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Abstract. Effect of extensive grain refinement on mechanical properties of an Al-Mg-Sc alloy
subjected to equal-channel angular pressing (ECAP) at 300°C is considered in detail. It was shown
that the Hall-Petch relationship with the coefficient, ky, of 0.2 MPaxm!?is valid in a wide strain range
despite a great difference in deformation structures. Volume fraction of fine grains with an average
size of ~1 um gradually increases with strain. It is caused by the fact that additive contributions of
grain size strengthening and dislocation strengthening to the overall strengthening take place in this
alloy. Upon ECAP the extensive grain refinement is accompanied by increasing dislocation density.
Superposition of deformation and structural strengthening mechanisms provides achieving very high
strength in the alloy. It was shown that ECAP at 300°C has no remarkable effect on a dispersion of
coherent dispersoids. Al3(Sc,Zr), which gives a significant contribution to overall strength through
dispersion strengthening. Contributions of different strengthening mechanisms to overall strength of
the material are analyzed.

Introduction

The Al-Mg alloys (5XXX series) exhibit low-to-moderate yield strength (YS) ranging from 90 to
160 MPa for different Mg content [1]. Micro-alloying additions of Sc may provide upwards of 50%
increases in the YS due to the formation of coherent AlzSc precipitates with size ranging from 7 to 20
nm [2,3]. The another method of strengthening these materials is work hardening [1,2]. Al3(Sc,Zr)
dispersoids may significantly enhance work hardening effect in Al-mg alloys [4]. In addition, a
significant increase in strength of Al-Mg alloys could be attained through the formation of ultra-fine
grained (UFG) structure using equal-channel angular pressing (ECAP) [5-7]. Increased strength in
materials with UFG structure is attributed through the grain size strengthening in accordance with the
well-known Hall-Petch relationship [5-7]:

O-y =00 + ky d—]/2 (1)

where gy and k, are constants determined experimentally. In general, the formation of UFG leads to
+50% increase in YS in comparison with coarse grained (CG) reference Al-Mg alloys [4-6].
Recently, it was shown [7] that the extensive grain refinement through high pressure torsion (HPT)
provided +300% increase in YS up to superior value of 900 MPa in an Al-6%Mg-0.3%Sc alloy.
However, interpretation of this hardening only in terms of Hall-Petch strengthening is ambiguous.
The 5XXX series alloys exhibit poor Hall-Petch response with k, value ranging from 0.15 to 0.26
MPax\m [8,9]. Therefore, even the formation of nanoscale grained structure could not provide such
the great increment in the YS value. There are limited number of studies were dealt with examination
of the Hall-Petch relationship in Al-Mg alloys. The aim of the present study is to establish the
potential of grain refinement through ECAP in achieving high strength with retention of ductility at
sufficiently high level in an Al-Mg-Sc alloy.

Material and Experimental Procedures

The experiments were conducted using an aluminium alloy with a chemical composition of
Al-6Mg-0.5Mn-0.2S¢c-0.07Zr (in wt.%), which was developed in Russia and designated as 1570Al. It
is worth noting that the last grade of this alloy, which is distinguished from early version of the
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1570A1 [7,10] by Zr additions and lower Sc content was examined. The initial material was supplied
in form of a bar extruded in the temperature interval 380-340°C with ratio 4:1. This rod was cut into
rectangular plates with dimensions of 20x20x100 mm?. Next, these billets were processed through
ECAP with a back pressure of 20% ram pressure up to total strains of ~1, ~2, ~4, ~8, ~12 at a
temperature of 300°C using route Bc. Other details of ECAP and structural characterization were
reported in previous works [10,11].

Tensile specimens with a 25 mm gage length and 3 mm width were machined from the extruded
bar and the billets subjected to ECAP with tension axis parallel to the extrusion direction or last
ECAP axis. The samples were tensioned to failure at room temperature using an Instron 5882 testing
machine.

