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Abstract

Due to an excellent ratio of high strength and low density, Ti-6Al-4V is suitable for many industrial applications, especially
in the aerospace industry. However, Ti-6Al-4V is also characterized by a very low thermal conductivity and high chemical
reactivity which is why the titanium alloy is considered to be a hard-to-cut material. Machining Ti-6Al-4V leads to high
cutting temperatures, which leads to a rapidly progressing thermo-chemical induced tool wear. To reduce the thermal load
and to enhance the cutting performance, suitable cooling strategies are a necessity. A novel, highly efficient cooling approach
is to apply sub-zero metalworking fluids (MWF) at liquid state but at supply temperatures well below 0 °C. These sub-zero
MWEF inhibit high cooling effects due to their low supply temperature in superposition with a beneficial wetting behavior. In
this work, the application of a sub-zero cooling strategy is investigated when milling Ti-6Al-4V. The influence of both down
milling and up milling is investigated under a systematic variation of the cutting speed and feed per tooth. For comparison,
the experiments are also conducted using a cryogenic CO, cooling. The performance of both cooling strategies in depend-
ence of the milling process is described on the basis of the occurring forces, the resulting tool wear, and the surface quality
achieved. The results show that the sub-zero cooling can successfully improve the machinability of Ti-6Al-4V even at elevated
cutting parameters and unfavorable cutting conditions. As a result, sub-zero milling clearly outperforms the cryogenic CO,
cooling, since less tool wear and an overall lower surface roughness are observed. Consequently, when using a sub-zero
cooling strategy, higher metal removal rates, longer tool life, and better surface qualities are achievable.
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1 Introduction

The titanium alloy Ti-6Al-4V is characterized by an excel-
lent ratio of high strength even at elevated temperatures to
a low density [1, 2]. This beneficial characteristic leads to
a high suitability for industrial applications, especially in
the aerospace industry [3, 4]. In addition, the titanium alloy
exhibits a high corrosion resistance and favorable biological
properties, which is why Ti-6Al-4V is also widely used for
offshore [5], chemical [6], and medical [7, 8] applications.
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However, Ti-6Al-4V inhibits a very low thermal con-
ductivity in addition to a low heat capacity which causes
difficulties in heat dissipation when cutting [9]. As a conse-
quence, the heat dissipation via the workpiece and chips is
limited [10, 11] which leads to high cutting temperatures and
thus high thermal loads at the cutting edge [12]. Addition-
ally, Ti-6Al-4V is also characterized by a very high chemical
reactivity, especially at elevated temperatures. When cut-
ting, this reactivity leads to adhesive and chemical reactions
between the titanium alloy and the tool [13, 14]. These reac-
tions in superposition with the high thermal loads result in
rapidly progressing tool wear which reduces tool life and
thus the productivity of the cutting process [15]. In conclu-
sion, Ti-6Al-4V is regarded as a hard-to-cut material [16].

To reduce the thermal load and consequently the thermo-
chemical induced tool wear when cutting Ti-6Al-4V, a
very low cutting speed is generally chosen [17]. This how-
ever results in low productivity which is why machining
Ti-6Al-4V is often associated with high manufacturing
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costs [18]. Lower cutting speeds also tend to increase the
occurring forces when milling, as no thermal softening
takes place [19]. In addition, up milling has to be gener-
ally avoided, since the process kinematic promotes higher
thermo-mechanical loads in comparison to down milling
due to ploughing effects [20]. Other attempts to improve
the machinability of the titanium alloy rely on the use of
coatings [21] or cutting edge preparation [22, 23]. While a
defined cutting edge rounding offers the potential to increase
tool life due to a higher mechanical strength of the cut-
ting edge, the increased cutting edge radius also promotes
ploughing effects and therefore more friction and higher
thermo-mechanical loads [22, 24].

Another, more efficient, approach to reduce the thermal
load and improve the machinability of Ti-6Al-4V is the
application of cryogenic cooling strategies, typically with
liquid nitrogen (LN,) or carbon dioxide snow (CO,) [25].
During cryogenic milling, the high cooling effect is achieved
due to the extremely low supply temperatures of LN,
(=196 °C [26]) or CO, (—78.5 °C [27]) promoting a high
temperature gradient [28]. Additionally, cryogenic cooling
strategies are often regarded as an environmentally friendly
and sustainable alternative in comparison to the application
of conventional metalworking fluids (MWF) [29].

