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A B S T R A C T   

A Ni-rich Ni50.3Ti29.7Hf20 (at. %) high-temperature shape memory alloy was machined under different cooling 
conditions, specifically cryogenic cooling and flood cooling, and results were compared with those from dry 
machining. The effects of cooling on machinability measures such as tool wear, cutting forces and surface quality 
were evaluated for various cutting speeds. Microhardness, phase transformation temperatures and latent heat of 
transformation corresponding to the machined specimens were determined using hardness and differential 
scanning calorimetry tests. Cryogenic cooling was found to notably improve the machinability of the Ni-rich 
NiTiHf alloy by reducing tool wear, cutting force and surface roughness. This study provides clear indication 
that the machining process alters the phase transformation temperature of the Ni-rich NiTiHf alloy. After the 
machining process, austenite finish temperature of specimens increased by 5–10% depending on the machining 
conditions. The smallest amount of latent heat required for transformation (ΔH) was obtained for each of the two 
specimens: 2.33 J/g (exothermic) for the cryogenically machined specimen and 3.38 J/g (exothermic) for the 
specimen machined under flood cooling.   

1. Introduction 

Advanced engineering materials such as Ni- and Ti-based alloys are 
very attractive for aerospace and biomedical applications due to their 
mechanical and thermal properties. These materials include shape 
memory alloys (SMAs), namely NiTi SMAs, which have low trans-
formation temperature and therefore do not meet the expectation for 
high-temperature actuators at elevated temperature [1]. Adding ternary 
alloying elements such as Zr, Pd, Hf, Pt and Au to NiTi helps to raise the 
transformation temperature [2] that eventually produces high- 
temperature SMAs. Such materials have the potential to be used in 
aerospace, automotive and other engineering industries [3]. 

Of the few high-temperature SMAs that have been developed, Ni-rich 
NiTiHf alloys provide notable benefits in terms of dimensional stability 
[3]. The major concern with this alloy is the need for improvements in 
manufacturing and fabrication approaches, such as the conventional 
machining operations that are still being used to develop bulk actuators 
[4]. Previous studies have reported that SMA properties such as low 
thermal conductivity, high work-hardening tendency and work-piece 

stiffness changes (e.g., superelasticity) make machining operation 
difficult [5–8]. Over time, high tool wear and high cutting forces are 
commonly observed. Machinability studies of SMAs, particularly NiTi 
alloys using conventional machining, have been reported by previous 
researchers [9]. Ni-rich NiTiHf alloys that have higher strength and a 
high degree of brittleness [10] display significant differences with re-
gard to machinability as compared with NiTi alloys. A recently pub-
lished comprehensive study on machinability of NiTiHf alloys reported 
that machining NiTiHf is extremely difficult; the major issue is 
extremely rapid tool wear, which influences the cutting force and the 
roughness of machined parts. [11]. An optimization tool is used to 
determine optimum machining performance [12], but the shape mem-
ory properties of SMAs must also be carefully considered to determine 
the relationship between machining conditions and the resulting prop-
erties of the machined part. 

Recent studies have investigated the influence of cutting parameters 
on shape memory and deformation response of NiTi SMAs [13,14]. 
Because shape memory materials are sensitive to variations in temper-
ature, machining conditions such as cooling also play a critical role in 
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determining the shape memory properties of machined parts. Re-
searchers therefore focus on utilizing coolant and lubricant for 
improving machining performance and for controlling shape memory 
properties of NiTi alloys [15,16]. Cryogenic cooling and minimum- 
quantity lubricant (MQL) are two methods researchers prefer to utilize 
in the machining process of SMAs [17–19], in addition to chilled air 
system [20]. These studies provide notable evidence that such ap-
proaches contribute to improving the machining performance of NiTi 
SMAs by controlling the phase state of material during the chip removal 
process, which also positively influences measured surface integrity 
aspects of the NiTi SMAs. 

