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Bending strength and hardness
comparison of titanium and cobalt-
chromium alloys for dentures made
by selective laser melting

Leen Audi™ & Ammar Almustafa

This in vitro study presents new comparative results for titanium alloy (Ti6Al4V) and cobalt-
chromium alloy (Co—Cr) used in removable dental prostheses, including the 3-point bending test and
microhardness. For the 3-point bending test, two groups of specimens were designated as group
Ti6Al4V and group Co-Cr. For each group, 10 specimens with dimensions of 0.5 x 3 x 25 mm according
to ISO 9693-1 were prepared. The Micro-Vickers hardness was measured for 6 specimens of each alloy,
with a cylindrical shape (approximately 10 mm in diameter and 3 mm in height). Specimens were
prepared with a selective laser melting system for selective laser melting alloys. Different grading of
silicon carbide (SiC) papers was used to polish the prepared samples. The surface contaminants were
cleaned ultrasonically with acetone and deionized water for at least 10 min. Data were analyzed using
Welsh and Mann-Whitney U tests (a=0.05). No difference in stress values was detected between
groups (P=0.087). However, Ti6Al4V showed higher strain lower modulus of elasticity, and lower
microhardness (P <0.05).

Keywo rds Titanium alloy (Ti6Al4V), Cobalt-chromium alloy (Co-Cr), SLM, 3-point bending test, Stress,
Strain, Modulus of elasticity, Microhardness

Removable prostheses are still widely used, which calls for attention to be developed and made more accurate,
lighter, better in retention, stability and support, provide a good level of comfort for the patient, have a socially
acceptable appearance, and have a reasonable cost!. Metal frames form the basis of which removable dentures
are made, so the dentist must take into account the way the metal frame is prepared and the type of metal used
as they affect the quality and effectiveness of the denture'.

There are several methods for making metal structures, including the traditional casting method or what is
known as the Lost Wax Technique, which was one of the first methods developed?. However, it is fraught with
problems and difficulties, as it is not able to produce complex prostheses in an ideal shape, and there is difficulty
in the casting of metal alloys due to oxidation and high melting point?.

In addition to this, changes occur in the dimensions of the metal structures as a result of thermal contraction
during cooling, and the finishing and polishing procedures are more complex and take more time?. The casting
process includes successive stages that prevent obtaining the necessary accuracy, and lead to the appearance of
defects such as porosity, warping, and defective edges®.

In contrast, other modern methods that work according to the computer-aided design and manufacturing
system (CAD-CAM) have seen great advancement. For example, the selective laser melting method (SLM)
has proven successful and highly efficient’. Moreover, it enjoys high speed and has the ability to produce
complex-shaped structures with unique mechanical properties superior to its traditional counterpart®. Additive
manufacturing (AM) has changed the way medical implants are made in recent years by making it possible to
create parts that are very specific to each patient. With the layer-by-layer building method, it’s easier to get complex
internal shapes, better mechanical performance, and better surface properties than with traditional methods.
AM technologies, like SLM, are being used more and more not just in dentistry but also in the production of
orthopaedic, cardiovascular, and maxillofacial implants. This shows that they have a lot of potential to improve
clinical outcomes and treatments that are tailored to each patient*.
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Fig. 1. Arithmetic means of stress values in the two research groups.

Variable studied | Type of metal | Number of samples | Mean | Standard deviation | Minimum | Maximum
Ti6Al4V 10 4050 | 1141.39 3000 6000
Co-Cr 10 3200 | 823.27 2000 4500

Stress (Mpa)

Table 1. Mean, standard deviation, minimum, and maximum stress values in the two research groups.

SLM is an additive manufacturing technology that uses a high-power laser beam to melt certain areas of
a powder bed and build metal parts layer by layer. This process makes it possible to make parts that are very
complex in shape, work very well mechanically, and waste very little material. The method has been used more
and more in dentistry and biomedicine because it is accurate and can be used on complicated anatomical
shapes™®,

As for alloys, cobalt chromium is one of the most common for fixed and removable dental prostheses’. On
the other hand, titanium and its alloys are commonly used in maxillofacial prostheses and implants®. Titanium
is the most common alloy used in the medical fields within the body’s hard and soft tissues®. However, it is still
less common in dental applications such as crown structures, bridges, and removable dental appliances’.

