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Use of nitrogen gas in high-speed milling of Ti-6Al-4V
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Abstract: To inhibit chips burning in the high-speed cutting of Ti-6Al-4V, nitrogen gas with 0.7 MPa pressure was ejected at the
milling zone. The high speed flowing of nitrogen gas speeds up the chips leaving, and prevents the chips from burning at the same
time. By this method the cutting force is reduced. Especially, the temperature increment of the finished surface is smaller than 5 C.
This prevents the increase of hardness, improves the roughness of the finished surface, and reduces the tools wear. Comparing and
analyzing the morphology and color of chips, which are obtained from the high-speed machining of Ti-6Al-4V with and without
nitrogen gas ejection, show the action mechanism of nitrogen gas during the high-speed machining of titanium alloy, and it is
concluded that nitrogen gas can be used to realize the proper high-speed milling of Ti-6Al-4V titanium alloy.
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1 Introduction

To improve the assembly accuracy and mobility of
fighter plane, stock is left after titanium alloy part is
machined in numerical control workshop, and this stock
is cut off during flexible assembly. To keep the position
accuracy of fighter plane, cutting force is demanded as
much as small, and liquid lubrication oil is not allowed to
use. The efficiency of original machining method is low
and cutting force is large, so it cannot meet the demand
of flexible assembly. The aim of the present work is to
solve these problems.

The major application of titanium alloys is in the
aerospace industry due to their high specific strength at
elevated temperatures and exceptional corrosion
resistance. However, titanium alloys were classified as
“difficult-to-machine” material owing to their several
inherent properties, such as low thermal conductivity,
low elastic modulus, high strength at -elevated
temperature and high chemical reactivity with many
cutting tool materials during machining process. Very
high temperature in the machining zone can damage the

finished surface of titanium alloys easily. Another
impairment caused by the high temperature is the
melting of titanium alloy chips and adhesion to the tool
and on the machined surface.

Lots of studies have been done on the machining of
titanium alloys, including tool wearing[1-3], chip
chips)[4], and the
optimization of machining parameters[5—6]. ZHAO et al
[7] did some studies about tool wearing in high speed
using nitrogen-oil-mist as a cutting medium. The highest
cutting speed was 400 m/min. BAKER[4], JIANG and
SHIVPURI[8] simulated the shaping process of titanium
alloy. They found that the chips were discontinuous

forming (especially serrated

when cutting with slow speed, while they were serrated
when cutting with high speed. The highest machining
speeds were 600 m/min in FEM mode and 240 m/min in
experiment. CHE-HARON and AWAID[6] researched
the integrity, roughness, micro-hardness and micro-
structure of the machined surface. The highest cutting
speed selected in their experiment was 100 m/min[6].
VARGAS PEREZJ[3] studied the wear mechanism of
WC inserts in face machining of titanium alloy. He
demonstrated that this alloy had marked strain rate sensi-
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tivity and tendency to strain hardening when the face was
milled under certain cutting conditions[3]. The alloy
chips were prone to burning in high speed machining,
and the chips would burn more severely if lubrication oil
was used. The burnt chips would adhere to cutting edges,
causing tool to wear off rapidly, and the machined
surface integrity to be impaired at the same time.
Furthermore, liquid lubrication oil is forbidden to use in
the assembly process of airplane. So, the cutting speed of
titanium alloy in most studies was very low, around 100
m/min[9—-10]. HONG et at[11] studied cryogenic
machining of titanium alloy Ti-6Al-4V to improve tool
life, and a special setup was designed. YILDIZ and
NALBANT[12] reviewed the cryogenic cooling in
machining processes of Ti-6Al-4V.

In this study, Ti-6Al-4V was machined with the
cutting speed of 565 m/min, and nitrogen gas was ejected
to the machining zone. This is a higher speed machining
technology for cutting Ti-6A1-4V[13].

2 Experiment of high speed machining
Ti-6Al-4V

The workpiece material was Ti-6Al1-4V. Table 1 lists
the machining conditions of cutting Ti-6Al-4V with high

Tablel Machining conditions of cutting Ti-6A1-4V with high
speed

Tool
Material Number of C.orner Coating Diameter/
flutes radius/mm mm
Cemented 0.3 TIAIN 12
carbide
Machining parameters
Cutting Cutting Feed rate/  Spindle speed/
depth/mm width/mm (mm'min ") (rmin")
0.5 1.0 400 15 000

Pt ™

Fig.1 Experimental setup of cutting Ti-6Al-4V

speed operation with milling hole diameter enlarged
from 20 mm to 26 mm. Fig.1 shows the experimental
setup. The cylinder workpiece was clamped with a
fixture mounted on the quartz three-component
dynamometer of KISTLER 9257B type. Experiments of
cutting Ti-6Al-4V with and without nitrogen gas ejection
were done. The pressure of nitrogen gas was 0.7 MPa.

3 Abrasion on tool rake face

Chips wrapped around the tool tip, and burning
happened in dry machining of Ti-6Al-4V (without
nitrogen gas), as shown in Fig.2(a). Although the
majority of machining heat was taken away by chips
during high-speed machining, if the chips could not be
removed immediately, the burning chips would adhere to
the cutting edge strongly, and the cutting edge would
wear off rapidly in the high speed revolution process. If
the cutting operation was continued with the severe worn
tool, the workpiece material would melt.

