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Abstract An improved method of indent pairs is utilised to
determine residual stresses in high speed milling specimens
of AA 6082-T6 and AA 7075-T6 aluminium alloys. To
carry out the measurement procedure, this approach does
not need specific equipment but only requires a universal
measuring machine and an oven. An indentation device is
incorporated to the measuring machine, which allows
reducing the absolute error of measurement to just
±0.9 MPa. The geometry of the tool and cutting parameters
are selected to evaluate the sensitivity of the method. The
residual stress distributions generated by high speed milling
are exhaustively evaluated taking into account orthogonal
components of cutting speed and tangential force, which
are parallel and perpendicular to feed direction.
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Nomenclature

A elongation (%)
d depth of cut (mm)
E longitudinal elastic modulus (GPa)
f feed rate (mm/rev)
Ftx tangential force component at the

x direction (N)
Fty tangential force component at the

y direction (N)
HV0.5 Vickers micro-hardness (test load: 500 gf)
k1, k2 elastic constants
K thermal conductivity (w/( m·K ))
Rt non-dimensional thermal number
S specific heat capacity (J/( kg·K ))
u displacement component at the x direction

(μm)
v displacement component at the y direction

(μm)
V cutting speed (m/min)
Vx cutting speed component at the x direction

(m/min)
Vy cutting speed component at the y direction

(m/min)
Xb, Xa distances between indents located at the x

direction, before and after the
stress-relieving, respectively (mm)

Yb, Ya distances between indents located at the y
direction, before and after the
stress-relieving, respectively (mm)

α clearance angle (deg)
β fraction of energy from primary cutting zone

to specimen surface
γ rake angle (deg)
εx deformation component at the x direction
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εy deformation component at the y direction
υ Poisson’s ratio
ρ density (kg/m³)
σx residual stress component at the x direction

(MPa)
σy residual stress component at the y direction

(MPa)
σu ultimate tensile strength (UTS) (MPa)
sy0:2 yield strength (MPa)
φ shear angle (deg)
χ entrance angle (deg)
Δu absolute error inherent to the u component

(μm)
Δv absolute error inherent to the v component

(μm)
ΔXb,ΔXa absolute errors inherent to the distances Xb

and Xa, respectively
ΔYb,ΔYa absolute errors inherent to the distances Yb

and Ya, respectively
Δεx absolute error inherent to the εx component
Δεy absolute error inherent to the εy component
Δσx absolute error inherent to the σx component

(MPa)
Δσy absolute error inherent to the σy component

(MPa)
Δsd

x variation in the σx component due to an
increase in the d parameter (MPa)

Δsd
y variation in the σy component due to an

increase in the d parameter (MPa)
Δs f

y variation in the σy component due to an
increase in the f parameter (MPa)

Introduction

Residual stresses in a solid body are those self equilibrating
stresses that exist without the application of external loads or
constraints on its boundary. These stresses are developed
when the solid body undergoes inhomogeneous plastic
deformation and/or is exposed to a non-uniform temperature
distribution [1, 2]. Residual stresses, which are difficult to
measure and predict, should be added to the stresses
generated by applied loads. Their measurement and predic-
tion is important because of the undesirable effects they
might generate. Tensile residual stresses can significantly
reduce fatigue strength and also may induce stress corrosion
cracking [3, 4]. On the other hand, compressive residual
stresses would generate opposite effects. Furthermore, both
tensile and compressive residual stresses may cause distor-
tion and dimensional variation.

Measurement of residual deformations can be accom-
plished by means of a strain sensor, which is sensitive to

the changes generated on the surface of the evaluated
component when stresses are relieved [5, 6]. Usually, the
strain sensor is glued to the evaluated surface. The stress-
release can be achieved by cutting and sectioning, trepan-
ning and coring, or by drilling on the very region to be
studied. The approaches based on the application of sensors
have been used longer than any other technique. The more
successful one is the hole-drilling method [7].

