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Abstract

Because of its outstanding strength-to-density ratios, corrosion resistance, and other superior properties, Ti-6Al-2Zr-1Mo-1 V
titanium alloy (TA15) is widely employed in aeronautics and astronautics. TA 1S is a typical difficult-to-cut material with low
heat conductivity, a high cutting temperature, and an easy adhesion characteristic. When machining difficult-to-cut materi-
als, cryogenic machining is an efficient way to lower the cutting temperature. There is, however, few research on machining
TA15 under cryogenic cooling conditions. In this study, tensile tests were performed under different low-temperature cooling
conditions. By analyzing the changes of material properties under different low temperatures, the machining mechanism
of TA15 under cryogenic cooling conditions was revealed. Then, cutting experiments were carried out under three cooling
conditions: dry, cutting fluid (wet), and liquid nitrogen internal cooling (cryogenic). The results show that under cryogenic
conditions, TA15 can effectively reduce plasticity and adhesion. The cutting experiments also prove that machining TA15
under the cryogenic cooling condition can reduce the surface adhesion, improve the machining quality of the machined

surface, and effectively reduce the generation of tool adhesion wear.

Keywords Cryogenic internal cooling - Ti-6Al-2Zr-1Mo-1 V titanium alloy (TA15) - Material properties - Surface

integrity - Tool wear

1 Introduction

At present, titanium alloys are finding wide application in
aeronautics, astronautics, biomedical, and so on because of
the excellent strength to density ratios and corrosion resist-
ance [1, 2]. However, titanium alloys generally have the
characteristics of poor thermal conductivity and high cutting
temperature [3]. Therefore, when cutting titanium alloys, a
large quantity of heat will be generated, which leads to poor
surface quality and serious tool wear and other machining
defects [4, 5]. Many scholars have explored the machining
of titanium alloys. Among them, cryogenic machining was a
method of applying cooling to the cutting area using a cryo-
genic medium, aiming to reducing the temperature, increase
the tool life and improve the surface integrity [6, 7]. Liquid
nitrogen (LN,, —196 °C) is one of the most commonly used
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cooling media in cryogenic machining [8, 9]. Nitrogen is a
colorless, tasteless, non-toxic, and harmless inert gas; 79%
of the air is composed of nitrogen [10]. Using liquid nitrogen
as the cryogenic cooling mediums in machining can not only
effectively reduce cutting temperature, but also realize the
safety and environmental protection, and reduce the diffi-
culty of cleaning treatment. After liquid nitrogen evaporates,
it will return to the atmosphere without any pollution.

In terms of the effect of liquid nitrogen cooling machin-
ing, many scholars have made some research on different
kinds of materials, such as AISI 52,100 harden steel [11],
Co-Cr—Mo alloys [12], magnesium alloys [13], porous
tungsten [14], CFRP [15], and PTFE [16]. It achieved out-
standing machining performance in the aspects of surface
integrity or tool wear and so on in the cryogenic machining
of the above materials.

At present, in the research of cryogenic machining of
titanium alloy, scholars have mainly carried out relevant
research on Ti-6Al-4 V (TC4) titanium alloy [17-19].
However, few scholars have carried out relevant research on
cryogenic machining of Ti-6Al-2Zr-1Mo-1 V titanium alloy
(TAT15). Different from the microstructure of a+ f phase in
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Table 1 Chemical composition Al N H Fe C Mo v Ti
of TA15 alloy (mass fraction,
%) 6.55 0.009 0.01 0.2 0.08 0.94 0.82 Bal

TC4 titanium alloy, TA1S5 titanium alloy is a near-o titanium
alloy, which is widely used as the key load-bearing structural
part in some extreme conditions, as well as the compressor
blades and compressor disks of gas turbine engines [1, 20].
Compared with the o+ p phase, the o phase has better ductil-
ity and is more prone to adhesion [21]. Due to the different
microstructures, cryogenic machining performance is bound
to be different.