In recent years, a lot of research has been conducted
regarding the application of cryogenic cooling strategies
for milling Ti-6Al-4V. For example, Sadik et al. [30] were
able to increase tool life during face milling Ti-6Al-4V when
using a cryogenic CO, cooling instead of a conventional
MWEF. Investigations of Pittala [31] showed that increas-
ing the CO, mass flow could reduce tool wear, since lower
temperatures and better cooling performance are achieved.
When cryogenic milling Ti-6Al-4V, Igbal et al. [32]
observed a better machinability when changing from up
milling to down milling. This is attributed to the favorable
process kinematic resulting in less friction and ploughing.
By combining an internal cryogenic cooling with a mini-
mum quantity lubrication (MQL), Park et al. [33] were able
to further improve tool life while end milling Ti-6Al-4V.

However, it has also been shown that the cryogenic
milling has its limits when machining Ti-6Al-4V. Wika
et al. [34] could demonstrate that no significant improve-
ment of the tool life is obtained at elevated cutting param-
eters (v.=80 m/min) even when combining the cryogenic
cooling with an MQL. The same observation was made
by Tapoglou et al. [35] when using a cutting speed of
v.=100 m/min. In both cases, the cryogenic coolant was
outperformed by a conventional flood cooling. The authors
concluded that the lack of lubrication when using a cryo-
genic cooling has a decisive negative impact on the cutting
performance. This is especially evident at higher cutting
speeds, since the amount of friction and heat being gener-
ated is increased drastically [34, 35]. In comparison to a
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cryogenic cooling, a conventional MWF supplied at liquid
state inhibits much better lubrication effects and addition-
ally a promoted wetting behavior. However, their supply
temperature is generally limited to temperatures above
0 °C, hampering their cooling performance [28, 36]. The
results provided by literature show that the performance
of the applied cooling strategy is strongly impacted by
the applied milling strategies and the resulting occurring
loads. To improve the machinability of Ti-6AL-4V, espe-
cially at elevated cutting speeds, a suitable cooling strat-
egy should provide high cooling capacities and beneficial
lubrication properties.

Mixtures of water and polyhydric alcohols, so-called
sub-zero MWF, offer the potential to combine the benefits
from cryogenic and conventional flood cooling [37]. These
sub-zero MWF can be applied at supply temperatures well
below 0 °C while maintaining their liquid state. This ena-
bles high cooling effects due to the combination of low
supply temperatures and a beneficial wetting behavior [37,
38]. The promoted heat transfer in superposition with the
lubrication effects of the sub-zero MWF promotes a lower
thermo-mechanical load when machining Ti-6Al1-4V [39].
In previous works, the application of sub-zero cooling
strategies resulted in less tool wear [40] and an optimized
surface integrity [41, 42] when turning Ti-6Al1-4V. While
milling Ti-6Al-4V, a favorable thermo-mechanical load
has also been observed by us, which resulted in a better
surface quality compared to a cryogenic cooling strategy
[43].

By now, the application of sub-zero MWF for milling
operations is very limited and has so far only been inves-
tigated at comparably low cutting speeds (v,=50 m/min)
[43]. However, the cutting parameters chosen have a deci-
sive impact on the performance of the cooling strategy and
the respective cutting process. Therefore, the aim of this
paper is to characterize the performance of a sub-zero cool-
ing strategy in dependence of the cutting parameters during
milling and the respective occurring loads. For reference,
the performance of the sub-zero cooling strategy will be
compared with a cryogenic CO, cooling. In addition, the
impact of up milling vs. down milling will also be investi-
gated. The influence of the respective cooling and milling
strategies on the milling process will be characterized by the
occurring forces, as they are suitable to indicate the process
stability as well as the overall machinability when milling
Ti-6Al1-4V [19, 44]. In addition, the resulting tool wear and
the surface quality achieved are analyzed and compared.
As an outcome of this paper, the results presented allow a
comprehensive evaluation regarding the performance of a
highly efficient sub-zero cooling strategy for a broad variety
of milling operations. This in term offers high potential to
improve the overall machinability of the hard-to-cut titanium
alloy Ti-6Al-4V.
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2 Experimental setup
2.1 Machining experiments

Solution annealed Ti-6Al-4V workpieces with a cross
section of A=10x 10 mm? and a length of /=100 mm
were machined via end milling. The milling experiments
were all carried out on a 5-axis machining center (Deckel
Maho Gildemeister DMU 70 eVolution'). The experimen-
tal setup is depicted in Fig. 1.

