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Abstract. In this paper computer simulation of small-angle X-ray scattering (SAXS) curves was
applied to determine the size, shape, and distribution of secondary phases formed in the aluminum
matrix during dynamic ageing. SAXS patterns were registered in transmission mode for Al-Mg-Si
alloys foils. For the first time the spatial distribution of dispersed phase particles was accounted
during the simulation of scattering curves. Scattering curves were simulated in the large angular
range to improve the accuracy of the results. The method of SAXS was preliminarily tested on
similar samples after artificial ageing to validate the used approach.

1. INTRODUCTION
The techniques of small-angle X-ray scattering
(SAXS) and small-angle neutron scattering (SANS)
are widely used in the study of ageing processes in
metallic materials and alloys [1-4]. During a SANS
experiment a considerably large sample volume is
analyzed due to a relatively weak interaction of
neutrons with the material. In SAXS, due to the
limited penetration depth of characteristic X-rays into
the sample, thin foils or thin surface layers are used
for the study. Either for SAXS or SANS the
experimental data is the dependence of intensity
I(2) of diffracted X-ray quanta (neutrons) on the
scattering angle 2 (the so-called scattering curve).
The analysis of scattering curves in different
approaches allows for establishing the processes
that take place in the systems with chaotic or
partially ordered inhomogeneities.

Earlier models to analyze the scattering curves
obtained from powders, films, solutions and also
metallic materials were based mainly on the Guinier
approach [3]. It being understood that the intensity
of registered X-ray quanta I(q) on scattering vector
magnitude q = 4sin/ decreases exponentially with
the increase of the scattering angle. The linear part
of ln I(q) dependence on q2 was used to calculate
the electron radius of gyration Rg that is associated
with the characteristic dimensions of simple shape
homogeneous solids. Mentioned approach allows
the determining of the size of the spherical particles
during the study of the zone stage of decomposition
in the alloys Al-Zn and Al-Ag [3]. However, the
drawbacks of the Guinier approach include the
limited study area (q Rg < 1.0) and impossibility to
account for the effects of interparticle interference.
The development of SANS/SAXS method with
accounting for the structure factor S(q) and shape
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factor F(q) (e.g. with its expansion to spherical
harmonics) allows to establish the size and
distribution of secondary phases with spherical,
cylindrical and core-shell shapes in the materials
[2]. Particularly, in [5,6] SANS was applied to the
case of artificial ageing T6 (the samples were aged
at 170 °C during 24 h) of the aluminum alloys. The
results demonstrated the formation of needleshaped ” – Mg5Si6 phase (monoclinic lattice C2/
m, a = 15.34 Å, b = 4.50 Å, c = 6.83 Å,  = 106°)
particles with a mean diameter of 3.4 ± 0.3 nm and
a length of 20±9 [5]. In [6] the formation of needleshaped particles in the alloy Al-Mg-Si with a diameter
of 2.5 nm and a length of 8 nm during artificial ageing
T6 was revealed.
On the other hand, in [7] the diameter of
secondary phases in the aluminum alloy Al-Mg-Si,
as determined by SAXS using Kratky-Porod
approach, was 3.6 nm and their length was 16 nm.
Meanwhile, transmission electron microscopy (TEM)
studies showed that artificial ageing results to the
formation of needle-shaped  ” particles with a
diameter of 2-4 nm and a length of 30-40 nm [6-8].
Thus, in [5,6,7] the calculation of particle diameter
by SAXS/SANS correlates well with the TEM
studies, whilst the length of the particles is
underestimated. At the same time, in this paper the
simulation of scattering curves using a modified
approach with accounting for the spatial distribution
of secondary phases and analysis of sufficient
variations of scattering angles allow allowed
establishing the TEM-consistent size and shape of
secondary phases, as well as determining their
spatial distribution.
Unlike artificial ageing, the process of dynamic
strain ageing (DSA) may be realized in the alloys
as a result of high pressure torsion (HPT) in
conditions of large applied strains [10,11]. The
process of DSA in the billets is much faster (within
several minutes) and progresses at lower
temperatures in comparison with the conventional
methods of heat treatment or deformation [10,11].
In particular, DSA, when realized by HPT at 130 °C,
increases the strength to 412 MPa and electrical
conductivity to 55.6% on the International Annealed
Copper Standard (IACS) scale [10]. TEM analysis
demonstrated that the spherical particles of -Mg2Si
phase are mostly formed as a result of DSA in
contrast to artificial ageing [10-12]. Taking into
account the aforementioned data, the influence of
size, shape and distribution of secondary-phase
particles on the strength and electrical conductivity
of aluminum alloys is a highly topical problem.
Resuming, the aim of this work was the
application of the modified SAXS approach to

