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The microstructure of 6082 aluminium alloy in artificial aged condition was investigated before and after
cold forming. The cold forming process was performed at room temperature with and without lubricant.
An in depth microstructure investigation has been carried out through electron backscatter diffraction
(EBSD) analysis. Different approaches were considered to quantify the plastic strain: the Line Segment
Method (LSM) and the study of misorientations trough the Kernel Average Misorientation (KAM), the
Grain Orientation Spread (GOS) and the Grain Average Misorientation (GAM). The evidence of interme-
tallic particles removal from their location during plastic deformation was observed. Values of plastic
strain lower than 0.1 did not affect the grain size itself. Nonetheless it induced the development of
sub-structures which may lead to the hardening of the alloy.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Looking for lightweight components is a challenge of major
importance In the transport industry. Indeed, mass reduction is
one of the responses to the Kyoto Protocol which aims to tackles
the emissions of six greenhouse gases, including the carbon diox-
ide (CO2), methane (CH4), nitrous oxide (N2O) and some fluoride
gases. As most of the forces applied on a vehicle are proportional
to its weight, a reduction in mass implies a reduction of the driving
force and consequently a reduction in energy consumption. More-
over a light car is also safer since it possesses a smaller inertia and
will require a shorter distance to stop than a heavy car. Getting
mass reduction of the vehicles is closely related to the use of light
materials such as aluminium alloys [1,2]. The 6xxx alloys have
been extensively studied because of their technical importance
and their exceptional increase in strength obtained by precipita-
tion hardening. They are also largely used in automotive and aero-
nautic components because of their impact on weight reduction.

Those alloys contain magnesium and silicon as major addition
elements, which are partly dissolved in the primary a-Al matrix,
and partly present in the form of intermetallic phase [3–6]. Fe is
also present as an impurity in the commercial alloys and leads to
a wide variety of Fe-containing intermetallics [7–9]. The relative
volume fraction, chemical composition and morphology of these
structural constituents have a deep impact on the material
properties.

Among the other 6xxx alloys, the 6082 alloy stands out due to
its combination of higher mechanical properties, excellent corro-
sion resistance and good weldability [10,11]. However, the high
strength of the 6082 alloy limits its formability and requires higher
forces in forming operations. Hence, before forming some anneal-
ing steps at high or moderate temperatures are required to
improve the material ductility. Nevertheless, in addition of being
time and energy consuming, elevating temperature may induce
deformation and modification of the final product geometry among
other parameters.

Within the last decades, the properties of the 6082-T6 alloy
have been extensively investigated in terms of microstructure evo-
lution within thermo-mechanical processing [12–16], welding
[17,18] as well as grain refinement associated to severe deforma-
tion [19–22]. However, there is few works carried out on the cold
forging of this material [23–25].

Cold forming at room temperature is an alternative to these
problems. Cold forging is a process suitable for manufacturing
low-cost and high quality automotive components made in high
strength aluminium alloys [23]. This method is peculiarly appro-
priate for parts with narrow geometrical tolerances, good concen-
tricity, smooth surface finish and for near net shape products.
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Fig. 2. Upsetting sliding test stand.
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Forming processes are characterised with a wide range of strain
and strain rates. The degree of plastic deformation near the surface
in the forming process is crucial when determining the mechanical
and microstructural features of the work-piece surface, because
the degree of plastic deformation strongly affects the development
of grain structure in recrystallization. In addition, most of material
failures come from the outer layers of the work piece (wear, fati-
gue, fretting damage, corrosion etc.). These phenomena are all
extremely sensitive to the structure and to the properties of the
surface of the material [26]. The investigation of the local plastic
strain distribution occurring during forming allows a clear under-
standing of the effects of the macroscopic plastic strain on the local
plastic strain gradient. Moreover, understanding these effects will
not only contribute to develop guidelines in controlling deforma-
tion parameters (macroscopic plastic strain and strain rate) during
surface plastic deformation processes but also predict the micro-
structure changes induced by cold forming that play a crucial role
for mechanical failure and wear of materials [10].

The aim of the present work is to understand the effect of cold
forging on the microstructure changes of the 6082 aluminium
alloy. Hence the laboratory developed Upsetting Sliding Test,
which is able to reproduce a large variety of industrial forming pro-
cesses, has been used. Here, the system focuses on conditions sim-
ilar to those present in the vicinity of the blank holder during
stamping or deep drawing process. The local strains have been esti-
mated by FEM calculation prior to tests and their distribution were
validated by means of advanced analysis tool such as Electron
Back-Scatter Diffraction on a scanning electron microscopy (SEM-
EBSD). The different process parameters, such as lubrication, pen-
etration levels were investigated and some microstructure based
criteria were adopted.