The combination of two cooling strategies and two mill-
ing strategies was investigated resulting in the four cases
listed in Table 1. For each case, the influence of the cutting
parameters was investigated by systematically varying the
cutting speed and the feed per tooth (see Table 1). Con-
sequently, a total of 36 different setups were investigated.

! sub-zero MW

B
4 .

Fig. 1 Depiction of the experimental setup when using the sub-zero
MWF

For statistical verification, three tests were conducted
with the same end mill for each setup. To characterize the
influence of the cooling and milling strategy on the resulting
tool wear, a new end mill was used for every setup investi-
gated. The tools used are further specified in Table 2. Before
starting each test, a uniform workpiece temperature of 20 °C
was ensured using type K thermocouples (NiCr-Ni).

For the sub-zero MWF, a mixture of water and ethane-
1,2-diol (MEG) was used. The mass ratio of that mixture
was {yveG.waer = 1.72 g/g of MEG and water, which corre-
sponds to a composition of 0.33 mol MEG per 1 mol of sub-
zero MWEF. An alkyl phosphate was added as an anti-wear
agent (C;,H,;,0,P) with a concentration of 14 g per 1 kg of
sub-zero MWF. Additionally, 3.7 g of disodium metasilicate
(Na,Si0;) was added per 1 kg of sub-zero MWF as a corro-
sion inhibitor. The supply temperature of the sub-zero MWF
was set to Ty ,ero = — 30 °C. The sub-zero MWF was sup-
plied to the cutting zone via two nozzles with a respective
outlet diameter of d=1 mm at a constant volume flow of
V = 2.7 L/min. The temperature and the volume flow were
measured suing a Coriolis flow meter (Siemens FCS 400").

Table 2 Specification of the milling tool used (manufacture’s infor-
mation)

Tool: RF 100 Ti (Giihring KG')

DK 460 UF WC: 90%, Co 10%
Coating Ti-Al-N

Diameter D=10 mm
Number of teeth z=4

Cutting edge radius rp=5um

Corner radius R=0.5mm

Helix angle p1=35°% p,=38°

Table 1 Cases and process

parameters investigated
1 Sub-zero

2 Sub-zero
3 CO,
4 CO,
V. in m/min

50

100

150

50

100

150

50

100

150

Case Cooling strategy

Milling strategy

Down milling

Up milling

Down milling

Up milling
f,in mm a, in mm a, in mm
0.04 1 10
0.04 1 10
0.04 1 10
0.08 1 10
0.08 1 10
0.08 1 10
0.12 1 10
0.12 1 10
0.12 1 10
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For the experiments with CO, cooling, the cryogenic
coolant was stored at ambient temperature in a siphoned
gas cylinder. With an outlet temperature of T-,= —78.5 °C
[27] and a mass flow of 7z = 0.7 kg/min, the CO, was sup-
plied to the cutting zone via two nozzles. Each nozzle had
an outlet diameter of d=0.5 mm. The mass flow was esti-
mated by measuring the weight loss of the gas cylinder with
a weighting platform. Both supply techniques were adapted
from previous investigations [45], as they provide favorable
cooling capacities.

2.2 Measurement technology

Using a rotating dynamometer (Kistler Type 9123C"), the
three force components F,, F ) and F, were measured at the
tool during milling. A sampling frequency of 15 kHz was
used. The force measurements were triggered using the NC
code of the machining center to ensure a uniform start and
end of the respective measurement. In Fig. 2, the orientation
of the three force components is schematically depicted.

A representative measurement of each force component
over the feed path is given in Fig. 3. Due to the rotation of
the tool, the force components F, and F, acting on the tool
show similar characteristics. However, the forces measured
regarding F, seem to be slightly higher, which can be attrib-
uted to the different helix angles of the tool (see Table 2).
Increasing the helix angle influences the ratio between axial
and radial force components as well as the geometry of the
flute. This in turn highly impacts the chip formation, the
process stability regarding vibrations, and consequently the
occurring forces. When milling Ti-6Al1-4V, this influence
of the helix angle on the occurring forces has also been
observed by Igbal et al. [32].