determine the size, shape and distribution of
secondary phases during dynamic aging of the Al
alloy 6201. The modified SAXS approach was
previously tested on the samples after artificial aging
to compare the results with the well-known literature
data.

2. MATERIAL AND METHODS
A series of experiments to study artificial ageing by
use of T6 treatment and dynamic ageing were done
on the 6201 aluminum alloy with the following main
alloying elements concentrations (wt.%): Al-98.0,
Mg - 0.81, Si - 0.79, Fe not more than 0.5. The
initial aluminum alloy was subjected to HPT for the
formation of ultarine-grained structure and DSA.
During HPT, the sample between two dies was
exposed by 6 GPa pressure with consequent 20
rotations of upper anvil with 1 min-1 rotation speed.
HPT processing was performed at 130 °C, 180 °C,
200 °C, and 230 °C as active dynamic ageing is
observed in the indicated temperature range
according to TEM analysis [10].
Rigaku Ultima IV diffractometer with a small-angle
attachment was used to record SAXS patterns.
Analysis was carried out using a parallel beam of
the Cu K X-ray obtained in the “Cross Beam Optics”
device with the usage of a parabolic multilayer mirror
(divergence angle ~ 0.04°), Soller slit 5.0° and thin
film collimator with angular divergence of 0.5° on
the primary and secondary beams, correspondingly.
The thickness of analyzed foils was 80 µm.
Scattering by air fluctuations was minimized by
evacuating the optical path between the sample and
the detector. Measurements were carried out in the
interval of angles 2 from 0.08° to 8.0° with 0.002
step and exposure time of 5 seconds for each step.
The average size of the irradiated area was ca. 4
mm.
Microstructure of aluminum alloys after artificial
and dynamic ageing was also characterized by TEM
using the transmission electron microscope JEM
2100 operated at a voltage of 200 kV. TEM samples
were prepared by jet polishing in a solution of 20%
nitric acid and 80% methanol at -30 °C. TEM
micrographs were observed on an area located at
the center of the disc-shaped sample’s radius.

3. SIMULATION OF SCATTERING
CURVES
In the Guinier approach [3] a small-angle scattering
curve for spherically symmetric particles is
approximated by the expression





I (q )  I (0) exp q Rg / 3 ,
2

2

(1)
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where I(0) is intensity of X-ray quanta at 2 = 0°.
For highly elongated particles, the expression (1)
transforms to:

(7)





2

(2)

Expressions (1) and (2) allow to calculate the radius
of gyration of spherical and cylindrical particles by
the formulas, correspondingly:

3   ln I (0)  ln I (q ) 

Rg 

,

(3a)

.

(3b)

2
2   ln I (0)  ln I (q ) 

Rg 

2

I (q )  Isample (q )  I background (q )  F (q ) S (q ),
2

(4)

where the form factor value F(q) stands for the shape
(in this work a sphere and a cylinder were
considered) and size of particles, and S(q) – the
so-called structure factor responsible for the
interparticle interference. Whilst, the shape factor
was defined as the integral over the volume of
particles of the dispersed phase V:

F (q)   (r )e d r ,
iqr

(5)

V

where (r) is the contrast (the difference between
the mean values of electron density for the dispersion
medium and dispersed phase), r is the radius vector.
The cumulative average of F(q) over angle
coordinates gives the scalar-dependent F(q).
In case of spherical particles with the radius R,
a well-known expression for shape-factor of
homogeneous spherical particle was applied [2]:
2

sphere



4
q

3



R

(q )    d   d   e
0

(q, )  4 R 
3

sin(qaR cos )J1qR sin 
(qR ) sin  cos 

.

