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Abstract 
Nickel titanium(NiTi) shape memory alloys have increased utilization for different engineering 

applications especially in biomedical applications .The aim of  this study, first studied the powder 

metallurgy process variables such as compacting stress and sintering cycles on several physical tests such 

as x-ray diffraction, porosity and apparent density as well as mechanical tests such as microhardness, 

surface roughness , second studied the effect of alloying element of yttrium and tantalum on microhardness, 

surface roughness of NiTi shape memory alloys. Several alloys have been prepared by powder 

metallurgical technique. Vickers hardness, surface roughness measurements, XRD analysis, porosity and 

apparent density were performed. 

It was shown that the XRD diffraction tests of all samples have the same results of two phases at 

room temperature (RT) (monoclinic NiTi and hexagonal Ni3Ti).the result of adding tantalum in the 

percentage of (1%,2% and3%) in the expense of nickel, increasing hardness value gradually to record the 

highest value (310) HV at 3%.and also decrease the surface roughness from (0.36 to 0.15) µm at 

3%Tantalum and 650 Mpa. While the result of adding yttrium in the percentage of (1%, 2% and3%) %Wt. 

in the expense of nickel, shown that the specimen of 2 % Yttrium and 650 Mpa compacting stress showed 

the hardness value of (275.7) HV 

 .The hardness value decreases at 3 % and 1% additives at the same compacting stress to (272.26 

and 200) HV respectively. The addition of Tantalum element decreases the surface roughness from (0.36 to 

0.15) µm at 3%Tantalum and 650 Mpa .While the specimen of 2% Yttrium at 650 Mpa shown (0.16) µm 

surface roughness. 

 Keywords: Nickel Titanium (NiTi); Superelasticity; Shape Memory Effect SME; XRD; Microhardness; 

Surface roughness. 
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1. Introduction 
 Shape memory alloys(SMAs) based on Nickel Titanium were the alloys most 

frequently used in commercial applications because they combine good mechanical 

properties, wear resistant, biocompatibility, and the phenomenon of super-elasticity with 

shape memory effect )TARNIŢĂ et.al. , 2009.The biocompatibility of these alloys is one 

of the important points related to their biomedical applications as orthopedic implants, 

cardiovascular devices, and surgical instruments, as well as orthodontic devices 

(Mantovani, 2000). This study presents their main applications in the biomedical field as 

orthopedic devices (spinal vertebral spacer). 

Shape memory alloys presents two well-defined crystallographic phases, i.e., 

austenite and martensite (OTSUKA and REN, 1999). Martensite was a phase that, in the 

absence of stress was stable only at low temperatures; in addition, it can be induced by 

either stress or temperature. Martensite can be easily deformed, reaching large strains 

(~8%) (DUERIG et.al., 1999). Martensitic transformation explains the shape recovery in 

SMA. Four characteristic transformation temperatures can be defined: Ms and Mf) the 

temperatures at which the formation of martensite starts and ends), and As and Af (the 

temperatures at which the formation of austenite starts and ends) as shown in Fig. (1). 

 
Fig. (1): the typical temperature-transformation curve of a NiTi alloy ((DUERIG, et.al., 

1999): Ms: martensite start temperature upon cooling; Mf: martensite finish temperature 

upon cooling; As: reverse transformation start temperature upon heating; Af: reverse 

transformation finish temperature upon heating; T1: the transformation hysteresis. 

When the loading-unloading process is finished, the shape memory alloy sample 

presents a residual strain, which can be recovered by sample heating, which induces the 

reverse phase transformation. This is the shape memory effect, also known as a one-way 

shape memory effect. In the case of two-way shape memory effect, the sample has a 

shape in the austenitic state and another in the martensitic state. In order to obtain the 

two-way effect, it is necessary that the shape memory alloy sample be trained (TARNIŢĂ  

et.al., 2009).  

Many efforts have been aimed at improving the mechanical properties of 

biomedical devices. for example,( Zheng et.al., 2013) reviewed how to change surface 

chemical and physical properties in order to manipulate cell adhesion and behavior.          

( Tyau et.al., 2015) made surface modification of TiNi-based shape memory alloys by dry 
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electrical discharge machining .(Chang et.al., 2016) improved mechanical properties by 

Ultrasonic Nanocrystal Surface Modification. 

