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This study aim was to evaluate the influence of 37% hydrochloric acid (37% HCl) treatment of 
cobalt-chromium (Co-Cr) alloys on the metal-ceramic bond strength (MCBS). The specimens were 
sandblasted with 100-µm aluminum oxide particles and divided into four groups (n = 10) according 
to the surface treatment performed: control (C) - no treatment - and treated with 37% HCl for different 
times: 10 minutes (T1), 20 minutes (T2) and 30 minutes (T3). The samples were submitted to the 
3-point bending test, and the type of failure was evaluated. Wald, Bonferroni and Pearson’s tests were 
applied (α = 0.05). There was difference between the treatments (p = 0.019): T3 (61.57 MPa) had higher 
bond strength than C (51.96 MPa). The specimens presented 17.5% of adhesive and 82.5% of mixed 
failures. There was a weak correlation between the failure type and the MCBS. Co-Cr surface treatment 
with 37% HCl for 30 minutes is a promising protocol for an appropriate metal-ceramic bond strength.
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1. Introduction
Metal-ceramic restorations have acceptable clinical 

performance, longevity1, and physical properties2. However, 
their clinical success depends on a number of factors, 
including the properties of the alloy2, adequate marginal fit, 
and adequate metal-ceramic bond strength3. Cobalt-chromium 
alloys (Co-Cr) characteristics, such as biocompatibility4, 
marginal integrity5, high strength during ceramic firing, high 
modulus of elasticity, and low cost6,7, justify their current 
use in metal-ceramic fixed prosthesis frameworks and in 
Implantology8,9.

The bond between metal and ceramic occurs during 
the sintering process, and may be of physical, mechanical 
and / or chemical nature10. Physical bond is provided by 
the van der Waals forces, which have little contribution to 
metal-ceramic bond strength (MCBS)11. Mechanical bonding 
is related to compressive forces from the difference in the 
coefficients of thermal expansion of metal and ceramics10, 
or to the surface roughness and retentive edges in the metal 
structure, which may favor wettability12. Chemical bond 
occurs when the elements of dental alloys, such as cobalt, 
chromium, and molybdenum13, undergo surface oxidation 
forming ion channels, where the diffusion of atoms present 
in metal-ceramic interface occurs13. The composition and 
morphology of this oxide layer depends on the type of 
surface treatment performed14 as well as interaction among 
atoms from both metal and ceramic12, which may interfere 
in MCBS13-15. If the thickness of this film reduces in the 
sintering process, the MCBS decreases3. If the layer formed 
of Cr2O3 is compact16, there is reduced bond strength on this 

interface. In addition, a layer that is too thick with an excess 
of chromium oxides promotes the reduction of the ceramic 
thermal expansion coefficient17, favoring the reduction of the 
ceramic cohesive resistance18,19, which can result in failure 
of the restoration when submitted to chewing forces20.

For this reason, Co-Cr alloy manufacturers usually 
recommend the use of a bonding agent13 to improve the 
chemical affinity between metal and ceramic.

Since this oxide layer greatly influences the MCBS3, there 
is a constant search for the improvement of laboratory and 
clinical techniques to maximize the maintenance of prosthetic 
restorations in the oral cavity. However, imperfections, 
such as mechanical failures18-20, incompatibility of selected 
materials, inappropriate ceramic application technique, 
incorrect thickness of the metal structure, can still occur 
and lead to loss of the prosthesis20,21.

In this context, various surface treatments have been 
proposed to increase wettability of the metal, but despite 
presenting promising results, the techniques used in these 
studies are difficult to apply and reproduce in dental 
laboratories. For example, the 100-μm aluminum oxide 
(Al2O3) sandblasting12,17,22,23 requires a positioning device 
for sandblasting at specific angles and distances. In addition, 
other variables, such as the time and the pressure of the 
sandblasting application and the size of the aluminum oxide 
particles can affect the final results.

Another treatment described is the use of a bonding 
agent12,24, which has a higher cost and the applied layer 
thickness is difficult to standardize, interfering with MCBS12,15. 
Moreover, some proposed protocols require materials that 
are difficult to access, such as oxidation heat treatment23,25, *e-mail: anapaula@forp.usp.br
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which requires specific gases for the sintering process, or 
chemical treatment of both noble and titanium alloys to 
create microporosities and remove contaminants from the 
metal surface12,15,22,26,27.

