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a b s t r a c t

Light weight EN AW 6082 alloy forgings are used extensively in automotive suspension components. The
conventional production cycle involves a solution heat treatment that is responsible not only for coarse
surface grains, potentially degrading for fatigue properties, but also for microstructural features that
reduce the impact toughness. The separate solution treatment may be omitted if hot forging operation is
fine tuned to solutionize sufficient Mg and Si during forging to offer adequate age hardening during the
subsequent artificial ageing cycle. Uniform structures with a predominantly fine fibrous core thus ob-
tained, ensure better fatigue and impact properties and a longer service life. The proposed process not
only improves the quality of the automotive suspension components but also offers significant cost
savings.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Forgings enjoy an improved soundness and uniformity in
chemistry and thus offer higher strength and ductility than cast
and machined parts [1,2]. Aluminium alloys exhibit a very at-
tractive combination of low density, high specific strength and
formability and excellent corrosion resistance, a key requirement
not only for an extended service life but also for recyclability [3,4].
Hence, there has been a rapid increase in the use of aluminium
forgings particularly for safety-critical lightweight structural
components in the automotive industry, where weight savings for
reduced fuel consumption and exhaust emissions are no longer
optional [5]. High performance aluminium forgings such as sus-
pension arms and steering columns have thus become standard in
most passenger cars [6].

Suspension and steering components are often manufactured
from the age-hardening EN AW 6082, the most popular aluminium
forging alloy [6]. The forging stock is in the form of round bars and
is often produced with the hot extrusion process. However, the
extruded EN AW 6082 forging stock suffers a nonuniform struc-
ture with fine recrystallized surface grains that are very suscep-
tible to grain growth [7,8]. The coarse surface grains that form
particularly during the solution heat treatment not only degrade
the surface quality but also reduce the impact toughness of the
suspension components.

There has been a great interest to use cast instead of extruded
forging stock in the forging plants not only to avoid coarse surface
grains but also to reduce processing costs [7–14]. However, the
lack of commercial cast forging stock in small diameters for rela-
tively small forging components makes an intermediate extrusion
process inevitable. Besides, the hot forging of the cast stock with
equiaxed grains does not suffice to produce the extent of fibering
typically achieved with the forging of extruded stock. It is thus of
great technological interest to improve the structural features of
the forgings manufactured from the extruded stock. Such im-
provements require revision of the alloy composition as well as
thermomechanical process parameters [15].

Processing has a big impact on the strength of the final product
and thus need to be fine-tuned to ensure a uniform structure and
superior properties for high strength forged components [16]. The
present work was undertaken to investigate the potential of a
forging process cycle without a solution heat treatment in an effort
to achieve a uniform structure across the section of the EN AW
6082 alloy forgings. Forging experiments were conducted on an
industrial scale and the suspension components thus produced
with and without a solution heat treatment prior to the artificial
ageing treatment were tested for their tensile, fatigue and impact
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Table 1
Chemical composition of the EN AW 6082 alloy forging stock (wt%).

Si Fe Mn Mg Cu Cr Ti Zn Al

1.02 0.26 0.57 0.75 0.07 0.22 0.03 0.01 97.05

Table 2
Thermomechanical processing cycles employed in the present work.

Group # process Process details
Group 1 w/ solution

treatment
pre-heating to 500 °C - hot forging - water-
quenching - solutionizing at 520 °C - ageing
at 180 °C

Group 2 w/o solution
treatment

pre-heating to 520 °C - hot forging - water-
quenching - ageing at 180 °C
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properties.
2. Experimental

