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Abstract: This work aims to study the effect of plastic deformation on the 7075 Al - alloy using Material Analyses Using
Diffraction (MAUD). Plastic deformation produces dislocation defects. Using a hydraulic press, samples were deformed up
to 25%. The XRD was measured for each degree of deformation. The MAUD program was used to analyze the data, and
mathematical methods were deployed to understand the various behaviors observed. The lattice parameter, crystallite size,
average internal stress, micro-strain, and dislocation density of the 7075Al-alloy were calculated. As the deformation degree
increased, there was a progressive decline in the crystallite size as an increase in the micro-strain and dislocation density.

The flow stress changes from 5.8 to 49 MPa and the stored dislocation energy varies from 2.62 to 185 kPa.
Keywords: 7075 Al — alloy, MAUD, plastic deformation, XRD.

1 Introduction

Aluminum alloys have been extensively applied in the
construction industries, automotive, and aircraft on account
of their coveted physical and substantial properties. Due to
their perfect strength-to-weight ratio and resistance to stress
corrosion, high-strength Al-Zn-Mg-Cu alloys (like the 7075
Al alloy) are extremely utilized in the aeronautics, marine,
and automotive industries [1, 2]. The aluminum alloys series
7xxx is considered one of the most useful engineering
materials [3]. Such alloys have highly desirable physical and
mechanical properties, such as elevated strength and
corrosion engaging behavior in several media [1, 2, 4].

Several kinds of crystalline defects have a
significant enhancement effect on the materials property,
including point defects, vacancies, and dislocation line.
Alloy composition and heat treatments are used on 7000-
series aluminum alloys to attain a perfect adjustment
between strength force and deterioration toleration [5]. The
various behaviors of Al-Zn-Mg-Cu alloys with deformation
have been studied to demonstrate the operation of
deformation mechanisms during hardening work [6, 7], re-

crystallization (DRX) [8, 9] and dynamic recovery (DRV)
[10, 11]. The workability of material can be enhanced
through grasping the metal flow behavior. The 7000-series
aluminum alloys are used in a diverse range of engineering
projects, as their mechanical properties can be improved and
modified by means of heat handling treatment or processing
of thermo-mechanical [12 — 14]. The aluminum alloy 7075
is considered one of the strongest aluminum alloys [15]
because it makes the material fit for application, such as
aircraft parts or parts subject to heavy wear [16]. This alloy
has a high yield strength of more than 500 MPa, while with
low density, this alloy is suitable to use in aircraft
accessories. Also, it has less resistant corrosion compared to
other alloys, its strength makes up for this disadvantage [15].

Plastic deformation is a perpetual shape alteration
and it is irreversible deformation. This deformation appears
in alloys or metals when they are affected by loads that
exceed the required energy to fetch dislocations [17, 18]. The
structural materials election encompasses compromising
between strength and ductility since materials with high
ductility normally have low strength and vice versa [19 —22].
Ordinarily, FCC metals display the ductility higher and BCC
metals display the strength higher. For structural materials,
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the most eligible feature is to turn stronger when deformed
with cold work until it reaches an assured deformation
degree. The expended energy on the plastic deformation of
alloy or metal is fundamentally divided into two parts: the
first one is converted for heat depending on the loading and
degree of deformation types, while the second is stored into
the defects as a strain energy form [18]. At this case, the alloy
turns into an energy battery. The stored energy over cold
work has been specified and described experimentally by
numerous studies [2, 12,13, 15, 17, 19, 22 — 24].

X-ray diffraction (XRD) is a powerful
nondestructive technique for characterizing crystalline
materials. It provides information on structures, phases,
preferred crystal orientations (texture), and other structural
parameters, such as average grain size, crystallinity, strain,
and crystal defects. X-ray diffraction peaks are produced by
constructive interference of a monochromatic beam of X-
rays scattered at specific angles from each set of lattice
planes in a sample. The peak intensities are determined by
the distribution of atoms within the lattice [21].

The present work aims to study the plastic deformation effect
(thickness reduction) on the structure of 7075-aluminum
alloy (defect density, dislocation density, flow stress analysis
and stored dislocation energy) with X-ray diffraction
techniques. Plastic deformation with a thickness reduction
up to 25% was applied using a hydraulic press. As mentioned
in literature, the electrical conductivity didn't change
significantly, while the micro-hardness for 7075 Al alloy
extremely improved with deformation.

