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Article history: The machining processes could induce residual stresses that enhance or impair greatly the performance
Accepted 6 October 2008 of the machined component. Machining residual stresses correlate very closely with the cutting param-
eters and the tool geometries. In this paper, the effect of the tool flank wear on residual stresses profiles
Keywords: in milling of aluminum alloy 7050-T7451 was investigated. In the experiments, the residual stresses on
]l}lesitliual stresses the surface of the workpiece and in-depth were measured by using X-ray diffraction technique in com-
ank wear

bination with electro-polishing technique. In order to correlate the residual stresses with the thermal
and mechanical phenomena developed during milling, the orthogonal components of the cutting forces
were measured using a Kistler 9257A type three-component piezoelectric dynamometer. The temper-
ature field of the machined workpiece surface was obtained with the combination of infrared thermal
imaging system and finite element method. The results show that the tool flank wear has a significant
effect on residual stresses profiles, especially superficial residual stress. As the tool flank wear length
increases, the residual stress on the machined surface shifts obviously to tensile range, the residual com-
pressive stress beneath the machined surface increases and the thickness of the residual stresses layer
alsoincreases. The magnitude and distributions of the residual stresses are closely correlated with cutting
forces and temperature field. The three orthogonal components of the peak cutting forces increase and
the highest temperature of the machined workpiece surface also increases significantly with an increase
in the flank wear. The results reveal that the thermal load plays a significant role in the formation of the
superficial residual stress, while the dominative factor that affects thickness of residual stresses layer is
the mechanical load in high-speed milling aluminum alloy using worn tool.
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1. Introduction studies have been conducted by many researchers to determine

relationships between the cutting conditions and residual stresses.

It is well known that machining processes create residual
stresses on the surface of machined components. The machining
residual stresses can have significant effects on component life by
influencing fatigue strength, creep, and stress-corrosion-cracking
resistance. In addition, machining-induced residual stresses can
have detrimental effects on the component geometry and dimen-
sional stability. Therefore, it is of considerable significance to
optimize distributions of residual stresses by controlling the
cutting conditions (Brinksmeier et al., 1982; Jacobus et al.,
2000).

Machining residual stresses correlate very closely with the
cutting parameters and the tool geometries. At present, numerous
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Outeiro et al. (2002) studied the residual stress induced in turning
of AISI 316L steel. Particular attention was paid to the influence of
the cutting parameters, such as the cutting speed, feed and depth of
cut. Patrik et al. (2004) investigated the influence of rake angle, cut-
ting feed and cutting depth on residual stresses in hard turning AISI
52100, the results show that rake angle had the strongest influence
on the residual stresses. The compressive stresses become greater
with increased feed rate, while cutting depth had no obvious effect
onresidual stresses. Fuh and WU (1994) proposed the cutting speed,
feed, tool nose radius and flank wear have the most significant effect
on the residual stresses. Chen et al. (2004) developed a finite model
to simulate the effects of tool flank wear and chip formation on
residual stress when orthogonal cutting Ti-6Al-4V. Tonshoff et al.
(2000) found that when turning hardened steels the residual stress
magnitude on the surface shifts more toward the tensile region and
into deeper depths with increasing flank wear length. Thiele et al.
(2000) have found that tool-edge radius has a significant effect on
surface residual stress and microstructure when finish hard turning
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Table 1

Chemical composition of 7050-7451 (% in weight).

Zn 6.7
Cu 2.5
Mg 2.3
Zr 0.12
Fe 0.13
Si 0.12
Mn 0.10
Ti 0.06
Others 0.15

AISI 52100 steel. The residual stresses in the axial and circumferen-
tial directions were more compressive with larger edge radius. Jang
et al. (1996) studied the effects of different machining parameters
(cutting speed, feed rate, depth of cut and tool-edge radius) on sur-
face residual stress when turning AISI 304 stainless steel. Tool-edge
radius was found to have the most significant effect on residual
stress, where larger radius resulted in higher surface tensile
residual stress in cutting direction. The authors reported that the
effect of edge radius on inducing tensile residual stress in stainless
steels is more noticeable than in other steels, and attributed this to
the low thermal conductivity of stainless steels. In addition to the
efforts above, other models have been proposed for correlating the
residual stress with some cutting parameter (Jang et al., 1996; Lin et
al., 1997, 2000; Jacobus et al., 2001; Capello, 2005; Liu et al., 2004;
Mohamed etal.,2007; Outeiro etal., 2006; Jiang et al.,2006; Pawade
et al., 2008). These research results revealed that the cutting tool
geometry is the dominant factor determining the residual stresses
profiles.