There was no flaming chips when nitrogen gas was

Fig.2 Experiment of milling hole on Ti-6Al-4V: (a) Without
nitrogen gas; (b) With nitrogen gas (1—Nitrogen gas nozzle;
2—Milling tool; 3—Workpiece; 4—Fixture)
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ejected to the machining zone (Fig.2(b)), because the
flowing nitrogen gas with 0.7 MPa covered the whole
machining zone and oxygen was prevented to approach.
At the same time, the drainage of Ti-6Al-4V chips was
improved. Without nitrogen gas, the cutting time was
less than 10 min before the tool was worn heavily; and
the melt chips were adhered to the tool rake face (parts in
the two ellipses) (Fig.3(a)). Fig.3(b) shows the condition
of rake face when cutting with nitrogen gas ejection for
about 1 h. Because the cutting time was so long that the
tool was worn mildly, but there was not adherent chips in
the tool.

Fig3 Microimages of tools rake face: (a) Without nitrogen gas;
(b) With nitrogen gas

4 Analysis of cutting force and surface
roughness

The depth of the hole was 25 mm. Because the
nitrogen gas nozzle was not designed specially, nitrogen
gas could not able to be ejected to the destination when
the hole was deeper than 20 mm. Cutting force, shape of
chips, and the integrity of the machined surface when
cutting with nitrogen gas were all different from those
when cutting without nitrogen gas. Fig.4 and Fig.5 show
the cutting force curves when machining with and
without nitrogen gas, respectively. It is obvious that the
cutting force was greater when cutting without nitrogen
gas (the maximum of 162 N) than those when cutting
with nitrogen gas (the maximum of 109 N). The reason
of this is that without nitrogen gas, the chips congregated
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Fig.4 Measured cutting force in machining of Ti-6Al-4V with
nitrogen: (a) In X direction (b) In Y direction

around the cutting edge, and the condition of chip
drainage was very poor. The amount of machining heat
was generated greatly and the chips were melted and
adhered to the cutting edge. Then the cutting force
increased consequently.

When machining was finished, the roughness of the
machined surface was measured. The roughness of the
surface was 0.22 pm when using nitrogen while it was
3.5 um without nitrogen gas. This is because that when
nitrogen gas was not able to arrive at the machining
zone, lots of chips that absorbed a large amount of heat
and could not be removed immediately would burn. Then
the burning chips adhered to cutting edges and machined
surface. Fig.6 shows two morphologies of finished
surfaces. One was obtained when nitrogen gas was used,
and the other was obtained when nitrogen gas could not
arrive at the machining zone (especially the partial
surface in the ellipse).

5 Analysis of chip configuration

Though the same machining parameters were used,
the configuration of chips obtained with and without
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Fig.5 Measured cutting force in machining of Ti-6Al-4V
without nitrogen: (a) In X direction; (b) In Y direction

Fig.6 Morphologies of finished surface of high-speed
machining of Ti-6Al-4V: (a) With nitrogen gas; (b) Without
nitrogen gas

nitrogen gas ejection was different greatly. Fig.7 shows
the difference. When there was no nitrogen gas, the
shape of chips was continuous and undee. It was obvious
that the chip was composed of several serrated small
chips. This characteristic was more obvious when
observing the chip from its back side(Fig.8). The reason
why this configuration was formed during high speed
machining of Ti-6Al-4V can be explained as follows.
Chips that absorbed the majority of machining heat and
could not be removed away immediately from the
machining zone would be softened and burnt by the high
temperature when the edge cut into the material. The
temperature softening effect in the primary shear zone
was especially stronger than the other part and resulted in
the plastic instability, leading to catastrophic shear
failure along the shear surface. So, after every constant
length along the cutting edge trajectory, a serrated chip
would be formed[8,14]. A longer chip composed of

Fig.7 Configuration of chips under high speed machining of
Ti-6Al-4V: (a) Without nitrogen gas; (b) With nitrogen gas

Fig.8 Back side of chip in Fig.7(a)
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several serrated parts was generated when an edge cut
out the workpiece material. The fact that the chip length
was almost the same as the length of cutting layer
showed that the chip did not break from an edge
cutting-into to cutting-out workpiece material. The dark
blue color of the chip showed it was burnt in the
machining process. The continuous and burnt chips
adhered to cutting edge and machined surface would
result in the poor integrity of machined surface, and
increased cutting force at the same time. This conclusion
agreed well with the analysis of cutting force.

Fig.7(b) shows the shape of chips obtained when
nitrogen gas arrived at the machining zone. It was every
obvious that the color, length and shape of the chips were
changed. The length was about 1/3—1/4 that with
nitrogen gas; the color was even gray; and the shape was
not serrated. All these differences showed that, in an
edge cutting process, the cutting layer was broke into
3—4 parts, and the chips did not burn but was removed
away from machining zone because the existence and
high speed flowing of nitrogen gas. So, the chips did not
adhere to the cutting tool, and the abrasion of tool could
be improved greatly. The surface integrity could be
polished correspondingly.

The majority of machining heat was absorbed by
chips. With nitrogen gas, not only chip burning was
prevented but also machining heat was removed by the
flowing nitrogen gas. So, when the surface was just
finished, the temperature increment was very low (nearly
the room temperature), which could prevent the increase
of hardness on the top layer of the finished surface.

In general, elements that affect chip shape include
workpiece material properties, machining parameters and
tool geometry[15]. But based on above analysis, nitrogen
gas is another factor that affects chip shape of titanium
alloys.

6 Conclusions

1) When nitrogen gas was not used, the chip shape
was continuous and serrated. The chips were burnt in the
cutting process.

2) When nitrogen gas arrived at machining zone
with high flowing speed, the chips did not burn and were
broke into 3—4 parts and were removed away
immediately.

3) With nitrogen gas, the adhesion between chip and
cutting edge was prevented, and the abrasion condition
of tool was improved. The integrity of machined surface
was increased.
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