In this study the effect of the powder metallurgy process variables such as 

compacting stress and sintering cycles on several physical tests such as x-ray diffraction, 

porosity and apparent density as well as mechanical tests such as microhardness, surface 

roughness had been studied and the effect of alloying element of yttrium and tantalum on 

microhardness, surface roughness of NiTi shape memory alloys also studied. 
 

2. Materials and experimental procedure 

The powder metallurgy technique had been used to prepare samples of porous NiTi 

shape memory alloys. The procedure involves mixing of powder, compaction and 

sintering in specific temperature. The sensitive balance of four digit accuracy had been 

used to prepare samples in the following proportions illustrated in the below table: 
 

Table1: the alloy code and their compositions prepared in this study. 

Alloys code Chemical compositions (Wt. %) 

1 A 55 Ni  -  45Ti 

2 B1 54 Ni – 45Ti – 1 Y 

3 B2 53 Ni – 45Ti – 2 Y 

4 B3 52 Ni – 45Ti – 3 Y 

5 C1 54 Ni – 45Ti – 1 Ta 

6 C2 53 Ni – 45Ti – 2 Ta 

7 C3 52 Ni – 45Ti – 3 Ta 

 

These chemical composition mixed for three hours by using planetary ball mixer 

then compacted by using electric hydraulic press of the uniaxial pressing with several 

compacting pressure of (400,500,600 and 650) MPa to form cylindrical samples with 

average diameters (15.2) mm and height of (6) mm had been done in Babylon university 

college of materials engineering metallurgical department. The sintering process 

accomplished at two step, the first one at temperature 500 
o
C for two hours and the 

second at 850 
o
C for six hours under vacuum conditions (6.7 E -02 Pa) then the 

specimens cooled in the furnace had been done in kerballa University College of 

engineering mechanical department. After sintering all surfaces of each of them were 

grinded with   180, 220, 320.400,600,800, 1000,1200 and 2000 grit silicon carbide 

papers, then polished with alumina solution  and   3μm diamond paste to get mirror finish 

appearance. And then washed with distilled water. A dryer was used as manual dryer for 

drying up the samples and then kept the samples with silica gel in a well- knit cans to 

keep them completely dry. Then each sample was immersed in etching solution for (8-10) 

seconds, then washed with distilled water and dried rapidly ,finally microstructure 

observations carried out for the samples. Etching of samples achieved in solution with 

chemical composition as the following (Sounia et.al., 2002):  (HF 10 ml , HNO3 20ml  , 

H2O 80ml). The hardness of the samples has been measured by using Microhardness 

Vickers's tester, the applied weight was (200 gm) and the incubation time was (10 sec) in 

state applied weight .Three measurements for each sample had been taken and the 

average value used to analysis the behavior of the alloys. A roughness tester model of 

(TR200) with cut off equals to 1.2(µm) has been used to quickly and accurately 

determine the surface texture or surface roughness of all samples. A roughness tester 
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shows the mean roughness value (Ra) in micrometers or microns (µm). All tests had been 

done in Babylon university college of materials engineering metallurgical department.\ 
 

3. Results and discussion 
3.1 porosity and apparent density before and after sintering 

Figures (2) and (3) shown that the green density of all green samples with the effect 

of compacting stress.it is clear that the green density increase as the compacting stress 

increase this attributed to decreasing the pore as the compacting stress increased, 

however, the pore size and pore distribution will also change.    

  
Fig. (2): green density versus compacting stress. 

 
Fig. (3): green density versus compacting stress. 

 

The porosity of green samples against compacting stress also depicted in figure (4) 

and (5).it has been shown that the porosity decrease as the compacting stress increase. 

The reason of this is that with increasing of compacting pressure , The density of the 

powder mass increases, so the total amount of porosity in the mass decreases , however , 

the pore size and pore distribution will change as well. 
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Fig. (4): green porosity versus compacting stress. 

 
Fig. (5): green porosity versus compacting stress. 

 

The density and porosity of sintered sample showed in below figures (6, 7, 8 and 9), 

also the density increase as the compacting stress increase while porosity decrease as the 

compacting stress increase. 

 
Fig. (6): density of sintered sample vs compacting stress. 
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Fig. (7): density of sintered sample vs compacting stress. 

 

   Fig. (8): porosity of sintered sample vs. compacting stress. 

 
Fig (9): porosity of sintered sample vs. compacting stress. 

