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Abstract

Aluminium alloys can be strengthened significantly by nano-scale precipitates that restrict
dislocation movement. In this study, the evolution of inhomogenously distributed trialuminide
precipitates in two multi-component alloys was characterised by synchrotron small-angle X-
ray scattering (SAXS). The appropriate selection of reference sample and data treatment
required to successfully characterise a low volume fraction of precipitates in multi-component
alloys via SAXS was investigated. The resulting SAXS study allowed the analysis of
statistically significant numbers of precipitates (billions) as compared to electron microscopy
(hundreds). Two cast aluminium alloys with different volume fractions of AlzZr Vi
precipitates were studied. Data analysis was conducted using direct evaluation methods on
SAXS spectra and the results compared with those from transmission electron microscopy
(TEM). Precipitates were found to attain a spherical structure with homogeneous chemical
composition. Precipitate evolution was quantified, including size, size distribution, volume
fraction and number density. The results provide evidence that these multi-component alloys
have a short nucleation stage, with coarsening dominating precipitate size. The coarsening rate

constant was calculated and compared to similar precipitate behaviour.
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1 Introduction

For many decades, aluminium casting alloys have been widely used in the automotive industry
in a variety of applications including wheels, brake components and engine parts [1]. Despite
their low weight-to-volume ratio, good castability and machinability, aluminium alloys are
typically limited in use to temperatures below 250 °C [2]. Above this temperature, a significant
drop in strength is observed as a result of rapid coarsening of age hardening precipitates such
as those based on Cu or Mg and Si. It has been shown that the addition of transition elements
to aluminium alloys improves their high temperature properties [2-4]. Specifically, the addition
of Zr promotes the formation of metastable cubic Al;Zr precipitates (also referred to as
trialuminide dispersoids) with the L1» crystal structure. This phase is known to resist

coarsening up to ~400 °C [5].

The low diffusivity of Zr in the aluminium matrix and the low lattice misfit of the trialumininde
precipitates with the matrix are the two key features promoting the good thermal stability at
high temperatures [6]. A number of other low diffusivity transition elements, including Sc, Ti
and V, have been proposed, which substitute for Zr in the Al;Zr phase [7], in order to further
increase the resistance to coarsening. Amongst them, V is one of the most promising candidates
since it possesses the lowest diffusivity in aluminium. Furthermore, when V substitutes for Zr,
the lattice misfit between the precipitates and the matrix is significantly reduced [8, 9]. The
resulting precipitates are AlzZr V1., and at temperatures below 450 °C the metastable L1,
crystal structure is favoured [6]. Owing to the low solubility of both Zr and V in aluminium,
AlZr Vi precipitates are typically nucleated in low volume fractions and are typically non-
uniformly (inhomogenously) distributed due to microsegregation of Zr and V during
solidification of the alloy. For these reasons, it is difficult to obtain statistically valid results on
precipitate volume fraction and size distribution with traditional characterisation techniques

(e.g. electron microscopy).

In the present study, we aim to (i) quantitatively characterise the precipitate evolution of two
Al-6.8 wt%Si casting alloys (also referred to as foundry alloys) containing different amounts
of Zr and V by employing synchrotron small-angle X-ray scattering (SAXS) and (ii) correlate
the results with a limited study by transmission electron microscopy (TEM). In SAXS, the



sampling volume is typically more than 10° times that of TEM, assuming a foil thickness of
100 nm and a field of view of 500 x 500 nm for TEM and an X-ray beam diameter of 300 um
with a sample thickness of 250 pm for SAXS. Therefore billions of precipitates are being
measured with SAXS instead of hundreds in a typical TEM foil. Thus, this technique provides
quantitative and statistically reliable results including average precipitate size, volume fraction,
number density and, potentially, precipitate size distribution (PSD). The application of SAXS
for measuring the sizes of nanoscale precipitates in a range of metallic systems is well
established, especially on binary and ternary systems [10-14]. Most previous studies of
precipitation phenomena in aluminium alloys by SAXS have been conducted on precipitation-
hardened wrought alloys analogues, such as Al-Cu and Al-Mg-Si. A few studies have also been
performed on more complex multicomponent wrought alloy systems (e.g. AA2000 and 7000
series alloys) with low volume fractions of micron-sized constituent particles (i.e. those formed
from Al and the impurity elements Fe and Si) [15-27]. Work on alloys that form a low volume
fraction (~ 1 vol%) of trialuminide precipitates (dispersoids) has been limited to high purity

Al-Zr-Sc alloys with ppm levels of Fe and Si [28,29], but not on casting alloy systems.