It is also known that titanium has a very light atomic weight equivalent to half the weight of other non-
precious metals, including cobalt chromium!?, which is vital for structures that cover the entire palate or for
those prostheses where we need to overcome the effect of gravity!. In addition, it has high flexibility that allows
clasps to be placed in deeper retention areas than those recommended for cobalt-chromium clasps, thus,
achieving a better cosmetic aspect and periodontal health!!, and it may be an alternative for patients who are
sensitive to cobalt chromium!2.

Therefore, these advantages warrant expanding the scope of the use of titanium in the field of dentistry and
giving it more research and attention. This research aims to conduct a comparative laboratory study between
the titanium alloy (Ti6Al4V) and the cobalt chrome alloy (Co-Cr) used in the structures of removable dental
appliances and prepared by the selective laser melting method (SLM), focusing on two mechanical properties:

1. 3-point Bending Test.
2. Microhardness.

Results

This section presents the results of the three-point bending and microhardness tests conducted on the Ti6Al4V
and Co-Cr specimens. The mechanical behavior of the two alloys was evaluated and compared based on stress,
strain, modulus of elasticity, and surface microhardness.

3-Point bending test
Stress
The stress averages (in MPa) were calculated for each of the research groups Fig. 1, then other statistical variables
were calculated and organized in Table 1.

Mann-Whitney U test did not show significant differences in the mean ranks of the two groups P=0.087.
(95% CI = [0, 1500], r,, = 0.45).
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Fig. 2. Arithmetic means of the strain values in the two research groups.

Strain Ti6Al4V

1.565

0.048

1.5

1.634

(%) Co-Cr

1.347

0.258

0.956

1.758

Table 2. Mean, standard deviation, minimum, and maximum strain values in the two research groups.
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Fig. 3. Arithmetic means of the elastic modulus values in the two research groups.

Strain

The strain averages were calculated for each of the research groups Fig. 2, then other statistical variables were

calculated and organized in Table 2.

Welchis ¢-test (Levene’s Test p=0.009) showed a significant difference in the mean values of the two groups

P=0.026. (95% CI = [0.031, 0.4], cohen’s d =1.164).

Modulus of elasticity (Young’s modulus)

The elastic modulus means (in GPa) were calculated for each of the research groups Fig. 3, then other statistical

variables were calculated and organized in Table 3.

Welchs ¢-test (Levene’s Test p=0.007) showed a significant difference in the mean values of the two groups

P<0.001.(95% CI = [46.169, 101.595], cohen’s d =2.66).
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Ti6Al4V 10 154.1 8.616 144.2 169.4
Co-Cr 10 227.98 | 38.325 176.39 294.55

Modulus of elasticity (Gpa)

Table 3. Mean, standard deviation, minimum, and maximum elasticity of modulus values in the two research
groups.
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Fig. 4. Arithmetic means of microhardness in the two research groups.

Ti6Al4V

f=))

645.98 | 57.64 564.70 723.40 0.888
797.92 | 14.57 776.20 821.00 0.702

Microhardness
Co-Cr

f=2}

Table 4. Mean, standard deviation, minimum, and maximum of microhardness in the two research groups.

Microhardness
The microhardness means were calculated for each of the research groups Fig. 4, then other statistical variables
were calculated and organized in Table 4.

Welchs t-test (levene’s P=0.04) showed a significant difference in the mean values of the two groups P=0.001.
(95% CI = [91.6, 212.28], cohen’s d=3.614).

