Recenzované védecké ¢lanky Hutnické listy ¢. 6/2018, ro¢. LXXI
Peer-reviewed Scientific Papers ISSN 0018-8069

Microstructure and Mechanical Properties of EN AW 6082 Aluminium Alloys
after ECAP

Mikrostruktura a mechanické vlastnosti slitiny hliniku EN AW 6082 po aplikaci
ECAP
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VSB — Technica University of Ostrava, Faculty of Materials Science and Technology, Regional Materials Science and
Technology Centre, 17. listopadu 2172/15, 708 00 Ostrava-Poruba, Czech Republic

Microstructure and texture development of an EN AW6082 alloy during egqual channel angular pressing (ECAP) was
investigated and correlated with the mechanical properties. The microstructure was effectively refined by ECAP, and
the original fibre texture of the extruded aluminium alloy was disintegrated, and a new texture was gradually devel oped
by repetitive ECAP pressing. After 6 ECAP passes following the route B, the elongation was lower than that of the as-
extruded aluminium alloy, indicating that the texture softening was dominant over the strengthening due to grain
refinement. Cross-section of the original samples was 20 x 20 mm, and their length was 125 mm. Deformation forces
were measured during extrusion, resistance to deformation was calculated, and deformation speed was determined
approximately. Analysis of structure was made with the use of light microscopy, TEM and SEM. Mechanical properties
of the samples after extrusion were determined by tensile test and by the so-called penetration test.
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Experimentalné byl oveérrovan vyvoj mikrostruktury sliting EN AW 6082 pii aplikaci extrémni plastické deformace
protlacovanim thlovymi kandly (ECAP) a stanoven vztah mez strukturou a mechanickymi viastnostmi. Pricny prirez
vychozich vzorkii byl 20 x 20 mm, délka vzorki: 125 mm. Vzorky byly protlacovany pi pokojové teploté. Pro zvySeni
koncentrace a zrovnomeérneni deformace byly vzorky po jednotlivych protlacenich pootoceny kolem podélné osy o 90°
a znovu protlacovany (cesta B.). Pri aplikaci extrémni plastické deformace technologii ECAP probih& intenzivni
Ziemviovani zrna uz v pocatecnich priichodech vzorki matrici, ale deformace je v objemu vzorki: nerovnomerna.
Se zvydujicim se poctem priichodii vzorki: matrici je intenzita zemiiovani zrna mensi, avsak velikost jednotlivych zrn je
rovnomernéjsi. Jednotliva zrna jsou prednostné orientovana ve smeéru hlavni deformace. Po Sesti priichodech ECAP
taznost dlitiny EN AW 6082 klesa, i kdyz Ziemnéni zrna pokracuje.

Pri protlacovani byly mérreny deformacni sily, vypocitany deformacni odpory a deformachi rychlosti. Rozbor struktury
byl proveden pomoci svételné mikroskopie a pomoci TEM a SEM. Mechanické viastnosti vzorkii po protlacovani byly
stanoveny zkouskou tahem a provedenim penetracniho testu. Vyuzti extrémni plastické deformace pro zvySeni
mechanickych viastnosti Al dlitin je ve stadiu laboratornich zkousek.

Kli¢ova slova: struktura; mechanické viastnosti; dlitina hliniku EN AW6082; ECAP

Extrusion by ECAP method enables obtaining of a fine-
grained structure in larger volumes. Products made by this
technique are characterised by high strength properties

(Fig. 1).
The relation between yield stress and grain size is
described mathematically by the Hall-Petch equation:
1
0'y=00+kd;E , )

where gy is the yield stress, g, is a material’s constant for
the dtarting stress of dislocation movement (or the _ . - .

istance of the lattice to dislocation motion), k is the Fig-1  Schemtic representation of the variation of yield stress as
res ! afunction of grain size in mc, ufc and nc metals and alloys