2. Experimental work

2.1. Sample preparation

The 7075 Al alloy chemical installation is presented in
Table 1. The samples were cut into squares measuring
13x13x3 mm?’. The surfaces of the samples were grounded
with silica carbide papers of various sizes. After grinding,
the specimens were polished for 5 minutes in a mixed
solution of nitric acid and phosphoric acid to obtain a bright
surface and remove any scratches or surface dust created
during the preparation process. Then, the specimens were
annealed at 773 Kelvin for 6 hours and cooled to room
temperature to provide samples without any thermal stresses.

Table 1: The 7075 Al alloy chemical installation.

Element Weight%
Cr 0.23
Cu 1.60
Mg 2.50
Zn 5.60
Al remint

The deformation is applied on the annealed samples

at RT up to 25% from the original thickness utilizing a
hydraulic press (applied external work) to obtain different
degrees of deformation (thickness reductions). The degree of
deformation is expressed as a thickness proportion according
to:

Deformation (%) = 2—0 = % (D
0

where D and Do are the thickness after deformation and the
initial thickness respectively.

2.2. X-ray diffraction technique

Measurements with XRD were achieved utilizing
an A JEOL X-ray (JSDX-60PA) diffractometer with an
attached Ni-filtered Cu-Ka radiation source (A = 0.154184
nm). The source of X-ray was operated at 40 kV and 35 mA.
A 20 range from 35° to 85° was scanned at a continuous slow
scanning rate (1°/ min) and a low constant time (1 sec) to
find the required diffraction peaks. XRD measurements were
accomplished for the identification of phase and the
preferred orientation statement. The preferred orientation
can be distinguished between the original (0% d before
deformation) and the end of deformation as presented. It is
meaning the change of the arbitrary units of the intensity. In
some recent studies, MAUD has been applied to determine
materials parameters of the micro structural, including cell
parameter, crystallite size (D) and residual micro-strain (g).
Detailed methods of the micro structural test have been
stated in recently published reports [25 — 32].

Dislocation density (p):

The dislocation density (p, cm?) can be calculated by using
the following equation [33]:

b emy = NI @)

where D is the crystallite size average and ¢ is the micro-
strain, b is the Burgers vector (for Al alloys, b =a /2 =2.86
A) at the FCC structure and a is the lattice parameter.

Defect Density (p):

The defect density (p, cm?) is calculated from the
dislocation density (expressed as length per unit volume)
with the following equation [34]:

- -3y _ p(em™)
pem’®) = £ G
Flow stress (7):

The flow stress is expressed in terms of T (the resolved shear
stress) relatives to the root square of the dislocation density.
It is calculated by the following equation [34]:

t:ro+aGb\/B 4)

where 7o is the friction stress, a is the dislocation interaction
parameter (constant with order of 0.5) and the dislocation
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interaction parameter, G is the shear modulus and b is
Burgers vector. In terms of tensile stress, by taking the
friction stress as equal to zero and ¢ = M 1, the flow stress
(o) is calculated via the following equation [32]:

c=MaGb,/p )

where M is the Taylor factor average and G is the shear
modulus of Al-alloy = 26 GPa. The above relationship is
then given by:

t=aGb \/B (6)
Dislocation Stored Energy (E):

There is a dependent relationship between the stored energy
and plastic deformation (the cold work amount) that gained
via the material [35]. The alloy that deformed with plastic
deformation mainly contains a major amount of dislocation
stored energy: at higher temperatures with annealing and
during recovery or recrystallization, the alloy will typically
restore to a minimum state of energy through the growth of
structural [36]. The dislocation stored energy (E), caused by
the obstetrics of the crystal defects can be specified on the
dislocation theory basis. The dislocation density (p) is
regarding the dislocation stored energy as the following Eq.
[36].

E=apGb> (7)

XRD provides an indirect way to determine the dislocation
of stored energy in the case of plastic deformation (cold work
is applied). In such case, the stored dislocation energy can be
calculated by substituting the dislocation density values from
equations 2 to 6.