/ <«<— feed path
/ —
FBK/46-70 F

Fig.2 Schematic depiction of the orientation of the force components
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workpiece: tool: RF 100 Ti

Ti-6A1-4V cemented carbide: DK 460 UF, z = 4

10 x 10 x 100 mm® coating: Ti-Al-N, D = 10 mm, r, = 5 um
cutting parameters: cooling strategy: sub-zero

a,= l mm, v.= 150 m/min T, =-30°C

a,= 10 mm, f, = 0.08 mm V = 2.7 I/min

FBK/46-71

Fig.3 Representative measurement signal of the forces occurring on
the tool during milling

The entrance and exit of the tool are clearly visible
for each force component. In order to prevent possible
errors resulting from the tool engagement and tool clear-
ance, a uniform evaluation length over the feed path was
maintained. Within this evaluation length, the RMS was
calculated for each force component to determine the
resulting force Fy,, via Eq. 1.
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Fres = \/FytEo+F (0

Tool wear was characterized using an optical microscope
(Olympus SZ61%). The state of the tool was observed after
all three tests of the respective setup were conducted. This
corresponds to a cumulated milling path of /,=300 mm.

The influence of the cryogenic and sub-zero milling pro-
cess on the surface quality was determined via optical meas-
urements of the surface topography. A confocal microscope
(NanoFocus AG, psurf expert!) was used with an objective
with a 20 X magnification and a numerical aperture of 0.6
with a lateral resolution of 0.67 um X 0.67 um. All samples
were cleaned and clamped in a sample holder to assure that
a similar location is measured during all measurements.
For some samples that were milled via up milling, chips
and adhesions were welded onto the surface. In order to
conduct a proper optical measurement, these artifacts had
to be removed carefully during the cleaning process (see

Fig.4 Representative depiction

of a surface generated via up @
milling before (a) and after (b)
the removal of adhered chips

FBK/46-72

Fig. 4). The measurements were evaluated to determine the
root mean square height Sq according to ISO 25178 [46].

3 Results and discussion

3.1 Impact on the occurring process forces
during cryogenic and sub-zero milling

In Fig. 5, the resulting forces occurring when down milling
are depicted in dependence of the cutting parameters for
cryogenic (a) and sub-zero milling (b). Increasing the feed
per tooth leads to higher resulting forces independent of the
cooling strategy or the cutting speed. Because of the higher
undeformed chip-cross section at a higher feed per tooth,
more material has to be removed per cut. This results in
higher forces which is also observed for dry milling [19] and
conventional flood cooling when milling Ti-6AI-4V [47].

workpiece:
Ti-6A1-4V

tool: RF 100 T1
cemented carbide: DK 460 UF, z = 4

10 x 10 x 100 mm’ coating: Ti-Al-N, D = 10 mm, r, = 5 pm
cutting parameters: cooling strategy: cryogen

v, = 150 m/min; a, = 1 mm, external CO,-cooling

f,=0.04 mm;a =10mm T, =-78.5°C, m= 0.7 kg/min
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Fig. 5 Resulting forces in dependence of the cutting parameters when
down milling using a a cryogenic and b sub-zero cooling strategy

Regarding the cutting speed, no significant influence is
observed at a constant feed per tooth of f, <0.08 mm for
both cooling strategies. However, at an elevated feed per
tooth (f,=0.12 mm) slightly higher resulting forces are
observed when increasing the cutting speed during cryo-
genic milling. In general, decreasing forces are expected
when increasing the cutting speed, due to higher thermal
loads which induce thermal softening [19, 48]. For cryo-
genic milling, however, this did not occur here. A possible
explanation is the alteration of the cutting edge geometry,
due to tool wear in form of adhesions and build-up edges.
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When machining Ti-6Al-4V, this is promoted by high ther-
mal loads which are expected especially at increased cut-
ting speeds [49]. The influence of the process parameters
during cryogenic milling on tool wear is further discussed
in Sect. 3.2.

