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Abstract In this article, the effect of initial microstruc-

ture on the texture evolution in 2014 Al alloy during equal

channel angular pressing (ECAP) through route A has been

reported. Three heat treatment conditions were chosen to

generate the initial microstructures, namely (i) the recrys-

tallization anneal (as-received), (ii) solution treatment at

768 K for 1 h, and (iii) solution treatment (768 K for 1 h)

plus aging at 468 K for 5 h. Texture analyses were per-

formed using orientation distribution function (ODF)

method. The texture strength after ECAP processing was

different for the three samples in the order, solution-

ised [ solutionised plus aged condition [ as-received. The

prominent texture components were AE/ �AE and BE/ �BE in

addition to several weaker components for the three

materials. The strong texture evolution in solutionised

condition has been attributed to higher strain hardening of

the matrix due to higher amount of solute. In case of the

as-received as well as solutionised plus aged alloy, the

weaker texture could be due to the strain scattering from

extensive precipitate fragmentation and dissolution during

ECAP.

Introduction

The ECAP is one of the most common severe plastic

deformation methods for producing ultra-fine microstruc-

tures in metals, alloys, and composites [1–5]. In addition to

the significant effect on mechanical properties, ECAP is

also associated with the development of specific crystal-

lographic texture [6–9]. Texture evolution in material after

ECAP is a strong function of processing route as well as

the initial material variable, e.g., initial composition and

texture [10–13]. These studies mainly deal with the texture

formation in pure face centered cubic (fcc) metals like Al,

Cu, and a few in their alloys [14–20]. It is, however,

important to know the role of initial microstructure on the

final texture formation after ECAP.

Aluminum alloys are known to be an important class of

structural materials. While a large number of articles are

published on the evolution of texture and microstructure

during ECAP of non-heat treatable alloys [21–24], only a

few are available on the heat treatable alloys. In this study,

an attempt has been made to characterize the texture evo-

lution in a heat treatable Al alloy 2014 during ECAP.

These alloys are generally available in the form of heat

treated and naturally aged condition, solution treated con-

dition, and solution treated plus aged condition. In this

study, all the three microstructural conditions have been

subjected to ECAP to examine texture formation in the

presence of fine precipitates (as-received), a relatively

coarser precipitate (solution treated and aged) and in the

absence of any precipitate (solution treated).

The effect of ECAP on microstructural evolution and

mechanical properties of the three types of starting mate-

rials has been previously reported by the authors in [25].

However, it is well known that the crystallographic texture

is an inseparable component of microstructure. Therefore,
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a research program has been formulated to examine texture

evolution during ECAP processing of these materials

having large differences in the microstructures. A rigorous

analysis of the experimental textures has been carried out

using pole figures and ODFs to understand the texture

evolution at individual conditions. Finally, the texture

evolution at each condition has been interpreted as a

function of the corresponding microstructural features.

Experimental procedures

Material and processing

The starting material used for this study was commercially

available 2014 Al alloy in the form of an extruded rod with

13 mm diameter. The chemical composition of the starting

material is given in Table 1. As mentioned earlier, different

microstructural conditions of the alloy 2014 have been

subjected to ECAP, namely, (i) the as-received material

with fine precipitates due to natural aging, (ii) the material

solution treated and quenched, and (iii) the material solu-

tion treated and aged. The solution treatment was carried

out at 768 K for 1 h followed by quenching to room

temperature (hereafter referred to as ST), while the aging

treatment was done at 468 K for 5 h (hereafter referred to

as ST ? A). The appropriate aging condition was opti-

mized on the basis of experimentally measured hardness

values as a function of aging time (see Fig. 1). The max-

imum hardness was observed after 5 h of aging so that the

aging time was fixed for 5 h.

The as-received material, the material after solution

treatment, and the material obtained after solution treat-

ment followed by aging was considered for further ECAP

experiments. The samples corresponding to these three

conditions were machined to fit in an ECAP die with cir-

cular cross section having 12 mm diameter of the channels.

The inter-channel angle of the die was U = 90� and the

outer arc of curvature was W = 20�. The schematics of the

die are shown in Fig. 2. The ECAP experiments were

carried out using a hydraulic press at a crosshead speed of

0.5 mm/s at room temperature up to five passes for all three

starting conditions. The equivalent strain per pass for the

employed design was 1.07 so that the total imposed strain

after five pass becomes 5.35 [26]. The samples were pro-

cessed following the route A i.e., no rotations was applied

between subsequent passes. They were well lubricated

using MoS2 between successive ECAP passes.

