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ABSTRACT 
Nickel–Titanium shape memory alloy is used in engineering  and medical applications due to the many necessary and excellent  
properties it owns. These properties include superelasticity (pseudoplasticity), shape memory, good corrosion resistance and 
satisfactory biocompatibility. This study investigates the effect of Germanium as additive on the oxidation  behavior of NiTi SMAs. 
The samples prepared by powder metallurgy approach, the powder mixture containing nickel and titanium with composition of 
(55% wt.) and (45 %wt.) respectively.Ge  added with percentage of (1, 1.5 , 2) wt. % these additions was at the expense of nickel.  
The elementally powders mixed for 5hr then compacted with fixed compacting pressure of (800) MPa to cylindrical samples. The 

then the samples cooled in furnace.   4)-sintering process accomplished at temperature 850 °C for 8h under vacuum conditions (10
The results of XRD diffraction showed that all samples (with and without additives) consisted of four phases at room temperature 
(RT) (NiTi (B2), NiTi (B19). NiTi (with and without additives) have parabolic behavior. Cyclic oxidation behavior of NiTi SMAs 
improved after the addition of Ge and exhibit parabolic behavior. For NiTi alloy without additives, the parabolic rate constant (kP) 

C. and the o(mg2/cm4)/s.) at 1000  7-C to a value of (kP = 1.3080x10o(mg2/cm4)/s.) at 800  7-varies from a (kP = 0.18677*10
activation energy Q=226 kJ/mol ,for NiTi alloy with 1 wt.% Ge additives, the parabolic rate constant (Kp) varies from a (Kp = 

for NiTi alloy  C and  Q= 140.177 kJ/mol,o(mg2/cm4)/s.) at 1000  7-C to a value of (Kp = 0.09x10o(mg2/cm4)/s.) at 800  7-0.0181*10
C, the parabolic rate constant (kP) varies from a (kP = o1000 -er the temperatures range between 800with 1.5 wt.% Ge additives ,ov

C. and Q =89 kJ/mol, for NiTi alloy o(mg2/cm4)/s.)  at 1000  7-C to a value of (kP = 0.5601x10o(mg2/cm4)/s.) at 800  7-0.121*10
C to a value ofo(mg2/cm4)/s.) at 800  7-parabolic rate constant (kP) varies from a (kP = 0.1361 *10  the  additives, Ge  2wt.%  with  

and Q=119.927 kJ/mol. C.o(mg2/cm4)/s.) at 1000  7-(kP = 1.0780x10  

 
KEYWORDS: TiNiGe shape memory alloy _ Oxidation .  

 

INTRODUCTION 
 

The shape memory alloys (SMA) are these metals which remember its original shape and crystal structure, 

i.e., after the deformation of a piece of SMA from its original shape, it will regain its geometry by realizing the 

external load applied at a Surrounding temperature (superelasticity) or by heating (shape memory effect) [1]. 

NiTi alloys are used in many medical applications like orthopedic devices, orthodontic wires, guide wires, filters 

and components of surgical devices. These devices are fabricated in different  processes like  hot-rolling, wire-

drawing and forging etc. to produce plates, wires, slabs, billets and tubes. such aprocessing of fabrication 

produces oxides on the surface of metals at high-temperature. thus, an understanding of oxides formed at high 

temperature on the NiTi-based SMAs is request [2,3]. 
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Oxidation resistance develops by adding some alloying elements [4], Many researchers worked in this 

direction and studied  the effect of the  addition of alloying elements like copper, aluminum and chromium into 

nitinol alloys and how it influence the behavior of NiTi shape memory alloys in corrosive and high temperatures 

environments [3,5]. Many papers focusing on the effect of alloying elements on oxidation behavior. Kai-Nan 

Lin et al. [3] investigated the isothermal-oxidation behavior of Ti50Ni40Cu10 shape memory alloy (SMA) in 

700–1000 °C air, James L. Smialek  [6] studied the oxidation behavior of a high temperature shape memory 

alloy, Ni–30Pt–50Ti (at.%) by isothermal oxidation in air for 100 h over a temperature range 500-900 °C, 

Kyong et al. [7] (2014) explore the effect of Hf addition on the high temperature oxidation behavior and oxide 

structure of Ti-49Ni-12Hf high temperature shape memory alloys. In this study, the effect of germanium 

addition was investigated. 