In this paper, the applicability of TA15 titanium alloy
cryogenic internal machining is studied. The mechanical
properties of TA15 titanium alloy with temperature change
were studied through tensile tests at different temperatures,
and the mechanism of material properties with temperature
change was analyzed, which provides a theoretical basis for
cryogenic machining TA15. Then, the effectiveness of cryo-
genic internal turning of TA15 was studied by comparing the
machined surface morphology, machined surface roughness,
and tool wear under three cooling conditions: dry, cutting
fluid (wet), and liquid nitrogen internal cooling (cryogenic).
The research of this paper provides a theoretical and experi-
mental basis for cryogenic machining of TA15.

2 Experimental

There are two parts to the experiments. In order to analyze
the change of material property under the cryogenic cool-
ing condition, tensile tests at different temperatures were
carried out, which are used to study the changing trend of
mechanical properties of TA15 alloy at low temperatures.
Furthermore, through the machining experiments, the results
of mechanical test analysis are verified, and the effectiveness
of cutting TA15 alloy under cryogenic conditions is studied.

2.1 Tensile test
For the analysis of mechanical properties of TA15 at different

temperatures, some scholars have carried out relevant research
in a high-temperature environment [20, 22, 23]. However,

Fig. 1 Tensile specimens. (a)
Object picture. (b) Geometrical
dimension
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there is no related study on the mechanical properties of TA15
at different temperatures in a low-temperature environment.
To analyze the mechanical properties of TA15 at different
temperatures, tensile tests were carried out. The chemical
composition of the material used in the test is summarized in
Table 1. Tensile specimens and geometrical dimensions are
shown in Fig. 1.

The tensile tests were carried out at 25 °C,
0 °C,-50 °C,-100 °C,-150 °C, and—196 °C using MTS
universal testing machine (CMT5000, USA) along the axial
direction of the specimens under a strain rate of 10~3s7!, and
each specimen was deformed until fracture.

The cryostat is filled with a certain amount of cryogenic
gas or liquid, and the ambient temperature of the workpieces
is controlled by the thermostat. The tensile tests platform is
shown in Fig. 2.

2.2 Machining experiments

In order to verify the conclusions obtained by tensile test
analysis, it is necessary to carry out TA15 cryogenic machin-
ing test verification.

A cylinder workpiece of TA15 material was machined
having dimensions of 40 mm X 30 mm in this experiment.
The experiments were performed on a horizontal lathe
manufactured by Dalian Machine Tool Group (CD6140A,
China). Liquid nitrogen was provided by a liquid nitrogen
tank (Tianhai DPL-175, China). A self-developed flow con-
trol device was applied to control the flow of liquid nitrogen.
Coated tungsten carbide inserts DNMG 150,608-MM 1125
supplied by Sandvik-Coromant® were used as cutting tool
inserts. A self-developed LN, internal cooling turning tool
was used in the experiments, the working clearance angle is
5° the rake angle is 7° and the nose radius is 0.8 mm. The
diameter of the LN, injection microholes is 2 mm.

The schematic diagram and object picture of a self-developed
LN, internal cooling turning tool are shown in Fig. 3.
According to the research of Hong and Ding [24], applying
LN, to the tool rake face and flank face simultaneously leads
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Fig.2 Tensile test platform. (a) Universal testing machine. (b) Work-
bench. (¢) Thermostat

to the most significant cooling effect. So, the internal cool-
ing turning tool is designed to cool the rake face and flank
face at the same time. Because LN, is easy to vapor, a heat
insulation protective sleeve is provided in the main channel.
To order to obtain a high cooling efficiency, the relationship
between the microhole diameter and the jet distance should
satisfy Eq.(1) [25].

Po d
ap +(1—a)p,

N ey

1
p \/%
where p,, is the average initial density of microhole outlet
cross section, p; is the density of LN,, Pe is the density of
N,, a is the volume fraction of LN,, d, is the diameter of
the microhole, Sp is the jet distance, and expansion
coefficient C=0.114 [26].

The experimental setup is shown in Fig. 4. The experi-
ments were carried under three cooling conditions: dry, wet
(cutting fluid), and cryogenic (liquid nitrogen internal cool-
ing). The design of the experiment is shown in Table 2.

