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Abstract

Titanium and nickel based alloys are two types of industrially used materials. Especially in aerospace and automotive
industry, the intermetallic titanium aluminides tend to replace these prevailing materials. Their density is only a half of
nickel based alloys and a high strength at room temperature and hot condition is retained. But the high reaction affinity
against tool materials, their low Youngs modulus and low heat conductivity cause difficulties in machining. During the
machining process, low heat conductivity leads to high thermal loading of tools and therefore a well-directed cooling
strategy is necessary. In this paper an overview about different cooling strategies, such as cryogenic carbon dioxide
cooling and minimum quantity lubrication of the titanium aluminide Ti-48Al-2Cr-2Nb is shown. Based on a literature

research and the experiments conducted in this investigation, cryogenic cooling is a reliable option for reducing tool-
wear.
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1. Introduction

In applications of the automotive and aerospace industry, there is a high demand for materials with high
strength properties in hot temperature conditions. Especially in supercharger engines and gas turbines, titanium and
nickel based alloys are mainly used. The automotive manufacturer Mitsubishi constructed the first supercharger engine,
for their model Lancer, with turbine blades entirely made out of a titanium alloy [1] benefiting from the advantage of a
lightweight material, combined with high strength. The same situation is found in constructions of gas turbines. During
the progression through the different compression stages, the temperature inside the gas turbine increases rapidly [2].
Inside the low-pressure compressor, temperatures up to 400 to 600°C are measured [2]. In these stages, titanium alloys
like a-, (o-+P)- or B-alloys have established themselves successfully. But in the latest developments in engine models,
researchers and manufacturers presented the potential of high-strength titanium aluminides to substitute the “normal”
titanium alloys [3-5]. Furthermore, the lower weight reduced the total weight of the gas turbines significantly. This
combination of low weight and high strength in warm and hot temperature conditions led to new research concepts.
Material scientists constantly develop new titanium aluminide alloys, which retain their high strength in hot conditions.
A TNM titanium aluminide was alloyed with 0.2at.% lanthanum [5]. With this particular new titanium alloy, the flow
stress was raised to 650 MPa at temperatures of 900°C. It shows the direction for developments in gas turbines. The
goal is to substitute nickel based alloys in the high-pressure turbine section, where temperatures of at least 900°C are
prevailing [2, 6]. At the moment, nickel based alloys are the only materials, which can be used for these turbine blades,
as they keep their high strength at such elevated temperatures [7].

A challenging problem of these materials is their machinability. Because of their high strength, high brittleness
and low thermal conductivity, tool wear increases rapidly [8]. Another issue is the high chemical affinity [9, 10] to
alternative tool substrates, like cubic boron nitride (CBN) or ceramics. At present, tungsten carbides are the best
developed tool materials for processing all titanium alloys; and they are used in industrial production processes [11].
Whilst titanium and nickel based alloys have been investigated in a very profound way in the past [i.e. 12-15], research
for titanium aluminides intensified only one decade ago [i.e. 16-18, 26, 30]. At the moment, most of research is based
on the machining technology of the outside diameter turning or milling to study the machining process. In the last years,
there are a few research based on drilling and other machining techniques [19, 20]. The main part of the investigations
is the reduction of cracking and pullout during machining. Mantle and Aspinwall [21] found out, that cracking is mainly
influenced by the depth of cut, whereas cutting speed and coolant supply have no significant effect. Sharman et al. [22]
discovered a higher affinity to cracking, when machining with higher depth of cut. In another study, Hood et al [23]
explained that the grain size of the microstructure has a significant influence on material defects.

Other studies [24, 25] compared the machining processes directly. Settineri et al. [26] analyzed three different
titanium aluminides in turning and milling processes. Tool wear, workpiece roughness and surface finish were
evaluated. In order to minimize cutting fluid during the machining of the titanium aluminide Ti-48AI-2Cr-2Nb, Priarone
et al. [27] investigated several flow rates for minimum quantity lubrication (MQL).

