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ABSTRACT 

Nitinol as a shape memory alloy is widely used in engineering applications. Most of such applications required 
machining processes, which may particularly influence the product as a specified functional material. In this 
experimental study, holes of 1 mm diameter were drilled to the nitinol alloy and nitinol with addition of 0.5wt% 
nanoparticles of each copper and silver. Electrochemical discharge machining was used where surface 
characteristics of the machined alloys, metal removal rate, and tool wear rate were investigated. The 
experimental results indicate that the alloy with silver and copper has a better metal removal rate (0.0885 
mg/sec) at voltage 80V and solution concentration 40%, lower surface roughness (0.00996 µm) at voltage 50V 
and solution concentration 30%, lower white layer thickness (2.5167 µm) at voltage 50V and solution 
concentration 40%, and lower surface crack density (0.0047 µm/µm2) at voltage 50V and solution concentration 
40%, but a higher tool wear rate than the base alloy. 
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INTRODUCTION 

The Shape memory alloys (SMAs) are a class of metallic alloys that are capable of suffering from large 
displacements while returning to their original undeformed shape via either the application of heat due to shape 
memory effect or elimination of the load, due to superelastic effect. Nickel-titanium alloys are the most common 
type of these alloys due to their ability to regain their original shape after distortion [1]. The addition of silver 
and copper to the nickel–titanium alloy rises the corrosion resistance and excellent antibacterial characteristics. 
Silver stabilizes the martensitic phase at room temperature, while copper rises the characteristics temperatures 
of the martensitic transformation. For biomedical applications in orthodontic, human bone, and other 
applications, NiTiAg and NiTiCu alloys are suitable [2, 3].  

Nickel-titanium alloys are difficult to machine by the traditional method. Unconventional strain hardening 
behavior, high ductility, low thermal conductivity, and high tool wear are responsible for the poor machinability 
of NiTi alloy. Therefore non-conventional methods are utilized to overcome some of these problems. 
Electrodischarge machining (EDM), laser machining (LBM), abrasive water jet machining (AWJM), and many 
other methods are applied to machine NiTi parts [4]. Many attempts were conducted to obtain the machined 
parts with lower influence on their functional characteristics. Pfeifer R. et. al [5] studied the influence of process 
parameters of laser machining of NiTi SMA. Kong MC. et al [6] investigated geometrical accuracy and surface 
integrity in abrasive water jet machining of NiTi SMA. Mareike Frensemeier, et.al. [7] utilized pulse 
electrochemical machining (PECM) to machine the NiTi alloy. Ali Alidoosti et. al. [8] used two different 
electrode materials (copper electrode and tungsten-copper (W-Cu) electrode) to investigate the electrical 
discharge machining characteristics of NiTi shape memory alloys.  

Alana Witt Hansena et. al. [9] evaluated the electrochemical behavior of polished NiTi surfaces exposed to 
various simulated body fluid solutions: Hanks solution, Hanks’ balanced salt (HBSS) solution, saline body 
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fluids (SBF) solution, and Ringer solution. Al-Ethari et. al. [10] investigated on Chemical Machining of NiTi 
SMA prepared by powder metallurgy route. Robert Roth et. al. [11] used electrical discharge machining (EDM) 
of biocompatible Nitinol that combines superelasticity, great precision of fabrication, and miniaturization 
capabilities, thus presenting a promising base material for flexible medical instruments in minimally invasive 
surgery. This research work presents an investigation on the influence of electrochemical discharge machining 
(ECDM) on the surface roughness, the thickness of the white layer, the surface crack density of machined 
specimen fabricated from NiTi using powder metallurgy route. The investigation includes, also, the metal 
removal rate and the tool wear rate. Nanoparticles of Cu & Ag were added to the NiTi base alloy to investigate 
the improvement of its machining characteristics through the use of process parameters (voltage, and solution 
concentration). 

EXPERIMENTAL DETAILS 

Materials and Processing 

The powder metallurgy method was utilized to prepare the Nickel-Titanium shape memory alloys. Two alloy 
samples were fabricated. The particle size of the powders used to fabricate the samples and the codes for these 
samples are demonstrated in table (1). A compacting pressure of 650 MPa was utilized to make cylindrical 
compacts of 13 mm diameter and 5 mm height via uniaxial and double action steel die on a hydraulic press type 
(CT340-CT440). The sintering of the compacts was performed in tube furnace type ((model GSL 1600X, China) 
with an argon atmosphere. The green compacts were heated in the furnace to 550˚C, soaked for 1 hr, sintered at 
850˚C for 5 hrs, then left in the furnace to cool to room temperature.  The porosity of the sintered samples was 
measured according to ASTM B-328 [12], while the Vickers hardness was conducted at a loading of 500 g  held 
for 10 seconds.  

