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Introduction. The temperature generated in the machining zone is a critical parameter that affects the
dimensional accuracy, surface quality, material properties of the workpiece, and tool wear resistance. This is
especially important when machining critical components for machinery operating under severe conditions.
Such parts are typically made from heat-resistant alloys, with titanium nickelide (nitinol) being a notable
example. Temperature can be influenced by various methods, but the primary approach used in this study was
the selection of rational machining parameters. The purpose of this work is to evaluate the impact of cutting
parameters on the temperature generated during the machining of titanium nickelide workpieces. Materials
and methods. Experimental studies were conducted on the turning of titanium nickelide (7N-1) workpieces.
The variable parameters in the tests were the cutting parameters: cutting speed ¥ (m/min), feed rate § (mm/
rev), and depth of cut # (mm). The temperature 7 (°C) generated during machining was measured using a
CEM DT-9897 thermal imager. The machining process was recorded during the tests, and was later reviewed
to determine the peak cutting temperature. This value was taken as the average cutting temperature, as its
maximum occurs at the contact point between the chip and the workpiece’s front surface, which is obscured
from direct observation by the chip itself. Results and discussion. The following results are obtained during
the research: experimental studies are conducted according to a developed plan, and the cutting temperature
generated under various turning modes of 7N-/ titanium nickelide workpieces are determined; mathematical
dependencies of temperature on cutting parameters are established; verification of the obtained dependencies
is performed by comparing calculated cutting temperatures with experimental data (it is found that, according
to the derived dependencies, the calculation error does not exceed 5.8%); rational turning modes for titanium
nickelide workpieces are established based on cutting temperature, and recommendations for selecting cutting
parameters for finish and semi-finish machining are developed.

For citation: Bobrovskij N.M., Kisel’ A.G., Kamenov R.U., Podashev D.B., Tselikov P.V., Kisel” K.Kh. Investigation of temperature during
machining of titanium nickelide TN-1. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science,
2026, vol. 28, no. 3, pp. 58-69. DOL: 10.17212/1994-6309-2026-28.3-58-69. (In Russian).

Introduction

Components for machinery operating under severe service conditions are manufactured from materials
with high mechanical and technological properties. Such machinery includes aircraft, acrospace, mining,
and related equipment. Critical components are often made from difficult-to-machine heat-resistant alloys
containing nickel and titanium. In this case, machining is accompanied by high forces and temperatures
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acting on the tool and the workpiece, which adversely affects dimensional accuracy, surface quality,
workpiece material properties, and tool wear resistance [1-5]. Ultimately, these increase reject rates, tool
consumption, and overall production cost. Several approaches can reduce these negative factors, and the
first is the selection of rational machining parameters. In many studies, the temperature generated in the
machining zone is used as the controlled parameter when determining rational modes, since temperature
affects all the above-mentioned characteristics of the tool and the finished part.

Several methods are used to determine temperature in the machining zone:

— machining simulation using CAE systems [1, 2, 6-8];

— use of artificial, semi-artificial, or natural thermocouples [2, 3, 6, 7, 9-12];

— calculation using physical or empirical relationships [4, 9, 13, 14];

— measurement of infrared radiation using pyrometers or thermal imagers [4, 11, 15-20].

Each method has advantages and limitations. Non-contact methods are becoming increasingly common
because they are versatile, enable remote real-time assessment of temperature distribution in the observed
area, and are easy to use. For these reasons, measurements in this study were performed using a thermal
imager.

An example of difficult-to-machine alloys used in aircraft, aerospace, and other machinery is titanium
nickelide, also known as nitinol [21-23]. A distinctive feature of this alloy is the shape memory effect: the
ability to recover its shape after preliminary cold deformation when temperature or other conditions change
[24, 25].

The literature contains some recommendations for machining workpieces made from this class of alloys
and some patterns in quality indicators under different modes; however, such publications are scarce and do
not fully characterize the processes involved.

In particular, reference [26] compares conventional cutting of nitinol workpieces with laser machin-
ing, electrical discharge machining, chemical machining, and micromachining. It assesses the influence of
machining parameters and cutting fluid on burr formation, surface properties, and phase-transition tempera-
ture. The study shows that material removal during micromachining requires less energy and generates less
heat, making it possible to use higher process parameters, namely feed and cutting speed.

Reference [27] presents research on the dependence of material removal rate, tool life, and surface
roughness on spindle speed, feed, and depth of cut during turning of a nitinol workpiece. Optimal machining
parameters were identified to minimize negative factors.

