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Impurity diffusion coefficients of Si in liquid Al alloys are essential for understanding solidification but are
difficult to measure due to convection and the ineffectiveness of X-ray radiography (XRR) for elements with
similar atomic numbers. To address this problem, this study aims to propose a methodology for determining
diffusion coefficients by using a tracer to quantify and correct for additional mass transport. Diffusion experi-
ments were conducted on Al-Cu-Si alloys at 973 K, combining XRR and the shear cell techniques with stable
density layering by adding Cu to the Al-Si system. Using Cu as a tracer allowed for the quantitative evaluation of
shear convection via in-situ XRR. Based on the impurity diffusion coefficients of Cu obtained from XRR results, it
was confirmed that the diffusion experiments were conducted under conditions where natural convection was
effectively suppressed during the entire diffusion time. Furthermore, the additional mass transport induced by
shear convection was quantitatively corrected by isolating the initial mass transport from cell insertion and the
final mass transport from cell separation. The initial mass transport was derived from the intercept of in-situ XRR
data. The final mass transport was determined by the difference between the final XRR and inductively coupled
plasma optical emission spectroscopy (ICP-OES) results for Cu. The obtained impurity diffusion coefficient of Si
was determined to be (7.81 =+ 0.90) x 10° m?s! at 973 K. Additionally, the validity of adding Cu was confirmed
by thermodynamic calculations, which showed that the thermodynamic coupling between Cu and Si fluxes in the
ternary system is negligible.

7] effectively eliminates the influence of concentration changes during
solidification. Additionally, the shear cell [8] and sliding cell techniques
[91, which mechanically separate the diffusion couple prior to solidifi-
cation, mitigates such effects. Suppressing natural convection with a
stable density layering [8], in which the density of the diffusion couple

1. Introduction

Diffusion coefficients in liquid metals are essential for understanding
metallurgical phenomena and developing diffusion models. Further-

more, impurity diffusion coefficients in the liquid phase are required for
solute redistribution at the solid-liquid interface during solidification
process where alloys are often formed between elements with similar
atomic numbers [1,2]. For example, Al-Si alloys are widely used in in-
dustrial castings such as engine blocks. However, reliable impurity
diffusion data for liquid metals is limited because impurity diffusion
measurements with high precision are hindered by natural convection
on the ground or uncertainties in concentration analysis. To address this
issue, in-situ measurement of concentration profiles in the liquid state
using X-ray radiography (XRR) [3-5] or X-ray fluorescence analysis [6,
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increases monotonically in the direction of gravity, has proven effective.

However, the Al-Si system, which has similar atomic numbers, re-
mains challenging for measuring impurity diffusion coefficients, even
when using the above-described methods. Although limited data exist,
such as the work by Kikuchi et al. [10], impurity diffusion coefficients of
Si in liquid Al were often measured using conventional methods like the
capillary reservoir technique. These methods are susceptible to natural
convection, leading to scattered or overestimated diffusion coefficients.
Therefore, a rigorous remeasurement using a convection-suppressed
method is indispensable to establish reliable reference data. In the
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Nomenclature

ci Concentration of impurity element i (at %)

Co Initial concentration of impurity in semi-infinite sample (at
%)

Dappcwy  Apparent impurity diffusion coefficient of Cu (m?s™h)

Dg; Impurity diffusion coefficient of Si m?s™h

Dyt Referenced diffusion coefficient (m? s)

[D] Diffusion coefficient matrix (m? s™)

g Gravity vector (m?sh

Gex Excess Gibbs free energy (J mol™)

Gideal Ideal mixing Gibbs free energy (J mol™?)

Gm Molar Gibbs free energy (J mol™)

Gref Reference Gibbs free energy (J mol™!)

Lo Thermodynamic factor between components a and g (-)

'] Thermodynamic factor matrix (-)

ho Initial thickness of an intermediate cell (m)

[H,,,;] Hessian matrix between components a and g (-)

Ln Binary interaction parameter of Redlich-Kister polynomial

expansion between components m and n (J mol™)

OLmn I-th order binary interaction parameter (J mol™)

Laicusi Ternary interaction parameter of Redlich-Kister
polynomial expansion for the Al-Cu-Si system (J mol ™)

[M] Mobility matrix m?sh

N Molar fraction (-)

R Gas constant (J mol* K1)

R? Coefficient of determination (-)

t Time elapsed since the start of diffusion (s)

taift Diffusion time (s)

T Temperature (K)

Uaver Uncertainty of (X2,,) (m?

