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This study examines the impact of adding different ratios of alumina (Al203) and nano-
copper (Cu) materials to dental amalgam alloy (Ag-Sn-Cu) on their physical,
microstructural, and mechanical properties. The study utilized powder metallurgy and
compaction techniques to prepare dental amalgam samples. The scanning electron
microscope (SEM), and mechanical tests (compressive strength) were used to determine
the microstructure, density, and mechanical properties. Various ratios (2.5, 5, and 10
wt.%) of nano-copper and alumina have been added to the amalgam capsules. The
findings indicated that when the proportion of nano copper particles rose to 10 wt.%. The
compressive strength of amalgam declined. This drop in characteristics could be linked
to the malleability of copper. Conversely, dental amalgam specimens containing alumina
(AL203) demonstrated strength, especially with 5wt.% alumina, in comparison to the
amalgam sample. The enhancement in strength in these samples can be attributed to the
high hardness and rigidity of alumina whereas the decline in strength in samples with 10

wt.% copper can be attributed to the flexibility of copper, versus alumina.

1. INTRODUCTION

Biomaterials play a role in creating tools that can replace or
support body functions when needed, providing cost-effective
and biologically suitable solutions. Various materials and tools
are utilized in the management of injuries and illnesses [1]. For
over 150 years, dental amalgam has been widely used to
address cavities because of its robust mechanical
characteristics and long-lasting nature [2]. Nevertheless, there
is an increasing preference for materials such as resins, glass
ionomer cement, ceramics and gold alloys. This shift may be
influenced by the appealing characteristics of these materials
or concerns about the potential health risks associated with
dental amalgam use. The silver alloy used in dental amalgam,
which is in the form of a fine powder, primarily consists of
silver (Ag), tin (Sn), and copper (Cu), along with small
amounts of zinc (Zn), palladium (Pd), or indium (In). Dental
amalgam is commonly used in dental restorations, particularly
on the surfaces of posterior teeth. It is known for its
affordability, durability, and ease of use. However, it is worth
noting that dental amalgam is typically not used on the lingual
pits of front teeth due to its silvery-gray appearance. As a
result, a significant portion of dental restoration is made using
dental amalgam. Amalgam fillings in particular have been
shown to be superior to other restorative materials in quality.
But, the failures, the failures mainly come because of improper
care of the material and inadequate cavity preparation.
Therefore, all stages from the choice of alloy to the final
polishing of repair may affect the appearance and mechanical
properties of the restoration. The use of amalgam is not
associated with any risks by other researchers. The selection
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of dental restorative materials based on numerous factors,
including strength of restoration, improved performance of
hardness, toughness, and wear resistance for a long period.
These materials need to be able to withstand the forces exerted
during chewing and have a high operational lifespan. On the
other hand, they need to be highly compressive and tensile
resistant to be ideal to fill the space inside the tooth structure.
The performance of dental filling materials can be influenced
by the forces generated during mastication, which can lead to
impairment [3]. Compressive and tensile strength are essential
attributes of dental restorative materials for withstanding
chewing forces. Dental amalgam is exceptionally strong, with
one of its advantages being its specific composition.
Controlling it, affording it, and its compatibility with living
organisms are all simple. Dental amalgam restorations are
durable and somewhat resistant, when compared to the other
restorative materials such as composite resins and have a
longer lifespan. Mechanical properties assess how dental
materials respond to applied forces, taking into account factors
such as masticatory forces, deformation, and stress
experienced by the body [4]. Several attempts have been made
to improve the properties of amalgam alloy. According to a
study conducted by Hasheminezhad et al. [5], the researchers
examined the impact of copper on the compressive strength of
dental amalgam. They used amalgam capsules containing
different amounts of copper, along with mercury and alloy
powders. the researchers mixed and amalgamated the
materials and then created standard samples using a molding
method. The study found that the hardness and compressive
strength of the dental amalgam alloy increased with the
addition of copper. Additionally, as the strain rate increased
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fracture stress for the amalgam with a specific weight
percentage of copper also increased [5]. Cochran et al. [6]
conducted a study where they replaced mercury in a copula
with Ga-In liquid and prepared two samples, one with pure
amalgam and another with a combination of steel fiber and
amalgam. The weight of the powder was adjusted when fibers
were included. The two samples were then compressed into
cylindrical molds with dimensions of 7 mm in diameter and
10mm in length. The researchers determined the mechanical
properties of the prepared cylindrical samples by exposing
them to compressive loads until failure. They observed that the
samples containing a 6% volume of fibers exhibited a
significant increase in compression load to diametral tensile
strength and failure. In the study, conducted by Al Sarraj and
Atiyah [7], different weight percentages of copper (10-30 %
wt.) and silver (40-60%) content were added to standard
amalgam alloy powders. The composite powder was then
triturated with a specific percentage of mercury. The findings
of the study have shown that increasing the copper ratio affects
the mechanical properties and microstructure of dental
amalgam. In a study by Khodaei et al. [8], an amalgam/nano-
hydroxyapatite composite was prepared with different weight
percentages of hydroxyapatite. The results indicated that as the
weight percentage of hydroxyapatite increased, the
compressive strength of the composite increased by 18% with
the addition of up to 1% hydroxyapatite but then decreased due
to the agglomeration of the hydroxyapatite nanoparticles.
Overall, the developed amalgam/nanohydroxyapatite
composite appears to be a suitable option for filling anterior
teeth with reduced harmful effects [6]. Ortega-Arroyo et al. [9]
studied the effect of adding nanosilver particles to dental
amalgam alloy. The results showed an improvement in the
mechanical performance of the dental amalgam alloy. Moxon
et al. [10] investigated the effect of adding titanium (Ti) in
nanoscale particles on the properties of dental amalgam alloy.
The results present an enhancement in the mechanical
properties of around 70%. A Few researchers have used nano-
copper (Cu) and alumina (Al,O3) to improve the mechanical
properties of dental amalgam. Therefore, in this research, the
nano-copper (Cu) and alumina (Al,O3) have been used to
improve the properties of dental amalgam.