During sub-zero milling, the resulting forces increase
slightly at v.=50 m/min only when regarding the highest
feed per tooth investigated (f,=0.12 mm). This might be
explained by the lack of thermal softening since the low-
est thermal loads are expected here. Despite that, the influ-
ence of the cutting speed when changing from v.=100 to
v,.=150 m/min is comparably low. Another possible expla-
nation could be the unfavorable ratio between the low cut-
ting speed and a high feed per tooth. This parameter setting
could enhance the development of build-up edges, resulting
in higher mechanical loads due to a change of the cutting
edge geometry.

When comparing cryogenic and sub-zero down milling,
the occurring resulting forces are generally within the same
magnitude. However, the resulting forces occurring during
cryogenic milling are slightly lower, especially at elevated
cutting speeds. It is assumed that the lack of beneficial lubri-
cation effects during cryogenic milling leads to more fric-
tion and therefore higher thermal loads especially at higher
cutting temperatures. While the sub-zero MWF offers better
lubrication, therefore reducing the friction, the higher cool-
ing efficiency of the sub-zero cooling also counteracts the
thermal softening. Consequently, it seems as if the thermal
softening has a higher impact regarding the resulting forces
in comparison to the reduction of friction via lubrication for
down milling operations.

The resulting forces occurring during up milling are
given in Fig. 6 in dependence of the cutting parameters and
the cooling strategy applied. Similar to down milling, the
resulting forces increase at higher feeds per tooth during
up milling for both cooling strategies, due to an increased
undeformed chip-cross section.

When changing from cryogenic down milling (Fig. 5a)
to cryogenic up milling (Fig. 6a), higher forces are gener-
ally observed with the exception of two parameter combina-
tions (f,=0.8 mm, v,=50 m/min/f,=0.08 mm, v,=100 m/
min). Due to its kinematic, up milling does promote a higher
amount of plastic deformation in the workpiece surface layer.
This can result in ploughing effects with higher mechanical
loads. Increasing forces at higher cutting speeds are clearly
observed when an elevated feed per tooth (f,>0.08 mm) was
chosen. At a feed per tooth of f,=0.12 mm, the standard
deviation increases at higher cutting speeds. A significant
increase of the standard deviation is also observed for the
parameter combination of f;=0.08 mm and v,= 150 m/min.
The increased standard deviations do support the hypothesis
of a rapidly increasing tool wear, which is later discussed
in Sect. 3.2.
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Fig. 6 Resulting forces in dependence of the cutting parameters when
up milling using a a cryogenic and b sub-zero cooling strategy

When changing from down milling (Fig. 5b) to up mill-
ing (Fig. 6b) while applying the sub-zero MWF, no signifi-
cant change of the resulting forces occurs for every cutting
parameter combination investigated. A possible explanation
is given by the favorable lubrication effects of the liquid
sub-zero MWF. It is assumed that these lubrication effects
reduce the friction when cutting which might counteract the
ploughing effects occurring during up milling.

During up milling, generally higher forces are observed
for cryogenic milling in comparison to sub-zero milling.
This is especially evident for high feeds per tooth and high

cutting speeds. Despite the influence of thermal softening
and friction, it is assumed that rapidly progressing tool wear
has a decisive impact here. The characterization of the tool
wear is discussed in the following chapter.

3.2 Influence of the cutting parameters
on the resulting tool wear after cryogenic
and sub-zero milling

Depictions of the milling tools used for cryogenic milling
and sub-zero milling in dependence of the cutting param-
eters and the milling strategy are given in Fig. 7 and Fig. 8
respectively. Here, a representative cutting edge of each tool
is shown after a cumulated feed path of /,=300 mm. For
down milling (Fig. 7), no significant tool wear is observed
for the majority of the investigated parameter settings for
both cooling strategies applied. When applying the cryo-
genic coolant, minor adhesions are observed at the cutting
edge at an elevated cutting speed (v.=150 m/min) and feed
per tooth (f,=0.12 mm). These adhesions result from the
chemical reactivity of the titanium alloy which is promoted
at elevated temperatures. Since the thermal load increases
at higher cutting speeds and feeds per tooth, higher ther-
mal loads occur which is why adhesions are observed here.
These adhesions can alter the geometry of the cutting edge,
which can explain the slightly increased resulting forces
when down milling using this setting of cutting parameters
(see. Figure 5a). For sub-zero down milling, no significant
amount of adhesions is observed at the cutting edges of the
tools, independent of the cutting parameters used.

