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Broadened X-ray-diffraction profile analysis
of cold-rolled aluminium—magnesium alloys
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A cold-rolled, commercial pure aluminium and three aluminium-magnesium alloys
(containing, respectively, 1 wt%, 3 wt% and 5 wt% magnesium) were studied by
X-ray-diffraction (XRD) profile analysis. The investigated equivalent plastic deformations of
the materials were ranged between 0.1 and 5.0. With increases in the amounts of magnesium,
the diffraction peaks widened. For each alloy, the peak width (which gives first information

from the analysis) increased for low deformation ratios and reached a maximum value, ds

max’

and then it decreased or stabilized. The ds,, value increased with increases in the amount of
magnesium in the alloys and ranges for equivalent deformation € = 0.3 and 1.5. The results of
the X-ray profile analysis have been correlated with previous observations by transmission
electron microscopy (TEM), and they have been successfully used to quantify the

microstructural features of the alloys.

1. Introduction

The development of dislocation substructures in ma-
terials and alloys during plastic deformation, and the
corresponding mechanical properties evolution, are
still of considerable interest from both a scientific and
a practical point of view. Current models of
strain—stress descriptions of solid solutions describe
the hardening effect caused by the formation and the
multiplication of crystallographic defects [1, 2]. These
defects are either two-dimensional or linear. In the
two-dimensional case the hardening effect is described
by the conventional Hall-Petch law

o(e) = oole) + Ke)d ™" (1)

where d is the grain size or dislocation cell size. In the
linear case the hardening effect is governed by disloc-
ation distributions

o(e) = aub/d = opbp'? @

where d is the mean distance between the dislocations,
b is the Burgers vector and p is the dislocation density
(o is a constant equal to about 1/4 for a face-centred-
cubic (f.c.c.) structure). These hardening mechanisms
have been studied in order to explain the mechanical
properties of pure aluminium and aluminium-
magnesium alloys [2-5]. Beside their practical inter-
est, the aluminium-magnesium alloys are solid solu-
tions (for magnesium contents below 17.4 wt % at
450 °C); and the magnesium atoms of large radius are
in substitutional positions in the aluminium f.c.c. lat-
tice, leading to a considerable elastic distortion of the
crystalline lattice, which modifies the dislocation
mobility and the alloys plastic deformation behaviour.
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An improved understanding of the deformation
modes for polycrystalline materials therefore requires
statistical information about the dislocation substruc-
tures. These are, however, mainly studied by direct
methods, such as observation by optical microscopy
or transmission electron microscopy (TEM). TEM
analysis allows direct observation of microstructural
features (grain boundaries, dislocation cells, etc.) but
at a very local scale of the volume studied, and care
must be taken with thin-foil preparations and their
interpretation as far as problems such as relaxation
effects or dislocation surface interactions are concer-
ned [3-6].

The X-ray-diffraction (XRD) method is of particular
interest as a complement to TEM, since it provides
reliable information especially for high dislocation
densities, which are not easily investigated by the
TEM technique [4-6]. As a matter of fact, the XRD
method is non-destructive and it allows the investiga-
tion of macroscopic volumes in bulk material. For
instance, XRD peak broadening can be observed
when the material has been cold worked. This effect
can be used to interpret the deformation microstruc-
tural evolution of materials [7-8], and it has been
developed theoretically and experimentally to a con-
siderable extent recently [8—10]. The microstructure-
evolution results were accurately correlated with
TEM observations [11, 12].

The aim of this study was to tentatively correlate
and explain the evolution of XRD profile broadening
of different aluminium alloys in relation to their work
hardening and dislocation substructure.

Commercial pure aluminium and three alumi-
nium-magnesium solid solutions were studied in this
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work. The alloys have been characterized elsewhere by
TEM, and also by mechanical tests in [13, 14].