Studies have also provided evidence that coolant and lubrication, 
including cryogenic cooling, have a positive effect on machining of other 
Ni-based difficult-to-machine alloys [21,22]. To the authors' best 
knowledge, however, this present work is the first study revealing the 
effect of cryogenic cooling on machinability and resulting shape mem-
ory properties of Ni-rich NiTiHf high-temperature SMAs. 

2. Method 

The work material used was a Ni50.3Ti29.7Hf20 high-temperature 
SMA. The Ni-rich alloy was produced utilizing a vacuum induction 
skull-melting technique with a heat size of ~27 kg (designated as FS#7). 
The molten metal was poured into steel molds, and the resulting cast 
ingots were vacuum homogenized for 72 h at 1050 ◦C followed by 
furnace cooling. The material was then canned and extruded at 900 ◦C 
through an area reduction ratio of 7:1. The extruded rods were center-
less ground to a final diameter of 10 mm and cut into 60-mm-long 
pieces. The average hardness of the workpiece was 395 ± 5 HV. The 
transformation temperature of specimens was measured using a Pyris 
Diamond Differential Scanning Calorimeter at a heating and cooling rate 
of 5 ◦C min-1. The tangent-intercept method was used to measure 
transformation temperature as described by ASTM standards [23]. Dif-
ferential scanning calorimetry (DSC) samples were cut using a slow- 
speed diamond saw from the surface/subsurface region of the 
machined samples. Sample thickness was approximately 300 μm after 
mechanical polishing. To eliminate the effect of blade cutting, samples 
were mechanically polished using 800-grit SiC papers before DSC 
analysis. The NiTiHf alloy was in its martensitic phase at room tem-
perature as determined by DSC, where the martensite start (Ms), 
martensite finish (Mf), austenite start (As) and austenite finish (Af) 
temperatures were 88 ◦C, 64 ◦C, 112 ◦C and 130 ± 2 ◦C, respectively, as 
shown in Fig. 1(a). A representative microstructure of the workpiece is 
depicted in Fig. 1(b), illustrating an average grain size of ~36 μm, along 
with some HfO2 particles (black dots). 

Cutting tests were carried out on a Doosan Puma GT2100 lathe CNC 

machine with 18 kW power and a maximum spindle speed of 4500 rpm. 
The feed rate, f = 0.07 mm/rev, and depth of cut, ap = 0.7 mm, were kept 
constant along with three cutting speeds, Vc = 60, 90 and 120 m/min. 
These parameters were used throughout the experimental works 
considering the optimum parameters presented elsewhere [12]. A 
DNMG 11 04 04-MF cutting tool insert with 1105-grade TiAlN PVD 
coating and the PDJNL 2525M 11HP tool holder (Fig. 2d) with a rake 
angle of α = − 6◦ was used in the machining tests. All the experiments 
were repeated three times to ensure repeatability and reproducibility of 
the data. 

Three conditions—dry, flood cooling, and LN2 cryogenic cool-
ing—were used during the tests. Fig. 2 shows images of experimental 
setups. During the dry cutting, no coolant or lubricant were used. Liquid 
nitrogen (LN2) as cryogenic cooling was applied under a pressure of 15 
bar. Flood cooling was implemented using XTREME CUT 290 high- 
performance semisynthetic fluid with a flow rate of 400 l/h and a 
volumetric concentration of 1:20. 

Cutting-force components during the experiments were measured 
using a three-component piezoelectric KISTLER 2129AA dynamometer. 
Cutting temperature was recorded using an Optris PI 400 infrared 
camera. Emissivity of the work material was determined as 0.63. The 
arithmetical average surface roughness (Ra) of the machined parts was 
measured with a Mitutoyo SJ210 surface profilometer. Tool wear, sur-
face topography and microstructure were captured using a Keyence 
VHX-6000 digital optical microscope. A Future-Tech FM-310e micro-
hardness tester was used to measure microhardness of the machined 
surface and subsurface of components with a 25 gf testing load. The 
hardness of each specimen was determined by taking the average of four 
measurements. Measurements were repeated three times to minimize 
any measurement error made by users. 