3. Results and discussions

X-ray diffraction of the non-deformed and deformed
7075 Al alloy samples with various plastic deformation
degrees from 0 to 24.9% are presented in Fig. 1. The main
diffraction patterns feature nearly the same, although the
peak intensity is varied from one sample to another. Also,
there are no peaks for the free Mg was observed. The
observed peaks of diffraction are founded at 26 = 38.5, 44.8,
65.2, 78.1 and 82.30 correspond to the planes (111), (200),
(220), (311) and (222), respectively [37, 38]. However, in all
samples, the planes (111) and (200) intensities were quite
high compare with the other planes of diffraction. This
indicates to planes that are the discriminatory preferred
orientation of the microcrystalline structure. The preferred
orientation distinguishing is between the original (0% d
before deformation) and the end of deformation as presented
(24.9% d). In such case, the change of the arbitrary units of
the intensity especially for the first two strong peaks. The
XRD spectra were analyzed with MAUD. Then the
parameters (grain size, micro-strain, lattice parameter, and d-
spacing) were obtained.
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Fig. 1: X-ray diffracto-grams of Al alloy the 7075
depending on the deformation degree.

3.1. Microstructure analysis with Riveted refinement
(MAUD program)

The initial microstructure of 7075 Al alloy is shown
in Table 2, which before deformation processing the
crystallite size had high value, is about as 1.237 um, the
micro-strain had low value 1.16 x 10 and the cell parameter
for most thickness reduction varies around 4.00 A. The
refined parameters obtained from X-ray analysis (micro-
strain cell, crystallite and cell parameter) are presented in
figures 2, 3 and 4. The cell parameter is nearly constant with
the deformation of the 7075 Al alloy up to 25%. The
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behavior of the cell parameter depending on the thickness
reduction is explained in Fig. 2, revealing a cell parameter
value of around 4.00 A. The change in lattice constant for the
deformed 7075 Al-alloy indicates that the deformed grains
are strained.

The crystallite size depending on the thickness
reduction is explained in Fig. 3 with exponential fitting. It is
clear that crystallite size decreases exponentially as
thickness reduction from 1.237 pm (for a non-deformed
sample) to 0.205 um (24.9% thickness reduction). This
decrease supposedly interpreted in terms of columnar grain
growth. In contrast, the micro-strain revealed a different
behavior, the micro-strain increases exponentially as
thickness reduction increases. For a non-deformed sample,
the micro-strain is 1.16 x 10™*: this reaches 10.7 x 10 at
16.74% deformation. This variation may be due to the
increase of the structural defects among which the grain
boundary. The behavior of micro-strain depending on the
thickness reduction is explained in Fig. 4 with exponential
fitting.

1.4

Crystallite size (um)

OIOIIIIIIIIIIIIIII
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Thickness reduction (%)

Fig. 3: Variation of crystallite size with the deformation
of the 7075 Al alloy.

The variation of duk as a function of 26 is shown in

45 Fig. 5. The d-spacing values for the five (hkl) planes
a~4.00A° decrease as a function of 26 at various thicknesses reduction
44 levels. There is also no change is observed in the d-spacing
for different levels of thickness reduction. A comparison of
43 1 observed and standard d-spacing values (hkl) planes as
s 4o b matched indicates that the tested samples from 7075 Al-alloy
< *Te are polycrystalline with a face-centered cubic structure. The
B a1+ 9 peak intensities increase probably accredited to growth grain
° ___9% o ] o connected with the increase in the crystalline degree by
g 1 PO raising the percentage of deformation.
- 9
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Fig. 2: The lattice parameter depending on the 2 0.0004
7075 Al alloy deformation. '
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Fig. 4: Variation of micro-strain with the
deformation of the 7075 Al alloy.
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Fig. 5: Dua depending on 20 for the Al alloy 7075
at various deformation levels.

3.2. Dislocation and defect density, flow stress and stored
energy

The results of dislocation and defect densities, flow
stress and stored energy applying the X-ray diffraction
analysis are presented in Table 2.

The crystallite size average values and micro-strain
present the dislocation density of samples at various levels
of true strain (€): these values are listed in Table 2. As clear,
as the applied stress increases the micro-strain also increases.
The decline in the crystallite size is not noteworthy. The
restricted extent of the macroscopic strain that applied
through the tensile test compared to the plastic deformation
techniques probably accountable for the crystallite size
trivial changes [39, 40]. In the present work, although the
average calculated crystallite size is comparatively small but
has a strong effect on the dislocation density.