The displacements generated by stress-relieving can
also be measured using coherent optics techniques [8].
Fringe patterns can be obtained by these non-contact
techniques, from which residual displacements can be
calculated. Their advantages include faster data collection,
access to smaller regions and information of the displace-
ment field corresponding to the measurement area. Moiré
interferometry [9, 10], holographic interferometry [11, 12]
and digital speckle pattern interferometry [13–15] have
been successfully used in combination with the hole-
drilling technique.

On the other hand, X-ray diffraction (XRD) strain
measurement does not require a stress-relieving procedure.
XRD techniques are able to measure the inter-planar
distances of a metal or ceramic polycrystalline material
[16, 17]. These inter-planar distances are indicative of the
macrostrain undergone by the evaluated specimen. XRD is
basically a non-destructive method for determining residual
stresses in shallow surface layers. The neutron diffraction
technique works in a similar way to the XRD but, because
of neutrons penetration capabilities, residual stresses can be
determined at larger depths [18]. Although other non-
destructive techniques (e.g., ultrasonic, electromagnetic)
have been developed for the same purposes, they still have
to achieve wide acceptance as standardized methods of
residual stress analysis [5].

Residual stresses can also be determined through
instrumented indentation. Most approaches compare the
contact depth or load-displacement curve of stressed and
unstressed specimens, from which the residual stresses can
be estimated [19–21]. Recently, an approach based on the
change in spacing of indent pairs was developed [22]. The
change in spacing occurs when residual stresses are relaxed
through a thermal treatment. This method has the great
advantage of being simple and inexpensive because it does
not need specific equipment. For measuring the residual
displacements, this approach only requires a universal
measurement machine, a micro-hardness tester and an
oven, which are commonly available in many workshops.

Machining is one of the most important manufacturing
processes, and a constant search for cutting procedures,
allowing diminishing costs of production, is currently
underway. Costs could be further reduced by increasing
the processing parameter values such as feed rate and
cutting velocity [23]. If these increases are significant,
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conventional machining is transformed into high-speed
machining (HSM) [24]. This kind of machining has many
advantages regarding conventional machining such as
higher productivity, increased production flow time, re-
duced number of technological operations and longer
service time of tools. Furthermore, HSM generates an
equivalent or better surface finish, form, and size accuracy.
However, high speed machined components can fail
prematurely due to the development of residual stresses
[25].

The purpose of this paper is to demonstrate the
feasibility and sensitivity of an improved method of
indent pairs for the evaluation of residual stress distri-
butions generated by HSM. It must be noted that where
the method of indent pairs was presented [22], the results
were somehow preliminary, and therefore the method was
not correctly validated. On the contrary, in this work an
exhaustive analysis of measurement errors and a meticu-
lous evaluation of different residual stress distributions
help on the validation of the improved method. In the
present paper, an indentation device was incorporated to
the universal measurement machine, which allowed
introducing elongated indents with great precision. From
the shape and localization of these elongated indents, the
absolute error of measurement could be reduced to just
±0.9 MPa. Tests of high speed milling were performed in
specimens of AA 6082-T6 and AA 7075-T6 aluminium
alloys. The residual stresses were calculated from the
measured displacements using a model for plane stress
state [26]. The sensitivity of the method was assessed
from a selection of process parameters that generated very
weak residual stress distributions. The residual stress
distributions were analysed taking into account orthogonal
components of cutting speed, which are parallel and
perpendicular to the feeding direction. This analysis
showed which cutting force component is more important
on residual stress introduction. Finally, the sensitivities of
both machined alloys to develop residual stresses were
also evaluated.

Residual Stress Determination

The technique used in this work to determine the residual
stresses is based on the change in distance between pairs of
micro-hardness indents. As mentioned above, this change
occurs when the evaluated specimen is heat treated for
releasing the residual stresses. The measurement procedure
is detailed in ref. [22]. Briefly, this procedure is as follows.
First, an indent distribution is introduced on the specimen
surface using a micro-hardness tester. Then, before and
after the stress-relieving treatment, the distances between
indent pairs are measured using a universal measuring

machine. It must be noted that this method allows to
determine all components of the in-plane residual stress.
For measurement of the through-thickness residual stress
distribution, progressive removal of uniform layers from
the specimen surface by chemical etching should be
implemented. However, in out-of-plane direction, residual
stresses are usually difficult to measure in thin layers of
deposited or affected material, even by volumetric techniques
like neutron diffraction [5].

