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Analysis of Residual Strain and Stress
Distributions in High Speed Milled Specimens
using an Indentation Method
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Abstract—Through a proper analysis of residual strain and stress
distributions obtained at the surface of high speed milled specimens
of AA 6082-T6 aluminium alloy, the performance of an improved
indentation method is evaluated. This method integrates a special
device of indentation to a universal measuring machine. The
mentioned device allows introducing elongated indents allowing to
diminish the absolute error of measurement. It must be noted that the
present method offers the great advantage of avoiding both the
specific equipment and highly qualified personnel, and their inherent
high costs. In this work, the cutting tool geometry and high speed
parameters are selected to introduce reduced plastic damage.
Through the variation of the depth of cut, the stability of the shapes
adopted by the residual strain and stress distributions is evaluated.
The results show that the strain and stress distributions remain
unchanged, compressive and small. Moreover, these distributions
reveal a similar asymmetry when the gradients corresponding to
conventional and climb cutting zones are compared.

Keywords—Residual strain, residual stress, high speed milling,
indentation methods, aluminium alloys.

NOMENCLATURE
A elongation (%)
d depth of cut (mm)
E longitudinal elastic modulus (GPa)
f feed rate (mm/rev)
Fix tangential force component at the x direction (N)
Fy tangential force component at the y direction (N)
HVO0.5 Vickers micro-hardness (test load: 500 gf)
ki, k2 elastic constants
Mex gradient of the ex component along the axis x =0
(1/mm)
Mey gradient of the &y component along the axis y =0
(1/mm)
Mo gradient of the ox component along the axis x =0
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(MPa/mm)

Moy gradient of the oy component along the axis y =0
(MPa/mm)

N number of measurements

Sx standard deviation (um)

vV cutting speed (m/min)

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

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

X, Xa distances between indents located at the x
direction, before and after the distension (mm)

Y, Ya distances between indents located at the y
direction, before and after the distension (mm)
clearance angle (deg)

y rake angle (deg)

&x residual strain component at the x direction

& residual strain component at the y direction

) Poisson’s ratio

Ox residual stress component at the x direction (MPa)

oy residual stress component at the y direction (MPa)

Ou ultimate tensile strength (UTS) (MPa)

Oy o2 yield strength (MPa)

X entrance angle (deg)

Adwm, Adna  nominal errors, before and after the distension,
respectively (um)

Adss, Adsa  statistical errors, before and after the distension,
respectively (um)

AXp, AXa  absolute errors inherent to the distances X» and
Xa, respectively (um)

AYb, AYa  absolute errors inherent to the distances Y» and
Ya, respectively (um)

Aex absolute error of the ex component

Aey absolute error of the &y component

Aox absolute error of the ox component (MPa)

Aoy absolute error of the gy component (MPa)

I. INTRODUCTION

HE universal measuring machines (UMMs) are used in

industry for performing high precision dimensional
measurements in different types of machine and structure
components [1,2]. Some years ago, these machines started to
be considered an important part of industrial quality systems,
resulting in lower inspection costs and higher productivity.
These types of machines are employed due to their speed,
accuracy and flexibility, fulfilling both the traditional function
of rejecting out-of-specification components, as well as the
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one of supplying product geometry information that can be
used to improve the manufacturing process [3].

Clearly, these machines were not designed for residual
stress measurements [4-6]. However, a method based on the
modification of the distance between indent pairs was recently
developed to determine residual stresses using a UMM [7].
The distance change occurs when the component is subjected
to a distension procedure to relieve the residual stresses. It
must be noted that this method has the great advantage of
being simple and inexpensive because it does not require
specific personnel and equipment.

High-speed machining (HSM) [8] uses a technology that
enables decreasing production costs by increasing the values
of processing parameters, such as feed rate and cutting speed.
HSM offers many benefits compared to conventional
machining [9] such as reduced number of technological
operations, decreased production flow time and longer service
time of tools [10]. In addition, HSM generates an equivalent -
or better- surface finish, form, and size accuracy. However,
high-speed machined parts can fail prematurely due to the
development of residual stresses [11,12].

The purpose of this paper is to evaluate the performance of
an improved indentation method through the analysis of
residual strain and stress distributions, which are obtained
from the evaluation of high speed milled specimens of AA
6082-T6 aluminium alloy. This method includes an
indentation device, which is specially incorporated to a UMM.
From the integration of this device to the measuring machine,
the absolute error of measurement can be highly reduced. The
specimens were subjected to face milling operations, which
were carried out in a vertical CNC milling machine.
Regarding the process parameters, both the feed rate and
cutting velocity were fixed, and the depth of cut was varied to
evaluate the stability of the residual strain and stress
distributions. It is important to note that high speed milling
operations pose a series of technological challenges that are
not always solved in a right way. Moreover, there is little
literature on residual strain and stress distributions introduced
at the surface of AA 6082-T6 aluminium alloy. This paper
also includes a meticulous analysis of the propagation of
errors inherent in measurements of indent coordinates. This
analysis allowed corroborating that residual strains and
stresses were obtained from much reduced errors. The residual
stresses were calculated through the mentioned measurements
of coordinates, using a model for plane stress state [13].
Finally, from strain and stress gradients it was possible to
analyze the machined zones corresponding to both
conventional and climb cutting.

