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The Effects of Temperature on the
Machining of Metals

O.W. Dilion, R.J. De Angelis, W.Y. Lu, J.S.
Gunasekera, and J.A. Deno

Abstract. The machining behaviors of metals at various workpiece temperatures are
studied by the milling operation. Cutting power was recorded; tool life, chip size, surface
finish and the microstructures of chips were examined.

INTRODUCTION

The machining of metals has been studied for over a
century. The experience and knowledge on this sub-
ject are well documented into charts and tables in
handbooks, which guide machinists in the determi-
nation of the optimal machining condition. The com-
monly considered machining variables are: tool ma-
terial, tool geometry, cutting fluid, cutting speed,
cutting depth, and feed rate. In general, machining at
room temperature is assumed. It is well known that
most of the work done in metal cutting is converted
to heat, and that results in a temperature rise in the
tool, workpiece, and chip. All the machining vari-
ables mentioned before affect the temperature distri-
bution. Temperature is always of concern in machin-
ing. For example, higher cutting rates generate more
heat; the cutting fluid cools workpieces and tools; and
the tool selection is limited by temperature. The idea
of raising or lowering the temperature of a material
during cutting is not a new one. However, the tech-
nique has not been adopted by industry.

Three materials with very different mechanical re-
sponses will be studied by milling at various temper-
atures to determine if there is any advantage of ma-
chining at a workpiece temperature different than
ambient.
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Machining Temperature

To lower the cutting temperature, cryogenics is usu-
ally applied to remove the heat. This technique is
known as cryogenic machining. The coolant is ap-
plied locally at the cutting tool, at the workpiece, or
at the chip. Hollis [1] used liquid CO, to remove heat
from the cutting tool when machining titanium alloys.
In the experiments of machining and grinding carbon
steels, Jainbajranglal and Chattopadhyay [2] applied
a liquid nitrogen jet to cool the region of the work-
piece in the cutting area. The advantages of enhanc-
ing tool life, improving surface condition, and reduc-
ing cutting forces were reported. (For a more complete
review of the work in cryogenic machining the reader
is referred to Chattopadhyay et al. [3].) By impelling
a jet liquid lubricant cooled by CO, at the chip, an
effective chip breaker {4] was developed that pro-
duced good chips both in size and form.

Machining at elevated temperatures is referred to
as hot machining. The idea is to soften the workpiece
by increasing the temperature so the material is easier
to remove. The early work was done by Tour and
Fletcher [5], who investigated hot spot machining of
carbon and alloy steels by using induction heating or
gas to heat the workpiece just ahead of the point of
catting, and by Schmidt [6], who conducted hot mill-
ing tests of steels with the workpieces preheated in a
furnace or heated by a torch on the milling machine.
Reductions in power requirements, faster cutting speeds
and feeds, excellent finish, and good tool life were
reported. Recently, laser-assisted machining [7] was
investigated. The results showed that the traditionally
hard-to-machine materials, such as nickel base alloys
and titanium alloys, became easier to cut.
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With the development of very difficult-to-machine
materials in the aerospace industry, the requirement
of accuracy and integrity in many modern applica-
tions, and energy and economic considerations, the
control of the workpiece temperature may become ad-
vantageous. This paper explores the benefits of con-
sidering the workpiece temperature as a machining
variable. Its purpose is to study the temperature ef-
fects on the following characteristics of the cutting
process: the cutting tool wear rate and life, the cutting
force and power, the quality of the surface finish, and
the chip size control for removal and handling. Since
changing the workpiece temperature will change the
mechanical behavior of the material and also the tem-
perature distribution in the tool and the chip, this study
will provide basic insights to the machining process.

The Milling Operation

The main objective of this project is to study the ef-
fects variation of the workpiece temperature has on
the machining of metals. A CNC (computer numer-
ical control) Bridgeport Series I vertical milling ma-
chine was selected for conducting the controlled ex-
periments requiring the exact repeatability of the test
cut. It was possible to design a suitable holding fix-
ture for the workpiece on the milling machine that
met requirements allowing the temperature of the
workpiece to be varied.