The primary objective of this study is to understand the

role of starting microstructure on the final microstructure and

texture evolution in case of an Al–Cu alloy. Ideally speaking,

the effect of deformation on the microstructural changes

(e.g., grain refinement) as well as texture evolution saturates

only after the first few passes during any SPD processes, as

has been clearly identified by various researchers [1]. Similar

trend has been observed in this investigation wherein the

microstructure and texture do not largely vary after four

passes. An indirect indication of microstructural consistency

can be obtained from the hardness invariance with respect to

the number of ECAE cycles after 4th cycle as shown in

Fig. 6. In that perspective, the ECAE processing is carried

out only up to five cycles in this study.

Microstructural examination

The microstructures of deformed materials were examined

under transmission electron microscope (TEM) using

Philips-TEM operated at an accelerating voltage of 200 kV.

The thin foil TEM specimens were prepared from the

middle of the specimens (see Fig. 3) by mechanical

polishing followed by twin jet electro polishing using a

solution of 10% perchloric acid ? 90% methanol at the

temperature -20 �C.

Table 1 Chemical composition

of the as-received 2014 Al alloy

(wt%)

Si Fe Cu Mn Mg Cr Ni Zn Ca Al

0.776 0.234 4.32 0.831 0.751 0.0084 0.012 0.0946 0.0071 Balance
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Fig. 1 The aging curve obtained for the as-received alloy after

solution treatment showing the hardness values as a function of the

aging time
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The microstructural sizes were calculated from several

TEM images (not less than 20 in each case) to obtain a

global statistical reliability. The calculation was based on

the linear intercept method using commercially available

image analysis software (Sigma Scan Pro�, Systat Soft-

ware, Inc., USA). The measurement was carried out by

drawing numerous horizontal and vertical test lines at

almost equivalent distances to obtain statistically averaged

intercept values of not less than 99% confidence level.

Edge grains were also included in the measurement

scheme. From the measured values, a cumulative distri-

bution (in terms of number fractions) of intercept length

was obtained. Finally, the weighted average along with the

corresponding error value was calculated from the distri-

bution. A proportionality constant of 1.56 was used to

convert the average linear intercept lengths into the cor-

responding spatial sizes according to the ASTM standard

number E112-96.

X-ray characterization

The X-ray diffraction pattern of the ECAP-processed

samples was recorded on the electro-polished surface by

using X’PertPro�, PANalytical in CuKa radiation. The

diffraction patterns were recorded by varying 2h from 30�
to 120� in a continuous scan mode. The data were recorded

in a 2h interval of 0.017�. The time for collecting the data

per step was 200 s. The diffraction patterns were corrected

for the instrumental broadening using a silicon sample,

which had large crystallites and was free from the defects.

Texture measurement

The texture measurements were performed on the mid-

horizontal plane (TD-ED plane) of the samples, before and

after the ECAP parallel to the ECAP direction (see Fig. 3).

A Bruker D8 texture goniometer having Schultz reflection

geometry and with CuKa (k = 1.5406 Å) radiation was

employed for this. Four incomplete pole figures viz. (111),

(200), (220), and (113) were recorded for each of the

samples. The ODFs were calculated from the experimen-

tally obtained pole figures in Labotex� software using

ADC algorithm [27]. The ODF calculation was carried out

without any rotation or symmetrization of the experimental

data. The initial ODF was rotated afterward with respect to

u1 and u axes in such a way that the recalculated pole

figures were finally represented in correct frame of refer-

ence where the ideal shear texture for ECAP processing are

clearly visible. This measurement scheme was chosen to

ensure the ideal conditions of texture development. It has

been strongly reported by various researchers that the strain

distribution and the resultant ECAP texture evolution is

inherently heterogeneous in the ND–TD plane [7]. In order

to avoid this experimental difficulty, the presently applied

Fig. 2 a Schematic and

b photograph of ECAP die

employed in this study

Fig. 3 Schematic showing the geometry of the ECAP processed

sample along with the measurement plane for microstructure and

texture characterization
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texture measurement scheme is generally accepted and

reported previously by various researchers [10–14].

