Accepted Manuscript

Journal of

ALLOYS
D COMPOUNDS

The deformation and work hardening behaviour of a SPD processed Al-5Cu alloy

Hailong Jia, Ruben Bjgrge, Knut Marthinsen, Yanjun Li

PII: S0925-8388(16)33836-1
DOI: 10.1016/j.jallcom.2016.11.353
Reference: JALCOM 39850

To appearin:  Journal of Alloys and Compounds

Received Date: 17 September 2016
Revised Date: 21 November 2016
Accepted Date: 24 November 2016

Please cite this article as: H. Jia, R. Bjgrge, K. Marthinsen, Y. Li, The deformation and work hardening
behaviour of a SPD processed Al-5Cu alloy, Journal of Alloys and Compounds (2016), doi: 10.1016/
j-jallcom.2016.11.353.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.jallcom.2016.11.353

The deformation and work hardening behaviour of a
SPD processed Al-5Cu alloy

Hailong Jid, Ruben Bjarg® Knut Marthinsefy YanjunLi®*

#Department of Materials Science and Engineeringywegian University of Science and Technology (NTNU)
7491 Trondheim, Norway
P SINTEF Materials and Chemistry, 7465 Trondheim, Way
*Corresponding author. E-mail address: yanjun.li@ntnu.no (Y.J. Li). Tel.: +47 73551206

Abstract

An Al-5 wt.% Cu alloy supersaturated with Cu iniddolution was subjected to equal channel angular
pressing (ECAP). The microstructural evolution wgstematically investigated by backscattered edactr
(BSE) imaging, electron backscatter diffraction @B and transmission electron microscopy (TEMis It
revealed that a bimodal grain structure composedoairse micron-sized grains and submicron-sized
grains was developed after four passes of ECAPsileetesting showed that a high ultimate tensile
strength of ~500 MPa, a high elongation to failofe~28% and a uniform elongation of ~5% were
achieved simultaneously. The deformation behavang the grain structure evolution during ECAP, the
strengthening mechanisms of the as-deformed mitenid especially, the role played by a high contén
Cu have been discussed.

Keywords: Aluminium alloy, ECAP, Bimodal grain structutelensile properties

1. Introduction

Al-Cu alloys are one of the most important higkesgth aluminium alloys and employed extensively in
structural applications. The as-cast microstructfrél-Cu alloys with a high content of Cu is udyal
composed of aluminium matrix supersaturated with SBlutes and coarse eutedligoarticles (AJCu)
distributed along grain boundaries. Usually, a sotuheat treatment followed by an age hardening
treatment has to be conducted to achieve the highgth for these alloys. Severe plastic deformatio
(SPD) methods, particularly, equal channel angptassing (ECAP), have been widely used to produce
bulk ultrafine grained (UFG) and nanocrystallin&Cj metals and alloys with superior strengths [1-5]
However, most of the UFG and NC materials showeralimited ductility at room temperature, where the
elongation to failure is just a few percent and tinéorm tensile elongation is even smaller [6]isTts
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attributed to the low work hardening rate of thetemals, which is a result of low dislocation
accumulation capability of the submicron-sized aado-sized grains. The poor ductility of UFG matisri
processed by SPD limits their further deformatiowl @pplication potentials. So far, different stgids
have been proposed to improve the ductility of U&@ NC materials, e.g. the introduction of a fine
dispersion of nanoparticles or twin boundaries thi® nanostructured matrix [7, 8] and the genematib
bimodal grain structures [9-12]. Among these ap@hnea, generating bimodal grain structures is praved
be the most promising one. Recently, by using shigtegy, high strength (~507 MPa) and large umifor
elongation (~11%) were achieved simultaneously ibireary Al-7 wt.% Mg alloy processed by room
temperature ECAP (RT-ECAP) [13, 14]. The formatdrthe bimodal grain structure was attributed ® th
high content of Mg in solid solution. Firstly, aghi Mg solute content increases the atomic frictién
dislocation slips, which resulted in inhomogenedefrmation behaviours of coarse grains with dffer
orientations. Secondly, the high Mg solute contdsb strongly supressed the rearrangement of diffus
dislocation boundaries into subgrain boundarieshagll angle boundaries (HABS).