Although an extensive study on machining residual stress and
their correlation with cutting parameters and tool geometries are
available. But most researchers focus on the residual stresses in
turning and grinding all kinds of steel materials. Not much attention
is paid to the residual stresses in milling aluminum alloy. Moreover,
the mechanism of formation of the machining residual stresses
is not well correlated to important machining physical phenom-
ena such as the dynamic cutting forces and cutting temperature
field. The objective of this paper is to investigate experimen-
tally the effect of tool wear on residual stresses in the milling of
aluminum alloy 7050-T7451. To be able to correlate the residual
stresses with the thermal and mechanical phenomena developed
during milling, the cutting forces and the cutting temperature field
were measured, respectively. At last, the formation of the resid-
ual stresses can be explained by the thermo-mechanical coupling
effects.

2. Experiment
2.1. Experimental material

High-strength wrought aluminum alloy 7050-T7451 is widely
used for aerospace application because of its combination of high
strength, stress-corrosion-cracking resistance and toughness. The
chemical composition and the mechanical properties of the mate-
rial are presented in Table 1 and Table 2, respectively.

Table 2

Mechanical properties of 7050-T7451.

Yield strength (MPa) 455
Tensile strength (MPa) 510
Elongation (%) 10
Hardness (HB) 135
Young modulus (GPa) 71.7

Fig. 1. Insert.

2.2. Experimental set-up

Milling tests were performed on a DECKEL MAHO DMU 70V
5-axis universal machining center. Max power of the machine
tool is 15 KW, and max spindle speed is 18,000 r/min. The work-
piece was machined with superfine grain solid carbide inserts
with 10,000 r/min spindle speed, 2 mm axial cutting depth, 10 mm
radial cutting depth and 0.15mm/z feed per tooth. The inserts
VPGX2206EN-E10 (seen in Fig. 1) were mounted in correspond-
ing arbor with a cutting diameter of 32 mm. The insert’s rake and
clearance angles are 25° and 6°, respectively. The tool flank wear
was observed by a optics microscope (x100), seen in Fig. 2. In the
experiment, the tool average flank wear length are 0.03, 0.07, 0.12,
0.17,0.21, 0.26 mm, respectively. Dry cutting environment was used
throughout the tests.

2.3. Residual stresses measurement

Residual stresses were measured by means of the X-ray diffrac-
tion method. Fig. 3 shows the used equipment, a portable stress
analyzer from Stresstech Group’s XSTRESS 3000. The main param-
eters of this apparatus are as follows: Cr tube (27kV, 6 mA),
3mm? measurement area, cross-correlation method for deter-
mining peak positions, Ni power calibration, 139.3° Bragg angle,
+6°yr-oscillation, £30°¢-oscillation. The location of the measure-
ment point is at the center of the tool track. The stresses were
measured parallel to the feed direction and perpendicular to the
feed direction, respectively. In order to determine the in-depth
residual stresses, the electro-polishing technique was used. The
surface material was removed layer-by-layer using an electro-
polishing machine Movipol-3 as shown in Fig. 4. The removed layer
thickness can be determined using electronic digital micron indi-
cator (seen in Fig. 5).

Fig. 2. Observation of flank wear.
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Fig. 3. X-ray stress Analyzer.

Fig. 4. Movipol-3electro-polishing machine.

2.4. Cutting force measurement

During milling process, a Kistler brand 9257 A-type three-
component piezoelectric dynamometer under workpiece with the
appropriate load amplifier was used for measuring three orthogo-
nal cutting forces. The data acquisition software was used, which
allows direct and continuous recording and simultaneous graphi-
cal visualization of the three orthogonal cutting forces. Diagram of
measurement systems for cutting force are shown in Fig. 6.

Fig. 5. Electronic digital micron indicator.