In the present paper, we employ SAXS to quantitatively characterise the trialuminide
precipitate evolution in two complex Al-7wt%Si casting alloys which contain a significant
volume fraction of coarse (micron-sized) eutectic silicon phase as well as a low trialuminide
precipitate volume fraction (<1%). This combination of complex chemistry, multiple phases
and a low volume fraction of precipitates is particularly challenging. The experimental
methodology applied to this system, the primary data treatment and the reference sample
selection are all discussed in detail. Quantitative results on inhomogeneously distributed
precipitates, including average size, volume fraction, number density and size distribution, are

reported and correlated with TEM data.

2 Experimental Details

2.1 Materials, Alloy Preparation and Heat Treatments

In this study two different alloy compositions were investigated. These are referred to as LA
and HA (low and high aluminide respectively) and their compositions as determined by optical
emission spectroscopy (OES) are listed in Table 1. The elements Mg, Ti, Ni and Sr were below
the detection level. The principal difference is that the HA composition has a slightly higher
content of Zr and V than the LA one. Both alloys were cast at the Ford Research and Advanced



Engineering laboratories in Dearborn, Michigan, USA. Each alloy was prepared from P1020
(>99.7% purity) grade of Al and master alloys were employed for alloy element additions. The
melt was well stirred and held at 750 °C (~ 60 K above the liquidus of the alloy) and cast into
a mould to give a cylinder of dimensions 20 mm diameter x 150 mm long. The cooling rate of

the casting was estimated to be 10 Ks!.

Table 1
LA and HA alloy compositions in wt.% as determined by optical emission spectroscopy. The
composition range of the reference alloy was specified by the supplier. Values are the mean £ one
standard deviation.

Alloy Al Si Zr \% Fe
LA bal. 6.77+0.08  0.30+0.001  0.30+0.002  0.13+0.001
HA bal. 6.72+0.09  0.37+0.001  0.34+0.001  0.13+0.002
Reference bal. 6.80+0.30 - - 0.10+£0.050

Both alloys were directly aged from the as-cast condition with no prior solutionising step.
Specimens of 20 mm diameter x 30 mm thickness were heat treated in a Carbolite CWF 1300
air furnace, the temperature of which was calibrated prior to use. The selected ageing
temperature was 400 °C. The LA alloy was aged for 5, 10, 23 and 50 h whilst HA was aged for
3, 5,23 and 50 h.

For the SAXS measurements it is necessary to have a reference sample which is free from fine-
scale precipitation but which, in other respects, is identical to the alloys under investigation. In
the present case, a cast binary Al-6.8wt%Si alloy was employed as a reference (supplied by
NewPro Foundries, Middlesex, UK). Five different specimens of dimensions 20 x 50 x 30 mm

were cut from the same bar and aged at 400 °C for 3, 5, 10, 23 and 50 h.

2.2 Microstructural Characterisation

Metallurgical examination of cast alloys using optical microscopy was undertaken using an
Olympus GX51 microscope. Specimens were mounted, ground using SiC papers and polished

to a 0.25 pum surface finish using an alumina suspension.

TEM was undertaken in a JEOL 2100 microscope, operated at 200 kV in scanning TEM mode
(STEM), equipped with an EDAX-Ametek Octane T Optima 60 detector. Foils for TEM
observations were prepared by mechanically polishing sections of specimens to a thickness of
45 um followed ion beam milling to electron transparency by using a Gatan PIPS operated at

5 keV at 5° to -5° with dual beam mode.



Quantification of TEM images was conducted using open source software (Imagel) [30].
Precipitate radii were measured and, assuming a perfectly spherical shape, the volume of the
precipitates was then calculated. The volume fraction was also calculated as the total volume
of precipitates divided by the volume of the TEM foil that contained them. In this calculation

the TEM foil thickness was measured to be 120 nm.

2.3 Small-angle X-ray Scattering Measurements

Specimens for the SAXS measurements of approximately 10 x 10 x 0.8 mm in size were cut
from the heat treated samples using a diamond saw. These specimens were mechanically
ground on both sides using progressively finer SiC papers down to P4000 grade. In order to
ensure effective transmission the average sample thickness was kept constant at approximately

215+10 pm.