2. Experimental procedures

2.1. Cold forging testing

Cold forging tests are carried out on the Upsetting Sliding Test
(UST) (Figs. 1 and 2), developed at TEMPO Laboratory in order to
simulate physical and mechanical contact conditions of cold forg-
ing processes [27]. This testing stand allows simultaneous com-
pression and translation movements. It is positioned on a
classical servo-hydraulic tensile machine and it is composed of
two parts: a moving part that is supported by a load cell and a
fixed one integrated on the tensile machine. The contactor that
represents the tool is arranged on the moving part, and the spec-
imen that represents the workpiece is clamped on the fixed part.
The cylindrical geometry of the specimen, used in previous works
[27], has evolved to a plate structure and the fixed stand has
been slightly modified to welcome this plate specimen. Although
this test is mainly dedicated to tribological analyses [28,29], its
Fig. 1. (a) Schematic illustration and main parameters of the UST and (b) equivalent
surface of contact.
abilities to apply high contact pressure and to generate high
plastic strains make it an efficient device to simulate forging
sequences, keeping the advantages of a laboratory facility.

The principle of the test is rather simple and proceeds in two
steps:

(1) Before the beginning of the test a relative penetration
between the extremity of the contactor and the surface of
the specimen is adjusted.

(2) The test starts and the contactor moves up towards the spec-
imen. The contactor contacts the specimen and rubs straight
on it, generating a locally deformed part.

Both normal (Fn) and tangential (Ft) forces are recorded during
the test. Fig. 3 presents the typical evolution of the normal and tan-
gential forces curves during the cold forging of the 6082 alumin-
ium alloy. From these curves, it can be observed no contact
occurs before 55 mm. This step is used to allow the increase of
the contactor speed from zero to the desired value. As a conse-
quence, when contact occurs, the contactor speed is constant,
and remains constant until the end of the test. At a distance rang-
ing from 55 mm to 65 mm the contactor enters in contact with the
specimen, leading to an increase of the loads (zone A). Between
65 mm and 85 mm forces have a monotonic behaviour. This region
(zone B) corresponds to the sliding area. Beyond 85 mm (zone C),
the contactor starts leaving the contact and the forces abruptly
decrease to zero.

The mechanical analysis of the upsetting sliding test leads to
the mean normal contact pressure rn and to the mean tangential
stress rt, as determined by the following equations [30]:

rn ¼
FtDhþ Fnq

Leqðq2 þ Dh2Þ
ð1Þ



Fig. 3. Normal and tangential forces versus sliding distance during cold forging (a), localisation of the different areas on the specimen (b), and SEM micrographs of the surface
after sliding (c–e).

J. Bouquerel et al. / Materials and Design 68 (2015) 245–258 247
rt ¼
Ftq� FnDh

LeqðDh2 þ q2Þ
ð2Þ

where Dh, q and Leq are respectively penetration depth, seating
length and width of the contact surface (which corresponds to the
width of the specimen). Finally, the mean Coulomb’s friction coeffi-
cient l can be expressed as follows:

l ¼ rt
rn
¼ qðFt=FnÞ � Dh

DhðFt=FnÞ þ q
ð3Þ

As reported in Fig. 3, after 85 mm (zone C) the abrasions
amount is relatively high. Then, for comparative observations only
the surface of the zone B, for which the forces are almost constant,
is considered.

In addition these ‘‘direct’’ results, finite element analyses of the
tests are performed. These computations aim to quantify the effect
of the penetration depth p on the effective plastic strain in the
vicinity of the contact zone.

The UST is simulated using the ABAQUS Standard finite element
software, version 6.12. Only the part of the specimen subjected to
sliding is considered. The dimension of the model is then
2 mm � 30 mm. The specimen is modelled with 2D bilinear plane
strain elements with full integration (CPE4 elements). The element
size equals 0.1 mm. This leads to a total of 40 integration points
distributed through the specimen thickness. The integration point
closer to the contact zone is located at 0.02 mm beneath the sur-
face. The strain–stress law associated to these elements is obtained
from tensile tests.

Considering the large differences between specimens and tool
steel hardness, the fixed stand and the contactor are modelled as
rigid elements. The Coulomb’s friction law is used to model fric-
tion. The coefficient of friction involved for each computation is
identified from the experimental UST results according to Eq. (3).

2.2. Metallographic investigation

In order to have a clear understanding of the microstructure of
the 6082-T6 alloy as well as its evolution within the various forg-
ing conditions, both EDS and EBSD analysis were carried out on a
FEI Quanta 400 electron microscope fitted with an Oxford Instru-
ments EDS/EBSD system.