Streng_thening C(_)effiCient (a constant unique to each  opr1  Zzavislost meze kluzu na velikosti zrma pro hrubozrmné (mc),
material), and dyis the average grain diameter. ultrajemnozrnné (ufc) a nanostrukturni (nc) materially
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The Hall-Petch relation predicts that as the grain size
decreases, the yield stress increases. The Hall-Petch
relation was experimentally found to be an effective
model for materials with grain sizes ranging from
I millimetre to 1 micrometre. Consequently, it was
believed that if the average grain size was decreased even
more to the nanometer length scale, the yield strength
would increase as well [1 — 3]. However, experiments on
many nano-crystalline materials demonstrated that if the
grains reached a size small enough, i.e. the critical grain
size, which was typicaly less than 100 nm, the yield
strength would either remain constant or decrease with the
decreasing grain size [4 — 6]. This phenomenon has been
termed as reverse or inverse Hall-Petch relation.
Numerous different mechanisms have been proposed for
this relation. As suggested by WITKIN et al. [7], they fall
into four categories: (1) Dislocation based (2) Diffusion
based (3) Grain boundary shearing based (4) Two phase
based. Other explanations, that have been proposed to
rationalize the apparent softening of metals with nano-
sized grains, include poor sample quality and suppression
of dislocation pileups. Many of the early measurements
of a reverse Hall-Petch effect were probably the result
of unrecognised pores in samples [8, 9]. The presence of
voids in nano-crystalline metals would undoubtedly lead
to their weaker mechanical properties. The pileup of
dislocations at grain boundaries is a hallmark mechanism
of the Hall-Petch relationship. However, once grain sizes
drop below the equilibrium distance between dislocations,
this relationship should no longer be vaid [10-12].
Nevertheless, it is not entirely clear what exactly the
dependence of yield stress should be on grain sizes below
this point.

1. Development of structure

Influence of the magnitude of plastic deformation on
properties of metallic materials is connected with an
increase of internal energy. Internal energy increases right
to the limit value, which depends on the manner of
deformation, purity, grain size, temperature, etc. As a
result of non-homogeneity of deformation at the ECAP
technique, the internal energy gain differs at different
places of the formed alloy. For example, the value of
internal energy is different in slip planes, a boundaries
and inside cells. It is possible to observe higher internal
energy aso in proximity of precipitates, segregates and
solid structural phases. For usual techniques, pure metals,
the medium magnitude of deformation and temperatures,
the value of stored energy are said to be approx. around
10Jmol™* [13-16]. At cold extrusion density of
dislocations increases with the magnitude of plastic
deformation. The density of dislocations depends linearly
on the magnitude of plastic deformation in accordance
with the well-known equation [17]

p=potK-e, @)

where p, is initial dislocation density (10 to 10" m),
K isaconstant, €is the magnitude of deformation.

Flow stress necessary for the continuation of deformation
isafunction of a number of lattice defects [18]:

T=To+k-G-b-p%, (©)

where 7, isinitial flow stress, k is a constant (k = 0.3),
G is the modulus of elagticity in shear (Ggg, ~ 25 GPa)
and bisBurgers' vector (b =0.3—0.4 nm).

2. Experimental procedure

The objective of experiments consisted in verification of
deformation behaviour of the given aloy, determination
of resistance to deformation, formability and change of
structure at extrusion of aloys. Experiments were made
with the use of an apparatus, the diagram of which is
shown in Fig. 2. The content of individual elementsin the
aloy isgiveninthe Tab. 1.

Pressure

Plunger
Die

—t

Sample

b)

Fig.2 Schematic illustration of a die used at the present investigation:
a) with B = 90° and ¢ = 20° b) configuration of ECAP
workpiece ECAP

Schématické znézornéni tvaru zdpustky ECAP: a) s vnitinim
Uhlem kandlt B = 90° a vngjSim uhlem kanalt ¢ = 20°, b) tvar
nastroju ECAP

Obr. 2

Tab. 1
Tab. 1

Chemical composition of the EN AW 6082 alloy
Chemické slozeni slitiny hliniku EN AW 6082

Contents of elements | Mg | Si | Mn | Fe | Cu | Zn

(wt. %) 1.10(0.88|0.92|0.45|0.09 | 0.20

During the process, a metal hillet is pressed through a die
consisting of two channels, equal in cross section and
intersecting at an anglef.The billet undergoes
essentially simple shear deformation, but it retains the
same cross-sectional geometry, so that it is possible to



Recenzované védecké ¢lanky
Peer-reviewed Scientific Papers

Hutnické listy ¢. 6/2018, ro¢. LXXI
ISSN 0018-8069

repeat the pressings for a number of passes, each one
refining the grain till the extent, which is determined by
the material characteristics.