Acid etching can also be used on metal surfaces to improve 
the MCBS. Different concentrations of hydrochloric (HCl), 
sulfuric (H2SO4), nitric (HNO3) and/or hydrofluoric (HF) acid 
solutions are proposed, however, there are discrepancies in the 
literature regarding its effectiveness12,14,15,26,27, demonstrating 
the need for more studies of this type of surface treatment.

There is a lack of standardized protocols in the literature 
regarding the Co-Cr surface treatment and a need to minimize 
prosthetic failures in the clinical practice. Thus, the aim of 
this study was to establish a simple protocol with materials 
of easy access and low cost by assessing the effect of 37% 
HCl acid etching on MCBS of three Co-Cr alloys. The null 
hypothesis was that there would be no difference in the 
MCBS due to surface treatments and no correlation between 
the type of failure and the MCBS.

2. Material and Method

2.1. Sample preparation
One hundred and twenty specimens of three Co-Cr alloys 

(Table 1) were made with the dimensions of  25 x 3.0 x 0.5 mm 
(ISO 9693:2012)28 using a Teflon matrix (Figure 1). Duralay 
acrylic resin (Reliance Dental Mfg Co. Worth, EUA) was 
mixed according to the manufacturer’s specifications and 
deposited in part “A” of the die and pressed into part “D”. 
Resin patterns were invested in Micro Fine 1700 phosphate 
coating (Talladium Inc., California, USA), cast in Neutrodyn 
Easyti electronic machine (F.Lli Manfredi, Piedmont, Italy), 
and sandblasted with 100 µm aluminum oxide particles 
(Renfert, Gmbh; Hilzingen, Germany) under 3 bar pressure.

The 40 specimens of each Co-Cr alloy were made and 
randomized (Excel; Microsoft Corp) distributed into the 
4 groups (n = 10) to receive one of the proposed surface 
treatments (Table 2). The excess acid was removed from 
the distilled water drip, followed by abundant washing in 
running water for one minute. All samples were cleaned in 
an ultrasonic bath (Odontobrás, Ribeirão Preto, SP, Brazil) 
with isopropyl alcohol for 10 minutes. Ceramic (Ivoclar 
VivaDent, Amherst, NY, USA) was applied to the central 
portion of the samples (8.0 mm x 3.0 mm x 1.0 mm) with 
the aid of the Teflon matrix. All samples received two 
opaque and two dentin ceramic layers; sintering cycles 
were performed under vacuum in an Alumini sintering press 

(EDG Equipamentos, São Paulo, SP, Brazil) according to 
the manufacturer’s specifications.

2.2. Bond
The specimens were subjected to a three-point bending 

test on a DL 2000 (EMIC, São José dos Pinhais, Paraná, 
Brazil) mechanical testing machine at a speed of 1.0 mm/
min (5 kgf) until the metal-ceramic debonding strength.

The sample size for the metal-ceramic bond strength 
was based on the study of Farzin et al.29, that showed a 
minimally significant difference of 8.23 and a standard 
deviation of  6.02, which led to n = 9/group to ensure a 
power of 80% (α = 0.05; β = 0.2). However, the sample size 
was increased to 10, consistent with that of previous study 
by the research group30.

The final values of the failure stress (MPa) were obtained 
by applying the formula: T = k·F, where T is the tensile 
strength in MPa, k is the alloy constant value in mm2, 
which is a function of thickness (dM = 0.5 ± 0.05 mm) 
and the modulus of elasticity (ME) of the metal substrate, 
and F is the value of the maximum force in Newtons (N) 
(ISO 9693:2012)28.

Table 1. Characteristics of Co-Cr dental alloys evaluated.

Co-Cr alloys Composition  
(% in large scale)

Modulus of 
elasticity (GPa) Manufacturer Batch Casting 

Temperature

Keragen
Co 61; Cr 28; W 8.5;  

Si 1.65; Mn 0.25; Fe<0.5; 
C< 0.1

150 Eisenbacher, Dentalwaren 
ED GmbH, Alemanha F03-500sk 1410ºC

Remanium 2001 Co 63; Cr 23; Mo 7.3;  
W 4.3; Si 1 195 Dentaurum, Pforzheim, 

Alemanha 102-600-01 1390ºC

StarLoy C
Co 59.4; Cr 24.5; W 10; 

Nb 2.2; V 2.2; Si 1;  
Mo 1; Fe 1

200 DeguDent GmbH, Hanau, 
Alemanha 35010014 1370ºC

Figure 1. Teflon matrix for obtaining the acrylic resin standards: 
A - Upper part; B - 0.7 mm spacer; C - Spacer positioning device; 
D - Acrylic resin pressing base; E - Lower part.

strength test
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2.3. Failure assessment
After testing, the specimens were observed under the 

Nikon SMZ800 Stereo Magnifying Glass (Nikon Corporation) 
and failures were classified as: adhesive (failure between 
the metal oxide layer and the opaque ceramic), cohesive 
(internal failure in the ceramic layer), or mixed (cohesive 
+ adhesive)16,21,31,32.