EBSD specimens were prepared by grinding, polishing and a final
mechanical–chemical vibratory polishing using colloidal suspen-
sion. A Nordlys CCD camera was used for pattern acquisition. Data
were recorder at 300 nm step size using Oxford Instruments Aztec
software. The analysis was carried out using both Oxford Instru-
ments Channel 5 and TSL OIM 6 commercial software. By choosing
the highest possible image resolution for pattern processing and by



Fig. 4. Definition of directions in the EBSD analysis (case of the RD plane).
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optimising the Hough transform parameters, an angular resolution
of about 0.3� has been measured [31,32].

For the investigated specimens, the main observations were
made on the edge and centre areas of the TD or ND surfaces ori-
ented at an angle of 70� to the horizontal (see Fig. 4).

The EBSD analysis has been carried out in terms of Orientation
Image Microscopy (OIM), which means that the orientations of the
crystals have been only considered in this work. Then, using OIM
analysis, the deformation of the 6082-T6 alloy was considered by
two approaches: the Line Segment Method (LSM) and the study
of misorientations trough the Kernel Average Misorientation
(KAM), the Grain Orientation Spread (GOS) and the Grain Average
Misorientation (GAM). The definition of the different parameters is
given as follows.

The schematic illustration showing a grain composed of pixels
in the EBSD measurement is shown in Fig. 4. The thick lines repre-
sent the grain boundaries determined as boundaries which have
misorientation larger than 15�. Each pixel i, having a crystal orien-
tation datum, has eight neighbouring pixels because the orienta-
tion mapping was done on a square grid.

In the first approach (LSM) [33,34] grain boundaries or more
precisely grain boundary traces are represented by line segments
separating adjacent EBSD points associated with specific misorien-
tations ranges. Indeed, whereas conventional metallography con-
siders a grain boundary as a line separating two grains, OIM
grain boundary refers to a line segment separating two measure-
Fig. 5. Schematic illustration showing a grain composed of pixels in a square grid
based EBSD measurement.
ment points in a scan. Hence, three types of boundaries are gener-
ally considered: the High Angle Grain Boundaries (misorientations
usually higher than 15�, which correspond to the metallographic
‘‘grain boundaries’’), the Low-Angle Grain Boundaries are associ-
ated with misorientations between 2� and 15�, although some
authors mention that the misorientations lower than 5� corre-
spond to intragranular boundaries.

The second approach, based on the study of local variations in
misorientations is known as a good indicator of strain in crystalline
materials [33,35–37]. Several tools for characterising local misori-
entation are available and kernel based or grain based methods.

Indeed, local misorientation can be characterised using a mis-
orientation kernel approach. For a given point the average misori-
entation of that point with all of its neighbours is calculated with
the proviso that misorientations exceeding some tolerance value
(maximum misorientation) are excluded from the averaging calcula-
tion. Hence, when considering the Kernel Average Misorientation
(see Fig. 5), the local misorientation value assigned to the centre
point (Pi) is the average of these misorientations as expressed by
the following formula:

KAMPi
¼ 1

N

XN

j¼1

Dhij; Dhij < 5� ð4Þ

where N is the number of surrounding pixels that exhibit a misori-
entation Dhij lower than 5�.

Such an approach allows a quantitative evaluation of the small
local plastic strain gradients which are intricately linked to orien-
tation gradients as plastic deformation is physically associated
with dislocation glide and crystal lattice rotation [38–40].

The recent works on this kind of analysis make a direct link
between KAM and plastic strain stored energy as well as geomet-
rically dislocations densities [41–43]. However, the EBSD measure-
ments are currently not able to distinguish clearly the type of
dislocations. Measuring the dislocations densities variation is also
more relevant when considering the HR-KAM development
[44,45]. Hence, the current work only considers the KAM criteria
for accumulated plastic strain energy.

The KAM depends on some factors related to the measurement
conditions, especially the grid step. One way to overcome that
drawback is to use a KAM derivative over distance, which is less
sensitive to measurement parameters and still contains some
information about strain. Hence, in the present work, all the sam-
ples have been measured using the same conditions; therefore all
the results given by standard KAM can be compared.
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In addition, the grain based functions are helpful for identifying
grains with varying local misorientation or the local orientation
variations within a grain. In the case of Grain Average Misorienta-
tion, for a given grain, to each measurement point is associated the
mean misorientation of all the pixels inside the grain. For the
whole analysed area, the GAM parameter can be defined as
follows:

GAMGrain ¼
1
m

Xm

j¼1

Dhij ð5Þ

GAMarea ¼
PG

k¼1GAMgrainAk
n o

PG
k¼1Ak

ð6Þ

where m is the number of pixels inside a grain, G the number of
grains included in the analysed area and Ak the area of a grain k.

