Hierarchical structure in Al-Cu alloys to promote strength/ductility

synergy

S.H. Wu®® H. Xue®, C. Yang®, J. Kuang ®, P. Zhang®, J.Y. Zhang®, Y.J. Li?,
Hans J. Roven®", G. Liu®", J. Sun®"
 Department of Materials Science and Engineering, Norwegian University of Science and
Technology, 7491 Trondheim, Norway
bState Key Laboratory for Mechanical Behavior of Materials, Xi’an Jiaotong University, Xi'an,
710049, P.R. China

Abstract: Experimental evidence demonstrated that equal channel angular pressing (ECAP) at
cryogenic temperature, in comparison with ECAP at room temperature, led to promoted strength-
ductility synergy in an Al-2.5wt.%Cu alloy. The simultaneous improvement is related to
microstructural hierarchy of multimodal grains, low angle grain boundaries, and
inter/intragranular precipitates, which was tuned by aging treatment in match with the low-
temperature ECAP. The artificial aging could maintain multimodal grain size distribution,
introduce a large number of low angle grain boundaries and produce intragranular precipitates to
improve strength/ductility. A minor 0.3wt.% Sc addition was effective in optimizing the
precipitations and further boosting the strength/ductility combination. The underlying
mechanisms for higher strength and greater ductility were rationalized in terms of the low-

temperature ECAP.
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With super-high strength, bulk nanostructured (NS) metallic materials have attracted
intensive research interests during the past two decades [1-4]. Most researches have been focused
on improving the strength and ductility simultaneously [5-11]. The adopted methods include: (i)
forming a bimodal/multimodal grain size distribution [7, 9, 10, 12], (ii) generating a high density
of intragranular precipitates [5, 6, 8, 13], (iii) introducing a large fraction of nano-twins [11], etc.
Recent studies report that severe plastic deformation (SPD) at cryogenic temperature exhibits the
ability to improve both strength and ductility, which originates from the suppressed dynamic
recovery and dynamic precipitation during SPD deformation [ 14-18]. Besides, the microalloying
effects have also been proven to ameliorate the poor ductility in NS aluminum (Al) alloys and
enhance the strength [5, 19]. Thus, designing novel material microstructures by innovative
processing routes to improve the mechanical properties of NS materials is still a relentless pursuit
in the Al community [1, 20, 21].

Introducing heterogeneous microstructure (e.g., bimodal/multimodal grain structure and
heterogeneous lamella structure) in Al alloys can induce an excessively large number of
geometrically necessary dislocations (GNDs) to accommodate the large strain gradient during
tensile deformation, leading to extra strain hardening and thus better ductility [10, 12, 20, 22, 23].
The precipitation behaviors of SPD processed age-hardening Al alloys have attracted much
attention during the past two decades [4, 5, 24-27]. Recent studies reveal that the length-scale
dependent Sc microalloying effects in Al-Cu alloys can alter the deleterious intergranular
precipitation to favorable intragranular precipitation at the fine/ultrafine-grained length-scale [5,
19], improving the strength and ductility simultaneously. Thus, a coupling of a
bimodal/multimodal grain structure and a high density of intragranular precipitates seems to be a
promising method to fabricate NS materials with high strength and superior ductility, for which,
to the best of the author’s knowledge, has received little attention. Besides the aging hardening
precipitates, the post-SPD aging can also induce other drastic changes of the microstructure, such
as the annihilation of defects (e.g., dislocations and vacancies) at grain boundaries [5, 28, 29],
forming a large fraction of low angle grain boundaries (LAGBs) in original micron-sized grains

due to the dislocation recovery [10, 28, 30], which can also largely influence the strength [31]. In