2. Materials and experimental
procedure

The chemical compositions of the commercial pure
aluminium and the three aluminium-magnesium
alloys (1 wt % Mg, 3 wt % Mg and 5 wt % Mg) used
in this study are given in Table I. Homogenization
heat treatments were performed at 420°C for 16 h
under a dry argon atmosphere. The alumi-
nium-magnesium alloys were quenched in water in
order to stabilize the solid solutions. The treated
samples (in the form of sheets) were then cold rolled.
The final equivalent plastic-deformation ratio, &, was
varied from 0.10 to 5.0.

XRD profiles were recorded on a SEIFERT-TS
goniometer with a position-sensitive detector. The
reflection planes selected for the study were {111} and
{222}. A chromium tube and a vanadium filter were
used in the experiments.

In order to avoid surface effects, the specimen sur-
faces were electrolytically polished to remove about
0.1 mm in depth. The counting time was optimized to
minimize statistical errors (about 300 s for the {111}
reflection, and 600 s for the {2 2 2} reflection leading to
a total integral intensity of about 10000 countss™1).
The error in the peak position was less than 0.005° and
the uncertainty in the peak width was less than 5%.
An annealed aluminium specimen was used as a refer-
ence (standard) diffraction peak for instrumental
broadening corrections in a Fourier-analysis calcu-
lation.

A broadened-profile analysis was carried out in a
way which was based on Warren—-Averbach princi-
ples; this was developed recently in our laboratory [9]
in order to calculate the integral peak width, ds, the
average coherent domain size, D, and the distortion
factor, €, (or the mean square strain <&?>) from the
recorded profiles of two orders of reflection (111 and
222 in this present study). Note that ds is a global
indicator of the microstructural state of the material.
D is the size, in the crystallographic direction investig-
ated, of an equivalent three-dimensional perfect crys-
tal which could be defined by the mean distance
between crystallographic defects in the specimen. g, is
the average elastic distortion in coherent domains, in
the investigated direction, and it results in the

TABLE I The chemical compositions of the materials used in the
study

Compositions (p.p.m.)

Mg* Fe Cu Zn Si
Commercial Al 20 17 45 - 20
Al-1% Mg 14+003% 22 36 28 < 500
Al-3% Mg 31+£01% 26 28 71 < 500
Al-5% Mg 51+015% 28 36 47 < 500

2The magnesium compositions are given as percentages and not in
units of p.p.m.
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microscopical distortion induced by the defects
around coherent domains. These parameters are used
for a quantitative description of the crystallographic
defect density and the distribution [10, 15].
In the case of plastic deformation, they are in
close relationship with the dislocation density and
distribution.

3. Experimental results

An evaluation of the {222} integral peak width ds, of
the different alloys as a function of the equivalent
deformation ratio, g, is given in Fig. 1. Notice that
with an increase in the magnesium amount, the dif-
fraction peaks widen: with no plastic deformation,
these differences can be explained by the alumi-
nium- and magnesium-atom size misfit, and the res-
ulting elastic distortion is induced by large magnesium
atoms in substitutional positions on the aluminium
fc.c. lattice. On the other hand, in deformed speci-
mens, the higher the amount of magnesium, the higher
is the diffraction-profile-peak width, which indicates a
higher structural defect density in the materials,

Last, for each alloy, the peak width increases for low
deformation ratios, and it reaches a maximum value,
ds..¢ and then it decreases or stabilizes. The value of
ds,.x Increases as the amount of magnesium in the
alloys increases, and ranges for equivalent deforma-
tion ratios between £ = 0.3 and 1.5.

