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a b s t r a c t

Although the current field of application of Alealloy 7075 (AA7075) is vast, it is still limited

due to some drawbacks, especially due to its susceptibility to stress corrosion cracking

(SCC). This work aims to evaluate the microstructural, mechanical, and stress corrosion

cracking (SCC) behaviors on an AA7075 in flat format deformed by a combination of re-

petitive corrugation and straightening (RCS) and accumulative roll bonding (ARB) tech-

niques. Four different deformation routes were applied, namely: ARB (A), RCS (R),

RCS þ ARB (RA) and ARB þ RCS (AR). As expected, the efficiency for grain refinement de-

pends on the applied route, in terms of average grain size regarding the initial condition

IC): AR > A > RA > R. All conditions resulted in unimodal and widened grain size distri-

butions of micro-, submicro- and nano-metric dimensions. The study of crystallographic

orientations showed that route R did not generate any new texture, whereas different

preferred orientations were obtained for routes A, RA, and AR. The hardness and three-

point bending tests showed an improvement of mechanical strength in the following

order: AR > RA > A > R. The cracks per cm2 obtained in the corrosion study indicated that

the best SCC resistance was R > A > AR > RA. Based on the above, the best combination of

microstructural, mechanical, and SCC properties until one deformation pass was obtained

by the single route of the ARB process.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Flat components of Al alloys with distinct geometries are

highly used in several industries, such as aeronautic, naval,

automobile bodies, machinery, and equipment, storage tanks,

cans, among others [1,2]. In 2018, the global Al-based alloys

flat products market size exceeded USD 52 billion and the

growing estimations are over 5.0% of the compound annual

growth rate for the period between 2019 and 2026 [3]. From the

abovementioned flat products, the 7075 Alealloy (AA7075) is

commonly applied in aircraft parts, particularly in wing

coating, spars, and stabilizers, as well as in machinery and

equipments, due to its high mechanical strength, high

strength-to-weight ratio and fatigue resistance [4]. However,

the field of application of the AA7075 is still limited for some

drawbacks, such as its susceptibility to stress corrosion

cracking (SCC).

To overcome the previous problem, a few authors have

reported the improvement of SCC susceptibility on AA7075

through superficial severe plastic deformation techniques

(SPD) as laser peening [5,6]. This result is related to the gen-

eration of a compressive stress state that delays cracking

formation and propagation [7e9]. However, these efforts have

been addressed to superficial studies and not to the entire

volume of the material. Repetitive corrugation and straight-

ening (RCS) and accumulative roll bonding (ARB) are two

promising techniques of the SPD family, which were designed

for flat geometries. Both processes induced compressive

stress state [10,11] and are highly efficient to refine bulk Al-

based microstructures to submicro-metric or nano-metric

sizes [12e17]. As result, ARB and RCS materials have

enhanced mechanical properties [16,18e22] in comparison

with their coarse-grained counterparts. Moreover, the ARB

process has improved the electrochemical corrosion suscep-

tibility of AleMnandAl-1050 alloys [23,24]. This was explained

in terms of residual stress and defects that create better

conditions for continuous and adhered passive films. Besides,

the RCS process has been shownnot to aggravate resistance to

SCC in an Al-7075 alloy with broad grain sizes distributions

[18]. From the above, RCS and ARB processes could increase

the shelf life of the abovementioned applications of AA7075

flat-made components as automobile carcass, pressure ves-

sels, chemical containers, aircraft parts, ship body compo-

nents, machinery, architecture, among others [18,25].

However, none of the previous works has studied the rela-

tionship between mechanical e microstructural e crystallo-

graphic features and their effect on the corrosion behavior of

these alloys. It is well known that microstructure and

preferred orientation significantly impact the mechanical

assessment of metallic materials. Studying the relationship

between them is fundamental for a good understanding of the

final performance. It is widely reported that RCS and ARB

processes reduced the grain size and improved mechanical

properties since the first deformation pass [14,17,25,26].

