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Dependence of fatigue life on the surface
integrity in the machining of 2024-T351
aluminium alloy — unlubricated conditions

S. JEELANI, M. MUSIAL

School of Engineering and Architecture, Tuskegee Institute, Tuskegee, Alabama 36088, {JSA

An experimental investigation was conducted to study the dependence of fatigue life on the
surface integrity in the machining of 2024-T351 aluminium alloy under dry uniubricated con-
ditions. Cutting speeds ranging from 100 to 250 ftmin~" (30.48 to 76.2mmin~") and tool rake
angles ranging from 10 to 30° were used. The results of the investigation show that the dam-
age in the surface due to machining consists of a wide variety of defects such as cracks, long
straight grooves, cavities, microcracks and macrocracks, and severe plastic deformation, etc.
The severity of the damage decreases with an increase in the cutting speed and tool rake
angle. An increase in the cutting speed or tool rake angle resulted in an increase in the fatigue

life of the specimen.

1. Introduction

Many technological advances have taken place in
recent years in the development of new and improved
production techniques, but the metal machining
process continues to play an important role in the
manufacture of most metal items used today.
Machining consists of the removal of layers of the
material from the workpiece in the form of chips by
the action of a wedge-shaped cutting tool. The chips
are formed as the material is sheared in the defor-
mation zone [1]. The type of chip produced has a
controlling influence on the condition of the surface
generated. The discontinuous formation of a chip, for
example, results in a machined surface which contains
severely deformed areas, microcracks and macro-
cracks, cavities, etc. Continuous chip formation, on
the other hand, produces a smooth surface.

The type of surface generated in machining depends
on several variables; the work and tool materials, tool
geometry, cutting speed, feed, the presence or absence
of a lubricant in the cutting region, etc. Previous
investigations have shown that in the machining of
metals a damaged surface region is produced that is
different from the bulk of the material [2-8]. The
damage in the surface region consists of plastic defor-
mation, which is a result of the interaction between the
nose region of the tool and the machined surface of
the workpiece. The nose region includes the cutting
edge and the land and rake face of the tool. The
machined surface of the material contains residual
stress, the magnitude and nature of which depend on
the parameters mentioned above. The geometric
defects in the surface consist of grooves parallel to the
direction of relative tool motion, microcracks and
macrocracks perpendicular to the direction of the tool
motion, fine scale chatter marks, cavities, surface
roughness and other stress risers. The presence of a
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lubricant in the cutting region usually results in a
considerable reduction in the surface and subsurface
damage [9, 10}].

The failure of machined parts in service is invariably
due to creep, fatigue and stress corrosion. Such fail-
ures start as a small crack at the surface of a com-
ponent which propagates to the core and leads to
sudden failure. These fatlures depend very sensitively
on the quality of the surface [11-13]. Therefore, it is
important that the impact of machining on the con-
dition of the surface generated be understood, so that
remedial manufacturing procedures can be introduced
to reduce service failures.

The objective of the present investigation was to
determine the effect of cutting speed and tool rake
angle on the nature of the surface generated for
2024-T351 aluminium alloy when machined ortho-
gonally under dry unlubricated conditions, using
optical and scanning electron microscopy and to show
the dependence of fatigue life on the surface integrity
in machining.

2. Experimental work
2.1. Workpiece and tool
In this investigation aluminium alloy 2024-T351 was
used as the work material. The chemical composition
and mechanical properties of this alloy are given else-
where [14]. This material was selected because of its
wide application in industry. It has high strength and
good strength-to-weight ratio, and is therefore exten-
sively used in weight-sensitive situations, especially in
modern aircraft and ship components, and is widely
accepted as an engineering structural material in
industry.

