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Abstract

Introduction: There is a growing concern on the development 
of adequate materials to interact with the human body. Several 
researches have been conducted on the development of biomaterials 
for dental applications. Objective: This study aimed to determine 
the microstructural and mechanical properties of a nickel- based 
alloy, after the casting process. Material and methods: The alloy 
was melted through lost wax technique and centrifugation, by 
using blowtorch with liquefied petroleum gas. To evaluate the 
mechanical properties, tensile bond strength and microhardness 
tests were performed. The microstructural characterization was 
performed using scanning electron microscopy (SEM) and energy 
dispersive spectroscopy (EDS). Statistical analyses were performed 
on microhardness results, through Student t test. A program for 
digital image processing was used to determine the percentage of the 
existing phases. Results and conclusion: The tensile strength was 
higher than that reported by the manufacturer, 559.39±25.63MPa 
versus 306 MPa, respectively. However, the yield strength was 
slightly lower, 218.71±29.75 MPa versus 258 MPa, reported by the 
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manufacturer. The microhardness tests showed about 70 HV, far 
above the value informed by the manufacturer (21 HV). It can be 
affirmed with 95% confidence interval that the casting process did 
not alter the material’s hardness. The alloy’s microstructure is formed 
by a matrix with dendritic aspect and gray color and a second white 
interdendritic phase with equally distributed precipitates as well as 
porosities. EDS tests showed that the matrix is rich in nickel and 
chromium, the interdendritic second phase is rich in molybdenum 
and the precipitates in titanium or silicon. The matrix represents 
86% of the area and the second phase 12%.

Introduction

There has long been a concern to restore the 
proper functioning of human body parts when they 
have been adversely affected by either diseases 
and accidents or weariness due to their use. This 
concern also comprises both aesthetical [12, 24] 
and functional issues, consequently leading to 
increasingly detailed studies on materials [17, 30], 
procedures, and surgical techniques.

The materials interacting with a biological 
system are ca l led biomateria ls. Genera l ly, 
a biomaterial should have high mechanical 
resistance, resistance to weariness, and mainly 
biocompatibility, i.e., it does not cause any adverse 
effect when inserted into the human body [16, 
23, 27, 28].

There are a growing number of studies on 
dental reconstructions. The concern about the 
development of construction techniques, materials 
and procedures is justified by the large number 
of people necessitating these services. The most 
frequent surgical procedure executed in human 
beings is tooth extraction [21, 23].

The ideal material for dental reconstruction 
should meet aesthetical and functional requisites, 
as well as to provide long-term confidence [13].

Metal alloys have been used since ancient 
times for tooth reconstructions. The Romans, 
Chinese and Aztecs used gold for this purpose 
for over 2,000 years ago. Metals provided high 
mechanical resistance and fracture toughness, 
being considered ideal for supporting the effort 
existing during the masticatory process. However, 
metals are not aesthetically desirable because they 
cannot mimic natural teeth.

In 1962, Dr. Abraham Weinstein obtained two 
patents to cover gold alloys with porcelain, the 
technique so-called metal-ceramic restorations 
[3]. This technique enables to combine the metal’s 
good mechanical properties with porcelain’s good 
aesthetical finishing.

Gold-based alloys have showed a long-term 
successful history for dental restorations and 
have been considered as gold standard [1, 19]. 
Notwithstanding, due to their increasingly cost, 
they have not been frequently used. Currently, the 
most used alloys for metal-ceramic crowns are 
nickel-based alloys [20, 26]. Nickel alloys were 
introduced into dental market during the 30s [19] 
and they present high mechanical resistance and 
hardness combined to a high fracture toughness 
and excellent resistance to corrosion [23].

The aim of this study was to determine 
the microstructural and mechanical properties 
of a nickel-based alloy, employed as a dental 
biomaterial, after the casting process, identifying its 
mechanical properties of resistance and hardness 
as well as the chemical composition of its phases 
and their percentage in the microstructure. It 
is expected that this study contribute to the 
available knowledge on dental alloys, enabling the 
development of further methodologies to improve 
these materials’ properties.