 

3.2 X-Ray diffraction (XRD) 

It is important to have XRD test to identify the phases of crystalline structure. The 

test was done for elemental powder of base sample, base alloy after sintering, and B3 and 

C3 alloys after sintering process. Figure (10) depicted the XRD pattern for NiTi powder, 

these patterns show only Ni and Ti phases, because no phase transformation occurs 
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during mixing or compacting process since there is no sufficient heat.  These patterns 

matched the standard patterns for Ni and Ti powders. Figure (11) illustrated the XRD 

patterns for the base alloy after sintering in accordance with the sintering process 

mentioned in the experimental procedure under vacuum condition .In this pattern all Ni 

and Ti transformed to monoclinic NiTi phase and hexagonal Ni3Ti phase. Figure (12) and 

(13) depicted XRD pattern for B3 and C3 alloys after sintering process which shows also 

the same pattern for base alloys after sintering process this means that additives have not 

led to the occurrence of other compounds and this is required.  

 
Fig. (10): XRD pattern for NiTi powder. 

 
Fig. (11) XRD pattern for base alloys after sintering process. 
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Fig. (12): XRD pattern for B3 alloys. 

 
Fig. (.13): XRD pattern for C3 alloys. 

3-3 Hardness test results 

As seen from Figs. (14) and (15) the hardness value of all sintering samples 

increase as the compacting stress increase. Fig. (14) shown that the hardness values for 

NiTi alloys with yttrium additives at 2%Y higher than base alloy while at1% showed less 

than base alloys , As well as in Fig. (15), it is clear that the sample with the highest 

percentage of tantalum additives and compacting stress showed the highest hardness 

values since the tantalum alloy is harder than the yittrium alloy thus the additive of 

tantalum change the microstructure morphology and made grain boundary increase the 

hardness of alloys while the addition of yittrium makes the material more ductile by 

reducing the stress to induce or reorient variants of martensite. 
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Fig. (14): Hardness values versus compacting stress. 

 
Fig. (15): Hardness values versus compacting stress. 

 

3-4 Surface roughness test results 

Surface roughness is a very important property affecting the behavior of mating 

contact surfaces. In fact low roughness values increase the manufacturing costs, but it is 

important for knowing the material performance and the contact elements since it has a 

primary role in Tribology. Actually, rough surfaces tend to wear rapidly and have higher 

coefficients of friction compared to smooth ones (Hamrock et.al., 2014). Figure (16) 

shown that the effect of yttrium additives on surface roughness value, it found that the 

increment of yttrium reduced the surface roughness value, as well as the tantalum 

additives reduced the surface roughness as the tantalum content increase as seen in figure 

(17),since the tantalum alloy is the hardest thus the alloys with tantalum additives is 

better than the alloys with yittrium additives and it is clear from both of figures the 

surface roughness reduced as the compacting stress increased and this is natural manner 

because the pores is reduced. 
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Fig. (16): surface roughness versus compacting stress. 

 
Fig. (17): surface roughness versus compacting stress. 

 

3-5 microstructure analysis (LOM) 

The LOM with magnification power of 50 has been done for all sintering samples 

to illustrate the grain boundaries, pores in different sizes and the present phases, thus 

many figures were chosen in different compacting stress to illustrate this. Figure (18) 

illustrated the microstructure of etched B1, C1, C2 and C3 alloys of different compacting 

stress after the sintering process with 500x. The figures show many pores with different 

sizes on the surface, that is the true manner since the samples were prepared by powder 

metallurgy technique. 
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Fig. (18): Microstructure for (A) C1 of 400Mpa, (B) C3 of 500Mpa ,(C) C2 of 600Mpa, (D) 

B1 of 650 Mpa. 

4. Conclusions  
1. The sintering at 500 

0
C for 2h of samples and at 850 C

o
 for 6 h under vacuum 

condition 6.7*10
-2

 Mpa is sufficient to complete the transformation process of Ni, Ti, 

Ta and Y to alloy structure. 

2.  Two phases structure is appear in all alloys, monoclinic NiTi and hexagonal Ni3Ti. 

3. The alloys with Y additives (1% and 3%) wt. % have hardness values lower than that 

for NiTi alloy with 2% additives. While, the addition of Ta increase the hardness 

values as the percentage increase. 

4. The addition of Ta decrease the surface roughness as the percentage increase, the 

alloys with Y additives (1 %and 3%) wt. have surface roughness higher than the alloys 

with 2% additives.  
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