In aluminium alloys, solute Cu has an even strongerk hardening effect than Mg in aluminium
alloys. It is therefore expected that a high sotdatent of Cu also favours the generation of aodah
grain structure in Al-Cu alloys subjected to SPM #mus possibly enhances the ductility. Howeverstmo
Al-Cu alloys (containing 2-4 wt.% Cu) subjectedR®-ECAP show a uniform grain structure and they
have an ultimate tensile strength (UTS) of ~290-¥Ba and a uniform elongation,j of ~1-4% [15-18].
Studies on RT-ECAP of Al-Cu alloys containing highevels of Cu content have been few and no bimodal
grain structures have been reported. Tensile piepenf an ECAP processed Al-5 wt.% Cu (through a
110° die via route A, i.e. no billet rotation betmepasses) was studied in Ref. [19], in which ars T
~493 MPa with a low elongation to failure valuesdgéhan 10%) was achieved after 8 passes.

The aim of the present work is to explore the fmktyi to achieve a bimodal grain structure in Al+C
alloys with high strength and improved ductility byploiting the high work hardening potential of.Cu
Different strategies have been applied to prontodehieterogeneous deformation during ECAP. Firatly,
Al-5 wt.% Cu alloy after solution treatment and galeing was used. This alloy contains a small foacti
of coarse eutectial,Cu particles, which cannot be dissolved into the maduring a homogenization
treatment. The presence of coarse particles caaneehthe formation of ultrafine grains around the

particles due to particle stimulated continuousatyit recrystallization (CDRX) during ECAP [20, 21].



Secondly, ECAP via route A in a 90° die was appligdch a process route will ensure that a fraaion
coarse grains can be subjected to less deformafie®m to the unfavourable orientations. The
microstructural evolution, the deformation and greefinement mechanisms of the Al-5Cu alloy during

ECAP, and the mechanical properties of as-deforsaeaples were systematically investigated.

2. Experimental Procedure

A binary Al-5 wt.% Cu alloy prepared by using commial purity Al and high purity Cu was used in
the present work. Prior to ECAP, Al-5Cu bars witmensions of 100 mm x 19.5 mm x 19.5 mm were
homogenized in a salt bath furnace at 540 °C fdn &llowed by water quenching. Then, these banewe
subjected to ECAP through a 90° die via route Aram temperature, which leads to an imposed
equivalent strain of about 1.0 per pass [6]. Todpthe friction during pressing, samples were abatith
a thin layer of graphite lubricant. The ECAP sarapleere processed for various numbers of passes
through the die, up to a maximum of four. A samplat had gone through X (here X =1, 2, 3 and 4)
passes of ECAP was labelled as XP sample.

Samples for microstructure characterization, hasglreand tensile test measurements were cut from the
uniformly deformed regions of the ECAP processas.lBSE images and EBSD data were obtained from
the longitudinal sections of the samples. Aftendtad mechanical grinding and polishing, ion miliat
3.5V for 45 min was carried out on the surface BEP samples. EBSD was conducted in a Hitachi SU-
6600 field emission gun-scanning electron microsd$i: G-SEM) equipped with a Nordif EBSD detector
and TSL OIM software. Thin foils for transmissiolearon microscopy (TEM) were prepared by twin-jet
electropolishing in a solution of 33% nitric acid methanol at -30 °C. TEM observation and TEM
orientation mapping were carried out using a JEOLOF TEM operated at 200 kV, equipped with the
NanoMegas ASTAR system for scanning precessiortretediffraction (SPED). Mechanical properties
were evaluated by both hardness and tensile tesfiokers hardness measurements were performed usin
a DKV-1S Vickers hardness testing machine underad bf 1 Kg applied for 15 s. The hardness values
reported were an average of at least ten separ@surements. Tensile test specimens were machined
from the ECAP bars in the longitudinal directionthwa gauge length of ~8 mm, width of ~4 mm and
thickness of ~2 mm. Tensile tests were conductadah temperature and a strain rate&s of 10™*s™1,

using a MTS 810 hydraulic universal testing machiite a 100 KN capacity.
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3. Results and discussion