SAXS experiments were performed on the 122 beamline of the Diamond Light Source (DLS)
in the UK. A monochromatic beam of wavelength 1=0.67 A (i.e. of energy 18.5 keV) was
employed. The beam size was 120 x 350 um and samples had an average grain size of
approximately 70 um. This combination enabled the beam to illuminate a large number of
precipitates within a number of grains. The sample to detector distance was set to 2.907 m and
kept constant throughout the experiments. The accessible range of scattering vector, g, was
thus 0.01 to 0.6 A™!. The exposure time was set to 1 s and the data were collected by Pilatus
P3-2M detector. On every specimen 30 exposures were acquired and averaged in order to
reduce noise. In total 13 different specimens (including the reference binary Al-6.8Si (wt.%)
samples) were investigated. The photon counts on the detector were converted to absolute scale
by measuring a glassy carbon sample as a secondary standard for absolute intensity calibration
and detector pixels were converted to the scattering vector, g, by measuring a reference silver

behenate sample [31].

3 SAXS Methodology and Data Analysis

If the precipitates are not interacting (i.e. the interparticle distance is large compared to the
precipitate size) then the total scattering intensity is the sum of the intensity scattered by
individual precipitates [11]. In this case, and assuming a size dispersion function f (») that

corresponds to the density of precipitate of size 7, the total scattering intensity is given by[11]:
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where ¢ is the scattering vector (g=(4mnsinf)/A) where the scattering angle is 26 and 4 is the

wavelength) and B is the background constant.

Our analysis was primarily based on three types of plots, namely the Guinier, Kratky and Porod

plots, and the evaluations were directly carried out from the scattering data.

The precipitate size was determined by the Guinier plot (In() vs ¢?)[10]. The Guinier
approximation was used, since it is a well-established analysis method in metallic systems [12,
15,17,19,26,27]. The precipitate parameter that can be extracted is called the radius of gyration
(Rg). R¢ depends on the size distribution and has been shown to give an accurate description of
the mean precipitate radius for lognormal distributions with a dispersion parameter (s) close to
0.2 [10, 20, 26]. Here, a self-consistent method proposed by Deschamps and De Geuser [10]
was followed in order to determine Rg. It should be noted that the Guinier approximation is

only valid in dilute solutions where the interaction between precipitates is negligible.

Another representative SAXS plot is the Kratky plot, where Ig? is plotted versus ¢. Kratky plots
are characterised by a predominant peak, where the curve reaches a maximum at gmax. In the
monodisperse case (i.e. particles of identical size), the position of this peak is related to R,

through the following relationship:

V3

qmax

R,=

)

However, in polydisperse cases this value deviates from R, and here is referred to as Rpseudo
such that the latter is inversely related to gma. A comparison between Rg and Rpseudo provides

an indication of the precipitate size distribution [10].

Kratky plots can also provide an indirect estimation of the precipitate volume fraction since the

latter is proportional to the integrated intensity Q via the following equation:
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where Q equals the area under the curve in the Kratky plot, pp and pnm are the scattering length
densities of precipitates and matrix, respectively, and f; is the volume fraction of precipitates.
Eq. 3 is only valid for the homogeneous two-phase model with phases separated by a sharp

interface.

The Porod plot (Ig* vs g) provides a visual indication of the chemical structure of the
precipitates. For example, a uniform precipitate composition produces a different Porod profile
compared to a core-shell chemical composition variation and can be identified by the overall
profile of the Porod plot [28,29,32]. In conjunction with the O parameter we calculate Porod
radius (Rp) with the following relationship:

30

R =
p TEKp (4)

where K, is the horizontal asymptote in the Porod plot. R, represents the radius of a sphere of

surface-to-volume ratio which is equal to that of the precipitate size distribution [16].
4 Results

4.1 Microstructure of the Alloys

Optical microscopy was employed to characterise the large-scale microstructure of samples
whilst TEM provided local qualitative information that can be used to support the interpretation

of the SAXS measurements.

4.1.1 Optical Microscopy

Both alloys exhibit an equiaxed dendritic microstructure comprising a-Al dendrites and
eutectic silicon as shown in Figures 1a and 1b for the LA and HA alloys, respectively. A small
fraction of dark grey faceted particles was found to be present in both alloys (e.g. the arrowed
features in Figure la and 1b). These were identified by energy dispersive X-ray analysis in the
scanning electron microscope to be mainly Zr-rich and are presumably primary Al3(Zr,V) that

form directly from the melt [33] during alloy solidification as the cooling rate was ~ 10 Ks!



and so was not sufficient to completely suppress the formation of this equilibrium phase with

the tetragonal crystal structure.
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Figure I Optical micrographs of (a )the LA alloy and (b) the HA alloy in the as-cast
condition showing a-Al dendrites, Al-Si eutectic and a small quantity of primary ZrAls
(arrowed)