Accordingly, this work focuses on studying the first pass of

deformation by each of the abovementioned routes. The need

for a single deformation pass could be advantageous for many

applications due to the cost-effective process, the require-

ment of low labor demands, and high-volume production.
This work aims to study the microstructure, texture, and

mechanical response generated by the application of RCS and

ARB and their combination on an AA7075. The results were

correlated to the SCC susceptibility of the processed alloy. The

comparison between four deformation routes (RCS, ARB,

RCS þ ARB, and ARB þ RCS) allowed determining the most

effective path for improving the mechanical assessment

without affecting the SCC of the AA7075. To date, no previous

literature specifically studying the SCC susceptibility or

texture performance of the AA7075 processed by a combina-

tion of RCS and ARB processes has been reported. The results

of this work might reduce the current limitations of the

AA7075 and broaden the knowledge of flat Al-based alloys

processed by SPD techniques.
2. Experimental procedure

A commercially available AA7075 in T4 condition from “La

Paloma Compa~nia deMetales”was used as startingmaterial. The

chemical composition of the alloy was Al-5.3Zn-2.2Mg-1.8Cu-

0.3Fe-0.28Cr-0.06Ti-0.01Ni (wt.%). The supplied plates had a

thickness of 12.5 mm, but they were subjected to cold-rolled

down to a thickness of 1 mm. A heat treatment at 450 �C for

2 h and slow cooling in the furnace down to room temperature

(RT) was applied to obtain an initial homogeneous texture on

the sheets of 1 mm in thickness, 120 mm in width, and

120mm in length. These samples are identified in this work as

the initial condition (IC).

2.1. Plastic deformation processing

2.1.1. RCS processing
The IC samples were further processed by RCS at room tem-

perature. An Instron 8802 hydraulic press with a maximum

capacity of 200 kN was used for this purpose. Polytetra-

fluoroethylene sheets of 0.39 mm thickness were used to

minimize the friction coefficient between the sample and the

RCS dies. The geometry of the two D2 steel dies based on si-

nusoidal profiles for the corrugation stages can be observed in

Fig. 1a. The straightening steps of the RCS process were car-

ried out between two flat dies. The processed sheets were

rotated 90� around the normal direction to alternate the most

deformed zone between each corrugation stage. For this work,

each RCS pass consists of 5 stages: 1) corrugation e 2)

straightening e 3) 90� rotation e 4) corrugation e 5) straight-

ening. As a result, all sheets are flat at the end of each RCS

pass. The effective strain for each RCS pass using the design

shown in Fig. 1 was equal to ~0.8, in the most deformed zones

[17]. It is worth mentioning that two of those flat sheets were

cleaned, brushed up, and piled up before being subjected to

the ARB process (as explained below).

2.1.2. ARB processing
The IC sheets were brushed and cleaned with acetone before

the deformation process. ARB was performed at 300 �C at a

compression rate of 0.5 m s�1. This temperature corresponds

to 0.6 of the homologous temperature, which is above the

range of cold working for Al-based alloys [27]. The selection

of this temperature facilitated the passage of the strips

https://doi.org/10.1016/j.jmrt.2022.03.010
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Fig. 1 e a) Corrugation RCS die used in this work and b) site where the samples were taken for the characterization. In white

and yellow, the location of samples for bending and all the rest studies, respectively. ND, TD, and RD are the normal,

transversal, and rolling directions, respectively. h(x) is the height, and x is the horizontal coordinate.
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through the laminating rollers, activating the diffusion

mechanisms that allow the mechanical union between the

plates. Before the rolling processing, the sheets (consisting of

two stacked IC strips) were pre-heated for 15 min. This

methodology was based on previous literature reports [14,28].

For the present work, a deformation pass by ARB refers to the

following 2-stage process: 1) stacking of two IC strips, 2)

single lamination with a 50% reduction in thickness.

Considering the reduction in thickness per pass, the equiv-

alent deformation (ε) estimated for each ARB processing step

is ~0.8 [29].

2.1.3. RCS mixed ARB processing
For the combination of deformation techniques, both pro-

cesses were carried out following the methodology described

in 2.1.1. and 2.1.2. Subsections. The processed samples were

identified as R, A, AR, and RA, where the letters R and A

correspond to one pass RCS and ARB processes, respectively.

The sequence of the letters indicates the order of application

of the processes.

2.2. Microstructural evaluation

X-ray diffraction (XRD) measurements were performed using

a Rigaku Ultima IV diffractometer, with Cu-Ka radiation,

crossbeam optics (CBO), operating at 40 kV and 44 mA. A step

size of 0.02� and a scanning speed of 0.07� min�1 were used for

peak broadeningmeasurements. Moreover, a sampling step of

1.5� and a scanning speed of 100� min�1 were used for texture

measurements (a: 0e90�; b: 0e360�).
Themacro residual strain (ε) was estimated using the slope

of ε versus sin2j, where j is the angle formed between the

normal of the sample and the normal of the diffraction plane.

The (422) plane and 10 experimental j values (from �60� to

54�) were taken for each curve. The measurements were done

on the raw surface of the IC, R, and A samples.