U(Ds;) Uncertainty of Dg; (m?sh)

Ucpsi  Uncertainty of (X2, ) & (m%)

Ushear out + aver Uncertainty of (X2 oue) + (X2er) (m?)

Ushear in (tdiff) Uncertainty of <X32hear in> at tyifr (mz)
Position (m)

Xo Initial position of the interface of the diffusion couple (m)

(X2,;) Additional mean-square diffusion depth resulting from plot

of average value for each cell (m?)

<X§iff (t)> Mean-square diffusion depth contributed from diffusion at
t (m?)

(t))j: Measured mean-square diffusion depth for impurity i

using analysis method j at t (m?)

(X2 ear our) Additional mean-square diffusion depth during the
separation of the cell at the end of the diffusion process
(m?)

) Additional mean-square diffusion depth during the

(X

meas

(X

shear in
insertion of the intermediate cell in the shear cell (m?)

Subscripts

i Impurity element (in this study : Cu or Si)

j Analysis method for the impurity concentration (in this
study : XRR or ICP)

a, B Components for the thermodynamic factor (in this study :
Cu or Si)

m, n Components for the binary interaction parameter of
Redlich-Kister polynomial expansion (in this study : Al, Cu,
or Si)

Superscripts

l Order of the Redlich-Kister binary interaction parameter
O]

case of impurity diffusion of Si in liquid Al alloys, the slight density
difference between Al and Si makes it difficult to achieve the stable
density layering. Additionally, in-situ concentration analysis of Si is
hindered by its characteristic X-ray intensity being comparable to that of
Al, which makes it impractical to accurately assess natural convection
suppression or determine solute concentration profiles. Furthermore, Si
is a poorly soluble substance in acid. While Si can be dissolved using
hydrofluoric acid, the resulting volatility at high temperatures renders
the solute difficult to handle. To overcome these challenges, the present
study focuses on Cu, an impurity element for which reliable diffusion
data in liquid Al alloys is available [11]. Adding Cu to the Al-Si system
achieves stable density layering because a heavy element serves as an
anchor. This method is similar to adding Bi to Sn-In [12] or Ag to Pb
isotopes [13] in the diffusion experiments. In-situ concentration profiles
of Cu are obtained using XRR, enabling direct verification of the sup-
pression of natural convection. The Si concentration profile was ob-
tained by inductively coupled plasma optical emission spectroscopy
(ICP-OES) on samples collected after the shear cell technique. To pre-
vent the volatilization of Si during hydrofluoric acid dissolution, the
diffusion samples with Si are dissolved in sealed containers. However,
even with accurate concentration analysis, mechanical operations in the
shear cell technique inevitably introduce additional mass transport,
specifically shear convection [8,14], which can lead to overestimated
diffusion coefficients. Crucially, the use of Cu as a visible tracer enables
the quantitative evaluation of this additional mass transport through
in-situ XRR. This quantification allows for the mathematical correction
of the Si concentration profiles obtained from post-mortem analysis,
ensuring the isolation of the true diffusive component. Therefore, the
impurity diffusion coefficient in the Al-Si system, which has

traditionally been difficult to determine, is measured by combining the
XRR and shear cell techniques.

The objective is to propose a methodology for determining diffusion
coefficients by using a tracer to quantify and correct for additional mass
transport. Diffusion experiments were conducted on Al-Cu-Si alloys at
973 K, just above the melting point of Al, combining XRR and shear cell
techniques. In this setup, stable density layering was achieved by adding
Cu to the Al-Si system. The impurity diffusion coefficient of Cu was
calculated from the XRR results and compared with previously reported
values [11] where natural convection suppression had been confirmed
to verify suppression of convection in this system. Furthermore,
comparing the mean-square diffusion depth (MSD) of Cu in liquid Al
obtained by XRR and ICP enables the quantification of additional mass
transport induced by the shear convection, which is unique to the shear
cell technique, as detailed in Section 2. Finally, correcting for this
quantified shear convection using MSD when calculating the impurity
diffusion coefficient of Si in liquid Al yielded a precision value. To
supplement this methodology, this study also investigates the thermo-
dynamic coupling in the ternary Al-Cu-Si system, validating that the
influence of the Cu tracer on the Si diffusional flux is minimal.