2.4. Statistical analysis
Statistical analysis was performed using the SPSS 

software (IBM) with a statistical significance level of 
0.05. Data were tested for normality (Shapiro Wilk) and 
homoscedasticity (Levene). Homogeneity of variation 
was not observed and data were compared with Wald test 
in Generalized Linear Model and Bonferroni post-test. To 
compare failures among the groups, the Pearson Chi-Square 
test was used. The correlation between the bond strength 
and the type of failure was assessed with the Pearson test, 
and for the correlation between type of failure and surface 
treatment, the Spearman test was used.

3. Results
Significant differences were found between the treatments 

(W = 9.96; p = 0.019): T3 (61.57 MPa) had higher bond 
strength than C (51.96 MPa). The groups T1 (57.82 MPa) and 
T2 (57.91 MPa) had intermediate value, with no significant 
difference when compared to C and T3. There was no 
difference among the alloys used (W = 4.97; p = 0.083) 
and no interaction between the alloys and the treatments 
(W = 10.79; p = 0.095). The descriptive statistics of the 
tensile stress is presented in Table 3.

No specimen presented cohesive failure in the ceramic 
layer (Table 4). No difference was found in the proportion of 
adhesive (Figure 2A) and mixed (Figure 2B) failures for the 
different treatments in each of the evaluated alloys (Keragen 
– p = 0.473; Remanium – p = 0.222; Starloy C – p = 0.227).

For the acid-treated groups there was no difference in the 
proportion of adhesive and mixed failures among the alloys 
in the evaluated times (10 min, p = 1.000; 20 min, p = 0.535; 
30 min, p = 0.315). For the control group (p = 0.039), a 
difference was found in the proportion of type of failures, 
with Keragen alloy showing 100% mixed failure, Remanium 

Table 2. Surface treatments applied to Co-Cr dental alloys.

Groups
Aluminum oxide blasting 

(100 µm)  
(time/pressure/distance)

37% Hydrochloric acid 
(time) Distilled water (drops) Wash in abundant water

Control (C) 5 s/3 bar/2 cm - - -
T1 5 s/3 bar/2 cm 10 min 20 drops 1 min
T2 5 s/3 bar/2 cm 20 min 20 drops 1 min
T3 5 s/3 bar/2 cm 30 min 20 drops 1 min

Table 3. Descriptive statistics of metal-ceramic bond strength (MPa) calculated for the variation factors: alloy, surface treatment and the 
interaction between alloy and surface treatment.

Co-Cr alloy Treatment Mean ± SD (Median) 95% Confidence Interval for 
Mean (minimum; maximum)

Keragen (K)

C 51.82 ± 8.49 (50.59) 45.74; 57.89 (42.23; 65.47)
T1 55.49 ± 8.63 (57.19) 49.31; 61.66 (35.61; 64.85)
T2 62.55 ± 14.01 (66.72) 52.53; 72.57 (42.01; 77.69)
T3 66.75 ± 12.70 (64.64) 57.67; 75.84 (47.70; 94.14)

Total (K) 59.15 ± 12.30 (58.47) 55.22; 63.09 (35.61; 94.14)

Remanium 2001 (R)

C 53.44 ± 20.74 (48.62) 38.60; 68.28 (14.16; 93.86)
T1 66.94 ± 17.13 (68.66) 54.69; 79.20 (37.90; 99.35)
T2 57.77 ± 4.66 (57.81) 54.43; 61.10 (48.75; 65.67)
T3 57.53 ± 12.57 (56.23) 48.53; 66.52 (44.12; 79.67)

Total (R) 58.92 ±15.28 (57.77) 54.03; 63.81 (14.16; 99.35)

StarLoy C (S)

C 50.64 ± 9.19 (49.69) 44.07; 57.21 (37.70; 66.50)
T1 51.03 ± 6.79 (51.03) 46.17; 55.89 (40.87; 63.83)
T2 53.42 ± 7.98 (55.08) 47.71; 59.13 (39.89; 66.20)
T3 60.43 ± 10.51 (63.17) 52.91; 67.95 (47.51; 74.49)