The workpiece fixture is an insulated polystyrene
aluminum box type structure that is capable of hold-
ing the specimen to be machined in a bath of liquid
nitrogen. The higher temperatures were obtained by
removing the insulating material and inserting a heat-
ing coil onto which the specimen was attached. Pre-
heating the specimen in a furnace prior to mounting
it in the fixture enhanced the heating process. The
fixture was insulated from the milling machine pre-
venting heat from dissipating into the machine. The
fixture is shown in Figure 1.

In contrast to turning on a lathe, the milling op-
eration produces chips of varying thickness and hence
a varying cutting force is experienced on the tool.
However, the milling operation is better for holding
a steady temperature during the machining process.

MATERIALS AND PROCEDURES

Materials

Polycrystalline specimens of OHFC copper, 304
stainless steel, and titanium alloy containing 8% Al,
1% Mo, 1% V (Ti-8-1-1) were the materials selected
for this investigation. Copper is face centered cubic
in structure and plastically deforms in a well behaved
fashion. Stainless steel is also face centered cubic in
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Fig. 1. Workpiece fixture for milling at (a) high tempera-
ture (280°C), (b) low temperature (—190°C), and (c) room
temperature. A test sample in place is shown in (c).

structure, however it is a material which work hard-
ens extensively and is difficult to shape by machining
operations. Ti-8-1-1 is an hexagonal closed packed
alloy containing a small fraction of a body centered
cubic phase.

Titanium and alloys of titanium are difficult to ma-
chine under normal conditions [8,9] and have been
shown [10] to deform extensively by twinning at low
temperatures and high strain rates. The different me-
chanical response of these three materials as a func-
tion of temperature and strain rate should lead to dif-
ferent responses to temperature changes during
machining by milling.



Test Machining Device

The experiments were performed on a Bridgeport Se-

ries I CNC vertical milling machine. The mill was

controlled by Bridgeport’s R2E4 control using BOSS

9 (Bridgeport operating system software) software.
A workpiece fixture was designed and fabricated

whose primary functions were as follows:

1. To hold the workpiece in the desired position. This
was done with standard strap clamps that were in-
corporated into the fixture.

2. To hold sufficient quantity of liquid nitrogen so as
to maintain the specimen at a steady liquid nitro-
gen boiling temperature.

3. To maintain the specimen at a high temperature.

Tool Selection

The cutting tools chosen were % in., two-flute end mills.
Standard high speed steel (HSS) end mills were used
on copper. Initially HSS was used on the stainless
steel; however, it was necessary to change to Cobalt
based alloy end mills for the stainless steel because
of tool failure at low temperatures. Cobalt based alloy
tools were also used for cutting titanium.

The Test Cut
The cutter path chosen for these experiments created
a square pocket with dimensions 5.1 X 5.1 cm. A
mechanical pocket in titanium is shown in Figure 2.
The depth of cut in machining of the pocket was
different for each material. This was done to insure
the completion of the cut without tool failure. The
same depth of cut was used for a given material at all
three temperatures.

Fig. 2. A pocket machined in titanium at —190°C.
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For the copper a total depth of 1.27 cm (0.5 in.)
was used with a maximum depth of cut of 0.318 cm
(0.125 in.). The total depth of the pocket in the stain-
less steel was 0.635 cm (0.25 in.), with a maximum
depth of cut set at 0.254 cm (0.1 in.). Note that the
total depth and the depth of cut were decreased for
the stainless steel in comparison to the copper. Pre-
vious trial cuts in the stainless steel with larger depths
resulted in tool failure for the low temperature cut,
thus it was necessary to decrease the depth.

The total depth and the depth of cut for the tita-
nium were decreased even further to 0.19 ¢m (0.075
in.) for the total depth of the pocket and 0.159 ¢m
(0.0625 in.) for the depth of cut. Many trial cuts were
performed to find a depth of cut that the tool would
survive. No satisfactory depth of cut was found that
successfully cut titanium; at high temperature, every
trial resulted in tool failure.