For the electron backscattering diffraction (EBSD) analysis,

the AA7075 samples were prepared by standard metallo-

graphic preparation and finished by vibratory polishing
(VibroMet 2), using a colloidal silica solution with a particle

size of 0.3 mm. The EBSD analysis was carried out in a Jeol JSM-

7001F scanning electron microscope (SEM) with a Bruker

Quantax EBSD detector (15 KV). Based on the experimental

EBSD results, orientation distribution functions (ODF) were

calculated with MTEX 5.6 software (MATLAB toolbox R2020b)

[30].

2.3. Mechanical behavior

The processed samples were cut along the rolling direction

into bone-shaped specimens. The tested samples sized

12.5 mm in gauge length, 3.3 mm width, and ~1 mm thick-

ness after SiC grinding until 2000 grade. Uniaxial tensile tests

were performed on a universal testing machine (Instron

3382,100 kN) with a strain rate of 10�4 s�1 at RT. Three

samples of each studied condition were tested. The yield

strength was determined at the 0.2% strain. The end of the

uniform elongation was determined by the Consid�ere crite-

rion [31].

For determining the bending stress applied during the SCC

tests, three-point bending tests were performed utilizing a

Shimadzu AGX universal testing machine. Results were

recorded and plotted with the TrapeziumX software. The

bending load was applied by exerting a concentric load on the

center of the rectangular geometries described in Table 1. The

span between both supports, as well as the diameter of punch

and supports, are also shown in Table 1. The bending rate was

2 mm min�1.

A Shimadzu microdurometer model HMV-FA2 with an

applied load of 100 gf for 10 s was used to evaluate the hard-

ness of the samples. An average of 10 microhardness mea-

surements were taken per sample.

2.4. Stress corrosion cracking evaluation

The surface of three samples from each condition (IC, R, A, RA,

and AR) was cleaned with acetone before the SCC testing. The

samples with the geometry dimensions specified in Table 1

https://doi.org/10.1016/j.jmrt.2022.03.010
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Table 1 e Samples dimensions and employed parameters for bending test.

Sample Thickness/mm Width/mm Length/mm Span between
supports/mm

Diameter of punch
and supports/mm

IC 1.0 16.0 115.0 100.0 5.0

R 1.0 16.0 115.0 100.0 5.0

A 1.0 10.0 60.0 50.0 5.0

RA 1.0 10.0 35.0 25.0 2.5

AR 1.0 10.0 35.0 25.0 2.5
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were immersed in a 3.5 wt. % NaCl solution for 168 h at RT.

Constant flexural stress equal to 1 and 1.2 times the yield

strength (YS) was applied on all samples. The length of the

tested samples was parallel to the rolling direction. The SCC

study was carried out following the standard ISO 9591 [32].

After testing, samples were prepared by conventional metal-

lographic procedures until mirror finishing appearance with a

diamond solution of 0.1 mm in particle size. Optical micro-

scopy observations were carried out to evaluate the cracking

morphology and quantification. The standard deviation from

the mean values was estimated considering the three mea-

surements per condition.
Fig. 2 e EBSD IPFmicrographs in the normal direction (ND) for a)

key. Deformation bands were indicated by white solid lines.
3. Results and discussion

3.1. Microstructural evaluation

Figure 2 shows the EBSD inverse pole figures (IPF)micrographs

of the IC, R, A, RA, AR samples, as well as the orientation map

key. A substantial microstructural evolution after the ARB

process can be observed. According to the color orientation

map key, IC and R samples showed preferred orientations to

the [001] and [101] directions, the A sample to the [111], and

the RA and AR samples to more complex orientations. The IC

and R (Fig. 2a,b) samples showed some of their crystals with
IC, b) R, c) A, d) RA, and e) AR samples and f) orientationmap

https://doi.org/10.1016/j.jmrt.2022.03.010
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<100> parallel to the ND, i.e., in the cube texture typically

obtained from recrystallization processes as the homogeni-

zation applied to the IC sample [33]. This suggests that the

deformation induced by 1 RCS pass was not enough to cause a

significant microstructural evolution. The visible lower grain

refinement supports the previous statement in the R sample

compared to the A, RA, and AR. This was totally expected due

to the largest "ε" applied in the overall sample by ARB (ε~0.8)

compared to that of the RCS process (0.003 < ε < 0.808) [17,29].