For the measurement equipment, the roughness of
the machined surfaces was measured by the Taylor

Fig' 3 LN2 internal COOliTlg (a) Insulation channel
turning tool. (a) Schematic “
diagram. (b) Object picture | |

LN, inlet

Hobson measurement system for the surface profile (Taly-
surf CLI200003191213, UK). The surface morphology and
tool wear were observed by FEI scanning electron micro-
scope (SEM) (Q45, USA).

The cutting fluid injection angle is 45°, and injection dis-
tance is 30 mm. According to the research of Tahmasebi
et al. [27], it shows benefits for the cooling process for effi-
cient cooling when the injection pressure is in the range of
0.2-0.4 MPa, so the LN, applied pressure is set to 0.4 MPa
in the experiments of this paper. The ambient temperature
is 20 °C, and the LN, temperature is —196 °C.

In the experiments, a cutting speed of 105 m/min and
130 m/min and a feed rate of 0.05 mm/rev and 0.14 mm/rev
are adopted, respectively. Radial cutting depth is 0.2 mm,
and feed length is 45 mm.

3 Results and discussion
3.1 Analysis of tensile test results

It can be seen from the tensile curve (Fig. 5) that with the
decrease of temperature, the tensile specimens are still in the
plastic fracture stage, and there is no plastic-brittle transi-
tion. However, the plasticity decreases, and the fracture elon-
gation decreases when the temperature decrease. According
to Fig. 6, with the decrease of temperature, the yield strength
and tensile strength of the material increase, and the elon-
gation of the cross-section also shows a downward trend,
which indicates that the plasticity of TA15 decreases with
the decrease of temperature.

3.2 Analysis of fracture morphology

The dimple size reflects the plastic deformation of the
material before fracture. The larger the dimple size is, the
better the plasticity is. As shown in Fig. 7, at 25 °C, the
dimple size is larger, and the maximum is about 20 pm.
With the decrease of temperature, the dimple size gradually
decreases, indicating that the plasticity of TA15 decreases
with the decrease of temperature, which confirms the analy-
sis conclusion of the tensile curve in the previous.

- Rake face jet hole

Flank jet holes
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Fig.4 Experimental setup for the experiments. (a) Platform. (b) Dry. (¢) Wet. (d) Cryogenic

According to the fracture morphology at different ambient
temperatures, it can be analyzed that the tensile strength of
TA15 increases with the decrease of temperature, which leads
to the improvement of the ability of the material to resist crack
propagation. The relation between dislocation velocity V and
temperature 7 can be expressed by Eq. (2) [28].

(2o 2

Table 2 Design of experiment

No Cutting speed (m/ Feed rate (mm/  Cooling condition
min) rev)

1 105 0.05 Dry

2 105 0.14 Dry

3 130 0.05 Dry

4 130 0.14 Dry

5 105 0.05 Wet

6 105 0.14 Wet

7 130 0.05 Wet

8 130 0.14 Wet

9 105 0.05 Cryogenic
10 105 0.14 Cryogenic
11 130 0.05 Cryogenic
12 130 0.14 Cryogenic
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where V,, and 7 are constants of the material and AF is the
activation energy for lattice resistance controlled glide, k is
Boltzmann’s constant, and T is the temperature. The expo-
nent 7 is the dislocation velocity stress index.

It can be seen from Eq. (2) that when the temperature
is below zero, the dislocation velocity decreases with the
decrease of temperature. It can be inferred that at low-
temperature conditions, the gap between atoms decreases, and
the bonding force between atoms increases, which leads to
the difficulty of dislocation slip. Thus, smaller dimples are
formed.

The cavities formed during tensile at low temperature
cannot grow into large dimples, and the fracture dimple mor-
phology is small. The schematic diagram is shown in Fig. 8.

The better the plasticity of the material, the easier it is to
produce the adhesion phenomenon in the machining process.
Compared with normal temperature, the plasticity of the
material under a low-temperature environment is reduced,
and it is easier to be cut off, which can inhibit the produc-
tion of adhesion phenomenon in the machining process. The
conclusion analyzed by the tensile test will be verified by
machining experiment results in the next section.

