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Abstract

The effect of equal channel angular pressing (ECAP) on the microstructure and mechanical
properties of AA6063 aluminum alloy is investigated. For this purpose, samples of AA6063
aluminum alloy are deformed up to 10 passes using ECAP and the evolution of
microstructure, texture and dislocation density is investigated. It is found that the dislocation
density increases and cells mostly surrounded by low angle boundaries (LABs) form after 2
passes ECAP. Increasing the dislocation density continues with further processing and
reaches a maximum at the 4™ ECAP pass. With further deformation to 6 passes, the
dislocation density reduces and the fraction of high angle boundaries (HABS) increases and

the averages of cell size and grain size reduce, significantly, which indicates the occurrence
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of grain refinement. However, a slight increase in dislocation density, average cell size (ACS)
and average grain size (AGS) occur when 10 passes of ECAP are imposed. Hardness, yield
(YS) and ultimate tensile strength (UTS) increase continuously although the most significant
enhancement occurs after 2 passes ECAP. Investigating the correlation between the
microstructure and mechanical properties indicate that Hall-Petch relationship is valid for
UFG AAG6063 before the coarsening starts and provided that the property is correlated to

average cell size not the average grain size.

Keywords: Microstructure; Mechanical properties; Ultrafine grain; AA6063.

1 Introduction

Equal channel angular pressing (ECAP) [1-8] has shown tremendous capacity for producing
ultrafine grained (UFG) materials. A long list of different materials, e.g., alloys of Al [2], Mg
[9-11], Cu [12,13], Ti [14-16] and etc., which have been processed by ECAP for acquiring
UFGs with ultrahigh strength can be presented. It can be said that many factors, e.g.,
chemical composition [17], crystal structure [14,18] and initial grain size [19,20], play role on

the developed UFG structure and the obtained properties in different materials which are

processed by ECAP.

Considering the fact that the chemical composition and grain structure of an industrially
produced alloy, e.g., AA6063, can significantly vary [21] depending on the producer,
different UFG structures and properties may be achieved. Therefore, it can be said that the
development of microstructure and mechanical properties during severe plastic deformation
depend on the traces of alloying elements. In addition, the initial conditions of the alloy, e.g.,

grain size, could have significant effects.



In general, nanostructured materials are produced to have elements in the size range of less
than 100 nm and to indicate unique properties affected by the size. Similar story is valid for
UFG materials. In fact, different and unusual properties have been reported to be acquired in
UFG materials. One of these properties which has been reported to be changed during the
production step of UFG materials is the correlation between microstructure and mechanical
properties. In fact, while Hall-Petch relationship is valid for many engineering materials with
conventional grain sizes [22], it has been frequently reported that this relationship destroys

when the grain size reaches less than 1 um, i.e., for nanocrystalline materials [23-26] and

UFG materials [24,27,28].

In this investigation, the effect of ECAP on the development of UFG structure in AA6063 is
investigated. It should be noted that the number of ECAP passes applied to this alloy has
been limited to 6 elsewhere [20,29], which is due to the low workability of the alloy and
occurrence of saturation after an equivalent strain of 3 to 4 [30]. However, it has been shown
that with a small modification in die design, i.e., using a choke exit channel with an angle of
0.2 degrees, larger amounts of deformation is possible [31]. Owed to the modified design
which has been used in this investigation, the deformation was continued up to 10 passes and
the development of microstructure and mechanical properties was investigated. In addition to
investigating the effect of UFG structure formation on mechanical properties, the correlation
between microstructure and mechanical properties is investigated. Eventually, Hall-Petch
relationship between the average grain size and the mechanical property of interest (hardness,

yield strength and ultimate tensile strength) is validated.



2 Experimental procedure

AA6063 aluminum alloy with the chemical composition shown in Table 1 was received in
the form of hot extruded rods of 80 mm diameter. 100 mm long cylindrical samples with a
diameter of 20 mm were machined from the rods and annealed in an air circulating furnace at
550 °C for 30 min. Followed by annealing, the samples were water quenched. It was found
that the initial annealing treatment is not efficient for producing circular recrystallized grain
structure. Indeed, a recrystallized but slightly elongated grain structure forms after the initial
annealing treatment at 550 °C for 30 min. Therefore, in order to produce an equiaxed grain
structure, ECAP was initially performed for 2 passes and the samples were annealed at 550
°C for 6 hr. The samples were quenched in water after annealing treatment. ECAP was
performed up to 10 passes with no rotation using a split die composed of two channels equal
in cross section, intersecting at a 90 degrees angle with an outer curved corner of 22.5
degrees. With this die set-up, an equivalent strain of 1 is expected in each pass of ECAP
[32,33]. Deformation was performed using a ram speed of 1 mm/sec. Then, ECAP was

performed up to 10 passes with no rotation using a ram speed of 1 mm/sec.