From Fig. 2c, the high crystals density, parallel to the ND and

oriented to <111> in the sample A is similar to the reported for

the AA7075 processed by one hot-ARB pass [14]. This copper-

type texture can be expected for rolled high stacking fault

energy (SFE) materials [34], as Al with an SFE of 200 mJ m-2

[35]. This copper-type texture has been related to the domi-

nant cross slip deformation mechanism in high-SFE FCC

metals [34,36]. From the combination of deformation tech-

niques, more complex textures were obtained. Furthermore,

the micrographs of Fig. 2 display a severe grain refinement,

especially when the ARB process is applied (samples A, RA,

and AR). As a result of the higher equivalent strain applied
Fig. 3 e Grain size histograms weighted by area
with the ARB to the AA7075, deformation bands were

observed in samples A, RA, and AR. Similar coarse deforma-

tion bands have been reported in the AA7075 under equivalent

strain by equal channel angular pressing (ECAP) with a 120�

die angular channel [34]. As in the RA and AR samples

(Fig. 2d,e), the deformation bands in the AA7075 subjected to

ECAP showed no well-defined angles when the deformation

increased [37]. The creation of deformation bands with the

ARB process might encourage the grain sub-division and

provide nucleation sites for new forming grains in Al alloys

when further deformation is applied [37,38].

Figure 3 shows the grain size histograms weighted by area

for the IC, R, A, RA, AR samples to analyze the grain refine-

ment that occurred after every deformation route Compared

to the average grain size of the IC sample (126 mm, Fig. 3a),

the order from larger to lower grain refinement produced by

the four routeswas AR (1.2 mm, Fig. 3e)>A (3.2 mm, Fig. 3c)> RA

(3.7 mm, Fig. 3d) > R (83.1 mm, Fig. 3b). The obtained

grain refinement by 1 RCS pass in the AA7075 was similar

to the obtained in AA6061 processed under same condi-

tions [17]. However, the grain refinement in the A sample
for a) IC, b) R, c) A, d) RA, and e) AR samples.

https://doi.org/10.1016/j.jmrt.2022.03.010
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was lower than the reported in the literature for AA7075

processed by 1 ARB pass [14], which reached a grain size

average of 440 nm. This difference could be related to the

higher ε per pass (~1.1) reported in the literature [14] compared

to that applied in this work (~0.8). Furthermore, the ε for the

combination of RCS and ARB in the samples RA and AR is of

~1.0 for the less deformed zones to ~1.6 for themost deformed

zones. Compared with the grain size reduction of about 98.9%

(considering the final grain length) after two ECAP passes

(ε~2.0) in the AA7075 [39], the grain size reduction of 97.0 and

99.0% for the RA and AR samples is similar. This suggests that

the heterogeneous nature of the deformation applied by the

RCS process might not be so significant in terms of grain

refinement.

It is noteworthy that the grain size distribution of the IC

and R samples are unimodal and nearly symmetrical. How-

ever, the distribution profiles are unimodal and asymmetrical

with right-skewed distributions in samples A, RA, and AR.

Besides, a large percentage of grains in the samples where the

ARB process was applied were below the sub-micrometric

range (1 mm). It is also remarkable that the coexistence be-

tween sub-micrometric and micrometric grain sizes in all

samples, especially in A, RA, and AR, were almost homoge-

neous throughout the samples. The finest grains are distrib-

uted randomly through everymicrostructure without forming

colonies or clusters. A bigger grain size average in the RA

sample compared to the AR was also observed. This could be

related to the probable dynamic recovery occurrence due to

the process temperature employed for ARB. The RA sample

received a stimulus (temperature) on an already high-dense

defects structure, increasing the probability of partial-

dynamic recovery. The occurrence of dynamic recovery in

AA7075 processed under similar conditions (warm ARB pro-

cess at ~350 �C) has been reported before [14]. On the other

hand, the final microstructure of the AR sample retained the

effect of the last deformation step.

Figure 4 shows the correlated misorientation histograms,

uncorrelated misorientation profiles (red line), and the dis-

tribution of grain fractions for certain ranges of misorienta-

tion of the IC, R, A, RA, and AR samples. The uncorrelated

profiles (or texture derivatives profiles) do not assume a

spatial correlation between pixels, i.e., they account for all

possible misorientations, including those between points that

are not adjacent to each other (even between different grains).