For the estimation of the average hardness, the specimen was indented five times at different locations. The 
shape memory effect (SME) was estimated based on the Brinell hardness test at room temperature. An 
indentation ball of 2.5mm diameter was used to measure the hardness of the sintered samples by applying a load 
of 187.5 kPs 10sec. An average of three readings has been recorded in this test. Subsequently the sample was 
heated to 800c for one hour in a vacuum furnace and left to cool inside the furnace. SME was determined 
according to the percentage of the difference between the average impression diameter in (μm) before and after 
heating to that before heating. The results of the hardness, porosity, and shape memory effect tests are 
demonstrated in table (1). 

Table 1. Codes and the Properties of the Prepared Alloy Samples 

Machining Tests 

Drilling of 1mm diameter holes was conducted utilizing (ZGA60FM-G7.8iN:1406A024, Japan) type at the 
University of Amirkabir/ college of mechanical engineering/Iran. Electrochemical discharge machine shown in 
figure1.  

Code of the 
alloy sample 

The constituents wt% and the particle size of 
the used powders 

Hardness 
(HV) 

Porosity 
(%) 

Shape 
memory 
effect 
(%) 

Ni 
44.93µm 

Ti 
99.17 µm 

Cu 
30 nm 

Ag 
80 nm 

A1 55 45 --- --- 175 27 3 
A2 54 45 0.5 0.5 287 23 5 
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Figure 1. Electrochemical Discharge Machining Type (ZGA60FM-G7. 8iN:1406A024, Japan) 

Specimens of 13mm diameter and 5mm height were used. Each face of the specimens was ground using 200 to 
2000 size emery papers gradually and polished by 1μm diamond suspension before drilling. Tungsten carbide 
tool was utilized and settled in a steel tool holder type (C10-ER8-100L). In all tests, the gap between the tool 
electrode (cathode) and the workpiece was defined as 0.2mm. In all machining tests, sodium hydroxide NaOH 
with two concentrations (30 and 40%) was selected as the dielectric solution. Four values for the voltage (50, 
60, 70, and 80V) as the machining conditions were selected. The ECDM process proceeded for 20 minutes. 
Oxygen gas is generated at the anode due to the following electrochemical reaction [13]. 

2H2O→O2↑+4H++4e−                                                                                                                                            (1) 

Due to the following reaction hydrogen gas is generated at the cathode. 

2H++2e−→H2↑(2)Na++e−→Na                                                                                                                              (2) 

2Na+2H2O→2NaOH + H2↑                                                                                                                                  (3) 

2H2O+2e−→H2↑+2OH−                                                                                                                                         (4) 

The gas film is instantly broken-down when the applied machining voltage reaches the critical value, and a 
cluster of electric sparks is formed. To extract the work-piece material, the thermal energy released from the 
electric spark discharge is used and a micro-pit is thermally etched on its surface. The metal removal rate, tool 
wear rate, surface roughness, white layer thickness, and surface crack density were selected as the performance 
factors. The laser profilometer device type (LPM-D1-IRAN) was used to measure surface roughness. Material 
removal rate and tool wear rate were measured by weighing the specimen and the tool before and after the 
machining process as shown in Equations (5 & 6)[14]. After using wire electrical discharge machining 
(WEDM) to create a cross-section of the machining area for each sample [15], the white layer thickness can be 
determined by dividing the image area with the image length as shown in Eq.(7). 

MRR (mg/sec.) = (IW)w-(FW)w/t                                                                                                                          (5)  

TWR (mg/sec.) = (IW)T-(FW)T/t                                                                                                                            (6) 

White Layer Thickness (WLT) = Image Area/Image Length                                                                               (7) 

Surface Crack Density (SCD) = Total Crack Length/Image Area                                                                        (8) 

MRR = Material removal rate (mg/sec). 
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TWR = Tool wear rate (mg/sec). 
(IW)w = Original weight of the workpiece before machining, mg. 
(FW)w= Final weight of the workpiece after machining, mg.  
(IW)т = Original weight of the tool before machining, mg. 
(FW)т = Final weight of the tool after machining, mg. 
t = Machining time, sec. 

RESULTS AND DISCUSSION  

Material Removal Rate (MRR) 

The results of the material removal rate for A1 and A2 alloys are shown in figure 2. 

 

Figure 2. a) MRR results at solution concentration 30%, b) MRR results at solution concentration 40% 

Figure 2 shows that MRR for A2 alloy is higher than that for A1 alloy at high voltage and high solution 
concentration. This is because when silver and copper are added, the thermal conductivity of the NiTi alloy 
increases, and then MRR increases. When the applied voltage increases, the amount of ions that hit the 
workpiece increases, which causes the intensity of the energy to increase. At higher electrolyte concentration, 
more electrochemical reactions occur between the tool and the auxiliary electrode, which in turn creates more 
gas bubbles at the sparking zone, with the generation of a larger number of sparks [16]. Figure 3 displays the 
scanning electron microscope image of hole shape that result from the ECDM process for A1 and A2 alloys with 
maximum material removal rate at voltage 80 V and solution concentration 40%. 

