Letters on materials 6 (3), 2016 pp. 200-204 www.lettersonmaterials.com

PACS 81.40Lm,61.72Cc

Structural changes during severe hot forging of the aluminum
alloy 1570C
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Microstructure evolution in the ingot of Al-Mg-Sc-Zr alloy 1570C during multidirectional forging (MDF) to the strain
10.5 at 450°C (~0.77 T, ) and 10~ s™' was investigated. The alloy belongs to advanced structural materials exhibiting high
strength at ambient temperature. It can be easily hot worked, demonstrates superior superplasticity in a fine-grained state,
while its cold deformation is limited due to high yield-stress and relatively low ductility. Consequently, an evaluation of grain
refinement potentiality in this alloy at high temperatures may be important for industrial application. Before MDE, the alloy
had the equiaxed grains ~25 pym in size with near uniformly distributed nanoscale coherent dispersoids Al,(Sc,Zr). In the
early MDF stages, new fine (sub)grains with low- and high-angle boundaries were formed near original grain boundaries.
With increasing strain, the fraction of these crystallites increased, finally resulting in almost fully recrystallized structure with
grain size ~3 pm and fraction of high-angle boundaries (HABs) ~0.9. The strain dependency of microstructural parameters
showed that grain refinement occurred mainly via continuous dynamic recrystallization. There was a strong interaction
between lattice dislocations, (sub)grain boundaries and coherent dispersoids Al (Sc,Zr). This implies that the latter effectively
hindered (sub) grain boundary migration and provided dislocation accumulation, resulting in formation of high-density
subboundaries and their transformation into HABs, even at high temperatures. Moreover, hot MDF did not lead to any
degradation of the alloy high strength. The data obtained have shown that there was a great potential for extensive grain
refinement in this alloy at elevated temperatures alleviating difficulties of its thermo-mechanical processing.
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VlccnenoBaHa aBonmonys cTpykTypsl B mutoM Al-Mg-Sc-Zr cimaBe 1570C mpu BceCTOpOHHeN M30TepMIYECKOll KOBKe
(BUK), mo crenenn sredopmaryn 10,5 mpu 450°C (~0,77 T ) m 107 ¢, [laHHbI CTI/IAB ABMAETCSA TI€PCIIEKTUBHBIM KOHCTPYK-
L[VOHHBIM MaTepuajioM, 00JIafjalolIM BBICOKOJ IIPOYHOCTBIO MY KOMHATHON TeMIiepaType. OH MOXeT JIerKo gedopMu-
POBATbCs NP MOBBIIICHHBIX TeMIIepaTypax, B MEJIKO3ePHUCTOM COCTOSHVM HeMOHCTPYUPYET BBICOKVE CBEPXIUIACTIYECKIe
CBOJICTBA, B TO BpeMsI Kak X0/ofiHas1 iehopManisi BBI3BIBAET PsAJ| MPO6/IeM 13-3a BBICOKMX HAIPSDKEHMIT TeUeHs M CPaBHU-
TeIbHO HM3KOM MIacTuYHOCTY. COOTBETCTBEHHO, OLleHKa IIOTEeHIMasIa M3MeIbIeHNs 3ePeH B JAHHOM CIUIaBe IIPU BBICOKMX
TeMIIepaTypax SABJIACTCA BaXHOI /I ero IpoMbllUIeHHoro npuMeHeHys. [lepen BVIK crviaB uMes1 paBHOOCHYIO 3€pEHHYIO
CTPYKTYPY C pasMepoM 3epHa ~25 MKM U paBHOMEPHBIM pacIpefie/leH/ieM KOTepPeHTHBIX HaHOPa3MepPHBIX AUCIIEPCOMIOB
Al (Sc,Zr). Ha pananx craguax BUK o6mactu HOBbIX Menkux (Cy6)sepeH, OKPY>KEHHBIX MajIO- ¥ BHICOKOYTTIOBBIMY TPAHM-
Ijamu, GOpMUPOBAIICh BIOJIb ICXOHBIX IPAHNL], A 3aTeM C YBeIMYeHVeM CTelleHN ffeopManyy oO'beMHast JO/I 9TUX KpH-
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CTaJUTUTOB yBEIMYMBAIACh, IPUBOAA K (POPMUPOBAHNIO MUKPOCTPYKTYPBI CO CPEHMM Pa3MepOM MENKUX 3epeH ~3 MKM
U JIO7Iell BBICOKOYTIOBBIX TpanmIy ~0,9. XapakTep 3aBUCHMMOCTU MapaMeTpoB GpopMUpPYIOIIeiicss MUKPOCTPYKTYPBI OT CTe-
neHy jfedopMaluy MOKasas, YTO M3MeTbUeHNUe 3ePeH OCYIeCTBIANIOCh B COOTBETCTBUNU C HEIPEPBIBHOI AMHAMMIYECKO
peKpucTansanyeil. BolsBIeHO CUIbHOE B3aMMOJIEIICTBYE MEX/TY PEIIeTOYHBIMM AUCTIOKAIVIAIMY U/ WY TpaHntamu (cy6)
3epeH 1 HaHOopasMepHbIMU YacTuiiamu Al (Sc,Zr). D10 03HaYaeT, YTO AUCTIEPCHbIE YACTUIIBI MOTI JIaKe TPV TIOBbIIIEHHO
Temrieparype 3¢ GeKTUBHO CAEP>KUBATh MUTPAIIMIO TPAHMNI] 3ePeH, a TakKe 0b6ecreyrBaTh HaKOIJIEHe IUCTOKALINIL, Bey-
mee K GOpMUPOBAHNIO CyOTPaHNUIL BBICOKO IVIOTHOCTU U X TpaHCHOPMALM B 6O/MBIIEYIIOBbIe TPaHNLbL. Taroke IoKasa-
HO, 4T0 BVIK He mpuBofmIa K flerpajialiyy BEICOKMX IIPOYHOCTHBIX CBOVCTB CIIaBa. IlomydeHHbIe JaHHbIE CBU/IETEIbCTBYIOT
B II0JIb3Y TOTO, YTO MMeETCsI GOJIBIIOI MOTEHIIMA /IS MHTEHCHBHOTO U3METbUEHNS 3ePeH CIIIaBa IIPY TTOBBIIIEHHBIX TeMIIe-