Reference [28] considers different mathematical descriptions of the relationship between cutting force
and surface roughness, on the one hand, and process parameters and laser power, on the other, during
laser-assisted turning of nitinol workpieces. The adaptive neuro-fuzzy inference system (4ANFIS) provided
the highest prediction accuracy. Cutting speed was found to be the main factor determining the generated
cutting force and the resulting surface roughness.

Reference [29] reports the influence of turning parameters for a nitinol workpiece on material removal
rate, tool wear, and surface roughness. An optimal machining mode was established to achieve the best
performance for these indicators.

Reference [30] is a review article on high-speed micromilling of nitinol workpieces. It discusses
machining problems and possible directions for further research: promising tool materials, alternatives to
cutting processes, mode optimization methods, post-processing techniques, and environmental effects.

Reference [31] examines the effect of machining modes on material removal rate and surface roughness of
a nitinol workpiece during wire electrical discharge machining. It concludes that the ANFIS model provides
more accurate prediction of electrical discharge machining responses. At the same time, implementation of
ANFIS can be complex and require substantial computational resources.

No scientific sources were found that reported the temperature generated during mechanical machining of
nitinol. Therefore, the aim of this study is to evaluate the influence of cutting parameters on the temperature
generated during machining of titanium nickelide workpieces. To achieve this aim, the following tasks
were set:

— to perform experimental studies to determine the cutting temperature generated under different modes;
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— to establish mathematical relationships between temperature and cutting parameters;

— to verify the obtained relationships by comparing calculated cutting temperatures with experimental
data;

— to establish rational modes for machining titanium nickelide based on cutting temperature and de-
velop recommendations for selecting cutting parameters.

Methods

Since turning is one of the most widely used machining processes, it was selected for the study. The
experiments were performed on a UTS6 desktop CNC lathe.

TN-1 alloy was used as the workpiece material because it is one of the common shape memory alloys
used in mechanical engineering. Its main chemical components are nickel (53.5-56.5 wt.%) and titanium
(42.2-45.2 wt.%). A coupling for thermomechanical joining of tubes is an example of a 7N-/ product
(Fig. 1). The workpieces used in the experiments had a diameter of 10 mm.

Fig. 1. Coupling for thermomechanical joining
of shape memory alloy tubes (sectional view)

The cutting tool used was a CCMT09T308-EM turning tool with an indexable carbide insert coated with
an A/TiN-based PVD coating.

The varied cutting parameters were cutting speed V (m/min), feed rate § (mm/rev), and depth of
cut#(mm). To evaluate the behavior of the response function, one point was added to the center of the design
for each depth of cut. The modes used in the study are similar to those used at mechanical engineering
enterprises (Table 1).

The temperature T (°C) generated during machining was measured using a CEM D7-9897 thermal
imager (Fig. 2).

The temperature measurement range of this thermal imager is —20 to +650 °C. According to the
specifications, the measurement error is £2%. The emissivity coefficient € is adjustable, which makes

Table 1
Experiments plan
Exp. No. V (m/min) S (mm/rev) t (mm)
1 5 0.03 0.1
2 30 0.03 0.1
3 5 0.2 0.1
4 30 0.2 0.1
5 5 0.03 0.3
6 30 0.03 0.3
7 5 0.2 0.3
8 30 0.2 0.3
9 17.5 0.115 0.1
10 17.5 0.115 0.3
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it possible to set it according to the characteristics of the observed surface. An
assessment of open-source data showed that & for polished or highly reflective
surfaces of various alloys may range from 0.1 to 0.3. A calibration experiment
refined this value, and € = 0.19 was established for the studied material, which
corresponds to unoxidized nickel alloys. The temperature 7 (°C) was measured from
a distance of 500 mm from the machining zone. The thermal imager was directed
at the cutting zone at an angle of 30-35° so that the working part of the tool, the
machined workpiece, and part of the three-jaw chuck were captured. Cutting fluid
was not supplied to the cutting zone, in accordance with industrial practice and to
reduce the number of influencing factors.

Because the observed process was not steady-state, with the chip separating
from the workpiece and moving unpredictably, an additional observation error
was introduced. As a result, the temperature first increased and then fluctuated
downward around a certain steady value. Therefore, the process was video recorded,
and after the experiment the video was reviewed; the highest cutting temperature
Fig. 2. Thermal imager was recorded as the observation result. This value was taken as the average cutting

CEM DT1-9897 temperature because the maximum occurs at the contact between the chip and the

rake face, which is hidden from direct observation by the chip.