In the last considered parameter, Grain Orientation Spread
(GOS), to each measurement contained within the grain is assigned
the same local misorientations value, but values differ from grain
to grain. In this mode each point in the grain is shaded the same
colour in maps of this type. The average orientation of the grain
is calculated. The misorientation between this average orientation
and the orientation of each individual measurement point within
the grain is calculated. The average or these misorientations is then
determined and assigned to each point within the grain.
Table 1
Design of experiments: UST main inputs.

Input data
Penetration depth (lm) 30 60 90 120 240
Lubrication MoS2 MoS2 MoS2 MoS2 Without lub.

Table 2
Chemical composition of the as received work-piece material and tool steel.

Material Chemical composition (wt.%)

6082 Aluminium alloy-T6 Si Fe Cu Mn

0.92 0.41 0.07 0.58

X38CrMoV5-3 Fe C Cr Mo

Bal. 0.35–0.4 4.8–5.2 2.70–3

Fig. 6. SEM-BSE micrographs of the as-received 6082-T6 allo
GOSgraina ¼
1

N � 1
1
N

XN

j¼1

XN

i¼1

xj ð7Þ

The use of a unique EBSD criterion when determining the local
plastic strain remains uncertain. Indeed, some authors report that
both kind of material and loading type affect the choice of an EBSD
parameter.

More interestingly, KAM/GAM and GOS approaches appear to
be complementary since the first ones consider localised informa-
tion of the strain, whereas the latter focuses on strain distribution
gradients at a larger scale [34,46,47].
2.3. Design of experiments

In order to quantify the influence of cold forging on AA6082
microstructure, a set of five Upsetting-Sliding Tests is performed
with penetration depth increasing from 30 to 240 lm. Molybde-
num bisulfide lubricant is used to reduce friction at the interface,
and to guaranty a low and steady coefficient of friction. Nonethe-
less, experiments with the penetration depth equals to 240 lm
are conducted without lubricant to investigate the effect of large
shear stress on the aluminium microstructure (Table 1).
3. Results and discussion

3.1. Characteristics of the as-received material

The studied material is a rolled 6082 aluminium alloy in the T6
condition. Its chemical composition is summarised in Table 2. The
considered T6 treatment consists of solution annealing for 1 h at
530 �C, subsequent cooling in the water and artificial ageing at
175 �C for 10 h. The material used as a tool is a common tool steel
grade X38CrMoV5-3 which composition is given in Table 2.
Mg Cr Ni Zn Al

0.78 0.04 0.01 0.03 Bal.

V Mn Si

.20 0.40–0.60 0.30–0.50 0.30–0.50 – –

ys (a) and EDS spectra of the white and black spots (b).



Fig. 7. Coupled EBSD–EDS analysis of the as received alloy (TD plane). (a) Image quality EBSD map, (b) inverse pole figure map and (c) EDS mapping showing the distribution
of different constituting elements (Al, Mg, Si, Fe, Mn, O).
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In order to limit the risk of material behaviour discrepancies
and to minimise the effect of specimen machining on the residual
stress state of the material, all the specimens involved in the pres-
ent survey were machined by laser cutting from the same 2 mm
thick sheet of aluminium.

Tensile tests have been performed in the two directions of the
as received material. The tensile properties in the rolling direction
(RD) are slightly higher than in the transverse direction (TD), but
the differences remain lower than 2% and the material can be
assumed as isotropic.

The bulk behaviour of the material is characterised according to
the Ludwik’s model. Ludwik’s coefficients were identified from
tensile tests performed on specimens machined in the rolling
direction. Tests were performed with a crosshead speed displace-
ment of 0.5 mm/s and longitudinal extensometer to accurately
measure specimen elongations. For plastic strain in the range from
0 to 0.2, Ludwik’s model is given by:

r0 ¼ 272:43þ 289:35e0:482
p ð8Þ
Table 3
UST main mechanical results.

Penetration depth (lm) 30 60 90 120 240

Coefficient of friction l (at position
70 mm)

0.058 0.043 0.038 0.052 0.542

Maximal plastic strain eep-max 0.033 0.056 0.076 0.106 0.734
Mean plastic strain through the

thickness eep

0.022 0.044 0.064 0.091 0.268
where r0 is the bulk yield stress and ep is the equivalent plastic
strain. The correlation coefficient between experiments and the
model was slightly upper than 99%.