Optical microscopy was used for revealing the microstructure of the sample after annealing.
For this purpose, the sample was grinded after cutting, mechanically polished and anodized
with HBF,4 solution at 20 V. The microstructure was observed with a polarized light
microscope. X-ray diffraction was performed using Philips TW1730 machine at voltage of 40

kV with Cu K, radiation, applying a 0.05 degrees step size.

Table 1: Chemical composition of the AA6063 alloy used in this study.

Element (wt. %) | Al Mg Si Fe |Cu Mn Cr Zn Ti




AA6063 used in this | Balance | 0.84 | 0.57 | 0.31]0.03 |0.04 |0.03 |0.10 | 0.03

study
Nominal Balance | 0.45- | 0.2- | Max | Max | Max | Max | Max | Max
composition of 0.9 06 [035]|0.1 0.1 01 |01 |01
AA6063

Brinell hardness was measured on a plane normal to the ECAP direction. 20 indentations
were made for each sample and the average value was obtained. Tensile testing was
performed on sub-sized flat specimens according to ASTM E8. All the dimensions were
reduced by 50% due to size limit. The total length of the tensile specimen was 50 mm and the
gauge length was 12.5 mm. The width of the sample was 3 mm and the thickness was 2 mm.

A SANTAM universal testing machine was used at a crosshead speed of 0.7 mm/min.

In order to observe the microstructure of the samples after ECAP and to reveal subgrain
boundaries, JEOL 7100F scanning electron microscope (SEM) equipped with electron
backscattered diffraction (EBSD) set-up was used (accelerating voltage: 15 kV; tilt angle: 70
°; working distance: 15 mm; step sizes: 0.05 um). For this purpose, samples were initially
grinded and then electropolished at 20 V; 10 sec; flow rate: 15; electrolyte: 700ml CH;OH +
300 ml HNOg; temperature: 243 K. Orientation contrast data were analyzed with the TSL

OIM analysis software.



3 Results and discussion

3.1 Microstructure evolution

3.1.1 Substructure formation

The initial microstructure after annealing at 550 °C for 6 hr is a coarse structure with an
average grain size larger than 1000 pum [29]. The effect of 2, 6 and 10 passes ECAP on the
evolution of microstructure is shown in Fig. 1. Low angle boundaries (LABS) and high angle
boundaries (HABSs) are indicated by red and black lines, respectively. It is found that a typical
cell structure has formed after 2 passes ECAP. The cells are mostly surrounded by LABS.
The average cell size (ACS) and average grain size (AGS) are 1.12 and 3.24 um,
respectively. For this measurement, those cells which are totally surrounded by HABs are
considered as grains and the rest as cells. Results of Image analyzer shown in Table 2
indicate that the fraction of HABs and LABs are 34 and 66 %, respectively. These
characteristics indicate that although cell structure around the size range of 1 um has formed,

but it cannot be said that an ultrafine grained (UFG) material has been produced.
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Figure 1- EBSD color maps of the microstructures after (a) 2, (b) 6 and (c) 10 passes ECAP.

In order to see how the situation changes with further deformation, Fig. 1 (b) should be
considered. It can be seen that the cells are further refined with regard to those in 2 pass
deformed sample and the ACS reaches to 425 nm. In addition, the fraction of HABs increases
to 66 %, which shows almost 100 % increase. This shows that the structure is moving
towards formation of a recrystallized UFG structure. However, it is found that further

increase in the number of passes is not effective on the development of nanostructure. In fact,



the ACS is 662 nm after 10 passes ECAP. This shows that the ACS has slightly increased
when further deformation is applied. In other words, coarsening of cell and grain structure
occurs in this sample. Similar behavior has been observed for AGS as presented in Table 2.
At the same time, the fraction of HABS is almost unchanged at 66 %. Increasing the ACS in
Al alloys with increasing deformation has been previously observed in pure Al [34-36]. This
phenomenon has been previously attributed to high stacking fault energy (SFE) of aluminum

alloys that encourage occurrence of dynamic recovery [34-36].

Table 2- Characteristics of the microstructures observed in Fig. 1.

