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ABSTRACT 
Dental amalgam is widely used as a restorative material due to its low cost, ease of application, strength, and durability, but also 
the most controversial of dental restorative materials. So, it has been widely studied since the end of the nineteenth century. The 
aim of the present investigation is to study the effect of (ZrO2) addition on thermal conductivity of high copper dental amalgam. 
One alloy has been prepared by casting composed of silver (46%), tin (30%), copper (23%) and zinc (1%). (ZrO2) addition is 
added in different percentages of (0.5, 1, 1.5, 2, 2.5, 3 wt%).The specimens have been made according to the ADA specification 
No.1 by trituration of equal amount of alloy powder and mercury each 0.8 gm for 30 sec by mechanical amalgamator. The 
specimens have been stored at 37±1 Cº using glass chamber prepared for this purpose. The dimensions for the specimens were 4 
mm in diameter and 8 mm in height. The phase analysis of this amalgam has shown three phases; γ1, η and unreacted γ. 
Mechanical and physical properties (compressive strength, creep, dimensional change, hardness and thermal conductivity) were 
investigated and it is found that all properties improved with addition from 0.5% to 3% (ZrO2) except thermal conductivity and 
diametral tensile strength decreased. Two types of electrochemical tests have been made, namely, Open Circuit Potential (OCP) – 
time measurement and potentiodynamic polarization in artificial saliva at 37 ±1 ºC, and it has been observed that corrosion 
resistance of amalgam improved after the addition from 0.5% to 3% (ZrO2). 
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INTRODUCTION 

 

Dental amalgam is described as a metallic alloy created by a chemical reaction between mercury and an 

alloy in a form of powder that contains silver, copper, tin, zinc, etc. with a very complicated metallurgical 

structure. Dental amalgam is considered as many-sided materials used in restorative dentistry. It approximately 

forms 75% of all restorative materials that dentists use in their clinics. This restorative served and still serves in 

the dental restoration process for more than 165 years. Till now, we haven't discovered another adequate 

economical choice as a replacement [1, 2]. For an amalgam restoration to be successful, it must be stable and 

resistant to the solvents and stresses of the oral environment [3]. Dental amalgam must have several properties 

to withstand the stresses and corrosive environment where it is used; these properties can be classified into: 

mechanical, physical and corrosion properties. The mechanical and physical properties include the following 
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(compressive and tensile strength, creep, dimensional change and thermal conductivity) and the corrosion 

properties include chemical corrosion (tarnish), and electrochemical corrosion [3].  

Compressive and tensile strengths of core materials are thought to be important because core build-ups 

usually replace a large amount of tooth structure and must resist multidirectional masticatory forces for many 

years. The value of strength of restorative materials should be close to the value of strength of the tooth 

structure. Compressive strength is only one of the criteria for the selection of core material, but it is a crucial one 

[4]. 

Creep is deformation produced by constant load. The creep of amalgam is important because amalgam at 

oral temperatures is at 0.9 Tm, where Tm is the melting temperature. At these temperatures, atomic diffusion 

occurs easily, and deformation under static load is possible [5]. 

The setting reaction for amalgam involves a dimensional change. The overall effect may cause a slight final 

expansion or a slight final contraction [6]. Excessive contraction leads to a large marginal gap between the 

material and the cavity. Expansion leads to extrusion of the material out of the cavity [7]. 

Thermal conduction is the phenomenon by which heat is transported from high- to low-temperature regions 

of a substance. The property that characterizes the ability of a material to transfer heat is the thermal 

conductivity [8].Thermal conductivity can be caused by thermal diffusivity and coefficient of thermal expansion 

[6]. 