The as-received 6082-T6 alloys microstructure investigated
with SEM-EDS and SEM-EBSD is shown in Fig. 6. The observed sur-
face in SEM-BSE imaging (see Fig. 6a) shows a homogeneous
matrix (M). A short EDS analysis (Fig. 6b) points out that Black
spots (B) are either holes or intermetallic (second phase) precipi-
tated particles containing mainly Mg (light element). White spot
(W) are intermetallic constituent particles which concentrate all
Fig. 8. Equivalent plastic strain versus penetration depth. Analytical predictions
versus numerical computations.



Fig. 9. Evaluation of the equivalent plastic strain levels and their localisation for four different penetrations (TD plane).

Fig. 10. SEM-BSE micrographs of 6082 aluminium alloy at different plastic strains: (a) unstrained, (b) lubricated and strained at 0.08, (c) lubricated and strained at 0.10 and
(d) unlubricated.
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the main second-phase elements except Mg (heavy elements, i.e.
Fe, Mn and Cr). In addition, darker and brighter areas of the matrix
may have identical chemical composition but different density of
fine dispersed particles, as mentioned in other studies [48].

Those observations are consistent with the literature, which
indicates that the 6082 alloys exhibits a large variety of intermetal-
lic compounds ranging from Mg2Si to AlxMnyFezSi [5,6,49–52].

A complementary EBSD image quality (EBSD-IQ) map of the
6082 alloy in the as received condition is shown in Fig. 7. Here,
each mapping point corresponds to the quality of an electron back-
scatter diffraction pattern. Lower IQ patterns correspond to a lat-
tice distortion that can be related to structures such as grain
boundaries, dislocation sub-structures [53–55]. The IQ map indi-
cates that the material exhibits equiaxed grains with a mean grain
size of 20 lm. In addition, the Inverse Pole Figure (IPF) map related
to the loading direction confirms that the material does not present
significant morphologic or crystallographic texture for the consid-
ered solicitations.



Fig. 11. SEM micrographs of the indenter surface after dry friction test: (a) SE-macro view and (b) EDS mapping of chemical elements.

Fig. 12. SEM-BSE micrograph showing the aspect of the intermetallic particles after
cold forging.
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A coupled EBSD-EDS analysis points out that the brightest IQ-
regions are rich in Al, Fe, Si and Mn and correspond to intermetallic
particles (Fig. 7). The size of the intermetallic particles ranges from
1 lm to 10 lm. The dark spots (low IQ patterns) consist of holes
and no other elements than aluminium and oxygen are detected.
The intermetallic particles appear inside the matrix and in the
vicinity of the grain boundaries.
3.2. Mechanical analyses and finite element results

FEM calculations have been carried out for the lubricated and
unlubricated conditions in order to quantify the strain–stress state
encountered by the 6082-T6 specimens. For each contact condi-
tion, experimental test have been performed, coefficients of fric-
tion have been identified from experimental forces according to
relation (3) and used as friction input in the finite element models.
A thick solid film lubrication regime is encountered at the cont-
actor/specimen interface when performing tests with MoS2 lubri-
cant. So for penetration depths increasing from 30 to 120 lm the
Coulomb’s coefficients of friction remain roughly constant at
0:048� 0:01. A limit lubrication regime is encountered for tests
performed without lubricant. A significant increase of the coeffi-
cient of friction is then observed (Table 3).

The plastic deformation results from the upsetting of the speci-
men in one hand, and from the shear stress generated by friction
in the other hand. When the specimen thickness e is 10 times larger
than the penetration depth Dh, the equivalent plastic strain due to
upsetting is assumed to be uniform and can be estimated by:

ep-upsetting ¼
2ffiffiffi
3
p ln

e
e� Dh

� �
� 2p

e
ffiffiffi
3
p ð9Þ

When friction occurs, the shear stress increases and implies an
increase of the plastic strain. For tests performed with lubricant,
the coefficient of friction is low and almost constant. So the friction
stress does not have a strong influence on the plastic strain distri-
bution. As a consequence the maximum of effective plastic strain
increases linearly with the penetration p with a value slightly
higher than the one predicted by Eq. (9). For tests performed with-
out lubricant, the coefficient of friction is large and leads to high
friction stresses. Thus the plastic strain strongly increases and
the relation between the plastic strain and the penetration is no
more linear (Fig. 8).

The distribution of the deformation is not uniform through the
specimen thickness. Indeed, the deformation appears to be stron-
ger a hundred of micrometres below the contact surface. In fact
the highest values of equivalent plastic strains are located where
the shear stresses reach maximum values [56]. The highest shear
stress occurs at the point of greatest difference between the tensile
or compression stresses in the (RD) and (TD) directions. As a con-
sequence, the maximum of plastic strain is reached beneath the
surface for lubricated tests while the maximum is reached at the
surface for unlubricated tests (Fig. 9). These result is consistent
with Ludema’s work, based on Hertz theory, who showed that
for a Coulomb’s coefficient of friction greater than 0.3, the point
of maximum shear stress between sliding bodies emerges to the
surface [57].