Each experiment was performed as follows. On the machine, the tool with an unworn cutting insert was
brought to the initial position. Video recording on the thermal imager was switched on. The machine was
started according to the program with the required cutting parameters. After machining was completed,
the machine was stopped and video recording was switched off. The used cutting insert was removed and
replaced with a new one. The procedure was then repeated for each machining mode considered. The
resulting videos were reviewed to determine the maximum temperature, which was recorded in the table.

An example of an image obtained during the tests is shown in Fig. 3.

Hi 389.7°C

Fig. 3. Example of an image obtained with a
a thermal imager ?»

Lo 25.0°C

Results and discussion

The measured cutting temperatures T are presented in Table 2.

The table shows that at a small depth of cut (= 0.1 mm), increasing the feed from 0.03 to 0.2 mm/rev
increases the temperature by a factor of 1.29-2.29. This difference is explained by the fact that at low feed,
bulk plastic deformation and heat accumulation near the tool dominate (low temperature in the cutting zone,
but deep heating). As feed increases, intensive chip removal occurs and the main heat generation shifts into
the volume of the removed layer (high temperature in the cutting zone, but more uniform distribution). In
addition, the factor of phase transformations (austenite/martensite) may amplify this effect.

Since the literature does not report studies on temperature measurement during turning of this alloy,
it was not possible to compare the obtained data with earlier results from other researchers. However,
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many results are available for machining nickel-based heat-resistant alloys such as Inconel 718 [32].
According to the data presented in that publication, when this alloy is machined at a cutting speed of 30
m/min, a feed of 0.2 mm/tooth, and a depth of cut of 0.25 mm, the average cutting temperature is about
283 °C. Under comparable cutting conditions for 7N-1 alloy, the temperature was 440.5 °C (Table 2). Thus,
when machining nitinol, the temperature generated in the cutting zone is noticeably higher, which can be
explained by the lower thermal conductivity of this alloy compared with Inconel 718.

Table 2
Experimental results
Exp. No. V (m/min) S (mm/rev) t (mm) T (°C)
1 5 0.03 0.1 183.4
2 30 0.03 0.1 356.2
3 5 0.2 0.1 420.1
4 30 0.2 0.1 459.2
5 5 0.03 0.3 290.0
6 30 0.03 0.3 389.7
7 5 0.2 0.3 303.8
8 30 0.2 0.3 440.5
9 17.5 0.115 0.1 139.2
10 17.5 0.115 0.3 215.4

The dependence of the generated temperature on cutting parameters was determined by two methods in
order to select the more accurate one.

The first method used the Box-Cox transformation. According to this method, the variable values were
coded using the following expressions:

V —17.5 s ~§5-0.115 ; =02
125 7 7¢ 0085 ¢ 01 °
where V, S, and ¢, are the coded values of cutting speed, feed, and depth of cut, respectively.

The proposed method was implemented using the Python programming language. As a result of the
corresponding transformations, the following formula was obtained in terms of coded variables:

‘Vcl:

(1

T = 480.6509 + 214.4369V, +194.7511S, +23.0559%, + 327.5388V2 +

+327.538852 - 130.42285,1,.. )

The conversion from the coded values obtained via formula (2) is performed using the following expres-
sion:

T =(1+1.23197)/1-2319, 3)

The second method was implemented using the Statistica software package, which enables the derivation
of functional relationships for two variables and the construction of response-surface plots. Since only two
parameters were varied in this study, two separate relationships were obtained — one for each depth of cut.
The resulting formulas are presented below:

— for a depth of cut #= 0.1 mm:

T =304.5154 — 16.3046V —1806.1027.5 +0, 6838V % — 31.4588V'S + 14283.73757; 4)
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— for a depth of cut #= 0.3 mm:
T = 398.7812—9.9281F —2412.81435 +0.38121% + 8.7059V'S +10569.7809.5°. (5)

The response surfaces for both methods are presented in Figs. 4 and 5.

450
400

350 g 350 g 350
300 = [ [ G
250 300 & 300 =
200
150 250 250
200 200
150 150
a b
Fig. 4. Dependencies plotted using the Box-Cox transformation:
a—att=0.1 mm; b —att=0.3 mm
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Fig. 5. Dependencies plotted using Statistica software:
a—att=0.1mm; b—att=0.3 mm

To assess the adequacy of the obtained relationships (2)—(5), the cutting parameters were substituted
into the equations, and the resulting calculated values were compared with the experimental data given in
Table 3.