 

Experimental procedure: 

Materials Used: 

The materials that used in this job are: powders of (nickel, titanium and germanium) and etchant solution. 

 

Powders: 

The specifications of powders  are shown in table (1) with the purity and average particle size. 

 
Table 1: powders used to make NiTi samples 

Materials Purity % Average particle size  (µm) 

Titanium powder 99.86% 13 

Nickel powder 99.21% 29 

Germanium powder 99.99% 8.5 

 

Sample preparation: 

In order that samples of NiTi SMAs prepared, powder metallurgy technique had been used. The procedure 

includes mixing, compacting and sintering practices Table (2) clarified composition of the alloys  which are 

used in this work. 

 
Table 2: The composition of the prepared alloys. 

Chemical Composition (wt. %)      Alloys 
55 Ni - 45Ti 1 
54 Ni - 45Ti – 1.0  Ge 2 
53.5 Ni - 45Ti - 1.5  Ge 3 
53 Ni - 45Ti – 2.0  Ge 4 

 

Mixing of powders: 

Ni and Ti powders with Ge additions were weighted according to the required percentage.Wet mixing was 

made by the electrical rolling mixer apparatus to obtain a homogenous distribution  of the powders. stainless 

steel balls with  different diameters had been used during the mixing process to ensure  mixing the powder for (5 

hours). Ethyl alcohol had been added to avoid the effect of friction between the powder particles and the mold 

walls and to reduce the oxidation of  particles during mixing process. 

 

Compacting of powders: 

Cylindrical steel die was used to prepare the samples using compacting pressure of 800 MPa applied. The 

compacting processes were made by electric hydraulic press. Graphite as lubricant were added in small amount 

to reduce friction between particles and the die walls during compacting. 

 

Sintering Process: 

The green compacted samples were sintered by using sintering system consists of a tube furnace, quartz 

tube and vacuum pump for (10-4) tor. The program shown in figure (1). When the sintering program finished the 

samples were left inside the furnace to cool down till room temperature. 
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 Fig. 1: sintering program of compacted sample. 

 

Preparation of Samples for Test : 

All samples after sintering process were grinded by using (180, 320, 600, 800, 1000,1200,2000) grit 

aluminum oxide  papers, then polished with a diamond past of  0.3 μm to get a bright mirror finish for the final 

step. Etching,with concentrations showed in table(3), was made at room temperature. After etching process the 

samples washed with water and dried. 

 
Table 3: concentration and chemical composition of the etchant solution used [11].  

Chemical composition concentration of Etchant (%) 

HNO3 + HF + H2O 20% + 10% + 70% 

 

2.5  Porosity and density measurements: 

Two densities were measured in this study, green density and density after sintering. 

 

2.5.1  Green Porosity and Density: 

The weight of a unit volume of compacted blended powder expressed in grams per cubic centimeter is the 

green density of the compact. It is computed from evaluation of dimensions and the compact sample weight of 

as follows [9]: 

                (1)  

Where: 

  
Green porosity is calculated from theoretical density of mixture which is determined by the weight 

percentage of elemental powder multiplies by its theoretical density as follows [9]: 

        (2)  

Where:  

So the green porosity is calculated from the following equation [9]: 
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            (3) 

Where : 

  
 

True Porosity for Sintered Compacts : 

The porosity of sintered samples are calculated according to ASTM B-328 [14]:  

1- The specimen is dried up to 100 °C for 5h under vacuum for (10-4) tor then cooled to room temperature 

by using vacuum drying furnace. The weight of dry spacemen is measured as mass A.  

2- At room temperature, using a suitable evacuating pump which was manufactured for this purpose. The 

pressure was reduced over the immersed specimen in oil for 30 min.  

3- the fully impregnated samples  in air has been weighted(mass B)  

4- the fully impregnated samples in water Weighting, and the mass was mass B. 