Finally, the recalculated pole figures and appropriate ODF

sections were plotted on the TD plane without imposing

any sample symmetry.

Results and discussions

Microstructure evolution

Figure 4 shows the microstructures of the as-received,

solution-treated, and solution treated plus aged materials

before the ECAP processing. The as-received material con-

sists of fully recrystallized grains with fine precipitates of

size *90 nm distributed all over the Al matrix (see Fig. 4a).

These precipitates formed due to the natural aging. The

recrystallized grains were almost equiaxed with an average

size of *2–3 lm. Figure 4b shows the microstructure of

the alloy in the solution-treated condition. The micro-

structure consists of recrystallized grains without any pre-

cipitates inside them. The grain size at this condition was

measured to be *3–4 lm. After the solution treatment and

aging, precipitates of size *125 nm reappeared in the Al

matrix (see Fig. 4c). It is to be noted that the precipitates in

this condition were much coarser than those present in the

matrix of the as-received material. The selected area dif-

fraction pattern as well as EDS spectrum obtained from the

precipitate phase present in the ST ? A starting material

confirms that they were of CuAl2 type (see Fig. 4d, e).

Figure 5 shows the TEM bright-field micrographs from

the three materials after the ECAP processing up to five

Fig. 4 Bright field TEM

micrographs showing the

microstructures of starting

materials before ECAP in

a as-received condition, b after

solution treatment, and c at

solutionised ? aged condition.

d and e shows the selected area

diffraction pattern and EDS

spectrum obtained from the

precipitate phase in c,

respectively
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passes. As evident from these microstructures, the grains are

sheared during ECAP processing along the shear direction (a

direction 45� from the ECAP direction) leading to elongated

grain structures in all the three materials. In case of the

ECAP-processed as-received material, grains were sheared

along the shear axis with the long grain axis being inclined in

the direction of shear axis. For this material, the grain size

was 280 ± 10 nm after five passes of ECAP, as measured

from the TEM micrographs. The fine precipitates that were

present in the as-received material were completely dis-

solved in the matrix (see Fig. 5a). The microstructural fea-

tures for the ST material after ECAP processing displays

completely deformed grains, which were slightly elongated

along the shear direction. The grain size at this condition

was 270 ± 10 nm (see Fig. 5b). The microstructure of the

ST ? A material after ECAP shows the presence of elon-

gated grains with fine fragmented precipitates distributed

throughout the Al matrix (see Fig. 5c). The grain size at this

condition is measured to be 250 ± 10 nm. The similar

precipitate fragmentation during ECAP has been reported

earlier in 7034 Al alloy [28, 29].

In recent times, Liu et al. [30] has shown that the dis-

solution rate for the deformable h0 precipitate phase (dis-

ordered, underage) in Al–Cu binary alloy system is far

more than that of the brittle, un-deformable (ordered,

overage) h particles. The difference has been attributed to

the accumulated strain energy as well as the formation of

sub-boundary in the h0 phase during early cycles in ECAP.

During later cycles, dissolution occurs through the sub-

boundaries due to the preferential channel diffusion of Cu

atoms. In contrast, the stable h phase needs to be frag-

mented into smaller sizes since the critical radius for dis-

solution is much smaller for these particles to satisfy the

interfacial energy criterion. In this study, the as-received

starting material is under-aged and the precipitates are

present as a result of previous processing. The precipitates

in the ST ? A starting material, on the other hand, are

peak-aged and hence ordered and un-deformable. It is,

therefore, possible for the precipitates present in the as-

received starting material to dissolve during ECAP at a

much faster rate than those present in ST ? A starting

material. The dissolution of coarse precipitates (*90 nm)

in the as-received material after ECAP is also helped from

their low volume fraction in the microstructure. The

ST ? A starting material exist in peak-aged condition and

both the precipitate size and volume fraction are compar-

atively higher than the as-received material. Similar such

dissolution behavior has been reported for precipitate phase

for other class of aluminum alloys in [27, 28].

The hardness variation as a function of ECAP passes for

the three materials is shown in Fig. 6. The ST ? A mate-

rial observed higher hardness because of the strengthening

effect from grain refinement, precipitates, and dislocations.