In this paper, the measurement procedure does not require a
micro-hardness tester. The indent distribution was introduced
using a mechanical device mounted on the measuring
machine. Figure 1(a) shows a front view of the device. The
body of the device is made up of a system of thin elastic
plates that enables to regulate the indentation load. This
device is attached to an electronic sensor, which allows
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EP

FE

(a)

D

RL

AA

A - A

(b)

Fig. 1 Scheme of indentation: (a) front view of the indentation
device: (FE) fixation sphere, (DB) device body, (EP) elastic plates, (I)
indentator, (IS) indentator support; (b) geometry of an elongated
indent: (L) indent length, (R) end radius, (D) indent depth
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calibrating the depth of the indent with high accuracy. Using
this mechanical device it is possible to introduce elongated
indents. Figure 1(b) shows the geometry of an elongated
indent.

The orthogonal components of the in-plane residual stress
(σx, σy) can be determined from an indent distribution as
shown in Fig. 2. The distance between pairs of elongated
indents (e.g., A–B, C–D) will diminish if the released
residual stresses are of tensile character. On the other hand,
this distance will increase in the case of relieving compres-
sive residual stresses. Therefore, from this indent distribu-
tion, the residual displacements can be expressed as

u ¼ Xb � Xa

v ¼ Yb � Ya

ð1Þ

where Xb and Xa are the distances between the indents A and
B, before and after the stress-relieving procedure, respec-
tively. On the other hand, Yb and Ya correspond to the
spacing between indents C and D, before and after the same
thermal treatment, respectively. Then, the residual deforma-
tions can be determined by

"x ¼ Xb
Xa
� 1

"y ¼ Yb
Ya
� 1

ð2Þ

Finally, assuming a plane stress state on the surface of the
specimen, the in-plane residual stress orthogonal components
can be expressed for isotropic, linear elastic materials as [26]

sx ¼ k1 � "x þ k2 � "y

sy ¼ k1 � "y þ k2 � "x
ð3Þ

where k1 ¼ E
�
1� u2ð Þ; k2 ¼ u � k1, E is the longitudinal

elastic modulus and υ is the Poisson’s ratio.

Error Analysis

The absolute error on the measurement of the distance
between elongated indents was obtained. Besides, this error
was compared to the absolute error inherent to the
measurement of the distance between pyramidal indents,
which were introduced using a micro-hardness tester
(Shimadzu HMV-2). Figure 3 shows both types of indents,
which were generated on the surface of different machined
aluminium alloy samples. Although local residual stress
fields are introduced by indentation, the errors generated by
those fields can be minimized by a proper separation of the
evaluated indents. In our case, the nominal distance
between each indent pair was 28 mm. The indent
coordinates were optically measured using a precision
microscope incorporating the universal measurement ma-
chine (GSIP MU-314). From taking six measurements for
each coordinate and considering the systematic error, the
maximum absolute errors corresponding to the distances
between pyramidal and elongated indents were ±0.2 μm
and ±0.16 μm, respectively.

The measurement procedure includes the repositioning
of the specimen after the stress-relieving treatment. There-
fore, the error corresponding to the distance between
indents after the thermal treatment must take into account
the repositioning uncertainty. This uncertainty was obtained
for both types of indents from different repositioning
sequences. Following the same procedure, that is to say,
from taking six measurements for each coordinate and
considering both the systematic error and the repositioning
uncertainty, the maximum absolute errors corresponding to
pyramidal and elongated indent distances were ±1.51 μm

x

y

A

B

C

D

Fig. 2 Distribution of elongated indents for orthogonal measurement

Optical aligner

(a)

(b)

28 mm

Fig. 3 (a) Pyramidal and (b) elongated indents

(1)

(2)

(3)
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and ±0.26 μm, respectively. This important difference is
due to the final alignment of the repositioning procedure.
The alignment of pyramidal and elongated indents is shown
in Fig. 3. As it can be seen, the alignment of pyramidal
indent edges is quite difficult, while the great straightness
of the edges of the elongated indents helps us to carry out
an optimum alignment.