4.1.2 Transmission Electron Microscopy

Scanning transmission electron microscopy (STEM) was used to examine alloys in the as-cast
state and following ageing for different times with images obtained in both bright field (BF)
and high angle annular dark field (HAADF) modes. In the as-cast condition, an aluminium sub-
grain structure was found with no evidence for precipitation as seen in the in the insert of Figure
2a (BF image of the HA alloy). Following ageing at 400 °C, fine-scale spherical precipitates,
typically 12 to 20 nm in diameter, were observed as revealed in the BF and corresponding
HAADF image of Figures 2a and 2b, respectively, taken from the HA alloy following ageing
for 50 h. The precipitate distribution is clearly non-uniform and their spherical shape strongly
suggests that they are the cubic L1> form of Al3(Zr,V) which are commonly seen in alloys

containing appreciable levels of Zr and V [6, 8, 9].



Figure 2 Bright field (a) and dark field (b) TEM images of the HA alloy aged at 400 °C for 50 h
showing nanoscale Al;Zr precipitates in an a-Al matrix. The inset in (a) shows a bright field image of
the as-cast alloy free from precipitates.

The non-uniform nature of the precipitate distribution, combined with the small field of view
in TEM, makes quantification difficult and hence it was undertaken only on the HA alloy. The
main results are summarised in Table 2 which lists the mean precipitate radius (Rtem), volume
fraction and number density of precipitates for three different ageing times. The measurements
reveal a monotonic increase in precipitate mean size with time. After 50 h at 400 °C, the mean
precipitate radius in the HA alloy was 7.8 nm. However, the measured volume fraction,
following ageing for different times, was found to fluctuate around 0.25 vol.% which could be
due to the difficulties in obtaining representative data from inhomogeneous precipitate
distributions. In conjunction with the increase of the precipitate size, the precipitate number
density continuously decreased with ageing time. Errors in Table 2 represent the standard

deviation of the image analysis measurements.

Table 2
Effect of ageing time on the trialuminide precipitate radius, volume fraction and number density
determined from TEM images of the HA alloy. Values are the mean % one standard deviation.

Ageing  Precipitates Rtem Volul.ne Number
Time (h) Measured (nm) Fraction Density (m™)
(vol.%)
5 500 2704  029+£0.13  37.0+14.8x10%!
23 354 6.2+0.8  0.19+0.08 2.0 +0.9x10%
50 202 78+09  0.25+0.07 1.3 +0.5x10?!




4.2 SAXS Measurements

In every specimen tested, scattering was found to be isotropic with no evidence of
perpendicular variations in the detector image. Azimuthally integrated SAXS data, in the form
of one-dimensional raw scattering measurements in the ¢ range 0.01 to 0.35 A™! for the Al-
6.8S1 (wt.%) reference alloy at five different ageing times, are shown in Figure 3. It is clear

that ageing the reference alloy did not affect the SAXS curves.
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Figure 3 Plots of raw scattering intensity, I, versus scattering vector, q, from the binary Al-
Si reference alloy aged for the times shown. The scattering spectrum is unaffected by

ageing.
However, when scattering data were collected from the LA and HA alloys, the one-dimensional
scattering curves continually evolved with ageing time as seen in Figures 4a and 4b. It is
apparent that the deviations from the reference alloy curve increased with ageing time. Figures
4c and 4d, in which the reference alloy curve has been subtracted from the LA and HA alloy
curves respectively, confirm this. It is evident that there is a progressive change in the
characteristic shape of the SAXS curves with ageing time in the range 0.02 to 0.1 A™!. In this
range, every specimen features a slope change that progressively shifts towards the lower ¢
region and is accompanied by an increase in intensity. This increase in intensity presumably
reflects an increasing volume fraction of precipitate and the shift to lower ¢ is indicative of an
increase in precipitate size. This is observed in both the LA and HA alloys, correlating well
with the TEM study. Furthermore, the average slope of the scattering data at the high g region
was found to be ~ -4 which is characteristic of precipitates that are separated from the matrix

by a sharp interface [11].
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It should be noted that the spectra in Figures 4c and 4d have been corrected for Laue scattering

and other diffuse scattering contributions using the standard methodology.
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Figure 4 One dimensional SAXS patterns obtained from the LA alloy (a) and (c), and the HA alloy (b)
and (d) aged at 400 °C for the times shown on the legend. (a) and (b) display the raw scattering
patterns whilst (c) and (d) show the corrected scattering patterns following subtraction of the
reference alloy data displayed on (a) and (b)and the Laue background. The slope at the high q Porod
region is close to -4.