Discussion

The contribution of this study lies in its comparison between Ti6Al4V alloy and Co-Cr alloy, both of which were
prepared using a modern method, selective laser melting (SLM). It also highlights the potential for expanding
the application of Ti6Al4V alloy in prosthetic dentistry, given its aforementioned advantages. The comparison
of these two alloys in terms of 3-point bending test and microhardness was also chosen due to their clinical
importance. The objectives of this study differ from previous studies in that the latter compared the mechanical
properties of each alloy separately. For example, some studies compared cobalt-chromium alloys prepared
by different methods, such as the traditional casting method, the milled method, the selective laser melting
method, and others”!*-22. Other studies compared different titanium alloys in their chemical composition such
as, commercially pure titanium alloy (grade 2), titanium alloy Ti6Al4V (grade 5)!?%, and other alloys; or they
studied a single alloy, such as Ti6Al4V, by preparing it using different methods and comparing them??4-2%, The
statistical analysis showed no significant difference in the mean stress values between the two tested groups.
The Ti6Al4V alloy specimens recorded a mean stress of approximately 4050 MPa, which was relatively close
to the 3200 MPa measured for the Co-Cr alloy specimens. This indicates that both materials exhibited similar
resistance to deformation under the 3-point bending test conditions. Due to the novelty of this study and the
limited availability of prior research using the same bending test, comparisons were made with previous studies
that investigated stress values under tensile testing. Although the testing methods differ, the average stress values
reported in those studies were relatively close to each other, suggesting a comparable mechanical behavior trend
among the same alloys. This general agreement in trend can be seen in the results of Wu et al. (2014), Klimek,
Buthak, & Smielak (2024), Okazaki & Ishino (2020), and Dobrzanski et al. (2020)4%7-2°. Hence, despite the
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Group Co Cr w Mo |Si Nb, Mn, Fe & N
Co-Cralloy | 62.5% |24.6% | 8.5% |2.9% |13% |<1%

Table 5. Co-Cr alloy compositions provided by manufacturers (wt%). Co, cobalt; Cr, chromium; W, tungsten;
Mo, molybdenum; Si, silicon; Nb, niobium; Mn, manganese; Fe, iron; N, nitrogen.

Group Al A% Fe o N H C Ti
Ti6Al4V alloy | 6.5-5.5% | 4.5-3.5% | <0.25% | <0.13% | <0.03% | <0.008% | <0.008% | the rest

Table 6. Ti6Al4V alloy compositions provided by manufacturers (wt%). Al, Aluminum; V, Vanadium; Fe,
Iron; O, Oxygen; N, Nitrogen; H, Hydrogen; C, Carbon; Ti, Titanium.

difference in testing approaches, the similarity in stress ranges reinforces the mechanical reliability of Ti6Al4V
as a promising alternative to Co-Cr in dental frameworks. In the 3-point bending test, the specimens exhibited
noticeable deflection prior to fracture. The statistical analysis demonstrated a significant difference in the mean
strain values between the two groups. Ti6Al4V specimens showed a higher mean strain (approximately 1.565%)
compared to Co-Cr specimens (approximately 1.347%), indicating a greater degree of deformation before
failure. Although the testing method in the current study differs from those used in previous research—where
strain was typically assessed under tensile testing—our findings are in agreement with the general trend reported
by Wu et al. (2014) and Cherneva et al. (2023)'*26, in which Ti6Al4V exhibited higher strain values than Co-
Cr. This higher strain capacity may offer clinical advantages in cases where greater flexibility and deformation
tolerance are desired, such as in extensive removable prosthetic designs or in anatomically complex cases. The
statistical analysis revealed a significant difference in the mean values of the modulus of elasticity between the
two groups. Ti6Al4V alloy specimens exhibited a lower mean modulus of elasticity (approximately 154.1 GPa)
compared to Co-Cr alloy specimens (approximately 227.98 GPa). This indicates that the Ti6Al4V alloy is more
flexible (less rigid) than the Co-Cr alloy. These findings align with previous studies, such as those by Dolgov et
al. (2016) and Wang et al. (2018), where the modulus of elasticity for Co-Cr alloys prepared via the SLM method
ranged between 200 and 213 Gpa'®*. Additionally, the results are consistent with those of Tao et al. (2019)
and Wojtaszek et al. (2013), who reported that Ti6Al4V alloys prepared by SLM had a modulus of elasticity in
the range 103 and 117 GPa**2 This difference in the modulus of elasticity further emphasizes the contrasting
mechanical properties of the two alloys. Ti6Al4V offers more flexibility, which could be advantageous in
prosthetic designs requiring more deformation tolerance, particularly in cases where the material needs to adapt
to complex anatomical structures or when higher levels of patient comfort are necessary. On the other hand,
Co-Cr alloys provide greater rigidity, which may be beneficial in applications requiring higher stiffness, such as
in fixed prosthetic structures or areas subject to greater mechanical stresses. According to the results obtained
at the 95% confidence level, there is a statistically significant difference in the mean values of microhardness
(Vickers) between Ti6Al4V and Co-Cr alloys. The mean microhardness of Co-Cr alloy (about 797 Vickers)
is higher than the microhardness of Ti6Al4V alloy (about 645 Vickers). In this result, we agree with previous
studies (Cosma, Moldovan, Simion, & Balc, 2022), (Zeng et al., 2014), (Ghadhban & Hasan, 2022), (Gao et al.,
2021), (Foudzia et al., 2024), and (Ghio, Cerri, Riccio, & Sisti, 2022)71%33-36_ in which we observed that the
values of Co-Cr microhardness are higher than the values of Ti6Al4V microhardness. A limitation of the current
study is that it was conducted on laboratory samples, without clinical results being known under the influence
of various occlusal forces and factors that cause localized deformation on the surfaces of metal frameworks.
Furthermore, it is necessary to evaluate the resistance of direct retainers to bending forces when modified by a
dentist. Therefore, similar clinical studies are recommended.