The aim of the present investigation is to study the effect of (ZrO2) addition on properties of high copper 

dental amalgam like (thermal conductivity, compressive strength, creep, and hardness and corrosion resistance) 

 

2. Experimental: 

2.1. Powder Alloy Preparation: 

The element of amalgam alloys (silver, copper, tin and zinc) are melted using electrical furnace and the 

operation was done under inert atmosphere using argon gas. One alloy has been prepared by casting composed 

of silver (46%), tin (30%), copper (23%) and zinc (1%). Electrical furnace under controlled inert atmosphere of 

argon gas is used to melt the amalgam alloy to get the alloy samples, then heat treated at 400 ºC for 4 hours to 

homogenize the constituents and phases of ingot. The prepared cast alloy are subsequently transformed into 

powder by turning and ball milling and heat treated at 100 ºC for 3 hours under vacuum atmosphere for stress 

relief. The chemical composition of the alloy is expressed in Table 1. 

 
Table 1: Illustrates the chemical composition analysis of the used alloy. 

Zn wt % Cu wt% Sn wt% Ag wt% Alloy 

0.74 19.79 29.26 40.31 Amalgam alloy  

 

2.2. Specimens Preparation: 

The specimens were made according to the ADA specification No.1 [9] by trituration of equal amount of 

alloy powder and mercury for 30 sec by mechanical amalgamator type (ling chen). The dimensions for the 

specimens is1:2 (4 mm in diameter and 8 mm in height). The specimens have been stored at 37±1 ºC. 

 

2.3. Microstructure Characterization: 

- X-Ray Diffraction Analysis: 

The amalgam with 3% from zirconium oxide was analyzed separately using x-ray diffraction techniques to 

determine the existing phases in the amalgam alloy. The x-ray machine used was a SHIMADZU Lab X XRD - 

6000o, Japan) x-ray generator with copper Kα radiation (λ =1.5406 Aº and a nickel filter. The range of the 

diffraction angle 2θº was (20º-80º). 

 

- Microstructure Observation: 

The specimens were taken from each (amalgam alloy before and after homogenization heat treatment and 

amalgam with all additions) using different grades of emery papers (400, 600, 800, 1200, 1500, 2000, 2500), 

then polished by 3μm diamond paste. The specimens were then washed thoroughly with distilled water and 

dried in an air blast before etching. The polished specimens of the fills were etched by a chemical etchant (30 

vol% nitric acid) [10]. Then examined fewer than 200x magnification using optical microscopy. 

  

2.4. Mechanical and Physical Properties: 

The compressive strength was conducted by Instron machine, type UNIVERSAL TESTING 

MACHINE/WDW 200, China with the speed of 0.5mm/min [11].The specimen was placed vertically between 

the jaws. Specimens have been tested at 1 day and 7 days from the end of trituration and should be stored at 

temperature of 37± 1 ºC until the test was done. The average value of four specimens of each amalgam has been 

reported. The compressive strength is calculated by using the following equation [12]:- 
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Compressive strength = 
𝑴𝒂𝒙.𝒇𝒐𝒓𝒄𝒆

𝒄𝒓𝒐𝒔𝒔 𝒔𝒆𝒄𝒕𝒊𝒐𝒏𝒂𝒍 𝒂𝒓𝒆𝒂
                                          (1) 

 

The prepared specimens to accomplish the creep test were stored and tests are conducted at 37± 1 ºC. The 

length of the specimen should be measured after two hours and 45 minutes from the end of trituration. At three 

hours after the end of the trituration the specimen should be subjected to a constant axial pressure of 10MN/m2. 

This load was maintained for 21 hours, after which the specimen length was measured with micrometer caliper, 

the shortening was obtained by subtraction of the second measured length from the first have been used in 

calculating the percentage of creep. ADA Specification No.1 allows the maximum of 3% creep [9]. The average 

value for creep from two specimens was reported. The creep percent is calculated by using the following 

equation [11]:- 

 

Creep % =
𝑳°−𝑳

𝑳°
×100                                          (2) 

Where:  

Lº = original length (mm).  

L = final length (mm). 

Dimensional change the first record was taken immediately after specimen was formed (30 minutes after 

trituration), the specimen was placed in a measuring instrument (micrometer) having an accuracy 0.1μm. The 

specimens were sit free without any restraint during the test. The length of the specimens was measured after 

24h after the end of trituration. The specimens were kept at a constant temperature of 37± 1 ºC at the chamber. 

