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Structural study on Al-26 mass% Si-8 mass%

Ni powder
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The structure of Al-26 mass% Si-8 mass% Ni alloy, a material used as an input product for
manufacturing light weight products via powder metallurgy, was investigated by in situ
powder diffraction techniques up to 700°C. Thermal expansion of the dominant phases
indicates substitutional alloying of silicon by nickel atoms, forming a solid solution phase
stable in the temperature region from 330 to 550°C. The presence of Al, Si, AlzNi and SizNi
was determined by phase analysis from a sample annealed at 700°C (re-melted) and cooled
down to room temperature. EXAFS analysis of as prepared and re-melted samples
documented similar local atomic structure around the Ni atoms in both stages.
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1. Introduction

The hypereutectic aluminium-silicon alloys (Si > 20%)
are characterised by low weight, high wear resistance,
high dimensional stability and high strength at room
and elevated temperatures. They are designated for
parts in automotive engines and household electric ap-
pliances which are permanently exposed to tempera-
tures ranging from 200 to 300°C, e.g. connecting rods,
rotors, pistons, compressor components, gas turbine
components, etc. [1]. Disadvantage of this alloys lies
in the crystallization of the primary silicon phase over
a wide temperature range, forming large particles with
tendency to segregate inside the casted matrix. Such
heterogeneous structural units embedded in a matrix
are usually an interior source of stress or tempera-
ture induced defects resulting in a reduction of the
mechanical properties and machineability of the al-
loy. This problem might be overcome by preparation
of the materials via powder metallurgy (PM) tech-
niques applying a gas atomisation process from the
melts.

The AlSi alloys designed for high temperature ap-
plications in addition contain increased amounts of
elements such a Ni, Fe, Cr, Mn, Ti, Zr, character-
ized by low diffusion coefficients and reduced equi-
librium solid solubility in aluminium [2]. Their main
task in the alloy is to increase the thermal stabil-
ity of the aluminium matrix. However, using classi-
cal casting technology, the amounts of these elements
should be relatively small (in order of 1 wt%). Higher
amounts of the elements usually form a large, hard
and brittle intermetallic phase deteriorating the me-
chanical properties of the alloy. Rapid solidification
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processes on the other hand permit to increase the
amount of the alloying elements. The resulting inter-
metallic precipitates are small and equally distributed
in the matrix and the above mentioned negative ef-
fect on the mechanical characteristics is negligible
[2].

The Ni content in the PM hypereutectic AlSi al-
loy improves the mechanical properties (primarily
toughness) and together with aluminium forms a fine-
grained intermetallic Al3Ni phase thermally stable up
to ~500°C [3]. The effectively small and equally dis-
persed Al3Ni particles help strengthening grain bound-
aries of the matrix and suppressing its growth at el-
evated temperatures. Silicon-based dispersoids on the
other hand, are essential to obtain a combination of a
low thermal expansion and good strength properties,
but their presence in the composition significantly re-
duces the formability of the final alloy. Therefore their
content should not be too high. In general, intermetal-
lic phases are most effective in the stabilisation of the
Al matrix if they have a homogeneous and stable size
distribution.

In this work, we present results of our measurements
on Al-26 mass% Si-8 mass% Ni (AlSiNi) alloy origi-
nally designed for high temperature applications. The
morphology and microstructure of as-prepared pow-
der is documented by scanning electron microscopy
(SEM) and optical microscopy, respectively. The struc-
ture evolution of the alloy gradually heated up to 700°C
was investigated by in situ powder diffraction and pos-
sible changes in local atomic neighborhood around the
Ni atoms of as-prepared and re-melted samples were
monitored by EXAFS.
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2. Experimental material and procedure
AlSiNi powder was produced under semi-industrial
conditions by the Non-Ferrous Metals Institute, Light
Metal Division in Skawina, Polland. Ingots of nominal
compositions Al, Si, Ni 66, 26 and 8 mass%, respec-
tively, were prepared by conventional casting from the
melt. Those ingots as a technological precoursor for
powder preparation were in the next stage re-melted,
the melts atomizatied in conditions of compressed in-
ert gas and the droplets subsequently cooled in water.
After drying, the resulting powder was fractioned and
the fraction below 150 um was chosen as subject of our
microstructural analyses.

The powder sample morphology and microstructure
was examined by scanning electron microscopy (SEM)
(Tesla BS 340 equiped with EDS microanalyser Link
ISIS 300) and by optical microscopy (NEOPHOT 32).