5- Finally, the porosity measured by following equation: 

  
Where:  

Dw = density of water (0.9956 g/cm3)  

D0  = density of oil (0.8 g/cm3) 

 

Microstructure Examination  by  Scanning Electron Microscope (SEM): 

The microstructures of the used samples after sintering process and oxidation using SEM. The scanning 

electron microscope examination has been used to reverse the microstructure of specimen after sintering 

process, oxidation has been done in (Babylon university /pharmacy collage). 

 

Cyclic oxidation: 

Cyclic oxidation at high temperature were conducted in order to study the oxidation resistance and the 

effect of addition of germanium on oxidation behavior of  NiTi (SMAs). During cyclic oxidation, the furnace 

temperature was controlled within  3 oC. The temperatures used for the test are : 800, 900, 1000 oC, NiTi alloy 

without and with (1%, 1.5%, 2%) germanium are tested. The samples succeeding to cyclic oxidation test at all 

temperatures separately for 13 cycles each cycle takes  (4 hours)  in the furnace and weight measurement of the 

samples has been taken before  and after starting the cycle. 

  

X- Ray Diffraction Analysis: 

The X-ray diffraction technique had been taken for the alloys upon using XRD instrument. X-ray 

diffraction test was conducted for the (nickel ,titanium and germanium) powders each alone and samples after 

sintering process also for the surface of samples after oxidation process. The XRD generator with Cu target at 

40 KV and 30 mA, scanning speed 5° per minute was used. The scanning rate was (30° – 90°).  

 

RESULTS and DISCUSSION 

  

Effect of Compacting Pressure and Sintering on density and porosity: 

Various values for compacting pressure (600,700 and 800) MPa were used in preparing the compacts. 

Figure (2) shows the densities of  Ni-Ti samples with and without germanium addition (1, 1.5, 2) wt.%. When 

the compacting pressure increases, the green density increases also until it reaches a certain limit at which any 

further increase in the pressure has no or little effect on its value. So the preferred pressure was determined as 

800 MPa for all the samples prepared in the present study. 
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Fig. 2: Green density vs. pressure before sintering of NiTi alloy with and without germanium. 

 

The results in figure (3) show the samples of NiTi with and without germanium after sintering. It shows that 

the density is increasing even more as compared with figure (2). This is because the sintering at 850 °C for 8 hrs  

increases diffusion and reduces voids that increase the contact points between particles, and as increasing 

germanium content the density will increase, these results are in agreement and Ammar H. K. [10].  

 

 
Fig. 3: density vs. pressure after sintering (at 850C° for 8 hrs) of NiTi alloy with  and without germanium  

content.   

 

Figure (4) indicates that an increase in compacting pressure causes a decrease in green porosity due to the 

increase in the contact points between particles that reduce voids. 

 

 
Fig. 4: Green porosity vs. pressure before sintering of NiTi alloy  with and without germanium content. 

 

0

1

2

3

4

5

6

7

500 600 700 800 900

G
re

e
n

 d
e

n
s

it
y
 (

g
/c

m
3

)

Compacting Pressure(MPa)

NiTi

NiTi+1%Ge

NiTi+1.5%Ge

NiTi+2%Ge

1

2

3

4

5

6

7

500 600 700 800 900

D
e
n

s
it

y
 a

ft
e
r 

s
in

te
ri

n
g

 (
g

/c
m

3
)

Compacting Pressure(MPa)

NiTi

NiTi+1%Ge

NiTi+1.5%
Ge

0

5

10

15

20

25

30

35

40

500 600 700 800 900

G
re

e
n

  
 p

o
ro

s
it

y
 %

Compacting Pressure(MPa)

NiTi

NiTi+1%
Ge



, Pages: 7201 January) 1(11. Advances in Natural and Applied Sciences/7201 .,and Dr. Ali Hubi Haleem Farah Saddi Hameed 36 

      31-44   

The results in figures (5) show the porosity of samples after sintering. It illustrates that the porosity has 

decreased because the sintering at 850 °C for 8 hrs increases diffusion between particles that reduces voids and 

increases the contact points between particles. This parameter will lead to less porosity. 

 

 
Fig. 5: porosity vs. pressure after sintering (at 850C° for 8 hr) of NiTi alloy with and without germanium 

content. 