According to the ADA specification No.1 the dimensional change must be within range of ± 20 μm/cm. 

Vickers micros hardness of the specimens has been measured using a digitals micro hardness tester (Type 

TH715, Beijing, Time High Technology Ltd), at a static load of 200 g for 10 seconds that was performed in two 

different time intervals (1day and 7 days) after the end of trituration. At least three indentations were made at 

diagonal distribution across the specimen. The dimensions of the indentation are measured by the measuring 

microscope at 200× magnification after the applied load was removed. 

For thermal conductivity test was conducted by using thermal system which includes two disks of copper. 

The sample was placed within the upper heating disk. It was placed between the two copper disks. Then the 

required temperature degree was selected as (100 ºC) to measure the thermal conductivity coefficient then, the 

reading results, that represent the voltage of the upper and lower copper disks in both cases; cooling and heating, 

were recorded. Specimens have been tested at 7 days from the end of trituration and should be stored at 

temperature of 37± 1 ºC until the test was done. The average value of four specimens of each amalgam has been 

reported.  Heat transfer by conduction shown in this equation:- 

𝑸𝒄𝒐𝒏𝒅 = −𝑲𝑨 
 𝐝𝐓 

𝐝𝐗
                           (4) 

The thermal conductivity coefficient was determined basing on the equation:                                     

λ= 
𝒎 𝒄 𝒉𝐁 

𝝅 (𝑹в)𝟐(𝒗𝟏−𝒗𝟐)
 (𝟐 𝒉𝒑+ 𝑹𝒑)/(𝟐 𝑹𝒑+𝟐𝒉𝒑)(

∆𝐯

∆𝐭
)                    (5) 

 

λ: thermal conductivity coefficient (w/m. k). 

m: mass of copper plat (o.824. kg,). 

C: specific heat capacity of copper plate is 3.805*102(kj / kg .k). 

hp, Rp: thickness and radius of copper plate are 7.01mm, 65mm respectively. 

hB: thickness of specimen. 

Rв: radius of specimen. 

v1,v2: voltage of thermocouple 1,2 at heating. 

Δv: difference in voltage at cooling. 

Δt : difference in time at cooling. 

 

2.5. Corrosion Test: 

Polarization tests were performed by using electrochemical standard cell which contain working electrode 

(amalgam), auxiliary electrode (Pt. electrode) and reference electrode (SCE) carried out in synthetic saliva 

according to the American Society for Testing and Materials (ASTM)[13]. Polarization experiments were 

conducted in potentiodynamic type (Winking M Labf200o).When the specimen reaches the constant potential, 

potentiodynamic polarization wasp started from an initial potential of 450 mV below thee open circuit potential 

and the scan was continued up to 450 mV above the open circuit potential. The specimens were scanned in the 

positive direction at a sweep rate of 0.4mV/s and the current was reported with respect to potential. The 

corrosion potentials (Ecorr) and corrosion current density (icorr) are obtained as a result of the test and then the 

corrosion rate measurement is obtained by using the following equation [13]: 

 



69 Dr. Haydar H. J. Jamal Al-Deen and Nabaa Muthana Mahdi., 2017/Advances in Natural and Applied Sciences. 11(1) January  

     2017, Pages: 66-76 

 

Corrosion Rate (mpy) = 
𝟎.𝟏𝟑𝒊𝐜𝐨𝐨𝐫 (𝑬.𝑾.)

𝑨.𝝆
                            (6) 

 

Where: 

E .W. = equivalent weight (gm/eq.).  

A= area (cm,2).  

Ρ = density (gm/cm.2).  

icorr = current density (μA/cm2). 

 

RESULT AND DISCUSSION 

 

3.1 Microstructure Characterization: 

-X – Ray Diffraction of Amalgam: 

The   XRD   result   of   amalgam   with   3%   from   zirconium   oxide is shown in Figure (1).  The phases   

of   amalgam   were determined by comparison with standard XRD cards.  The  phase  analysis  of these 

amalgams  shows  three  phases;  (γ1  (Ag2Hg3), η (Cu6Sn5)  and unreacted γ (Ag3Sn)). The intensity peaks of  

γ1 phase  was   represent  the  maximum intensity,   which   represents  the  matrix  of  microstructure , the   η  

phase has the  second  intensity  peaks. This leads to the conclusion that the η phase represents coherent network 

in the matrix.  