In the other two materials, the strengthening contribution

from precipitates is absent. In the as-received material, it is

anticipated that the fine precipitates got sheared and dis-

solved in the matrix during ECAP. In this case, the

strengthening could be due to the grain refinement and by

increased dislocation density (see Fig. 7). A similar

behavior of dissolution of fine precipitates present in small

(b)

(a)

(c)

Fig. 5 Bright field TEM micrographs showing the microstructures

after ECAP for a as-received condition, b after solution treatment,

and c at solutionised ? aged condition. ND normal direction, TD
transverse direction, and ED extrusion direction which is normal to

the plane of the micrograph
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volume fraction was observed in severely deformed Al

alloy [31].

X-ray diffraction line profile analysis (XRDLPA)

The crystallite size and dislocation density of the ECAP-

processed materials was calculated from the X-ray dif-

fraction data using the method originally proposed by

Groma et al. [32, 33]. The calculations are based on the

asymptotic behavior of the second and fourth order

restricted moments of the diffraction data. The crystallite

size and dislocation density obtained from XRDLPA for

the three ECAP-processed materials are presented in

Table 2. The table also includes the grain sizes measured

from the TEM micrographs. The general observation is that

the crystallite size calculated from XRDLPA is lower

than the grain size measured by TEM. The difference

between the results obtained by the two methods is due to

the fact that the original grains in the starting materials are

divided into sub-grains or dislocation cells during ECAP

which are separated by low angle grain boundaries or

dipolar dislocation domains separated by misorientation

less than 1� or 2�. The crystallite size measured by

XRDLPA represents the mean size of the coherent scat-

tering domains. These domains are primarily the sub-grains

or dislocation substructures that coherently scatter the

incident X-ray. The grain size measurement from TEM

micrographs, however, does not take into account the sub

grains or for that matter the dislocation cells so that the

grain size observed in TEM will be higher than the volume

weighted mean crystallite size obtained from XRDLPA

[34–36]. Nevertheless, the trend in the variation of crys-

tallite size with the material conditions matches well to that

of the grain size variation. The crystallite size is the highest

in case of the as-received ECAP-processed material

(240 ± 10 nm). For the ST material, the crystallite size as

measured by XRDLPA is 230 ± 10 nm, which is lesser but

quite close to the ECAP-processed material from the
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Fig. 6 Hardness variation as a function of number of ECAP passes

for as-received, solutionised, and solutionised ? aged materials

Fig. 7 Texture evolution in the starting as well as ECAP-processed materials shown in terms of (111) pole figure expressed in similar intensity

level
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starting condition. For the ST ? A material, a minimum

crystallite size is obtained after ECAP (150 ± 10 nm).

The dislocation density (q) also indicates a systematic

variation. The ST ? A material shows the highest dislo-

cation density of the three conditions (q = 19 ± 0.5 9

1015 m-1), whereas the ECAP-processed samples from the

as-received and ST conditions contain dislocation densities

of 7.5 ± 0.5 9 1015 and 12 ± 0.5 9 1015 m-1, respec-

tively. The large dislocation density after ECAP processing

of solutionised plus aged material could be due to the

dislocation pile up around the CuAl2 precipitates. The

dislocation density is less in as-received and solutionised

materials because of the absence of precipitates in these

materials.

Texture evolution

Figures 7 and 8 represent the texture evolution in the

as-received, ST, and ST ? A materials before and after

ECAP processing up to five passes in terms of (111) pole

figures and the relevant (u1 = 0� and 45�) ODF sections.

The pole figures and the ODF sections have been presented

in the laboratory reference system projected onto the TD

plane, which is initially parallel to the sample flow axis.

The pole figures for all the materials are expressed with

similar intensity (expressed as multiples of random unit)

levels for the ease of comparison. The texture of the

materials before ECAP was reasonably stronger than that

of the corresponding materials after the ECAP processing,

indicating a weakening of texture as a result of ECAP.

Among the starting materials, texture was strongest in the

as-received material and weakest in the ST material. After

ECAP processing, however, the weakest texture forms in

the as-received material wherein the other two materials

show somewhat similar intensity of the ECAP texture.