Fig. 13. TD cross-section of the 6082-T6 sample after an applied penetration of 60 lm (e = 0.06) (colour coded OIM Maps: (a) KAM, (b) GOS and (c) GAM). Corresponding
evolution of the mean plastic strain as a function of the depth issued from FEM calculations. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 4
Grain size and morphology evolution as a function of the cold process parameters.

As
received

Lubricated

Strain = 0.06 Strain = 0.08 Strain = 0.10

Mean grain
diameter
(lm)

20 ± 8 17 ± 8 15 ± 7 14 ± 8

Grain aspect
ratio

0.49 ± 0.10 0.49 ± 0.13 0.53 ± 0.11 0.466 ± 0.124

1 For interpretation of color in Figs. 11, 13 and 15, the reader is referred to the web
version of this article.
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3.3. Characterisation of surface damage issued from the cold forging

The surface of the specimens prior and after sliding is shown in
Fig. 10. All the presented SEM micrographs come from back-scat-
tered electron signals and are related to the chemical composition.
Fig. 10a shows that the surface of the specimen before testing is
not homogeneous. It presents wide grooves in the longitudinal
direction. This orthotropic surface is typical of a cold rolled surface
where the grooves result from roughness transfer from the roll cyl-
inder [58]. The surface of the specimen tested with a 30 lm pene-
tration depth does not present significant differences with the
initial specimen surface (Fig. 10b). The wide grooves generated
by cold rolling are still present after testing and the initial cracks
do not seem to open up. This observation is in good agreement
with the finite element computations showing that the equivalent
plastic strain at the surface of the specimen is almost null under
this condition of contact (Fig. 9). For higher penetration depths, a
strong plastic deformation and surface layers abrasion take place.
The contactor asperities press strongly the surface layer of alumin-
ium alloy leading to plastic deformation, localised cracking and to
the formation of scratches (Fig. 10c).

A comparison of the surfaces properties has been made
between lubricated and unlubricated specimens. It can be seen in
Fig. 10 that the use of lubricant reduces the surface abrasion and
scratches. In addition unlubricated specimens exhibit higher value
of coefficient of friction than the lubricated ones (Table 3). This
observation reflects the fact that friction on dry aluminium alloy
surface causes a lot of adhesion of aluminium onto the contactor
[59,60] to form hard Alumina particles (Al2O3). These ones latter
contribute to the increase of the friction stress, of scratches and
surface damage. The surface of the contactor after dry sliding is
presented in Fig. 11, where the adhered aluminium elements are
revealed by EDS analysis and appear in red1 colour on the
micrograph.

3.4. Intermetallic particles behaviour during cold forging

The microstructure of the tested alloy exhibits the appearance
of the hard brittle intermetallic precipitates fractured in the matrix
(see Fig. 12). As observed, the elongated particles along the main
loading direction break into several fragments depending of the
particle length.

Holes are also found near the intermetallic particles. This sug-
gests that intermetallic particles are pulled out during the cold
forming. The dimple can then grow by plastic deformation until
final coalescence [61]. These results are in agreement with the lit-
erature where it is reported that damage during forming can be ini-
tiated by decohesion or fracture of second phase particles.
Moreover, the literature also reported that the mechanisms of dec-
ohesion are followed by the nucleation of voids at the interface
between matrix and intermetallic a-Alx(FeMn)ySiz phase precipi-



0 5 10 15 20 25 30 35 40 45 50 55 60 65
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

nu
m

be
r f

ra
ct

io
n

misorientation angle (°)

 unstrained
 strain 0.04
 strain 0.08

Fig. 14. Misorientation distribution of the as received and cold processed 6082-T6
alloy.
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tates [5,62]. The resistance to damage and fracture depends partly
on the nature, shape, distribution and volume fraction of the sec-
ond phase particles. The plastic deformation resulted from the
present cold forming conditions was efficient enough in affecting
particles. This will have a direct effect on the formability such as
reduced workability that leads to a poor surface finish.

