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ABSTRACT 

    The structural and physical properties of nickel–titanium–copper 

shape-memory alloy and the effect of laser irradiation on the alloy were 

investigated in this study. The alloy was prepared using the powder 

metallurgy method. Powders of 50% Ti, 46% Ni, and 4% Cu by weight 

were mixed and then cold-compacted at 600, 700, and 800 MPa to form 

cylindrical samples 11mm in diameter and 16.5 mm in length. The 

samples exhibited sufficient green strength for handling after compaction 

and were subsequently sintered at 850°C, 900°C, and 950°C for five 

hours in an electric vacuum tube furnace. The optimum compacting 

pressure and sintering temperature were identified using Minitab 

software. Samples prepared under the optimum process conditions were 

then irradiated using a pulsed ND: YAG laser at 300mJ, 400mJ, 500mJ, 

and 600mJ. The effects of the laser treatments were investigated through 

optical microscopy, scanning electron microscopy, energy dispersive X-

ray spectroscopy, X-ray diffraction spectroscopy, and microhardness 

testing. The results revealed that whereas laser irradiation at 500mJ 

enhanced the surface properties of the shape-memory alloy, laser 

irradiation at 650 mJ damaged the surface of the alloy. 

Keywords: shape memory alloys, powder metallurgy, SEM, NiTi, 

 ND: YAG laser  

INTRODUCTION 

Shape-memory alloys have extensive numerous applications in arrange of 

technological fields given their excellent properties. The shape-memory 

i.e., the recovery of a “memorized” shape after deformation, is attributed 
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to thermo-elastic martensitic transformation. For example NiTi shape-

memory alloy has potential novel biomedical applications given its super-

elasticity, shape-memory properties, and biocompatibility [1]. Nitinol is 

the most common type of shape-memory alloy. It is based on Ni and Ti, 

the most popularly used metals in shape-memory alloys with commercial 

applications [2]. Shape-memory alloys are subjected to various surface-

treatment techniques and protocols for improving their corrosion 

resistance and increasing their available bioactive surfaces. These 

methods include mechanical and electrochemical treatments, chemical 

etching, heat treatments, conventional and plasma-ion immersion–

implantation, laser and electron-beam irradiation [3]. Laser-based surface 

modification techniques are the most commonly used surface-engineering 

tools because they enable rapid heating and melting that subsequently 

extend the solid solution, refine microstructures, and homogenize alloy 

composition to yield products with excellent metallurgical interfaces [4]. 

Laser surface treatment is a highly effective means for modifying the 

surface properties of materials [5] because of its flexibility, high 

precision, and intense beam power [6]. The electromagnetic radiation of a 

laser beam is absorbed within the surface layer of metals. Thus, laser 

energy can be deposited at the exact point where it is needed. The bulk 

properties of NiTi alloy are unaffected by laser surface treatment [7]. 

Furthermore , several studies such as Sadrnezhaad, et.al.(2004 )[8] 

reported that commercially pure nickel-titanium powders were compacted 

and sintered at different temperatures for different times. Amorphization 

and interatomic phase formation were determined by X-ray 

diffractometry, scanning electron microscopy and differential scanning 

calorimetry. Porosity, virtual density B. V. Krishna (2007) [9] 

investigated the influence of laser parameters on the microstructure, 

mechanical properties, and phase conversion performance of NiTi alloys 

formed via laser engineered net shaping (LENS). Ni55.2–Ti44.8 was 

fabricated using a conventional technique and formed into a cylindrical 

shape to achieve microstructural and mechanical properties. A. Shelyakov 

(2015) [10] investigated the effect of pulsed Excimer laser radiation 

(wavelength 248 nm at pulse width 20 ns) on the structure of Ni-Ti-Cu 

alloy. An Ni25–Ti50–Cu25 alloy was prepared using the melt spinning 

method. The sample was subjected to a furnace at a temperature of 500 

°C for 300 s to obtain SME. The number of pulses was changed from 1 to 

100 at a repetition rate of 20 Hz with an energy density of 17 mJ/mm
2
. 

