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Abstract: In this investigation, Cu-Ni alloys for possible fixed dental prostheses (FDPs), with different
aluminum additions, were produced using vacuum atmosphere. Annealed alloys (He atmosphere) with low
aluminum concentration showed a coarse dendritic structure, while samples with high aluminum
concentration showed a refined dendritic structure. Structural defects analyses have shown relatively low
vacancy concentrations. Hardness value increases approximately five times for the alloyed samples compared
with the as-cast and unalloyed samples. Compression test results have shown a noticeable strengthening
improvement, mainly in samples heat treated with 10 at % Al, while samples with 5 at % Al also presented
acceptable resistance. Results are discussed in terms of dislocation mobility and hardening precipitation
mechanism.

Keywords: Copper Nickel alloys; Hardness; Mechanical Properties; Heat Treatment

1. Introduction

Alloys for different technological and highly specialized applications are required now day,
specifically in dental industry copper-nickel based alloys can be these alloys due to their excellent
mechanical and physical properties providing good structural resistance [1,2]. Copper can be easily
alloyed with a wide range of metals, which makes it very useful element for several applications.
However, binary alloys exhibit some mechanical limitations; hence, many of the investigations focus
on the addition of a third or fourth element instead of the binary copper-nickel alloys, mainly to
produce an effect on the microstructural [1-4] and mechanical properties [5-9]. H. Fu [10], studied
the mechanical properties of Al-Cu-Ni alloys by controlling the solidification process and modifying
the stress state of grain boundaries, restricting intergranular cracking caused by local stress
concentration. Martinez [11] developed an analysis with zirconium additions as ternary element in
Cu-Ni-based alloy by means of mechanical alloying and hot-pressing conditions, achieving a
significant increment in hardness but also in brittleness. On the other hand, nickel, as a reinforcing
element, has been widely used in super-alloys due to its good mechanical and chemical properties,
and extensive research has also been developed related to its corrosion resistance in different
environments [12-19]. Density studies in materials and their correlation with thermal point defects,
always has been an important issue to be considered to understand the cause of possible emerging
structural defects. Then, due to aluminum has a density approximately one third lower in comparison
with nickel and copper (2.7 and 8.96 g/cm? respectively), these alloys can be considered for
applications like automotive, aerospace, dental industry, and in general where low density is
required. It is well known that heat treatment under inert atmospheres may allow a better controlled
cooling rate diminishing residual stresses formation. Thus, the novelty of this work lies in the
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influence of the aluminum additions as well in the heat treatment effect via vacuum and He
atmosphere on the microstructure and physical-mechanic properties of the Cu-Ni and Cu-Ni-Al
alloys as potential material in the dental industry.

2. Materials and Methods
2.1. Materials Synthesis

Copper-nickel alloys were obtained using high purity elements (99.999) employing an induction
furnace unit, melted in a quartz crucible under vacuum conditions (103 torr). Table 1 shows the alloy
designation taking in consideration the nominal compositions, considering an extra amount of
aluminum due to evaporation. Heat treatments were performed under He atmosphere (3ml/min) at
600°C for 120 minutes. Specimens under these conditions were designated with TT.

Table 1. Alloy designation with the nominal compositions for the Cu-Ni-Al alloys (as cast and heat-
treated condition).

Nominal Composition [wt. %]

Alloy Designation

Cu Ni Al

AB 90.68 9.31 --

ABTT 90.68 9.31 --
AT5 78.44 19.32 2.22
AT5TT 78.44 19.32 2.22
AT10 75.49 19.92 4.57
ATI10TT 75.49 19.92 4.57

2.2. Metallographic Evaluation

Specimens were ground up to 600 SiC paper grinding for posteriorly be polished with Alumina
with a particle size of 0.03 um. Samples were etched with a reactant of 5g Fe2Cls, 25ml HCl and 70 ml
deionized water. Microstructure and surface analyses were carried out in an LEO-1450VP scanning
electron microscope, and chemical analyses were performed using the EDS system attached to the
equipment.

2.3. Physical Properties

Density measurements were carried out by using an AccuPyc II 1340 Tec He-Pycnometer,
developing 10 evaluations for each sample, while lattice parameter measurements were obtained
from X-ray diffraction patterns with internal silicon powders as standard using a Bruker X-Ray
Diffractometer equipment with CuK radiation 1.54 A.