 

Effect of Ge content on density and porosity after sintering: 

Figure (6) shows the effect of Ge content on the porosity of sintered samples ,there is decreasing in porosity 

values of samples after sintering. The porosity decreases with the increasing of Ge addition because the particle 

size of Ge  lower than that of Ni or Ti so when it take interstitial positions the distances between particles so the 

porosity decreases.  

 

 
 

Fig. 6: Effect of Ge content on porosity after sintering for NiTi alloy.  

 

Scanning electron microscopy: 

The micrograph gained from SEM for samples with and without germanium addition after being etched are 

shown in Figs. (7 and 8). 

As a result the microstructure of sintered samples showed a multiphase structure in which the two phases 

(B2 and monoclinic phase B19̓), thus confirming XRD results 

It has been shown from these figures that the etching reveals grain boundaries, which are easily confused 

with the grain boundaries and pores shape. The martensite formed in all alloys has a needle shaped grains, 

because of diffusionless features of martensite transformation. The order or disorder of the parent phase B2 is 

transformed to martensite, disorder B2 forms disordered martensite [8]. 
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Fig. 7: image of  SEM of  NiTi  alloy . 

 

 
Fig. 8: image of  SEM of  NiTi +2%Ge  alloy.  

 

Cyclic oxidation: 

This part will discuss the oxidation behavior of  NiTi (SMAs) and the effect of Ge on this behavior. NiTi  

sample (55% Ni,45% Ti) was tested to provide a standard to be compared with the cyclic oxidation resistance of 

alloys that contain (1%, 1.5%, 2%) Germanium. The role of germanium in improving cyclic oxidation resistance 

will be explained .Weights gaining  were recorded for kinetics identification in dry air in the temperatures range 

800 – 1000 C for up to 52 hrs at 4 hrs cycle.The specific weight gain data of  NiTi and alloys that contain (1%, 

1.5%,2%) germanium for each temperature test is plotted  as a function of time.  

W/A = k t n               (1) 

where W is the weight gain, A is the sample surface area, k is the rate constant, n is the growth- rate time 

constant, and it is the time of oxidation.  
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3.4.1 Oxidation of NiTi alloy:  

 In the case of  NiTi alloy at 800 o C, the n-value is about (0.36) i.e., parabolic behavior is found (A 

computer program is used to calculate n values according to the best fit to Equation  (1) Another n values for all 

samples and at different temperatures are shown in Table (4).  

Figure (9) showed Parabolic fitted results of weight gain vs. time plot for NiTi alloy cyclic oxidized in air at 

temperatures between 800 and 1000 OC for 52 hrs at 4 hrs cycle.  

These results show that the parabolic kinetics at this temperature range can be quantified on the modified 

parabolic rate law with the assumption that oxidation is controlled by diffusion mechanism and the grain 

boundaries are the only effective short circuit diffusion paths [12]. 

 

 
Fig. 9: Parabolic fitted results of specific weight gain vs. time plot for NiTi alloy cyclic oxidized in air at 

temperatures between 800 and 1000 OC for 52 hrs at 4 hrs cycle. 

 

For the parabolic kinetics, the rate equation takes the form: 

 

W/A = k t 0.5               (2) 

where k now refers to the parabolic rate constant. A plot of specific weight gain vs. square root of time 

gives a line as in Figure 6; the slop is the parabolic rate constant in units of (mg/cm2)/hr.1/2. The kP value is then 

squared to give kP in units of (mg2/cm4)/hr., as in the following expression: 

(W/A)2 = kP t               (3) 

 
Fig. 10: Linear fitted results of specific weight gain vs. t0.5 plot for NiTi alloy cyclic oxidized in air at 

temperatures between 800 and 1000 OC for 52 hrs at 4 hrs cycle. 
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The parabolic oxidation rate constants for three series of experiments are calculated and the linear lines 

represent the least squares curve fits to the data in Figure (10), the parabolic oxidation rate constants (kP) for the 

set of experiments are listed in Table (4). 

 
Table 4: n values and parabolic oxidation rate constants kP for cyclic oxidation of NiTi  alloy in air for 52 hrs at 4 hrs cycle. 