 

-Microstructure Observation of Amalgams: 

The microstructure observation of (M) amalgam and all additions illustrated in Figures (2-8) which consist 

of white regions of amalgam matrix of γ1 phase, black regions of the second major phase of η (Cu6Sn5), dark 

gray regions of unreacted particles ACS (Ag-Cu-Sn). These phases are confirmed by X – ray diffraction results 

presented in Figure (1). It can be seen from the above figure that the unreacted particles are surrounded by γ1, 

and η phases. From the scanning electron microscope (SEM), different regions can be noted where the first 

region is the gray particles. This region contains (Ag, Sn, Cu) elements from the EDS (Energy Dispersive 

Spectrometer) result. With their results, these regions are definitely the unreacted particles. The second region is 

the light gray (the matrix), where the highest element content is Hg and Ag which is the γ1 (Ag2Hg3) phase. In 

the same region a higher content of Cu and Sn was found which represent η phase and we can be noted that the 

size of unreacted particles (ACS) increases when (ZrO2) percentages increasing due to presence of (ZrO2) 

powder which decreases diffusion of mercury into the powder alloy particles. 

 

3.2. Mechanical and Physical Properties: 

The compressive strength, creep, dimensional change, hardness and thermal conductivity of all amalgams 

are shown in Table (2). The mean value of Compressive strength and hardness were obtained by four specimens 

reported after (1day -7days) from the end of trituration for all amalgams. It can be seen from Table (2), that the 

compressive strength and hardness improved with addition from 0.5% to 3% (ZrO2). The  addition  of  (ZrO2)  

increases  the  compressive  strength and hardness because this  addition  will  produce  metal  matrix composite 

(MMC) by dispersion which  lead to prevent dislocation movement. 

The results obtained from the mean creep value of two specimens of each amalgam are shown in Table 

(3).According to the ADA specification No. 1, the acceptable creep value in a dental amalgam should be less 

than 3%. The creep values of all present amalgams were lower than ADA limit (3%). The effect of (ZrO2) 

addition on creep resistance of the amalgam followed the same trend as on compressive strength and hardness 

the creep percent of the amalgam decreased with increasing (ZrO2) content until reaching the lowest value 

(0.01%) for 3% (ZrO2) this is due to the strengthening effect of (ZrO2) powder by dispersion which reduce 

dislocation motion and grain boundary sliding as a result metal matrix composite (MMC).   

The mean value of dimensional change were obtained by eight specimens of each amalgam are shown in 

Table (3).ADA specification No.1 determines the allowable dimensional change is ±20 μm/cm. The result of all 

the amalgams within the allowable limit set by the ADA and the dimensional change of amalgam stabilized with 

increasing (ZrO2) content. The minimum dimensional change is +2.1 μm/cm for 3% (ZrO2) which means the 

addition of (ZrO2) powder affect positively on dimensional change of amalgam. 

The mean values of thermal conductivity were obtained by four specimens of all amalgams are reported 

after seven days from the end of trituration as shown in Table (3).It can be seen that the highest value of the 

master compared with other amalgams because when increases (ZrO2) content the thermal conductivity reduces 

that   due to (ZrO2) is reducing the thermal conductivity. The thermal  conductivity  of  (ZrO2)  is  1.7 - 2.7 

W/m. k , when this powder  is  dispersed  in  the  amalgam  will reduce thermal conductivity of amalgam ,  and  

with  increasing  (ZrO2) percentage  thermal conductivity will  decrease , and   this  will  reduce  thermal shock 

on tooth  pulp which make  dental amalgam  more  comfortable. The maximum improvement percentage in 

thermal conductivity reduction is 86.6% at 3% (ZrO2). 
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Table 2: the mean values and improvement percentage% of the compressive strength and hardness of all amalgams used. 