After cryogenic up milling (Fig. 8), adhesions are
observed at the cutting edge of the respective tools for the
majority of parameter settings investigated. The amount and/
or size of adhesions observed increases with higher feeds
per tooth and especially with higher cutting speeds. When
comparing the milling strategies while using the cryogenic
cooling strategy, up milling leads to a significantly increased
tool wear, for most of the cutting parameter settings investi-
gated. This is attributed to the process kinematic during up
milling, since ploughing effects are promoted here, which
further increase friction and therefore the occurring thermal
loads and the resulting adhesions.

For up milling, the progressing tool wear does signifi-
cantly affect the occurring forces, which is why increased
standard deviations and higher resulting forces are observed
if an increased tool wear occurs (see. Fig. 6a).

After sub-zero up milling, no significant amount of adhe-
sions is observed at the cutting edges of the tools with the
exception of one cutting parameter setting (v.=150 m/
min, f,=0.12 mm). Here some minor adhesions are visible.
Hence, despite the higher thermal loads that are expected at
increased cutting parameters and the unfavorable process
kinematic during up milling, the sub-zero cooling does
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Fig. 7 Depiction of the tool after a feed path of /;=300 mm in dependence of the cutting parameters and cooling strategy when down milling
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Fig.8 Depiction of the tool after a feed path of /;=300 mm in dependence of the cutting parameters and cooling strategy when up milling
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effectively reduce the thermal load to counteract the forma-
tion of adhesions at the cutting edge.

3.3 Surface quality realized after cryogenic
and sub-zero milling

To characterize the influence of the milling process and the
cooling strategy on the surface quality, representative depic-
tions of the surface topography at a constant feed per tooth
are given in Fig. 9 (f,=0.04 mm), Fig. 10 (f,=0.08 mm), and
Fig. 11 (f,=0.12 mm).

When comparing the three figures, the influence of the
feed per tooth on the surface topography can be seen. At
higher feeds per tooth, the distance and height of the feed
marks increase, due to the change of the process kinematic
which is in line with the results obtained by Zain et al. [50]

and Karkalos et al. [51]. At a constant feed per tooth, the
process kinematic and therefore the kinematic roughness
resulting from the milling process are identical for all cases
investigated. In addition to the influence of the kinematic
roughness on the surface topography, other surface artifacts
are also observed in dependence of the milling and cooling
strategy. When using a cryogenic cooling during down mill-
ing, small amounts of adhesions (e.g., Fig. 9: v.=100 m/
min) and scratches (e.g., Fig. 9: v.=150 m/min) are vis-
ible at the workpiece surface for some of the cases inves-
tigated. It is likely that these scratches result from chips
which were dragged across the workpiece surface. The
amount of adhesions increases significantly when chang-
ing from down milling to up milling, especially at higher
feeds per tooth and higher cutting speeds. At the lowest
feed per tooth investigated (f,=0.04 mm), these adhesions
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are only present when using the highest cutting speed of
v,.=150 m/min (see Fig. 9). At the highest feed per tooth of
f,=0.12 mm, adhesions are observed on the workpiece sur-
face for every cutting speed investigated (see Fig. 11). This
deterioration of the surface quality due to adhesions results
from the high thermal loads within the cutting zone. These
loads are enhanced by ploughing effects due to the process
kinematic and the elevated cutting parameters which highly
increase the friction and therefore the occurring temperature.
The occurrence and magnitude of the adhesions that occur
during cryogenic up milling are in line with the tool wear
that is also observed for these respective cases (see. Figure 7
and Fig. 8). After sub-zero milling, no severe artifacts are
observed on the workpiece surface regardless of the mill-
ing strategy, or the combination of process parameters used.
Even at unfavorable cutting conditions like high cutting

@ Springer

speeds or after up milling, no adhesions did occur on the
workpiece surface. This is also in line with the observations
made regarding the tool wear (see Fig. 7 and Fig. 8) where
no significant alterations of the cutting edges were found
after sub-zero milling regardless of the milling strategy and
the cutting parameters investigated.