Temperature (oC) n values Kp (mg2/cm4)/s. 

800 0.36 0.18677*10-7 

900 0.4136 0.87025*10-7 

1000 0.4432 1.3080*10-7 

 

Over the temperatures range from 800 to 1000 oC, the parabolic oxidation rate coefficients and thus the 

oxidation rates of NiTi alloy in air, vary in magnitude from a low value of 0.18677*10-7 (mg2/cm4)/s. at 800 oC 

to a high value of 1.3080*10-7 (mg2/cm4)/s. at 1000 oC. The point to be noted is that the weight gain calculated 

by application of the parabolic oxidation rate coefficient in Table (4) with Equation (3) results in the weight of 

oxygen gained by the sample under cyclic oxidation. 

The point to be noted, also is that the other values of n and kP in this study are calculated with the same 

procedure explained above. 

From the experimental work, data revealed that a parabolic oxidation rate (kP) obeys an Arrhenius- type 

equation of the form: 

kP = ko exp(-Q/RT)              (4) 

where kP is the parabolic oxidation rate, ko is the pre-exponential factor, Q is the activation energy, T is the 

temperature, and R is the universal gas constant (8.33 J/K)[78]. Plot of log (kP) vs. (1/T), the effective energy is 

calculated from the least square fitting (R2 = 0.925) of the observed data in the temperature range from 800 to 

1000 oC is to be ~ 226 KJ/mol. as shown in Figure 5.41 The obtained value is in a good agreement with data 

from James L. Smialek  [6]. 

 
Fig. 11: Plot of kP vs. 1/T for NiTi alloy cyclic oxidized in air for 52 hrs at 4 hrs cycle 

 

3.4.2 Oxidation of NiTi+Ge alloy:  

In the case of  NiTi+Ge alloys, parabolic behavior is found. Figure (12) to (14) show Parabolic fitted results 

of specific weight gain vs. time plot for NiTi+Ge alloy cyclic oxidized in air at temperatures between 800 and 

1000 OC for 52 hrs at 4 hrs cycle. It is found that by increasing temperature the weight gain  increased.  
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Fig. 12: Parabolic fitted results of specific weight gain vs. time plot for NiTi +1%Ge alloy cyclic oxidized in air 

at temperatures between 800 and 1000 OC for 52 hrs at 4 hrs cycle. 

 

 
Fig. 13: Parabolic fitted results of specific weight gain vs. time plot for NiTi +1.5%Ge alloy cyclic oxidized in 

air at temperatures between 800 and 1000 OC for 52 hrs at 4 hrs cycle. 

 
Fig. 14: Parabolic fitted results of specific weight gain vs. time plot for NiTi +2%Ge alloy cyclic oxidized in air 

at temperatures between 800 and 1000 OC for 52hrs at 4 hrs cycle. 
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It is clear that the weight-gain curves closely follow a parabolic law and  weight gain increase by increasing 

temperature 1000>900>800.      

 
Table 5: n values and parabolic oxidation rate constants kP for cyclic oxidation of NiTi  alloy in air for 52 hrs at 4 hrs cycle 

alloy Temperature (oC) n values kp (mg2/cm4)/s. 

 
1% Ge 

800 0.2871 0.081* 10-7 

900 0.3809 0.0729*10-7 

1000 0.3975 0.09*10-7 

 

1.5% Ge 

800 0.3258 0.121* 10-7 

900 0.3552 0.4913*10-7 

1000 0.3678 0.5601*10-7 

 
2% Ge 

800 0.3223 0.1361* 10-7 

900 0.4126 0.7562*10-7 

1000 0.4284 1.0780 *10-7 

 

From the experimental data, the log of (kP) vs. (1/T) is plotted as shown in Figure (15) , (16) , (17) effective 

energies shown in Table 6  were calculated from least square fitting of the observed data in the temperature 

range from 800 to 1000 oC . 

 
Fig. 15: Plot of kP vs. 1/T for NiTi+1%Ge alloy cyclic oxidized in air for 52 hrs at 4 hrs cycle. 

