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Abstract

The evolution of the microstructure and texturentyannealing has been studied in the center lafyer
95% cold rolled Al-0.3%Cu with a large initial gnasize. The cold-rolled condition is characteribgd

a strong Brass texture component and a deformedostiacture comprising lamellar structures
intersected by a large number of shear bands. Radligation and precipitation take place during
annealing at 200 °C, and a strong Goss texturelaleveln the beginning of recrystallization, Goss
oriented grains nucleate preferentially at the sheads. At a later stage of recrystallization, r@ess
nuclei can appear in regions where lamellae ofdivinant Brass component are interspersed with
Goss-oriented subgrains. When recrystallizaticalngost complete, recrystallized Goss-oriented grain
grow into grains of other orientations, which résuh a rapid increase in the average grain size of
Goss-oriented grains and strengthening of the @odare. As a result, new low angle boundaries are

formed between Goss-oriented grains in this stgotegitured material.
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1. Introduction

Depending on the chemical composition, homogemmnatand subsequent thermomechanical
processing, different annealing textures can develaolled Al-alloys. The most commonly reported
recrystallization texture component after heavyinglin aluminum with a low concentration of
impurities is the cube texture {00100 [1-4]. However, in Al-alloys containing coarse fodes the
texture can be dominated by the P component, dkfseeither {110}111), {110}(566 or {110K122
[4-9], which is typically attributed to particleirsulated nucleation. A so-called retained defororati
texture can be produced during annealing when séallized grains have orientations of the rolling
texture [1,4,10]. The Goss {11@01 texture along with a weaker Q {0XZ81) component has also
been reported after annealing of heavily rolledafddys [11-13]. Compared to the other “standard”
rolling texture components, such as Copper (Cupidllld), S {123K634 and Brass (Bs) {11Q1L12),

the Goss orientation is a minor rolling texture pament. Whenever this component is produced
during recrystallization, it alters the rolling tare so much that the final texture can no longer b
described as a retained deformation texture.

In previous studies of Al-1.8%Cu, it has been satgge that grains of the Goss and Q
orientations nucleate at shear bands [4,11,12]thEumore, local orientation measurements in Al-
1%Mg provided experimental evidence that grainshefe orientations can indeed nucleate at shear
bands [13]. However, quantitative microstructunalgsis of such grains and their evolution during
annealing has not been conducted in these earllicptibns. It should also be noted that since
nucleation at shear bands results in grains oéwdifft orientations, and since there can also ber oth

types of nucleation sites, the Goss component enrdlerystallization texture is combined with other



texture components. Therefore, reported volumetitnag of the Goss component in the annealing
texture are usually moderate [13,14].

A rather strong Goss component was found in oelirpinary study [15] of a heavily rolled and
subsequently annealed Al-0.3%Cu alloy. After reeffigation at 200 °C, the fraction of the Goss
texture in this alloy was approximately 40%. Theyvimited microstructural analysis presented in
[15] was insufficient to clearly understand how teformed material evolved to produce such a strong
Goss texture during annealing. Therefore, the mep the present work is to characterize in detail
the development of this strong texture during ieatial annealing covering both nucleation and
growth of Goss-oriented grains. Electron backscditéaction (EBSD) is used in this work to monito
the evolution of microstructure and texture stgrtiimnom the as-rolled sample to a completely

recrystallized material.

2. Experimental

The material used in this experiment was producech 199.999% pure Al and oxygen-free high
conductivity copper. The as-cast ingot containdgd-12 mm large grains and was forged at 200 °C to
obtain a 50 mm thick plate suitable for cold radlinX-ray texture measurements revealed different
dominant orientations in specimens taken from séwdifferent regions of the forged material, thus
reflecting the presence of very large grains of/way orientations. The only consistent result aidi
from the different regions was an increased comaBah of orientations near the Goss component
[15]. The microstructural examination of the forgeample demonstrated that the initial grains could
still be clearly identified in the microstructuraedathat they were subdivided by dislocation boursdar
The forged sample was cold-rolled by multiple passe a final thickness of 2.5 mm, which

corresponded to a reduction of 95% (von Mises sty = 3.4). The rolled material was



inhomogeneous through the sample thickness, and coughly be divided into 3 distinct layers, each

with a thickness of approximately 1/3 of the santpiekness. All examinations in the present work

were conducted for the center layer with a thickn&s~0.8 mm. The cold-rolled sample was annealed
at 200 °C for different periods of time.