3.1. Microstructure evolution
3.1.1. Initial microstructure of Al-5Cu before ECAP

The microstructure of the as-homogenized materad wxamined by BSE and EBSD (Fig. 1). The
initial microstructure consists af-Al grains with an average size of ~4@ and a small fraction of
eutecticAl,Cu particles with an average equivalent circular ditenof ~3um. Most of theAl,Cu particles
are located along grain boundaries and the are#idnaof these particles is measured to be ~0.4% by

using the software Image J.
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Fig. 1. Microstructures of the original as-homogenizedb@lu alloy: (a) EBSD map and (b) BSE map.
3.1.2. Microstructure of Al-5Cu processed by ECAP

Fig. 2(a) is a BSE image showing the deformationcstire of the 1P sample. After one pass of ECAP,
elongated grains have formed due to the severe sleéarmation during ECAP. Most of the elongated
grains are mainly aligned at an angle of ~30° eoaktrusion direction (ED), which is well considtevith
the previous analysis [15]. Inside the elongatexingt parallel slip bands can be frequently obskrfer
example, within the grain Gl indicated by the whaeal circle. In order to further investigate the
deformation behaviour of the grains, EBSD was cotetl on the same area of the BSE sample
corresponding to the white rectangle in Fig. Z{&e corresponding EBSD image is shown in Fig. 24B).
can be seen, low angle boundaries (LABSs), higheabglindary (HAB) segments and fine grains have also
formed within some of the elongated grains. Forghan labeled Gl, only alternating micro-bandshwit
slight orientation differences can be observed. &ig) shows a magnified EBSD image of the hightgh
grain Gl. Inside the grain, the boundaries betwt®n micro-bands are diffuse and the point-to-point

misorientations are mostly less than 4°. Moreor@re LAB segments with higher misorientation angles
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of 5-15° can also be observed in the vicinity af triginal HABs than in the interior of the gramhich

may be related to the more severe local deformatiotime original HABs and around the coaksgCu
particles [21]. The presence of diffusive boundagan be attributed to the pinning effect causethby
high content of Cu in solid solution, which canosgly retard the migration of dislocations. Thuse t
evolution of diffuse dislocation boundaries int@uéar subgrain boundaries through rearrangement of
intrinsic dislocations by climb and/or cross sligcbmes difficult. A similar diffuse micro-band balary
structure was also reported in an Al-7Mg alloy saebéd to ECAP [13]. From the inserted point-to-iorig
misorientation profile along the elongated diremtiof the grain Gl, a large long-range misorientatio
gradient exists in the elongated grain, indica@inggh dislocation density in the grain.

Fig. 2(d) shows a magnified EBSD image of anotkelated elongated grain, Gll. As can be seen, even
in the same grain the deformation is heterogendauthe upper left part of grain Gll, there are nhai
only micro-bands with misorientation angles lesnt®’, while in the lower part a large number afrgh
LABs with misorientation angles of 5-10° have foimégain, one can see that the LABs tend to imitiat
from the original grain boundaries due to sevefflerdeation around AICu particles [21] and the original
HABs. As shown by the misorientation profile, a darange misorientation gradient also exists in this
grain. As exemplified by grains Gl and GlI, aftereopass of ECAP, most of the elongated grains have
only micro-bands but not any well-developed subygeaid cell structures. This should be related & th
high Cu solute content [22] that strongly increabescritical shear stress of dislocation slips tredefore
enhances the planar slip behavior [23, 24]. With &stive dislocation slip systems, it is difficidt form

3D dislocation networks and therefore regular lbelindaries.
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Fig. 2. Microstructures of the 1P sample: (a) BSE imabg;EBSD image corresponding to the area within
the white rectangular frame in (a); (c) enlargedSBEBimage of the selected grain Gl, showing diffuse
boundaries; (d) selected grain GlI, showing micands inside of the grain. Corresponding misoriémmat
profiles measured along the lines are also includeside of Gl and Gll, the blue and red lines depi
differences between neighbouring grid points  <5° and 5° <© < 15° respectively.

Fig. 3 shows the BSE and corresponding EBSD imafi¢ise 2P, 3P and 4P samples. EBSD analysis
was done on the areas highlighted by rectangudands in the BSE images. After two passes (Fig).3(b)
the width of the coarse elongated grains are furéuced. Besides, a comparison between the BSE (F

3(a)) and EBSD image (Fig. 3(b)) shows that a langeber of fine equiaxed grains have formed along



HABs and at the triple junctions of the coarse mgawhich can be related to the presence of eatecti

Al,Cu particles.
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Fig. 3. Typical BSE images, and corresponding EBSD maphefreas indicated by rectangular frames in
the BSE images. (a) and (b) 2P; (c) and (d) 3Pake) (f) 4P. The white dots in the BSE images ateatic
Al,Cu particles. In the EBSD maps, narrow grey andseohlack lines depict differences between neighbgu
grid points 5° <© < 15° and 15° © < 180° respectively.