2.4. Mechanical Testing Evaluation

Hardness measurements were carried out on the sample’s surface (previously polished with
diamond paste with 0.03 um average size), using a LECO Microhardness tester Leco LM300AT, with
0.2 kg load and 15 s holding time. For compression tests, specimens with cross sections of 5x5 mm
and 10 mm high were machined by using an electro-discharge machine. After that, specimens were
ground up to 600 paper grinding, obtaining parallel opposites surfaces, and compressed using an
Instron 4501 testing machine with a strain rate of 10 s1.

3. Results and Discussion

3.1. Microstructural Characterization

Figure 1 shows the alloy’s microstructure without and with heat treatment, where it can be
observed that the microstructure is dendritic type in both conditions. However, in untreated alloys
with 0, 5, and 10 at% Al, predominantly a coarse dendritic structure is observed. On the other hand,
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samples in the annealing condition present a refined dendritic structure. Lei [2] reported a similar
result in Cu-Ni-Si alloys. In these images, it can be observed a reduction in the inter-dendpritic spacing
as well as in the dendrite arm length, preferentially in samples with heat treatment. This effect is
attributed to a saturation of aluminum atoms in the Cu-Ni structure where posteriorly aluminum
segregation is promoted through the inter-dendritic regions, possibly due to a diffusion process. This
mechanism occurs when aluminum atoms with lower atomic radii in comparison with Cu and Ni
(0.5 A) take preferential positions in the Cu-Ni lattice during the casting-solidification process; hence,
analyzing the images in Figure 1, it is observed the apparition of a second phase in samples with 10
at. % Al, indicating that aluminum solubility in the Cu-Ni alloy is lower than the mentioned
composition. On the other hand, in the heat-treated samples, it is observed a significant amount of
precipitates randomly distributed over the surface in comparison with samples untreated, it is
important to take into consideration this observation due to the affectation on the mechanical
properties of these alloys.

10 um
——

20 um 10 um
—

Figure 1. -Comparative analysis by SEM of microstructures for heat-treated (a, ¢, and e) and as cast
alloys (b, d, and f).

3.1.1. Lattice Parameter Analyses

Lattice parameter measurements were carried out in order to understand the lattice parameter
affectation in samples with different aluminum additions and also with and without thermal
treatment. In Figure 2 it can be observed that for alloys with 5 and 10 at. % Al, the lattice parameter
decreases as the aluminum content increases, and the observed slope for heat-treated higher
aluminum content (10 at.%) diminishes in comparison with the alloys of lower aluminum content,
indicating a considerable lattice contraction. This was expected because the number of nickel atoms
substituted by aluminum atoms in the lattice increases, obtaining the calculated reduction for 5 and
10 at.% Al of 0.012 and 0.011 A, respectively. In addition to this observation, these variations indicate
enough lattice distortion that may promotes dislocation generation, i.e., Burguers Vector has been
affected as the lattice parameter was modified, which means that exists some interference on the
dislocation mobility which produces plane misalignment. Thus, it is important to note in the plot that
points for the different aluminum compositions do not fit a straight line along the aluminum
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compositions because this lattice parameter reduction is not only produced due to the aluminum
saturation but for the presence of the observed precipitates on the sample’s surface.
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Figure 2. - Variation of the lattice parameter as a function of aluminum content and thermal
treatment.

3.2. Physical Properties

3.2.1. Density and Thermal defects evaluation

Materials with low density and good mechanical resistance are interesting from the engineering
point of view, specifically in the present case for fabrication of dental post and core; the latest always
has been designed to support artificial crowns showing excellent fracture resistance to the roots;
therefore, to evaluate the aluminum effect on the alloys, density measurements were carried out in
samples with different condition. Table 2 shows that the density values decrease as the aluminum
content increases, which is not surprising since aluminum atomic weight is lower in comparison with
copper and nickel density in a ratio close to 3:1. Therefore, because aluminum addition is considered
substitutional inner the alloy [2], then it is necessary to evaluate if during solidification thermal
defects were produced. Whereby, calculations of vacancy concentration were carried out taking in
consideration the density values obtained in Table 2 and using the following relation described by
Zhu [20].

Cv = pXRD—ppyc )

ppyc

where:
Cv=Vacancy concentration

Oxro = Density obtained by X-ray diffraction

Opy= Density obtained by He-Pycnometry.

It is important to note that the obtained results of vacancies concentration (see Table 2) are lower
than 1.0 %, which means that minimal thermal defects exist. These results have shown to be lower
than the experimental error. Among the mechanisms that can produce a lattice parameter reduction,
vacancies are one of the most common defects during the casting process. Nevertheless, due to the
low range of vacancy concentration obtained for all alloys, it is demonstrated that using this process
under vacuum conditions and the applied heat treatments under He atmosphere, a considerable
thermal defects reduction was obtained. Thus, it is observed that defects generation by the
incorporation of aluminum atoms inner the structure was controlled in a low range (since He
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possesses small atomic radii), allowing aluminum atoms may occupy the most possible spaces in the
crystal structure and therefore diminishing the vacancies generation.