2. Analysis model

In this study, the shear cell technique was employed to measure
impurity diffusion coefficients in liquid metals. In this specific study, a
diffusion couple was formed by contacting pure Al with an Al-Cu-Si alloy
within a capillary. Accurate determination of the diffusion coefficient
requires accounting for additional mass transport caused by the shear
cell operation. Specifically, friction between the liquid and the moving
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disk induces the "shear convection" [8,14]. This section describes the
model used to quantify the impact of additional mass transport and to
isolate the purely diffusive contribution using the MSD, denoted as (X?).

The quantification of this shear convection is realized based on the
following concept, utilizing Cu as a tracer. Figs. 1 and 2 show the
schematics of analysis procedure and of time-resolved MSD of Cu and Si,
respectively. First, the process for Cu, which serves as a tracer with X-ray
contrast, is described. In the initial setup before the diffusion process, as
shown in Fig. 1(a), the diffusion couple is separated. Then, at the start of
the diffusion process at time t = 0, the insertion of the intermediate cell
induces shear convection, as depicted in Fig. 1(c). After starting the
diffusion process, the concentration profile is described by the analytical
solution of Fick's second law for this geometry. Eq. (1) expresses this
relationship:

Co X — Xo

ci(x, t) = > 1—erf| ——M— (€D)
2<Xr2neas(t)>j—i
Here, c;(x) is the concentration of impurity element i at a position x in
the capillary, co is the initial concentrations of the impurity element in
the alloy sample, xj is the initial position of the interface of the diffusion
couple, and (X2, (£));.; is the measured MSD at ¢ for impurity i using the
analysis method j (XRR or ICP). The parameters mentioned above are
schematically illustrated in Fig. 1(a) and (b). Then, at the start of the
diffusion process at t = 0, the insertion of the intermediate cell induces a
mechanical disturbance, referred to here as shear convection, as depic-
ted in Fig. 1(c). This mass transport broadens the concentration profile,
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Fig. 2. Schematics of time-resolved MSD of Cu and Si with (X2,..), (X2

meas
<Xfﬁff>, (X2 ear in)> and (X2 .. o) during the diffusion process for the analysis
model. The symbol D means impurity diffusion coefficient. The black plots
are (X2..(t))xpr_co- The open circle is the MSD at the end of the diffusion
process t

taitr. The open and black squares are (X2, (tairr) and

>ICP,Cu
(X2 cas (taitt) ) ,cp_;» Tespectively. The solid and dashed lines are linear fit of
(X2 eas (1)) xrr_ca and eye-guide line of (X2} of Si, respectively. This dashed
line conceptually illustrates the assumption that the purely diffusive component
of Si behaves linearly with time, parallel to that of Cu. The times t;, t; and tg;e
correspond to the times shown in Fig. 1.
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Fig. 1. Schematics of analysis procedure combining XRR, shear cell, and ICP-OES. The symbol t means the time elapsed since the start of diffusion and the subscript j
on <X‘2neas> means the analysis method for the impurity concentration (in this study : XRR or ICP). (a) and (b) concentration profiles of Cu and Si in setting before the
diffusion process, respectively, (c) start of the diffusion process by inserting the intermediate cell at t = 0, (d) and (e) diffusion processes at t = t; and t, respectively,
() end of the diffusion process at t = tyir before shearing the cells, (g) end of the diffusion process at t = tqis after shearing the cells, and (h) and (i) concentration

profiles of Cu and Si after cooling, respectively.
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and the initial measured MSD, (X2 (0))ypr oo COIresponds to
(X2 ar 1)~ This value is plotted at t = 0 in Fig. 2. As the diffusion process
proceeds to times t1 and t= (Fig. 1(d) and (e)), the concentration profile of

Cu further broadens by an amount corresponding to <X§iff(t1)> or
<X§iff(t2)>, respectively. At these points, (X2 is the sum of

(X

eas (t) >XRR,Cu

shear in

)and <X§m(t)>, which are plotted at t = t: and tz in Fig. 2. This

measured MSD is expected to follow the linear relationship. The
apparent impurity diffusion coefficient of Cu, D,ppcu), Was determined
from the slope of the linear fit to time, as expressed in Eq. (2) .