At present, there is no investigation about the influence of the cross section of a chip on the machinability of y-
TiAl found in the literature. It is interesting, which component of the cross section of a chip has a significant effect on
tool life reduction. The cross section of a chip is affected by the feed rate and the depth of cut. For the following survey,
the implemented investigation strategy for obtaining a constant removal rate, is an increase of the feed rate and a
decrease of the depth of cut or vice versa. Furthermore, tool wear and cutting forces are measured and analyzed.

2. Experimental setup

Machining tests were performed in a facing process on a CNC lathe machine HEID FS300. The workpiece
material was a Ti-48Al-2Cr-2Nb titanium aluminide. The ultimate tensile strength is 442 MPa and the yield strength is
324 MPa with a hardness of 295 HVig. With a maximum axial path | of 9 mm, the workpiece was cut out up to a
diameter of 160 mm. The external diameter of the disk material varied between 220 and 225 mm. The cutting speed was
fixed to 40 m/min. To validate the cutting behavior, the feed rate f and depth of cut a, were adjusted in two parameter
setups. On the one hand, a feed rate of f = 0.05 mm and a depth of cut a, = 0.8 mm were applied and on the other hand a
feed rate f = 0.075 mm and a depth of cut a, = 0.5 mm were set (see Error! Reference source not found.). In this way,
the chip thickness remained at a constant value. During the experiments, tool wear and cutting forces were measured.
Tool wear was evaluated using a Keyence VW600C microscope with a magnification factor of up to 200 (Fig.1 down
right). Cutting forces were measured by a 3-component dynamometer Kistler 9129AA. It was mounted between the tool
holder and the VDI shank. To filter the signal noise, a Savitzky-Golay-Filter with a polynomial order of 12 and 3500
side points was applied.
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Fig. 1. Experimental setup; left: HEID FS300, downright: Keyence VW600C

Cutting inserts were delivered by Seco Tools. The geometry is a CNMG 120404 — MF1 orthorhombic insert
with a rounding of the cutting edge of 50 um. Two different types were used: an uncoated and one with a TiN/TiAIN
multilayer coating applied by a PVD process. This cutting insert, provided by Seco Tools, was clamped inside a tool
holder with the signature PCLNL2525K12JETLB. A special feature of this tool holder is the jet stream technology,
which enables the transport of a cutting fluid through the shank with a pressure of up to 7 MPa. Inside it, the fluid
stream is deflected to a clamping claw, which is located near the rake face of the cutting insert. Two holes lead the fluid
on top of the rake face. In this investigation, the cryogenic carbon dioxide gas was passed through this tool holder. The
cryogenic fluid is delivered in bottles under a compression of 6 MPa in liquid condition. During the expansion in
ambient air, a stream of cryogenic snow is built up, which consists of particles in both the solid and gas state. The
clamping claw was prepared with two nozzles with an inner diameter of 2 mm. So, the jet stream is directed and
reduced on the rake face and chip. For the other experiments, a conventional cooling strategy was applied with a
concentration of emulsion of 10% and minimum quantity lubrication with a fatty alcohol Blaser Vascomill MMS FA 2.

Experimental design Setup 1 Setup 2
cutting speed v 40 m/min 40 m/min
feed rate f 0.075 mm 0.05 mm
depth of cut a 0.5 mm 0.8 mm
cross section of the chip (A =f - ap) 0.038 mmz2 0.040 mmz2
material removal rate 1500 mm3¥/min 1600 mm3/min
tool coating uncoated

multilayer coating (TiN/TiAIN)
cooling/lubrication strategies conventional flood cooling

minimum quantity lubrication
cryogenic carbon dioxide cooling

Table 1. Design of Experiments
The machining process was stopped, as soon as tool wear exceeded one of three tool wear criteria as follows.
Primary: tool wear land VBmax is more than 250 um, secondary: tool notch wear VBnoicnh €xceeds 200 um and tertiary:
there is a crumbling of the cutting edge, which is beyond 150 pum.
3. Experimental results