In situ high temperature X-ray powder diffraction
measurements were performed at HASYLAB/DESY
on the experimental station Petral. The XRD patterns
of an AISiNi powder sample were collected in a tem-
perature range from 30 to 700°C, the later tempera-
ture being far above the melting point of the Al-based
matrix. In practice, a quartz capillary filled by sample
material was mounted in a capillary adapter allowing
to keep the sample in vacuum <107 mbar. Simulta-
neously, sample was heated (20°C/min) by a resistive
heater designed for in situ measurements. The temper-
ature was controlled by a thermocouple placed inside
the capillary with the measuring point almost touching
the free surface of the sample. More details about the
equipment can be found in [4]. The gradually annealed
sample was illuminated for 30 s for each pattern by
X-rays of wavelength A = 0.5879 A. Two-dimensional
XRD patterns were recorded by a fast area CCD detec-
tor (MarCCD 165). Sample detector distance, detector
orthogonality with respect to the incoming radiation as
well as precise radiation energy were determined by fit-
ting a standard reference LaBg sample [5]. The images
taken from different stages of annealing were integrated
into 2Theta space by using Fit2D [6]. The Rietveld re-
finement method implemented in GSAS code [7] was
used to fit the whole XRD patterns aiming to precisely
(accuracy £ 0.002 A) determine the lattice parameters
of Si and Al phases.

Extended X-ray absorption fine structure (EXAFS)
measurements above the Ni K-edge were performed
at the E4 station (HASYLAB/DESY) in transmission
geometry. The as prepared and re-melted (from pow-
der diffraction experiment) powder sample was scanned
in an energy range from 8080 to 8950 eV. The mea-
sured spectra were analyzed by standard procedures
of data reduction, using the program Viper [8]. First
the EXAFS signal, x(k) was extracted and weighted
by k? and a Kaiser-Bessel apodization function (coef-
ficients A = 12, k = 7), followed by Fourier trans-
formation (FT) over the region where the amplitude
of the non-weighted x (k) is significant (for details see
[8]). The FT gives a radial distribution function (RDF),
modified by the phase shifts due to the absorbing and
backscattering atoms. The contribution of the first shells
only was backtransformed into k-space. The structural
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parameters N (coordination number), R (interatomic
distance), and o (mean-square relative displacement,
Debye-Waller factor) were obtained from least squares
fitting in k-space, using theoretical phases and ampli-
tude functions calculated by the FEFF-8 code [9].

3. Results and discussion

Fig. 1 shows a SEM picture of a AISiNi powder sam-
ple. The typical spherical morphology and significant
size distribution of particles is a characteristic fea-
ture of powders prepared by gas atomization process.
Fig. 2 shows the microstructure of the powder parti-
cles documented by optical microscopy. The particu-
lar phases visible on the micrograph have been pri-
marily identified by EDS analysis (not shown here).
On the Fig. 2, the microstructure of the larger pow-
der particles ~50 pum is formed by relatively coarse
1-6 um silicon and fine <lpum intermetallics frac-
tions embedded in Al-based solid solution matrix. A
microstructure containing coarse silicon is usually not
favorable. A large fraction of Si/matrix interface can
be source of cracks, cavities, pores. Moreover the hard
and brittle Si particles reduce machineability of the fi-
nal products. The formation of the microstructure can
be directly related to the cooling rate of melt droplets

Figure 1 Scanning electron micrograph showing typical particle mor-
phology AlSiNi powder sample.

Figure 2 Optical microscopy micrographs showing microstructure of
the AISiNi powder sample.
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Figure 3 X-ray Two-Dimensional diffraction patterns taken from sam-
ple annealed ata. 30°C, b. 400°C, c. 570°C, d. 590°C and e. after cooling
to room temperature from 700°C.

in the technology process. Following the same logic,
the smaller particles ~10 pm, seen at the same picture,
show a much more distributed silicon fraction with di-
ameter less than 1 um.

Very important in the sense of following the thermo-
deformation processing of the powder as well as the re-
sulting mechanical properties of the final solid product
is to investigate the structural stability at higher tem-
peratures. In situ X-ray powder diffraction is one of the
most useful techniques giving a direct evidence of struc-
ture evolution at elevated temperatures. Fig. 3 shows
selected 2D XRD patterns recorded at different the tem-
peratures. The images taken at 30, 400 and 570°C show
typical powder diffraction concentric Debye-Scherrer
rings. On the other hand, the image taken from the
sample annealed at 590°C is characterized by a dif-
fuse hallo ring (centered round 14.95°) originating
from the molten Al matrix, together with partially seg-
mented silicon Debye-Scherrer rings. Fig. 4 shows the
XRD patterns after radial integration from the corre-
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Figure 4 Integrated images shown in Fig. 3 converted into 2Theta space,
Bragg’s peaks of participating phases are marked.
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Figure 5 Lattice parameter expansion with temperature of a. Al and b. Si
phases.

sponding images to 2Theta space. The major peaks
exhibit systematic shifts towards to lower 2Theta val-
ues due to the expansion of the crystal lattice. Addi-
tional Bragg- peaks appear resulting from the formation
of new phases at higher temperature. The plot clearly
shows melting of the Al matrix above 570°C where
reflections from the Al-phase disappeared while the re-
flections of the Si-phase are still present. Phase analy-
sis was performed on the XRD pattern taken from the
same sample annealed at 700°C and cooled down (by
rate 20°C/min) to room temperature. Indexed phases
are: Al (space group: Fm3m; a = 4.049 A), Si (ngm;
a = 5.43 A), orthorhombic Al;Ni (Pnma;a = 6.611 A,
b =7.366 A, c = 4.811 A) and cubic Ni3Si (Pm3m;
a =3.504 A).