Material and methods

This study used a nickel-based alloy (FIT 
CAST-SB Plus, Talladium, Brazil). The chemical 
composition provided by the manufacturer is 
60.75% Ni, 25% Cr, 10% Mo, 2% Si, <1% Ti. This 
alloy’s main feature is the absence of beryllium, 
an element generally added to nickel alloys to 
diminish the alloy’s casting temperature, despite 
of its doubtful biocompatibility [22, 26].

Four samples were casted in the Dental 
Prosthesis Laboratory of the School of Dentistry 
of the University of the Rio de Janeiro State 
(UERJ) to perform the tensile strength test. These 
samples were constructed by lost wax technique 
and centrifugation [3] presenting a cylindrical 
shape and 2.5 mm diameter and 30 mm length. 
The cast was constructed with pre-fabricated 
wax sticks with the aforementioned dimensions. 
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We used a casting investment (Micro Fine 1700) 
following the manufacturer’s instructions to cover 
the wax sticks on a vacuum dental vibrator to avoid 
blisters. After 20 minutes, the casting investment 
was put into a furnace, preheated at 750ºC, with 
final temperature of 950ºC, without the need 
of controlling the heating rate, according to the 
manufacturer’s instructions. After 5 minutes, at 
950ºC, the die was removed and sent to the casting 
process. The casting process was executed through 
blowtorch with liquefied petroleum gas (LPG) and 
oxygen, at the following pressures: 27.58 to 34.48 
kPa (4 to 5 psi) and 172.38 to 206.85 kPa (25 to 
30 psi), for LPG and oxygen, respectively. The metal 
casting was executed in a hand centrifuge for dental 
casting. After the cast cooling, the investment was 
removed and the sample was sandblasted with 
50 µm aluminum oxide at 551.6 kPa (80 psi) to 
remove the investment, completely.

For chemical analysis, the tested sample 
(C) and the material sample received from the 
manufacturer (CR) were assessed through atomic 
emission spectrometer (Optima 4300 CV, Perkin 
Elmer Instruments) to determine the percentages 
of nickel, chromium, and molybdenum, which are 
the three main chemical elements in the alloy.

To perform the tensile strength tests of the 
C samples, a universal testing machine (EMIC, 
DL 1000) was used at crosshead speed of 2,000 
mm/min. This machine automatically determines 
the tensile strength and the yield point at 0.2% of 
deformation. The CR sample could not be submitted 
to bond strength test because its morphology 
(sticks with 5 mm diameter and 12 mm length) 
did not allow its placement into the universal 
testing machine.

After the tensile strength test, the C and CR 
samples were submitted to the metallographic 
preparation through sanding and polishing 
techniques to be analysed by scanning electronic 
microscopy (SEM) and Vickers microhardness 
test.

Vickers microhardness test was performed 
according to ABNT Regulation (NBR NM ISO 
6501-7), with load of 0.9807 N for 15 seconds. 
The tests were executed in a microscope 
(Neophot 2, Carl Zeiss) supplied with a device 
for the microhardness test. The mean value of 
the impression diagonals of the penetrator was 
converted into Vickers microhardness value, 
according to the ABNT Regulation (NBR NM 
ISO 6507-4). Two C samples and one CR sample 

were submitted to microhardness test with five 
penetrations in each one.

The null hypothesis tested (H0) by Student t 
distribution prior to the application of analysis of 
variance (F distribution test) was executed in the 
microhardness test results to determine whether 
there would be or not be a significant variation 
between the samples. This test enables to affirm 
whether two groups belong to the same family [8, 
18]. The tests were performed at 95% of bilateral 
confidence (α = 0.05).