In order to carry out a finer and quantitative analysis of

texture, ODFs were plotted in the Euler’s space. The Euler

angles and Miller indices of the ideal orientations that

Table 2 Grain size measured

from TEM micrographs and

crystallite size and dislocation

density measured from

XRDLPA analysis after ECAP

processing up to five passes

Condition Grain size from

TEM (lm)

XRDLPA results

Crystallite

size (nm)

Dislocation

density 9 1015 (m-1)

As-received 280 ± 10 240 ± 10 7.5 ± 0.5

ST 270 ± 10 230 ± 10 12 ± 0.5

ST ? A 250 ± 10 150 ± 10 19 ± 0.5

2ϕ =0° 2ϕ =45°

1

90°

360°

(a)

(b)

(c)

Fig. 8 u2 = 0� and u2 = 45�
ODF sections after ECAP

processing up to five passes on

a as-received, b ST, and

c ST ? A materials. The

intensity levels and the U and

u1 directions are shown at the

bottom
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typically form due to ECAP processing of fcc materials are

listed in Table 3. Figure 8 shows u2 = 0� and u2 = 45�
sections of the ODFs obtained for the ECAP-processed

materials. The ODF sections were plotted up to 360� in the

u1direction and 90� in the U direction. The locations of the

ideal texture components that generally evolve during

ECAP processing of fcc materials are presented in the key

ODF in Fig. 9. Based on the key ODF, the ideal orienta-

tions are identified in the experimental ODFs. The absolute

strength of the ideal texture components that evolved in the

three materials after ECAP processing up to five passes are

presented in Fig. 10. The texture components are, however,

not located at the exact positions. Their deviations from the

exact positions are listed in Table 4. The deviations are

mostly observed along the u1 direction in the ODF which

indicates a rotation of the texture components around the

TD axis. The shifts are relatively low in all the conditions

and the maximum deviation was observed for the A1E

component in ST condition. In can also be noticed that the

component (110) [111] which showed strong presence in

all the starting materials (see Fig. 7), completely disap-

peared in all the ECAP-processed materials.

The ECAP-processed material from the as-received

condition shows relatively lower shifts from the ideal ori-

entation are relatively low in the u2 = 0� and u2 = 45�
sections except for the �BE component. The u2 = 0� section

shows weak A2E and CE components in addition to a strong

but wide spread A1E component. In the u2 = 45� section,

relatively larger spread was observed around the ideal

location of AE/ �AE and BE/ �BE components. In the u2 = 45�
section, continuous orientation distribution joining AE, BE,

and CE components in the ODF was observed which is

generally denoted as B fiber in simple shear [17–20]. The

absolute intensities of these components are quite weak and

non-uniform spread is observed around the respective ideal

positions. Similar weak connection between the compo-

nents �BE, A2E and BE, A1E could be noticed.

For the ST material, the course of texture evolution after

ECAP was different from the ECAP-processed material

after the as-received condition. The strongest components

in this case were �BE and �AE. The weak CE component,

observed in the ODF of ECAP-processed material from the

as-received condition does not appear in the ODF, when

ECAP was carried out on the ST material. The other tex-

ture components e.g., A2E and A1E are, however, present in

Table 3 The ideal orientations typically obtained for fcc metals as a

result of ECAP processing [14]

Ideal

components

Euler angles Miller indices

u1 U u2 ED ND TD

AE 45 35.26 45 [2 20 9] [20 2 9] [112]

AE 225 35.26 45 [2 20 9] [20 2 9] [112]

BE 45 54.74 45 [27 100 73] [100 27 73] [111]

165 54.74 45 [100 73 27] [27 73 100] [111]

BE 105 54.74 45 [73 27 100] [73 100 27] [111]

225 54.74 45 [27 100 73] [100 27 73] [111]

A1E 80.37 45 0 [6 25 25] [25 3 3] [011]

170.37 90 45 [25 25 6] [3 3 25] [110]

A2E 9.74 45 0 [25 3 3] [6 25 25] [011]

99.74 90 45 [3 3 25] [25 25 6] [110]

CE 135 45 0 [100 71 71] [100 71 71] [011]

45 90 45 [71 71 100] [71 71 100] [110]

Fig. 9 Key ODF (u2 = 0� and

u2 = 45�) sections showing the

locations of different ideal

orientations in case of any

ECAP-processed fcc material

Fig. 10 Strength of various texture components in the as-received

(AR), ST, and ST ? A materials after ECAP processing up to five

passes
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this case as well. Further, the B fiber shrinks to BE com-

ponent and another fiber between the components �BE and

A2E appears because of the strong intensity of �BE compo-

nent. A similar fiber was also observed between the com-

ponents BE and A1E. The contrasting feature in the texture

of ECAP-processed material from the ST condition is that

the components shown in the u2 = 45� are strengthened

and the spread is much reduced. Except for the A1E com-

ponent, the deviations from the respective ideal position

were also quite low (see Table 4).