<X1?neas(t)>XRR,Cu = <X52hear in> + ZDHPP(CU)t' (2)

Consequently, the slope of (XZ . (t))ypg ¢, in Fig. 2 corresponds to
2D;pp(cu)- The diffusion process continues until the designated diffusion
time, tgisr (Fig. 1(f). The (X2...(t))yar_cu
aration is plotted as an open circle at t = tgir in Fig. 2. Upon separation of
the shear cell, the resulting mass transport further broadens the con-
centration profile, an effect quantified as (X3 ... o) (Fig. 1(g)). At this

stage, <Xlgneas (tdiff) >XRR_Cu becomes the sum of <X§hear in>’ <X§iff (tdiff)>’
and (X2 .. ..)- As shown in Fig. 1(h), each sample is cooled to room
temperature and subsequently analyzed by ICP-OES. The
(X2 s (taiff) )1cp_c, ODtained by fitting the diffusion equation to the ICP-
derived concentration profile includes an additional term, (X2,.), which
accounts for the apparent geometric progression of diffusion due to cell
segmentation [8]. Thus, the final (X2 (tai))cp ¢, is the sum of

<X52hear in>’ <X§iff (tdiff)>’ <X52hear 0ut>’ and <X§ver>’ which is plOtted as an

open square in Fig. 2. Consequently, the combined value of (X2 .. ...) +

just before the shear cell sep-

(X2,,) can be determined by subtracting the value of the open circle
from that of the open square.

Next, the process for Si is explained. As with Cu, the diffusion couple
for Si is initially separated (Fig. 1(b)). However, the concentration of Si
in liquid Al provides no contrast in XRR and thus cannot be monitored
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in-situ. The concentration profile of Si is obtained solely from the post-

mortem ICP-OES analysis. The measured (X2, (tair)) from this

ICP_Si
analysis is considered to be the sum of all components: (X2... i),

<X§iff(tdiff) >, (X% ar out)» and (X2,.). To isolate the purely diffusive
component, <X§iff(tdiff) >, for Si, the convective components determined

using the Cu tracer—namely (X2, ;) and the combined (X2... o.c) +
(X2,..)—are subtracted from the total measured value for Si, as illus-
trated in Fig. 2. This procedure enables the calculation of the impurity

diffusion coefficient of Si, corrected for the effects of shear convection.
3. Experimental procedure

Al (99.999 at % purity; Alfa Aesar GmbH & Co KG), Cu (99.99 at %
purity; Alfa Aesar GmbH & Co KG), and Si (99.999 at % purity; Alfa
Aesar GmbH & Co KG) were used as raw materials to prepare diffusion
samples. Al-Cu-Si diffusion samples were prepared as follows: the im-
purity element contents were 5 at % for Cu and 5 at % for Si. Each pure
metal sample was weighed to obtain the desired concentration, as
described above. The metals were melted using an arc-melting furnace
(MAM-1, Edmund Biihler GmbH). The arc current was adjusted to heat
the sample above 1773 K, ensuring the complete fusion of Si, which has
the highest melting point. Subsequently, the molten alloy was poured
into a water-cooled copper mold. Two types of molds were prepared,
with diameters of 1.4 mm and 3.0 mm, respectively. Finally, the samples
were cut to fit the diffusion capillaries. Additionally, the absence of
severe solidification segregation in the prepared samples was verified
using X-ray radiography images.

Fig. 3 shows a schematic illustration of the experimental procedure
for the shear cell technique. The detailed design and procedures of the
diffusion experiments can be found in previous experiments [15]. The
two capillaries were labelled Capillaries A and B. The experiment con-
sisted of the diffusion process between two semi-infinite samples: one
composed of an Al-Cu-Si alloy and the other of pure Al. The diffusion
temperature was 973 K, and the tyif during the experiments was 860 s.