Cutting Speed Parameters

The initial parameters used were standard recom-
mended speeds and feeds for the material being cut
and the material of the cutting tool. However, since
these parameters are for cutting at room temperature
in the presence of cutting fluid or coolant, it was nec-
essary to make some modifications. The main goal in
deciding on the final cutting speed and feed rate was
to complete the cut in each material at all three tem-
peratures; low, ambient, and high. Several trial cuts
were made to arrive at an acceptable parameter. Since
it was important that the parameters be the same for
all the machining involving the same workpiece ma-
terial, it was necessary to do trial cuts for the various
materials for all three temperature ranges to see if the
cut could be completed without tool failure. On one
occasion, after successfully completing the low tem-
perature cut for titanium, the tool failed during the
ambient temperature experiment. This required the low
temperature experiment to be repeated at a new pa-
rameter setting. The cutting of titanium at high tem-
perature was not achievable with the stock and cutting
tools available.

The parameters that were finally chosen for the
various materials are listed in Table 1. Since it was
necessary for the cutter to make a plunge cut into the
material, a plunge feed of one half of the mill feed
was chosen. The Bridgeport plunges in such that the
cutter “ramps” down into the part rather than plung-
ing straight down.

Measurements Made

The temperature of the workpiece was monitored us-
ing a platinum RTD (resistance thermal detector) pur-
chased from Lakeshore Cryotronics Inc., model PT-
102. The RTD used for the experiment could record
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Table 1. Cutting Speed Parameters

Copper Stainless Steel Titanium
Spindle speed (rpm) 1700 700 450
Feed rate, cm/sec (in./min) 0.64 (15) 0.12 2.9) 0.15 (3.6)
Cutting tool used HSS Cobalt Cobalt

temperatures ranging from —260 to 600°C. The fluc-
tuation in load was continuously monitored by a three-
phase wattmeter connected to the Bridgeport main
motor input.

Evaluation of The Machined Surface

The roughness of the machined surfaces was deter-
mined using a profilometer. From the traces of the
surface profile the largest peak to valley distances were
determined and these are reported in Table 2. The
smoothest surface (3 pwm roughness) was that of the
Ti-8-1-1 alloy milled at —190°C. Both the 304 SS
and copper showed improvement in surface roughness
as the temperature of the workpiece decreased.

Optical Metallography

Specimen preparation. Specimens of the ma-
terials as received and samples of the chips that were
produced from the materials during milling at room
temperature, —190°C, and 280°C were prepared for
optical observation. The preparation of the specimens
consisted of cold mounting, rough polishing on a belt
sander, hand polishing through 600 grit paper, and
finish polishing on alumina dressed cloth wheels. The
microstructures of etched specimens were recorded
using an inverted stage optical metallograph. The
etchants employed on the metallic materials are listed
in Table 3.

RESULTS
Power Consumed in Milling

Copper. It is quite obvious from the data re-
ported in Table 4 that copper machined best at high

temperatures. The plunge load is maximum when

Table 2. Surface Roughness of The Machined Surfaces,

pm
Stainless Titanium
Copper Steel 8-1-1
-190°C 8 7 3
RT 6 10 7
280°C 7 18 16

copper was machined at low temperature and mini-
mum when machined at high temperature. It is inter-
esting to note that the net change in temperature when
copper is machined at room and high temperature is
almost the same. But at low temperature, liquid ni-
trogen is cold enough to maintain the workpiece at
more or less a steady temperature.

Stainless Steel. Stainless steel did pose problems
in the beginning. The experiment to machine stainless
steel at liquid nitrogen temperature using a HSS tool
was attempted first. However this run was unsuc-
cessful due to chip build-up problems. The chip would
weld itself to the tool and prevent further machining.
The tool was changed three times in the same run and
ultimately the run had to be abandoned. However, this
problem was overcome with a change of tool. It was
decided to use a cobalt based alloy tool with a re-
duction in feed rate. The results listed in Table 5 show
that the plunge load is the lowest at high temperature.
These observations indicate that stainless steel is eas-
ier to machine at high workpiece temperature.