To evaluate the accuracy of the calculations performed using the derived relationships, the relative error
€ (%) was computed; the results are summarized in Table 3. As can be seen from the table, the relationship
obtained via the Statistica software exhibits higher accuracy, with a maximum error of 5.8%. The consider-
able discrepancy between the two sets of calculated results may be attributed to the differing approximation
approaches employed by the two methods.

The Box-Cox transformation is intended to render the response distribution more normal and to stabilize
variance. After this transformation, the model is constructed on the corrected data. In contrast, Statistica
builds a mathematical model that directly approximates the response surface as a function of two variables,
selecting coefficients for the individual terms so as to achieve the most accurate description of the experi-
mental data. For this reason, formulas (4) and (5) were adopted for all subsequent calculations.

CM Vol 28 No. 32026
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Table 3
Evaluation of the adequacy of derived dependencies
. T (°C T (°C €% T (°C €%
Exp. No.| ¥ (m/min) | § (mm/rev) | # (mm) (egip.)) (Box(—chx) (Box(—CZ)x) (Stat(istiZa) (Stat(isti)ca)

1 5 0.03 0.1 183.4 205.6 12.1 194.0 5.8
2 30 0.03 0.1 356.2 3234 -9.2 361.1 1.4
3 5 0.2 0.1 420.1 380.3 -9.5 418.8 -0.3
4 30 0.2 0.1 459.2 485.3 5.7 452.2 -1.5
5 5 0.03 0.3 290.0 291.1 0.4 297.1 2.4
6 30 0.03 0.3 389.7 401.7 3.1 389.0 -0.2
7 5 0.2 0.3 303.8 325.2 7.0 307.6 1.3
8 30 0.2 0.3 440.5 4334 -1.6 436.5 -0.9
9 17.5 0.115 0.1 139.2 171.3 23.1 146.5 5.2
10 17.5 0.115 0.3 2154 185.2 -14.0 221.6 2.9

Inspection of Figs. 5, a, b reveals that both response surfaces exhibit a minimum point. It is therefore
advisable to determine the cutting parameters corresponding to the minimum cutting temperature. To this
end, expressions (4) and (5) were differentiated with respect to ¥ and §, and the resulting derivatives were
set equal to zero. Solving the resulting systems of equations yielded the optimal values of cutting speed and
feed rate.

It was established that for a depth of cut # = 0.1 mm, the minimum cutting temperature of 121.89 °C
is achieved at a cutting speed V' = 13.72 m/min and a feed rate S = 0.08 mm/rev. For a depth of cut # = 0.3
mm, the minimum cutting temperature of 140.08 °C corresponds to ¥'=11.77 m/min and §' = 0.11 mm/rev.

Accordingly, the recommended turning parameters for TN-1 titanium nickelide workpieces, based on
the criterion of minimum cutting temperature, are as follows:

—at a depth of cut # = 0.1 mm (finish machining):

V=13.72 m/min, §=0.08 mm/rev;

— at a depth of cut = 0.3 mm (semi-finish machining):

V=11.77 m/min, §=0.11 mm/rev.

The occurrence of a minimum point in the vicinity of the experimental design center is attributed to aus-
tenite-to-martensite phase transformations in the workpiece material. Specifically, when machining takes
place within the martensitic transformation interval, part of the mechanical energy is expended on the phase
transition rather than on thermal dissipation, thereby producing a local decrease in cutting temperature.

Conclusion

The study investigated the influence of cutting parameters on the temperature in the machining zone
during turning of 7N-/ titanium nickelide workpieces. In achieving the stated purpose, mathematical
relationships were established that make it possible to calculate the cutting temperature for specified process
parameters within the applied ranges: cutting speed from 5 to 30 m/min, feed from 0.03 to 0.2 mm/rev, and
depth of cut from 0.1 to 0.3 mm. The calculation error does not exceed 5.8%. In addition, temperature-based
rational cutting modes were established and recommendations were developed for selecting parameters for
finish and semi-finish machining.

The results make it possible to assign cutting parameters according to the temperature in the machining
zone, thereby controlling tool wear processes and the changes occurring in the material during heating.

It should also be noted that machined workpieces exhibit technological heredity: their properties, such
as structure and texture, change after any processing operation, which in turn affects subsequent stages of
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part manufacture. Therefore, the results obtained in this study should be taken into account when finishing
operations such as surface plastic deformation (SPD) are required. Since mathematical relationships
describing the patterns of temperature change have been established, they can be used to predict possible
material changes and, with certain assumptions, extrapolate these values to other types of processing.
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