Atmosphere: 5 X 102 Pa

15

X—ray\“*a
Source

AlySisCus

12

Reservoir

973 K : :
g (a) (b () (d)i ©)
g : Laitr :
g 1 1
S : 1 frame/s :
N % I———

20 samples

X-ray image unit (mm)

Fig. 3. Schematic illustration of experimental procedure of the shear cell technique, which indicates one of the two capillaries as an example: (a) heating and
homogenization, (b) insertion set at t = 0, (c) diffusion process with the XRR, (d) separation of sample at end of diffusion process at t = tgi¢, and (e) cooling. The
symbol hy is the initial thickness of the alloy cell. The capillary was set so that the gravity vector g would be parallel to it. The double arrows from (b) to (c) indicate

the XRR exposure time, with exposures of 1 frame/s intervals.
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When the samples were set into the shear cell device, the higher-density
samples of the Al-Cu-Si alloy were placed on the lower side to obtain
stable density layering. Reservoir samples were set using elastically
compressed graphite felts. The shear cell device, heater, and motor were
placed in a vacuum chamber. For X-ray imaging, a micro-focus X-ray
source (XT9160-TED, Viscom AG), operating at 150 kV and 250 pA, and
a 2 mm CdTe detector with a 100 pm pixel size (XC-Thor, Direct Con-
version AB) was used. The effective pixel size for the experiment was
about 50 pym. The sample cell was located between the source and the
detector. The images were filtered by flat-field correction with reference
gray images.

After homogenization for 3600 s, the intermediate cell was inserted
into each capillary, and the diffusion process was started. At this time, t
was set to 0. X-ray radiography imaging was initiated 60 s prior to the
insertion of the intermediate cell. Images were acquired at a rate of 1
frame/s and continued until the end of the diffusion process. The
diffusion axis was set parallel to the direction of gravity, and the zero
position of the x-axis was defined at the edge of the alloy sample. The
atmospheric pressure was maintained at 5 x 1072 Pa during the diffusion
process. At the end of the diffusion process, each capillary sample was
mechanically separated into 20 samples and cooled down to room
temperature to solidify.

The samples were weighed and dissolved in a mixture of nitric acid,
hydrofluoric acid, and hydrochloric acid in sealed vessels under mi-
crowave irradiation (Ethos up, Milestone General). Since Si dissolved in
hydrofluoric acid can volatilize as SiF4, the vessels were allowed to cool
completely to room temperature before being opened. To account for
volatilization as SiF4, a standard with a known concentration of Si was
dissolved under the same conditions. By comparing the concentration of
the standard before and after dissolving the Si sample, the amount of
SiF,4 evaporated was quantified, and its ratio was defined as the recovery
ratio. The concentrations of Cu and Si in the samples were analyzed by
inductively coupled plasma optical emission spectroscopy (ICP-OES;
Agilent 5100, Agilent Technologies, Inc.).

4. Results

The intensity profiles along the longitudinal direction of the diffusion
couples in Capillaries A and B were obtained from images acquired using
XRR. The concentration profiles of Cu were calculated using an
intensity-to-concentration conversion formula [16] that adapts the
initial Cu concentration to the acquired intensity. Fig. 4 shows the Cu
concentration profiles with X-ray images at 973 K obtained from XRR in
Capillary A at t = 50, 200, and 700 s. Individual concentration values
were calculated using the average intensity of the X-ray image at the
corresponding position. Each concentration curve was obtained by
fitting the analytical solution of Fick’s second law, described as Eq. (1) in
Section 2, to the experimental data. During the fitting process, cg, xo and
(X2 s (£))ji were varied as fitting parameters. A concentration profile
was obtained for each frame, that is, at each second. The solid lines in
Fig. 4 represent the profiles fitted to the analytical model to calculate the
MSD at each time step.

The time-resolved MSD of Cu obtained from XRR is referred to as
Fig. 5
t))xrr_cy- As described in the analysis model, this measured MSD
follows a linear relationship with time. The apparent impurity diffusion
coefficient of Cu, Dapp(cu), Was determined from the slope of the linear
fit, as defined by Eq. (2) in Section 2. The fitting interval was set to 300s,
and the fitting window was shifted by 1 s for each linear fit. As a result,
the measured impurity diffusion coefficients of Cu in Capillaries AandB
were determined to be Dpp(cyy = 5.31 and 5.29 x 10° m?s! at t = tgi,
respectively.