Charge Amplifier
kistler 5007

Data acquisition

Principal Axis
card AZ 208R
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Cras Data

Workpiece Acquisition and
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Fig. 6. Diagram of measurement systems for cutting forces.

2.5. Cutting temperature measurement

It is difficult to measure directly the cutting temperature by
experiment. To obtain the temperature field of the machined work-
piece surface, a method was presented with the combination of
infrared thermal imaging system and finite element method. Fig. 7
shows that the flowchart of cutting temperature field prediction.
Finite element method was used to predict cutting temperature
field. The milling operation modeled was idealized by a single cut-
ting tooth in a plane strain, orthogonal cutting because the axial
cutting depth is five times more than feed per tooth. The FEA soft-
ware DEFORM-2D™ , a Lagrange implicit code, was used to simulate
the machining of aluminum alloy 7050-T7451. As shown in Fig. 8,
the finite element model with different flank wears was built. The
workpiece was initially meshed with 18,000 isoparametric quadri-
lateral elements, while the tool, modeled as rigid, was meshed and
subdivided into 5000 elements. For the sake of saving calculat-
ing time and memory space, the adapted meshing technology was
used in simulation. The finer and smaller elements were consid-
ered in the contact area between tool and workpiece because a
very large temperature gradient will occur in this region (Fang and
Zeng, 2005). The model took into account dynamic effects, thermo-

Establish FEA model according to
cufting parameter and tool geometries

4
Input material constitutive law
Friction conditions
Chip separation criterion
Boundary condition

Mod1ﬁet_i The highest The peak Modified
the material temperature of cutting force _—
constitutive the chip the fnC_tlon

- '\ / coefficient

| Comparison with experiment |

Predicted cutting force
is not good

Predicted chip
temperature is not good

Results good?

l Yes

| Qutput cutting temperature field |

Fig. 7. Flowchart of cutting temperature field prediction.
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Fig. 8. Finite element model.

mechanical coupling, material constitutive equation, the damage
law and contact with friction.

In order to validate the finite element model, the predicted and
experimentally measured cutting forces and highest temperature of
the chip were compared. The predicted values obtained by the finite
element model can be adjusted by ever changing the simulation
conditions such as the material constitutive law and friction condi-
tions and so on. Fig. 9a and b show that the predicted X direction and
Y direction peak cutting forces are 232.2 N and 117.8 N by FEM with
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flank wear of 0.03 mm, respectively. Fig. 10a and b show that the
measured X direction and Y direction peak cutting forces are 248.9 N
and 143.2N by experiment, respectively. At the same time, the
temperature of the chip during milling was measured by infrared
thermal imaging system, seen in Fig. 11. The measured highest tem-
perature of the chip is 245 °C, while the simulation value is 287.3 °C,
seen in Fig. 12. The predicted peak cutting forces and highest chip
temperature show a good agreement with the experiment results,
which indicate that the simulation model is reasonable. Therefore,
the model can be used to predict the temperature of the machined
workpiece surface.

Fig. 12 shows the temperature field of the machined workpiece
surface with flank wear of 0.03 mm. The cutting temperature fields
in other flank wears can be also obtained by this model.

3. Results

X-ray diffraction measurements were taken at four different
points on the surface. Effects of the tool flank wear on superficial
residual stresses were presented in Fig. 13. S11 and S22 designate
the measured residual stress parallel to and normal to the feed
direction, respectively. From this figure, it is noted that the superfi-
cial residual stresses are most strongly correlated to the tool flank
wear. It can be seen that the small flank wear produced a lower
tensile or compressive stresses near the surface, and the stresses
transformed to the tensile residual stress states with an increase in
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Fig. 9. The predicted cutting force by FEM.
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Fig. 10. The measured cutting force by experiment.
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the flank wear. It can be also seen that the residual stresses change
in different measurement location. Different flank wear lead to dif-
ferent residual stress scatter and the large flank wear also produced
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Fig. 11. The chip temperature measured by experiment.
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Fig. 12. The temperature field obtained by FEM.
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Fig. 14. Effects of flank wear on in-depth residual stresses parallel to feed direction.