3. Results and discussion 

3.1. Machining performance results 

3.1.1. Cutting temperature 
Fig. 3 shows the recorded maximum cutting temperature variation as 

a function of cutting speeds under dry and cryogenic cooling conditions 
during machining of the Ni-rich NiTiHf alloy. It should be noted that it 
was not possible to make reliable measurements with the thermal 
camera under flood cooling conditions. Based on the results, it is evident 
that the contribution of cryogenic machining for reducing the cutting 
temperature is remarkable. Whereas the recorded maximum tempera-
ture was 262 ◦C in cryogenic machining, it was approximately 924 ◦C in 
dry machining at the lowest cutting speed. 

Increasing cutting speed leads to increased cutting temperature in 
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Fig. 1. (a) DSC results and (b) Optical microscopy images of the microstructure of the as-received NiTiHf alloy.  

Y. Kaynak et al.                                                                                                                                                                                                                                 



Journal of Manufacturing Processes 75 (2022) 1144–1152

1146

both machining conditions. While the recorded temperature was 
approximately 1135 ◦C in dry cutting, it was 423 ◦C in cryogenic 
machining; this is 63% less than dry cutting at the highest cutting speed. 

One of the issues in the machining process of advanced engineering 
materials is the extremely high temperature during the chip formation 
process, which occurs mainly because of the low thermal conductivity of 
these materials. Compared with other engineering materials, SMAs have 
very low thermal conductivity (8.6 W/m ◦C) [24] that results in 
increased temperature in the machining process, as shown in Fig. 3. 
Besides this aspect, phase transformation may also take place during the 
cutting process because of variation of the temperature. This also trig-
gers the temperature in the cutting zone. This high cutting temperature 
is attributed to severe tool wear within a short time; this will be dis-
cussed in the following section. 

Whereas high cutting temperature leads to the occurrence of some 
well-acknowledged issues in the machining process, additional issues 
with regard to the shape memory properties of SMAs should be exam-
ined, as phase transformation and shape memory properties are sensi-

tive to the variation of temperature. DSC analysis presented in the 
method section confirms that phase transformation temperature (under 
stress-free conditions) of this NiTiHf alloy is 130 ◦C, but that tempera-
ture is not the only criterion determining the phase transformation of 
this alloy. A thermoelastic martensitic transformation is a mechanical 
process as well as a thermal transformation process [25]. Because of this 
combination, specific thermodynamic conditions have been established 
to express the effect of stress and temperature as external driving forces 
on the transformation by using the well-known Clausius-Clapeyron 
equation [25]: 

dσ
dT

= −
ρΔS

εt
= −

ρΔH
T0εt

(1)  

where ρ is the density of the transformation body, ΔS is the entropy 
change associated with the transformation, εt is the linear strain of the 
transformation in the direction of the uniaxial stress and T0 is the 
equilibrium temperature. Considering this relation, it is obvious that an 
increase in transformation temperature occurs under stress [25] during 
the cutting process. Whereas austenite finish temperature was 130 ◦C, 
the recorded temperature at 60 m/min speed under cryogenic cooling 
was 262 ◦C, hence a difference of 132 ◦C. 

3.1.2. Tool wear 
Flank wear images and corresponding quantitative values are shown 

in Fig. 4 at various cutting conditions. Results indicate that tool wear 
increases with increase in cutting speed under all conditions. In addi-
tion, the amount of increasing wear with increasing cutting speed 
seemed to be affected significantly by the type of cooling strategy. The 
highest flank wear of 281 μm occurred when cutting at the lowest cut-
ting speed of 60 m/min under dry conditions. Cryogenic cooling resulted 
in 86 μm flank wear, which is approximately 69% lower as compared 
with dry cutting. 