Fig. 6 shows the concentration profiles of Cu and Si at 973 K from
ICP-OES, respectively. In particular, the Si concentrations were adjusted
by applying the recovery ratio determined during dissolution as a

shows the time-resolved results of

< meas >XRR,Cu’

< meas
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Fig. 4. Measured concentration profiles with X-ray images of Cu obtained by
XRR at t of (a) 50 s, (b) 200 s, and (c) 700 s in Capillary A. The corresponding
in-situ X-ray images are displayed in the upper panels. Each curve presents the
fitting results of X-ray radiography using Eq. (1). The symbol “g—” indicates the
direction of gravity.

x10
10.0}
s Capillary B
N 7.5t
£ 5.0}
QE
v e
2.5¢ »
Capillary A
0.0f ‘ ‘ ‘ ‘
0 200 400 600 800
Time ¢ /s

Fig. 5. Time-resolved MSD of Cu obtained by XRR. The red and blue plots
present the results in Capillary A and B, respectively.

correction factor. The recovery ratio averaged 0.991 + 0.024, and no
extreme SiF4 evaporation was observed. To rigorously account for the
uncertainty in the Si recovery ratio, error bars were assigned to the Si
concentration profiles. These error bars incorporated both the relative
uncertainty of 2.4 % derived from the recovery ratio variation and an
absolute uncertainty of 0.1 at % corresponding to the background noise
floor determined from the baseline region of the ICP measurements.
Similarly, for the Cu concentration profiles, the uncertainty of 0.1 at %
derived from the background noise floor was applied as error bars. Fig. 6
indicates that each profile obtained is in good agreement with Eq. (1)
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6.0
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5.0f

Concentration of Cu ¢, (at%)
w
=

n
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N
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0.010 0.015 0.020 0.025 0.030
Position x /m

Fig. 6. Measured concentration profiles of (a) Cu and (b) Si at 973 K for two
capillaries obtained by ICP-OES. The symbol “g—” indicates the direction of
gravity. The red circle and blue triangle plots present the results in Capillary A
and B, respectively. For Cu, the error bars correspond to the background noise
floor. The error bars for Si represent the combined uncertainty of the recovery
ratio and background noise floor. Each curve presents the fitting results of ICP-
OES analysis using Eq. (1).

(coefficient of determination R®> > 0.999): The coefficient of determi-
nation R? represents the residual between the experimental and fitting
values. The value of R closer to 1 indicates a better agreement with the
fitting. The MSDs were obtained from the weighted least-squares fitting.
Here, the MSDs of Cu and Si from the ICP results are referred to as
(X2 s (taitt) Vyep_co AN (X2 ens (taite) ) 1op_gi» TeSPectively. The values of
(X2 s (taiff) )1cp_c, for Capillaries A and B were (1.12 + 0.08) and (1.08

4+ 0.08) x 107 m? respectively. The values of (X2 s (taitt) Vyep_si

Capillaries A and B were (1.57 + 0.13) and (1.53 + 0.12) x 107> m?,
respectively. Here, the uncertainties represent the standard error
derived from the weighted fitting process.

for

5. Discussion

First, the suppression of natural convection during the diffusion
experiment is demonstrated based on the impurity diffusion coefficient
of Cu obtained from the results. Subsequently, the shear convection that
occurred during the experiment is quantitatively evaluated using the
MSDs derived from both XRR and ICP measurements of Cu. Based on the
quantified shear convection, the impurity diffusion coefficient of Si in
liquid Al is then determined.
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T» 10 x10°
£
3
Q
g .
< Capillary B
g \
)
;g 6
5 el oy 8
2 s D
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Fig. 7. Apparent impurity diffusion coefficients of Cu in liquid Al at 973 K. The
red and blue plots present the D¢, in Capillaries A and B, respectively. The
dashed line and gray area represent the reference data [11] and its uncertainty,
respectively.