Then, the absolute errors corresponding to the residual
displacements can be obtained from the distance measure-
ment errors using [27]

Δu ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔX 2

b þΔX 2
a

q

Δv ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔY 2

b þΔY 2
a

q ð4Þ

where ΔXb and ΔXa are the absolute errors corresponding
to the distances between indents located at the x direction
(Fig. 2), before and after the repositioning, respectively. On
the other hand, ΔYb and ΔYa are the absolute errors
corresponding to the distances between indents situated at
the y direction, also before and after the repositioning,
respectively. Because the residual deformations (εx, εy) are
calculated from the distances between indents, the absolute
errors can be obtained using [27]

Δ"x ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔXb
Xa

� �2
þ ΔXa

X 2
a

� �2
� X 2

b

r

Δ"y ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔYb
Ya

� �2
þ ΔYa

Y 2
a

� �2
� Y 2

b

r ð5Þ

Finally, the absolute errors corresponding to the residual
stresses can be obtained from the errors corresponding to
the residual deformations using [27]

Δsx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k21 �Δ"2x þ k22 �Δ"2y

q

Δsy ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k21 �Δ"2y þ k22 �Δ"2x

q ð6Þ

Table 1 shows the absolute errors corresponding to the
displacements, deformations and stresses, which were
calculated using equations (4–6). As it can be seen, through
the introduction of elongated indents, the absolute errors
can be substantially reduced.

Materials and Procedures

The experimental investigations were performed in two
rolling products which can be considered to have middle
and high mechanical resistance (yield and ultimate
tensile strength). The AA 6082-T6 and AA 7075-T6
aluminium alloys were selected because they have good
machinability (curled or easily broken chips and good to
excellent finish). It must be noted that AA 6082-T6 is a
relatively new alloy, which is used in structural applica-
tions in the marine and transportation industries as well
as for machined precision parts in the automotive
industry. On the other hand, AA 7075-T6 is a structural
alloy widely used for aircraft, aerospace and defense
applications due to its high mechanical resistance/weight
ratio. The chemical compositions and, elastic and
mechanical properties of these alloys are reported in
Tables 2 and 3, respectively.

The dimensions of the tested specimens were 110×40×
4 mm³. Before milling tests, each specimen was subject to a
simple stress-relieving procedure in an oven, using an
annealing temperature and time of 573 K and 80 min,
respectively. In order to evaluate the method sensitivity, the
process parameters and tool geometry were selected to
induce low residual stress states. High speed milling tests
were performed using a face mill of 63 mm in diameter.
Five tungsten carbide inserts (Palbit SEHT 1204 AFFN-AL
SM10) were incorporated to the face mill. The geometry of
these inserts was specially designed for use with aluminium
alloys. Edges are very keen and cutting faces are highly
polished so as to remove swarf efficiently and prevent it
from bonding to the insert. The face mill was attached to
the spindle of a Clever CMM-100 vertical CNC milling
machine, which is a rigid machine tool with powerful axis
drives and large precision ball screws. Figure 4 shows an
upper view of the system specimen-tool. The cutting
conditions and the tool geometry are given in Table 4. All
of the HSM tests were carried out without cutting fluid.

For each specimen, the following measurement proce-
dure was carried out. First, a distribution of elongated
indents on the machined surface was introduced, which
allowed to calculate the stress components in different
points corresponding to both symmetry axes of this surface.
Afterwards, the indent coordinates were optically measured
using the universal measurement machine mentioned
above. Then, in order to remove the specimen ends, which
were not machined (Fig. 4), an electro-discharge cutting
was carried out. An annealing treatment at 573 K during
80 min, to relieve the machined surface stresses, was
performed after the cutting. Then, the specimen was
repositioned and optically aligned. Finally, the indent
coordinates were again measured following the same
procedure. Both measurements, before and after the stress-

Table 1 Comparison of absolute errors

Indentation Absolute error

Displacements Deformations Stresses
u,v (μm) εx, εy (%) σx, σy (MPa)

Elongated 0.3 0.001 0.9

Pyramidal 1.5 0.005 4.5

(4)

(5)

(6)
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relieving treatment, were performed in the temperature
range of 20±0.2°C.