Tool life becomes very short at a higher cutting speed (120 m/min), 
as tool wear reaches 689 μm under dry conditions. Flood cooling sub-
stantially helps to reduce flank wear at high speed. Cryogenic cooling at 
the highest cutting speed of 120 m/min significantly reduced flank wear, 
resulting in 53% less wear than under the dry cutting condition. 
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Fig. 2. (a) Dry cutting, (b) Flood cooling, (c) cryogenic machining, (d) delivering LN2 through PDJNL 2525M 11HP tool holder.  
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Overall, these results provide strong evidence that Ni-rich NiTiHf is 
an extremely difficult-to-machine material, even under flood and cryo-
genic cooling conditions, when flank wear response as a function of 
cutting speed is taken into account. 

Many parameters can affect tool wear, including the hardness of the 
insert and the workpiece material, the machining parameters and the 
working temperature of the cutting tool. Commonly observed tool wear 
mechanisms operating on cemented carbide tools when machining high- 
temperature alloys are diffusion [26–28], adhesion [27,29] and abra-
sion [27]. The dominant mechanism observed on the worn tools used in 
this study was abrasive wear, as shown in Fig. 5(a). Parallel grooves are 

strong evidence of abrasive wear. It is thought that mechanical abrasive 
wear on the cutting tool was due to the microscopic hard abrasives 
within the material, such as HfO2 oxides [30] (the white dots in Fig. 4 
(b)). The HfO2 particles in the workpiece are presented in Fig. 5 in the 
extrusion direction. HfO2 particles are circular, and the maximum size 
was measured as 3 μm. 

Machining under dry conditions at the highest cutting speed of 120 
m/min resulted in the highest flank wear, 689 μm, with high volumetric 
loss as compared with other cooling conditions. At this condition, the 
cutting temperature exceeded 1100 ◦C, reaching the softening temper-
ature of the carbide tool [31] and thus deteriorating its geometry, as 
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Fig. 5. (a) Worn surface of cutting tool, (b) HfO2 particles in the material.  
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shown in Fig. 4. This volumetric loss is much lower under other cutting 
conditions. This situation can be attributed to the effect of high tem-
perature on the hardness of the cutting tool, both the carbide substrate 
and the coatings, as shown in Fig. 6. It was clearly shown that the 
hardness of the TiAlN coating drops almost linearly with an increase in 
temperature, whereas a sudden decrease in hardness of the carbide 
substrate occurs after 600 ◦C. As for the cryogenic cutting conditions, the 
generated cutting temperature was below 600 ◦C, as shown in Fig. 3, 
thus the cutting tools experienced less volumetric loss and lower ge-
ometry deterioration. 

When the ISO3684:1994 standard for tool life criteria is considered 
(300 μm at finish machining), the cutting tools have reached their tool 
life at cutting speeds of 90 m/min and above under dry cutting condi-
tions. At the highest cutting speed of 120 m/min, the cooling condition 
that prolonged the cutting time of the tool below the tool life criterion 
was cryogenic cooling. This finding suggests that liquid nitrogen can 
suppress the cutting temperature below 600 ◦C, thus maintaining tool 
hardness and eventually improving cutting tool performance during 
machining. 

Nose wear is also observed during machining of high-temperature 
shape memory alloy NiTiHf. An increase in flank and nose wear tends 
to disrupt the quality of the treated surface, creating a rougher surface. 
In addition, nose wear directly affects radial force [15]. The progression 
of cutting-tool nose wear at various cutting conditions shows a linear 
trend, as presented graphically in Fig. 7. The effect of cutting speed and 
cooling conditions on wear is obvious. At the lowest cutting speed of 60 
m/min, the highest amount of nose wear (85 μm) was recorded under 
dry cutting conditions. At other cooling conditions, the average nose 
wear was approximately 23% lower. At highest cutting speed of 120 m/ 
min, the differences in the amount of nose wear under various cooling 
conditions were obvious. The maximum nose wear of 547 μm was 
recorded at a cutting speed of 120 m/min under dry conditions. Under 
flood conditions, the recorded nose wear of the cutting tool was 420 μm, 
approximately 23% less than under dry cutting conditions. The least 
amount of nose wear, 328 μm, was obtained under cryogenic cooling 
conditions, which is approximately 40% lower than the amount of nose 
wear formed under dry cutting conditions. 