These profiles show the effects of transgranular strain, such

as grain rotations or the formation of new grains. The corre-

lated histograms result from the angle measurements be-

tween contiguous pixels, resulting in a high density of

misorientation values lower than 5�. Considering that the

largest fraction of the area of the samples belongs to the

interior of grains and not to the borders, the histograms were

plotted since 5� of misorientation. The correlated and uncor-

related profiles of the IC sample have similar tendencies,

indicating that within the grains and in their neighborhood,

there is a similar misorientation. This means that the IC

sample is practically free of substructures or lineal defects

that could noticeably vary the misorientation. The correlated

and uncorrelated profiles also showed a large similarity on the

R sample, which indicates again that the microstructural

evolution until one RCS pass is not enough to alter the
crystalline domains of the sample significantly. This is

congruent with the low grain refinement obtained on the R

sample. Nonetheless, after the AA7075 was subjected to the

ARB process, the differences between both misorientation

profiles became clearer. This could be an indication of the

presence of subgrains, resulting from the polygonization

process that controls the substructures or from twins forma-

tion. However, considering that twinning is rarely observed in

aluminum due to its high stacking fault energy [40], it can be

considered that these misorientation profiles differences are

related to polygonization. The above can be understood as a

substantial difference in the misorientation of the individual

grains and the whole sample, i.e., intra- and inter-granular

strain, which in turn could be linked to the grain size distri-

butions. The grain size histograms showed ranges from sub-

micrometric to micrometric on the A, RA, and AR samples,

indicating that, while some dislocations have already formed

subgrains, several others are being continuously

accumulated.

From the distribution of misorientation fraction in all

samples illustrated in Fig. 4f, the IC sample showed 90.2% of

misorientation boundaries greater than 15�, i.e., high angle

grain borders (HAGB). The high density of HAGBs is consistent

with the micrometric and stress-relieved microstructure

resulting from the homogenization heat treatment. Despite

the grain refinement shown from the grain size histograms,

the R sample presentsmore than 90% of HAGBs. This indicates

that up to one RCS pass, the formation of substructures does

not occur in high density. On the other hand, when the ARB

process was applied (A, RA, and AR samples), less than 50% of

borders were considered HAGBs, agreeing with the largest

grain refinement promoted by ARB. The increment of low

angle grain boundaries (LAGBs) i.e., boundaries with mis-

orientations below 15�, after applying the ARB process is a

clear indication of the subgrain formation [13], which is also in

agreement with the differences between correlated and un-

correlated profiles. The presence of HAGBs in the A, RA, and

AR samples, is a positive indicator of ductility without a high

sacrifice of mechanical resistance in various alloys [41,42].

This phenomenon has been explained in terms of the accu-

mulation of linear defects, leading to polygonization and new

LAGBs. Such new LAGBs will absorb dislocations and later

become HAGBs [43,44], decreasing the dislocations density

and allowing ductility in the material.

Figure 5 shows the IPF in the normal direction (ND) and

representations of the high-density oriented crystals for the

IC, R, A, RA, and AR samples. Compared to the IC sample

(Fig. 5a), the higher dense crystals positionsmainly oriented to

the <001> and <011> directions in the R sample are almost

similar (Fig. 5b). This is congruent with the low grain refine-

ment, and the similarity between correlated and uncorrelated

profiles of IC and R observed in Fig. 4. After applying the ARB

process, a high density of crystals rotated to different posi-

tions. The A sample is characterized by the highest density of

preferred oriented crystals on the <111> direction that is

parallel to theND of the sample (Fig. 5c). Otherwise, the largest

density of crystals on the RA sample is oriented to the <-3 7

11> direction (Fig. 5d), while a high density of crystals is ori-

ented towards the <-1 1 2> and <-1 1 7> directions (Fig. 5e) in

the AR sample. The evolution of crystallographic texture

https://doi.org/10.1016/j.jmrt.2022.03.010
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Fig. 4 e Correlated misorientation histograms and uncorrelated misorientation profiles for a) IC, b) R, c) A, d) RA, and e) AR

samples, and f) distribution of correlated misorientation angles for the same samples.
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when the ARB process is apply (A, RA and AR samples) agrees

with the observation of deformation bands (Fig. 2), which or-

igins from crystallographic rotation occurrence [38,45]. It is

worth mentioning that the texture intensity decreased with

the applied strain.

The previously explained differences between grain

refinement and texture evolution on the four different sam-

ples imply that each process has a different effect on the

current AA7075. This means that the order and nature of the

applied strain alter the microstructural result. This could be

due to the different slip systems that were activated by each

deformation route. Such slip systems depend on the mate-

rial's prior stress state, the Schmid factor associated with each

crystallographic plane [46,47], and the strain restrictions (for

instance, ARB is a plane strain process). The larger the Schmid

factor the higher the shear stresses acting on a given slip

system, and therefore a greater facility to deform the grain
[48]. As the behavior of the grains located several atomic

layers below is expected to be different from that on the sur-

face, the previous phenomenon is representative of the sur-

face grains on the material [46]. Therefore, the activation of

different slip systems and its dependence on the associated

Schmid factor is feasible for the present work in which the

zone analyzed by EBSD was superficial.