II. EXPERIMENTAL PROCEDURE

The above-mentioned method of indent pairs is presented in
Ref. 7. In the first place, an indent distribution is introduced at
the specimen surface using a micro-hardness tester. Secondly,
the distances between indent pairs are measured before and
after a stress-relieving treatment using a UMM. In this work,
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the measurement procedure does not require a micro-hardness
tester. The indent distribution is introduced using an
indentation device, which is integrated to the UMM. Figure 1
shows the indentator of the device making contact with the
milled surface of the specimen. It should be noted that the
body of the device is made up of a system of thin elastic strips
that enables to regulate the indentation load. In addition, an
electronic sensor allows calibrating the depth of the indent
with high accuracy. Through the use of the mentioned device
it is possible to increase the accuracy of both introduction and
optical localization of the indent distribution. Besides, this
device allows generating elongated indents, which help to
reduce the uncertainty of specimen repositioning after the
distension procedure. Figure 2 shows an isometric drawing
and a cross-section view of an elongated indent. It is
important to mention that in a previous study [14] the
maximum absolute errors corresponding to pyramidal and
elongated indent distances were compared; for a nominal
distance of 28 mm, the obtained values were + 1.51 um and +
0.26 um, respectively. The reduction of the distance
measurement error allowed a substantial decrement of the
absolute error of the stress components, which enabled to
extend the sensitivity of the method below 6% of the yield
stress.

Fig. 1 Picture of indentator-specimen interaction: (DB) device body,
(ES) elastic strips, (I) indentator, (IS) indentator support, (S)
specimen

The dimensions of high speed machined specimens were
110 x 40 x 4 mm?®. The evaluated material in this work
corresponds to a rolled aluminium alloy AA 6082-T6. It must
be noted that this material is used for structural applications in
the marine and transportation industries, as well as for
machined precision components in the automotive industry.
The values corresponding to its chemical composition and
mechanical properties are detailed in Tables I and II,
respectively. It is important to note that before milling tests,
each specimen was subject to a simple stress-relieving
treatment using an annealing temperature of 573 K for a
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period of 80 minutes. High speed milling tests were carried
out using a face mill of 63 mm in diameter. Five tungsten
carbide inserts (Palbit SEHT 1204 AFFN-AL SMI10) were
incorporated to the mentioned face mill. In Table III, both the
insert geometry and high speed parameters are reported. The
face mill was attached to the spindle of a Clever CMM-100
vertical CNC milling machine. It is worth noting that this is a
very rigid machine tool that includes powerful axis drives and
large precision ball screws. Figure 3(a) shows a superior view
of the high-speed milling operation. In addition, Fig. 3(b)
shows a schematic diagram of the milled surface, where two
zones -conventional and climb cutting- can be differentiated.

TABLE I
CHEMICAL COMPOSITION OF THE INVESTIGATED ALUMINIUM ALLOY

Chemical composition (wt %)

Mg Si Mn Fe Zn Cr Cu Al

0.9 0.9 0.6 05 02 0.22  0.15 balance

TABLE 1I
ELASTIC AND MECHANICAL PROPERTIES OF THE INVESTIGATED ALLOY

Properties
o, (MPa) Oy, (MPa) A (%) HV0.5S E(GPa) v
341 314 11 108 70 0.33
TABLE 1II

INSERT GEOMETRY AND CUTTING PARAMETERS

Rake angle Clearance Entrance Cutting speed Feed rate Depth of cut
angle angle
y O a () x ) V (m/min) /" (mm/rev) d (mm)
45 7 45 1000 0.2 1.00-1.25

On each machined surface, an indent distribution was
introduced. Each indent distribution allowed to determine the
residual strain and stress components in several points
corresponding to both symmetry axes (x = 0 and y = 0 in Fig.
3(b)). The coordinates of indents were measured, before and
after the distension treatment, using a measuring machine
GSIP MU-314. The measurements were carried out within a
temperature range of 20 + 0.2 °C. Finally, the above-
mentioned distension treatment was also performed for a
period of 80 minutes at a temperature of 573 K.