Materials and methods

For the 3-point bending test, two groups of specimens were prepared: the titanium group (Ti6Al4V) and the
cobalt-chromium group (Co-Cr). Each group included 10 specimens with dimensions of 0.5 x 3 x 25 mm, in
accordance with I1SO 9693-1'*!7. Micro-Vickers hardness was measured for 6 specimens of each alloy, using
samples with a cylindrical shape approximately 10 mm in diameter and 3 mm in height'>.

A selective laser melting (SLM) machine designed for dental applications (SISMA MYSINT 100, Vicenza,
Italy) was used to fabricate the two groups. The system operates with a 200 W fiber laser and a beam control unit
enabling X-Y axis movement. The processing parameters included a scanning speed of 0.8 m/s, a layer thickness
of 30 um, and a beam spot size of 55 um. The only difference between the two alloys was the protective gas: argon
for Ti6Al4V and nitrogen for Co-Cr. All specimens were fabricated at the same build orientation of 45°. The
Co-Cr alloy utilized was Realloy C Powder (Krefeld, Germany), while the Ti6Al4V alloy powder was Titanium
Alloy - Grade 5 (Guangzhou, China). Their compositions are shown in Tables 5 and 6.

Polishing of the prepared samples was performed sequentially using silicon carbide (SiC) abrasive papers
with grit sizes of (150, 200, 400, 600, 800, 1000, 1200, and 2000), spending approximately 2 min at each grit size.
After polishing, the samples underwent ultrasonic cleaning for a total of 10 min: 5 min in acetone followed by
5 min in deionized water.

The testing machine recorded the 3-point bending is a DY34 general mechanical testing device from
ADAMEL LHOMARGY, France). Each end of the specimen was placed on a supporting column, and the
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span length was 25 mm. A crosshead was loaded at the center of the specimen at a speed of 1.0 mm/min until
fracture occurred. Stress (o), strain (¢) and modulus of elasticity (E) were calculated according to the following
equations, respectively: o=3FL/(2bh"2 ), e=6h8/L 2 and E = (FL73)/4816°%. Micro-Vickers hardness was
measured, with a hardness tester (Galileo Durometria, Antegante, Italy). All the tests were conducted with a
load of 300 g and a contact time of 15 s with the application of a 136-degree diamond pyramid penetrator. Each
specimen was measured at 3 points around the center, and then the average of these three measurements was
calculated. Statistical analysis was performed using SPSS V25 (USA, IBM). Welch’s test was used to compare
mean group values due to the lack of variance homogeneity after confirming the normal distribution (Shapiro-
Wilk’s P>0.05). Otherwise, the Mann-Whitney U test was used. The significance level was set at 0.05.

Conclusions
From the results of this research, we can conclude the following:

1. Both Co-Cr and Ti6Al4V have similar stress values.

2. Ti6Al4V has higher strain values than Co-Cr.

3. Ti6Al4V has a smaller modulus of elasticity than Co-Cr, thus higher elasticity and lower stiffness.
4. Co-Cr has higher microhardness than Ti6Al4V.

Data availability

The data provided for the results presented in this study is available through the corresponding author upon
request.
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