Figure 6 shows the peak broadening by the differences of

the full width at half maximum for the IC, A, R, RA, and AR

samples. The profile of the Al-(420) peak on the IC sample

observed in Fig. 6a shows the doublet of K-a1 and K-a2 con-

tributions, while the convolution of both peaks is not visible

for all the deformed samples. This suggested that the grain

refinement could be reached down to the sub-micrometric

sizes. Considering the typical range of sensibility of the XRD

technique, the peak broadening in all the deformed samples

(Fig. 6b) is indicative of the formation of nano-metric grains. It

https://doi.org/10.1016/j.jmrt.2022.03.010
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Fig. 5 e IPFs in the normal direction and position of high-density oriented crystals for a) IC, b) R, c) A, d) RA, and e) AR

samples.
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was also observed the peak shifting from the IC Al-(420) peak

for the samples after the ARB process (Fig. 6a). This could be

related to the increment of macro-strains in such samples,

being congruent with the larger grain refinement (Fig. 3)

observed in A, RA, and AR samples in comparison with the R

sample. Along with the high grain refinement, the formation

of its crystallographic texture, and the suggestion of larger

macro-strains, the ARB process causes more significant
microstructural changes than the RCS process in the present

AA7075.

3.2. Mechanical behavior

Tensile test, microhardness, and three-point bending test

measurements after applying each deformation route are

shown in Fig. 7. The UTS values for the IC, R, A, RA, and AR

https://doi.org/10.1016/j.jmrt.2022.03.010
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Fig. 6 e Peak broadening for the processed samples by the four different deformation routes employed in this work in

comparison with the initial condition sample: a) diffractogram of Al-(420) peak and b) full width at half maximum (FWHM)

values for each sample.
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samples were 250.6, 217.3, 301.8, 253.7, and 293.2 MPa,

respectively (Fig. 7a). The UTS between the A and the AR

condition are similar, which was congruent with the higher

grain refinement shown in Fig. 3. However, the A condition

showed a slightly higher strain hardening rate (Fig. 7b). This
Fig. 7 e Mechanical properties of all samples studied in this wor

three-point bending tests. FE, UE, YS, HV, UTS, and UBS refer to fi

microhardness, ultimate tensile strength, and ultimate bending
suggests a ductility improvement (necking delaying) due to

dislocation accumulation in sample A [49]. The higher

ductility in sample A was confirmed by a higher uniform

elongation (UE) in Fig. 7c. The higher mechanical properties

(UTS, YS, and UE) in the samples processed by ARB compared
k: a,b,c) tensile test and d) microhardness, tensile test, and

nal elongation, uniform elongation, yield strength, Vickers

strength, respectively.
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to the R sample can be explained in terms of higher applied

strain that triggers higher crystallographic evolution (Figs. 4

and 5), formation of deformation bands (Fig. 2), and higher

grain refinement (Fig. 3). Therefore, the dislocation accumu-

lation and the creation of deformation bands during the ARB

processmight assist in incrementing the strain hardening rate

and improving the ductility [49,50]. On the other hand, the

difference of UTS between the AR and RA samples might be

related to possible dynamic recovery, especially in the RA

sample. As explained before, the RA sample already had a

high dislocation density when heated for the ARB process,

increasing the probability of partial-dynamic recovery. The

lower UTS of the RA sample compared to that of the AR

sample agrees with its lower FWHM from Fig. 6 (bigger crys-

talline domain) and its larger average grain size (Fig. 3). The

higher UTS increment concerning the IC sample was 20.4% for

the sample A. This increment was slightly lower than the

(83.8, 61.7, and 35.8%) increment of UTS in nanostructured

AA7075, related to the coarse, solid solution and the starting

condition [39,49,51]. This can be explained in terms of the

bigger average grain size of the A sample (3.2 mm). From Fig. 7c,

the uniform elongation of A sample (5.2%) is close to that

obtained by other SPD techniques such as ECAP [50], and the

cryogenically rolled nanostructured AA7075 with and without

second phase nanoparticles [49], and to the UFG AA7075 pro-

cessed by ECAP [51].

Figure 7d shows the comparison between the Vickers

microhardness (HV), yield strength (YS) and ultimate strength

in bending and tensile tests (UTS, UBS respectively). The HV of

all the processed samples increased in comparison with the

IC. The percentages of hardness increment were 15.7, 53.8,

53.4, and 56.6% for the R, A, RA, and AR samples, respectively.