From Fig. 3(c) and (e), it can be seen that afteret and four passes, a large fraction of sheatsaas
formed. The formation of shear bands is commonAfoalloys containing high levels of solutes when
subjected to large deformations. The angles betwemshear band structures and ED are in the r3fige

60° (as exemplified by the white markings in Fig)34nd (e)). The widths of the shear bands aftereth

and four passes are 30-4® and 20-3Qm, respectively.



From the EBSD image shown in Fig. 3(d), it can bensthat more equiaxed ultrafine grains have
formed inside the coarse grains and along the H&Bdongated grains. Interestingly, there are 66
equiaxed grains inside the green coarse grainsgitaans indexed with other orientation colors, iyipy a
less deformation extent in this grain. This is dls@ for the green color grains in 4P sample (8(8). A
shear factor [25] calculation for the green coansen marked by an oval circle shows that it hdy omo
slip systems with shear factor values larger tha&n(iCe., 0.97 and 0.55). Because of the limitetivacslip
systems in these grains, subdivision of such cagnaas into fine subgrains and subsequently fleiher
transformation into grains delimited by HABs isfidifilt. A careful examination reveals that manytloé
equiaxed fine (sub)grains inside coarse grainssareounded by HAB segments connected to LAB
segments (as indicated by the oval circle in F{d))3 This observation indicates that the fine &€
equiaxed grains have formed by CDRX via transfoionatof LABs into HABs with increasing
misorientation angles of subgrain boundaries dueg\P, which greatly contributes to the refinemeit
coarse grains.

As shown in Fig. 3(f), there is a large fractionsoibmicron-sized ultrafine equiaxed grains in tRe 4
sample. However, coarse micron-sized grains cdnosttasionally be observed, which means that a
bimodal grain structure has formed. This is simitathe bimodal grain structure obtained in an ECAP
processed Al-7Mg alloy after a strain of ~3 [13heTexistence of the coarse micro-sized grains ialyna
attributed to their unfavorable grain orientatidimat make the activation of multi-dislocation sliifficult
during ECAP. Since route A is used, the shear fagftthe coarse grains has a limited change fross pa
pass. The subdivision of those coarse grains withirdavorable orientation is thus difficult even emh
subjected to higher deformation strains (i.e. "EECAP passes).

Inside the large grains in the 4P sample, the deasgeometrically necessary dislocations can hbug
be estimated by the misorientation gradient acogrdo the equatiop = e/bfi [13], whereb is the
accumulated misorientation angle in radians withidistance, and b is the Burgers vector. Whh=
2.86 x 10719 m for pure Al and values fd and$ derived from the misorientation profiles in ditet
large grains in Fig. 3(f), the local dislocationndity is estimated to be ~13210** m~2, which is
comparable to typical values of dislocation denisitthe heavily deformed Al-7Mg alloy [13].

Fig. 4(a)~(c) show the evolution of the measureeraye crystallite size, fraction of different types

boundaries and average misorientation of ECAP szsmgd a function of deformation strain. The average
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width 8 and length L were measured perpendicular to arallebwith the longitudinal direction of grains,

respectively.
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Fig. 4. The evolution of (a) the average crystallite sizith boundary misorientation5°, (b) fraction of
different types of boundaries and (c) average r@station of boundaries as a function of equivalent
deformation strain; (d) grain size distributiontoé 4P sample.