present work, the coupling influence of ECAP processing at cryogenic temperature and minor Sc
addition on the strength and ductility of Al-Cu alloys is systematically investigated, aiming at
offering a new method to fabricate NS Al alloys with superior mechanical properties. A novel
hierarchical microstructure is proposed herein to improve the mechanical properties of NS alloys.
Two kinds of alloys with the compositions of Al-2.5wt.%Cu and Al-2.5wt.%Cu-0.3wt.%Sc
were respectively cast by using 99.99 wt.% pure Al, 99.99 wt.% pure Cu and Al-2.0wt.% Sc
master alloys. All cast ingots were homogenized at 723K for Sh. Bars with dimensions of 100 mm
X19.5 mm X 19.5mm were machined from the cast ingots for ECAP. After being solution-treated
at 873K for 3h and quenched in cold water, the bars were subjected to 4 passes ECAP at both
room temperature and cryogenic temperatures by route Bc [32]. For cryogenic ECAP (abbreviated
as Cryo-ECAP), the die was kept at 243K in a freezer for 8h before ECAP and was surrounded
by dry ice during ECAP to maintain the targeting temperature. All samples were kept in liquid
nitrogen for 30 min before and between each ECAP pass. Samples were cut from the uniformly
deformed region in the plane containing the normal direction and the extrusion direction (i.e., ND-
ED plane) of the ECAP specimens for subsequent microstructure observation and mechanical
tests. After ECAP processing, the samples were immediately aged at 398K. Microstructural
analyses were carried out using X-ray diffraction (XRD), scanning electron microscopy/electron
backscattered diffraction (SEM/EBSD), and high-resolution transmission electron microscopy
(HRTEM). The dislocation density was calculated based on the XRD patterns using the
Williamson—Hall method [33, 34]. The preparation of SEM-EBSD and TEM specimens were
previously reported in [35]. The size and number density of precipitates were measured following
the method in [36, 37]. The dog-bone shaped tensile specimens were machined with a gauge size
of ~Imm in thickness, 2 mm in width and 6mm in length. Tensile tests were performed at room
temperature under a strain rate of 5X 10 s!, using a laser extensometer.
The evolution of hardness with time during artificial aging at 125°C for Cryo-ECAP Al-2.5Cu
and Al-2.5Cu-0.3Sc is shown in Fig. 1 (a). The as-deformed hardness of Cryo-ECAP Al-2.5Cu-
0.3Sc is slightly higher than that of Al-2.5Cu, which arises from Al3Sc particles introduced by

solid solution [38, 39] inhibiting dynamic recovery during SPD deformation [40]. Both alloys



exhibit the reducing hardness first until aging to 5h and increasing trend afterwards until the peak
aging time. The initial reduction in hardness can be ascribed to the recovery [28], which will be
discussed in detail later. The increasing hardness is due to the precipitation of intragranular
metastable 6’ phase [5, 35]. The peak-aged hardness is significantly higher in Cryo-ECAP Al-
2.5Cu-0.3Sc than in Cryo-ECAP Al-2.5Cu.

Engineering stress-strain curves of as-deformed room temperature ECAP (abbreviated as
RT-ECAP) [5] and Cryo-ECAP Al-2.5Cu and Al-2.5Cu-0.3Sc alloys are shown in Fig. 1 (b). As-
deformed Cryo-ECAP samples present much higher strength and better uniform ductility than as-
deformed RT-ECAP ones. Tensile stress-strain curves of peak-aged RT-ECAP [5] and Cryo-
ECAP Al-2.5Cu and Al-2.5Cu-0.3Sc alloys are presented in Fig. 1(c). The peak-aged RT-ECAP
Al-2.5Cu-0.3Sc presents higher yield strength g, (~ 337 MPa vs 280 MPa) and superior ductility
(total elongation ~7.5% vs 6% and uniform elongation ~1.3% vs 1%) comparing with the Sc-free
counterpart, mainly due to the alteration from partially intergranular precipitation to total
intragranular precipitation [5, 35]. Interestingly, the peak-aged Cryo-ECAP Al-2.5Cu-0.3Sc
exhibits higher g, (~ 380 MPa vs 340 MPa) and better ductility capacity (total elongation ~12%
vs 10% and uniform elongation ~4.5% vs 2.3%) than Cryo-ECAP Al-2.5Cu. The improvement in
ductility by ECAP at cryogenic temperature, especially uniform elongation, is similar to those
achieved by cryogenic ECAP methods in [16, 17]. It’s also interesting to note that the ductility of
peak-aged Cryo-ECAP Al-2.5Cu is better than that of peak-aged RT-ECAP Al-2.5Cu-0.3Sc,
which will be discussed later.

