may 

create a space between both teeth, which allows food accumulation (27). However, the worst 

scenario would be the FDPs framework fractures often related to the occlusal contact on 

marginal ridges located at the connector area, which requires their replacement (4, 32). 

Accordingly, the purpose of the two studies that constitute this thesis was to identify 

the presence of different concentrations of residual stress based on hardness, as previously 

reported by Zhang et al. (9), in different locations of fatigued and non-fatigued 3-unit 

porcelain-veneered fused to Y-TZP with different framework designs measured by 

nanoindentation. Four hypotheses were tested: (1) the fractured and suspended fatigued 

specimens would not present different residual stresses between the same framework design 

groups, (2) the indented regions located at the outer surface of the porcelain veneer (region of 

interest – ROI 1) will present higher residual stress compared to the indented regions closer to 

the framework/porcelain veneer interface (ROI 2 and 3), (3) the connector marginal ridges 

would present higher residual stress when compared to all surfaces, and (4) the porcelain 

veneer of the pontic would present higher residual stress compared to the FDPs abutments.  
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2 ARTICLES 

 

 

The article 1 presented in this thesis was currently submitted in the Journal of the 

Mechanical Behavior of Biomedical Materials (Annex 1) and the article 2 was written 

according to the Journal of Dental Materials. The first article had the Declaration of 

Exclusive Use of the Article in Thesis signed by all co-authors (Annex 2).   
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3 DISCUSSION 

 

 

 This study focused on different concentrations of residual stress found in different 

surfaces and regions of interest (away and close to the PV/framework interface) of fatigued 

and non-fatigue porcelain veneer fused to zirconia 3-unit FDPs with different frameworks 

designs. The nanoindentation method was used to measure the hardness values of 3-unit FDPs 

where high or low values corresponded to low and high concentration of residual stress, 

respectively. The main findings of the present study were: a) the outer surface of the porcelain 

veneer (ROI 1) presented the highest concentration of residual stress and was significantly 

different when compared to ROI 2 and ROI 3, regardless of nanoindentation occurring at 

abutments or pontics; b) the residual stress was significantly higher in fractured compared to 

suspended fatigued specimens from the same framework design groups (3.5 times more 

residual stresses) c) the porcelain veneer at the pontic and, mainly, the connector marginal 

ridges of ZrEven group (non-fatigued FDPs) presented the lowest concentration of residual 

stress.  

 The first hypothesis that postulated that fractured and suspended samples would not 

show different residual stresses regardless of the framework design was rejected. The 

comparison between ZrEvenF and ZrEvenS showed that the residual stress increased more 

than 2.3 times in ZrEvenF group. Also, a similar finding of residual stress was observed 

between the comparison of ZrModF and ZrModS groups, where the former showed an 

increase over 3.5 times in residual stress compared to the latter.  Unfortunately the present 

study results could not be compared with any data in literature.  

The framework design suggested for porcelain veneered Y-TZP FDPs was based on 

the fact that the enlargement of the connector height (33) and the gain of framework volume, 

even based on empirical guidelines for metal ceramics (34) would decrease the high 

concentration of residual stress of FDPs, specially in connector areas, which is the location 

that presents the highest concentration of stress (35-37). In this way, its use would provide the 

decrease porcelain fracture size, the inhibition of gingival connector cracks and higher 

strength in connector areas (38). However, the present study showed that 3-unit ZrMod 

groups revealed to be efficient only in inhibiting the cracks located at gingival connector 

areas. Even so, out of forty couple of fatigued marginal ridges, only one specimen from Y-

TZP even thickness framework presented this type of damage, where competitive crack 

development is observed between indentation sites and the gingival embrasure areas. These 



82  Discussion 

 

findings highlight the controversial benefits of the frameworks with different designs when 

different loading location, different slow cooling protocols and fatigue methods are performed 

on crowns (29, 39-42).  

However, it seems that the human factor may influence the different concentration of 

residual stress even applying the slow cooling protocol followed by manufacturer 

recommendation. It is well known that the conventional manual layering technique may create 

structural flaws located at framework / porcelain veneer interface, in the bulk of the veneer 

layer, or at the surface of the porcelain veneer (43). This technique allows the incorporation of 

voids, impurities and porosities in the porcelain veneer, which may create sites with high 

tension of residual stress even fabricating restorations in a controlled environment with a 

vacuum furnace (43-48). The veneering techniques (49) and multi-layer structure (50) have a 

crucial influence on the behavior of bilayered prostheses (48) and consequently its stress 

distribution may become more complex than expected. Another critical factor that can 

increase the residual stress is associated to spending overtime of layering the framework using 

inadequate proportion of powders and pastes. On the other hand, a study (51) that evaluated 

porcelain veneered crowns using the press technique as an alternative for conventional 

manual layering showed that the porcelain fractures were also present. Moreover, no 

statistical difference was found when the technique was compared to crowns with porcelain 

layered by manual technique, The reason was correlated to the structural flaws that could not 

be avoided with the press veneered technique, concluding that porcelain is a friable material.  