SEM (JSM-6460, JEOL) was used to obtain the 
sample’s microstructure images, at BSE mode, 20 
kV, and 80 µA. An energy dispersive spectroscopy 
(EDS) system attached to SEM was employed 
to execute the semi-quantitative analysis of the 
existing chemical elements. Three C samples and 
one CR samples were submitted to SEM analysis. 
For each one of the C samples, ten images of 
random areas were obtained to allow the posterior 
quantification by the image digital processing (IDP) 
technique by ImLab software. We determine the 
ratios of each phase as well as the medium size 
of each metal grain. 

Results

Table I presents the results of the chemical 
analysis of each material, before and after casting as 
well as the values supplied by the manufacturer. 

Table I – Chemical analysis result for the main chemical 
elements presenting in FIT CAST-SB Plus alloy

Element
Amount (% in weight)

Manufacturer CR sample C sample
Ni 60.75 61 62
Cr 25 24.7 24.7
Mo 10 10.5 10.8

The result means of the chemical properties 
of tensile strength and yield point, for four tested 
samples analysed in the tensile strength test 
was 559.39±25.63 MPa and 218.71±29.75 MPa, 
respectively. 

The result means of the Vickers microhardness 
test obtained for two C samples were 70.28±3.10 
HV and 70.99±5.63 HV, and for the CR sample 
was 72.77±4.78 HV.

Table II presented the f and t values of F 
distribution and Student t tests, as well as f and 
t critical values (fc and tc).
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Table II – Microhardness test: f / f
c
 and t / t

c

Results f fc t tc

CR sample and 
sample 1 of C group 3.30 6.39 0.250 2.228

CR sample and 
sample 2 of C group 2.38 6.39 0.981 2.228

Samples 1 and 2 of 
C group 1.39 6.39 0.539 2.228

Figure 1 and 2 shows, respectively, the material’s 
microstructural aspect of C and CR sample.

Figure 3 – EDS spectrum obtained for a significantly 
large area of the sample

EDS technique was also used to determine the 
chemical composition of each identified individual 
phase. Figure 4 exhibits an image of the material’s 
microstructure. The marked points (n=3) indicates 
the sites were the EDS tests were performed at the 
selected areas. The points 1, 2, and 3 are marked 
in figure 4 on the areas of the black, white, and 
gray phases, respectively. The spectrums obtained 
from these areas (1, 2, and 3) are shown in figures 
5, 6, and 7, respectively.

Similar EDS spectrums were obtained for 
all points performed at the white and gray areas, 
regardless of the sample. On the other hand, the 
black areas varied from silicon (point 1 in figure 4) and 
titanium precipitates to simply material’s porosities. 
All samples presented the three types of results. 

Figure 1 – C material microstructural aspect, x 750 
magnification, SEM, BSE model

Figure 2 – CR material microstructural aspect, x 750 
magnification, SEM, BSE model
 

The semi-quantitative chemical analysis 
performed by EDS technique in a relatively large area 
of the specimen showed a similar result, regardless 
of the tested condition (C or CR). Figure 3 shows 
the EDS spectrum to exemplify these results. 

Figure 4 – Alloy’s microstructure. The points 1, 2, and 3 
indicate the areas selected for the EDS test
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Figure 5 – EDS spectrum of point 1 from figure 4

Discussion 

The results from the chemical analysis (table I) 
indicated that the material’s composition is in 
agreement with that specified by the manufacturer. 
Considering the analysed elements, it could be 
observed that there was no variation of the alloy’s 
chemical composition, before and after the casting 
process.

The bond strength test results indicated that 
the material presents a tensile strength limit of 
559.39±25.63 MPa, greater than the value provided 
by the manufacturer (306 MPa). However, the yield 
point value was 218.71±29.75 MPa, slightly lower 
than the manufacturer’s value (258 MPa). It should 
be noted that the manufacturer does not indicated 
the metallurgy state of the material and it does not 
provide data on the manufacturing process used 
for obtaining the samples, which makes the direct 
comparison of the results difficult.