It should be noted that if the distension treatment is
performed below the recrystallization temperature [15], the
dimensional changes at the specimen will be governed only by
the elastic relaxation of the lattice (the plastic flow activated
by temperature is highly localized and it can be reduced to the
annihilation of vacancies and dislocations of opposite sign and
to rearrangement of dislocations into lower-energy
configurations). In addition, if the specimen geometry is
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simple, the thickness is small, and the cooling rate is slow, it is
possible to avoid the development of thermal residual stresses.

(a)

R
WB

A-A

(b)

Fig. 2 (a) Isometric drawing and (b) cross-section view of an
elongated indent: (L) indent length, (R) end radius, (D) indent depth

[II. ERROR EVALUATION AND PROPAGATION

Through an adequate distribution of four elongated indents,
it is possible to obtain the orthogonal components of the
residual strain

(M

where X» and X. are the distances between indents whose
longitudinal axes are parallel to the feed direction, before and
after the distension procedure, respectively. In addition, Y» and
Yo correspond to the distances between indents whose
longitudinal axes are normal to the feed direction, before and
after the same distension procedure, respectively.

The absolute error of these distances, before and after the
mentioned distension procedure, can be expressed from
nominal and statistical errors as [16]

AX) ~ AY, = lAd,%b +Ad§b
AX, ~AY, —JAdz 2
a”~ a — ng +Ads(,

2
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Fig. 3 (a) Diagram of the high-speed milling operation. (b) Milled
surface

where

Ad, =\Adj, +Ad;,

Ad, =\AdZ, +AdZ, +Ad]

ile
Ad,, ~Ad, =5, /N 3)

and where Ad;, is the instrument limit of error (ILE), Ad,is
the calibration error, Ad,,is the interaction error Sx is the

standard deviation or mean square error and N is the number
of measurements. It must be noted that Ad;,, corresponds to

the smallest reading that the operator can make with the
measurement machine and Ad_, represents the machine

calibration uncertainty. In our case, the latter is very small,
and besides, it can be considered as negligible because the
distance between indents is obtained from the subtraction of
two near coordinates. On the other hand, Ad,, is the error
corresponding to the interaction between the measurement
procedure and the measured object. In our case, this
corresponds to the uncertainty of specimen repositioning after
the stress-relieving treatment. Table IV shows the errors
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corresponding to the performed measurements. It should be
noted that six measurements of each indent coordinate were
carried out to obtain the statistical errors.

Then, the absolute errors of the orthogonal components of
the residual strain can be obtained from the errors
corresponding to the indent distances through [16]

2 2 2 2
de de AX AX
Ae, = ( ‘&*] <M§+( “‘*j Ax2 = ( bj == x?
de an Xa Xg
de 2 de 2 AY, 2 AY, ?
Mgy =l | At 4| | AYg = | s =]y “)
th de Yu Yaz

As mentioned above, if the distension procedure is
performed below the recrystallization temperature, the
dimensional change of the evaluated surface will be caused by
the elastic relaxation of the lattice. Therefore, if the evaluated
surface is considered to be under plane-stress conditions [13],
the orthogonal components of the residual stress can be
expressed for isotropic, linear elastic materials as

o,=k &, +k; ¢,
o, =k "€, +k,y-&, %)

where ki = E /(1 -0v?), k2 =0 - ki, E is the longitudinal
elastic modulus and v is the Poisson’s ratio. Then, the absolute
errors of these components can be obtained from the errors
corresponding to the orthogonal components of the residual
strain [16]

2 2
do do
Ao, = || S| Ae? | 25| cAe? = kP Ael +kF AE?
X [dgx] X [d{;‘ ] y 1 X 2 ¥

y

2 2
do, do
Ao, :\/[d)] ~A8X2 +[dyj -Agﬁ :,[kzz ~Agf +k12 -Ag§ (6)
£, &

y

Finally, from (4) and (6), the absolute errors of the residual
strain and stress components were + 0.001% and + 0.9 MPa,
respectively. It is important to observe that typical errors from
X-ray diffraction technique and hole-drilling method are + 20
MPa and + 50 MPa, respectively [6].