paTypax, 067IeT4aoNX ero TePMOMEXaHUYECKYI0 06paboTKY.

KmoueBble c10Ba: aTIOMMHNEBDII CIIIaB, BCECTOPOHHAA KOBKA, 9BOMIOIVIA MUKPOCTPYKTYPbI, HeTIpephIBHAS IMHAMIYECKas PeKPUCTa-

IN3annA.

1. Introduction

Processing bulk ultrafine-grained (UFG) materials with
the grain size < 1 pm in the thermo-mechanical treatment
involving severe plastic deformation (SPD) acquired
a great interest from the researchers in the field of material
science and solid state physics owing to achieving enhanced
combination of physical and mechanical properties [1-16].
Several SPD techniques, such as equal channel angular
pressing [1-3, 7-15], accumulative roll bonding [2,4,11]
and multidirectional forging (MDF) [1,2,6,9-11] are
often used to produce the UFG structures. Besides, these
techniques can be employed as effective “scientific tools”
that allow investigating the structural changes at large strains
[1,4-7,10,12-14].

Currently, the characteristics of various SPD methods
as well as the properties of semi-finished products with
UFG structures are fairly well studied [1,2,7,9,11]. Among
the materials with high staking fault energy, a respectable
number of studies were addressed to analysis of regularities
of UFG structure formation in Al alloys at low and medium
deformation temperatures (< 0.5 T , where T is a melting
point of aluminum). It has been shown [6-9,12-14] that
the grain refinement in Al alloys during SPD may be related
to the formation of dislocation subboundaries with low- and
moderate (up to 15°) misorientation angles at comparatively
low strains. With further straining, the number and
misorientation of these boundaries increased leading to the
formation of UFG structure with large fraction of high-angle
(= 15°) boundaries (HABs). Such process of new ultrafine
grain formation was associated with continuous dynamic
recrystallization (cDRX) [5,6,8,10,12-14]. However, in the
overwhelming majority of works, the detailed studies
of the microstructural development during SPD of Al
alloys were mainly limited by temperature range from
ambient to ~200-250°C [1,3,4,7,8,12—14]. The occurrence
features of this grain refinement mechanisms (and even the
possibility of their realization) at higher temperatures still
remain undisclosed. This, in particular, is quite important for
some heavily alloyed high-strength Al alloys, whose plastic
deformation is frequently accompanied by the premature
failure at low and intermediate temperatures, which does not
allow high strains in the SPD process [12,14].