The uniform elongation is mainly determined by the work-hardening rate, #=0c /0¢ , where
o is the true stress and ¢ is the true strain. The Kocks-Mecking plots, i.e., 6-(c-6y) plot, for peak-
aged RT-ECAP [5] and Cryo-ECAP Al-2.5Cu and Al-2.5Cu-0.3Sc alloys are shown in Fig. 1(d).
The initial work-hardening rate Omax of peak-aged RT-ECAP Al-2.5Cu is the lowest, arising from
the smallest dislocation density and number density of intragranular precipitates [27, 41-43]. It
can be clearly seen that ECAP at cryogenic temperature can prominently decrease the dynamic
recovery rate during tensile deformation (as shown by comparing peak-aged RT-ECAP Al-2.5Cu

and Cryo-ECAP Al-2.5Cu), which is more efficient than reported in [16, 17]. Besides, minor Sc



addition can further reduce the dynamic recovery rate during tensile deformation, with peak-aged
Cryo-ECAP Al-2.5Cu-0.3Sc presenting the smallest dynamic recovery rate during tensile

deformation and thus largest uniform elongation.
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Fig. 1. (a) The evolution of hardness with aging time at 125°C for Cryo-ECAP Al-2.5Cu and Al-2.5Cu-0.3Sc.
Engineering stress-strain curves for as-deformed RT-ECAP [5] and Cryo-ECAP Al-2.5Cu and Al-2.5Cu-0.3Sc
alloys (b) and for peak-aged RT-ECAP [5] and Cryo-ECAP Al-2.5Cu and Al-2.5Cu-0.3Sc alloys (c¢). Kocks-
Mecking plot for peak-aged RT-ECAP and Cryo-ECAP Al-2.5Cu and Al-2.5Cu-0.3Sc alloys (d).

EBSD images of as-deformed Cryo-ECAP Al-2.5Cu and Al-2.5Cu-0.3Sc are shown in Fig.
2 (a) and (d), respectively. The statistical results of grain size in Fig. 2 (b) and (e) in conjunction
with EBSD images clearly show that there exists a multimodal distribution of grain size in both
alloys. ECAP at cryogenic temperature leading to the multimodal distribution of grain size can be
rationalized in terms of the influence of temperature on activating the dislocation slip system [44,
45]. For those grains possessing less active dislocation slip systems under cryogenic temperature,
the grain subdivision by formation of sub-grain boundaries is difficult. Thus, the coarse grains
can only be refined to a limited extent. For the other grains with favorable orientations, further

ECAP passes can reduce the grain size down to ultrafine/nano range. Furthermore, it’s interesting



to note that the multimodal grain size distribution is more prominent with minor Sc addition. This
interesting phenomenon can be ascribed to the heterogeneous distribution of fine Als;Sc particles
during SPD deformation, during which the AlzSc dispersoids introduced by solid solution [38, 39]
can be fragmented into smaller AlzSc particles and distribute heterogeneously, i.e., with those
grains of favorable orientations distributed with more Al3Sc particles and the remaining grains
depleted of AlsSc particles [40, 46]. The smaller AlsSc particles can inhibit the motion of
dislocations during ECAP, rendering the formation of sub-grain boundaries more difficult. Thus,
a more prominent multimodal grain structure can be formed. In Cryo-ECAP Al-2.5Cu, the average
misorientation gradient for micron-sized grains lies within 2.1 — 3.0 degree/um. Meanwhile, in
Cryo-ECAP Al-2.5Cu-0.3Sc, the average misorientation gradient for micron-sized grains is

within 3.0 — 4.5 degree/um. This indicates that a higher geometrically necessary dislocation (GND)
density exists in the latter alloy [47], which can be roughly estimated by 0, =6/b0 (0 is the