5.1. Investigation of suppressing natural convection in the diffusion
experiments

Fig. 7 shows the apparent impurity diffusion coefficients of Cu ob-
tained in the experiment, along with the value reported in a previous
study [11] where natural convection was confirmed to be suppressed.
The apparent diffusion coefficient represents the average over the fitting
interval for the linear fit, and the midpoint of that interval was plotted as
the corresponding time for the apparent diffusion coefficient. Since the
results of the previous study were obtained using the identical XRR
apparatus and the same analysis method, systematic errors arising from
the equipment or analysis procedure are considered negligible. For
Capillary A, the measured values fluctuated consistently within the error
bars of the previous study throughout the entire duration. In contrast,
Capillary B exhibited a pronounced influence of shear convection caused
by the insertion of the intermediate cell at the initial stage; however, the
values gradually converged within the error range of the previous study
as time progressed. This initial effect was also evident from the

time-resolved increase in (X2, shown in Fig. 5. These results

cas(t))xme_cu
indicate that this diffusion experiment was conducted under conditions
where natural convection was suppressed. In addition, the impurity
diffusion coefficient of Cu was measured in an alloy containing both Cu
and Si. However, these values agree within the error bars with those
previously reported for Al-Cu alloys containing only Cu [11]. Therefore,
the influence of Si on the impurity diffusion coefficient of Cu is
considered negligible.

20 %10 °
s
A\
8: 1ol Capillary B
Nj:: Capillary A
V 0.5} \
0.0 200 400 600 800

Time t /s

Fig. 8. Time-evolved MSD of Cu representing the shear convection by the
insertion of the intermediate cell.
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5.2. Correction methodology of the shear convection in the diffusion
experiments

Fig. 8 shows the interceptions, (X2 .. ;,)» derived from applying Eq.
(2) to Fig. 5. The fitting interval was set to 300 s, and the fitting window
was shifted by 1 s for each linear fit. The midpoint of that interval was
plotted as the corresponding time for the interception. Although
(X2 oo 1) is theoretically expected to be a constant value in Fig. 2, Fig. 8
reveals that it evolves over time. This behavior, particularly the pro-
nounced variation in Capillary B, can be explained by a combination of a
physical damping process and a mathematical artifact from our analysis
method. Physically, the shear convection generated instantaneously
upon cell insertion is not a persistent flow. As demonstrated by the
model experiments and simulations of Griesche et al. [14], the initial
high-velocity convection roll is damped significantly by the viscosity,
decaying rapidly after the shear movement stops. This physical damping
process is clearly observed in our own experiment in Fig. 7. The apparent
diffusion coefficient D,pp(cu), Which includes the convective contribu-
tion, is initially high and monotonically decreases over time, stabilizing
at the true diffusive value (D) after approximately 600 s. This indicates
that the initial shear convection in our system takes about 600 s to
2 ear in) Plotted in Fig. 8 is not a direct
physical measurement, but rather the y-intercept derived from a
300-second moving linear fit applied to the MSD data (Fig. 5). For t <
600 s, the fitting window is operating on data from the "con-
vective-decay regime" (Fig. 7), where the MSD slope is continuously
decreasing (i.e., the data is non-linear). Applying a linear fit to this
non-linear, concave-down curve will mathematically cause the extrap-
olated y-intercept to be distorted and appear to increase. The peak near
600 s corresponds to the fitting window transitioning from this
non-linear "damping" regime into the stable, purely diffusive (and thus
truly linear) regime. The subsequent "decrease" in Fig. 8 (for t > 600 s) is
the mathematical artifact of the fit "settling" onto the true, stable
intercept value, as the fitting window now operates entirely within the
stable, linear diffusive data.

In contrast to this behavior in Capillary B, Capillary A exhibited a
relatively small influence from shear convection during cell insertion.
This is strongly supported by Fig. 7, which shows that the Dapp(cu) for
Capillary A was stable and consistent with the reference value [11]
almost immediately from the start of the experiment. Consequently, the
MSD data for Capillary A (Fig. 5) is considered to have been in a linear,
diffusion-dominated regime from an early stage. Therefore, the mathe-
matical artifact seen in Capillary B is presumed to be minimal in
Capillary A. The behavior observed for Capillary A in Fig. 8 (a low

completely dissipate. The (X2

overall value and minor fluctuations of (X2 , ;1) is thus not interpreted
as reflecting a significant physical damping process. Instead, it is
considered to primarily reflect the statistical fitting errors and un-
certainties inherent in applying a moving linear fit to MSD data that
contains intrinsic XRR noise.