The aim of this study was the analysis of the evolution
of structure in commercial cast and homogenized alloy
1570C subjected to MDF at 450°C (~ 0.77 T ) to elucidate

the feasibility of obtaining UFG structure. The alloy belongs
to advanced structural materials exhibiting high strength
at room temperature. It can be easily hot worked, while cold
forming causes problems because of high yield stress and
relatively low ductility and toughness.

2. Material and procedure

The material used was commercial Al alloy 1570C with
the following chemical composition: Al-5%Mg-0.18%Mn-
0.2%Sc-0.08%Zr (in wt.%). The ingot fabricated by direct
chill casting was homogenized at 350°C for 6h. Rectangular
samples of 18 mm (X) x 17 mm (Y) x 10 mm (Z) were
machined from the ingot supplied. Three-directional multi-
pass compression was carried out at a strain rate of 1072 s
under isothermal conditions at the temperature of 450°C with
changing in the loading direction of 90° from pass to pass,
to provide data compatible with those represented in [6,10].
The total strain € = Ae + Ae, + Ae, +...+ Ae , where Ae = 0.7
was the true (logarithmic) strain in each compression pass,
was applied to 10.5. The samples were quenched in water
after each pass, then reheated to deformation temperature
and kept for about 5 - 10 min before subsequent deformation.
A colloidal graphite powder was used as a lubricant.

The microstructural analysis was carried out in the
central part of specimens deformed to various strains in
a section parallel to the last compression axis. Metallographic
observations were carried out using a Nikon L-150 optical
microscope after etching of the samples with a standard
Keller’s reagent. Orientation imaging microscopy (OIM)
maps and misorientation distributions of the (sub)boundaries
were obtained by electron back scattering diffraction (EBSD)
analysis using a TESCAN MIRA 3 LMH scanning electron
microscope (SEM) equipped with a field-emission gun and
the Oxford Instruments- HKL Channel 5 system. In the EBSD
maps represented, the different colors indicated the different
crystallographic orientations and the orientation differences
(0) between neighboring grid points, 2° < 6 < 15° (low angle
boundaries) and 15° < 0 < 62.8° (high-angle boundaries)
were marked by light-gray, and black lines, respectively.
Transmission electron microscopy (TEM) was performed
using a JEOL-2000EX TEM. Specimens for TEM and SEM
examinations were electro-polished at 20 V in a solution
of 30% HNO, and 70% CH,OH at a temperature of -28°C
in a Tenupol-5 twin-jet polishing unit. The average size of
strain-induced (sub)grains was evaluated by an equivalent
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diameter technique (as an equal-area circle diameter for
an ellipse fitted on (sub)grain). The Vickers microhardness
(HV) at room temperature was measured using the standard
procedure and a load of 0.5 N.

3. Results and discussions

Initial structure. After homogenization, the as-cast alloy
had an equiaxed grain structure along with precipitates
formed, as shown in Fig. 1. Fig. la represents the typical
grain structure with the average grain size of ~25 pm and
a small amount of remnant particles of excess phases that
were emerged from the melt upon solidification [16]. These
particles were distributed at grain boundaries, as well as
at some triple points. Homogeneous spatial distribution
of nanosized coherent dispersoids of Al,(Sc,Zr) phase with
relatively weak diffraction contrast was revealed by TEM
examination (as arrowed in Fig. 1b).

A typical microstructure after MDF to ¢ = 10.5
is represented in Fig. 2. It is seen that hot MDF led to
a considerable grain refinement. Namely, about 80-90%
of the deformed material were occupied by new fine grains
that appeared in dark-color regions in Fig. 2a, though some
remnant original grains (white-color regions in Fig. 2a) still
existed even at such high strain. The size of the crystallites
evolved in fine grain regions was about 3 pm, as shown in
the EBSD map in Fig. 2b obtained at larger magnification.
Thus, it is evident in Fig. 2 that there is a feasibility to produce
almost fully developed fine-grain structure in the present
alloy by MDF at 450°C.