TABLE 1V
MEASUREMENT ERRORS

ILE Interaction error Nominal errors Statistical errors
(pm) (pm) (pm) (pum)
Ad,, Ad,, Ad, " Ad g Ad, 5 Ad sa
0.10 0.19 0.10 0.22 0.13 0.13
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IV. RESULTS AND DISCUSSION

The component of the residual strain & was evaluated in
several points of the symmetry axis x = 0. It is worth noting
that this component is normal to the feed direction. Figure
4(a) shows the distributions of this component for different
depths of cut. As it can be seen, the variation in the depth of
cut does not introduce changes in the shape of the distribution.
Moreover, a decrease in the distribution level is produced
when the depth of cut increases. Figure 4(b) shows the
component of the residual stress or, which was evaluated
along the same symmetry axes x = 0. The distributions are
very much alike those shown in Fig. 4(a) (the shape is the
same and the level decreases with the augmentation of the
depth of cut).
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Fig. 4 Distributions of the components (a) &« and (b) 0x along the
axis x = 0 (cutting speed: ¥ = 1000 m/min, feed rate: f =0.2
mm/rev)

The other component of the residual strain &, which is
parallel to the feed direction, was evaluated along the
symmetry axis y = 0. Figure 5(a) shows the distributions
corresponding to this component. These distributions show a
V-shaped profile, with the minimum value situated at the axis
centre. As expected, the increase in the depth of cut generated
more compressive strains. In addition, Fig. 5(b) shows the
component of the residual stress oy along the same axis. Both
distributions have the same shape, and besides, they show a
great similarity with those corresponding to the component &y.
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Fig. 5 Distributions of the components (a) & and (b) gy along the
axis y = 0 (cutting speed: V' = 1000 m/min, feed rate: f = 0.2
mm/rev)

It can be observed that, for the selected process parameters,
the obtained residual strains and stresses show very low
values, which help to evaluate the proposed measurement
procedure. Moreover, these strains and stresses are
compressive, which is appropriate for the case of having to
withstand fatigue load cycles [17,18]. The shape of the strain
and stress distributions, which is linear (very low gradient)
along the axis x = 0 (Fig. 4), could respond to the strong
influence of the component of the cutting tangential force Fix
in the process of local plastic deformation [14]. It is important
to note that this component is constant along the symmetry
axis x = 0, and besides, the other component Fu is zero along
the same axis. Table V shows the values corresponding to the
strain and stress gradients along the axis x = 0. For both
variables, the differences between gradients resulted to be
similar, and lower than 11%. These small differences help to
corroborate the good performance of the present method.

TABLE IV
STRAIN AND STRESS GRADIENTS

Depth of cut (mm) Gradients
Mgy -10° (1/mm) Mg, (MPa/mm)
1.00 -0.0446 -0.0361
1.25 -0.0500 -0.0404

On the other hand, the components shown along the axis y
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= 0 (Fig. 5) have a V-shaped profile. This type of profile
could also be induced by the component Fi, which shows a
symmetrical distribution with the minimum value at the axis
centre and the maximum values at the axis ends [14].
However, it can be observed that this V-shaped profile is
somewhat asymmetrical: the gradients corresponding to x < 0
are slightly higher than those corresponding to x > 0. This
asymmetry can be explained as follows. For x > 0, the feed
rate f and the component of cutting speed V, have opposite
directions (conventional cutting), and for x < 0, both f'and V>
have the same direction (climb cutting). The gradients
corresponding to x > 0 are slightly lower because conventional
cutting generates slightly more compressive strains and
stresses than climb cutting. It occurs that conventional cutting
is so light at the beginning of the cutting action that the inserts
slide on the specimen surface until sufficient pressure build up
and they begin to cut. This introduces a small additional
increase of local plastic deformation at the milled surface,
which does not occur in the case of climb cutting [14]. Figure
6 shows the values of the gradients in both machined zones.
As expected, the values corresponding to the conventional
cutting zone (x > 0) show bigger differences than those
corresponding to the climb cutting zone (x < 0). In addition,
the differences between the absolute values corresponding to
both zones decrease with the augmentation of the depth of cut.
For instance, the differences between the absolute values of
the stress gradients corresponding to climb and conventional
cutting were 0.118 MPa/mm and 0.054 MPa/mm, for depths
of cut d = 1.00 mm and d = 1.25 mm, respectively. It is worth
mentioning that although these differences resulted to be very
small, the proposed method is capable of detecting them,
differentiating between gradients of climb and conventional
cutting.

V. CONCLUSION

The method of elongated indents used in this work allowed
determining residual strains and stresses with errors of +
0.001% and + 0.9 MPa, respectively. Different strain and
stress distributions were evaluated along the specimen
symmetry axes, which are parallel and normal to the feed
direction. The distributions resulted to be compressive and
very low. In all cases, the variation in the depth of cut did not
produce modifications in the shape of the distributions. In
addition, this variation also generated a small decrease in the
level of each distribution. Particularly, the distributions
revealed a similar asymmetry degree when the zones of
conventional and climb cutting were compared. The patterns
showed by all distributions may respond to mechanical effects
generated by the component of the cutting tangential force
that is normal to the feed direction. Finally, the meticulous
analysis and evaluation of the strain and stress gradients
performed in this work allowed the corroboration of the good
performance of the presented indentation method.
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Fig. 6 Strain and stress gradients along the axis y =0
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