Fig. 2 exhibits the evolution of the distortion factor,
€;, as a function of the equivalent deformation ratio, €.
A similar evolution is observed to the ds evolution,
with a rapid increase in ¢; for low values of the
deformation ratio, &, up to a maximum value, after
that £, tends towards a stabilization level or it slightly
decreases. Compared with aluminium-magnesium al-
loys, pure aluminium leads to the same-shaped curve,
but the absolute value of g, is much smaller. The
calculated values of the average coherent domain size,
D, show a minimum value increasing & (Fig. 3). The
coherent domain sizes, D, are about 20 nm for
aluminium-magnesium alloys and about 80 nm for
pure aluminium. :
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Figure 1 The {222} peak width, ds, versus the equivalent deforma-

tion ratio, g, for: (@) Al-1% Mg, (x) Al-3% Mg, (B) Al-5% Mg,
and (A) pure Al
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Figure 2 The distortion factor, ¢,, and the equivalent deformation
ratio, g, for: (®) Al-1% Mg, (x) Al-3% Mg, (l) Al-5% Mg, and
(A) pure Al
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Figure 3 The evolution of the average coherent domain size, D,
versus & for: (¢) Al-1% Mg, ( x) Al-3% Mg, () Al-5% Mg, and
(A) pure AL

From these results, the Williamson—-Smaliman
model [16] allows calculation of an average disloc-
ation density in the materials studied as a function of
their plastic deformation. The dislocation density is
obtained from [3] using the coherent domain size and
the average distortion factor (Table 2):

Pay = ¢<&0>'2/(DB) (3)

where b is the Burgers vector, ¢ is a dislocation
distribution parameter (equal to about 12 in an fc.c.
lattice) and L is the total column length over which the
internal elastic distortions are averaged. The principle
of this calculation was proposed in a very simple way
in the 1950s. Recent developments have been pro-
posed for applications in the case of plastic deforma-
tion and in the damage studies of materials [17, 18].

As already observed for ds, the calculated disloca-
tion density of all the materials depends on the equi-
valent-plastic-deformation ratio, &, and increases up to
a maximum value before it decreases or saturates.
From these data, we notice that the calculated disloc-
ation density in the aluminium—magnesium alloys is
about one order of magnitude greater than in the pure
aluminium. This evolution is found again with the
stored energy calculated from the Stibitz expression

TABLE II The evaluated dislocation densities for the alloys
studied; L = 10 nm.

g p(x1071%cm™2)
Pure Al Al-1% Mg Al-3% Mg Al-5% Mg

0.1 0.166 2.814 2.857 2922

0.2 0.218 2912 2915 2.950

0.3 0.232 2929 2.963 2.980

0.5 0.208 2.939 2.963 3.027

1.0 0.180 2929 3.013 3.046

35 0.168 2.874 2.902 3.085

5.0 0.136 2.804 2.804 2.953

[19]

- 1L.5(Ey ) <81%> )

ht 1+ 2y,

which leads to a value of about 0.05Jg™! for pure
aluminium and about 0.5Jg™' for aluminium-
magnesium alloys.

4. Discussion

The increases in the integral diffraction peak width, ds,
the stored energy W, ,, and the dislocation density,
pay, With the increase in the magnesium addition in the
alloys studied are in accordance with a magnesium
atom effect in the aluminium matrix and with the
evolution of strengthening sensibility effect by work
hardening of aluminium alloys with magnesium addi-
tions. However the stored energy and dislocation
density values, calculated from the XRD-profile-ana-
lysis parameters, are lower — by one or two orders of
magnitude — than those obtained by direct measure-
ment [13, 14, 20, 21}

On the other hand, the values of p,,, €, and D, have
been observed to increase to a maximum value when &
is increased. For each alloy, we observed an extreme
value of ds, &; and D which induced a decrease in W
and p,, for a large equivalent deformation ratio, &,
even though a continuous increase with deformation
was expected. A finer interpretation for these XRD
results may be drawn from the results of Thang and
Louchet [13, 14] obtained by TEM and by mech-
anical property measurements. These authors have
clearly shown two stages of variation in the plastic
deformation mechanism for the alloys.

The first stage for equivalent deformations lower
than g, (defined by Thang) corresponds to progressive
and homogeneous dislocation multiplications which
lead to an increase in the stored energy, W, and the
dislocation density, p,,, and to a continuous formation
of dislocation cells. Those cells were completely struc-
tured at € = &,.