Table 2. Density values obtained from X-ray diffraction and He-pycnometer.

Alloy designation Density by X-ray DIe’;::ZIEZt?ye- Vacancy Concentration
Diffraction [g/cm3] [%]
[g/cm?]

AB 9.5601 9.5594 0.0073

ABTT 9.5581 9.5570 0.0115

AT5 9.2085 9.2011 0.0804
ATSTT 9.2071 9.2038 0.0358
AT10 8.9347 8.9307 0.0447
ATI10TT 8.9304 8.9257 0.0526

The former results show that the alloys present a good performance due to the density values
produced by the aluminum incorporation into the alloys. This fact permitted consideration of the use
of the material in multiple posts without a considerable increment in weight on the jawbone. On the
other hand, the knowledge of the low index of thermal defects found in the alloys gives the reliability
of the structural integrity of the post-dental, and it will not develop micro-cracks formation when a
chewing process is carried out.

3.3. Mechanical Characterization

3.3.1. Hardness Evaluation

In dental applications, it is important a balance the hardness of the system components (dental
post and crown); in other words, it is very important to get internal materials with a moderated
hardness that supports the crown (hard material). This combination, in consequence, produces the
necessary toughness to support the stresses generated by the contact between teeth. In this way,
hardness evaluation was carried out in the as-cast and annealed samples. The results are shown in
Figure 3, where it can be observed for samples without heat treatment, the average hardness value
of ternary AT5 and ATI10 alloys is 260 kg/mm? and 350 kg/mm? respectively, which represent
considerable increments with respect to the unalloyed sample (binary AB) which possess a hardness
value of approximately 50 kg/mm?. On the other hand, by analyzing the effect of heat treatment, it is
observed that ABTT binary alloy does not present a significant variation. However, AT5TT and
ATI10TT alloys present a noticeable hardness increment (280 and 350 kg/mm?, respectively)
representing an increment of approximately 20 and 40 percent respectively compared with the binary
alloy. This hardening effect is produced partially by a dendrite refinement due to applied heat
treatment. Therefore, low plastic deformation is reached when grain boundaries inside the alloy
partially inhibit dislocation movement. Due to the fact that a large amount of precipitates finely
dispersed were observed on the surface sample in Figure 1, thus, the possibility that a hardening
effect by precipitation mechanism occurs is relatively high [7].
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Figure 3. Hardness of alloys with different aluminum addition without and with heat treatment.

Therefore, to corroborate the former statement, SEM surfaces analyses on the precipitates were
carried out. Figure 4 shows a line scan analysis carried out across the surface of a precipitate in the
sample with 10 at. % Al It was found that the precipitate composition is mainly of nickel with some
copper traces with a square-type morphology with an average size of 60 nm. The area fraction
calculation of the precipitates using the IPA (Image Processing Analysis) of the SEM, indicates a 15
percent in an average area of 400 um?2 Such amount of precipitates may take part in the alloy
strengthening, mainly when a dislocation impacts a precipitate. On the other hand, it is important to
take into consideration that precipitates are not coherent with each other (i.e., oriented in a different
direction), as can be observed in Figure 1. Thus, the observed misorientation in the precipitates
contributes to enhancing the alloy hardening by the precipitation mechanism working as an obstacle
for dislocation mobility. This observation is postulated by Similar hardening behavior reported in
Cu-Ni-Si alloys with a controlled aging treatment [8].

100 nm

200nm

100
N1

Figure 4. Line scan analysis on the precipitate formed on the sample with 10 at. % Al and heat treated
(red line correspond to Al).
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3.3.2. Compression Tests Evaluation

Because teeth are exposed mainly to compressive forces, it is important to develop a deep study
of the compression resistance that can be reached for the materials after being synthesized. Hence, to
analyze the strengthening effect of aluminum additions in samples, compression tests were carried

out using a moderate strain rate of 10 s'!. Figure 5 presents the O-& curves for the evaluated alloys,