There is a sharp decrease of average grain sigeth# first pass of ECAP, i.e. the length of gsain
reduces from ~4Qum to ~17 um (Fig. 4(a)). The aspect ratio of the grains drept increasing
deformation strain. In the 4P sample, the averagim gize is measured to be ~Q and ~0.65um for &
and L, respectively. As shown in Fig. 4(b), afteotpasses of ECAP, the grain boundaries are doetnat
with LABs with misorientation 06<5°, while the fractions of HABs and LABs with 6<15° are low. This
is consistent with the results shown by Fig. 2 3ndhere most of the LABs are in the rangé<°. The
fraction of LABs with higher misorientation anglés0<15° increases with deformation strain, showing
the increase of misorientation angles of LABs vad#éformation strain. From thé%o 4" pass of ECAP,
there is a sharp increase for the fraction of H&Bshe consumption of LABs. This is more signifitan
during the i) pass of ECAP which may be due to the saturatiodigddcations in the alloy and the fast
evolution of LABs into HABs by the CDRX process. €fkharp increase of average misorientation of

boundaries from the®to 4" pass (Fig. 4(c)) shows the same trend.



Fig. 4(d) shows the crystallite size distributidstbgram of the 4P sample based on the EBSD image i
Fig. 3(d), indicating a bimodal grain structure vitwer, since good quality EBSD orientation mapstoan
obtained only in regions containing a consideralidume fraction of coarse grains while regions
dominated by ultrafine grains appeared with podukhi patterns, the actual volume fraction of dita
grains is much higher than that indicated by Fif)4To further study the bimodal grain structure
achieved in this alloy, TEM characterization andemiation mapping based on scanning precession
electron diffraction (SPED) were carried out on #iesample. Fig. 5(a) shows the orientation mag of
micron-sized coarse grain. Inside the coarse graikBs with misorientation angles of 6-14° and
submicron-sized grains bounded by HABs can alsoldserved. Interestingly, many discontinuous HAB
segments can be seen connecting with the LABsylglei@monstrating the CDRX process. Fig. 5(b)
shows a bright field TEM image of the framed are&ig 5(a). As can be seen, there are many distwcat
tangles inside the coarse grain, indicating a lighsity of dislocations. Fig. 5(c) shows the costng
micron-sized coarse grains and UFG grains, bothazgd and elongated. As can be seen, the equiaxed
UFG grains preferentially form at the previous HABEelongated coarse grains. In the sample, the
lamellar structure that consists of elongated fitteagrains of ~100 nm in width can also be fredlyen
observed (Fig. 5(d)), which is similar to the m&troicture obtained in the Al-4wt.% Cu alloy proazsby
ECAP via a 120° die through route A [26]. Thesenglited ultrafine grains have also a high density of

dislocations.
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Fig. 5. (a) and (c) Typical ASTAR-TEM orientation imagestbé 4P sample and the step sizes are 10.2 nm
and 9.0 nm, respectively. The narrow grey and eohlack lines depict LABs (5° © < 15°) and HABs (15° <
O < 180°), respectively. (b) and (d) Representali# images of the 4P sample, where (b) is takemfthe
framed area in (a).

The bimodal grain structure obtained in the prestudy is a result of incomplete CDRX that can be
associated with the deformation behaviour of graiith different orientations. Non-uniform deforntti
can be attributed to the combined effect of a lsightent of Cu, the specific ECAP route used, thideaaf
ECAP die and the coarse particles. During sheavrdeftion in ECAP, individual grains in the samples
are not deformed uniformly due to the orientatidifecence. The high solute content of Cu increakes
critical shear stress for activition of dislocatislips. At the same time, it suppresses the regeraent of
diffuse dislocation boundaries into subgrain bouieda For the grains with unfavorable orientatidess
dislocation slip systems are activated. Thus ttasgograins with unfavourable orientaions arediffito
be subdivided into fine grains by the developmdrgubgrain boundaries. Different from the mostlgdis
route Bc in ECAP, the relative change of shearctiva to the grain orientation during ECAP via @yt
from pass to pass is limited, especially at higbass numbers. This fact reduces the chance for the

unfavourably oriented grains to be further refiir#d equiaxed grains. In Ref [26], an Al-4 wt.% &lloy
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deformed to a strain of ~10 via route A using a’I20AP die exhibited a submicron-sized lamellairgra
structure. In the present work, a different grdmicture was obtained. This result should be atteit to

the fact that a 90° die was used in the presenk,wdmich can generate more shear bands and entiace
formatiom of equiaxed grains. Lastly, the coakggu particles along the grain boundaries also cortigibu
to the inhomogerous deformation and the grain eefient [20]. The high misorientation gradient of the
matrix in the vicinity of the coarse particles, prates the CDRX process and thus the formation of

equiaxed UFG grains.