A limited number of scattering spectra were also acquired outside the normal observation
range. In these experiments, the accessible range of scattering vectors was from 0.0045 to 0.01
A, so that length scales of the order of 60 to 140 nm could also be investigated. A
representative example of the raw scattering data is shown in Figure 5 for the HA alloy aged
for 5 h. In this figure, there is no evidence of deviation from linearity i.e. there is no detectable
formation of precipitates in this size range. The linear part of the scattering curve at small g is

of high intensity in the raw scattering curves due to scattering from the large inhomogeneities
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in the structure with sizes up to several microns, i.e. the significant volume fraction of eutectic

Si phase.
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Figure 5 Representative 1-D SAXS pattern obtained from the aged HA alloy over a q range
below that normally observed. Note the linear behaviour with a slope ~ -4.

Azimuthally integrated and corrected SAXS data (with reference alloy subtracted) for the HA
alloy are presented in Figure 6 for different ageing times. Figure 6a is the Guinier representation
(In(/) vs ¢%), Figure 6b is the Kratky representation (Ig*> vs ¢) and Figure 6¢ is the Porod
representation (Ig* vs g). Their detailed interpretation is provided in the following section.
These plots are representative of those that were also obtained from the LA alloy, which are

given in Supplementary Data.

4.3 Quantification of precipitate development

Figure 6a shows the Guinier representation of SAXS data acquired from HA alloy. It is clear
that there is a progressive change in slope with ageing time and the same trend was also found
in the LA alloy. As the ageing time progresses, the slope below 0.02 A becomes more negative
as a result of precipitate growth. The Guinier radius was calculated from the slope of a linear
part of the scattering curves and was determined using the self-consistent method proposed by
Deschamps and De Geuser [10]. The uncertainty in R; was determined from the error
associated with the slope of the linear fit. Table 3 summarises the calculated R, values and the

associated errors for both LA and HA alloys.
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Figure 6 SAXS data for the HA alloy aged at 400 °C for the times shown on the legends. The graphs
shown are: (a) the Guinier plot, (b) the Kratky plot and (c) the Porod plot.

Table 3
Effect of ageing time at 400 °C on the precipitate radii in the LA and the HA alloys determined from
the SAXS data. The Guinier radius (Rg), pseudo-Guinier radius (Rpseudo) and Porod radius (R,) are
mean values + one standard deviation.

it R, (nm) Ryseato (nm) R, (nm)
LA HA LA HA LA HA
3 - 2.44+0.01 - 2.47+0.05 - 1.23+0.21
5 3.11£0.04 3.17+0.02 2.71+0.05 2.83+0.05 1.54+0.26 1.57+0.28
10 5.32+0.06 4.57+0.10 2.05+0.35

23 7.68£0.14 6.94+0.12 6.30£0.15 5.04+0.15 2.65+0.46 2.83£0.49
50 8.79+£0.11 8.82+0.12 7.28+£0.20 6.79+£0.20 3.20+0.57 3.29+0.58

Figure 6b shows the Kratky representation for HA alloy. In this representation, the maxima in
the plots allow the pseudo Guinier radius to be calculated (eqn. 2) and the area under the curves
is related to the precipitate volume fraction. Two trends can be readily seen. The first one is

that the main peak shifts towards smaller g values which is representative of precipitate growth.
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The dimension Rpseudo Was calculated and uncertainties were determined by the error associated
with identifying the gmax (Table 3). The second trend is the evolution of the area under the
curve (Q). As ageing time progresses O becomes larger which is an indication of an increase
in the right hand side of eq. 3. In order to calculate the volume fraction using eq. 3 we need to

determine the O and the contrast parameter (pp- pm)>.

Determination of Q necessitates integration between g=0 and g=co which is an extremely
difficult procedure as described in detail in reference [34]. In the present study, the approach
used was to fit the Ig? vs ¢ data with a lognormal distribution and extrapolate the fit to 0 and
. The lognormal distribution is described by two parameters, namely a mean and a standard
deviation; the latter termed the dispersion parameter, s. The best lognormal fit was determined
by an iterative sequence which stopped when the deviation was less than 10”7 from the previous
fit. This provides a systematic and unbiased estimate of the area under the curve although there
is uncertainty associated with the definition of the fitting range. Moreover, by employing a
lognormal distribution the dispersion parameter, s, of the scattering curve was also obtained. A
lognormal distribution was selected because it is reported to provide a valid approximation of

the precipitate size distribution in many metallic systems [10, 20, 21].