Deformation forces were measured during extrusion and
pressures in the die were calculated. At extrusion with the
radius of rounding of edges (R, = 2 mm; R,, =5 mm) the
pressure in the die varied at the 1% pass around
Tmax = 620 MPa, and it gradualy increased in such a
manner that at the fourth pass its magnitude was
approximately 7. = 810 MPa[19]. At extrusion through
a die with smaler radii of rounding (R, = 0.5 mm;
Rn=2mm) the pressure at the first pass was approx.
Tmax = 780 MPa, and at the third pass it was approx.
Tmex = 1560 MPa. Significantly higher values of resistance
to deformation and strengthening at extrusion are related
to the high absolute value of octahedral stress, which
either contributes to the more difficult formation of
dislocations or decelerates their movement.

Another factor, which influences significantly flow stress
and development of microstructure, is the angle @ which
is formed by the axis of the vertica and horizontal
channel. This angle determines the magnitude of shearing
strain in individua passes, and it can be expressed by the
relation [20]

y = 2 cotg (g) 4

Shearing strain at the angle £ = 90 achieves the value 2,
and normal deformation the value 2.3. Smaller angle g
leads to higher shearing stress at each pass. We have
checked the size of the angle @ in the range from 90° to
120° with the use of technologica route Bc. We have
ascertained, that refining of grains is the most efficient
(under the same magnitude of deformation), at the angle
of 90°. Thisis given by the fact that two dlip planesin the
sample form in this case the angle of 60°. For materials,
forming of which is more difficult, it is more
advantageous to apply the angle g = 120° together with
higher extrusion temperature. It is possible to calculate
the magnitude of accumulated deformation from the
relation

Ey = % [Zcotg (g + %) + fcosec (g + %)] (5)

where N is a number of passes through a die, B is angle
channels, ¢ isthe additional angle.

After passes, we achieved in the sample magnitude of
total accumulated deformation grain size and mechanical
properties (Tab. 2).

Tab. 2 Effective strain intensity, grain size and mechanical properties samples after ECAP
Tab. 2 Intenzita deformace, velikost zrna a mechanické vlastnosti vzorka po jednotlivych prachodech ECAP

Number Total strain | Equivalentarea |  Grain 0 ) ol
of passes intensity reduction size 0.2%YS UTsS urTs SEnFEn |
£ 0.2%YS
(%) (um) (MPa) (%) (MPa)
0 - - 50 120 185 1.50 155 175.10
1 115 69 35 190 230 120 8.5 179.95
2 2.30 90 20 217 252 115 75 206.90
3 345 97 15 230 283 1.20 6.5 224.30
4 4.60 99 11 250 312 1.25 6.0 237.65
5 5.75 99.8 1.0 265 325 1.25 5.5 248.30
6 6.90 99.9 0.9 275 340 1.25 5.5 257.50

3. Experimental results and discussion
3.1 Microstructure

Structure of the initial original samplesis shown in Fig. 3
and the structure of samples after individua passes is
shownin Fig. 4.

The dtructure contains ordinary inter-metallic phases
corresponding to the given composition of the alloy.
Average grain size in the transverse direction was
determined by quantitative metallography methods, and it
varied around 50 um. Change of shape of the front and
rear end of the sample and maintenance of integrity at
individual stages of extrusion depend on the level of
[ubrication and on radii of rounding of edges (R, Ry,) of
the extruding channel.

After individual passes the accumulation of deformation
strengthening occurred, the basis of which was in the

formed sub-structure, which can be seen in Fig. 5 taken
by an electron microscope.