The microstructure was investigated using a Z&sagpra 35 field emission gun scanning
electron microscope equipped with a Channel 5 EB88lem and in a Zeiss AURIGA dual-beam
SEM equipped with an AZtecHKL EBSD package. Thegitudinal section containing the rolling
direction (RD) and the normal direction (ND) wagared using mechanical polishing followed by
electrolytic polishing. A step size of 25 nm or @@ was used for the EBSD analysis of the deformed
microstructure, while larger step sizes were usgdnficrostructural examinations of the annealed
samples. Low angle boundaries (LABs) and high amglendaries (HABsS) in the EBSD data were
defined as boundaries with misorientatiéhs 2—15° and) > 15°, respectively.

The energy stored in the deformed and recoveretbsircicture was calculated from the EBSD
data as described by Godfrey et al. [16,17]. Theeifip boundary energy of the LABs was calculated
from the Read-Shockley equation [18,19], whereas dpecific boundary energy of HABs was
assumed to be 0.324 J/[80]. Recrystallized grains were identified basedtie method described in
[21]. In the present work, such grains were defirgsd regions greater than 5 pum with internal
misorientations less than 1° surrounded by bouadanith § > 2°. An additional criterion was that
there should be at least one HAB segment amonbdtrdaries between each recrystallized grain and
its surrounding matrix.

Texture measurements of the rolled sample and aankaled sample were conducted using

EBSD with a step size of 10 pm and covering seveilimeters along the RD and the entire thickness



of the center layer. Fractions of texture composi@vere calculated applying a 15° deviation from the
closest exact {hkuvw) orientation.

Electrical conductivity was measured using a pdetaoldy-current conductivity meter D60K.
The measurements were conducted on the rollingepddter grinding specimens to the mid-thickness

and cleaning them with ethanol. Three measurenvesits performed for each specimen.

3. Results

3.1 As-rolled material

The deformed microstructure contains finely spatadellar boundaries aligned parallel with the
rolling plane and shear bands at ~30° to the wlhiirection (see Fig.1a). Bright features seen in
Fig.1la,b along some boundaries are particles iehtes AbCu. The average spacing measured
between the lamellar boundaries is ~250 nm. Thetifna of HABs determined using EBSD in this

material is comparatively low, ~30%.

EBSD data provide clear evidence that the rollexgure is dominated by the Bs component
(Fig.1c). The area fraction of this texture compune 51%, while area fractions of the S, Goss (iG”
the figure legends) and Cu components are 20%, drid43%, respectively. The fraction of the cube
texture in this material is negligible, < 0.1%, Vehihe fraction of the other (random) orientatiosis

significant, 15%.

3.2 Evolution during annealing

Figure 2 and Figure 3 demonstrate that the miasogtre is partially recrystallizedg,=16%)
already after 10 min of annealing at 200 °C. Astharly stage of recrystallization, nucleation sake

place predominantly within bands consisting of |Hagewith a large variety of orientations (many of



which are random orientations) and within sheardsanwhich are preferential nucleation sites for
Goss- and Q-oriented grains. The fraction of the ddsponent decreases significantly during
annealing, while the fraction of random orientatidncreases (see Fig.4). Considerable changes are
also observed within non-recrystallized regionse tamellar structure coarsens from ~250 nm to
630 nm along the normal direction within the filld min of annealing (cf. Fig.1 and Fig.2). In
addition, in this annealed sample the number dgosiparticles is obviously higher than that in tee
rolled condition (cf. Fig.1la and Fig.2a), indicafinhe process of precipitation during annealing.
Whereas most of these precipitates are observad #he lamellar boundaries (Fig.2a), in some cases,
precipitates are also seen within recrystallizedirgy, decorating boundaries of lamellae consumed
during recrystallization.

The process of precipitation can additionally bealeated via changes in the electrical
conductivity. Figure 5 shows that after the firdd rhin of annealing the electrical conductivity
increases from 31.2 to 33.1 MS/m, which is consisigith the observed increase in the particle
number density. Although a certain reduction in didocation density taking place during annealing
could also contribute to the increased conductivitys contribution in aluminum is rather small [22
compared to that caused the precipitation process.