Scanning electron microscope and X-ray investigations were performed 

to obtain results and determine that the thickness of the modified layer 

increased with increasing number of pulses and led to the creation of a 
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structural formless crystalline compound, which evidently indicated a 

two-way SMA.  

 This work aims to study the effect of different laser energies on the 

structural and physical properties of the Ni-Ti-Cu shape memory alloy.                                                                                                      

EXPERIMENTAL WORK 

 Materials    

Samples of Ni–Ti–Cu shape-memory alloys were prepared through the 

powder metallurgy method. First, 50% titanium powder was combined 

with 46% nickel and 4% copper powders by weight with high purity 

(>99%). The powders were mixed using an electrical mixer at a rotational 

speed of 70 rpm for two hours in accordance with reference [11]. 

 Sample Preparation  

The powder mixture was compacted using a single-action tool steel mold 

in a press machine under 600, 700, and 800 MPa into cylinders 11 mm in 

diameter and 16.5 mm in length. Table (1) shows the alloy composition, 

compacting pressure, and sintering temperature used in this experiment. 

Table (1) Composition and Dimensions of samples with compacting 

pressure and sintering temperature. 

 

The compaction displacement rate of the press machine was 1 mm/min. 

The holding time of the machine was set at 4 minutes to ensure that the 

desired sample dimensions were achieved. The samples had sufficient 

green strength for handling after compaction. Green samples were 

sintered in an electric vacuum tube furnace at 850 °C, 900 °C, and 950 °C 

for 5 hours. The shape memory effect test was conducted by compressing 

the samples by 0.06% of their original lengths at a displacement rate of 1 

mm/min and then heating at 110 °C for 5 minutes. The compressed 

samples were then allowed to slowly cool in the open air. SME (shape 
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memory effect %) was calculated by applying the following equation:      

                                                             

Shape Effect% =
     

      
     ………… (1)      [12] 

Where: 

L0: original sample length 

  L1: sample length after compaction by 0.06%  

L2: recovered length after heating. 

       

Shape memory effect was optimized using the Minitab program, 

specifically the design of experiment (DOE) tool and regression analysis. 

The DOE was used to investigate the effect of input variables on an 

output response. Regression analysis was conducted to identify the 

optimum SME. After obtaining the conditions (compacting pressure and 

sintering temperature) that give the optimum SME the sample was 

manufactured using the powder metallurgy method .Then, the optimized 

samples were then irradiated by a pulsed Nd: YAG laser. The surface 

temperature of the sample must not exceed 300 °C in order to avoid 

thermal damage [13]. Thus, the following equation was used to determine 

the laser energy that exerts the optimum surface effect without causing 

thermal damage: 

                    
  

 
               

 

    
  ……… (2)      [14]  

               ierfc (0) = 
 

  
…………………………... (3) 

In this equation, T: Surface temperature 

                           Z: Depth (This parameter has a value of 0 in this 

experiment because only the sample surface was irradiated) 

                      t:  Time (300 ms)  

                    H: Surface power density 

                    K: Thermal conductivity (0.1 w/cm)      

              ƙ: Thermal diffusivity ( 
 

  
 m

2
 /s) 

              C:
  
Specific heat capacity (322 J/kg) 
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                    : Material density (6.5 g/cm
3
)  

Table The laser irradiation parameters used in this study are listed in 

2).( 

                     ) parameters of Nd: YAG laser2Table (

 

 The microstructures of the samples were inspected using optical 

microscopy under 10× magnification and scanning electron microscopy 

(SEM) under vacuum atmosphere (1000× at 100 µm) to determine the 

effect of different laser energy pulses on the microstructure of the alloys. . 

X-ray diffraction spectrometry (XRD) was performed to analyze the 

different phases present in the optimized samples. Sample hardness was 

measured using a digital microhardness tester. 