In order to convert this integrated intensity into volume fraction, the difference in scattering
length densities between the precipitate phase (p,) and the matrix (pm) must also be calculated.
We therefore need to determine their compositions. Based on energy dispersive spectroscopy
(EDS) measurements in the TEM, the precipitate composition was found to be close to the
stoichiometric AlzZr; the V content in the precipitates examined was below the detection level.
However, as shown for the Al-Zr-Sc system [35], due to the difference in partition coefficients
of Zr and V during solidification, the precipitate composition is expected to vary; i.e. the
precipitates towards the dendrite centres are expected to contain more V than those towards the
dendrite edges. For this reason, the volume fraction of precipitate phases was calculated for
two assumed compositions, namely binary AlzZr and AlzZrosVo.. In the case of the matrix
phase, it was assumed to be pure aluminium for the purposes of calculating the scattering length
density. This is valid for two reasons. First, Si has almost the same scattering factor as Al (20.07
versus 22.4x10' m?) and secondly the amount of Si in solid solution in the matrix will be less
than 1 at%. The calculated volume fractions for both assumed precipitate compositions are

listed in Table 4.
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Table 4
Effect of ageing time on precipitate volume fraction in the LA and HA alloys determined from SAXS
measurements. Calculations are given for two different assumptions about the precipitate
composition. The error values include an absolute calibration error of ~ £15%.

Ageing Volume fraction (%)
Time (h) LA HA
AlsZr Al3ZrosVos  Error AlsZr Al3ZrosVoo2 Error

3 - - - 0.14 0.15 +0.02
5 0.11 0.12 +0.02 0.16 0.17 +0.03
10 0.16 0.17 +0.03 - - -
23 0.23 0.24 +0.04 0.30 0.32 +0.05
50 0.24 0.26 +0.04 0.33 0.36 +0.06

Figure 6¢ is the Porod plot for the HA alloy. For clarity only two Porod profiles are presented;
one for 23 h and one for 50 h. Both curves feature a main well-defined peak and with a smaller
one at the higher g range. This form of Porod plot is reported to be characteristic of a spherical,
polydisperse precipitate distribution which is of chemically uniform composition [28,29,32].
Every LA and HA specimens produced a similar Porod profile and the oscillations in amplitude
around the smaller peak were found to decrease with increasing dispersion parameter as

calculated from the lognormal distribution fit.

The Porod radius, R, was calculated from K, and Q using eq. 4. For consistency, K, which is
the horizontal asymptote in the Porod plot, was determined by the intercept a Ig* vs g* plot
[10]. The uncertainty on R, was determined by the error associated with the volume fraction
calculation and the definition of K. In both alloys R, was found to increase with ageing time

and R values with the associated errors are shown in Table 3.

5 Discussion

SAXS and TEM provide complementary information about the precipitate evolution. In this
study, unlike prior TEM investigations on similar alloys [6, 8, 36, 37], at every ageing stage,
billions of precipitates were measured using SAXS. Based on both sets of measurements, it is
valuable to consider the main features of the precipitate evolution and to compare them with

existing knowledge of related aluminium alloys with Zr and/or V additions.
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Figure 7 Effect of ageing time, t, on measured particle radius, r, for (a) the LA alloy and (b) the HA
alloy. Data are shown for the SAXS measurements namely Guinier radius (R,), pseudo-Guinier
radius (Rpseuds) and Porod radius (R,) along with the radius calculated from TEM (Rrry) for the HA
alloy.

5.1 Analysis of Precipitate Sizes

Figures 7a and 7b show the values of Ry, Rpseudo, Rp and radius calculated from TEM
measurements (Rtem) for the alloys as a function of ageing time. In analyzing size
measurements from the two techniques, it is important to consider the most appropriate of the

SAXS size measurements to use when comparing with the TEM data.

Consider first the Ry measurement. The change in R, is driven by two factors (i) a change of
the physical precipitate size and (ii) a change in the dispersion of the size distribution [10]. It
has been previously shown that R, gives an accurate description of the mean precipitate radius
for lognormal distributions with a dispersion parameter close to 0.2 [10, 20, 26]. Thus Rg and
Rtem are both valid estimates of the mean precipitate radius when this condition is approached.
Rpseudo (eqn. 2) on the other hand is a measure of the g value that contributes most to the Kratky
plot but its relationship to R, is uncertain and varies with the width of the particle size
distribution (its dispersion) [10]. Finally, R}, also provides an indication of precipitate size but
can be measured less accurately due to large uncertainties involved in the Q and K}, calculations

(eqns. 3 and 4) and is significantly lower than R, when the dispersion becomes large.