The size and area fraction of recrystallized gramtsease with increasing annealing duration
(see Figs.6-8). After 40 min of annealing the fi@ttof the recrystallized microstructure is sigaiint,
frex=40%. Nevertheless, the pattern of recrystallizexing growing preferentially within shear bands
and within horizontal bands consisting of differengstallographic orientations is still clearly einged
in this sample (Fig.7a). Compared to the samplecaled for 10 min, annealing for 40 min results in

increased fractions of the Goss, Q and random tatiens (see Fig.4). The electrical conductivity



continues to increase rapidly, reaching 35 MS/neraftfO min of annealing, followed by a slower
increase beyond 40 min of annealing (see Fig.5).

After 2 h of annealingfrex IS 70%, and it is no longer possible to clearlgniify where shear
bands were located before annealing (Fig.7b). A stage, the fraction of the Goss-component is
already above 30%, and many recrystallized gra@lenlging to the Goss texture become neighbors
with other Goss-oriented grains, thus forming LAitween them.

The area fraction of the Goss texture increasasglfurther annealing between 8 h and 48 h at
200 °C (see Fig.4 and Fig.8). After 48 h of anmaglithe material is fully recrystallized with an
average grain size of 28 um (Fig.8b). The areditnamf the Goss texture in the fully recrystaltize

condition is 44%.

Discussion
4.1 Srong Bs component in therolling texture

The dominance of the Bs component in the deformaixture of the rolled material can be
both due to a very large initial grain size retdidéter hot-forging and due to the presence ofeased
concentrations of the near-Goss orientation befolieng (see Section 2). A coarse-grained matesial
prone to shear banding [23], which can further eschdhe Goss texture [24]. During continued rolling
the Goss component rotates towards the Bs comp@@4htthus increasing the intensity of the latter.
A typical result of such an evolution is a rollitexture where a strong Bs component is combinel wit
a weaker Goss orientation and other rolling texttaeponents. This combination is also observed in
the present material, where the Bs and Goss otiensa occupy 51% and 11% of the area,
respectively. In the following, we shall considewha strong Goss texture develops in this material

during annealing.



4.2 Nucleation of Goss and other grainsin the beginning of recrystallization

In order to analyze why Goss-oriented crystallitesleate preferentially in the beginning of
recrystallization, we calculated the stored endtgfrom the EBSD data [16,17] collected after rolling
in areas with different orientations. For Goss- aaddomly oriented areags was much lower,
0.29 MJ/ni and 0.35 MJ/r) respectively, than for the dominant Bs componEgt 0.7 MJ/mi. This
result is consistent with previous X-ray experiméata for rolled copper, where Goss-oriented region
were found to contain a much lower dislocation dgrtkan regions of the Bs component [25]. Thus,
there is a driving force for lower-energy Goss-otéel regions and regions of random orientations to
grow into neighboring Bs-oriented matrix with a g stored energy.

In the samples annealed for 10 min and 40 min, Gasd Q-oriented grains predominantly
nucleate at shear bands (Fig.2b, Fig.3 and Figitak observation supports earlier suggestions of
Engler and co-workers [4,11,12] as well as expentaefindings of Duckham et al. [13]. It is
significant that whereas only a few Goss- and @+ddd grains were identified at shear bands using a
semi-automated EBSD technique in Ref.[13], ouyfalitomated measurements covering large sample
areas provide clear evidence that in the presem¢rrahshear bands are the primary source of the
Goss- and Q-oriented grains in the beginning afystallization.