The design of the workpiece is shown in Fig. 1. The
ring-shape design was preferred over the usual disc or
tube-type workpiece because it is convenient to test a
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ring or its segment in fatigue. The rings were cut from
an extruded seamless tube. The workpiece was held in
a mandrel, as shown in Fig. 1, while machining.
High-speed steel containing cobalt has been used as
a tool material. The addition of cobalt provides
greater hardness and wear resistance, however, it
results in lower toughness. The selection of cutting
tools is based on characteristics such as high strength
and rigidity combined with dimensional stability [15].

2.2. Cutting conditions

In the traditional machining of metals there is a very
wide variety in the types of operations employed and
selection of the most appropriate one for research
investigations is difficult. It was therefore decided to
select a process which was perhaps typical of all chip
removal processes, namely orthogonal machining. In
orthogonal machining the cutting edge of the tool is
perpendicular to the direction of relative work-tool
motion. From an industrial viewpoint it could be
argued that a process such as end milling or shaping
has greater utility than orthogonal machining. How-
ever, it was believed that in a complex process such as
machining the number of independent variables
should be kept as small as possible and the simpler
orthogonal process was preferred. In orthogonal
machining factors such as tool forces, the type of chip
produced and the temperatures generated can be
determined readily. Moreover, conditions of plane
strain deformation can be maintained. In other types
of machining operation (end milling, turning, etc.)
such determinations are difficult if not impossible to
carry out. The orthogonal cutting process is shown in
Fig. 2. ‘

Rake angle

i

Clearance angle

Nr
Toolpost \

156

Figure | Workpiece and mandrel.

The tests were conducted over a wide range of cut-
ting speed and tool rake angle under unlubricated con-
ditions. A constant feed rate of 0.010in. (0.0254 cm)
per revolution was used throughout the work. A sum-
mary of the cutting conditions is given in Table I.

2.3. Test procedures

Two sets of specimens were used in this investigation.
One set of approximately 50 specimens was used to
generate the S—N diagram, while the other set of
approximately 200 specimens was used for cutting and
fatigue tests.

All the surfaces of the specimens used to generate
the S— N diagram were polished to remove tool marks,
scratches, and other stress risers. A direct stress ten-
sion—compression fatigue machine DS-600 HLM,
manufactured by Fatigue Dynamics Inc. (Dearborn,
Michigan, USA) was used to conduct all the tests. The
machine is equipped with an automatic hydraulic load
maintainer which adjusts the preload continuously to
a present value without affecting the cyclical load. The
cyclical load can be adjusted manually up to +6001b
(~272kg). The test frequency of the machine ranges
from 600 to 2200 cycles per minute. A load cell is
provided to read the direct tensile or compressive load
on the specimen. The load cell is connected to a strain
indicator which is calibrated to read the maximum
stress in the specimen directly. Special specimen grips
were designed to hold the ring shaped specimen while
being tested in fatigue. All the fatigue tests were con-
ducted in tension only, using a stress ratio of R = 0.

The specimens used for the cutting tests were
polished on the side and inner surfaces. The dimen-
sions of the specimens were measured before and after

\_ Workpiece

Figure 2 Cutting action.



TABLE I Summary of cutting conditions

Cutting speed (ftmin~"') 100, 150, 200, 250
Feed (in./rev) 0.010
Rake angle (deg.) 10, 15, 20, 25, 30

Clearance angle (deg.) 5

Width of cut (in.) 0.250
Tool-wear land (in.) 0.000
Lubricant None

Tool material High speed steel

each test. The cutting tests were performed on a lathe
equipped with a quick stop device. Approximately ten
specimens were tested at each cutting speed and rake
angle shown in Table I. Before testing the machined
rings in fatigue, the machined surfaces were examined
using optical and scanning electron microscopes. The
roughness of the surfaces was also measured. To study
the dependence of surface integrity on the fatigue life
of the specimens, all the machined rings were fatgued
at the same maximum stress of 60000 psi (~413N
min~?), and a stress ratio of R = 0.