2. MATERIALS AND METHODS
2.1 Materials

This study used dental amalgam capsules (specifically,
NAIS Dental Amalgam Capsules manufactured by NAIS,
Bulgaria) that were obtained from a commercial supplier to
prepare the research samples. The compositions of these dental
amalgam capsules, which are known for their high copper
content and non-gamma properties, are detailed in Table 1.
The capsules consist of a combination of lathe-cut and
spherical particles.

To analyze the characterization of the amalgam powders,
the researchers employed scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDX)
techniques. These techniques have been used to investigate the
structure of the particles and the chemical composition of
amalgam powder. The amalgam involves a spherical shape
and lathe-cut with particles. The results of these analyses were
presented in Figure 1 and Table 2, respectively.

A commercial supplier was used to obtain alumina (Al,O3)
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with a particle size of 0.5 um, a purity of 99.9%, and a density
of 3.94 g/cm®. This alumina was utilized as a filler material in
the study. Additionally, copper (Cu) with an average particle
size of 50 nm, a purity of 99.9%, and a density of 7.59 g/cm?
was obtained from another commercial source. The
morphology structure and size of the powders have been
examined using the SEM examination, and the results can be
seen in Figure 2.

Table 1. Composition of the amalgam capsule

Amalgam
Powder Silver Tin Copper
Bag of Ratio of Ratio Ratio Ratio
Mercury Alloy/Mercury wt.% wt.% wt.%
Mixing (Ag) (Sn) (Cu)
Time
26s 1:1 43% 32% 25%

Table 2. EDX result of used alloy powders

Element Unn. C Norm.C Atom.C 3 Sigma
wt.%)  (wt.%) (wt.%) (wt.%)
Silver 57.39 36.73 40.72 13.26
Tantalum  51.12 32.72 21.62 30.91
Tin 35.40 22.66 22.83 10.66
Copper 12.32 7.88 14.83 11.06
Hafnium 0.00 0.00 0.00 0.00
156.23 100.00 100.00

Figure 1. SEM micrograph for amalgam powder (A)
spherical shape, (B) lathe-cut

Figure 2. (A) Alumina (Al>Os3) and (B) Nano-copper (Cu)
powders

2.2 Sample preparation

A total of nine series ratios of alloy powders and mercury
were prepared in this study. These ratios involved varying
proportions of nano-copper (Cu) and alumina (Al>Os3) added
to dental amalgam according to the weight of amalgam powder
in the capsule (1.1540 g) and the weight of mercury (0.5588
g). The mixing time was 26 s. The amounts of (2.5,5, and 10
wt.%) nano-copper (Cu) and alumina (Al,O3) were added to



the powder of amalgam alloy. The specific combinations and

proportions of these alloy powders are detailed in Table 3.

Table 3. Weight percentages of samples with different ratios of Cu and Al,O3 per capsule

Sample Name Sample Code Cuwt.% (g) ALO3; wt.% (g)
(Standard) amalgam without additives (Al203 and Cu) S1 (0 wt.%) 0 0
Amalgam with nano-copper S2 (2.5 wt.% Cu) 2.5 wt.% 0
(Cu) additive S3 (5 wt.% Cu) 5 wt.% 0
S4 (10 wt.% Cu) 10 wt.% 0
Amalgam with alumina S5 (2.5 wt.% AL03) 0 2.5 wt.%
(ALOs) additive S6 (5 wt.% Al203) 0 5 wt.%
S7(10 wt.% Al03) 0 10 wt.%
Amalgam with Composite S8 (2.5 wt.% AlLO3+2.5 wt.% Cu) 2.5 wt% 2.5 wt.%
(AL203+Cu) additive S9 (5 wt.% ALOs+5 wt.% Cu) 5 wt.% 5 wt.%