Analysis of boundaries between recrystallized graind their recovered environment (Rex/Rec
boundaries) conducted for the 10 min-sample revideds for the Goss-oriented grains the highest
frequency of misorientation angles associated vgtith boundaries are within 25-35° with a
dominance of th€110 misorientation axes (Fig.9a). These misorientatiare close to the ideal
Goss/Bs 35110 misorientation. Grains of the Q orientation havéiigh frequency of Rex/Rec

boundaries in the range 45-50° with a broad distiobh of misorientation axes (Fig.9b). The



distribution of misorientation axes for the Rex/Remundaries in the “random orientations” group
(Fig.9c) is similarly broad to that in Fig.9b. Alsthe distribution of misorientation angles in Bigis
similar to that for the Q-oriented grains, althougle peak near 45° is not as sharp as in Fig.9b. In
contrast, Rex/Rec boundaries of grains in the B&tBSgroup are characterized by a higher frequency
of LABs (31%, see Fig.9d). Hence these grains ayeertikely to experience orientation pinning [26]
during recrystallization, which can reduce theiowth rate. Indeed, of all the analyzed texture
components, the Bs+S+Cu group consistently hasiiadlest average recrystallized grain size after

each annealing treatment (see Fig.10).

4.3 Influence of precipitates

The particles observed in the microstructure ofdbeolled material most likely precipitated
both at grain boundaries during heating of the iqgmr to forging and at some dislocation bounesri
in the hot-forged microstructure before coolingefidfore, it is suggested that the particles inase
rolled microstructure are located at preexistingrimtaries. In contrast, deformation-induced lamellae
of different orientations and shear bands are dlrfres of particles. Upon annealing these regions
recrystallize so quickly that the process of nuiteahere is not affected by the precipitation, evhi
provides grains nucleating in these regions antiatéil advantage during continued recrystallization
Whereas a large number of lamellar HABs can bequntue to the additional precipitation taking
place during annealing, sufficiently large recriistad grains nucleated in the particle-free regican

sweep through particle-rich boundaries (see Fig.2).



4.4 Changes between 40 min and 48 h of annealing

After 40 min of annealing the majority of shear #suiand lamellar bands with a high frequency
of random orientations are already recrystallizeek(Fig.7a). During further annealing at 200 °@, th
existing recrystallized grains grow into adjaceoh4recrystallized regions. However, new nuclei can
still appear in the remaining lamellar structurds. particular, in regions where Bs bands are
interspersed with Goss-oriented subgrains, therlain grow into the Bs matrix, as was also regorte
by Hjelen et al. [27]. An example of Goss-orientedtlei in the Bs matrix after 40 min of annealisg i
presented in Fig.11. Such Goss/Bs-matrix nuclegtng with the growth of the recrystallized Goss
grains formed earlier at the shear bands, leadsrapid increase in the fraction of the Goss textur
between 40 min and 2 h (see Fig.6). Due to contimugcleation of small Goss-oriented grains, the
average grain size for this group remains slighbthaller than that of grains with random orientation
up to 8 h of annealing (see Fig.10).

Between 8 h and 24 h Goss-oriented grains grow mapédly than grains of any other
orientation (see Fig.10). Note that after 8 h ofealing the material is almost fully recrystallized
(frex=91%). Therefore, very few new grains can nucleate] the microstructure evolves largely by
grain growth. At this stage, recrystallized Goseted grains grow into grains of other orientagion
and form new low-energy LABs with other grains loé tGoss component. As a result, the fraction of
LABs increases from 19% in the recrystallized regiafter 8 h to 26% after 48 h. This process
resembles the process of grain growth in strongheetextured materials [28—30], though the fraction
of LABs in our sample is significantly smaller th&a#B fractions in such materials. Whereas the
fraction of the Goss texture observed in the prestrdy is greater than the corresponding fractions

typically reported for Al-alloys, it is suggestduht the strength of the Goss texture in these sbay

10



further be increased by tuning the thermomechanmalcessing, which can have significant

implications for their improved fatigue performaridé,32].

4. Conclusions

The evolution of the microstructure and texture basn studied in the center layer of coarse-grained
Al-0.3%Cu annealed at 200 °C after 95% cold rollinge following conclusions are obtained in this
study.

1. The deformed microstructure consists of a lamedtancture with an interlamellar spacing of
approximately 250 nm, as measured using EBSD. Sofnéhe lamellar boundaries are
decorated by ACu particles, which are considered to precipitateing thermomechanical
treatments prior to cold rolling. The lamellar stiures are intersected by shear bands.

2. Nucleation at shear bands is the primary sourcéhefGoss- and Q-oriented grains in the
beginning of recrystallization. Other preferentialicleation sites in the beginning of
recrystallization are bands comprising lamellaehwé large variety of crystallographic
orientations. Nucleation in these locations seenwffacted by precipitation also taking place
during annealing.