 

 RESULTS AND DISCUSSION  

Shape-memory effect test result (SME): • 

  Shape memory effect percent was measured under different 

compacting pressure and sintering temperatures. From figure(1) , it is 

clear that the shape memory effect increased by increasing of 

compacting pressure due to the elimination of porosity , the bore 

number decrease and it is becomes more uniform. The maximum shape 

recovery was 83.4% at the compacting pressure of 800 MPa and 

sintering temperature of 850 °C.  Figure (1) shows the SME% obtained 

under different compacting pressures and sintering temperatures.  
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Figure (1) The  results of shape memory effect with effect of compacting 

pressure and sintering temperature . 

 

A regression equation from Minitab program was used to estimate the 

temperature and pressure that provide the maximum shape memory effect 

value. If considered the sintering temperature 750 °C then the compacting 

pressure 882MPa was obtained Shape effect (%) = 99.98%  

 

•Laser Irradiation  

Theoretical calculations performed using equation (2) revealed that 

laser energy must not exceed 672 mJ to exert the maximum surface 

effect on the specimens without causing thermal damage. 

Experimental results showed that sample surfaces were damaged when 

irradiated with 650 mJ of laser energy, as shown in Figure (2). This 

observation validated the results of the theoretical and experimental 

calculations. 
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 Figure (2) The microstructure of the surface alloy (a) before laser (b) 

after laser 650mJ  

• X-ray diffraction test (XRD) 

The structural properties of Ni46–Ti50–Cu4 alloy were inspected by X-Ray 

Diffraction analysis (XRD) before and after irradiation with different 

laser energies (300, 400, 500, and 600 mJ). Figures (3) to (7) show that 

Ni and Ti elements were converted into NiTi martensite phase 

(monoclinic) and austenite phase (cubic). The diffraction peak positions 

(2ɵ) of the as-received sample are presented at 46.3033°, 42.512°, and 

43.2752°, which correspond to the 100, 201, and 111 planes, respectively. 

 The diffraction peak positions (2ɵ) of the sample after irradiation with a 

laser energy of 300 mJ are presented at 43.5413°, 51.2802°, and 39.609°, 

which correspond to the 111, 203, and 200 planes, respectively. 

 The diffraction peak positions (2ɵ) of the sample after irradiation with a 

laser energy of 400 mJ are presented at 42.7795°, 41.5878°, and46.6319°, 

which correspond to the 012, 110, and 202 planes, respectively. 

 The diffraction peak positions (2ɵ) of the sample after irradiation with a 

laser energy of 500 mJ are presented at 44.5298°, 51.8629°, and 

76.3617°, which correspond to the 111, 200, and 220 planes, respectively. 

 The diffraction peak positions (2ɵ) of the sample after irradiation with a 

laser energy of 600 mJ are presented at 44.4634°, 51.7877°, and 

39.8316°, which correspond to the 100, 200, and 010 planes, respectively. 

In addition, the transformation of the systems that contained less than 5% 
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Cu is the same as that of the binary NiTi system, i.e., the austenite cubic 

structure is equal to the martensite monoclinic structure [15]. 

 Tables (3) to (7) present all the XRD results, including the three 

strongest peak positions (2ɵ), the full width at half maximum, the 

experimental and standard (d) spacing, the Miller index (hkl), and the 

crystalline size variation. The crystalline size was calculated according to 

the Debye–Scherrer formula [16]. When the effects of different laser 

energies on the crystalline size of the material were compared, better CS 

was found with laser energy of 500 mJ, which corresponds with the 

results of the optical microscopy and SEM. The considerable intensities 

of the NiTi martensite phase and the NiTi2 austenite phase are responsible 

for the SME of the NiTi SMAs. In addition, NiTi2 precipitation is 

associated with the reaction of Cu with Ni and Ti atoms and with 

enhanced material hardness [17] The phase Ti2(Ni1-xCux)3 forms by 

solid state reaction below 850°C  , Also ,  the laser has effect on this 

reaction due to increase the temperature more than phase  transformation     

Table (3) XRD result of the as received sample. 

 

From table (3) the average value of the crystalline size was found to be 

equal to 23.8nm 
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Figure (3) XRD test result of the as received sample. 

 

Table (4) XRD result of the sample after irradiated with laser energy of 

300mJ. 