Fig. 3 Themicrostructure of initial sample of AISiMg alloy
Obr. 3 Pocétesni mikrostruktura dlitiny AISiMg
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Fig.4 Microstructure of the samples after ECAP extrusion in longitudinal direction: a) after the 1% pass b) after the 2™ pass c) after the 3" pass
Obr. 4 Mikrostruktura vzorkii po protlagovani ECAP: &) po 1. priichodu, b) po 2. priichodu, ¢) po 3. priichodu

b)

d)

Fig.5 Sub-structure of AISiMg alloy after ECAP extrusion: a) after the 1% pass, b) after the 2™ pass, c) after the 3" pass, d) after the 4" pass
Obr.5 Substrukturadlitiny AISIMg po prvnim az étvrtém priachodu ECAP
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3.2 Mechanical properties determined by a
tensile test

We have verified the influence of rectangular extrusion on
mechanical properties with the use of classica
mechanical tensile test [Fig. 6] and the so-called small
punch test [21]. After application of the ECAP technique
we made from samples miniature test specimens for the
tensile test.

Obtained values of tensile strength varied for the
aluminium aloy within the range from ultimate tensile
strength UTS = 185 to 340 MPa. Obtained values of
tensile strength correspond very well with the values
obtained by simulation and with approximate values
based on the results of measurements of hardness. In the
frame of evaluation of the influence of the ECAP
technique on mechanical properties we have also made
tensile tests of investigated materials, but without
application of the ECAP technique. We have tested 4 test
specimens altogether with a cross-section of 2.5 x 5 mm.

Fig. 6 Form of miniature test specimens for tensile test
Obr.6 Tvar vzorka pro tahovou zkousku

On the basis of the realised experiments, we have
determined strength, which, for the AISIMg dloy, have
been found to be UTS = 185 MPa.

As it follows from comparison of strength properties
resulting from rectangular extrusion, the strength of the
aluminium alloy was increased approximately by 86.5 %.
We have performed fractography analyses on broken
halves of test specimens. Results of the above-mentioned
analyses, including their graphical presentations are given
below, Fig.7.

3.3 Mechanical properties determined by small
punch test

We made from the samples after application of the ECAP
technique three test specimensin the form of adisc with a
diameter of 8 mm and thickness of 0.5 mm.

Basic mechanical properties were determined on the basis
of small punch test, the principle of which consists in
penetration of special puncher with the spherical surface
through the flat disc-shaped sample, which is fixed
between the upper holder and the lower die. On the basis
of realised experiments, it is possible to state that tensile
strength of the aluminium aloy obtained by small punch
test varies in the range from UTS = 325 to 345 MPa,
which demonstrates very good agreement with the values
of tensile strength obtained by the standard tensile test
(UTS=335t0 340 MPa).

3.4 Analysis of fracture areas in the AlSiMg alloy

Analysis of fracture areas was made with the use of
scanning electron microscope JEOL-JSM 5510. From
avisua viewpoaint, the fracture area looked as planar and
fine-grained with indistinctive shear fractures. It was
determined by detail micro-fractographical observation
that fracture area was formed exclusively by the
mechanism of trans-crystalline ductile failure with the
morphology of various pits (Fig. 78). These cavities
contained a big number of minuscule particles (Figs. 7b,
7c with marks —).

Fig.7

Transcrystalline ductile fracture after ECAP
Obr. 7 Transkrystalické tvarné poruSeni po aplikaci ECAP
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Conclusions

We have experimentaly verified behaviour of the
AlSiMg alloy after extrusion. Method ECAP is a potential
tool for refining of grains in poly-crystalline metals. This
procedure makes it possible to obtain after 6 passes the
grain size of approx. 1 um. In order to obtain an optimum
microstructure, it is necessary to apply more passes with
turning of the sample between individual passes by 90°
around the longitudinal axis. Development of sub-
structure occurs after 4 passes. When the die with the
angle of 90° is used, more intensive deformation is
achieved, and resistance to deformation is higher than at
extrusion with higher angles. Radii of rounding of
working edges of extruding channel must correspond to
conditions for laminar flow of metal.
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