3.1 Tool wear and cutting forces under conventional flood lubrication (CFL) and MQL

First, the machining experiments for conventional flood lubrication and minimum quantity lubrication were
executed. The goal was to determine a trend for the variation of the feed rate and depth of cut, how the tool substrate
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and a coating affect the machining behavior in conjunction with the cooling strategy. Fig. 2 shows the results of the
experiment. In comparison to Priarone et al. [30], the wear progression curves display a similar course. The only
difference is that experiments made by Priarone et al. resulted in shorter tool life, caused by a higher cutting speed of
Ve =50 m/min and feed rate of f=0.1 mm, although the depth of cut with a, = 0.3 mm was significantly lower. As
explained in [30], the cutting speed plays an essential role during the wear progression of tools. In a short preliminary
test for the experiments used for this paper, a cutting speed of v, = 60 m/min with CFL coolant was chosen. As a result,
tool wear developed rapidly after a cutting time of t. = 13 min, which corresponds to an approximate cutting length of
I =800 mm. Under conventional flood lubrication, uncoated tools led to longer tool life, whereas with minimum
quantity lubrication results are contrary (see Fig. 2). In the latter case, the coating of carbide inserts extended tool life.
The comparison of these two cooling or lubricating strategies revealed that flood lubrication has a more dominating
effect. So, for machining vy titanium aluminides both, cooling and lubricating, are needed. The same tendency is shown
by Priarone et al. [30].

tool: CNMG 120404 - MF1 cutting speed: ve =40 mimin
coating:  wvariable feed rate: variable
material:  Ti-48Al-2Cr-2Nb depth of cut: variahle
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Fig. 2. Visualisation of tool-wear; experimental settings using CFL and MQL

When comparing the curves of the two experimental setups in Fig. 2, it can be seen that the setup with a higher feed rate
results in a longer tool life. The similar cross section of the chips enables the comparison of the dynamic load of the tool
with the cutting forces F¢, Fr and Fp, with the specific cutting forces k., ks and k. Below a certain feed rate, the tool cuts
off the material in the zone of the cutting edge. In cutting condition, the force angle is pointed in the direction of the
workpiece and a ploughing process takes place [28]. In this situation, there is a mixture of cutting and deforming in the
chip forming zone of the cutting process. This leads to a higher active force, which can be seen as the vector sum of the
two force components of the feed force Fr and cutting force Fc. The higher active force implies a higher tool load and
wear development. The argument for this statement is reaffirmed, when looking at Fig. 3 (uncoated tools) and Fig. 4
(coated tools), where the cutting forces, are displayed.
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tool: CNMG 120404 - MF1 cutting speed: V. = 40 m/min
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Fig. 3. Cutting forces measured during machining with uncoated carbide inserts

It can be seen, when comparing the two curves of the feed force and the cutting force during the machining
with conventional flood lubricating, that the higher feed rate of f = 0.075 mm has smaller feed and cutting forces than
the lower feed rate of f = 0.05 mm. For machining with minimum quantity lubrication, the same trend can be observed.

tool: CNMG 120404 - MF1 cutting speed: V. = 40 m/min
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Fig. 4. Cutting forces measured during machining with coated carbide inserts
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3.2 Material removal rate and cutting volume

In chapter 3.1 the influence of tool wear and cutting forces were discussed. Another interesting fact, explained
in this chapter, is the material removal rate and the cutting volume. Because of the targeted variation of the feed rate and
the depth of cut, nearly similar cross section of the chips, and consequently the same material removal rates were
achieved (see Error! Reference source not found.). The removal rates differ only by 100 mms3/min. When taking a
closer look at Fig. 5, a significant influence on cutting volumes, achieved by the two different cooling strategies, can be
observed. In conjunction with Fig. 2 it can be seen, that cutting volumes differ in a significant way. The reason is that
some cutting inserts were not stopped at the wear criteria, showing artificially longer tool life times, caused by the
nature of the experiments.

The results of the cutting volumes vary between 10 to 20 %. When applying minimum quantity lubrication,
only the uncoated tool has an insignificant difference between the two parameter settings. The reason is that the tools
wore out rapidly experiencing only a short life time, which is insufficient to compensate the difference in the value of
the material removal rate.

toal: CNMG 120404 - MF1 cutting speed: V. = 40 m/min
coating: variable feed rate: variable
material: Ti-48Al-2Cr-2Nb depth of cut: variable
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Fig. 5. Cutting volumes resulted from experiment

The consideration of the cutting volume enables an evaluation independently from the feed velocity. It should be
validated, if the carbon dioxide cooling strategy can achieve an increase in tool life of y titanium aluminides, like it is
when machining of titanium alloys [31].