It was observed that volume loss and disruption in the cutting tool 
geometry occur at the highest cutting speed of 120 m/min. To further 
examine the volumetric loss of the cutting edge, the cutting tools were 
scanned in three dimensions and profile sections were taken using a 
digital optical microscope. The profile lines of the cutting tools were 
graphically created and are presented in Fig. 7. The outer black line 
represents the original profile of the fresh cutting tool. The volumetric 
loss occurring in the cutting tools under different cooling conditions is 
seen in the images. This result also shows that the largest volumetric loss 

takes place with dry machining. 

3.1.3. Cutting forces 
The main cutting force (Fc) acting on the cutting tool during the 

turning operation of high-temperature SMA NiTiHf is shown in Fig. 8. 
Results showed that cutting speed and cooling conditions significantly 
affect the cutting force. Under all conditions investigated, the cutting 
force shows an increasing trend with an increase in cutting speed. This 
phenomenon occurred due to the increase in stress of the work material 
with increase in cutting speed, thus accelerating the wear rate of the 
cutting edge of the tool. During the cutting test at the lowest cutting 
speed (60 m/min), the highest cutting force was observed to occur under 
dry cutting conditions. 

The recorded tool life was also low at this condition as a result of the 
high cutting temperature generated during dry cutting, and the cutting 
force increased accordingly. Under flood coolant, a 29% reduction in 
cutting force over the dry cutting condition was recorded. Meanwhile, 
48% lower force was recorded for the cryogenic cooling condition than 
for the dry cutting condition. 

For comparison and further explanation, the results of the main 
cutting force (Fc) at 60 m/min for both dry cutting and cryogenic cooling 
conditions are shown in Fig. 8. Results clearly show that cutting force 
continuously increases with the increment of cutting time. At the 
beginning of the machining test, the cutting force was found to be lower 
for dry machining as compared with cryogenic machining. However, 
after 4 s, the cutting force for dry cutting starts to increase gradually, 
whereas cryogenic cooling remains constant until the end of the test. The 
significant variation in cutting force between the dry and cryogenic 
machining comes from the progression of tool wear. 

Experimental results also showed that at cutting speed above 60 m/ 
min, the highest cutting force occurred under dry cutting conditions. It 
was observed that the influence of tool wear on cutting force is more 
dominant as compared with cutting speed. Under flood conditions, 
approximately 5% lower cutting force was recorded than for the dry 
cutting condition. Under cryogenic cooling, 11% lower cutting force was 
recorded as compared with dry cutting. 

3.2. Surface integrity measures 

3.2.1. Surface quality 
Surface quality is an essential feature required in the aviation and 

aerospace industries. After the machining tests, the surface roughness of 
each specimen was measured. Results are presented in Fig. 9. At a cut-
ting speed of 60 m/min, the highest roughness value of 0.67 μm was 
recorded when machining under dry conditions. In comparison, 
roughness values under flood and LN2-assisted cooling conditions were 
38% and 20% lower, respectively. At the highest cutting speed of 120 m/ 
min, the highest surface roughness value of 5.6 μm was recorded under 
dry cutting conditions. This high surface roughness was due to the effect 
of the high amount of wear on the cutting edge of the tool when 
machining under dry conditions. Flank and nose wear of cutting tools 
measured after dry machining was quite high as compared with wear 
under cryogenic and flood cooling. High volume loss also disrupts the 
cutting tool geometry. A deep groove on the nose region of the cutting 
tool was observed at a cutting speed of 120 m/min. The high surface 
roughness and poor surface topography result from the extreme and 
rapid wear, and hence geometrical disruption, of the cutting tool in dry 
machining. At the same cutting speed, the roughness value under flood 
conditions was 1.6 μm, 71% lower than the value recorded under dry 
cutting conditions. The lowest surface roughness value of 1.3 μm was 
obtained under cryogenic conditions; this is approximately 77% lower 
than the value recorded under dry cutting conditions. 