 Mean Hardness Kg/mm2 

 

Mean Compressive Strength MPa Alloys 

Improvement Percentage% 7 days 1 day Improvement 

Percentage% 
7 days 1 day 

---------- 183.1 162.7 ------------ 75.2 38.7 M 

8.5 198.6 175.9 31.9 99.1 50.9 0.5% 

15.2 211.2 187.4 68.4 126.5 66.6 1% 

22.8 224.5 199.2 101.2 151.3 79.7 1.5% 

34.1 241.8 213.6 132.8 174.2 94.1 2% 

41.6 259.3 228.7 170.1 201.5 110.3 2.5% 

53.3 280.9 245.5 207.6 231.8 127.5 3% 

 
Table 3: the mean values and improvement percentage % of the creep, dimensional change and thermal conductivity of all amalgams used. 

Improvement 

Percentage% 

Mean Thermal Conductivity(W/m. 

k) 

Mean Dimensional 

Change Μm/cm 

Improvement 

Percentage% 

Mean 

Creep 
(%) 

Alloys  

7 days 

-------------- 78.9 +5.3 ------------ 0.7 M 

19.3 63.6 + 4.6 42.8 0.4 0.5% 

35.9 50.4 +4.1 71.4 0.2 1% 

50.5 39.1   +3.8 88.5 0.08 1.5% 

65.4 27.3 +3.2 92.3 0.05 2% 

76.1 18.9 +2.7 95.9 0.03 2.5% 

86.6 10.5 + 2.1 98.6 0.01 3% 

 
Table 4: Illustrates the corrosion potential (Ecorr), corrosion current (icorr), corrosion rate and improvement percentage. 

Improvement Percentage% 

 

 

Corrosion Rate (mpy) Icorr (nA/cm2) Mean Ecorr (mV) Alloys  

-------------- 0.87 878.7 -693.8 M 

41.3 0.51 638.4 -617.3 0.5% 

48.2 0.45 563.2 -532.4 1% 

60.9 0.34 428.3 -478.7 1.5% 

67.8 0.28 356.5 -388.4 2% 

77.1 0.20 249.5 -377.2 2.5% 

83.9 0.14 183.6 -219.7 3% 

 

 

 
Fig. 1: XRD patterns of amalgam with 3% from zirconium oxide.  
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Fig. 2: The microstructure observation of amalgam (M) alloy. 

a)By Optical Microscope at (200X) magnification, b)By SEM where ACS (Ag-Cu-Sn). 

 

 
 

Fig. 3: The microstructure observation of (0.5% ZrO2) amalgam. 

a)By Optical Microscope at (200X) magnification, b)By SEM where ACS (Ag-Cu-Sn). 

 

 
 

Fig. 4: The microstructure observation of (1 % ZrO2) amalgam. 

a)By Optical Microscope at (200X) magnification, b)By SEM where ACS (Ag-Cu-Sn).  
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Fig. 5: the microstructure observation of (1.5% ZrO2) amalgam. 

a)By Optical Microscope at (200X) magnification, b)By SEM where ACS (Ag-Cu-Sn). 

 

 
 

Fig. 6: the microstructure observation of (2 % ZrO2) amalgam. 

a)By Optical Microscope at (200X) magnification, b)By SEM where ACS (Ag-Cu-Sn). 

 

 
 

Fig. 7: the microstructure observation of (2.5 % ZrO2) amalgam. 

a)By Optical Microscope at (200X) magnification, b)By SEM where ACS (Ag-Cu-Sn). 
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Fig. 8: the microstructure observation of (3 % ZrO2) amalgam. 

a) By Optical Microscope at (200X) magnification, b)By SEM where ACS (Ag-Cu-Sn). 

 

3.3. Corrosion Test: 

The electrochemical corrosion of amalgams with additions can be conveniently described by the schematic 

current - potential curves (The polarization curves) are shown in Figures (8 - 14) which illustrate cathodic and 

anodic polarization curves of the amalgams in synthetic saliva solution. Also the corrosion current densities, 

corrosion potentials and the calculated corrosion rate data from these curves which are appeared in Table (4). 