400 mm long EN AW 6082 extruded bars with a diameter of
42 mm were used for industrial scale forging experiments (Ta-
ble 1). Half of the extruded round bars were preheated to ap-
proximately 500 °C and were forged on a 1600 t forging press into
suspension parts shown in Fig. 1. The forged components were
solutionized at 520–530 °C for 4 h and quenched in water before
they were artificially aged at 180 °C for 8 h (Group 1). The second
set of suspension components were produced without a separate
solution heat treatment; i.e. they were artificially aged directly
after the hot forging operation (Group 2). A number of revisions
were implemented in the preheating, forging and post-forging
operations to ensure sufficient Mg and Si solute levels before the
artificial ageing treatment in Group 2. The round bars were pre-
heated to 520 °C, a slightly higher temperature with respect to
that employed in Group 1 and were forged into the same sus-
pension components with the same forging parameters. These
forgings were quenched in water right after the forging operation
and were artificially aged at 180 °C for 8 h (Table 2). The time
elapsed between the removal of the forging stock from the pre-
heating furnace until it was quenched in water following forging
was measured to be approximately 20 s. The temperature of the
forged component at the time of quenching was found to drop by
as much as 50 °C.

Differential scanning calorimetry (DSC) was employed to
identify the temperature at which solutionizing has occurred for
the extruded forging stock in order to estimate the preheating
temperatures for adequate solutionizing during hot forging. Elec-
trical conductivity measurements were carried out with a Sigma
Test Unit in the course of processing to assess the state of solution
vs precipitation. X-ray diffraction (XRD) patterns were recorded
with a Rigaku D/Max 2200/PC Diffractometer equipped with CuKα
radiation to identify the phase structure of the cast alloy.

Samples sectioned from the extruded forging stock and from
the artificially aged forgings were prepared with standard me-
tallographic techniques: ground with SiC paper, polished with
3 mm diamond paste and finished with colloidal silica. Their mi-
crostructures were examined after etching with a 0.5% HF solution
using a Olympus GX41 model optical microscope to identify the
particle features. The grain structures across different sections of
the forgings were checked after etching in a solution of % 32 HCl, %
32 HNO3, %32 H2O and % 4 HF. Sections from the forging stock,
forged and heat treated components were also anodised in
Fig. 1. Suspension component produced from EN AW 6082 alloy with hot forging. The
component.
Barker's solution, 5 ml HBF4 (48%) in 200 ml water, and then ex-
amined with an optical microscope under polarized light. Samples
were examined also with a JEOL JSM-6060 model Scanning Elec-
tron Microscope (SEM) equipped with an IXRF Systems Inc. 400
Energy Dispersive X-ray Analysis (EDS) unit.

Hardness of the forgings was measured with a Brinell Hardness
Tester under a load of 250 kgf using 5 mm diameter steel ball with
a dwell time of 10 s. The tensile tests were performed using a
screw driven ALSA tensile testing machine in air at room tem-
perature. The cross-head speed was 1 mm/min. The strain was
measured with an extensometer attached to the sample and with
a measuring length of 30 mm. The 0.2% proof stress was reported
as the yield stress.

The samples processed with and without a solution treatment
were tested for their toughness by using a 300 J pendulum impact
testing machine (DMC 6705CE, UK) in the Charpy mode at an
impact velocity of 5.24 m/s. The fracture surfaces of impact test
specimens were examined with a JEOL JSM-6060 model Scanning
Electron Microscope (SEM). Fatigue tests were conducted on a MTS
Landmark desktop model fatigue testing unit which is capable of
operating at 100 Hz with a maximum load of 15kN (Fig. 2a). The
fatigue test samples (Fig. 2b) were prepared according to ASTM-
E466 and cycled at a stress amplitude of 175 MPa, at a frequency of
30 Hz with a minimum to maximum stress ratio of �1. The lo-
cation of samples machined from the forgings for the tensile, fa-
tigue and impact tests is marked in Fig. 1.
3. Results and discussion