Microstructural evolution during MDF is presented
in Figs. 3-5 showing typical EBSD (Fig. 3) and TEM
(Figs. 4-5) structures developed at various strains. It can
be seen (Fig. 3) that in the early stages of MDF, original
coarse grains changed periodically their shape (Figs. 3a-c).

Fig. 1. Microstructure of the homogenized 1570C alloy (a) optical
microscopy; (b) TEM.

Fig. 2. (Color online) Microstructure of the 1570C alloy after MDF
to &€ = 10.5: (a) optical microscopy; (b) EBSD. Hereafter, the last
compression axis is vertical.

Concurrently, the areas of new fine (sub)grains, surrounded
by low- and high angle boundaries, were formed in the
mantle regions of these grains followed by their propagation
toward the interiors of original grains (Figs. 3c,d). The
volume fraction of these crystallites gradually increased
in the course of MDF from 0.09 (¢ = 2.1) to 0.81 (¢ = 6.3)
and the majority of strain-induced boundaries achieved
the high-angle misorientation, leading to the recrystallized
structure with high HABs fraction.

TEM analysis (Fig. 4) showed that the most of (sub)grains
developed at € = 2.1 (see Fig. 4a) had a non-equilibrium
shape and were bonded by the dislocation boundaries with
the non-uniform extinction contrast. The structure inside

C

Fig. 3. (Color online) EBSD maps of the 1570C alloy after MDF: (a) ¢
=14;(b)e=2.1;(c) e=4.2;(d) e=6.3.

Fig. 5. Distribution of dispersion particles in the 1570C alloy after
MDF to ¢ = 6.3. Coarse and fine Al(Sc,Zr) particles are arrowed in
(a) and (b), respectively.
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(sub)grains was characterized by a relatively low density and
heterogeneous distribution of lattice dislocations. At high
strain, ¢ = 10.5, more uniform and equilibrium structure,
having (sub)grain boundaries with the angles at triple
junctions of near to 120°, was commonly formed (Fig. 4b).

Fig. 5 demonstrates the TEM images of the Al (Sc,Zr)
precipitates in fine (sub)grains developed in the samples
underwent MDF to ¢ = 6.3. Both the particles and
individual dislocations, pinned by them, were revealed.
Besides, a strong mutual interaction between particles and
(sub) grain boundaries can be noticed in the images. Most
likely, the precipitates that are served as the strong pinning
agents in the present alloy [6,10,12,14,16] could restrict the
dislocation climb (and their rearrangement) on the long
distances and so, prevent their annihilation under high-rate
dynamic recovery conditions. Also the strong limitation for
the grain growth could take place owing to interaction of
grain boundaries and dispersoids. Those may be the main
factors responsible for occurrence of grain refinement
and development of very fine grain structure even at such
high temperature as 450°C (Fig. 2) [12]. At the same time,
it should be noted that the morphology of the particles in
the grain interiors and in the regions adjoining the grain
boundaries was clearly different. While the clusters of very
fine coherent particles, having a weak diffraction contrast,
were mainly observed in the grain interiors (see the center
of Figs. 5a and b), much coarser precipitates were present
in some grain boundary regions (Fig. 5a). The latter
had a globular compact shape and much larger size and
some of them lost their coherency with the surrounding
aluminum matrix. This suggested that intense coarsening
of the precipitates took place in the vicinities of the grain
boundaries upon a high temperature straining. The reasons
for such rapid particle coarsening were discussed in detail
elsewhere [16]. The most common ones may be the loss of
coherency of the particles upon their interaction with the
grain boundaries, as well as the enhanced diffusivity of Sc-
and Zr- dissolved atoms along high-angle boundaries, as it
can be compared with the grain interiors.