 

From table (4) the average value of the crystalline size was found to be 

equal to 24.6nm 
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Figure (4) XRD result of the sample after irradiated with 300mJ  of laser 

energy. 

Table (5) XRD result of the sample after irradiated with laser energy of 

400mJ 
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From table (5) the average value of the crystalline size was found to be 

equal to 16nm

 

Figure (5) XRD result of the sample after irradiated with 400 mJ of  laser 

energy  

Table (6) XRD result of the sample after irradiated with laser energy of 

500mJ. 

 

From table (6) the average value of the crystalline size was found to be 

equal to 33.2nm 
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Figure (6) XRD result of the sample after irradiated with 500 mJ of  laser 

energy .  

 

 

Table (7) XRD result of the sample after irradiated with laser energy of 

600mJ. 

 

From table (7) the average value of the crystalline size was found to be 

equal to 24.4nm 
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Figure (7) XRD result of the sample after irradiated with 600 mJ of  laser 

energy . 

•Optical Microscopy  

The grain and grain boundary of all the tested samples appear clear in this 

test, thereby indicating the success of the manufacturing process. 

The microstructure contains pores, as shown in Figure (8), and the 

percentage of these pores affects alloy density. After irradiation with 

different laser energies (300, 400, 500, 600 mJ), as shown in Figures (9 a, 

b, c, d), the grain sizes of the samples were improved and the grain 

boundaries were growing because of the considerable amount of energy 

at the grain boundary. Irradiation with laser energy of 500 mJ [Figure 

(9c)] yielded the good of microstructure  results because the growth of the 

grain boundary was increased. Figures (8) and (9) show the 
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microstructure test results. SEM was conducted to obtained additional 

details.  

 

Figure (8) The microstructure of the as received alloy.   
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a))  

 

b)) 

 

c)) 
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d)) 

Figure (9) shows the microstructure of the surface after irradiation with 

different laser energies (a) 300mJ (b) 400mJ (c) 500 mJ (d) 600mJ. 

•Scanning Electron Microscope (SEM)  

Scanning Electron Microscope offers additional details about the alloy 

microstructure, as shown in the test image results. The samples with large 

grains, the formation of the grain boundary, and the appearance of pores 

before laser irradiation are shown in Figure (10).  

 The SEM images of the microstructures of the samples after irradiation 

with different laser energies are shown in Figures (11 a, b, c, d), which 

indicates that porosity decreased after laser irradiation. The irradiated 

region was uniform and homogeneous. These characteristics increased 

hardness. After comparing the different laser energies from optical 

microscopy and SEM, irradiation with a laser energy of 500 mJ was 
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determined to obtain the good microstructural feature due to decrease 

defect.  

 

Figure (10) Scanning Electron Microscope of the as received sample  
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a)) 

 

b)) 

   

c))  
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d)) 

Figure (11) Scanning Electron Microscope of samples after irradiation 

with different laser energies (a) 300mJ (b) 400mJ (c) 500mJ (d) 600mJ. 

 

•Microhardness: 

  The microhardness test results showed that the samples were hardened 

after irradiation with different laser energies (300, 400, 500, and 600 mJ). 

In this study, the treated surface exhibited increased hardness due to the 

inter-metallic compounds and grain refinement effect. The maximum 

increase in hardness was obtained by irradiation with 500 mJ, as shown in 

Figure (12). This finding corresponds to the images acquired through 

optical microscopy, SEM, and the XRD results.  
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       Table (8): Microhardness test results.  

 

 
Figure (12) Hardness profile before and after irradiated samples with 

different laser energies. 

 

 

CONCLUSIONS 

• The results of the SME test revealed that the best recovery was 83.4% 

under the highest pressure of 800 MPa and sintering temperature of 850 

°C. 

• The optimal sintering temperature and compacting pressure were 

identified through the Taguchi design optimization method. The 

optimized sample exhibited 99.98% SME recovery under 882 MPa of 

compacting pressure and 750 °C. 
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 •Irradiation at 500 mJ and wavelength of 1064 nm for 300 ms enhanced 

the structural and mechanical properties of Ni–Ti–Cu samples. 
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