Titanium. There was no appreciable change in
load at all at low temperature while there was some
change in load during a plunge cut at room temper-
ature as shown in Table 6. However, high tempera-
ture definitely posed problems with titanium. During
the first run, the tool failed after it had completed nearly
two-thirds of the run as there was a lot of heat gen-
erated at the cutting edges which was evident from
the orange glow at the tool interface. A second run

Table 3. Metallographic Etchants

Stainless steels

As received 62 ml perchloric acid (70%)
Electropolishing 700 m! ethanol
reagent 100 ml buthyl cellusolve

137 m] distilled water
3 parts distilled water
2 parts hydrochloric acid
1 part peroxide
Copper 10 g ferric chloride
30 ml hydrochloric acid
130 ml distilled water
10% hydrofloric acid
5% nitric acid
70% distilled water

Machined chips
Chemical etchant

Titanium 8-1-1
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Table 4. Test Data—Copper

Liquid N, Room High
Temp. Temp. Temp.
Starting —-191.64 23.02 280.34
temperature’, °C
Max. —193.24 52.35 308.39
temperature?, °C
Change in 1.6 29.33 28.05
temperature®, °C
Plunge load®, 600 400 200
Watt
Cutting load’, 200--600 200-400 200-400
Watt

'The temperature of the workpiece before the commencement
of machining.

’The maximum temperature attained by the workpiece during
machining.

3>The absolute difference of the starting and the maximum tem-
perature.

“The deviation from idle load during a plunge. Idle load refers
to the load on the machine when the spindle is rotating but is not
machining. :

*The deviation from idle load during cutting.

Table 5. Test Data—Stainless Steel

Liquid N, Room High
Temp. Temp. Temp.
Starting —-194.18 25.08 291.54
temperature, °C
Max. —190.70 57.04 299.94
temperature, °C
Change in 3.48 31.96 8.4
temperature, °C
Plunge load, Watt 200 100 NAC*
Cautting load, NAC NAC NAC
Watt

*NAC—no appreciable change. Since the meter would pick
up changes in load of magnitude 100 W or more, NAC indicates
that the change in Ioad on the machine was less than 100 W.

Table 6. Test Data—Titanium

Liquid N, Room High
Temp. Temp. Temp.
Starting -194.18 24.56 277.54
temperature, °C
Max. —194.18 40.15 NA!
temperature, °C
Change in 0 15.59 NA
temperature, °C
Plunge load, W NAC? 100 NAC
Cutting load, W NAC NAC NAC

'Not applicable, because the tool failed.
*No appreciable change. (see Table 5.)
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was carried out in order to confirm the resuit of the
previous run and the results of the second run were
in agreement with those of the first. Thus the ma-
chinability of titanium is improved at low workpiece
temperature.

Microstructure Results

As-received material. The as-received micro-
structures of copper and stainless steel, respectively,
were annealed single-phase structures shown in Fig-
ure 3(a) and (b). The stainless steel was fully an-
nealed; however the copper was partially hardened,
as can be seen by comparing the hardness of the as-
received material at room temperature and the hard-
ness values give in Table 7 obtained from chips formed
from the high temperature workpiece. The Ti-8-1-1
alloy microstructure consisted mostly of a fine grained
hexagonal close packed alpha (light etching phase)
mixed with a very small amount of body centered cu-
bic beta phase (dark etching phase), Figure 3(c).

Machined chips. One of the most important
considerations in the fully automatic machining of
materials is chip control and handling. An important
consideration is that the chips should not be large or
they may stop the operation of the machine. Very small
chips are desirable because they are easily removed
from the machine. The smallest chips produced in this
study came from the machining of titanium at a work-
piece temperature of —190°C. The largest size chips
of titanium were formed when the workpiece was at
ambient temperature. The limited ductility and exten-
sive fracturing necessary to produce the very small
chips of the Ti-8-1-1 alloy at —190°C could be due
to the crack nucleation at twin intersections as first
suggested by Cahn [11] and further developed by
Meakin and Petch [12].