The grain refinement and substructure formation discussed in

Figs. 3b and 4b could produce the hardness increment in the

processed samples concerning the IC sample. Compared to

the results of this work, a similar hardness increment was

obtained in AA1100 (~15.1%) and AA6061 (~16.6%) by using the

same sinusoidal die geometry [17,52]. On the other hand, the
Fig. 8 eMorphology of representative cracks larger than 100 mm

and e) AR samples, as well as f) the size of the cracks per cm2 g

application of 1 (YS) and fold-1.2 (1.2 YS) the yield strength on
53.8% hardness increment in sample A is similar to the re-

ported for the AA7075 processed by 1 ARB pass (~48.3%) [25]

under comparable processing conditions.

The YS and UBS increment shown in Fig. 7d indicated a

similar trend, especiallywhen theARBprocesswas involved. YS

and UBS increased from 170.5 to 273.3 MPa in the IC sample to a

maximumof 565 and 764.7MPa, respectively, in the AR sample.

From the above, the mechanical properties improvement in

the ARB processed samples (A, RA, and AR) are similar. Thus,

the selection of the A sample might be advantageous regarding

cost-production and scalability of the process. On the other

hand, the ARB and RCS processes are not as effective as other

SPD techniques e.g., ECAP for improving the mechanical

properties. However, the particular microstructure generated

by the combination of ARB and RCS techniques might be

promising for improving another important requirement of

industrial materials, such as the SCC susceptibility.

3.3. SCC assessment

Figure 8ae8e illustrates the morphology of representative

morphology of cracks of the different studied samples. The IC

and R samples (Fig. 8a,b) showed the highest incidence of local

corrosion, i.e., pitting. From the application of the ARB pro-

cess, the pitting fraction is visible lower (Fig. 8c-e). This result

agrees with the reports of pitting resistance and passivation

layer formation improvements in Al alloys after being pro-

cessed by the ARB process [23,24]. It has been reported that in

the presence of a passivation layer, the high density of defects

as grain boundaries and dislocations provide sites for a more

compacted, continuous, andwell-adhered surface passivation

layer [53e56]. Based on the more efficient grain refinement

(Fig. 3) and the substantial difference between intra- and

inter-granular strain (Fig. 4), the ARB process generated a

higher defect density than the RCS process. The previous

statement explains the reduction in local corrosion, i.e., less

breakage of the surface oxide layer in the samples A, AR, and

RA with broad grain size distributions (Fig. 3).
obtained under the application of YS in a) IC, b) R, c) A, d) RA,

enerated in each sample during the SCC tests in the

the processed samples.
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Fig. 9 e Surface tendency of global residual stress

generated from RCS (R) and ARB (A) processes, as well as

their comparison with the non-deformed (IC) sample.
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Moreover, the ε in the A, AR, and RA samples is higher than

that applied to the R sample. In contrast, the ARB pass applied

a homogeneous ε~0.8, the ε value ranges from 0.003 to 0.808 in

RCS [17], being accumulative for the AR and RA samples.

When ε increases, an augmentation of defects and residual

stress is also expected.

Comparedwith the other samples, the IC and R showed the

largest cracks. This suggests prolonged cracking initiation in

the A, AR, and RA samples compared with the non-deformed

and the R samples. Considering that the cracking can be

originated from pitting [57,58], the pitting decrement in the

ARBed samples might be related to the delay of cracking.

Figure 8f illustrates the size distribution of the cracks per

cm2 from the SCC tests for samples IC, R, A, RA, and AR. The

sampleswere constantly stressed at 1 (YS) and fold-1.2 (1.2 YS)

the yield strength. At least the 53% of crack sizes range from20

to 100 mm for all samples, being the A condition the one with

less cracking per cm2. The R, A, RA, and AR samples displayed

18.2, 42.4, 39.4, and 35.6%, respectively, less density of cracks

between 20 and 100 mm under the application of YS in com-

parison with the IC condition. For the constant application of

1.2 YS, the R, A, RA, and AR samples decreased the density of

cracks per cm2 (between 20 and 100 mm) by 10.8, 18.9, 18.8, and

25.6%, respectively. As expected, the density of cracks on the

processed AA7075 increased as a function of the applied stress

during the tests.

In comparison with the IC condition, it is thought that the

lower cracking of all the processed samples at constant stress

equal to YS, might be related to the particular widen and

unimodal grain size distributions (Fig. 3). The coexistence of

micro-, submicro-, and nano-metric grains through the sam-

ple in a well homogeneous distribution of sizes could be

compared to a galvanic system with a low chemical potential

gradient. The low potential gradients between adjacent grains

could be responsible for the decrement of SCC susceptibility of

the processed samples. This could be efficiently related to a

synergetic mechanism with the formation of a more contin-

uous, adhered, and compacted passive layer in microstruc-

tures with a wide range of grain sizes [53]. This is congruent

with the slight decrement of SCC susceptibility when larger

LAGBs percentage and wider grain size distributions are pre-

sent in the A, AR, and RA samples. The strong effect of

misorientation can also be observed in the small improvement

in SCC resistance in the A sample compared to the RA. From

Fig. 3, A and RA samples have similar grain size histograms

and average grain size, i.e., similar grain boundary length.