where it can be observed that binary alloy (AB) does not show a significant change in the yielding
point as compared to the heat-treated sample. However, AT5TT alloy exhibits an important
improvement in resistance compared to the untreated sample (at the same compositions). Similar
behavior is observed in the ATI0TT sample, where an increment in the stress value can be
appreciated, attributed to the presence of precipitates and the lower grain size of treated samples
compared to untreated samples. Additionally, Cahn [21] established that the segregation of solute
atoms produces deformation stacking faults in the lattice. Besides, if plastic deformation can be
affected by the incorporation of an element that produces lattice distortion that does not allow the
dislocation movement [10,11], then, this phenomenon can be one of the main causes for alloy
strengthening. In fact, for all curves, strain continues above two percent, but after these values, it
starts to drop down until it reaches the final fracture. From the evaluated curves (taking into account
the aluminum concentration), it is determined that alloys with 5 and 10 at% Al exhibited the most
important strengthening behavior in comparison with the unalloyed samples. A. Rittapai [23],
developed a study with Cu-Ni-Al, reporting promising results in this alloy to be considered for
potential use as dental post and core applications

450 — AT10TT
420
390 4
360
330+
300+
270+
240
210+
180

Stress (MPa)

150+
1204

Strain (%)

Figure 5. Stress-Strain curves during compression test for samples with zero, 5 and 10 at% Al with
and without heat treatment.

Due to the remarkable differences in slopes observed in the elastic zone of the curves of Figure
5, Young’s modulus was evaluated to know the effect of the heat treatment and the aluminum
addition. In the results of Figure 6, it can be observed that heat-treated alloys present a significant
increment compared to the untreated samples and that the elastic modulus increases proportionally
as a function of aluminum addition. It is well known that a plastic deformation during the
compression test process reflects the correlation between the applied stresses with dislocation
mobility; then, the increment in aluminum addition promotes one of the characteristic hardening
mechanisms observed in copper-based alloys [22], namely the solute segregation to dislocation. This
way, if Young’s modulus is appropriately considered as the stiffness of a material, then a higher
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elastic modulus value directly reflects a small deformation behavior so that the noticeable increment

of the slope in the elastic zone of the O-€& curves is produced by the aluminum additions that

produces crystal structure disorder with the consequent low index in plastic flow, reflected in the
curves of the tested alloys.

B Samples untreated
250 @ Samples Heat treated ¢
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Figure 6. Young’s modulus of the alloys calculated from the elastic-plastic transition zone of the O-

€ curve for the alloys in different conditions.

The dependence of the yield strength on the heat treatment parameters and aluminum additions
was found to be like that observed in the hardness behavior. Several authors postulated that a dental
post should have a Young’s Modulus similar of the value to the human dentin, in order to distribute
homogeneously the applied forces along the length of the post [24-26].

Yielding behavior perhaps is the most important parameter in the alloys strengthening in which
is obtained the value that will be used for structural calculations. Figure 7 shows the resultant values
of the yield strength variation obtained from compression tests evaluated at 0.2% offset of
deformation. In this plot, it can be observed that the yield strength value increases also directly
proportional with the aluminum content. For the as-casting samples, the following values were
obtained, AB=42 MPa, AT5~124 MPa and AT10~226 MPa, the former value represent a maximum
increment of 5 times more in comparison with unalloyed sample. Similar tendency is observed for
samples in annealing condition where it is observed that samples with thermal treatment present
higher yielding value in comparison with untreated samples in at least 300 percent increment in
comparison with the as-cast sample and much higher than the samples without heat treatment.
(ABTT=90 MPa, AT5TT=290 MPa, and AT10TT=333 MPa). However, due to the fact that compression
process is governed by the creation and annihilation of dislocations produced by the applied stresses,
then dislocation movement can be minimized when it crosses trough the grain boundaries reducing
an easier dislocations mobility and combined with the precipitates presence that works as an obstacle
for plastic deformation, then the result of a combination of these factors produces the improvement
of the reported yielding behavior.
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Figure 7. Yield strength calculation from the curves O-& taking in consideration the 0.2 % of strain,

for the different evaluated samples.

4. Conclusions

Copper-nickel alloys were synthetized by the induction melting technique. After controlled heat
treatment under He atmosphere, a coarse dendritic structure was obtained in as-cast samples while
refined dendritic structure was obtained in thermally treated specimens. Due to the aluminum
addition it is expected an improved biocompatibility.

Thermal defects analyses demonstrated a minimum effect of the heat treatments with low range
of defects concentration in the alloys basically below of the experimental error. Hardening
precipitation result to be one of the main strengthening mechanisms in the alloys increasing this
mechanical property approximately five times, Furthermore, compression tests indicate that heat-
treated samples and with high aluminum addition presented enhanced yielding resistance, being
sample with 10 at.% Al which showed the best alloy performance. In general, is stablished that
strengthening observed in alloys is proportional with the increment of substitutional aluminum.
Corrosion test evaluation is currently being developed in synthetic saliva.
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