Experimental results

—

Initial  structure
consists  of  initial
grains elongated along
the extrusion direction
and negligible volume
fraction (~0.02) of
recrystallized  grains
with an average size of
~3 um and round shape
(Fig.1a). Average
dimensions of coarse
grains in the extrusion and transverse directions were ~75 and ~20 um, respectively. The fraction of
high-angle boundaries (HAB) was ~26%, and the average misorientation was 13°. Low-angle
boundaries (LAB) with misorientation of 2° or higher subdivide interiors of elongated grains on
subgrains with essentially equiaxed shape and size ranging from 10 to 25 pum (Fig.la), while
well-defined subgrains delimited by LABs with misorientation <2° could be revealed by TEM within
interiors of initial grains (Fig.1b). The densities of the lattice dislocations was not so high
(p ~1.6x10" m?) (Fig.1b). Two types of nanoscale dispersoids were observed. Coherent Als(Sc,Zr)
dispersoids having a size of ~10 nm were very uniformly distributed. These particles exhibit
well-defined coffee bean contrast indicating high coherent stress. Particles of AléMn phase having
incoherent interfaces with round shape and an average size of ~36 nm were rarely observed.
Deformation structure.
First pass leads to
re-orientation of initial
boundaries at angle of
~27° to the direction of
inlet channel (Fig.2a). In
addition, planar
geometrically necessary
boundaries (GNB) evolve
along  this  direction
(Fig.2a). Most of these
micrograph. boundaries have

misorientation less than
2° (Fig.2). At e~1, portion of HABs and average misorientation attained 30% and 17°, respectively.
Lattice dislocation density increases by a factor of 6 up to p ~ 9x10'* m. New recrystallized grains
with round shape and an average size of ~1.1 um evolve; their volume fraction attains 7% (Fig.2a).
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Fig.1. Initial microstructure. Misorientation map (a), TEM micrograph (b).
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Fig.3.Deformation  structure.(a) &~ map,(b)e~4,
misorientation map;(c)e~4,TEM micrograph;(d)e~8,misorientation map

At g~2, the formation
of 2™ order GNBs at an
angle of ~120° to 1%
order GNBs initiates the
transformation of
lamellar structure to
granular one (Fig.3a).
Therefore, the formation
of 3D arrays of LABs
start to occur at €>1.
Average misorientation
and portion of HABs
remain almost
unchanged despite the
fact that 1** order GNBs
tend to acquire
high-angle
misorientation. It is
attributed to the
extensive formation of
LABs that
overcompensated  the

transformation of some LABs to HABs. The density of lattice dislocations increases to p~2.1x10'
m2. Volume fraction of recrystallized grains insignificantly increases up to 0.1. For £~4, a partially
recrystallized structure evolves. Recrystallized fraction strongly increases and attains 35%. Distinct
areas of fully recrystallized grains with an average size of ~1 um alternate with unrecrystallized
grains (Fig.3b). Remnants of initial grains are subdivided by LABs with misorientation less than 2° to

subgrains exhibiting elongated shape (Fig.3c). The HAB
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Fig.4. Deformation structure at e~12. (a) misorientation map, (b)
misorientation distribution, (¢) TEM micrograph (d) effect of strain on
densities of HABs, LABs and dislocation density

HABs and LABs takes place in this strain interval (Fig.4d).

fraction and the average
misorientation attain
~45% and ~20°,
respectively. It is worth
noting that most of
crystallite  are  grains
entirely delimited by
HABs or  subgrains
entirely bounded by
LABs with low
misorientation.  Lattice
dislocation density attain
very high value of
~7x10" m™2. Therefore,
up to e~4, volume fraction
of recrystallized grains
increases  concurrently
with increasing density of
LABs and density of
lattice dislocations
(Fig4d). It is worth
noting that continuous
increase in density of
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Upon further strain the volume fraction of recrystallized grains, portion of HABs and average
misorientation increase continuously and at eg~12, fully recrystallized structure evolves (Fig.4).
Volume fraction fraction of unrecrystallized grains is less than 10% (Fig.4a); portion of HABs is 75%
and average misorientation is ~32° (Fig.4b). It is known [12] that if the fraction of HABs is >0.64 or
0.7-0.75 an aluminum alloy undergoes continuous dynamic recrystallization (CDRX) and UFG
structure evolved. Most of HABs contain low density of grain boundary dislocations (Fig.4c), density
of lattice dislocations decreases by a factor of ~8 in comparison with at e~4 and is p~7x10'* m™.
Therefore, at £>4, growth of recrystallized fraction is accompanied by drop in density of lattice
dislocations (Fig.4d). Decreasing density of LABs and increasing density of HABs (Fig.4d) are
attributed to gradual transformation of LABs evolved at €4 to HABs. The formation of low number
of deformation-induced LABs takes place in this strain interval.