The dislocation and defect densities reveal the same
behavior as the 7075 Al alloy’s micro-strain. It is clear from
these two figures that the dislocation and defect densities
increase exponentially as the degree of deformation
increases. Maximum values of the dislocation and defect
densities of about 1.73 x 10! cm? and 6.04 x 107 cm?,
respectively, are obtained at approximately 13.68%
deformation.

In the same way, the flow stress behavior
depending on the thickness reduction increases
exponentially from 5.8 MPa for a non-deformed sample to
about 49.0 MPa at 13.68% deformation (Fig. 6). From Fig.
4 and 6 we can observe a good correlation for preferred
orientation with the flow stress and micro strain.

Table 2: The dislocation density, defect density, flow
stress and stored energy obtained from analysis of the X-
ray diffraction data with MAUD for the Al alloy 7075 at
various degrees of deformation.

§ = Dislocating Defect Flow Stored
% § < density density stress | energy
E § (cm?) (cm™) (MPa) | (kPa)
0 2.46E+08 8.61E+15 5.8 2.62
1.04 1.57E+09 5.48E+16 14.7 16.7
3.4 3.47E+09 1.21E+17 22 36.9
5.2 5.43E+09 1.90E+17 27.4 57.8
8.3 6.34E+09 2.22E+17 29.6 67.4
13.68 1.74E+10 6.07E+17 49.0 185
14.95 1.36E+10 4.77E+17 43.4 145
16.74 1.00E+10 3.50E+17 37.2 106
19.01 1.05E+10 3.66E+17 38.1 111
24.9 1.05E+10 3.68E+17 | 39.35 112
50 °
T
o
=
w
7]
g
®
3
o
TS
0

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Thickness reduction (%)

Fig. 6: The flow stress of the Al alloy 7075 depending on
thickness reduction.

The minimum dislocation stored energy is 2.62 KPa at 0%
deformation. Then the dislocation stored energy slowly
increases at low thickness reduction levels. The dislocations
prospect is small at low deformation levels. As the degree of
deformation increases, the dislocations probability grows
leading to an excess in the calculated stored dislocation
energy. This action is due to a faster increase of E at high
thickness reduction levels. The dislocation stored energy
reaches a maximum (~185 KPa) at 13.68% deformation.

As mentioned in the literature to study the crystallite size
growth against deformation (cold rolling) level for 7075 Al
alloys [41 —43], a universal decrease of the coherent domain
size with the deformation level. The more a metallic material
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deforms, the more the size of the coherent domain’s
decreases [41]. The variations in the crystallite size results
from alloying elements, which are known to inhibit the
growth of grain. In the case of grain refinement below 1 pm,
the electrical conductivity didn't change significantly while
the micro-hardness for 7075 Al alloy extremely improved
[42]. The micro-strain in this alloy slightly increases with the
deformation level. In addition, there is a synoptic increase in
the dislocation density with the level of deformation [41].

The variation of flow stress with micro-strain is shown in
Fig. 7. The strain effects on the various materials properties
have been investigated elsewhere [6, 44 — 46]. The ductility
increase of the Al alloy 7075 had been reported by Magd and
Abouridouane [44]. Metallographic fulfillments for
materials ductile (plastic) shear failure. Lee et al [6]
estimated that for Al alloy 7075, two sensitive regions of
strain rate appear through the strain rates range.

50 9o

Flow stress (MPa)
N w H
o o o
T T T
©
(*]
©

-
o

1 M 1 M 1 M 1 M 1

0 . \
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012
Micro-Strain

Fig. 7: Flow stress with micro-strain for the deformed
7075 Al alloy.

4. Conclusion

e The degree of preferred orientation was found to
play a dominant role in the alloy’s micro structural
parameters. The optimum crystallization was
observed at a deformation of 13.68%. At higher
levels of thickness reduction (24.9%), crystal
agglomeration often decomposed.

e The lattice constant, internal stress, crystallite size,
micro-strain and dislocation density were
estimated. At higher levels of deformation,
crystallite size progressively declines while the
dislocation density and micro-strain increase.

The flow stress changes from 5.8 to 49 MPa. The stored
dislocation energy varies from (2.62 to 185) KPa. The flow

stress variation with the micro-strain is clear and reflects
changes in other structural properties.
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