The extruded EN AW 6082 forging stock is characterized with
intermetallic particles identified by XRD and EDS analysis to be
cubic αc-Al12(Fe, Mn, Cr)3Si particles and a fine dispersion of Mg2Si
precipitates (Fig. 3). The addition of Mn and Cr is believed to be
responsible for the predominance of the cubic phase over the
monoclinic β-Al5FeSi variety [17]. Mn, Cr and Si, in excess of that
bound in the Mg-Si precipitates, form very fine α-Al-(Fe, Mn, Cr)-Si
dispersoids that pin the grain boundaries and inhibit re-
crystallization and grain growth [18,19]. Hence, fibrous grains
elongated in the extrusion direction are predominant across much
of the section (Fig. 4). These fibers first become thinner and are
then gradually replaced by very small equiaxed grains near the
surface. The latter have formed as a result of recrystallization
during the extrusion process due to frictional heating and large
location of the fatigue, tensile and charpy impact test specimens is marked on the



Fig. 2. (a) Fatigue test machine used in the present work. (b) Technical drawing and (c) photograph of the fatigue test specimen.

Fig. 3. (a, b) Microstructure (c) XRD spectrum of the extruded forging stock. (d) EDS spectrum and analysis of the intermetallic particles.

Y. Birol et al. / Materials Science & Engineering A 674 (2016) 25–32 27



Fig. 4. Grain structure across the longitudinal section of the extruded forging stock.
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Fig. 5. Differential scanning calorimetry spectrum of the extruded forging stock.
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strain accumulation near the surface of the extruded rod. The
addition of Cr by as much as 0.22 wt% is credited for the lack
of coarse surface grains in the forging stock, typical of extruded
6082 alloys [18–21]. These dispersoids do not impact tensile
properties, but could affect ductility, toughness and fatigue
properties [22–24].
Fig. 6. Microstructure of EN AW 6082 forging processed
The hardness of the extruded forging stock was measured to be
52HB, higher than the soft temper hardness of the present alloy,
implying some natural ageing following extrusion. This is further
confirmed by the DSC spectrum of the forging stock that reveals a
peak configuration typical of naturally aged AlMgSi alloys [25]
(Fig. 5). The temperature at which the rods can be fully solutio-
nized is estimated from the DSC spectrum to be approximately
500 °C.

The microstructures of the forged suspension components ar-
tificially aged with and without a separate solution heat treatment
are illustrated in Fig. 6a, c and b, d, respectively. The micro-
structural features of the two groups are generally similar with
coarse intermetallic compound particles, intermediate size dis-
persoids and a very fine dispersion of Mg-Si precipitates. The
precipitate free zones mark the grain boundary network and imply
that the grain structures of the two groups were markedly dif-
ferent at the start of artificial ageing treatment; predominantly
fibrous in the as-forged and pancake grains in the as-solutionized
components, respectively. While the type and morphology of the
particles are similar in the two groups of forgings, their distribu-
tions across the aluminium matrix show differences. The com-
pound particles in Group 1 forgings, processed with a solution
treatment, are more random and are relatively bigger owing to a
more extensive grain boundary diffusion. Those in forgings
(a, c) with and (b, d) without a solution treatment.



Fig. 7. Grain structure across the transverse section of the forged suspension component (a) processed with and (b) without a solution treatment.

Fig. 8. Grain structure across the longitudinal section of the forged suspension component (a, b) processed with and (c, d) without a solution treatment: a and c: edge of the
section, b and d: centre of the section.
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Fig. 9. (a) Change in electrical conductivity of the EN AW 6082 forging in the
course of thermomechanical processing. (b) change in hardness from the surface to
the core of the forging.
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processed without a solution treatment, on the other hand, show a
strong alignment and are relatively smaller. These differences in
the particle features are the direct consequence of recrystallization
that occurs during the solution heat treatment and leads to a
smaller interparticle spacing in Group 1.

The transverse section of the forged suspension components
processed with and without a solution heat treatment are illu-
strated in Fig. 7. The former is characterized with a very fine grain
structure in the centre yet very coarse grains near the edges of the
section. This is not surprising since the separate solutionizing step
is a high temperature heat treatment, well established to lead to
coarse surface grains in forged components [7,8]. The section grain
structure of forgings artificially aged without a separate solution
treatment is markedly superior with hardly any coarse grains at
the periphery. The coarse grains form only a very thin skin that
does not penetrate into the section.