Here, a = l/R, J1 is the spherical Bessel function
of first order,  is the angle between the cylinder
axis and the scattering vector q. The orientation
distribution of cylindrical particles was considered
as uniform and the scattering factor applied was
cumulative average over  for the function (7).
To account for the interparticle interference the
following function was applied [NANO-Solver
Software, Ver. 3.7]:

S(q)  1    n(r )  n0  e d r,
iqr

In contrast to the Guinier approach, where the
electron radius of gyration Rg is determined by a
slope of a scattering curve (ln I(q) dependence on
q2), in this work the analysis of scattering curves
obtained by SAXS was carried out with the use of a
modified approach In this approach the dependence
of true intensity (the intensity difference between
the experimental Isample(q) and background radiation
Ibackground(q)) was determined as

F

cylinder

2

I (q )  I (0) exp q Rg / 2 ,
2

F

0

iqr cos 

r sin  d r 
2

0

 sin(qR )  qR cos(qR )  .

(6)

(8)

V

where n(r) is the particle count density function (for
the case of equivalent particles

n(r )  ni (r )     r   R i  R j  ,
j i

n0 = N/V is the effective density of N particles in the
irradiated volume V. The integral in (8) (taken over
the entire irradiated volume of the sample V) is a
so-called «particle packing fraction». Here, if the
structure factor in Eq. (4) is equal to one (packing
fraction equals to zero), then the particles in the
medium are distributed randomly. In case of nonrandom location of the particles (interparticle
correlations exist), the certain S(q) dependence
appears. Simulation was carried out using a simple
model of constant mean distances between the
particles that varies during the least-squares
refinement.
The (q) dependence was obtained experimentally
by analysing the scattering curve in the absence of
the sample. When simulating the experimental
scattering curve (q), the results of calculation by
equation (4) were also convolved with the
instrumental function calculated with consideration
of the size of the X-ray tube focus, the distance
between the focal spot, the test sample and the
detector, slits aberration, the angular divergence of
the primary and secondary beams, the sizes of
target area [NANO-Solver Software, Ver. 3.7]. In
contrast to traditional SAXS/SANS methods when
the analysis are conducted in the range of angles
2 from 0.1° to 1.5°, in this work the data were
recorded up to 8° to increase the accuracy of the
data.

4. RESULTS AND DISCUSSION
In case of cylinder-shaped particles with the radius
R and the length l, the shape-factor was defined as
[2]:

The results of TEM analysis demonstrated that
needle-shaped secondary phases Mg5Si6 (Fig. 1)
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(a)

(b)

Fig. 1. Bright-field (a) and dark-field (b) TEM images of aluminum alloy 6201 after T6 treatment.

Fig. 2. SAXS curve for Al alloy 6201 after artificial T6 ageing.

are formed in the microstructure of aluminum alloy
6201 subjected to artificial (T6) ageing. At the same
time, the processing of TEM patterns showed that
the mean radius of particles was about 3 nm and
the length was about 30 nm. TEM analysis carried
out elsewhere also reveal the fact that needle-shaped
Mg5Si6 particles of a diameter 2-4 nm and a length
of 30-40 nm are formed in the aluminum alloy AlMg-Si after conventional ageing of T6 treatment [8,9].
Let’s first consider the analysis of the shape and
size of secondary phase particles in the Guinier
approach and then in a modified one. Fig. 2 shows
the linear part of the scattering curve in the
coordinates ln(I)-q2 for aluminum alloy 6201 after
artificial T6 ageing. Calculation of Rg according to
formula (3b) gives the mean radius of highly
elongated particles of ~ 5 nm. This value slightly
differs from the results obtained from the analysis
of TEM images. The former case is apparently due
to certain restrictions of the Guinier approach.

Detailed analysis of the scattering curves in a
modified approach was carried out in a fairly large
range of 2 angle variations.
Fig. 3 shows the scattering curves for aluminum
alloy 6201 at artificial T6 ageing and dynamic ageing
after HPT at a variety of temperatures. Characteristic
feature of such curves is a point of inflexion at an
angle of 2 less than 0.2°. As shown in the figure,
these points for the experimental curves I(2) for
the samples subjected to DSA are located at smaller
angles comparing with the curve for the sample after
T6 treatment. This fact indicates that the
strengthening secondary phases are of higher size
in case of DSA than that for T6 treatment. Scattering
curves were simulated in aforementioned approach
to determine the size, shape and distribution of
secondary phases. In Fig. 3 the solid lines resulted
from simulation of experimental scattering curves.
As is can be seen, the experimental curves are
described well in all of the cases (weighted (1/2) Rfactor in all cases less than 1%).