3.2. Mechanical properties
3.2.1. Hardness

The evolution of Vickers hardness with increasingnber of passes is shown in Fig. 6(a). As shown,
the hardness increases sharply after one pasfone.77 HV in the initial as-homogenized statel5
HV, followed by a relatively slow increase rate idgrthe 2 3%and & pass, finally reaching 147 HV
which is about 2 times the hardness of the as-hemingd state. The slower hardness increase rate at
higher deformation strains can be attributed todredual supersaturation of dislocations in thersma

grains.

3.2.2. Tensle properties
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Fig. 6. Mechanical propertiesf the 4P sample. (a) Evolution of Vickers hardnesth increasing ECAP
passes, (b) engineering stress-strain curves andiécstress-strain curves.

Typical engineering stress-straind true stress-straguirves for the as-homogenized and 4P samples
are shown in Fig. 6(b) and (c), respectively. Thaesponding mechanical properties, i.e., yieldrgjth
(YS), ultimate tensile strength (UTS) and elongatiare summarized in Table 1. For comparison, some
tensile property results of Al-Cu alloys procesdsd ECAP reported in different literatures are also
included in Table 1. The as-homogenized sampletbigxh moderate strength, i.e. YS of ~169 MPa and
UTS of ~331 MPa. A substantial strength improvemeas achieved in the 4P sample, i.e. YS of ~457
MPa and UTS of ~501 MPa.

Table 1. Tensile properties of the as-homogenized and fResdmples. For comparison, data for room-
temperature ECAP processed Al-Cu alloys reporteatiffarent literatures are also included.

. Yield . . .
Die . Ultimate  Elongation Uniform
Material (equivalent strain Escgru;;;alent © Sztg/i lgfgettensile stres  to failure elongation
per pass) (0.) MPa]  (MPal (¢f) [%] (=) [%]
Al-5 wt.% Cu
(as-homogenized, this work) R 331 36.8 21.2
Al-5 wt.% Cu (this work) ®=90°, (1) 4 457 501 28 5
Al-5 wt.% Cu [18] ® =110°, (0.77) 6.16 ~350 ~ 493 ~8 -
Al-4.1 wt.% Cu [27] ® =120°, (0.67) 2.68 442 460 7.9 0.9
Al-4.1 wt.% Cu
(with post-ECAP annealing ® =120°, (0.67) 2.68 328 368 8.0 3.0
at 170°C for 2 hours) [27]
Al-3.9 wt.% Cu [15] ®=90°, (1) 4 - 290 2.7 -
Al-3 wt.% Cu [28] @ =110°, (0.77) 6.16 - 445 -

The high strength of the UFG AI-5Cu achieved byrfpasses of ECAP in this work can be attributed to
three factors, i.e. solid solution strengtheningabhigh solute content of Cu, strengthening by gh hi
dislocation density and grain boundary strengthgdime to the decrease of grain size.

In the present workthe average equivalent circular grain size of tRe A-5Cu sample was ~0.pm.
According to thethe classical Hall-Petch (HP) relationshipgg = kd='/2, whereo is the yield strength, d
is the average grain size and k is a material-cigrenconstant (here k is taken as 130 MR&'? [29]),
the increase of strength by grain refinement isreged to be ~184 MPa for the 4P sample (vs. ~&aNbr
the as-homogenized sample).

According to classical work hardening theories, strength contribution from dislocation-dislocation
interactions is given by the following relationshiyw4 = MaGb\/E [30], wherea is a numerical constant
measuring the efficiency of dislocation strengthgniG is the shear modulus, and b is the Burges®ore

The larger increase in YS than UTS in comparisotin¢oas-homogenized material indicates a redudation
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work hardening capability of ECAP processed materi@his is because the dislocation density of the
ECAP processed sample is already high and therefameot further increase at the same rate as thia¢ o
as-homogenized alloy during tensile testing. Acocaydo the difference of the yield strength betwées
as-homogenized and 4P samples, the value of stremigy owing to work hardening in the 4P sample can
be estimated to oy = 457 — 169 — 20 — 184 = 84 MPa. Here we can also estimate the dislocation
density of the 4P sample by taking= 0.3, G = 27 GPa, b 2.86 x 1071° m and the Taylor factor M=3
[13]. Applying the estimated value ab; = 84 MPa gives a dislocation density 1.2 x 10* m~2,
which compares well with the estimated value basethe misorientation gradient.