Sample AGS (um) ACS (nm) | Fraction of HABs (%)

2 pass 3.244 1119 34
6 pass 0.425 251 66
10 pass 0.662 329 66

3.1.2 Texture evolution

Fig. 2 shows the (100), (1 10) and (1 1 1) pole figures of samples after different number of
ECAP passes. Two ECAP passes led to the formation of A ideal texture component and B
fibre texture also oriented parallel to the shear direction ((110)||SD). According to (1 1 1)
pole figure, a texture close to ideal shear texture can be seen after 2 passes; whereas after
more passes, a deviation from ideal shear texture is observable. This deviation can be
assumed to be attributed to the successive change of shear plane and the retained texture that
accumulates with increasing number of ECAP passes [39]. ECAP processing also leads to the
development of an inhomogeneous shear texture after initial passes; although up to 10
repetitive passes cause texture homogenization [40]. In addition, the (1 1 1) pole figure shows

maximum sensitivity of 2.37 for 2 passes ECAPed samples. On the other hand, B fibers along



with weak A fibers exist in the texture. With increasing number of ECAP passes to 6,
sensitivity increased to 3.17 with A fibers getting removed while B fibers were increasing.
After 10 passes ECAP, the maximum sensitivity reached to 5.28, A fibers were completely
removed and B fibers strongly existed in the texture. The same trend can be seen in (110)
plane which means weak fibers exist in the texture at the beginning while with increasing

number of passes, strong B fibers are formed.
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Figure 2- (100), (110) and (111) pole figures for samples ECAPed to 2, 6 and 10 passes in (a), (b) and (c),
respectively.

Fig. 3 represents the orientation distribution function (ODF) plots with constant ¢ 2 sections.
According to ODF results, the maximum sensitivity in 2nd pass is reported 5.43 and it
increased to 6.93 with increasing ECAP pass numbers to 6. It reached to its maximum
amount (13.97) after 10 passes. Besides, the more the sensitivity is, the stronger the texture

becomes and it accounts for more homogenous texture distribution after the early passes. This



more sensitivity also represents more severe deformation and as a result, finer grains which

lead to inherit the same deformation texture.

Based on these results, texture variations significantly depend on how many times the sample
is pressed through the ECAP die. Furthermore, the axial compression deformation affects the
texture quite dramatically and this change is stronger for the samples with higher number of
ECAP passes. In addition, due to the applied strain and shear band formation, grains rotated
against the matrix which resulted in fine grained microstructure. This means that because of
working temperature, recrystallization is less probable and the predominant mechanism is

grain subdivision which is a result of high applied shear strain caused by ECAP processing.
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Figure 3- Orientation distribution function (ODF) plots for constant ¢2 for samples ECAPed to 2, 6 and 10
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3.1.3 Dislocation density

XRD analysis was performed in order to calculate the dislocation density and its evolution
during ECAP processing. The results of XRD analysis is shown in Fig. 4. All of the XRD
patterns are similar which shows no change in phase constitution, which are all composed of
a single aluminum phase. However, the intensities of the peaks are changed and peak

broadening is observed which results in variations in dislocation denisty.
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Figure 4- Results of XRD analysis on the samples prior to and after ECAP deformation.

Variations in dislocation density in the alloy is shown in Fig. 5. The dislocation density in the
un-deformed samples has been considered to be similar, i.e., 1*10° cm™, whether the samples
are air cooled or water quenched. However, with applying two passes deformation, the
dislocation density in WQ sample goes higher than the AC sample. This may be attributed to
the fact that the concentration of alloying elements, e.g., Mg and Si, is higher in the WQ
samples. It is well-known that the higher concentration of Mg results in further dislocation
multiplication and work-hardening in addition to grain refinement. The dislocation density
continues to increase in AC sample which is in line with increasing the amount of
deformation leading further dislocation multiplication. However, a reduction in dislocation
density of the WQ samples is observed in the 6 pass ECAP alloy which continues to a more

significant reduction when the number of passes is increased to 10.
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Figure 5- Variations in dislocation density as a result of ECAP deformation prior to aging in AC and WQ
samples.

This reduction in dislocation density in the samples with 4 and 6 passes ECAP, is in line with
formation of an ultrafine grained structure which is observed in the sample with 6 passes
deformation. Indeed, the formation of an ultrafine grain structure with a relatively high
fraction of HAGBSs, has resulted in reduction in dislocation density. In other words, the
dislocations are supposed to be consumed for this purpose. After 10 passes ECAP, the ACS
and AGS slightly increase while the fraction of HAGBs remains unchanged and a slight
increase in dislocation density is observed. These are two different phenomena which are
occurring with increasing the number of passes. In fact, the increase in the AGS and ACS
may be attributed to occurrence of dynamic recovery, based on which, a reduction in
dislocation density may be expected. However, since the deformation is continued, the
dislocation density may increase as well. The net result of reducing the dislocation density
due to dynamic recovery and increasing due to proceeding deformation, is a slight increase in
dislocation density and a successive increase in strength. Therefore, a continuous increase in

mechanical properties is likely to occur.
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3.2 Mechanical properties