Mechanical properties. The
450 engineering o©~g curves are
WWWW“ presented in Fig. 5. The serrated
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manifested as repeating
oscillations on the stress—strain
curves (Fig. 5). Increasing strain
leads to increase both in
amplitude of these oscillations
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— — and their fr.equency. It is apparent
—— ECAP300_Bc2 that transition from the so-called
—— ECAP300_Bc4 . . L. .
—— ECAP300_Bc8 type A serrations distinguished as
— FCAP300_Be12 an abrupt rise in the stress
el 9 é 1'0 1'5 2'0 2'5 followed by a drop to or below
Strain. % the general level of flow stress on

the o—€ curve [13] to type B
serration, in which oscillations
appear with high frequency stress
jumps [13], takes place with increasing strain. Therefore, the formation of recrystallized grains in the
1570A1 affects the serration type as increasing temperature [13]. It is known [13] that plastic
instability attributed to PLC effects yields low ductilities. However, in the present alloy the strain
hardening is high enough to provide elongation-to-failure >20% after all passes. The change in
serration type has a minor effect on ductility, and, therefore, manifestation of PLC effect is
insignificantly important for mechanical properties of the 1570Al subjected to ECAP.

The YS, ultimate tensile strengths (UTS) and elongation-to-failure (8) are summarized in Table I.
It is seen increasing strain leads to gradual increase in YS and UTS values; ductility remains nearly
unchanged.

Fig.5 Engineering 6~¢ curves aluminium alloy 1570 after ECAP

Table I Mechanical properties aluminium alloy after ECAP

Processing YS [MPa] UTS [MPa] o [%]

1570-initial 250 410 22,0
1570-ECAP300_Bc1 255 390 26,5
1570-ECAP300_Bc2 280 395 25,0
1570-ECAP300_Bc4 305 410 24,0
1570-ECAP300_Bc8 355 430 23,0
1570-ECAP300_Bc12 385 445 20,5
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Discussion

The YS values were plotted
against d"'’? in Fig.6 to check the
validity of the Hall-Petch
relationship (1). The average
grain size, d, was calculated as an
average distance between HABs.
As it was shown above this
approach for determination of
grain size 1is oversimplified
taking into account that there
exist two different structure
component, which are distinctly
distinguished by size and shape
of grains, at all strains examined.
200 . , However, as a first

0 200 400 600 800 1000  @pproximation, this approach
d°% mos provides information for

Hall-Petch response of the
Fig.6. Relationship between the offset YS and the grain size 1570Al in a wide range of grain
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sizes. Experimental datum points
were fitted to straight line with a high accuracy (Fig.6) despite a great difference in dislocation
density and density of LABs between deformation structures produced by different number of passes.
The 9 and ky values were calculated as 230 MPa and 0.2 MPaxm', respectively, that is in a good
agreement with data of work [7] for the 1570Al belonging to the first generation of Al-Mg-Sc alloys
and Al-Mg alloy containing no Sc or Zr additives [8,9]. It is obvious that the introducing of coherent
Al3(Sc,Zr) provides +90% increase in friction stress and has no effect on the Hall-Petch slop [8],
which remains at sufficiently low level. Re-calculation of data [7] shows that extensive grain
refinement down to 80 nm in the 1570Al has to provide the YS of 620 MPa, only. It seems that +47%
difference between the YS calculated in the present work and experimental YS reported in work [7] is
attributed to the operation of other strengthening mechanisms. Primarily, deformation hardening may
provide such increment in the YS [7] if dislocation density will attain p~2x10'> m™. However,
authors [7] did not report the exact dislocation density.

Summary

The Hall — Petch relationship has been examined in an Al-6%Mg-0.5Mn-0.2S¢c-0.07Zr alloy in a
wide grain size range. It has been established that the friction stress is 230 MPa and the Hall-Petch
slope is of 0.2 MPaxm!”2. Mechanical properties of this alloy subjected to intense plastic straining
could be interpreted with validity taking into account only that grain size strengthening and
deformation hardening give significant contribution to the overall strength, concurrently.
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