3.3 Surface roughness

This section discusses the machining surface roughness
under different cooling conditions and different cutting
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parameters. The surface roughness of workpieces is meas-
ured by Taylor Hobson measurement system.

In order to reduce the measurement error, three different
positions of each sample were randomly selected, and the
sampling length of each position is 4 mm. After the meas-
urement, the comparison of the average values of surface
roughness under different cooling conditions and different
cutting parameters in the experiments is shown in Fig. 9.

Among the four groups of parameters, the roughness
value of liquid nitrogen cooling is the lowest. Except that
when the cutting speed v, is 105 m/min and the feed rate
f1is 0.05 mm/rev, the roughness under the dry condition of
the other three groups was greater than that of the other

Strain (%)

two cooling conditions. Especially when the feed rate is
0.14 mm/rev, the roughness under dry conditions is signifi-
cantly greater than that of the other two groups. Compared
with the maximum roughness, the roughness under cryo-
genic cooling condition decreased by 28% (v, 105 m/min,
f0.05 mm/rev), 38% (v, 105 m/min, f 0.14 mm/rev), 45%
(v, 130 m/min, f 0.05 mm/rev), and 32% (v, 130 m/min, f
0.14 mm/rev), respectively.

In addition, under the same cooling conditions, the
influence of cutting speed v, on roughness is significantly
smaller than the feed rate f. The larger the feed rate, the
higher the roughness. When the feed rate is increased, the
surface roughness will increase at the same time, and LN,

Fig.6 Yield strength, tensile
strength, and section elongation Elongation (%)
at different temperatures 25°C 0°C m-50°C 30
1400
®-100°C  ®-150°C ®-196°C 257
1200
25 222
<1000 |
S 20 183 185 18.8
2 800 H -
g :
2 600 15 12.5
@ 400
10
200
0 | 5
Yield strength ~ Tensile strength
0
25°C  0°C -50°C -100°C-150°C-196°C
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Fig.7 SEM micrographs of
tensile fracture surface at differ-
ent temperatures. (a) 25 °C. (b)
0 °C. (¢)—50 °C. (d)—100 °C.
(e)—150 °C. (f)—196 °C

internal cooling is no exception. This is also consistent
with the findings of Bordin et al. [17]. It indicates that
although cryogenic cooling effectively reduces the rough-
ness, it cannot offset the impact of increasing the feed
rate. In order to improve the roughness of the machined
surface, it is necessary to reduce the feed rate while using
cryogenic cooling.

Furthermore, it is necessary to observe the machined
surface morphology to analyze the causes of roughness
differences.

Fig.8 Comparison of dimples
formation at high and low
temperatures
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3.4 Surface morphology

As shown in Fig. 10, there are many defects on the dry cutting
surface. Under different cutting parameters, there are serious adhe-
sion phenomena under dry conditions, accompanied by side flow
and thick feed marks. It indicates that under dry cutting conditions,
cutting TA15 generates a large amount of cutting heat, and TA15
titanium alloy will show better plasticity under high temperatures
[20]. As aresult, it is more difficult to remove the material in the
cutting process, resulting in a lot of surface defects.

Dimples
// \\
vov
\\
Temperature decrease Tensile direction
/ /
/
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Under wet conditions, the surface quality is better than that
of dry cutting. However, there are still adhesion, side flow,
and thick feed marks. Especially when the cutting speed v, is
105 mm/min and the feed fis 0.14 mm/rev, the groove phe-
nomenon is obvious, which may be caused by built-up edge.
According to the analysis of the surface morphology, it shows
that although the cutting fluid has the effect of cooling and
lubrication, it is not enough to inhibit the formation of adhesion
and other defects on the machined surface of TA15.