Simulation of small-angle x-ray scattering curves to determine the size, shape and distribution of...

63

Fig. 3. Experimental and simulated scattering curves of Al alloy 6201 after different treatment.

Fig. 4. Size distribution of secondary-phase particles. Aluminum alloy 6201 after T6 treatment.

Fig. 4 shows the results of particle-size
distribution for T6 treatment when a cylindrical shape
(with constant a) was used for the simulation. A
mean particle diameter in a modified approach was
d = 2.4 nm and a mean particle length was ca. 35
nm. As was shown above, TEM data give a mean
particle radius of about 3 nm and particle length
about 30 nm. Thus, the application of a modified
approach to the analysis of a scattering curve leads

to sufficiently good prediction of the size and shape
of secondary-phase particles. The results of
scattering curves analysis in a modified approach
also correlates well with that obtained by SAXS/
SANS methods in the works [5,6,7]. In these
studies, the particle diameter is in good agreement
with the TEM results and the length of particles is
underestimated. Whilst, in this study the analysis
of a scattering curve in a wide angular range leads
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Fig. 5. Size distribution of spherical secondary-phase particles in aluminum alloy 6201 resulted from DSA
at various temperatures.

(a)

(b)

Fig. 6. The images of microstructure of alloy 6201 illustrating the presence of Mg2Si-phase particles in the
aluminum matrix at various temperatures: (a) - 130 °C, (b) - 200 °C.

to a good correlation of a particle and length diameter
with the TEM results.
Application of this approach to DSA also allows
to establish the size, shape and distribution of the
secondary phases. The calculated secondary phase
particles size distributions for different treatment
regime are shown in Fig. 5. As is seen in the figure,
the DSA process that was carried out at a
temperature of 130 °C results to the formation of
spherically-shaped secondary phase particles with
a diameter of 15 ± 4 nm (Table 1). Increase of the
DSA temperature from 130 °C to 230 °C leads to
pronounced changes in the structure. While the
shape of particles remains spherical, a mean particle
size increases to 51 ± 7 nm (Table 1). Whilst, the

degree of particle dispersion also increases (Fig.
5). The obtained values correlate well with the TEM
results (Fig. 6). TEM images give the possibility to
identify the spherically-shaped Mg2Si particles at
grain boundaries as well as inside the grain.
Calculations of TEM images show that a mean size
of particles at 130 °C was 10 nm, at 180 °C - 30 nm,
at 200 °C and 230 °C - 38 nm and 51 nm,
correspondingly (Table 1). The obtained values
correlate well with the results of SAXS studies (see
Fig. 5).

5. CONCLUSIONS
Simulation of SAXS curves in a modified approach
allows to define the shape, size and distribution of
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Table 1. Microstructure parameters obtained by SAXS and TEM (dn is the diameter of needles, l is the
length of needles, ds is the diameter of spheres).
Treatment

T6
HPT at 130 °C
HPT at 180 °C
HPT at 200 °C
HPT at 230 °C

SAXS
Form and size
of precipitates, nm

Grain size, m

Form and size
of precipitates, nm

Needles (dn/l) 2.4/35
Spheres (ds) 15
Spheres (ds) 27
Spheres (ds) 37
Spheres (ds) 52

62
0.27
0.45
0.72
0.95

Needles (dn/l) 3.0/30
Spheres (ds) 10
Spheres (ds) 30
Spheres (ds) 38
Spheres (ds) 51

secondary-phase particles during artificial and
dynamic ageing. It was revealed, that during artificial
ageing cylindrically-shaped Mg 2Si secondary
phases with a diameter of 2.4 nm and a length of 35
nm are formed in the alloy. During DSA sphericallyshaped Mg5Si6 secondary particles are formed. The
increasing of the temperature during the DSA
procedure from 130 °C to 230 °C leads to an increase
in the secondary-phase particle diameter from 15
nm to 51 nm, with the corresponding purification of
the aluminum matrix. At the same time, the obtained
results are of much importance to assess the
contribution of the dispersion hardening.
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