Total (S) 53.88 ± 9.28 (53.17) 50.91; 56.85 (37.70; 74.49)

Total (Treatment)*

Ca 51.96 ± 13.54 (49.21) 46.91; 57.02 (14.16; 93.86)
T1ab 57.82 ± 13.23 (55.83) 52.88; 62.76 (35.61; 99.35)
T2ab 57.91 ± 10.09 (57.77) 54.15; 61.68 (39.89; 77.69)
T3b 61.57 ± 12.20 (61.85) 57.02; 66.13 (44.12; 94.14)

* Multiple comparisons with Bonferroni adjustment; ab equal letters indicate statistical similarity; C- control; T1 - treatment with HCl-37% for 10 min; 
T2 - HCl-37% treatment for 20 min; T3 - HCl-37% treatment for 30 min.
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50% mixed failure and 50% adhesive failure and StarLoy C 
presenting 30% adhesive failure and 70% of mixed failures.

A poor correlation was found between the type of failure 
(ρ = 0.199) and the MCBS (p = 0.03); a prevalence of mixed 
failures was observed in specimens with higher bond strength. 
There was no correlation between the surface treatment and 
the type of failure (ρ = 0.088; p = 0.338).

4. Discussion
This study aimed to investigate the effect of Co-Cr alloy 

surface treatment with 37% HCl for different exposure times 
on the MCBS. The null hypothesis was rejected, since acid 
treatment for 30 minutes increased the MCBS, regardless 
of the alloy used, with a weak correlation between the type 
of failure and the MCBS.

Acid treatment for 30 minutes generated significant 
increase (18%) in the MCBS compared to the control. These 
results corroborate the findings of Reyes et al.12, who found 
that heated 10% HCl applied for 30 minutes in titanium 

surfaces resulted in greater MCBS than the other groups 
analyzed (polished surface, sandblasting with aluminum 
oxide particles, treatment with aqueous HCl solution and 
nitric acid with or without sandblasting, sulfuric acid, and 
hydrogen peroxide). According to the authors, sandblasting 
with 50 µm aluminum oxide particles contaminated the 
metal surface and modified the surface profile, leading to a 
weak metal-ceramic bond, while the acid treatment provided 
surface roughness and a contact angle that favored wettability, 
increasing the MCBS. In addition, HCl treatment reduced the 
oxide layer on the titanium surface, reducing the formation 
of metal oxides and increasing MCBS. However, our results 
differed from the finding of Lee et al.26 who also compared 
titanium surface treatment with heated 10% HCl for 30 
minutes and sandblasting with 50 and 250 µm aluminum 
oxide particles, and found higher values of metal-ceramic 
bond strength for the sandblasted groups.

We found that for Co-Cr alloys the increase in acid 
concentration from 10 to 37% provided a significant 
improvement in MCBS without heating the solution12,26, 
simplifying and standardizing the technique, which favors 
its use by prosthetic technicians. In addition, the 37% 
hydrochloric acid is commercially available and can be 
applied at room temperature, which allows the reproducibility 
of the technique, avoiding contradictory results such as 
those described by Reyes et al.12 and Lee et al.26, neither of 
which mention the temperature of acid heating, making the 
proposed protocols impossible to reproduce.

The MCBS depends on micro mechanical grip between 
the substrates and the control of oxide layer formation at the 
interface13. The treatment with 37% HCl may have contributed 
with either or both aspects, since shorter application times 
also improved, although not significantly, bond strength 
compared to control (10 min, 11.3% and 20 min, 11.4%).

The MCBS was assessed by the three-point bending 
test according to the criteria of ISO 9693: 201228, which 
establishes 25 MPa as the minimum acceptable value for 
breaking stress. In the present study, all specimens evaluated 
had values greater than 25 MPa, and were thus clinically 
acceptable. However, the group T3 had 18.4% higher mean 
(61.57 MPa) than group C (51.96 MPa), which added with 
easy handling technique and low cost, justifies the use of 
the proposed acid treatment. The three-point bonding test 
was selected because it provides data that is more reliable, 
as it considers the thickness and modulus of elasticity of 
the alloy and provides tensile and shear forces32. Thus, it 
is the most suitable test to evaluate bond strength12,23,26,33,34.