 
 

Fig. 16: Plot of kP vs. 1/T for NiTi+1.5%Ge alloy cyclic oxidized in air for 52 hrs at 4 hrs cycle. 
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Fig. 17: Plot of kP vs. 1/T for NiTi+2%Ge alloy cyclic oxidized in air for 52 hrs at 4 hrs cycle 

 
Table 6: the activation energies NiTi + Ge of alloys . 

Alloy Activation energy    kJ/mol 

NiTi+1%Ge 140.177 

NiTi+1.5%Ge 89.21 

NiTi+2%Ge 119.927 

 

From the results it is found  that weight gain affected by the amount of  germanium added to the alloy. At 

800 ͦ C weight gain of alloy that contain 1% Ge is lower than other so the oxidation resistance is the highest 

because oxide thickness is small this mean that oxide layer form on the metal surface and prevent further 

reaction with oxygen, at (900 ,1000) ͦ C oxidation resistance is the highest at (1.5% Ge). 

 

X- Ray Diffraction Analysis: 

Figures (18 to 20) illustrate the XRD pattern for NiTi with Ge addition after sintering and oxidation 

processes. It can be seen from figure (18) that Ni and Ti transformed to (B19 martensite and B2 austenite). This 

means that the sintering process period (8hr) was enough to complete the phase transformation process. The 

absence of free element is necessary in the alloys which used as biomaterials due to it toxicity effect into body. 

Ge was added to a maximum percentage of 2%, this is a small amount to be detected by the XRD. 

 
Fig. 18: XRD pattern for NiTi+2%Ge after sintering process 

 

Figures (19) and (20)  show XRD patterns of samples SMA after cyclic oxidation at 900 and 1000 ͦ C. 

Oxides are produced on the surface of specimen after oxidation, and as shown in XRD outcomes, the main 

component of these oxides is TiO2. The intensity of the peak of TiO2 becomes stronger and stronger as the 

oxidation temperature rises which indicates that the TiO2growth controls the behavior of oxidation. Germanium 

or germanium compounds phases which perhaps exists in the outer layer in inadequate amount are undetectable 

by the X- ray diffraction analysis owing to the lower germanium content in the coated layer [13] 
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Fig. 19: XRD patterns of NiTi+2%Ge SMA after cyclic oxidized for 52 hrs at 4 hrs cycle  at  900 °C . 

 

 
Fig. 20: XRD patterns of NiTi+2%Ge SMA after cyclic oxidized for 52 hrs at 4 hrs cycle  at  1000 °C. 

 

Conclusions: 

Based on the obtained results, the following conclusions are made:  

1. From the results of mechanical and physical tests : 

 The sintering at 850 C° for 8h of samples (with and without additives) is efficient to complete the 

transformation process of Ni, Ti and Ge to alloy structure.  

 Scanning electron microscope observation indicated that the most of samples (with and without 

additives) have a clear martensite structure.  

 The porosity decreases with the increasing of Ge addition this resulted in increasing the oxidation 

resistance because when the pore decreases the amount of oxygen entered reduced and no further reaction with 

base metal will occur 

 At room temperature, phases structure is appeared in all alloys (with and without additives),austenite 

(B2) monoclinic NiTi (B19). 

2. From the cyclic oxidation tests of NiTi alloy in air at temperatures between 800-1000 °C for 52 hrs at 4 

hrs cycle the following results can be concluded.  

 NiTi alloy exhibited sufficient cyclic oxidation resistance at 800 °C, 900°C  and 1000 °C and the  

oxidation behavior increases by increasing temperature . 

 germanium increases the oxidation resistance of NiTi alloy, 1.5 wt.% Ge   give better oxidation 

resistance than other alloys contains germanium at 900 &1000 but at 800 °C (1 wt. %) the results showed 

highest oxidation resistance.   

  NiTi (with and without additives) have parabolic behavior .  

 The activation energy of NiTi is ~ 226 kJ/mol ,(NiTi+1%Ge) 

~ 140 kJ/mol and that for (NiTi+1.5%Ge) ~ 89.21 kJ/mol ,and that for (NiTi+2%Ge) ~ 119.927 kJ/mol . 

this give indication that by addition of germanium minimize activation energy as compared with that of master 

alloy (NiTi). 
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