Amalgam
sample

Figure 3. The sample after the compression test

In this study, the composite mixture of (Al,O3+Cu) powder
and the amalgam powders were accurately weighed using an
electronic digital weighing machine (model TP-153DS) with
a precision of 0.0001. Subsequently, all the batches have been
mixed using a roller mixer device (model MR-2). The roller
mixer provided gentle continuous rocking and rolling motions,
which were ideal for achieving homogeneity. The first step of
the mixing procedure involved combining the materials with
the amalgam (without mercury) in the roller mixer. Then the
resulting powder was mixed in an amalgamator machine
(model Lk-H11) for 26-35 seconds. To prepare cylindrical
samples with a diameter-to-height ratio of 1 to 1, the mixture
was molded using a manual hydraulic press machine (model
HSM44 HUMT) at a force of 0.1 kN. The pressing time was
set to 120 seconds to allow for proper hardening. Both
mixtures, with and without alumina and nano-copper, have
been pressed in a cylindrical steel die with a diameter of 5 mm
and a height of 5 mm. The applied pressure by the manual
hydraulic press device was approximately 0.1 kN on the
powder, and the amalgam samples were left to harden for
approximately 30 minutes. Finally, the grinding and polishing
process to prepare the samples for the microstructure test was
carried out using a grinding machine (model Metaserv 250,
Vari/Pol VP-150). The grinding process of amalgam samples
was conducted using sandpaper with varying grit sizes (1000,
1500, 2000, and 3000) for 5 minutes. The grinding speed was
set at 300 revolutions per minute (r.p.m), and water was used
as the grinding media. Following the grinding process, the
polishing of the samples was carried out using polishing
clothes at a speed of 100 r.p.m. Alumina was used as the
polishing media. Subsequently, all composite samples were
thoroughly cleaned to remove any remnants of the grinding
media. To examine the microstructure of the amalgam
samples, SEM and a metallography microscope model BD-
DIC3230 were utilized. The prepared samples and were also
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characterized by X-ray diffraction using the XRD
diffractometer (XRD-6000, NF type). X-ray was used over 26
range from 10° to 90° with a rate of 5 deg/min and used Cu-
Ka radiation. The phase identification was obtained utilizing
X’Pert High Score Plus software. The compressive strength of
the amalgam samples, which had dimensions of 5 mm in
diameter and 5 mm in height (which were selected according
to literature), was measured using a Manual Universal Testing
Machine (MUTM) (model HSM44, USA) equipped with a 50
kN load. The compressive strength values were calculated
based on the maximum mechanical load and the sectional area
of the amalgam samples. The compressive strengths of
prepared samples have been measured according to the
following Eq. (1) [11, 12].

P
a(Mpa) =+ (1)

where, ¢ (compressive strength) is in Mpa, P = the applied
load (N) and A = the original area of the amalgam samples
(mm?). Figure 3 shows the sample after the compression test.

The density of sample was calculated according to the
below Eq. (2) [13].

mass (g)
volume (mm3)

Density (p) = )

3. RESULTS AND DISCUSSION
3.1 Physical properties

Figure 4 illustrates the density of amalgam samples after
different weight percentages of copper (Cu) and alumina
(AL,O3) have been added. The density of the pure amalgam
sample was measured to be 0.041 g/mm? Upon adding
alumina in ratios of (2.5, 5, and 10 wt.%), the density of the
samples decreases as the alumina ratio increases. Conversely,
when copper is added to the pure amalgam in ratios of (2.5, 5,
and 10 wt.%), the density increases with an increase in the
copper ratio. When a composite of Cu+Al,Os is added in
different ratios by weight, the density gradually increases. This
variation in density can be attributed to the difference in
density between copper (p=7.59 g/cm?) and alumina (p=3.94
g/cm?).

Figures 5 and 6 show SEM images and XRD results. Figure
5 (a and b) presents the microstructure of the pure amalgam
(without additive). The white colour zones of the amalgam
matrix show phases such as (AgsSn), while the gray zones
refer to the second phase 1 eta- prime (CueSns and CusSnyy),