3. The fraction of the Goss-texture increases rafigiiyveen 40 min and 2 h of annealing. This is
attributed both to growth of the Goss-oriented mgaiucleated earlier and to nucleation of new
Goss grains in regions, where bands of the domiBar@omponent are interspersed with Goss-
oriented subgrains.

4. The average grain size of the Goss-oriented graimsins similar to those of the Q and random
orientations up to 8 h of annealing. However, aftenealing beyond 8 h Goss-oriented grains

grow more rapidly than other grains. Between 8 H 48 h of annealing the microstructure

11



evolves largely by grain growth. During this progeSoss-oriented grains tend to consume
grains of other orientations. This leads to thergjthening of the Goss texture, which in turn
results in new low angle boundaries formed betweetrystallized grains of the Goss

component. After annealing for 48 h at 200 °C tteadraction of the Goss texture is 44%.
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Figur e captions:

Figure 1. Microstructure of 95% rolled Al-0.3%Cu: (a) BSfaage showing lamellar structures and a
shear band (marked by a dashed line). (b) a higinifieation BSE image showing particles (bright

features); (c) orientation map obtained using EB®bBegre random orientations are shown in gray and
where LABs and HABs are shown as white and blacksli respectively. The RD is parallel to the

scale bar.

Figure 2. Microstructure of the Al-0.3%Cu alloy anneale@@® °C for 10 min: (a) BSE image, where
precipitates are seen as bright features; (b) @atiem map showing coarsened lamellar structurels an
several recrystallized grains. Note a coarse Gassted grain, which nucleated at a shear band and
grew to a large extent along the RD (parallel ® sbale bar). Orientations that do not belong % an
orientation listed in the color code are represirig different shadings of gray. LABs and HABs

shown as white and black lines, respectively.

Figure 3. Orientation map from a large region in Al-0.3%&hnealed at 200 °C for 10 min. The map
demonstrates a spatially non-uniform distributiémezrystallized grains which nucleate preferetyial

at shear bands and within horizontal bands comigiailarge frequency of random orientations shown
by different shadings of gray. LABs and HABs arewh as white and black lines, respectively. The

RD is parallel to the scale bar.

Figure 4. Fractions of different crystallographic orienteis calculated from the EBSD data for Al-

0.3%Cu annealed for different periods of time & 20.

Figure5. Electrical conductivity of Al-0.3%Cu as a functiof annealing time at 200 °C.

Figure 6. Evolution of the area fraction of recrystallizg@ins in Al-0.3% Cu annealed at 200 °C.
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Figure 7. Orientation maps showing the microstructure ir0AB%Cu annealed at 200 °C for 40 min
(@ and 2 h (b). Orientations that do not belongatty orientation listed in the color code are
represented by different shadings of gray. LABs &#Bs are shown as white and black lines,

respectively. The RD is parallel to the scale bar.

Figure 8. Orientation maps showing the microstructure ir0AB%Cu annealed at 200 °C for 8 h (a)
and 48 h (b). Orientations that do not belong tp @mentation listed in the color code are représen
by different shadings of gray. LABs and HABs arewh as white and black lines, respectively. The

RD is parallel to the scale bar.

Figure 9. Distributions of misorientations across boundabetween recrystallized grains of different
orientations and their recovered environment ingample annealed for 10 min at 200 °C: (a) Goss-
oriented grains; (b) Q-oriented grains; (c) grahsandom orientations; (d) grains of the Bs, S @nd

components. Contour levels: 1, 2.

Figure 10. Evolution of the average size of recrystallizedigs of different orientations in Al-0.3%Cu

annealed at 200 °C.

Figure 11. Goss-oriented crystallites in the Bs-dominatedrimafter 40 min of annealing at 200 °C.

LABs and HABs are shown as white and black linespectively.
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Highlights:

* Recrystallization in 95% rolled Al-0.3%Cu occurgidg annealing at 200 °C

* Nucleation of Goss- and Q-oriented grains takeseppaimarily at shear bands
* The area fraction of the Goss texture in the frdlgrystallized condition is 44%
» Strengthening of the Goss texture leads to anasewd fraction of LABs