However, from Fig. 4f, the RA sample has a higher percentage

of high-energy boundaries, i.e., HAGBs, compared to the A

sample. Considering that HAGBs are preferred sites for

dissolution processes in Al [59], this could assist in the small

improvement of SCC resistance in A sample compared to the

RA. On the other hand, since the texture intensity decreases

(Fig. 5) with the equivalent deformation applied, especially

after impairing the ARB process, there is no clear relation be-

tween crystallographic texture and the SCC susceptibility.

To evaluate the role of residual stress in the decrement of

pitting effect on the samples process by ARB, Fig. 9 shows the

surface qualitative study of lattice strain. The lattice strain

indicated global (first-order) residual stress in the IC, R, and A

samples. The IC sample showed a horizontal slope expected
for stress-relieved materials, but slight compressive values

could come from the previous deformation process.

Compared to the IC sample, the storage of compressive re-

sidual stress increased for the deformed R and A samples.

Considering that the R and A samples have similar slopes in

Fig. 9, the compressive residual stress magnitude might be

nearly similar. However, the A sample showed more negative

values. The sin2jmodel can be related to a more compressive

state of the in-plane principal stress [60]. The latter in the

ARBed samples support the cracking growth prolongation

during SCC tests. Microstructures with compressive residual

stress have also been preferential for forming dense oxide

passive films and diminishing fatigue degradation generated

from local corrosion occurrence [56]. Furthermore, cracking is

more easily propagated under the presence of residual tensile

stress than compressive ones [58].

The increment in residual stress in the deformed samples

compared to the IC sample was congruent with the peak

broadening from Fig. 6. The global residual stress horizontal

tendency for the IC sample (Fig. 9) agreed with Fig. 4a due to

the suggestion of a defects-free IC microstructure resulting

from its thermo-mechanical process. Besides, the lower grain

refinement in the R sample compared to that of the A sample

(Fig. 3b,c) agreed with the highest ε and more compressive

tendency in the A sample, as well as with the small alteration

of crystalline domains on the R sample (Fig. 4b). Based on the

above, the residual stress evaluation agreed with the previ-

ously explained findings. It is expected that these residual

stresses vary with the depth. However, the surface residual

stress will strongly influence the cracking initiation, which

starts at the surface. These residual stress measurements are

considered qualitative because they were done in the raw

surface of the processed samples, being a convolution be-

tween the effect of the friction between the sample and the

dies, and the effect of each deformation process. Considering

the ε is accumulative, it is expected that the AR and RA sam-

ples will have an increment in residual stress. However, it

could be affected due to the highly heterogeneous nature of

the RCS process.

4. Conclusions

The application of four different deformation routes on the Al-

7075 alloy, namely accumulative roll bonding, ARB (A),
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repetitive corrugation and straightening, RCS (R), RCS þ ARB

(RA), and ARB þ RCS (AR), produced different microstructures,

texture, mechanical properties, and stress corrosion cracking

(SCC) susceptibility. Compared to the initial condition

(average grain size of 126 mm), the order from larger to lower

grain refinement produced by the four routes was AR

(1.2 mm) > A (3.2 mm) > RA (3.7 mm) > R (83.1 mm). All processed

samples resulted in unimodal and widened grain size distri-

butions of micro-, submicro- and nano-metric dimensions.

The study of the crystallographic orientation showed that

route R did not generate new orientation on the crystals, while

a high density of preferred oriented crystals in different ori-

entations were obtained for routes A, RA, and AR. The me-

chanical properties improvement agreed with the

microstructural findings following the order: AR > RA > A > R.

The SCC susceptibility also showed a slight enhancement

with the four deformation routes. This fact might be related to

the low chemical potential gradient produced by the grains of

diverse size orders randomly distributed through the samples

and the better continuity and adherence of the passive layer in

fine-grained materials than coarse ones. Comparing the

cracks per cm2 obtained in the processed samples, the order of

improvement of SCC susceptibility concerning the IC was

R > A > AR > RA. Based on the above, the best combination of

microstructural, mechanical, and SCC properties for just one

deformation pass was obtained by applying the ARB process.

All previous results demonstrated that the order of applica-

tion of the ARB and RCS processes played an important role in

the final properties of the AA7075.
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