In comparison to the cryogenic CO, cooling, the occurrence
of artifacts on the workpiece surface is clearly reduced when
using the sub-zero cooling for both down milling and up mill-
ing and for every combination of cutting parameters investi-
gated. The superior performance of the sub-zero cooling can be
explained by the enhanced cooling capacity which effectively
decreases the thermal load even at unfavorable cutting condi-
tions (up milling, increased cutting parameters). This sufficient
reduction of the thermal loads counteracts the formation of
adhesions at the workpiece surface. In addition, the sub-zero
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cooling offers beneficial lubrication effects which reduce fric-
tion within the cutting zone and promote the reduction of the
thermal load. The lubrication effects and the high pressure that
is used to supply the liquid sub-zero MWF are also beneficial
to sufficiently remove chips from the cutting without damaging
the workpiece surface which is why no scratches are observed
after sub-zero milling.

To further characterize the surface quality, the root mean
square height was measured to quantify the respective
influence of the milling process and the cooling strategy.
In Fig. 12, the surface roughness, quantified via the root
mean square height, is depicted in dependence of the cut-
ting parameters when down milling using a cryogenic and
sub-zero cooling.

The influence of the cryogenic milling process during
down milling is given in Fig. 12a. When increasing the feed

per tooth from f,=0.04 to f,=0.08 mm, the root mean square
height increases independent of the cutting speed due to an
increase of the kinematic roughness. This is in line with the
surface topographies depicted in Fig. 9 and Fig. 10. How-
ever, further increasing the feed per tooth to f,=0.12 mm
does not lead to higher root mean square heights measured
(Fig. 12a), despite the increased kinematic roughness that is
observed when comparing the images of the surface topogra-
phy (see Fig. 10 and Fig. 11). While the kinematic roughness
mainly refers to the roughness in feed direction, the root
mean square height also takes the surface quality perpen-
dicular to the feed direction into account. This could mean
that the roughness perpendicular decreases when increasing
the feed per tooth from f,=0.08 to f,=0.12 mm, counter-
acting the higher kinematic roughness. Another possible
explanation is given by smearing effects which could quench
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the workpiece material from the roughness peaks into the
valleys resulting in lower root mean square heights. This
quenching is promoted by higher mechanical and thermal
loads due to ploughing and thermal softening. This becomes
evident regarding the parameter combination of f,=0.12 mm
and v,=150 m/min within Fig. 12a. Here a significant reduc-
tion of the root mean square height is observed since the
elevated cutting speed promotes thermal softening while the
high feed per tooth results in high mechanical loads.

For down milling (see Fig. 12b), an increase of the root
mean square height is observed with increasing feed per
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tooth, independent of the cutting speed. This consistent
increase of the surface roughness at higher feeds per tooth
is attributed to the kinematic roughness. With the excep-
tion of f,=0.12 mm, the root mean square height decreased
at higher cutting speeds when the feed per tooth is kept
constant. This could also be explained by thermal soften-
ing enhanced by the increased cutting speed. Choosing the
highest feed per tooth (f,=0.12 mm) and the lowest cutting
speed (v,=50 m/min) results in the highest root mean square
height measured for sub-zero down milling. This promotes
the assumption that build-up edges could have occurred due
to the unfavorable parameter combination, therefore decreas-
ing the surface quality.

In Fig. 13a, the influence of the cryogenic milling process
is depicted for up milling. When comparing to down mill-
ing (Fig. 12a), an increase of the root mean square height is
observed for every parameter combination investigated. This
can be explained by the promotion of ploughing effects dur-
ing up milling. When increasing the feed per tooth and the
cutting speed, the root mean square height and the respective
standard deviation increase significantly. This is the result
from the adhesions which are welded onto the workpiece
surface for these respective cases (see. Figure 9, Fig. 10,
and Fig. 11).

In Fig. 13b, the root mean square height is depicted for
sub-zero up milling in dependence of the cutting parameters.
At a constant cutting speed, an increase of the root mean
square height is also observed at higher feeds per tooth for
sub-zero up milling. In contrast to down milling, no signifi-
cant influence of the cutting speed is observed at a constant
feed per tooth of f,=0.04 mm. At elevated feeds per tooth
(f,20.08 mm), the root mean square heights even increase
with higher cutting speeds. Therefore, it is assumed that the
beneficial effects of the thermal softening are counteracted
by the promoted ploughing effects during up milling. These
ploughing effects are also enhanced at higher cutting speeds.
Here, the increasing thermal load at higher cutting speeds
leads to a higher ductility of the workpiece material which
does promote ploughing.