accumulated misorientation angle in radians within a distance J, b is the Burgers vector). For
example, the misorientation profiles of line L1 and L2 in Fig. 2 (c) and (f) show that a larger

misorientation gradient exists in the latter.
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Fig. 2. Typical EBSD images of as-deformed Cryo-ECAP Al-2.5Cu (a) and Al-2.5Cu-0.3Sc (d). (b) and (e) are

the corresponding grain size distributions for Al-2.5Cu and Al-2.5Cu-0.3Sc, respectively. (c) and (f) are the



misorientation profiles measured along line L1 and line L2. The narrow grey and coarse black lines depict
boundaries with misorientation angles of 2° <8<(10°and 6 > 10°, respectively.

Besides the precipitates, the post-SPD aging can also introduce a large number of LAGBs
due to recovery [28], which can also contribute to the strength [30, 48]. The microstructure
evolutions of Cryo-ECAP Al-2.5Cu and Al-2.5Cu-0.3Sc aged at 125°C are illustrated by the
EBSD images in Fig. 3. A large density of LAGBs with misorientation angles of 6-14° are formed
within the coarse micron-sized grains, however, the multimodal grain size distribution is still
maintained. Due to the heterogeneous microstructure in the present alloys, we will attempt to
describe quantitatively the grain boundary strengthening effect based on the influences of two
types of boundaries, i.e., LAGBs and high angle grain boundaries (HAGBs), which can be
quantitatively given as the following equation [10, 30]:

O = Onuc T O s

1 1
=k, (dyyigs) 2 + M, G (1.5, 0,07 (1= fuc5) )
Where k=100 MPa-um'? is the Hall-Petch constant for the Al-Cu alloys [15], a; = 0.24 is a
constant depending on the arrangement of dislocations, G=27 GPa is the shear modulus, »=0.286

nm is the Burgers vector for Al, M=3 is the Taylor factor. S, is the total area of grain boundaries

4
per unit volume, which can be estimated as S, =— B, (B is the total boundary length per unit
T

area). 6-1% is the average misorientation angle of LAGBSs, fius is the fraction of HAGBs and

duacs is the size of grains bounded by HAGBs. A cut-off misorientation angle of 10° was chosen
[47, 49], since a cut-off angle of 5°/15° can underestimate/overestimate the grain boundary
strengthening. The structural parameters derived from the EBSD analysis and calculated grain
boundary strengthening for as-deformed, peak-aged alloys are presented in Table 1. The peak-
aged grain boundary strengthening reduces somewhat little, arising from that recovery can
introduce or sharpen LAGBs. Thus, these boundaries can be correctly identified by EBSD and
contribute to the strength.

The precipitate parameters and dislocation density for as-deformed and peak-aged Cryo-

ECAP Al-2.5Cu, Al-2.5Cu-0.3Sc alloys are presented in Table 2. The strengthening mechanisms
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in present Al-2.5Cu and Al-2.5Cu-0.3Sc alloys processed by ECAP mainly include grain
boundary strengthening (o6s), dislocation strengthening (o4) [47], solid solution strengthening (oss)
[50] and intragranular 6’ precipitation strengthening (o) [S, 38]. The yield strength (o,) can be

described as [5, 47]:

O-y = O-GB + O-d + O-ss + O-Intra (2)
The oGs, 04, Oss, Omua, predicted yield strength O'f using Eq. (2) and experimentally measured
yield strength O'f for Cryo-ECAP Al-2.5Cu and Al-2.5Cu-0.3Sc alloys are shown in Table 3. It

can be clearly seen that O'f can match well with O'f .

Fig. 3. Typical EBSD images of Cryo-ECAP Al-2.5Cu aged at 125°C for 5h (a) and 20h (b), Cryo-ECAP Al-
2.5Cu-0.3Sc aged at 125°C for 5h (c) and 30h (d). The narrow grey and coarse black lines depict boundaries

with misorientation angles of 2° < 6<C10°and 6 > 10°, respectively.