While the depth of the peripheral coarse grain zone appears to
be the only difference between the two groups of forgings on
transverse sections, a much more profound impact of the pro-
cessing cycle is noted on sections parallel to the plastic flow
(Fig. 8). The fibrous grains inherited from the extrusion and for-
ging process are retained with no evidence of recrystallization
across much of the section in the forgings aged right after the hot
forging step. Those forgings which were solutionized before
Table 3
Mechanical properties of suspension components produced with and without a separat

process rY MPa rUTS MPa A50%

w/solution treatment 313 342 8,6
w/o solution heat treatment 305 329 10,3
artificial ageing, on the other hand, have fully recrystallized. These
new grains exhibit a pancake morphology due to the growth rate
anisotropy arising from the alignment of a dense distribution of
precipitates and dispersoid particles. The average grain size de-
creases as we go from the centre to the edge owing to the de-
formation gradient across the section with a peak near the surface
and a miminum at the centre. The marked improvement in the
section grain structure of Group 2 forgings is attributed to pro-
cessing without a separate solution treatment. It has been shown
earlier that solution treatment is the single most critical step of the
entire thermomechanical processing of extruded forging stock
with a very negative impact on the grain structure [7,8].

Hardness measurements suggest that the elimination of the
solution heat treatment in the processing cycle does not degrade
the age hardening potential of the present alloy provided that the
preheating and the post hot forging operations are fine tuned
accordingly. Hardness of the hot forged suspension components
artificially aged with and without a prior solution heat treatment
were measured to be 10673 and 10671 HB, respectively. The
hardness measurements are consistent with electrical conductivity
measurements. The conductivity of the samples after the forging
operation is nearly as low as the samples quenched from the so-
lutionizing temperature, evidencing that the solutionizing of the
Mg and Si at the end of the forging operation is not any inferior
with respect to that achieved after the solution treatment (Fig. 9a).
The fully solutionized forgings thus offer an adequate age hard-
ening capacity. Hence, the increase in the conductivity after the
artificial ageing treatment is nearly the same in Group 1 and
2 forgings, confirming the similar hardness values after artificial
ageing. The uniform hardness profile across the section of the
forgings with distinctly different grain structures suggest that the
hardness is dictated by the state of precipitation rather than the
grain structure (Fig. 9b).

The mechanical properties of the forgings produced with and
without a solution heat treatment prior to artificial ageing are
listed in Table 3. While the tensile properties are largely similar,
strength is slightly higher in forgings processed with a solution
treatment with a small sacrifice in ductility.

The fatigue test results are reported as the average number of
cycles to fracture from 5 different fatigue tests of the same set.
Similar average fatigue lives in spite of markedly different surface
structures of the two groups may be surprising. After all, fatigue
behavior is known to be very sensitive to the surface features as
fatigue failures almost always initiate at the surface. Coarse surface
grains are thus expected to degrade the fatigue resistance of sus-
pension components. Group 1 forgings with a deeper surface
coarse grain zone are expected to be inferior with respect to Group
2 counterparts. Pedersen et. al. have examined the effects of grain
size and the depth of the coarse grain zone on the high cycle fa-
tigue behavior of AA6082 [26,27]. The high cycle fatigue life in-
creased 10 times when the recrystallized surface layer was re-
moved from the surface [26]. The comparable fatigue lives of the
two groups of samples in the present work, in spite of a marked
difference in the surface coarse grain zone depths, is due to the
fact that the fatigue tests were performed with standard test
samples machined from the forgings rather than the forgings
themselves (Figs. 1 and 2). Hence, the coarse surface grain zones
had to be removed in order to comply with the standard sample
e solution heat treatment.