Fig. 9 also shows the calculated arithmetical surface roughness, 
derived using the following empirical formula [32]: 
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Ra =
0.0321xf 2

rc
(2)  

where f represents feed rate and rc represents nose radius of the cutting 
tool. Experimental data shows that increased cutting speed results in 
increased surface roughness. The calculated surface roughness value for 

these cutting parameters and the cutting tool was approximately 0.39 
μm. 

3.2.2. Microhardness 
SMAs are sensitive to changes of temperature and stress. Their shape 

memory response is also stress and temperature dependent. Because the 
surface and subsurface of machined components are subjected to stress 
and temperature during the chip formation process, the machining 
process has a high potential to influence the surface characteristics of 
such alloys. One of the common ways to determine the influences of the 
chip formation process on the surface aspects is to examine the micro-
hardness of the surface and subsurface of the machined specimen to 
determine the depth of the machining-induced layer. Measured micro-
hardness on the surface and subsurface of specimens machined under 
dry, flood and cryogenic machining is presented in Fig. 10. The average 
hardness of the as-received specimen was approximately 395 ± 5 HV. 
Fig. 10 shows that the machining process under dry, flood, and cryo-
genic cooling conditions results in increased hardness on the surface and 
subsurface. Machining alters the depth 100 μm below the surface of the 
specimen. The machining process generates high strain and temperature 
[33], thus the machined surface is subjected to large strains, high strain 
rates and high temperatures. Once liquid nitrogen is delivered to the 
cutting region during the chip formation process, the surface becomes 
very cold. This cold deformation results in large residual stress, and the 
surface retains strain due to the increased dislocation density [34]. 
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Consequently, measured hardness under cryogenic cooling is much 
larger than under dry and flood cooling. During dry and flood cooling, 
due to the temperature, partial annihilation in the microstructure is 
expected, and this phenomenon will eventually reduce the density of 
dislocation resulting from the machining process. The lower the 

machining temperature, the higher the hardness. This statement is also 
supported by the effect of cutting speed on microhardness. The highest 
hardness in all conditions was measured from the specimen machined at 
the lowest cutting speed (60 m/min), as seen in Fig. 10(c). Deformation 
temperature clearly plays a dominant role in determining the percentage 
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Fig. 11. DSC responses of (a) dry, (b) flood cooling, (c) cryogenically machined parts, (d) Latent heat (ΔH) of samples (Vc = 120 m/min).  
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of retained energy on the surface and subsurface of machined specimens. 
This relationship is also validated by the DSC analysis results presented 
in Fig. 11. 

3.2.3. Phase transformation response and latent heat for transformation 
Phase transformation response is the main functional performance 