 

Figure 3. SEM Image of maximum Material removal rate from ECDM process at voltage 80 V and solution 
concentration 40% for a) A1 alloy, b) A2 alloy 
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It is clear from figure 3 that the material removal rate for A2 alloy is higher than that for A1 alloy and the hole 
shape for A2 alloy is more regular. 

Tool Wear Rate (TWR) 

Figure 4 (a &b) displays the results of the tool wear rate of A1 and A2 alloys. Figure 5 (a & b) represents the 
scanning electron microscope image of tool wear for the tool which used in the ECDM process to machine A1 
and A2 alloys. 

 

Figure 4. a) TWR results at solution concentration 30%, b) TWR results at solution concentration 40%. 

Figure 4 (a & b) shows that A2 alloy has high tool wear rate than A1 alloy at high voltage and low solution 
concentration. With the rise of voltage, the energy of each pulse rises, and since one end of the pulse is on the 
tool and the other end is on the workpiece, this raises the amount of wear in the tool. The increase of voltage 
results in the rise of tool wear as most of the heat will be dissipated during tool materials than during workpiece 
or electrolyte [17]. TWR decreased with increased solution concentration. Figure 5 shows that A2 alloy has a 
maximum tool wear rate than A1 alloy because it has a higher hardness value than A1 alloy. 

 

Figure 5. SEM Image of Maximum Tool Wear Rate at voltage 80 V and solution concentration 30% for a) A1 
alloy, b) A2 alloy. 

Surface Roughness (Ra).  
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Figure 6 shows the results of surface roughness of A1 and A2 alloys. Figure 7 displays a laser profilometer 
image of surface roughness for A1 and A2 alloys. 

 

Figure 6. a) Surface Roughness Results at solution concentration 30%, b) Surface Roughness Results at 
Solution Concentration 40% 

Figure 6 indicates that A2 alloy has high surface quality rather than A1 alloy with low surface roughness. As 
shown in figure 6, surface roughness, Ra, increased with the rise in voltage and solution concentration. The 
increase in voltage leads to an increase in spark energy, which causes the surface pits resulting from the material 
being removed to be enlarged. 

 

Figure 7. laser profilometer Image of high Surface Roughness at voltage 80 V and solution concentration 40% 
for a) A1 alloy, b)A2 alloy. 

White Layer Thickness (WLT) 

The white layer thickness outcomes for alloys at various voltage and solution concentration values are defined 
in Figure 8. 
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Figure 8. a) White Layer Thickness Results at solution concentration 30%, b) White Layer Thickness Results at 
solution concentration 40%. 

As the voltage increases, the more heat is transmitted to the machined surface, the white layer thickness (WLT) 
is proportional to the voltage, leading to an increase in the quantity of molten metal. The quantity of molten 
metal that can be flushed away by a dielectric is considered constant, leading to the dielectric being increasingly 
unable to flush the molten material and thus building up as a white or recast layer on the machined surface [18]. 
The white layer thickness of the A1 and A2 alloys after machining is described in Figure (9) by scanning electron 
microscope image. 

 

Figure 9. SEM Image of maximum white layer thickness at voltage 50 V and solution concentration 30% for a) 
A1 alloy, b) A2 alloy. 

Figure 9 shows that the thickness of the white layer of the A2 alloy was less than that of the A1 alloy. 

Surface Crack Density (SCD) 

The surface crack density results for alloys are shown in Figure 10 (a & b). Figure (11) shows scanning electron 
microscope images of surface crack density for A1 and A2 alloys. 
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Figure 10. a) Surface Crack Density at Solution Concentration 30%, b) Surface Crack Density at Solution 
Concentration 40%. 

The temperature produced during the machining process is greater than the melting point of the work-piece and 
is followed by rapid quenching. As a result, large thermal stresses are developed which exceed the fracture 
strength and thus, cracks are developed [19]. The A2 alloy has a low surface crack density because this alloy has 
low porosity as shown in figure 10 and figure 11. 

 

Figure 11. SEM Image of Surface Crack Density at voltage 50V and solution concentration 30% for a) A1 alloy, 
b) A2 alloy. 

CONCLUSION 

The following conclusions are made based on the results obtained: 

1. Voltage machining (50,60,70, & 80) V and solution concentration (30 & 40) % have a high influence on the 
rate of material removal, wear rate of the tool, the thickness of the white layer, and surface roughness. 
2. Addition silver and copper nanoparticles to base alloy improved the machining characteristics results. 
3. Alloy A2 has more MRR, TWR than A1 alloy 
4. Surface roughness, white layer thickness, and surface crack density for alloy A2 lower than A1 alloy. 
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