3. Results and discussion

A considerable amount of data was generated on the
surface damage in aluminium 2024-T351 alloy that
was machined orthogonally over a wide range of cut-
ting conditions. In the following, only selected data
representative of the results in general are presented.

Figs. 3 to 6 show scanning electron micrographs of
selected surfaces generated when machining the
material with a sharp tool having a rake angle of 10°
at cutting speeds ranging from 100 to 250 ft min~"
(30.48 to 76.2mmin"") under dry, unlubricated con-
ditions.

It can be seen that the surfaces consist of a wide
variety of damage including long, straight grooves (g)
parallel to the direction of relative work-tool motion,
cavities (c) spaced widely in isolated areas, and fine
scale damage in between cavities. Straight grooves left
in the surfaces due to the formation of microchips (mi)

may also be seen in the micrographs. An increase in
the cutting speed results in a decrease in the surface
damage. The formation of cavities at low cutting
speed is due to the fragmentation of the chip at the
surface. At high cutting speed the surface appears
smooth; however, fine scale damage in isolated areas
can be seen at higher magnification. From Fig. 3 it can
be seen that in addition to grooves and cavities, the
surface consists of fine scale cracks (t) perpendicular
to the direction of relative work-tool motion. At
higher magnification it can be seen that in several
locations the surface has been plastically deformed
{Pd). Evidence of fibrous fracture of the material (f)
may also be seen in several places. Fibrous fracture of
the material in the surface region is due to the frag-
mentation of the chip at the root.

Figs. 4 and 5 show that as the cutting speed is
increased the cavities, grooves and other forms of
surface damage decrease in size and intensity. Fine
grooves left in the surface due to the formation of
microchips (mi) are discontinuous and poorly defined.
Fig. 6, which shows the surface generated at the
highest cutting speed used in this investigation, reveals
that the surface is very smooth with small and shallow
grooves and cavities that exist only in isolated areas.
At higher magnification it can be seen that tiny frag-
ments of the tool material or the built-up edge (b) are
deposited at the surface.

Figs. 6 and 7 show the effect of the increase in the
tool rake angle on the surface produced in machining.
It can be seen that an increase in the rake angle
produces a decrease in the surface damage. The sur-
face seems to be dimpled with some fine scale cracks
in isolated areas. Fig. 7c shows an enlarged view of a
microcrack (cr). It can be seen that the material is
essentially torn off, leaving signs of plastic defor-
mation and fibrous fracture during the formation of
the crack.

Machining metal consists of the removal of layers of
the material from the workpiece in the form of chips

—
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Figure 3 Scanning electron micrographs of the surface generated at cutting speed of 100 ft min~' (30.48 mmin ') with a tool having a rake

angle of 10° dry cutting. (a) x 400, (b) x 1200.
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Figure 4 Scanning electron micrographs of the surface generated at cutting speed of 150 ft min~' (45.72 m min~ '} with a tool having a rake

angle of 10°, dry cutting. (a) x 400, (b) x 1200.

by the action of the cutting tool. The chips are formed
as the material is sheared in the primary deformation
zone. The type of chip produced has a controlling
influence on the type of machined surface produced.

At low cutting speed the cutting temperature is low
and the tool forces are high. The chip formation
process is discontinuous or partially discontinuous.
The surface produced under this condition consists of
cavities and coarse scale damage in the surface.
Several mechanisms of cavity and crack formation
have been presented in earlier papers (16, 17]. The
formation of discontinuous chips is responsible for the
fluctuations in the forces on the cutting tool. It is
suggested that the fluctuating tool forces produce a
surface with chatter marks perpendicular to the direc-
tion of relative work-tool motion (Fig. 3).

As the cutting speed is increased the temperature in
the primary deformation zone increases and the
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formation of the chips changes from discontinuous
and partially discontinuous to continuous. The sur-
faces produced under these conditions are smooth
with only fine scale surface damage in isolated areas
(Figs. 5 and 6). The continuous chip formation results
in a reduction in the fluctuation in tool forces which in
turn yields surfaces free of microcracks perpendicular
to the direction of relative work-tool motion, cavities,
and grooves (Fig. 6).