During forming process, because of the interactions between
constituent particles and dislocations, the particles structure could
have a significant effect on the evolution of texture and micro-
structure in aluminium alloys [15].
3.5. Experimental estimation of the thickness of material affected by
the process

SEM-EBSD analysis has been carried out on a LD-TD section in
order to validate the FEM calculations. Several areas have been
Fig. 15. Grain boundary maps of deformed material as a function of the nominal plastic st
cold deformation (d).
investigated close to the contact surface and in the bulk specimen.
Fig. 13 shows the spatial distribution of the different misorienta-
tion parameters (KAM, GOS and GAM) by three colour coded maps
for a specimen with a penetration of 60 lm. Although the GAM
map does not show a strong variation within the distance from
contact surface, KAM and GOS show a similar trend. Also note that
the KAM values remain generally low but some grains exhibits a
strong localisation of strain. Indeed, for the first 100 lm from the
contact surface, both values are relatively low (blue areas). This
corresponds to an area with low accumulated strain energy and
also low strain heterogeneity.When comparing the experimental
measurements (Fig. 13a–c) to the calculation (Fig. 13d), a good cor-
relation can be established.
3.6. Influence of the cold forging parameters on the microstructure
evolution

As shown previously, the whole material is deformed by the
cold process although the layers close to the contact surface are
less affected. After cold forging the reduction in term of grain size
is not significant, with a change in aspect ratio value from 0.5 to
0.43 by increasing the plastic strain from 0 to 0.08 (Table 4). For
strong levels of shear, such as in ECAP processing, the literature
reports that aluminium and its alloys undergo grain refinement
with increasing deformation [19,21,22,63]. In the current work
the microstructure does not show any grain refinement. This is
probably due to the fact that the applied plastic strain was not suf-
ficient to lead to the grain refinement. In addition, contrary to the
hot extrusion process that leads to recrystallization and duplex
microstructure [64], the material keeps almost a constant micro-
structure, which means that the temperature increase during the
test remained low.

Although no grain refinements or recrystallization phenomena
are observed in the current work, the EBSD analysis performed
on the forged specimens shows relevant changes of the microstruc-
rain level (a: 0, b: 0.06 and c: 0.08). Evolution of the grain boundaries density during



Fig. 16. Colour coded mapping – influence of the cold forging nominal strain: (a) Kernel Average Mapping (stored strain energy mapping), (b) Grain Orientation Spread and
(c) Grain Average Misorientation (TD plane). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ture. In a first approach, the changes in term of misorientation
angle distribution attest of a local strain levels (see Fig. 14). Indeed,
the increase of nominal plastic strain results in a decrease of the
fraction of high angle misorientation and an increase of low angle
misorientation. This indicates that sliding promotes nucleation of
new dislocations sub-structures.

Hence, in order to have a deeper comprehension on the micro-
structure evolution within cold forging, the LSM as well as misori-
entation based approaches have been carried out.
3.6.1. LSM approach
Fig. 15 illustrates the evolution of the grain boundaries maps as

a function of the applied plastic strain. High Angle Grain Bound-
aries (HAGB) with misorientation up to 15� are plotted as solid
black line and Low Angle Grain Boundaries (LAGB) with misorien-
tation comprised between 2� and 15� are plotted as blue line.

The few LAGB identified in the unstrained microstructure are
attributed to the presence of intermetallic particles. The formation
of LAGBs is mainly observed for the deformed samples and their
densities increase with magnitude of the plastic strain. Several
authors have reported that intra-granular misorientations are
indicative of dislocation structures which have accumulated
during deformation [65]. Furthermore, aluminium and its alloys
generally develop cell structures and sub-grains leading to the for-
mation of finer grains after severe plastic deformation [14]. In the
present work, the observed sub-structures do not lead to the for-
mation of finer grains with high angle boundaries. This is due to
the fact that during cold forging at small plastic deformation mag-
nitude there is no migration of the grain boundaries and interme-
tallic particles act as obstacles against migration of grains.
3.6.2. Misorientation distribution approaches: KAM, GOS and GAM
Colour coded KAM maps of the tested specimens are shown in

Fig. 16a. In respect to the as received material, lower KAM values
are obtained. This explains the small amount of deformation for
the as received state. As the nominal plastic strain increases, the
KAM increases and is widespread inside the grains. Nevertheless,
the largest orientation gradients are found in the vicinity of the
grain boundaries, showing a localisation of the deformation in
those areas. Note also that the areas surrounding the non-indexed
black particles exhibit higher values of KAM. Here, decohesion or
fracture of second phase particles can initiate extra-deformation
within the Al–Mg–Si matrix. This observation confirms other
results from the literature [61].



Fig. 17. Evolution of the KAM distribution as a function of the applied strain (a) statistical distribution and (b) averaged KAM values for the as-received and cold forged
samples).