From table (4) it can be seen that there is a significant improvement in corrosion resistance of the amalgams 

with different additives of ZrO2 (0.5% (41.3% ), 1% (48.2%) , 1.5% (60.9%) , 2% (67.8%) , 2.5% ( 77.1%) & 

3% (83.9% )) and Icorr for samples are graded from  638.4 ( nA/cm²) for 0.5% (ZrO2) to 183.6 (nA/cm²) for 3% 

(ZrO2) which are lower than Icorr for M amalgam which is 878.7 (nA/cm²). However the Ecorr values are graded 

from -617.3 mV for 0.5% (ZrO2)  to -219.7 mV for 3% (ZrO2) are lower than Ecorr for M amalgam which is -

693.8 mV. It's noted in Figures (9-15) which represent polarization curves for (M) amalgam and the different 

additions. In cathodic polarization the voltage increases with the corrosion current decreases until it reaches the 

lowest possible value. In anodic polarization the voltage increases and the corrosion current increases too. In 

reality the increasing of the voltage and current together demonstrates the active anodic polarization behavior, 

which shows the continuous dissolution of metal and by noticing the form of anodic curve it's evidenced that 

there is absence for passive region for M amalgam .This behavior is similar in all used amalgam with additions. 

 

3.3. Corrosion Test: 

The electrochemical corrosion of amalgams with additions can be conveniently described by the schematic 

current - potential curves (The polarization curves) are shown in Figures (8 - 14) which illustrate cathodic and 

anodic polarization curves of the amalgams in synthetic saliva solution. Also the corrosion current densities, 

corrosion potentials and the calculated corrosion rate data from these curves which are appeared in Table (4). 

From table (4) it can be seen that there is a significant improvement in corrosion resistance of the amalgams 

with different additives of ZrO2 (0.5% (41.3% ), 1% (48.2%) , 1.5% (60.9%) , 2% (67.8%) , 2.5% ( 77.1%) & 

3% (83.9% )) and Icorr for samples are graded from  638.4 ( nA/cm²) for 0.5% (ZrO2) to 183.6 (nA/cm²) for 3% 

(ZrO2) which are lower than Icorr for M amalgam which is 878.7 (nA/cm²). However the Ecorr values are graded 

from -617.3 mV for 0.5% (ZrO2)  to -219.7 mV for 3% (ZrO2) are lower than Ecorr for M amalgam which is -

693.8 mV. It's noted in Figures (9-15) which represent polarization curves for (M) amalgam and the different 

additions. In cathodic polarization the voltage increases with the corrosion current decreases until it reaches the 

lowest possible value. In anodic polarization the voltage increases and the corrosion current increases too. In 

reality the increasing of the voltage and current together demonstrates the active anodic polarization behavior, 

which shows the continuous dissolution of metal and by noticing the form of anodic curve it's evidenced that 

there is absence for passive region for M amalgam .This behavior is similar in all used amalgam with additions. 
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Fig. 9: the potentiodynamic polarization curve for M alloy. 

 

 
   

Fig. 10: The potentiodynamic polarization curve for 0.5% ZrO2 amalgam. 

 

 
Fig. 11: The potentiodynamic polarization curve for 1 % ZrO2 amalgam. 
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Fig. 12: The potentiodynamic polarization curve for 1.5 % ZrO2 amalgam. 

  

 
Fig. 13: The potentiodynamic polarization curve for 2 % ZrO2 amalgam. 

 

 
Fig. 14: The potentiodynamic polarization curve for 2.5 % ZrO2 amalgam. 
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Fig. 15: The potentiodynamic polarization curve for 3 % ZrO2 amalgam. 

 

Conclusion: 

1-  Increasing  (ZrO2)  content  enhance  the  compression  strength ,  creep resistance, Vickers 

microhardness and stabilizes the dimensional change of dental amalgam.  

2- Increasing (ZrO2) content reduce the thermal conductivity.    

3- Increasing (ZrO2) content improve corrosion resistance of dental amalgam. 
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