These values of §, increase with the total magnes-
ium atom amount in the alloys and are in excellent
agreement with the plastic deformation which leads to
the extreme values of ds, £; and D, as measured by
XRD. As a consequence, and for this regime of cold
working, the coherent domain size must, therefore, be
in close relationship with the mean distance between
dislocations in the direction investigated. The average
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distortion factor is correlated, on the other hand, with
the elastic distortion field induced by the dislocation
arrangement [15, 22].

Beyond g, for large deformation, XRD results indi-
cate an increase in D and a decrease in €, or ds. On the
other hand, the TEM results and also the stored-
energy evaluation after plastic deformation, which
were carried out by Thang [14], show that:

(i) with the increase in &, a stable dislocation cell
structure is observed with a progressive but slow
decrease in the dislocation cell size;

(i) new dislocations appear inside the dislocation
cells, and they contribute to the wall formation of the
dislocation cells; and
(iii) increasing annihilation of dislocations inside the
walls, and an increasing rate of dislocation rearrange-
ment in the cells, is observed, and the magnesium
additions reduce these evolutions.

In this second stage of deformation, dislocations
inside the cells are presumed to have a preponderant
effect on the broadening of XRD profiles [8-11, 22],
although the dislocations in the walls are the major
part of the total dislocation density and they may
contribute to the diffraction-profile broadening. As a
matter of fact, the mean dislocation cell size (from 0.25
to 5 um for the corresponding deformation ratio) is
not compatible with the diffraction coherent domain
size investigated in this work, and it cannot have a
direct effect on the XRD-profile broadening; the walls
are not compatible either.

The evolution of the calculated values of ds, £; and
D seems to be the result, therefore, of the dislocation
rearrangement inside the cells. As a matter of fact, the
observed progressive decrease in the distortion factor,
€, is representative of a dislocation reorganization
which allows minimization of the internal lattice
elastic distortions of the materials and limits the effect-
ive total stored energy in the alloy during the plastic
deformation. This dislocation rearrangement leads
also to a progressive increase in the average coherent
domain size as calculated by diffraction-profile ana-
lysis and from the slopes of D—€ and ¢, £, it was found
that the dislocation organization rate inside the cell
walls decreased with the magnesium content of the
alloys.

This aspect explains the evolution of the under-
estimated dislocation density and the stored energy
from the profile-analysis parameters.

Finally, this analysis is restricted to the evolution of
dislocations inside cells and it leads to an under-
estimated total density of dislocation and the stored
energy. The disagreement between the present calcu-
lation (derived from XRD-profile analysis) and pre-
vious direct measurement is therefore assumed to fit
with the dislocation density inside the walls.

5. Conclusions

1. The broadened XRD-profile analysis performed
on a commercial pure aluminium and three
aluminium-magnesium alloys has been shown to be a

1556

valuable and reliable technique for characterizing the
microstructural evolution of these materials when
they undergo plastic deformations.

2. The XRD-profile-analysis results, D and &,, may
be used to describe the dislocation structure evolution
of materials during plastic deformation. Two stages
have been identified as a function of the applied
equivalent deformation ratio, £, and they are in very
good agreement with direct observations performed
by TEM.

(a) — & < &, (small deformation, low cold working), a
stage of homogeneous dislocation multiplication lead-
ing to an effective increase in the dislocation densities,
p, and stored energies, W, in the material, in relation to
the plastic deformation and magnesium additions.
(b) — € > &, (large deformation, large cold working),
a stage of cellular-dislocation substructure develop-
ment for which the diffraction-profile analysis indic-
ates a dislocation rearrangement inside the cells as a
function of the equivalent deformation level and the
magnesium additions.

For stage (b), the dislocations visible by XRD are only
1/10 of the total dislocation density; the cell walls are
not seen. The evolution of the XRD-profile-analysis
parameters (ds, D) and evaluated dislocation density
p.y s€ems to be an indicator of dislocation rearrange-
ment inside the cells for stage (b) of the deformation
after a previous evolution leading to cell formation.
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