Table 1

Structural parameters estimated from the EBSD images and calculated grain boundary strengthening.

Cut-off angle (°) 6-" () JfHaGB Sy (106 m™) drace (Lm) oz (MPa)
As-deformed Cryo-ECAP Al-2.5Cu 10 3 0.53 2.8 55 148
As-deformed Cryo-ECAP Al-2.5Cu-0.3Sc 10 2.8 0.56 3.2 6.1 145
Peak-aged Cryo-ECAP Al-2.5Cu 10 2.4 0.46 3.8 30 135
Peak-aged Cryo-ECAP Al-2.5Cu-0.3Sc 10 2.3 0.45 4.0 20 140

Table 2

Measurements on the precipitate volume fraction fiue- of intergranular precipitates and fiu. of intragranular precipitates, mean radius 7iuer and ringe, number density Niner

and Niuq, dislocation density in as-deformed, peak-aged Cryo-ECAP Al-2.5Cu and Al-2.5Cu-0.3Sc alloys.

Alloys Precipitate parameters
Sinter(%0) Finter(M)  Ninger (101°m 3)  finera(%) FinrdmM)  Niwg (102'm3)  Dislocation density (10“m2)
As-deformed Cryo-ECAP Al-2.5Cu - - - - - - 7.24+1.10
As-deformed Cryo-ECAP Al-2.5Cu-0.3Sc - - - - - - 9.44+1.26
Peak-aged Cryo-ECAP Al-2.5Cu 0.2840.10 36.6+£5.6 1.4+2.5 0.86+0.006  18.5+3.0 1.32+0.22 3.20+0.26
Peak-aged Cryo-ECAP Al-2.5Cu-0.3Sc 2.08+0.18 223+19 2.03%+0.20 3.50+0.40




Table 3

Strengthening effects contribution to the yield strength oy for Al-2.5Cu and Al-2.5Cu-0.3Sc alloys.

Strengthening effects contribution to the yield strength oy (MPa)

AllOyS 0GB 04 Oss Ontra GP O-E

y y
As-deformed Cryo-ECAP Al-2.5Cu 148 147+10 85+8 380£18 363+9
As-deformed Cryo-ECAP Al-2.5Cu-0.3Sc 145 168+11 85+8 398+19 381%7
Peak-aged Cryo-ECAP Al-2.5Cu 135 99+10 40+4 86+8 36022 34010
Peak-aged Cryo-ECAP Al-2.5Cu-0.3Sc 140 104412 30£3 140+10 413+£25 390+11
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Hierarchical microstructures combining grain size gradient and length-scale dependent
precipitation behaviors have been achieved in peak-aged Cryo-ECAP Al-2.5Cu and Al-2.5Cu-
0.3Sc alloys, as clearly illustrated in Fig. 4. As shown in Fig. 4 (a), the evolutions of number
density of intragranular ' precipitates with grain size are quite different in both alloys: (i) Al-
2.5Cu-0.3Sc presents almost twice higher number density than Al-2.5Cu at the same grain size;
(i) Al-2.5Cu exhibits only intergranular precipitation in grains smaller than ~ 200 nm and
intragranular small precipitates/GP zones with grain size lying between 200 nm and 400 nm,
above which only intragranular 6 precipitates can be observed; (iii) in contrast Al-2.5Cu-0.3Sc
exhibits only intragranular small precipitates/GP zones (as marked by the arrow in Fig. 4 (g)) with
grain size lying between ~ 100 nm and ~ 250nm, above which a high number density of
intragranular @' precipitates are formed. This interesting length-scale dependent precipitation
behavior in combination with the multimodal grain size distribution can lead to prominent
hierarchical microstructures in both alloys, as illustrated in Fig. 4 (b) and (¢). It should be noted
that a more prominent gradient variation of dislocations can be formed with minor Sc addition,

for which the dislocations include GNDs and incidental dislocations [22, 51].
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Fig. 4. The evolutions of number density of intragranular &' precipitate with grain size in peak-aged Cryo-ECAP
Al-2.5Cu and Al-2.5Cu-0.3Sc (a) with corresponding bright-field TEM images and magnified images showing
the precipitate in (d)-(i). The schematic illustrations of hierarchical microstructures combining length-scale
dependent precipitation behaviors, multimodal grain size distribution and a gradient variation of dislocations in
peak-aged Cryo-ECAPAI-2.5Cu (b) and Al-2.5Cu-0.3Sc (c).