The second hypothesis postulating that the layer closer to the glazing surface would 

present higher stress compared to the layer closer to the framework/porcelain veneer interface 

was accepted. This result corroborated with a recent study (23) that evaluated the residual 

stresses in bars, semi-cylindrical shells and arch-cubic structures fabricated with different 

cooling rates. The different distances measured from the framework / porcelain veneer 

interface in parallel directions were 0.4, 0.8, and 1.3 mm showed that the compressive stress 

became higher closer to the interface in parallel distances (23). Another nanoindentation study 

showed the geometric influence of crowns on measuring the residual stress regardless of the 

thickness of the porcelain veneer (9), where the maximum stress values occurred, in general, 

over curved surfaces of the framework (20). To avoid potential inconsistencies, the sectioning 

height of the specimens used in this study showed to be safe in the standardization of the 

distances from framework / porcelain veneer interface (ROI 1, 2, and 3). Besides 

nanoindentation studies, this study is in agreement with the findings from the hole-drilling 

method (52) that measured the stress profile in bilayered discs presenting different thickness 
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of framework and porcelain veneer. Its result showed that compressive stresses were found in 

the veneering ceramic surface of thicker frameworks and tensile stress were observed in the 

interior of thinner framework samples (52). However, when different thickness of veneering 

ceramic were evaluated, the compressive stress located at the ceramic surface for samples 

veneered with 1.0 mm decreased from the surface at 0.5 mm until 0.7 mm and became more 

compressive again close to the framework (52). Yet, that study showed that crack propagation 

tended to follow tensile stress areas, thus higher tensile stress was commonly found closer to 

outer porcelain veneer surface, which may explain the reduced sizes of porcelain veneer 

fractures (52). 

 The benefits of the lower residual stress present in ROI closer to the framework can be 

explored when the classification of porcelain fracture sizes is considered. Chipping (small 

porcelain cohesive fractures) was the most common fracture and the fracture dimensions were 

smaller than 2 x 2 mm, except for one larger fracture was found in ZrEvenF group. However, 

all the chippings were repairable by composite resin or returned to function by polishing. 

Currently, the literature described that there is a tendency to find minor chipping in follow-up 

clinical studies (3, 5) as long as the manufacturer’s slow cooling protocol recommendation is 

followed (5). Laboratory studies have shown improvements in performance when long slow 

cooling protocol is used (8, 42). 

 The third postulated hypothesis described that porcelain veneer located at the pontic 

area would present higher residual stress was rejected. This finding is not in agreement with a 

previous study, which suggests that abutment (first premolar and molar) and pontic (second 

premolar) are not different when the porcelain veneer is hand layered using slow cooling rate 

for firing cycles (14). However, the present study focused on measuring the residual stress of 

2 mm below the occlusal plane, which allowed the nanoindentation at connector marginal 

ridges. This measurement was not evaluated in the cited study, and surprisingly this surface 

presented the lowest residual stress in the present study. Furthermore, the previous study used 

two glazing layers, which could influence the final results.  

On the other hand, it is suspected that pontic areas presents higher volume of Y-TZP, 

which can decrease the presence of residual stress in porcelain veneer. A previous study 

measured the stress profile in bilayered disc samples with different framework thickness (0.5 

mm, 0.7 mm, 1.00 mm, 1.50 mm, 2.00 mm, 3.00 mm) and with a 1.5 mm thick veneering 

ceramic layer with hole-drilling method showed that the tensile stress became higher for 

interior area of the porcelain veneer when the thickness of the framework decreased (52). 
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The fourth postulated hypothesis described that the proximal marginal ridges would 

result in higher residual stress compared to connector marginal ridges was accepted. 

Unfortunately, there is no study in literature that allows a comparison between the results. 

However, when premolars (24) and molars (25) human crowns are considered, the marginal 

ridges and proximal areas presented the highest tensile stress which corroborate with the 

present study. In addition, a photoelastic previous study of porcelain veneered fused to 

zirconia crowns showed that curved areas present higher concentration of residual stress 

regardless of slow or fast cooling protocols (16, 20). This result is in agreement with a finite 

element study (23) that performed the slow cooling at 32 °C/min and extremely-slow cooling 

at 2 °C/min protocols and found higher stresses in curved interfaces of bars, semi-cylindrical 

shells, and arch-cubic structures bilayered with 1.5 mm and 0.7 mm thickness of porcelain 

veneer and zirconia framework, respectively. 

The present study assumed high or low concentration of residual stress based only on 

hardness values as previously reported by Zhang et al (9), whereas other studies have 

presented different calculations to determine the residual stress within the porcelain veneer 

(16, 23, 53). In such scenarios, baseline samples in unstressed conditions are commonly 

subjected to indentations allowing specific equations to be used for this purpose (53). Since 

our study involved anatomically-shaped FDPs, laboratory processing commonly results in 

samples with residual stress of either tensile or compressive nature (54). While we were 

unable to produce unstressed samples, control non-fatigued FDPs were used instead. In silico 

analysis has also been used not only in crown-shaped samples (16) but also on bar shaped 

samples (23). Additional studies should be targeted to determine the type of residual stress, 

(compressive or tensile) within regions of the porcelain veneer in anatomically-relevant 

specimens. 
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4 CONCLUSIONS 

 

 

Based on the studies described in this thesis, we conclude that: 

 

1. The redisual stress of porcelain veneer of fractured or suspended fatigued Y-TZP        

3-unit fixed dental prostheses with the same framework designs presented different 

concentration of residual stress.  

 

2. The outer layer of the porcelain veneer presented the highest concentration of residual 

stress in abutments and pontic.   

 

3. The concentration of residual stress found in abutments was higher than in pontics. 

 

4. The connector marginal ridges presented the highest hardness values.    
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