In a study comparing an alloy (Tilite Star 
– 13.5% Cr; 6% Mo; 4% Ti; Bal. Ni; Talladium 
Inc., Valencia, EUA) with chemical composition 
similar to that of our study, the authors found a 
higher mechanical tensile strength value (1050±74 
MPa) for the material casted through the same 
technique used in this study [6]. One of the possible 
hypotheses for this occurrence is that the alloy has 
a large amount of titanium, which tends to form 
high-hardness carbide, increasing the material’s 
mechanical resistance [19]. It is also known that 
variations in the alloy’s chemical composition 
provided by the manufacturer may generate this 
type of difference [11, 25].

Although the Vickers hardness values are not 
presented, the manufacturer makes them available 
for our study. To convert HV to MPa values, it 
is necessary to multiply the result by 9.807 [15]. 
Therefore, the manufacturer’s hardness value is 
20.70 HV, a value very lower than those obtained 
by our study (70 HV). Despite the fact that this 
study’s values are above those informed by the 
manufacturer, it should be emphasized that the 
metallurgy state and the manufacturing process 
of the material used by the manufacturer were 
not provided. It is known that such parameters 
can strongly affect the material’s mechanical 
properties [4, 9].

As seen in table II, f values are smaller than 
fc values. Therefore, it can be affirmed that the 
groups present the same variance, allowing the 
application of the Student t test. The results of the 
hypothesis test revealed a reliability of 95% that 
the null hypothesis was accepted. Consequently, 

Figure 6 – EDS spectrum of point 2 from figure 4

Figure 7 – EDS spectrum of point 3 from figure 4

The results obtained from IPD indicated that 
86.64% of the microstructure was formed by gray 
matrix, 12.20% by white second phase, and 1.16% 
by black areas.

Figure 8 displays the distribution of the grains 
from the white phase for the specimens of C group, 
through IPD technique.

Figure 8 – Distribution of the white phase’s grain size
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there was no variation between the results of the 
microhardness test between C and CR groups.

SEM instead of optical microscopy was chosen 
to perform the microstructural characterization due 
to the method’s simplicity, which did not require 
chemical attacks that would be necessary to the 
microstructural observation in the optical system. 
There is a proven difficulty in finding efficient 
chemical attacks to reveal clearly the dental nickel 
alloys’ microstructure [14].

By observing figures 1 and 2, one can note that 
the alloy has a dendritic structure (typically obtained 
in casting pieces) for the gray phase, a second white 
interdendritic phase, and black precipitates as well 
as the presence of porosities. The casting process 
did not alter the material’s dendritic geometry; 
however, it increased the dendrites’ mean size. It 
is known that the material’s grains size can alter 
its properties, mainly the mechanical resistance, 
in a way that the lesser the grains the greater the 
resistance. Notwithstanding, the material here 
studied probably did not exhibit an increase in 
the mechanical resistance because the latter is 
directly proportional to the hardness which did 
not increase after the casting process, according 
to the hypothesis tested.

By examining the microstructure of a dental 
nickel-based alloy, so-called Matchmate (62.2% Ni; 
25% Cr; 9,5% Mo; 3.3% Si; Davis Schottlander 
and Davis, Herts, UK), some authors found a 
microstructural aspect very similar to that of our 
study [29]. Some authors, in another study in which 
they examined the microstructure of the dental 
nickel-chromium alloys Cast-V (14% Cr; 8.5% Mo; 
1.8% Be; 1.7% Al; Bal. Ni; Talladium Inc., Valencia, 
EUA) and Tilite Star, found a structure composed 
by a gray matrix (dendritic) and a second lace-like 
phase (interdendritic) for both alloys. The presence 
of precipitates in the Tilite Star alloy which has 
titanium in its composition was highlighted by the 
authors [15]. Another study also obtained a similar 
microstructure when characterizing the NP XIII 
(76.5% Ni; 14% Cr; 4.5% Mo; 2.5% Al; 1.6% Be; 
0.5% Co; 0.4% Ti; Nobilium, Albany, NY) [14].