3.2.1 Hardness

Hardness of the sample in as-annealed condition and after 2, 4, 6 and 10 passes ECAP has
been shown in Fig. 6. Hardness shows an initial sharp increase with the first two passes of
deformation and then continues with gradual increase. Saturation of the microstructure has
been previously observed for this alloy after an equivalent strain around 3-4 [30]. In addition,
it is claimed that when this alloy is deformed up to 6 passes ECAP, hardness reaches an
unchanged value [20,37]. However, no sign of saturation of the hardness is observed in this
case although the alloy system is similar to that used in [20,37]. This is against the existing
literature [20,30,37] and may be attributed to activation of re-strengthening mechanism [41]
and the role of higher Mg content in solid solution [17] in comparison to the alloy and
treatment used in [20,37]. Activation of re-strengthening mechanisms [41] by increasing
number of passes may be an effective parameter, especially in the sample which has been
deformed for 10 passes. Indeed, it has been previously observed that significant increase in
the number of ECAP deformation passes may result in further and more significant grain
refinement with changing the refinement mechanism. In fact, in [20], the samples have been
cooled in the air after annealing at 550 °C for 6 hr and therefore, lower amount of Mg would
be in solid solution. Higher concentration of Mg in solid solution can as well interpret the

lower values obtained for ACSs [17] and higher hardness.
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Figure 6- Variation in hardness of the samples as a result of deformation.

3.2.2 Tensile properties

Engineering stress strain curves of the alloy in as-annealed condition and after 2, 4, 6 and 10
passes ECAP are shown in Fig. 7. The material shows the highest elongation to failure (er)
and uniform elongation (e,) in as-annealed condition. It is clear that elongation reduces with
deformation while the flow stress is found to increase with deformation. Extracted values for
0.2 % yield strength (YS) and ultimate tensile strength (UTS) are shown in Fig. 8. YS shows
200 % increase with the first two passes of deformation while there is about 61 % increase
for UTS. This indicates a significant increase in YS and a considerable increase in UTS with
two passes ECAP. However, both YS and UTS increase moderately with further deformation.
This is 30 and 26 % enhancements in YS and 24 and 27 % enhancements in UTS with 6 and

10 passes ECAP.
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Figure 8- Extracted YS and UTS from tensile test graphs in Fig. 7.

3.3 Correlation between microstructure and tensile properties

Hall-Petch relationship is used in order to investigate the correlation between microstructure
and mechanical properties. Hall-Petch relationship which is shown in Eqg. (1) is a general

relationship between hardness, YS or UTS and the grain size of a metallic material [22].

k
0y =0; + s Eq. (1)

where oy is the property of interest, i.e., hardness, YS or UTS, o; the friction stress, k locking
parameter and D grain diameter. It has been reported in the literature [23-28] that this

relationship destroys when the size of the microstructure comes in the range of UFG
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materials, i.e., less than 1 pum. The aim of this part of the research is to investigate whether
the relationship is valid for the UFG AA6063 alloy or not. For this purpose, the graph of oy
vs. D¥2is drawn in Fig. 9. Two values, i.e., average grain size (AGS) and average cell size
(ACS), have been used instead of D. In addition, the graphs are presented two times. Once
with the property data up to 10 passes and once with the data up to 6 passes ECAP. It can be
seen in Figs. 9 () and (b) that there is no linear relationship between oo and AGS™ to
indicate the validity of Hall-Petch relationship. This observation is indeed valid for samples
after 6 or 10 passes of ECAP. Similar results are found in Fig. 9 (c) for the correlation
between o, and ACS™? when the property of the material up to 10 passes ECAP is
considered. However, when the data related to the sample which has been processed for 10
passes is deleted, a linear relationship between the o, and ACS ™2 is observed. This indicates
that the Hall-Petch relationship is valid for determination of the correlation between
microstructure and mechanical properties, before the saturation of the microstructure, i.e., up
to 6 passes ECAP. In addition, what can represent D in Eq. (1), is the ACS in which the cells

and LABs are as well counted for calculation.