parameter of SMAs. Thus, it is necessary to examine the phase trans-
formation response of the cutting-induced layer to determine the effects 
of the machining process on the functional performance of NiTiHf SMAs. 
Fig. 11 shows the DSC response of specimens machined under various 
conditions and two cutting speeds in comparison with the as-received 
specimen. Fig. 11(d) depicts latent heat for transformation (ΔH) of 
these specimens. According to the DSC analysis, the transformation 
peaks of machined specimens show profound broadening as compared 
with the peaks of as-received specimens at both cutting speeds. Peak 
broadening is much larger at high speed (120 m/min) for all cutting 
conditions. Transformation temperature at 60 m/min cutting speed can 
be easily measured from the DSC graph. Whereas Af temperature for the 
as-received specimen is 130 ◦C, it is 137 ◦C for the dry-machined spec-
imen, 141 ◦C for the cryogenically machined specimen and 143 ◦C for 
the specimen machined with flood cooling. The increase in trans-
formation temperature with the machining process varies from 5 to 10% 
depending on cutting condition. Shifts can also be observed when As, Ms 
and Mf temperatures of machined specimens are measured. To the au-
thors' best knowledge, this current work is the first study illustrating 
machining-induced altered transformation temperature of NiTiHf high- 
temperature SMAs. The surface and subsurface of the specimens are 
subjected to stress, leaving residual stress on these regions. This stress 
affects both the microhardness results, as presented in Fig. 10, and the 
transformation temperature of the material. As DSC analysis of the 
machined specimens showed, the energy required for transformation is 
therefore decreased. As the area of peak represents the latent heat for the 
transformation (ΔH), the large difference between as-received speci-
mens and specimens machined at 120 m/min cutting speed can be seen 
in Fig. 11(d). The as-received material is approximately 13.29 J/g 
(endothermic) and 12.85 J/g (exothermic) during heating and cooling, 
respectively. But these values were found as 11.06 J/g (endothermic) 
and 10.74 J/g (exothermic) for the dry-machined specimen, 5.77 J/g 
(endothermic) and 3.38 J/g (exothermic) for the specimen machined 
under flood cooling and 7.31 J/g (endothermic) and 2.33 J/g 
(exothermic) for the cryogenically machined specimen. Whereas the 
latent heat for transformation during heating varies from approximately 
16 to 56%, the latent heat for transformation during cooling varies from 
approximately 16 to 81%. It is seen that flood and cryogenic cooling 
have a much deeper influence on latent heat for transformation. During 
the cutting process, deforming the surface of the NiTiHf alloy at a 
relatively low temperature suppresses the annihilation effect on the 
surface and subsurface, altering transformation temperature and latent 
heat for transformation as compared with the as-received specimens. In 
contrast, under dry machining conditions, elevated temperatures trigger 
the annihilation mechanism and eventually relatively reduce the effect 
of surface deformation on transformation temperature and latent heat 
for transformation. 

Because the machining process, particularly flood and cryogenic 
cooling, alters the latent heat response of the surface and subsurface as 
well as the transformation temperature of the specimens, it also alters 
the overall transformation response of the specimens. The following 
equation indicates the parameters for the transformation [35]: 

ft(νM ,Σ,T) = Σ −
λT

T0
(T − T0) − hνM (3)  

where Σ is the effective stress at the Gauss point. The equilibrium 
transformation temperature T0 = Ms + Af/2 indicates volume fraction 
for the transformation, h indicates transformation hardening value and 
λT is the latent heat per unit reference volume. Based on this relation and 

the results presented in Fig. 11, it is possible to conclude that specimens 
machined using flood and cryogenic cooling will rarely have the same 
transformation response. As previously noted, the machining process 
also altered transformation temperatures, including Ms and Af. There-
fore, the equilibrium temperature of machined specimens, particularly 
flood and cryogenically machined specimens, will be different from as- 
received specimens. 

4. Conclusions 

This work shows the effect of cooling, specifically cryogenic and 
flood cooling, on machining performance and shape memory properties 
of Ni-rich NiTiHf alloys. Results were compared with those obtained 
from dry machining. The critical findings can be summarized as follows:  

• The results presented in this paper demonstrate the effectiveness of 
cryogenic cooling in improving the machinability of Ni-rich NiTiHf 
by reducing cutting temperature, tool wear, force components and 
surface roughness.  

• Although flood cooling offers advantages over dry cutting in terms of 
machinability of Ni-rich NiTiHf, its contribution is not as significant 
as that of cryogenic cooling.  

• Strain hardening on the surface and subsurface of the NiTiHf alloy 
occurs as a result of the machining process and results in increased 
surface hardness of machined parts.  

• This present work demonstrates that the machining process alters 
shape memory properties of Ni-rich NiTiHf high-temperature shape 
memory alloys. Depending on the cutting condition, the trans-
formation temperature of machined specimens increases between 5 
and 10% as a result of the machining process.  

• Latent heat for transformation of machined specimens is also altered, 
from 16 to 56% during heating and from 16 to 81% during cooling. 
This variation creates inhomogeneous shape memory properties 
throughout the cross section of machined specimens. 

• Considering the effect of machining under dry and cooling condi-
tions, machined Ni-rich NiTiHf parts must be heat treated to ho-
mogenize the microstructure. 
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