In the texture of ST ? A material, the CE component

that was completely absent in the ECAP-processed mate-

rial from the ST condition re-appears. A dissimilar inten-

sity was observed for the pairs AE/ �AE and BE/ �BE for this

material. The trend in the variation of the strength of

individual components is different for this condition com-

pared to that of the ST condition. In the ST condition, the

components AE and �AE are weak and strong, respectively.

On the other hand, the trend is reversed for the texture of

ECAP-processed material with ST ? A as the starting

condition. The components BE and �BE follow a similar

trend. The deviations of texture components from their

respective ideal locations are much reduced in this case,

except for the A1E component. To summarize, the textures

of ECAP-processed materials with ST and ST ? A as the

starting conditions are stronger than when the ECAP was

performed on the as-received material. The major contri-

bution is due to BE/ �BE components.

The important observation made in this study is that the

B fiber (as seen in u2 = 45� section) is weak in as-received

condition, shrinks to only the BE component in ST condi-

tion and finally spread along the AE and BE components in

ST ? A condition. The B fiber possibly forms during the

initial ECAP passes and shrink to the AE and BE after five

passes. Except for the as-received condition, a gradual

strengthening in AE/ �AE and BE/ �BE components can be

observed after ECAP. The major difference in texture

between the ST and ST ? A conditions was the weakening

and strengthening of the A1E and �BE components in the

former material. The deviation in of the locations of the

texture components is within 6� from the respective ideal

positions for the materials ECAP processed from the as-

received and the ST ? A conditions. On the other hand,

the deviation of A1E component in ST condition extends up

to 15� from its ideal position. The weakening of texture and

deviation of components in ST ? A condition could be a

consequence of strain relaxation due to the precipitate

fragmentation [18]. The fragmentation of precipitates

might lead to strain gradients across the deformation zone

leading to the weakening of texture components.

Conclusions

In this study, the effect of the starting microstructure on the

texture evolution during ECAP of 2014 Al alloy through

route A is examined. The important conclusions are sum-

marized below:

1. ECAP processing of as-received, ST, and ST ? A

materials lead to significant grain refinement and

precipitate fragmentation after deformation up to five

passes. The amount of refinement is the lowest in

ST ? A material compared to that of the as-received

and ST material.

2. Dislocation density considerably increased in case of

ST ? A material after ECAP due to the presence strain

scattering from the coarse peak aged precipitates in the

microstructure.

3. The strength of texture evolution strongly depends on

the starting material condition. The absolute strength

of ECAP texture varies in the order as-received

material \ ST ? A material \ ST material.

4. The texture strength variation is attributed to the strain

scattering ability of the precipitates under imposed

deformation conditions. The higher the strain scatter-

ing (as received and ST ? A materials), the weaker

the final texture evolution after ECAP.

5. The ECAP texture mainly consists of stronger AE/ �AE

and BE/ �BE components and weaker CE and A2E

components, rotated significantly by different amounts

from their ideal positions.

Table 4 Absolute intensities of the ideal texture components mea-

sured for the three conditions after ECAP processing up to five passes.

Also given are the deviations of these ideal components from their

exact locations in the corresponding ODF sections (clockwise and

anti-clockwise rotations are considered as positive and negative,

respectively)

Condition Intensity at maxima location (m.r.u) Rotation w.r.t u1 from exact position (degree)

A2E A1E CE AE
�AE BE

�BE A2E A1E CE AE
�AE BE

�BE

As-received 1.57 2.47 1.53 2.42 1.82 2.42 2.36 0 ?2 ?4 -4 ?4 -4 ?4

ST 1.89 3.27 1.16 3.85 5.36 4.88 9.48 0 ?16 ?4 0 ?6 -4 ?4

ST ? A 2.47 3.15 1.92 6.86 3.32 6.86 3.23 -4 ?6 0 -10 ?4 -10 0
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