Interesting results brought analysis of Al and Si lat-
tice expansions in dependence to annealing tempera-
tures, Fig. 5. Aluminium shows linear increase of lat-
tice parameter with temperature, while silicon linearly
increasing up to 330°C and then the lattice parameter
become almost constant up to 570°C. Significant in-
crease of the parameters is seen again after the melting
of Al-based matrix. One possible explanation for this
extraordinary behavior might be diffusion of Ni atoms
into the silicon lattice and substitution of Si atoms by
nickel. The effective source of the Ni atoms can be Al-
Ni solid solution as well as dissociated Al;Ni phase.
The thermal expansion of the Si lattice is compensated
by substitution of larger Si atoms (radius 1.32 A) by
smaller Ni atoms (radius 1.24 A). Such a Si-Ni solid
solution appears to be stable up to the melting of Al-
based matrix. During the Si-Ni atoms substitution, the
Si atom may also be taking part of the Ni3Si phase for-
mation, as suggested in Fig. 4. At higher temperatures
the Ni atoms diffuse back from solid solution to the
melt where their solubility is higher. Consequentially,
the Ni-less silicon phase lattice expanding as can be
seen on Fig. 5 and above mentioned segmentation of Si
Debye rings can be directly accounted to the growing
of Si crystallites.

Of particular interest is the role of Ni in the composi-
tion. We performed EXAFS analysis of the as-prepared
sample and the sample annealed at 700°C subsequently
cooled down to room temperature (the same sample
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TABLE I Fitvalues of local structural parameters around Ni atoms for
AIlSiNi alloy. R is the interatomic distance, N the coordination number,
o2 the Debye-Waller factor

Sample Rui-a1 (A) Nni-al 02iar (1072 A2)
As prepared 2.4549 £0.0002 5.64 £0.01 0.010 % 0.001
After melting  2.4509 +0.0002 5.50 £0.01  0.0064 £ 0.0008
—BFT —FT
—+—model —+— model
melted
=
g as prepared 3
= prep: N
o~ [ro—
~< E melted
[} as prepared
T T T T T T T T 1 T T ] 1 T 1 1
345678_19101112 01 23 45 6 7 8
k (A™)

R (A)

Figure 6 EXAFS spectra analysis of AISiNi powder sample in as pre-
pared and melted stages a. back Fourier transforms of first shell (solid
line) together with fitted model (solid + symbol line), b. Fourier trans-
forms (solid line) of normalized experimental EXAFS spectra together
with model (solid + symbol line).

as in powder diffraction experiment) with the aim to
investigate eventual changes in the short range order
around Ni. Normalized experimental EXAFS spectra
(not shown here) measured above the Ni-K edge were
Fourier transformed (FT’s) to R-space (see Fig. 6b,
solid line) and only the first shell from 0 to 3 A was back
Fourier transformed (BFT) to k-space shown in Fig. 6a
(solid line). The BFT’s signals were in both cases fitted
using theoretical phases and amplitude functions cal-
culated from an arrangement of atoms in the ordered
Al3Ni phase by using the FEFF-8 code. The result-
ing fits are shown on Fig. 6a and b. We obtained the
structural parameters listed in Table I for the Ni-Al
pairs: interatomic distance R, coordination number N
and Debye-Waller factor o2. The R and N parameters
are practically identical proved similar local arrange-
ment around Ni atoms for both of the material stages.
Only mean-square relative displacement parameter for
as prepared sample is significantly higher, what can be
explained by presence of grain boundaries and other im-
perfection introduced to the matrix during preparation
of the powder. The refined Ni-Al interatomic average
distance 2.45 A is smaller than simple sum of nominal
atomic radii 2.68 A, but in very good agreement with
Ni-Al distance in orthorhombic Al3Ni phase (rni-a1, =
2.4218 A; ryi-al, = 2.44523 A; ryioal, = 2.52098 A).
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4. Summary

In summary, spherical morphology and significant size
distribution of AlSiNi powder sample was shown by
SEM. The microstructure of the powder particles in
general consists of silicon and intermetallic compounds
embedded in Al-based matrix.

In situ X-ray powder diffraction measurements show
the structural evolution of AlSiNi powder sample at ele-
vated temperatures. Melting of the Al-based matrix has
been observed above 570°C while the Si phase proved
to remain crystalline even at 700°C. Determined phases
in the sample annealed at 700°C and cooled down
to room temperature are: Al (Fmﬁm; a = 4.049 A),
Si (Fd3m; a = 5.43 A), orthorhombic Al;Ni (Pnma;
a=6.6114A,b=73662A,c=4811A)and cubic
Ni3Si (Pm3m; a = 3.504 A). Analysis of the lattice
parameters shows a linear expansion of Al up to the
melting and lattice parameter stabilization of Si in a
temperature range between 330°C and 550°C. An ex-
planation of this behavior can be found in substitutional
alloying of Si by Ni and creation of a solid solution per-
sisting up to the melting of Al-based matrix. Analysis
of EXAFS spectra does not show any significant dif-
ferences between the sample in the as-prepared state
and after annealing at 700°C, indicating similar local
atomic arrangements around Ni in both stages. Refined
structural parameters are listed in Table L.
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