Surface treatments were performed on three Co-Cr 
alloys that have different modulus of elasticity and chemical 

Table 4. Distribution of the type of failures found in all treatments performed on Co-Cr surfaces.

Treatment
Keragen Remanium 2001 StarLoy C Total (treatment)

Adhesive Mixed Adhesive Mixed Adhesive Mixed Adhesive Mixed
C 0 10 5 5 3 7 8 22
T1 1 9 1 9 1 9 3 27
T2 2 8 3 7 1 9 6 24
T3 2 8 2 8 0 10 4 26

Total (alloy) 5 35 11 29 5 35 21 99
C –control; T1 - treatment with HCl-37% for 10 min; T2 - HCl-37% treatment for 20 min; T3 - HCl-37% treatment for 30 min.

Figure 2. Type of failure: A - Adhesive failure; B - Mixed failure.
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compositions (Table 1). The chemical composition can affect 
MCBS by affecting the formation of the oxide layer or the 
coefficient of thermal expansion8. Keragen was the only 
evaluated alloy that had no molybdenum in its composition, 
an element that is added to decrease the coefficient of thermal 
expansion and increase corrosion resistance10. However, all 
three alloys evaluated had similar bond strength, suggesting 
that treatment with 37% HCl for 30 minutes might be 
effective regardless of the Co-Cr alloy used. On the contrary, 
Joias et al.3, when comparing the bond strength among five 
Co-Cr alloys and one Au-Pd alloy, found differences in 
both the observed failure type and the shear bond strength, 
attributing the difference to the distinct components of the 
dental alloys. However, Rathi et al.23 evaluated the MCBS of 
different Ni-Cr structures with different surface treatments: 
oxidation heat treatment; sandblasting; combination of both 
and did not observe a difference.

In all groups, the prevalence of mixed failures was 
observed, that express the best bond strength35. In this work, 
there was no difference in the proportion of adhesive and 
mixed failures among the treatments for each alloy, but the 
treated groups were different to the control group. Thus, 
it is believed that the proposed surface treatment results 
in better standardization of metal-ceramic adhesion, and 
greater predictability of clinical outcomes.

Akova et al.21 reported different percentages of mixed 
and adhesive failures based on the technique for obtaining 
the metallic structures. In the present study, all Co-Cr 
specimens were fabricated by induction casting and vacuum 
centrifugation, and randomly distributed to different surface 
treatment groups. Ekren et al.34 and Tulga36 found 100% of 
mixed failure between metal-ceramic structures, although 
they reported significant differences in bond strength among 
the analyzed groups, probably due to the different alloy 
compositions and the process for obtaining the specimens. 
However, the type of failure was not associated with the bond 
strength, similar to the results of the present study, which 
also found that the type of failure was poorly associated 
with the MCBS, and there was no significant difference in 
MCBS among the evaluated alloys.

In this study, 17.5% of failures were adhesive and 
82.5% were mixed, while Henriques et al.33 reported 80% of 
adhesive and 20% of mixed failures. The different findings 
are probably due to the different techniques used to obtain 
the final specimens. Differently from this study, the authors 
compared the MCBS of a polished and sandblasted CoCrMoSi 
alloy with a low-melting feldspathic ceramic, produced by 
pressing under vacuum. Moreover, although there were 
differences in the MCBS among the alloys, there was no 
correlation with the type of failure.

Regardless of the technique or the type of failure found, 
no study reported a correlation between the type of failure 
and the bond strength21,33,34,36,37, differently from the present 
study, which found a weak correlation between the type 
of failure and the MCBS. The established protocol seems 
promising as it provided increased bond strength in Co-Cr 
alloys. However, this is in vitro study, it does not replicate 
clinical conditions where factors such as humidity, pH change, 
and temperature are present13. In this way, further research 
should be conducted to analyze the influence of 37% HCl on 

other variables, thus confirming the protocol as appropriate 
for Co-Cr metal-ceramic restorations.

5. Conclusion
Based on the findings of this in vitro study, the following 

conclusions were drawn:
• The treatment of the metal surface with 37% HCl 

for 30 minutes increased the metal-ceramic bond 
strength;

• There was no difference in metal-ceramic bond 
strength among the cobalt-chromium alloys used;

• A weak correlation was found between the type of 
failure and the metal-ceramic bond strength in the 
evaluated alloys;

• There was no correlation between the surface 
treatment and the type of failure.

This study was financed by the Coordenação de 
Aperfeiçoamento de Pessoal de Nível Superior - Brasil 
(CAPES) - Finance Code 001.
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