Fig. 18. Lubrication effect of the cold forging at 0.08 nominal plastic strain–KAM
distribution.
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Fig. 17a illustrates the distribution of KAM as a function of the
macroscopic nominal strain. All the distributions exhibit nearly
similar shape except for the as received specimen which has a log-
normal distribution with an average KAM value of 0.62� indicating
a small and randomly distributed local plastic strain, as reported
by Zhong et al. [66].
Fig. 19. Evolution of the GOS and GAM parameters as a fu
Furthermore, the KAM distribution of the deformed specimens
globally shows a shift to the higher values and provides a large dis-
persion which corresponds to the widespread of the misorienta-
tion. In addition, the mean KAM value increases with the
magnitude of the nominal plastic strain (Fig. 17b). Nevertheless,
a non-linear correlation is observed, whereas literature mainly
reports that KAM varies almost linearly with the plastic strain.

The lubrication effect on the cold forming is also observed.
Indeed, KAM values of the unlubricated specimens are higher than
those of the lubricated ones (Fig. 18). This is likely due to the fact
that lubrication reduces the friction of the indenter on the speci-
men and so local surface strengthening of the specimen.

In a same manner, the evolution of both GOS and GAM criteria
has been investigated (Fig. 16b and c). The GOS maps do no show a
clear evolution of microstructure for the lower penetration (equiv-
alent plastic strain below 10%). This attests that the different grains
do not present high levels of internal strain heterogeneity. For the
higher penetration, the GOS levels of the grains increase of few
degrees indicating that the amount of heterogeneities (such as
the formation of dislocations sub-structures) increases. Neverthe-
less, it can be observed that some grains remain almost free of het-
erogeneities. This can be associated to the interaction between the
matrix and the second phase particles. In the case of the GAM
parameter that deals of the mean misorientation of the grains, it
can be observed that the material exhibits a homogeneous evolu-
tion for the lowest penetration. For the higher one, the GAM
remains relatively low but some grains are more misoriented.
Regarding the few informations given by the GOS and GAM maps,
nction of the applied strain (statistical distribution).
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the statistical distribution of those parameters have been investi-
gated (Fig. 19). The values of both parameters shift to higher values
as the applied strain levels increase. The major changes in term of
GOS occur for the highest penetration (i.e. when the applied plastic
strain equals 0.10).

Considering these misorientation approaches it appears that
only the KAM and GOS give an interesting description of the micro-
structure evolution. Moreover, by coupling the KAM and GOS
approaches the non-linear KAM-ep correlation proposed earlier
can be divided in two linear correlations depending of the penetra-
tion. Indeed, two domains co-exist: for the lower penetrations (i.e.
ep < 0.75) the internal strain heterogeneities (KAM values) are rel-
atively low affected by the imposed penetration. By contrast, for
the higher penetrations (ep > 0.75), the KAM is very sensitive to
the imposed penetration. This can be related to the development
and rearrangements of the dislocations structures.

The examination of those parameters also reveals a particular
aspect since literature reports that large plastic deformations
induce high modifications of the workpiece shape [67]. Hence,
assessing the local strain through the EBSD-based criteria and
FEM calculation prevents from any deformation of the workpiece.
4. Conclusions

The current work describes the microstructure changes of 6082
aluminium alloy during a cold forging process simulated by Upset-
ting Sliding Test, at different magnitudes of plastic strain. The
microstructural evolution of the material was estimated by FEM
calculation and SEM-EBSD observations. These characterizations
showed a strong dependency of the local microstructure changes
on the process parameters. The penetration increase induces an
increase of the local strain levels as attested by the variations of
the local misorientation inside the grains.

The lubrication effect on the cold forging was also studied. Here,
the use of bisulfide molybdenum as lubricant was effective to
reduce surface damage and the coefficient of friction. The main
surface damages which were observed in the 6082 aluminium
alloy were cracks, abrasion, holes, broken particles and plastic
deformation. The observation of intermetallic particles near the
holes was the evidence that intermetallic particles were removed
from their location during plastic deformation.

When considering unlubricated conditions, a strong galling
phenomenon exists. In that way, the FEM calculations that are
based on the thickness measurements of the samples after testing
may over-estimate the real strains encountered by the material.
However, SEM-EBSD observations confirm a higher level of defor-
mation in the unlubricated state.

For the lubricated conditions, the applied penetration and then
the applied plastic strain do not affect the grain size itself but
induce the development of sub-structures. Indeed, the observation
of new low angle grain boundaries is an indication of the formation
of dislocations structures during cold forging. This may lead to the
hardening of the structure during forging.

SEM-EBSD appears here as an appropriate observation tool to
reveal the micro-mechanisms of degradation and damage during
forming process. It also allows the quantification of microstruc-
tural factor affecting the forging damage. Among the different cri-
teria available when describing the plastic accommodation by the
microstructure, KAM and GOS are the most suitable in order to
develop indicators on the real local strains.
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