Microstructure parameters. Fig. 6 represents changes
in the misorientation distributions of deformation-induced
(sub)grain boundaries derived from EBSD analysis. It is
seen (Fig. 6a) that almost all intercrystallite boundaries
in the initial as-cast structure were high-angle ones.
Most of the boundaries (> 60%) developed at the early
stages of MDF (Fig. 6b) exhibited low-to-medium angle
misorientations from 2 to 15°, while those above 15° were
inherited mainly from the initial structure (see Figs. 3a,b).
With further straining (Figs. 6c-e), the fraction of low
and moderate angle boundaries rapidly decreased and
that of high-angle ones conversely increased owing to
development fine-grained regions (see Figs. 3c,d) and so,
this may be directly associated with formation of new fine
grains. Noteworthy that the average misorientation of 36.5°
in the newly evolved structure at ¢ =10.5 (Fig. 6e) is less
than that of 40.7°, predicted by Mackenzie for randomly
misoriented polycrystalline aggregates of cubic metals [17].
This difference may be attributed to the feature of the strain-
induced microstructure, in which a fraction of low- angle
boundaries is always present [6,10].

Strain dependencies of (a) the average misorientation,
®, ., and (b) the fraction of HABs, f,,, , , are depicted in Fig. 7.
As seen, both ® and f,, . varied with strain in a complex
manner. Namely, in the original material state, they were
39.5° and 0.92, respectively, but, at small MDF strains,
low-angle boundaries were formed and these parameters
decreased to about 15° and 0.35 at e=1.4-2.1. However, new
grains were developed continually with strain, as shown
above. Therefore, both angular parameters increased at larger
strains, tending to reach the values about 36.5° and 0.88
at ¢ = 10.5, correspondingly, that are only a bit smaller than
those of the non-deformed material.
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The average sizes of (i) subgrains, d_, derived from the
EBSD analysis and defined as sizes of crystallites surrounded
by all intercrystallite boundaries from 2°; and (ii) fine grains,
d,., defined as the sizes of crystallites in the fine-grained
regions, bonded by the boundaries with misorientations
from 15°, are shown vs ¢ in Fig. 8. It is seen that the d__
monotonically decreased to ~2.5 um during MDF to e =4 -6
and then slightly increased to ~3.0 um at e = 10.5; that may
be attributed to the coarsening of dispersoids at higher
strains. It is also evident that the (sub)grain size obtained
after moderate-to-large strains is of the order of the crystallite
size observed by TEM (Fig. 4). Referring to almost the same
(sub)grain size developed (Fig. 8), as well as progressive
increase in misorientation and fraction of HABs during
deformation (Fig. 7), such process of microstructure
evolution can be mainly categorized as cDRX [5,6,10,14,18].

Microhardness changes vs strain are shown in Fig.9. It is
important to note that the alloy did not generally loose its
high strength after high-temperature thermo-mechanical
treatment. That probably was mainly attributed to the fact that
a large fraction of dispersed particles still insisted to remain
coherent, nano-dispersed and uniformly spatially distributed
in the grain interiors (see Fig. 5b). Second, a softening
effect from a particle coarsening would be also somewhat
compensated by the strengthening owing to grain refinement
during MDE. It should be noted that the deformed structures
are varied in that case in accordance with a total strain (see
Fig. 3), but equilibrium between crystalline defects induced
by plastic working and those disappeared by some restoration
(recovery) processes is reached to be responsible for constant
flow stresses. Note that such strengthening behavior of the
microstructure processed by hot MDF in the present Al alloy
can be similar to that of some cubic materials subjected to
SPD at low-to-moderate temperatures (e.g. [12,14]).
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Strain

Fig. 8. Strain dependences of the size of fine (sub)grains developed in
the 1570C alloy in MDE.
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Fig.9. Room temperature microhardness changes in the 1570C alloy
depending on MDF strain.

4. Conclusions

A fairly fine grain structure with the grain size 2.5-3.0 pym
may be introduced into a complex-alloyed hard-to-deform
alloy 1570C even at the MDF temperature 0.77 T_ without
any significant loss in its room temperature strength.
This implies that there is a big potential for obtaining fine
grain size in this alloy at high temperatures alleviating the
difficulties of its processing. The strain dependency of the
microstructural parameters suggests that the alloy grain
refinement during hot MDF occurred mainly in accordance
with cDRX.
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