Results and Discussion

The orthogonal components of the in-plane residual stress
(σx, σy) were evaluated along both symmetry axes of the
machined surfaces. Figure 5(a) shows the residual stress
component σx obtained for different points of the axis y=0
when the cutting speed and feed rate are fixed. It must be
noted that the direction of this stress component is
perpendicular to the feeding direction. For alloy 6082-T6,
stresses are larger when the depth of cut is increased.
Moreover, both distributions have the same shape. The
minimal values are located at the centre of the axis and the
maximum values are situated at the axis ends. On the other
hand, the stress distribution shapes of the alloy 7075-T6 are
similar to those corresponding to alloy 6082-T6 but the
stress values are near zero. Besides, the difference between
both distributions is smaller than that corresponding to
alloy 6082-T6. Figure 5(b) shows the same stress compo-
nent σx but along the axis x=0. The stress distributions of
the alloy 6082-T6 are negative and almost constant.
Moreover, the stress level diminishes when the depth of
cut is increased. In addition, the response of the alloy 7075-T6
is shown in the same graph. In this case, the stress
distributions are also negative and almost constant but the
stress levels are near zero.

Figure 6(a) shows the distributions of the other stress
component σy along the axis y=0. For alloy 6082-T6, the
increase in depth of cut does not generate changes in the
stress distribution shape. The same stress distribution shapes
are obtained for alloy 7075-T6 but the difference between
both distributions is smaller than that corresponding to alloy
6082-T6. Besides, the latter generates more compressive
stresses. Fig. 6(b) shows how the same component σy is
distributed along the axis x=0. As it can be seen, the stress

levels are similar to those shown in Fig. 6(a) but all
distributions are constant.

Figure 7 shows the distributions of the same stress
component σy obtained along both symmetry axes when the
feed rate is increased. Figure 7(a) shows how both alloys
are stressed when this process parameter is f=0.1 mm/rev.
Both distributions have similar shapes. As the distributions
shown in Figs. 5(a) and 6(a), the minimal values are located
at the centre of the axis, and the gradients from the centre to
the left end of the axis are higher than those from the centre
to the right end of the axis. Figure 7(b) shows the stress
distributions generated when the feed rate is f=0.2 mm/rev.
Although the stress distribution shapes do not change, the
gradients are higher than those shown in Fig. 7(a). On the
other hand, the distributions obtained for the same stress
component σy but along the other symmetry axis are shown
in Figs. 7(c) and (d). The distributions corresponding to
both alloys are similar and the stress level difference is
smaller when the feed rate is f=0.1 mm/rev [Fig. 7(c)]. As
expected, the shapes of the distributions do not change and
the stresses are more compressive when the process
parameter is f=0.2 mm/rev [Fig. 7(d)].

For the investigated cutting conditions, the obtained
residual stresses are compressive and very low. Along the
axis y=0, which is perpendicular to the feed direction, the
distributions of both stress components have similar shapes,
with the minimum value situated at the axis centre, and
gradients from the centre to the axis ends showing a small
asymmetry. Along the axis x=0, which is parallel to the
feed direction, the distributions are constant or almost
constant.

In each machining test, the proper tool angles, tool
finishing, depth of cut, feed and cutting speeds generated
stable cutting conditions corresponding to low cutting
forces and good chip formation (very small broken chips).
Due to the important role played by high cutting speed in
the generation of stable cutting conditions, the stress
distribution shapes were compared to those corresponding

Alloy Chemical composition (wt %)