Among different mechanical properties of UFG maisriprocessed by SPD, ductility is particularly
important since it relates to fracture toughness farmability. The strain prior to the onset of kieg is
an indispensable value in the formability of sheetal because its magnitude specifies the perngssib
strain to obtain uniform or homogeneous deformati, after which local thinning (i.e., inhomogeneous
deformation) may occur. In addition to the sigrafice ofe, on formability, the total elongatiores at

fracture is also being considered as an essentiator of formability. Herege = &, + €, Whereey, is

the post-uniform elongation. After four passes,vhlkeles ofe, ande; reached 5% and 28%, respectively.
Although the uniform elongation of the 4P samplemsich reduced in comparison to the as-

homogenized state, it is significantly larger thameviously reported values of ECAP processed Al-Cu

(containing 3-5 wt.% Cu) alloys, and even supetiothat of the Al-4.1 wt.% Cu alloy with post-ECAP

annealing at 170 for 2 hours (see Table 1). It is well known tHze tvork hardening ability is important

for stabilizing uniform tensile deformation. In $hétudy, the enhanced work hardening can be irtiegbr

in light of the high solute content of Cu and tliraddal grain structure.

During tensile deformation, non-uniform deformatistarts when the condition predicted by the
Considre criterion is reache(qg—:)é < o0, wherec andg are true stress and true strain, respectivelygand

is the strain rate. Typically, the strength of higadeformed metals is high and work hardening ratew,
making it easy for inhomogeneous deformation toebrad small strains. Thus, an increase of work
hardening rate can postpone the onset of instabiliplastic flow, resulting in a large uniform algation.
A dynamic balance between dislocation generatiahamihilation determines the work hardening rate,

while the uniform strain during tensile deformatisrprimarily controlled by the rate of dynamic ogery
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[31]. In this study, the high Cu solute contenta catard the annihilation of dislocations by pirtiine
migration of mobile dislocations and accordinglye tECAP processed material can reach a higher
supersaturating density of dislocations, resuliing high work hardening rate, thus improving tindarm
elongation.

Furthermore, the interior of coarse grains has elnhower dislocation density than those areas adjac
to the HABs, which means that coarse grains havpleaspace for accommodating newly generated
dislocations during the tensile deformation. Thtiee micron-sized (large) grains increase the work
hardening capacity. Additionally, the coarse grathemselves not only participate in the plastic
deformation but also help release the stress ctmatem in the UFG matrix [12]. Crack propagation
across these large and ductile grains dissipatmnsiderable amount of energy [27], thereby detayin
crack initiation and propagation. This bimodal rmgtructure is supposed to be the most importasbrea

for the large uniform elongation and post-uniforangation in the 4P sample.

3.2.3 Fracture of tensile samples

Detailed fracture morphology of the tensile specimeas obtained by using SEM. As indicated in Fig.
7(a), the as-homogenized sample shows a typicgblditike ductile fracture, where the diameter o th
dimples is measured as ~12+2%. The fracture surfaces of the 4P sample are sliwwig. 7(b)~(d). As
can be seen, the dimples in the 4P sample arealngnallow and the size varies a lot. Two digdie
features are noted for the dimples. The first anthé large areas of a poorly defined dimple mdgzho
(marked by an oval circle in Fig. 7(b)), which igoposed to be correlated to ultrafine grained regitn
metals containing ultrafine grains, the dimensiohghe dimple-like features observed on the fraetur
surface are usually considerably larger than tlangsizes [32-34]. The reason is that since frauguof
UFG grains operates at a larger scale and eveptnathlve collective grain activity [32]. Based &iig.
7(b), it seems that a considerable fraction ofrgrdi~70% in area fraction) is in the UFG range. The
second feature of the fracture surface is the defihed deeper dimples associated with the CG nagio
which are similar to those seen in the as-homogengample. These dimples indicate that some plastic
deformation has occurred prior to fracture, whidntdbutes to the improved elongation to failure.
Atomistic simulations of crack propagation in NCteréals have demonstrated that inter-granular dirgct

proceeded by coalescence of micro-voids aheadeafréick [35]. According to the model by Lavernia an
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collaborators [36, 37], cracks follow a fast angkigranular path when running through the nanottrad
grains, but are blunted and slowed down when thepunter a large and soft grain. The coarse gmias
bimodal grain structure are therefore an importaaison to attain large uniform elongation in the 4P

sample.