The microstructures of the chips formed from
workpieces at room temperature and —190°C were
typical of heavily cold worked structures. The struc-
tures of the chips formed from workpieces at —190°C
contained a large number of crystallographic defor-
mation markings which could be slip bands or me-
chanical twins. The appearance of many of the mark-
ings indicate that they are all twins. These twins are
very visible in the optical micrographs of the copper
and stainless steel specimens shown in Figure 3(d) and
(e), respectively. Mechanical twinning in copper was
first reported by Blewitt et al. [13] at —196°C and by
De Angelis and Cohen [14] under shock wave defor-
mation conditions at room temperature. In the milling
operation, twinning of the face centered cubic mate-
rials is observed only at the —190° C workpiece tem-
perature conditions. The temperature of the chips
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Fig. 3. Optical micrographs of the as-received (a) copper,
(b) stainless steel, (¢) Ti-8-1-1, and chips formed at —190°C
for (d) copper, (e) stainless steel, (f) Ti-8-1-1.

formed from the room temperature workpiece con-
dition are estimated from the microstructure to be about
200°C which is apparently above the temperature at
which the twinning mode of deformation is operative.

The hardness of the chips formed from the 304 SS
and copper at the workpiece temperature of 280°C
was lower than that of the chips of the same materials
formed at room temperature (see Table 7). The cop-
per chips were fully annealed while the 304 SS chips

Table 7. Hardness (VHN) of the Metals and Machined

Chips
Titanium Stainless
8-1-1 Steel Copper

As received

-190°C 393 NA NA

RT 371 166 95

280°C 394 NA 59
Machined chips

~190°C 389 432 118

RT 417 437 150

280°C 426 331 58
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were partially anneaied. The microstructure of the 304
SS chips formed from a 280°C workpiece contained
regions of recrystallized grains, an indication that the
temperature of these regions of the chip was above
600°C. The hardness data of the stainless steel and
titanium alloy at ambient workpiece temperatures
compare very favorably with similar data reported by
Child and Dalton [15].

Twins that formed in the Ti-8-1-1 alloy were much
finer than the twins that formed in the other two ma-
terials. The microstructures of the titanium alloy chips
formed at the workpiece temperature of —190°C are
shown in Figure 3(f). The enhanced twinning during
the plastic deformation of titanium and its alloys at
low temperatures was well established by Garde et al.
(10]. In commercially pure titanium deformed in
compression in the temperature range of 25 to 300°C,
Paton and Backofen [16] observed that more than 80%
of the total strain in titanium specimens was due to
(11-22) twinning.

DISCUSSION

Concerning the association of fracture and twinning,
Tuer and Kaufmann [17] stated that “twinning and
fracture are both essentially cataclysmic processes of
elastic stress (or strain) relief, and the conditions which



are ideal for the development of one will generally be
satisfactory for the development of the other.” This
competitive role of twinning against cracking depends
closely on the mechanical and thermal properties of
the material and the experimental conditions. In the
case of Ti-8-1-1, as the workpiece temperature de-
creases the work required to remove metal decreases,
the finish roughness decreases, and the length of the
chips becomes shorter. These three desirable char-
acteristics were connected with the increase in defor-
mation by mechanical twinning and cracking. An-
other possible explanation of the improved machining
behavior of titanium at —190°C is that suggested by
Shaw [18]. He indicated that titanium machined at
ambient temperatures forms chips which may be long
but they are extremely heterogeneous in strain. This
is due to the low thermal conductivity and specific
heat of the material. As a shear band forms on a spe-
cific plane the material in the region is heated rapidly
due to the low thermal conductivity [19]. The me-
chanical properties of titanium decrease rapidly with
temperature which causes further deformation to lo-
calize in the heated region and produce further tem-
perature increases. Finally cracking may occur. Due
to greater strain localization, the potential for crack-
ing would be much higher at the lower workpiece
temperatures, as observed in this investigation.

In the case of copper the effects of temperature on
machining were very slight. This behavior can be ex-
plained by the excellent thermal conductivity of cop-
per combined with the lack of temperature depen-
dence of the toughness. Stainless steel, on the other
hand, shows an increase in toughness with decreasing
temperature, the area under the stress—strain curves
for temperatures of 204°C, room temperature, and
—196°C are in the ratios of 1:2:3 [20]. This could
easily account for the increased difficulty experienced
in machining 304 SS at the reduced temperatures.
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