An increase in the tool rake angle results in a
decrease in the cutting and thrust components of tool
forces, which in turn reduces the damage in the surface
region (Fig. 7).

Figure 8 shows the etfect of changes in the cutting
speed and tool rake angle on the fatigue life of
2024-T351 aluminium alloy [18]. The fatigue life of
polished (virgin) specimens is also shown by a dashed
line in this figure. It can be seen that a substantial
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Figure 5 Scanning electron micrographs of the surfaces generated at cutting speed of 200 ft min~' (60.96 m min~') with a tool having a rake
angle of 10°, dry cutting. (a) x 400, (b) x 1200.
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Figure 6 Scanning electron micrographs of the surfaces generated at cutting speed of 250 ft min~' (76.2m min~') with a tool having a rake
angle of 10°, dry cutting. (a) x 400, (b) x 1200.

increase in the fatigue life can be obtained by increas-
ing the cutting speed. At low cutting speeds the dam-
age in the machined surface is very high, consequently
the fatigue life is low. As the cutting speed is increased
the damage in the surface region decreases resulting in
an increase in the fatigue life. An increase in the tool
rake angle results in a decrease to the damage in the
surface and subsurface of the material. Therefore, the
increase in the fatigue life with an increase in the rake
angle can be understood.

An interesting observation that can be made from
Fig. 8 is that the fatigue life of the machined specimens
is higher than that of the virgin material tested at the
same maximum stress for cutting speeds other than

Figure 7 Scanning eiectron micrographs of the surfaces generated at
cutting speed of 250 fimin~' (76.2mmin~') with a tool having a
rake angle of 30°, dry cutting. (a) x 400, (b) x 1200, (c) x 12000.
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Figure 8 Fatigue life of 2024—T351 aluminium alloy specimens
machined at various cutting speeds and rake angles.

those between 100 and 150ftmin~' (30.48 and
45.72mmin"'). This phenomenon may be explained
in the light of the work by Natarajan et al. [19] on the
measurement of residual stresses in 2024-T351 alu-
minium alloy. It has been found that the residual
stresses in the surface layers of this alioy due to
machining are compressive for the cutting conditions
used in this investigation. The presence of compressive
residual stress in the surface region tends to increase
the fatigue life of the material. In the range of the
cutting speeds between 100 and 150 ftmin™" (30.48
and 45.72mmin""), however, the surface roughness
and lack of surface integrity are so high that, in spite
of the presence of compressive residual stresses, the
fatigue life of the specimens is less than that of the
virgin material.

4. Conclusions

The following conclusions arc drawn based on the
results of the investigation of the effect of surface
integrity on the fatigue life of 2024—T351 aluminium
alloy machined orthogonally under dry, unlubricated
conditions.

1. In the machining of metal under the cutting
conditions used in the investigation a wide variety of
surface defects were produced. The defects consist of
cracks perpendicular to the direction of relative work-
tool motion, long straight, grooves parallel to the
direction of relative work-tool motion, cracks, and
cavities in the surface, microcracks and macrocracks
and plastic deformation.

2. The damage in the surface is high at low cutting
speeds and decreases as the cutting speed is increased.

3. An increase in the tool rake angle results in a
decrease in the coarse and fine scale damage.
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4. An increase in the cutting speed or tool rake angle
results in an increase in the fatigue life of the specimen.

5. Owing to the presence of compressive residual
stresses in the surface layers, the fatigue life of the
specimens machined at higher cutting speeds is higher
than that of the virgin material.

6. At low cutting speeds the surface damage is so
severe that, in spite of the presence of compressive
residual stresses in surface layers, the fatigue life of the
machined specimens is lower than that of the virgin
material.
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