Hardness HB Cycles to fracture Nf Impact Energy J

10673 204,6257128756 1470.6
10671 211,2657134111 3171



Fig. 10. Fracture surface of forged suspension component (a, c) processed with and (b, d) without a solution treatment.
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geometry although the samples were machined from the edge of
the suspension components. The present test results thus do not
reflect the impact of surface grain structures on fatigue resistance.
Much longer fatigue lives are expected when forged suspension
components instead of machined test samples are tested under
cyclic loading.

It is fair to conclude from the foregoing that the mechanical
properties under static as well as cyclic loading of Group 1 and
2 forgings are comparable. Skipping the solution treatment in the
processing of forged suspension components has apparently not
lead to any degradation of mechanical properties. However, the
underlying issue with the mechanical properties of the two groups
of forgings is the marked improvement in the fracture energy
when the forgings were artificially aged directly after hot forging.
The Charpy tests were repeated at different times on forgings
produced in serial production. The fracture energy of the former
was consistently twice that of Group 1 forgings. Significantly dif-
ferent fracture behavior in the two groups of the same alloy in
spite of comparable hardness and tensile properties is consistent
with a previous report [28].

The improved toughness in Group 2 forgings is evidenced by
the fractographic analysis of the Charpy test samples (Fig. 10). The
fracture surface of the forged samples processed without a solu-
tion treatment are dominated with dimples typical of ductile
fractures (Fig. 10b, d). A wide range of dimple sizes are noted
suggesting that fine hardening precipitates, Cr and Mn-based
dispersoids and coarse Fe based intermetallics were all involved in
void generation (Fig. 10b, d). Fracture is believed to have occurred
by the coalescence of the large voids that have formed around the
coarse Fe based intermetallic particles. Those processed with a
solution treatment (Group 1), on the other hand, exhibit a mixed
rupture character with dimples interrupted by transgranular facets
where fracture has propagated via decohesion of the matrix
(Fig. 10a,c).

The lower fracture energy of Group 1 forgings cannot be linked
with the coarse surface grains, since the Charpy test samples were
all machined with a V notch much deeper than the coarse grain
surface zone. The number, the spacing and size of the void nu-
cleating particles at the grain boundaries, well established to im-
pact fracture behavior [29,30], may be responsible for the marked
difference in the fracture energies of the two groups. The spacing
of coarse particles is relatively smaller in Group 1 forgings than in
Group 2, due to the recrystallization that occurs during solution
heat treatment in the former group helping to randomize the
distribution of coarser particles (Fig. 6c). The coalescence of voids
at these particles eventually takes smaller loads thus deteriorating
toughness. In contrast, the fibrous grains are retained and the
particles are strongly aligned with a relatively larger spacing in
Group 2 forgings.

Occasional facets between the dimples on the fracture surface
of Group 1 forgings are believed to be associated with precipitate
free zones where fracture propagates via decohesion of the matrix
rather than by the coalescence of voids that have formed around
various particles. Note that such precipitate free zones are more
frequent in the fracture propagation direction in Group 1 forgings
than in Group 2 counterparts due once again to recrystallization
that increases the grain boundary area per unit volume in the
former (Fig. 6a).
4. Conclusions

The conventional processing of aluminium suspension com-
ponents involves a hot forging operation followed by solution heat
treatment and artificial ageing. However, forged suspension com-
ponents undergo recrystallization during solution heat treatment.
Solution heat treatment is responsible not only for coarse surface
grains that are potentially degrading for fatigue properties but also
for microstructural features that degrade the impact toughness
properties. Processing of EN AW 6082 forgings without a solution
heat treatment, on the other hand, offers uniform structures with
a predominantly fibrous core.
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The hot forging operation in this processing route must be fine
tuned to solutionize sufficient Mg and Si during forging to offer
adequate age hardening during the subsequent artificial ageing
cycle. The tensile properties of the forgings thus produced are
comparable to those processed conventionally. The fine fibrous
grain structures impart outstanding ductility to these safety cri-
tical structural parts. Needless to say, the proposed process not
only improves the quality of the automotive suspension compo-
nents but also offers significant cost savings.
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