and the dark gray zones refer to unreacted particles of (Cu-Ag-
Sn). Figure 5 (c and d) shows the amalgam microstructure
involving adding 5% copper nanoparticles. It can see regions
in the white colour zones of the amalgam matrix refer to
phases (y1(Ag> Hg3)) and the gray zones present the phase 1
(CusSns) and copper nanoparticle. Figure 5 (e and f) shows the
amalgam's microstructure consisting of adding 5% alumina
(Al203). It observes the alumina (Al,O3) as white zones in
addition to the above-mentioned phases. Figure 5 (g and h)
presents the microstructure of the amalgam alloy additive of
2.5 wt.% Al,O3+2.5 wt.% nano-copper. Also, can investigate
the AlOs; and nano-copper as white and black zones
respectively in addition to the other phase as mentioned. The
addition of nanoparticles leads to microstructure refinement
and avoids creating a weaker phase (y2) [14-16], resulting in a
tougher material. Due to its fine particle size, and uniform
dispersion of nano copper, nano copper can improve the
bonding between mercury, tin, and silver particles, forming a
more homogenous structure [17]. Particles of Al,Os as a
ceramic material, act as stress-scattering strengthening filler
for the matrix and thus decrease the cracks propagation within
the matrix. Also, the presence of alumina may reduce the
degradation of surface and micro-leakage, which leads to
limited mercury release during the time. The Al,O3 particles
addition to amalgam aids enhance the amalgam matrix

packing, decreasing porosity, and making the internal structure
of amalgam more stable. This structural enhancement leads to
minimizing mercury vapor and mercury ions dissolution [18].
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Figure 4. Variation of densities of amalgam samples
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Figure 5. SEM images (a&b) pure amalgam, (c&d) 5 wt.% Cu), (e&f) 5 wt.% ALOs, and (g&h) 2.5 wt.% Al,03+2.5 wt.% Cu
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Figure 6. XRD test (a) Pure amalgam, (b) 5 wt.% Al>Os, (¢) 2.5 wt.% ALLO3+2.5 wt.% Cu, and (d) 5 wt.% Cu)

One possible cause is inadequate density. Amalgam fillings
typically consist of a mixture of mercury and alloy particles,
such as silver, tin, and copper. If the process of densification
is not carried out properly, air voids or trapped mercury may
be present within the filler material, leading to the formation
of pores [19]. Another factor that can contribute to the
formation of pores is chemical interactions. The addition of
copper to dental amalgam can impact its reactivity. Copper has
the potential to react with mercury, forming copper amalgam
compounds. These chemical reactions may contribute to the
formation of pores if the copper content is not properly
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balanced or if the mixing and handling procedures are not
followed correctly [20]. Trapped gases can also be a potential
cause of pore formation in amalgam fillings. During the
mixing or condensation process, gases like air or water vapor
can become trapped within the amalgam block. As the filler
material solidifies and hardens, these trapped gases can create
voids or pores within the filling.

3.2 Mechanical properties

Figure 7 illustrates that the pure amalgam sample has a
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compressive strength of 0.0662 Mpa. It was observed that
when alumina was added with different weight ratios the
compressive strength gradually increased. While, when copper
was added with different weight ratios the compressive
strength increased with (2.5 and 5 wt.%) ratios but decreased
at the 10 wt.% ratio. When a composite of copper and alumina
is added in ratios of (2.5 and 5 wt.%) the compressive strength
gradually decreases. The amalgam samples with alumina
exhibit a significantly higher compressive strength of 0.1527
Mpa at a 5 wt% alumina ratio compared to the pure amalgam
sample. This improvement in compressive strength can be
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attributed to the properties of alumina, such as its high
hardness and rigidity [21]. Additionally, alumina particles are
usually easily dispersed in the amalgam matrix, leading to
uniform stress and strain distribution throughout the amalgam
matrix. On the other hand, there is a decrease in the
compressive strength of amalgam samples with a 10 wt.%
copper ratio. This may be due to the ductility of copper
compared with alumina, and copper particles tend to
agglomerate and do not distribute stress in an effective form,
which leads to localized concentrations of stress and potential
repeated stress.

pure

2.5

1.5

Compressive strength (MPa)

0.5

2-5%

5% 10%

Amalgam samples

Figure 7. Variation of compressive strength of amalgam samples

4. CONCLUSIONS

The dental amalgam silver alloy was successfully
reinforced through various investigations into its properties,
including compressive strength, density, and microscopic
evolution of the amalgam samples. The findings revealed that
increasing the amount of pure nano-copper to 2.5%, 5% and
10% resulted in a decrease in strength and an increase in the
appearance of grooves and tarnished, which can be attributed
to the flexibility of copper. Similarly, similar effects were
observed at ratios of 10% and 25% of pure alumina.
Consequently, the optimal mechanical properties were
achieved with 5% pure alumina and a composite of alumina
and copper ratios, resulting in a doubling of the compressive
strength. These findings suggest that incorporating small
amounts of nano-alumina is a promising approach to
enhancing the properties of this dental material. The study’s
results indicate that the amalgam/composite [Cu
2.5%+alumina 2.5%] and amalgam/5% alumina combinations
could be dental materials that offer improved characteristics
for dental applications. The biocompatibility and corrosion
resistance of these composites will be the future work in this
field.
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