The measurement results for reisual stresses depth profiles were

presented in Figs. 14 and 15. From these figures, it is noted that the
similar residual stresses varience tendency can be observed, that
is, the residual stresses are tensile on the surface and fall off to
a maximum compressive states with an increase in-depth, after
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Fig. 13. Effects of flank wear on superficial residual stresses for four different mea-

surement points.

direction.

Fig. 15. Effects of flank wear on in-depth residual stresses perpendicular to feed
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Fig. 16. Effects of flank wear on peak cutting forces and the highest temperature of
the machined workpiece.

which compressive residual stresses transform to tensile states,
and the residual stresses approach a steady value in near work-
piece substrate. The maximun compressive stresses occurred at the
depth of 15-25 pm depending on the measured direciton and flank
wear.Fig. 14 shows that the influence of flank wear on the resid-
ual stress depth profiles parallel to feed direction. It is noted that
superficial residual stress increases from 24.1 to 66.9 MPa when
the tool flank wear increases from 0.03 to 0.26 mm. The residual
compressive stress beneath the machined surface increases and the
thickness of the residual stresses layer also increases. Fig. 15 shows
that the influence of flank wear on the residual stress depth pro-
files perpendicular to feed direction. The flank wear has a significant
effect on superficial residual stress. The superficial residual stress
sharp increases from 31.2 to 127.3 MPa when the tool flank wear
increases from 0.03 to 0.26 mm. Similarly, the maximum compres-
sive residual stress and the thickness of the residual stresses layer
also increases with an increase in the flank wear.

In order to explain the residual stress tendency, when milling
aluminum alloy for different flank wears, three orthogonal com-
ponents of the measured cutting forces are shown in Fig. 16. The
highest cutting temperature of the surface of machined workpiece
is also shown in Fig. 16. As seen, three orthogonal components
of peak cutting forces and the highest cutting temperature all
increase with an increase in the flank wear. When the flank wear
length is above 0.21 mm, cutting forces and temperature change
significantly. These subsequently influence the magnitude and dis-
tributions of the residual stresses.

4. Discussion

It is known that the thermally dominant machining deforma-
tion leaves behind tensile residual stresses in the machined surface,
whereas mechanically dominant machining deformation induces
compressive residual stress (Sharman et al., 2006). In this study,
when the tool flank wear increases, the highest temperature of the
machined workpiece surface increases significantly, resulting in the
rise of the tensile residual stress on the surface of the workpiece.
At the same time, the increases of three orthogonal components of
peak cutting forces induce compressive residual stress. Therefore,
it means the thermal load plays a significant role in the formation
of the superficial residual stresses in high-speed milling aluminum
alloy using worn tool. However, the dominative factor that affects
thickness of residual stresses layer is the cutting force, because the
regions affected by the thermal load are shallow compared with
that affected by the mechanical load. This reveals that a decrease of
the thickness of residual stresses layer with a higher cutting speed
are mainly due to a decrease in the cutting forces that result in a
smaller plastic deformation zone.

5. Conclusions

This paper study the effect of tool wear on residual stresses pro-
files in the milling of aluminum alloy 7050-T7451. To be able to
correlate the residual stresses with the thermal and mechanical
phenomena developed during milling, the cutting forces and the
cutting temperature field were measured, respectively. The follow-
ing conclusions can be drawn:

(1) The tool flank wear have a significant effect on superficial
residual stresses, the small flank wear produced a lower ten-
sile or compressive stresses on the surface, and the stresses
shift obviously to tensile state with an increase in the flank
wear. The large flank wear produced more scatter in the stress
data.

(2) The similar residual stress depth profiles can be observed, that
is, the superficial residual stresses are the lower tensile or com-
pressive and fall off to a maximum compressive states with an
increase in-depth, after which compressive residual stresses
approach a steady value in near workpiece substrate. When
the tool flank wear increases, the residual compressive stress
beneath the machined surface increases and the thickness of
the residual stresses layer also increases.

(3) Three orthogonal components of peak cutting forces and the
highest cutting temperature all increase with an increase in
the flank wear. When the flank wear length is above 0.21 mm,
cutting forces and temperature change significantly with an
increase in the flank wear.

(4) The thermal load plays a significant role in the formation of the
superficial residual stresses in high-speed milling aluminum
alloy using worn tool. However, the dominative factor that
affects thickness of residual stresses layer is the mechanical
load.
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