3.3 The cryogenic carbon dioxide cooling

Especially in machining of difficult-to-cut titanium alloys, like a-, (a+f)- and B-alloys, the cooling method
with a cryogenic gas led to good results with respect to tool wear. These results are verified by the fact that there is a
higher demand for cooling than for lubrication in machining of titanium alloys. Klocke et al. [24] investigated a third
generation y titanium aluminide while machining it with a cryogenic liquid nitrogen (LN;) cooling strategy. In
comparison to dry machining of titanium aluminides, the liquid nitrogen cooling decreased the tool-wear significantly
during the starting phase of the process [6]. In comparison, a cooling temperature of -195°C is realized by using liquid
nitrogen, whereas carbon dioxide can reach a cooling temperature of -60°C. In Fig. 6, the tool wear, after the first
cutting path, by applying the cryogenic carbon dioxide cooling and the conventional flood lubrication is shown.

In the starting phase of the cryogenic carbon dioxide cooled machining process it can be observed that the tungsten
carbide inserts tend to a significant notch wear, caused by the freezing process. The tool material is cooled in a very
strong way, retaining its whole strength and hardness properties, yet causing the material to get slightly brittle. When
the workpiece material is cut during the machining process, it hits the tool material and pulls out some material from the
tool. The discontinuous process near the workpiece entrance initiates this high loading of the tool.
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tool: CNMG 120404 - MF1 cutting speed: Ve = 40 m/min
coating: variable feed rate: variable
material: Ti-48Al-2Cr-2Nb depth of cut: variable
cutting length:  variable cooling method: variable
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Fig. 6. Comparison of the tool-wear on the rake face and flank face of the cutting insert

Another effect of the carbon dioxide cooling is the strong freezing of the surrounding of the tool. In order to
measure the cutting forces, a dynamometer was located next to the tool. The curves of the cutting forces are shown in
Fig. 7. When observing the curve of the cutting force Fc, a big drift at the end of every single cutting path can be seen.
This is caused by the freezing of the piezocrystals inside the dynamometer. In this situation the correct electric charge
cannot be measured, resulting in false cutting forces.

In chapter 3.1 it was pointed out, that a higher feed rate implicates lower active forces F.. This fact can be
verified also in Fig. 7.

tool: CNMG 120404 - MF1 cutting speed: v, = 40 m/min
coating: variable feed rate: variable
material: Ti-48AI-2Cr-2Nb depth of cut: variable
cutting length:  variable cooling method: CO, snow
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Fig. 7. Cutting forces measured during machining with cryogenic carbon dioxide cooling
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4, Conclusion

The problem examined in the paper is to study the effect between feed rate and depth of cut during machining
the y titanium aluminide Ti-48Al-2Cr-2Nb by applying different cooling strategies. To obtain basic knowledge, the
machining technology of turning was chosen. It was shown, that there is a significant influence on tool wear induced by
an increase of the depth of cut and a decrease of the feed rate. In the following list, the important results of the
investigation are summarized:

e Inconventional flood lubrication uncoated tools experience a longer tool life

¢ In minimum quantity lubrication (MQL) tool coating prolongs tool life

o Alower feed rate leads to a cutting off material in the cutting zone of the cutting edge and initiates a ploughing
process

e The cryogenic carbon dioxide gas leads to a faster notch wear

e CO; cools down the surrounding of the tool in such a strong way that the dynamometer is experiencing
difficulties in measuring the cutting forces [29]

In future works, a smaller nozzle to decrease the flow stream of the carbon dioxide gas should be constructed
increasing the service time of the bottle of the carbon dioxide and making the whole process more effective. In this
case, the machining experiment with the cryogenic carbon dioxide cooling could be retried in such a way, that the
cutting tool is used until it reaches the wear criterion. This would enable to verify, whether the excessive notch wear
takes place only in the starting phase of the machining process and stabilizes until the tool wear criteria are reached.
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