The EDS spectrums executed in large areas 
of the samples (figure 3) indicated the significant, 
already expected presence of nickel, chromium, 
molybdenum, and silicon. Iron and aluminum was 
seen in little intensity. From these aforementioned 
elements, only iron and aluminum were not 
mentioned by the manufacturer. Therefore, they 
may be classified as contaminants. It should 
be noted that the presence of these elements is 
not associated to any contamination during the 
casting process, once the sample provide by the 

manufacturer also contained aluminum and iron 
peaks in its spectrum.

When aluminum is added to nickel-based 
alloys, it tends to combine with nickel, forming 
well-arranged phases which necessitate of large 
magnifications (about 10,000 times) to be observed. 
Therefore, these phases would not appear in the 
micrographs obtained by this study [7].

Also through EDS technique, the chemical 
composition of Tilite Star alloy was analysed by 
other researchers. Although the manufacturer does 
not indicate the aluminum presence, the results 
obtained by the study indicated that the alloy 
contained aluminum in its composition [5].

When EDS was used to determine the chemical 
composition of each phase, individually, it was 
observed that the gray phase is mainly composed 
by nickel and chromium, containing low levels of 
molybdenum (figure 6). The interdendritic phase 
(white) is rich in molybdenum (figure 5). The black 
points could be precipitates rich in titanium, silicon, 
or only porosity within the material.

It is known the titanium tendency towards 
forming precipitates, generally as carbides. In alloys 
containing titanium, some studies indicated the 
presence of precipitates; however, their types were 
not identified [5, 14].

Other authors, by analyzing the chemical 
composition range existing along the Matchmat 
alloy’s microstructure (with a chemical composition 
similar to this study’s alloy), found a matrix rich 
in nickel and chromium, in addition to a second 
interdendritic phase rich in molybdenum and silicon. 
The microstructure showed in the study showed 
the presence of precipitates, however the authors 
did not investigated their type [29].

We did not find studies in literature quantifying 
the percentage of each phase of the dental nickel 
alloy. However, it was not possible to compare 
our results to the studies already published. IPD 
allows determining precisely the amount and size 
of each area of the image. The software is capable 
of counting each pixel of the chosen area through 
the difference of shades existing among them, 
obtaining an accurate result [2, 10].

Through IPD, it was possible to determine the 
amount of each phase within the alloy after the 
casting process (86.64% of gray phase; 12.20% of 
white phase; and 1.16% of black areas, as previously 
mentioned). Because all black areas have the same 
shade, it was not possible to determine the amount 
of porosity, titanium and silicon precipitates, 
independently. The second white phase’s grains 
were, generally, of small size, presenting mostly, 
up to 10 µm².
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Conclusion

The casting process, when executed according 
to the manufacturer’s instructions, did not alter 
the alloy’s chemical composition.

This study’s alloy presented, after the casting 
process, a tensile strength limit of 559.39±25.63 
MPa higher than that informed by the manufacturer; 
a yield point of 218.71±29.75 MPa, slightly lower 
than that informed by the manufacturer.

The microhardness value found was 70.28±3.10 
HV and 70.99±5.63 HV, for the C samples, and 
72.77±4.78 HV for the CR sample, values well above 
of 20.70 HV provided by the manufacturer. It can 
be affirmed with 95% of reliability that the casting 
process did not modify the alloy hardness.

The alloy microstructure is formed by a 
gray matrix of dendritic structure, a second 
interdendritic white phase of lace aspect and 
black precipitates, in addition to porosities. These 
shade differences allowed the use of analysis and 
digital processing techniques for the accurate 
quantification of the present phases. The matrix 
is rich in nickel and chromium, the interdendritic 
phase in molybdenum and the precipitates are rich 
in silicon or titanium.

The material’s microstructure provided by the 
manufacturer has an interdendritic phase mean size 
smaller than that of the casted alloy (qualitative 
analysis). 
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