ECAP processing at cryogenic temperature can lead to higher strength, as quantitatively
exhibited in Table 1. It’s clearly seen that the enhanced strengthening arises from the improved
grain boundary strengthening and dislocation strengthening. The improved grain boundary
strengthening can be ascribed to the introduced multimodal grain size distribution, for which a

large fraction of LAGBs can significantly contribute to the strength [10, 30, 31]. The enhanced
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dislocation strengthening can be due to the suppressed dynamic recovery during ECAP
deformation [14, 15].

The significantly improved ductility in peak-aged Cryo-ECAP alloys, as compared with that
in peak-aged RT-ECAP alloys, mainly arises from the multimodal grain size distribution and the
length-scale dependent & precipitates. On one hand, the multimodal grain size distribution leads
to gradients of plastic deformation over a length scale of several micrometers during tensile
deformation [20, 22]. GNDs will build up to accommodate the deformation incompatibility near
grain boundaries between the soft and hard grains [20, 22, 52]. On the other hand, local complex
3D stress states can be induced by the presence of plastic strain gradients during tensile
deformation, which will promote the activation of new slip systems and accumulation of
incidental dislocations [22, 51]. Thus, the strain gradient introduced GNDs and incidental
dislocations can increase the total dislocation density during tensile deformation, leading to
enhanced dislocation hardening [20, 22, 51]. The Sc microalloying effect on the length-scale
dependent @' precipitates is prominent, leading to higher density of intragranular §" precipitates
(seen in Fig. 4). The higher density of intragranular & precipitates can more efficiently generate,
pin down, and thus accumulate dislocations within the grains [5, 6, 8] during tensile deformation,
leading to enhanced dislocation/strain hardening [5] .Thus, the coupling of more remarkable
multimodal grain size distribution and Sc microalloying effect results in the superior mechanical
properties (oy ~ 380 MPa, uniform elongation ~4.5%, and total elongation ~12%) in peak-aged
Cryo-ECAP Al-2.5Cu-0.3Sc.

It’s interesting to note that peak-aged Cryo-ECAP Al-2.5Cu is more ductile than peak-aged
RT-ECAP Al-2.5Cu-0.3Sc, as seen in Fig. 1 (¢), even intergranular 6 precipitates only exist in the
former [5, 35], which are prone to result in intergranular fracture and unresolved low ductility [8,
19]. This interesting phenomenon can be rationalized as follows. In peak-aged Cryo-ECAP Al-
2.5Cu, there exists a critical grain size below which intergranular precipitates can be formed. The
larger (soft) grains carry much of the plastic strain, and the smaller (hard) grains are difficult to
deform [22]. Thus, the detrimental effects of intergranular particles on the ductility can be

intelligently minimized. Considering that peak-aged RT-ECAP Al-2.5Cu-0.3Sc possesses higher
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density of intragranular # precipitates than peak-aged Cryo-ECAP Al-2.5Cu (see Fig. 4 (a) and
refer to [5]), it seems that introducing multimodal grain size distribution is more beneficial than
enhancing the intragranular precipitates in improving the ductility herein.

In summary, novel hierarchical microstructures combining multimodal grain size
distribution and length-scale dependent precipitation can be achieved in peak-aged Cryo-ECAP
Al-Cu alloys. Minor Sc addition can further enhance multimodal grain size distribution to increase
the total dislocation density and promote intragranular €' precipitates to strengthen the dislocation
storage capacity during tensile deformation. The higher strength in Cryo-ECAP alloys originates
from the introduced multimodal grain size distribution. The superior ductility results from the

enhanced dislocation/strain hardening during tensile deformation.
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