- - T
x3.00k SE 15.0kV 10.4mm x10.0k SE

Fig. 7. Fracture morphologies of Al-5Cu alloy. (a) as-hg®wized; (b), (c) and (d) 4P.

4. Conclusions

The microstructural evolution and mechanical properof an ECAP processed Al-5wt.% Cu alloy
containing a small fraction ofl,Cu eutectic particles were investigated. The micuoture analysis
revealed that during ECAP, the grain refinementuce@redominantly by subdivision of original coarse
grains by forming shear bands and by continuousuahjm recrystallization (CDRX). The coarse eutectic
Al,Cu particles along grain boundaries can enhanctth@tion of UFG grains around the particles. Due
to the high solute content of Cu and ECAP via rdutsome of the coarse grains are difficult to &kned
into UFG grains. As a consequence, a bimodal grtaircture can be achieved after four passes of ECAP
Tensile tests showed that high strength (WTS00 MPa) and good ductility (i.e. elongation tduiee
~28% and uniform elongation ~5%) can be achievedilsineously in the ECAP Al-5Cu alloy. High yield
strength is a combination of different strengthgmmechanisms, i.e. solid solution strengthening bygh

content of Cu, strain hardening by a high dislaratiensity, and grain boundary strengthening. Tigk h
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solute content of Cu and the bimodal grain strectsirsupposed to lead to the enhanced rate andigapa
of work hardening, respectively, resulting in thgproved uniform elongation. The results of the pn¢s
work suggest a new strategy for designing and naamufing UFG metal alloys with both high strength

and good ductility.
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Tables.

Table 1. Tensile properties of the as-homogenized and thasamples. For comparison,
data for room-temperature ECAP processed Al-Cwslteported in different literatures are
also included.

Figure captions.

Fig. 1. Microstructure of the original as-homogenized Altballoy: (a) EBSD map and (b)
BSE map.

Fig. 2. Microstructures of the 1P sample: (a) BSE imabg;HBSD image corresponding
to the area within the white rectangular frameai)) (c) enlarged EBSD image of the selected
grain GIl, showing diffuse boundaries; (d) selectg@in Gll, showing micro-bands.
Corresponding misorientation profiles measured @glive lines are also included. Inside of
Gl and GlI, the blue and red lines depict diffenbetween neighbouring grid points 20<
<5’ and 5° <O < 15° respectively.

Fig. 3. Typical BSE images, and corresponding EBSD mapthefareas indicated by
rectangular frames in the BSE images. (a) and Fy)(2) and (d) 3P; (e) and (f) 4P. The
white dots in the BSE images are eutectigCAll particles. In the EBSD maps, narrow grey
and coarse black lines depict differences betwedghbouring grid points 5° © < 15° and
15° <6 < 180° respectively.

Fig. 4. The evolution of (a) the average crystallite sidth boundary misorientation5°,
(b) fraction of different boundaries and (c) averagisorientation of boundaries as a function
of equivalent deformation strain; (d) grain sizstdbution of the 4P sample.

Fig. 5. (a) and (c) Typical ASTAR-TEM orientation imagestbé 4P sample and the step
sizes are 10.2 nm and 9.0 nm, respectively. Theowagrey and coarse black lines depict
LABs (5° <O < 15°) and HABs (15° © < 180°), respectively. (b) and (d) Representative
TEM images of the 4P sample, where (b) is takemfiive framed area in (a).

Fig. 6. Mechanical properties of the 4P sample. (a) Evolutf Vickers hardness with
increasing ECAP passes, (b) engineering stressrstuaves and (c) true stress-strain curves.

Fig. 7. Fracture morphologies of Al-5Cu alloy. (a) as-hgeized; (b), (c) and (d) 4P.
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Highlights:
« After four passes of ECAP, abimodal grain structure can be achieved.
» Highyield strength is acombination of different strengthening mechanisms.
e The high solute content and the bimodal structure lead to improved ductility.
e The present work suggests a new strategy for designing UFG metal alloys.