Zn Mg Cu Fe Si Cr Mn Al

6082-T6 0.2 0.9 0.15 0.5 0.9 0.22 0.6 balance

7075-T6 5.6 2.52 1.72 0.32 0.2 0.17 0.16 balance

Table 2 Chemical composition
of the investigated aluminium
alloys

Alloy Properties

σu (MPa) sy0:2 (MPa) A (%) HV0.5 E (GPa) v

6082-T6 341 314 11 108 70 0.33

7075-T6 564 506 11 186 70 0.33

Table 3 Elastic and mechanical
properties of the investigated
aluminium alloys
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to the orthogonal component distributions of cutting speed
(Vx, Vy) along the same axes. Figure 8 shows the
distributions of these components. Along the axis y=0,
the Vx component shows a narrow variation range and its
sign does not change, and the Vy component shows a broad
variation range and its sign changes [Fig. 8(a)]. On the
other hand, along the axis x=0, the Vx component is
constant and the Vy component is zero [Fig. 8(b)]. It is
obvious that, along this axis x=0, the Vy component cannot
influence the generation of stresses, and besides, the
distribution of the Vx component is similar to the
distributions of both stress components along the same
axis [Figs. 5(b), 6(b), 7(c) and (d)]. In addition, along the
axis y=0, the Vy component could influence the generation
of stresses but only the distribution of the Vx component is
similar to the distributions of both stress components along
the same axis [Figs. 5(a), 6(a), 7(a) and (b)].

This brief analysis indicates that cutting tangential force
component, associated to the Vx component, would govern
the surface residual stresses that generate the local plastic
deformation. Figure 9 shows the distribution of the
tangential force component FtX along both symmetry axes
when the values of depth of cut and feed speed are larger. It
must be noted that for another cutting parameter combina-
tions, also evaluated in this work, the distribution shapes
corresponding to this component do not change. This force
component was calculated from the material removal rate,
the specific power and the instantaneous chip thickness
[23]. As expected, the values of the FtX component are low.
When cutting forces and surface heating are relatively low,
the compaction of surface layers is expected to be very

smooth, and then, introduced residual stresses will be
compressive and low [25]. On the contrary, when forces
and surface temperatures increase, the thermal expansion of
the surface is constrained by the surrounding region,
leading to plastic deformation compression of the heated
area from which tensile residual stresses are introduced.

The general shape of the residual stress distributions
would respond to the mechanical effects generated by the
FtX component and, in addition, the final level these
distributions reach could be due to thermal effects on
specimen surfaces. However, along the axis x=0, the FtX

component distributions are symmetrical and, as mentioned
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Fig. 5 Distributions of the stress component σx along the axes (a) y=0
and (b) x=0 (cutting speed: V=1000 m/min, feed rate: f=0.2 mm/rev)

Face mill

Feed
direction x

Specimen

y

Fig. 4 Diagram of the specimen-tool system

Rake angle Clearance angle Entrance angle Cutting speed Feed rate Depth of cut
γ (°) α (°) χ (°) V (m/min) f (mm/rev) d (mm)

45 7 45 1000 0.1–0.2 1.00–1.25

Table 4 Cutting conditions and
tool geometry
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above, the stress distributions show a small asymmetry: the
gradients from the axis centre to the axis ends are different.
This asymmetry can be explained as follows. For x>0, the
Vy component and feed rate have opposite direction
(conventional cutting), and for x<0, this component and
feed rate have the same direction (climb cutting). The
gradients from the centre to the axis right end (x>0) are
slightly lower because conventional cutting generates
slightly more compressive stresses than climb cutting. It
occurs that conventional cutting is so light at the beginning
that each insert slides on specimen surface until sufficient
pressure is built up and it begins to cut. This introduces a
small additional increase in local plastic deformation of
machined surface, which does not occur in the case of
climb cutting [23].

Although both alloys generated the same residual stress
patterns when they were machined by the same process
parameters, it can be observed that alloy 6082-T6 is more

sensitive to the changes in process parameters than alloy
7075-T6. Table 5 reports the stress increments generated at
the barycentre of the machined surfaces due to the variation
of the process parameters. It must be noted that all
increments are negative. As it can be seen, the increase in
depth of cut (25 %) leads to similar changes in both stress
components. Furthermore, for the σy component, this
increase in depth of cut leads to a bigger change than the
increase in feed rate (100 %). From this Table, it is possible
to express the relationships between the increments
corresponding to both alloys. The relationship between
increments of σx

Δsd
x6082

Δsd
x7075

� 2

would quantify the sensitivity difference to the change in
the d parameter when the stress component perpendicular to
the feed direction is evaluated. Moreover, the relationships
between increments of σy

Δsd
y6082

Δsd
y7075

� Δs f
y6082

Δs f
y7075

� 2:7

would indicate that both alloys maintain a strict difference
of sensitivity to the proposed modifications in both process
parameters when the stress component parallel to feed
direction is evaluated.