Therefore, before comparing the values of R, and Rtem, we first have to examine how the size
distribution might have evolved with time. To obtain an estimate of the precipitate size
distribution evolution, experimental Kratky curves were fitted with a lognormal distribution
and the fitting parameters were obtained. It was found that in both alloys the dispersion

parameter, s, of the fitting becomes larger with time. The results for HA alloy are shown in

16



Figure 8. In this figure, the progressive change in the width of the normalised Kratky profiles
can be attributed to a change in precipitate size distribution (PSD) as TEM provided no
evidence for a change in precipitate morphology. The same trend was also found in the LA
alloy where s was observed to be only slightly smaller. In considering the surprisingly large
width of the PSD and its evolution with time, it is important to recognise that the matrix
composition is not uniform. During non-equilibrium solidification of these alloys solute
segregation occurs such that dendrite cores are enriched in Zr and V and the last a-Al regions
to solidify are depleted in these elements (Zr and V both have solid-liquid partition coefficients
>1 in contrast to Si which has a partition coefficient <1). During post-solidification ageing, the
size and number density of the trialuminide dispersoids will exhibit spatial variations which
reflect the solute distributions laid down during solidification. Such variations will then be

captured by SAXS as it collects data from over 100 dendritic grains.
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Figure 8§ Normalized experimental Kratky profiles following fitting to a lognormal distribution. Plots
are shown for the HA alloy aged for the times shown in the legend. The values of s are the dispersion
parameters of the lognormal fitting.

The deviation between R, and Rpseudo can also provide a relative indication of size distribution
evolution. In the case of a monodisperse precipitate, these values are identical. For a
polydisperse precipitate they have been shown in reference 16 to be in fair agreement up to a
dispersion parameter of ~0.25. However, with a dispersion parameter of 0.3 or more, the values

deviate and R, is reported to be larger than Rpseudo [10]. In the present work, their deviation as
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a function of time (Figure 7) also supports the size distribution evolution which was predicted
from the normalised Kratky curves. At 3 and 5 h ageing time, R; and Rpseudo Values are close
whereas at longer ageing times Ry and Rpseudo deviate suggesting an increase in the width of the
size distribution. The evolution of R, with ageing time in relation to R, (Figure 7) is also in
agreement with the suggestion of an increasing dispersion of the particle size distribution as it

increasingly deviates from Ry and Rpscudo.

Therefore, overall, Rg, provides the best SAXS size parameter for comparison with TEM
measurements with the caveat that it is most likely to be closer to a mean radius at the beginning
of ageing than towards the end due to an increasing dispersion of the precipitate size
distribution. It is seen in Figure 7(b) that there is indeed very reasonable agreement between
the TEM and the SAXS measurements for HA samples. It should be noted that the Rtem values
may be subjected to biases related to the wide size distribution of the trialuminides which is
associated with their heterogeneous distribution arising from solidification microsegregation
of Zr/V. When compared with previous studies on Al-Zr alloys, the precipitate radii at 50 h
from SAXS data (Rg values) are in reasonable agreement with values reported for arc-melted

alloys but differ from those that have been melt-spun [36- 38].

Finally, the coarsening rate constant of the trialuminide precipitates was obtained using the
classical Lifshitz, Slyozov and Wagner (LSW) theory and was calculated from the Rg
measurements (Figures 7a and 7b). The calculated values are 1.41x102° m*h! and 1.45x10°%6
m’h! for LA and HA alloy, respectively at 400 °C in the time scale 5 to 50 h. Both values are
in broad agreement with values reported for the ternary Al-Zr-V alloy system [6, 8, 9, 36]
although at the higher end of the range. However, additions of Si were shown to accelerate the
precipitation kinetics in Zr containing alloys [39-42] and, as stated earlier, R; measurements
are partially driven by the evolution of the precipitate size distribution. Hence, although they
provide a valid estimate, these values should be considered as an upper limit of the coarsening

rate constant.

5.2 Main Features of the Precipitate Volume Fraction and Number Density Evolution

In order to gain a better understanding of the precipitate evolution we compared the volume
fraction and number density results for both alloys. Based on the Lever Rule, and assuming
that the precipitate volume fraction is dictated by the Zr concentration, the calculated

equilibrium fractions of Al3Zr are approximately 0.4 vol.% and 0.5 vol.% for LA and HA alloy,
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respectively. As V could not be detected in the precipitates it is assumed that it remains in

solution in the aluminium matrix phase.