500

B Hardness
@ YS
400 4 A UTS

= =Linear (Hardness)

A

==Linear (YS) R?=0.7375

300 1 ===Linear (UTS)

(o]

UTS (MPa)

200 A

Hardness (HBN)
YS (MPa)

100 I P L B---g

---- R?=0.8385

0 0.5 1 1.5 2
1/ VAGS (1/um/2)

(@)

17



500

B Hardness

@ YS

400 {1 A UTS

= =Linear (Hardness)
==Linear (YS)

B 2:
300 1 _jjnear (uTS) R®=0.9099

UTS (MPa)

200

Hardness (HBN)
YS (MPa)

R?=0.8526

- - o=
0+ : I |
’ e 1 15 ,
1/ V‘AGS(llul-nruz)
(b)
500
B Hardness
@ YS
400 4 A UTS

= =|inear (Hardness)

==Linear (YS) R?=0.8023

300 1 yinear (UTs)

UTS (MPa)

200 R?=0.8604

Hardness (HBN)
YS (MPa)

100 Beeem=——N--n
- -
——— R?=0.9156
0+ : - . -
0 0.5 1 15 2 2.5
1/ VACS (1/um/2)
(©)
500
B Hardness
@ Ys
400 { A UTS
= =|inear (Hardness)
= ==Linear (YS) N
£5F 300 1 |inear (UTS) RE=0.9707
952
ise
E>5 200 -
T R?=0.9333

100

—--—--"--.
-

=TT T T R 00321

04 . . . .
0 0.5 1 15 2 2.5
1/ JACS (1/um¥/2)

(d)
Figure 9- Validation of Hall-Petch relationship for hardness, yield strength and ultimate tensile strength with ()

average grain size up to 10 passes deformation, (b) average grain size up to 6 passes deformation, (c) average
cell size up to 10 passes deformation, (d) average cell size up to 6 passes deformation.
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If the Hall-Petch equation is valid for determination of the correlation between average grain
size and the mechanical property of interest, the value of the coefficient of determination (R?)

for linear regression between o vs D2

should be as close to 1 as possible. These values for
the graphs shown in Fig. 9 are presented in Table 3. It can be seen that the value of R? is
normally smaller than 0.9 which shows a very small probability for existence of linear
relationship between o, vs D2 for Figs. 9 (a) to (c). However, an acceptable agreement
exists between the results which have been shown in Fig. 9 (d) which represent the
correlation between oo vs ACS™2 before the microstructure has been saturated. From
statistical point view [38], the probability of completely uncorrelated oo vs ACS™ is less

than 1% for correlation coefficient in the range of R?=0.938-0.932 for three data used for

fitting. It shows that the correlation between the two quantities is very significant.

Table 3- Values of coefficient of determination (R2) extracted from Fig. 9.

Validation Hardness YS UTS

AGS - 10 pass 0.8385 0.7829 0.7375
AGS - 6 pass 0.8509 0.8520 0.9099
ACS - 10 pass 0.9156 0.8604 0.8023
ACS - 6 pass 0.9321 0.9333 0.9707

An important phenomenon which may be studied from the graphs shown in Fig. 9 is
variations in the locking parameter, k in Eq. (1). This parameter is a factor which can be used
to measure the relative hardening contribution of the grain boundaries and can be extracted
from the slope of the plots in Fig. 9. It can be seen that when the data of the sample with 10

passes of deformation are added into the fitting process, a larger slope is observed, i.e., a
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larger k parameter. This indeed indicates that a more significant grain boundary hardening
has occurred when larger number of deformation passes are applied. Another important
parameter which is found to have effect on the slope of the graphs is whether the fitting is
performed with AGS or ACS. Indeed, as the k parameter is related to the effectiveness of the
boundaries to inhibit dislocation motions, the subgrain boundaries are as well expected to be
effective in strengthening and led to variations in the slope. Therefore, this may be used as a
good explanation for the fact that the observations provided in this investigation indicate
reliable application of Hall-Petch relationship when the cells and subgrains are as well

considered.

4  Conclusions

In this investigation, the effect of up to 10 passes of ECAP on the evolution of
microstructure, textures, dislocation density, hardness and tensile properties of AA6063 alloy

is investigated.

1- It is found that ultrafine grained (UFG) structure forms in AA6063 aluminum alloy
with 6 passes of deformation. With further deformation, the average cell size slightly
increases.

2- It is observed that with increasing the number of passes, the dislocation density
increases up to 4 passes and reduces afterwards.

3- The occurrence of the reduction in dislocation density is in line with formation of an
ultrafine grain structure with high angle boundaries.

4- Despite of increasing average cell and grain size with deformation up to 10 passes,
mechanical properties, i.e., hardness and tensile properties, are found to continue to

increase up to 10 passes deformation.
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5- Hall-Petch relationship is valid for UFG AA6063 before the coarsening of the
microstructure occurs after 10 passes ECAP and provided that the property is

correlated to average cell size not the average grain size.
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