The difference on sensibility between both alloys could
be explained through the evaluation of thermal effects
generated in the cutting zone. In first place, a big part of the
heat generated in the tool-chip interface would be evacu-
ated by chips at high speed. Secondly, the thermal flow
from the cutting primary zone [23] to the specimen surface
could establish the final level reached by each stress
distribution. The fraction of the energy generated in the
cutting primary zone that enters in the machined surface
can be expressed as [28]

b ¼ 0:5� 0:35 � log Rt � tan fð Þ for 0:04 � Rt � tan f � 10:0

b ¼ 0:3� 0:15 � log Rt � tan fð Þ for Rt � tan f > 10:0

ð7Þ
where φ is the shear angle, Rt ¼ r � S � V � d=K, ρ is the
density, S is the specific heat capacity and K is the thermal
conductivity of the machined material. For the same cutting
conditions, it is possible to express the relationship

Rt6082

Rt7075
� 0:7

which indicates that the fraction of thermal energy β will
always be higher for alloy 6082-T6, for similar shear angles
for both alloys. The value obtained by this relationship
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basically responds to the difference on thermal conductivity
between both alloys K6082=K7075 ¼ 1:3ð Þ. In addition, both
density and specific heat capacity are slightly higher for
alloy 7075-T6.

On the other hand, the machinability of both alloys is
not similar. Alloy 6082-T6 is more difficult to machine
because the magnesium it contains is essentially tied up
with silicon to form hard Mg2Si particles [29]. The
machinability difference between both alloys could com-
pensate the small difference in cutting forces (higher for
alloy 7075-T6), and then, it is possible to expect the
thermal energy in the cutting primary zone to be similar
for both alloys. Based on this hypothesis and the values
adopted by the fraction of thermal energy β, the specimen
surface temperature for alloy 6082-T6 will be higher than
for alloy 7075-T6 when the same process parameters are
selected. This implicates that for each increase in depth of
cut or feed speed, the surface temperature augmentation

for alloy 6082-T6 will be higher and therefore, the
increase in compressive residual stress will also be higher
[25]. Finally, the observed strict relationships between
residual stress increments would respond to strict relation-
ships between surface temperatures.

Conclusions

A method of indent pairs has been improved to reduce
the magnitude of the absolute measurement error inherent
to the residual stress determination on the surface of
machined samples. An indentation device was specially
integrated to the universal measuring machine in order to
introduce elongated indents with great precision. From
the shape of this type of indent, it was possible to
diminish the uncertainty inherent to the sample reposi-
tioning from ±1.5 μm to ±0.2 μm, and then, the
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measurement error from ±4.5 MPa to ±0.9 MPa. The
utilization of the indentation device allowed reducing and
optimizing the equipment for residual stress determination
because only a universal measuring machine and an oven
were used. The feasibility and sensitivity of this approach has
been proved through the evaluation of residual stress
distributions generated by high speed milling, which showed
to be compressive and very low. The shapes of the obtained
stress distributions were similar for both analysed aluminium
alloys. These shapes (or patterns) may respond to mechanical
effects generated by the FtX component of the cutting
tangential force, which is perpendicular to the feed direction.
The maximum stress levels depended on the alloy type. Alloy
6082-T6 showed to be more sensitive to the modifications in
process parameters than alloy 7075-T6. The sensitivity
difference between both alloys, which showed to be similar
for both analysed in-plane stress components, may be caused
by small differences in the thermal flow from the primary
cutting zone to the specimen surface.
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Table 5 Stress increments at the barycentre of the machined surfaces

Alloy Stress increments (MPa)

Δsd
x Δsd

y Δs f
y

6082-T6 − 6.84 − 8.00 − 3.61

7075-T6 − 3.48 − 2.96 − 1.37
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