Figure 9a shows the precipitate volume fractions in both alloys assuming either an Al3Zr or an
Al3ZrosVoo composition (according to eqn 3 the calculated volume fraction depends on the
square of the difference in scattering length density between precipitate and matrix). As
expected, the HA alloy has a larger volume fraction compared to the LA. However, the volume
fraction in both alloys is somewhat lower than the Lever rule prediction. This is attributed to
the reduction of the available solute, as a result of the precipitation of primary aluminide during
solidification (Figures 1a and 1b). Figure 9a also shows that in both alloys the volume fraction
continuously increases with time and the increase remains rapid up to 23 h. The highest value
does not exceed 0.36 vol.% in the HA alloy while the lowest is 0.11 vol.% in the LA aged for
5 h. The volume fraction ratio of the alloys was found to be ~ 1.3 for 5, 23 and 50 h which
agrees well with the ratio of Zr solute in the alloys (1.23). As noted before, the calculation of
the precipitate volume fraction using TEM is subjected to biases and large scatter related to the
heterogeneous distribution of precipitates in the dendritic microstructure. However, the volume

fraction values calculated from TEM (Table 2) are in broad agreement with SAXS results.
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Figure 9 Effect of ageing time, t, at 400 °C on (a) volume fraction and ( b) number density of
trialuminide precipitates in the LA and the HA alloys from SAXS measurements. Calculations were
performed for two different assumptions about precipitate composition.

The number density of precipitates was determined by assuming a perfectly spherical shape

and using the following relationship:

©)



where fy is the precipitate volume fraction and R, the radius of gyration obtained by the Guinier

plot.

Figure 9b, plotted on a log-log scale, shows that in the HA alloy the number density closely
follows a ¢ relationship as expected from the LSW analysis. However, whilst the LA alloy
also shows a decrease in number density with ageing time, agreement with the LSW model is
not as good. During the nucleation stage of precipitation when the driving force is high, small
precipitates are expected to form giving a high number density which quickly peaks. It would
appear that this stage was not captured in the present experiments where the minimum ageing
time studies were 5 h. In the present study, despite the significant increase in the volume
fraction, the number density declines continuously. This behaviour might suggest an overlap
in the growth and coarsening regimes of precipitation. Nevertheless, high number densities
were recorded with the highest value exceeding 2x10?> m™ in the HA alloy aged for 3 h. TEM
number density results (Table 2), based on the measurement of many fewer precipitates, show

acceptable agreement with SAXS measurements of typically more than 10!! precipitates.

6 Summary and Conclusions

e The combination of transmission electron microscopy (TEM) and small angle X-ray
scattering (SAXS) was successfully employed to quantitatively characterise the
evolution of trialuminide precipitates in two cast Al-7wt.%Si alloys containing
different additions of Zr and V. which were aged at 400 °C . The results confirm that
SAXS can be employed to investigate this phenomenon even at low (<0.5%) volume
fractions of precipitate providing an appropriate standard is selected.

e TEM confirmed the presence of an inhomogenous distribution of spherical metastable
cubic L1, precipitates of the type AlsZr in both alloys. There was no evidence for
incorporation of V into those precipitates examined in these alloys which were
conventionally cast and aged at 400 °C.

e Using model-independent and self-consistent methods, the precipitate evolution was
characterized using synchrotron SAXS. At each ageing stage, billions of precipitates
were measured as compared with several hundred in TEM analysis.

e The mean precipitate size was determined from the SAXS data in terms of a Guinier
radius which increased with ageing time from ~ 3 nm after 5 h ageing to ~ 9 nm after

50 h ageing. These values are consistent with the TEM measurements.

20



e The precipitate volume fraction, measured from the SAXS data, increased with ageing
time in both alloys; reaching ~ 0.25 vol% in the LA alloy and ~ 0.35 vol% in the HA
alloy after 50 h at 400 °C. There is reasonable agreement with the much more limited
volume fraction measurements from TEM. The precipitate number density decreased
continuously with ageing time in both alloys suggesting that the stages of precipitate
growth and coarsening overlap during the time period studied and that the investigation
did not capture the initial nucleation stage.

e The coarsening rate was calculated as 1.41x107%° and 1.45x102° m*h™! for LA and HA

alloy, respectively, at 400 °C in the time scale 5 to 50 h.
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