Fig. 10 SEM micrographs
(3000 x) of machined sur-

face under different cooling
conditions and different cutting
parameters in the experiments
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Compared with the former two cooling methods, there is
only a small amount of adhesion phenomenon on the machined
surface by cryogenic cooling under various parameters. It indi-
cates that under low-temperature conditions, the material is
easier to fracture due to the decrease of plasticity. Therefore,
the generation of feed marks, side flow, and adhesion phe-
nomenon is inhibited, and the surface quality is improved. At
the same time, the conclusion analyzed by the tensile test is
also confirmed.
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Fig. 11 Tool inserts SEM
micrographs of rake (300 x) and
flank face (600 X) under differ-
ent cooling conditions and dif-
ferent cutting parameters in the
experiments. (a) v, 105 m/min, f
0.05 mm/rev. (b) v, 105 m/min,
£0.14 mm/rev. (¢) v, 130 m/min,
£0.05 mm/rev. (d) v, 130 m/
min, f0.14 mm/rev
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Fig. 12 Diagram illustrating the
effects of lowering the tempera-
ture on the machining

Chip

Workpiece Adhesion

Temperature decrease

Workpiece

3.5 Tool wear

In addition to the quality of the machined surface, the tool
wear characteristics of the tool surface also reflect the charac-
teristics of the material removal process.

Figure 11 shows the SEM images of tool wear under dif-
ferent cutting parameters and cooling conditions. As shown in
Fig. 11, under the condition of dry cutting, because dry cutting
has no cooling effect, the rake and flank face of the cutting tool
inserts have different degrees of adhesion, especially on the
rake face of the tool inserts. Under the condition of dry cutting,
the rake face has large block adhesion, and the flank face also
has a certain degree of adhesion.

Under the wet cooling condition, the adhesion phenomenon
is not obvious as that of dry cutting. However, there is still a
large area of adhesion on the rake face. On the flank, although
the adhesion phenomenon is not as serious as that of the rake
face, there are still some serious adhesion phenomena under
some parameters, such as v, 130 m/min and f0.14 mm/rev; a
large block of adhesion occurs in the flank face. Although the
cutting fluid has some cooling and lubrication effect, the cool-
ing efficiency is insufficient when cutting TA15.

Compared with the other two cooling conditions, under the
cryogenic cooling condition, the tool adhesion phenomenon
is the least due to the high cooling efficiency. And there is
only a small amount of adhesion phenomenon on the rake and
flank face. This phenomenon is also consistent with the law
of machined surface quality in the former parts of this paper.

In the process of machining, when the cooling efficiency
is insufficient, with the high temperature generated dur-
ing machining, the strength of the material decreases and
the plasticity increases, resulting in the phenomenon of
machined surface adhesion and tool adhesion. When the
temperature drops, the plasticity and ductility of the mate-
rial diminishes, which is not only conducive to chip break-
ing, but also aids in the reduction of adhesion, as illustrated
in Fig. 12.

As shown in the studies of Sects. 3.1 and 3.2, the plasticity
and ductility of TA15 is reduced under the cryogenic
conditions and thus reduces the generation of adhesion
during machining. The machining results in Sects. 3.4
and 3.5 also verify the research results in Sects. 3.1 and 3.2.

4 Conclusion

In this paper, the feasibility of TA15 machining under
cryogenic cooling conditions was studied. The change of
mechanical properties of the material at low temperature was
analyzed by mechanical experiments, and the mechanism of
the change was analyzed. Through the comparative cutting
experiments of TA15 under different cooling conditions, the
experimental results are analyzed from the aspects of surface
morphology, surface roughness, and tool wear.

The main findings of this investigation can be summa-
rized as follows:

1. Low-temperature environment has a significant impact
on the machinability of TA15 titanium alloy. The plas-
ticity of TA15 titanium alloy decreases at low tempera-
tures. It helps to reduce the generation of adhesion, and
it is easier to fracture during the machining process.

2. Compare with the dry and wet cooling conditions,
machining TA15 under cryogenic cooling conditions
can effectively reduce the defects such as feed marks,
side flow, and adhesion on the machined surface and
improve the surface quality and surface roughness.

3. The adhesion wear of the cutting tool inserts is effec-
tively inhibited under the internal cryogenic cooling
conditions when machining TA15. Moreover, the tool
life is also improved.
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