When comparing the overall performance of the cooling
strategies regarding the surface quality, the sub-zero cool-
ing outperforms the cryogenic CO, cooling for the majority
of the cases investigated. This becomes especially evident
during up milling, as the sub-zero cooling successfully pre-
vents adhesions on the workpiece surface due to a sufficient
cooling capacity and beneficial lubrication effects. These
lubrication effects also generally promote better surface
qualities for down milling in comparison to the cryogenic
cooling. However, when choosing the highest feed per tooth
(f;=0.12 mm) during down milling, cryogenic milling seem-
ingly produces better surface qualities, since smaller root
mean square heights are measured here. This is due to the
promoted thermal softening, resulting in smearing effects
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since higher thermal loads are expected here for cryogenic
milling in comparison to sub-zero milling, that in general
also stand for worse surface qualities (despite lower root
mean square heights).

4 Summary

Within this investigation, the performance of a novel sub-
zero cooling strategy was compared to cryogenic CO, cool-
ing when milling Ti-6Al-4V. Besides the cooling strategy,

the cutting parameters as well as the milling strategy were
systematically varied. The influence of the milling process
and the two cooling strategies was characterized by analyz-
ing the occurring forces, the resulting tool wear, and the
resulting surface quality.

The highest impact on the occurring forces was observed
when changing the feed per tooth, regardless of whether
the cryogenic or sub-zero cooling was used. In contrast,
the influence of the cutting speed on the occurring forces
was comparably low for sub-zero milling. When using the
cryogenic cooling, the increase of the cutting speed led to
higher forces, particularly during up milling. This increase
of the resulting forces was attributed to an increasing tool
wear mainly characterized via adhesions at the cutting edge.

Adhesions at the cutting edge were mainly observed dur-
ing up milling with the cryogenic CO, cooling. The amount
of adhesions did increase significantly when increasing the
feed per tooth and especially the cutting speed. This results
from the very high thermal loads in the cutting zone that are
promoted at high cutting speeds and due to friction caused
by the ploughing effects during up milling. No significant
tool wear was observed after sub-zero milling, regardless of
the cutting parameters and the milling strategy. Despite unfa-
vorable cutting conditions, the sub-zero cooling is able to
sufficiently decrease the thermal load due to a high cooling
capacity and favorable lubrication effects. As a consequence,
no adhesions did occur.

When regarding the surface quality, the sub-zero cooling
did outperform the cryogenic cooling as well for the major-
ity of cases investigated. The usage of the sub-zero cooling
led to less artifacts on the workpiece surface like scratches
or adhesions even for unfavorable cutting conditions. For
up milling, no suitable surface quality could be realized via
cryogenic milling, due to a significant amount of adhesions.
In contrast, a suitable surface quality was achieved when
using the sub-zero cooling strategy.

It can therefore be concluded that the highly efficient
cooling capacity of the sub-zero cooling strategy in super-
position with the beneficial lubrication effects is capable to
significantly reduce the thermal load when milling Ti-6Al-
4V. Consequently, the sub-zero cooling outperforms the
cryogenic cooling strategy regarding tool wear and surface
quality, especially for up milling. As a result, the applica-
tion of a sub-zero cooling strategy significantly improves the
machinability of Ti-6Al-4V when milling, thus offering high
potential to optimize the milling process regarding material
removal rate and/or tool life.

In future investigations, the potential of the sub-zero cool-
ing strategy for milling operation will be examined in more
detail. In particular, the improvement of tool life for milling
Ti-6Al-4V with a sub-zero MWF is of great interest. Moreo-
ver, the performance of this novel sub-zero cooling approach
will be compared to other cooling strategies with industrial
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relevance such as flood cooling and minimum quantity lubri-
cation. Due to its superior cooling capacity, the application
of sub-zero MWF could also be of high interest for various
other processes like drilling or grinding, or other hard-to-cut
materials like Inconel 718.
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