Furthermore, a notable feature in Fig. 8 is that the minor fluctuations
in (X2 .. in) appear to be partially correlated between Capillaries A and
B (e.g., the similar increasing/decreasing trends around 400-600 s).
This suggests the presence of a systematic experimental artifact that
affected both samples simultaneously. One probable cause is minor
fluctuations in the X-ray source intensity or detector sensitivity. Such
changes would simultaneously affect the concentration calculations for
both samples, introducing correlated noise into the MSD values. This
noise would then propagate through the intercept calculation, appearing
as the correlated fluctuations observed in Fig. 8.

2 ear in)» the MSD at the end of the
Vxar_ce> and the MSD obtained from ICP-

OES (X2 . (taitf) )1cp_cy- A Straight line represents the linear fit to 300
s, including the end of the diffusion process, and the intercept corre-

Fig. 9 presents a comparison of (X2
diffusion process (X2, (tair)

sponds to (X2

shear m>

In Capillary A, shown in Fig. 9(a), the influence of
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x10°
(a) Capillary A < X2 s (taifd) > 1CP_Cu — <X3 e ou>
10.0 +<Xje>
g 7.5t
A
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aE
Voot
0.0 < S <Xshear in >
x10°
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=
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A
% 50f
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Fig. 9. Time-resolved MSD of Cu with (X2_.. i), (XZear out)> (X2ver)> and
(X2 eas (Laitt) >ICP_CU. (a) Capillary A, and (b) Capillary B. The linear fit over a 300
s interval, including the end of the diffusion process, is represented by a straight
line. The y-intercept of the line represents (X3, ;,). The black plots are the
same in Fig. 5. Especially, the open red and blue circles indicate the MSDs at the
end of the diffusion process for Capillaries A and B, respectively. The open
square presents (X2 (taifr) );cp_c,+ The value obtained by subtracting the open

square from (X2 (taitt)
and < aver>

represents the amount of (X3

>XRR Cu hear out>

shear convection during cell insertion was relatively small, while that
during cell separation was significant. In contrast, Capillary B, shown in
Fig. 9(b), exhibited remarkable shear convection during cell insertion
but a negligible influence during separation. Here, the MSD obtained by

subtracting (X2, (taifr) at the end of diffusion process from

)xrR_Cu
(X2 cas (taitt) )ycp_cy 15 defined as (X3, oue) + (Xzer)- Therefore, the
shear convection can be quantitatively expressed during the diffusion
experlment Table 1 summarizes the values of (X3, ;. (taer)) and

X2 e out) + (X2er) for each capillary. To evaluate the reliability of
these experimental values, their associated standard uncertainties are
also presented in Table 1. The uncertainty for (X2... i (tair)) corre-
sponds to the standard error of the intercept derived from the time-
resolved XRR analysis. Crucially, the value of (X2.,. ou) + (XZe) iS
determined by subtracting the MSD measured by XRR at the end of the
diffusion process from the MSD obtained by ICP-OES. Therefore, its
uncertainty was calculated using the law of propagation of error, syn-
thesizing both the fitting uncertainty of (X2, (taiff));cp o, @nd the
regression uncertainty of the XRR data. The latter was evaluated to be

Table 1
Summary of (X3, i (tair) ) and (X2 . o.0) + (X2,e,) with their associated un-
certainties for Capillaries A and B.

Label <X§hear in (tdiff)> (m?)

(0.16 £ 0.18) x 107°
(1.61 £ 0.17) x 10°°

<Xshear out> + < aver> (mz)

(2.15 + 0.91) x 10°
(0.20 + 0.86) x 107°

Capillary A
Capillary B

Note: Standard uncertainty is indicated by the value following the + symbol.
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4.0 and 3.8 x 1077 m? for Capillaries A and B, respectively, based on the
residual analysis of the time-resolved MSD at the end of the diffusion
process. This quantitative breakdown highlights that the precision of the
correction depends on the combined accuracy of both measurement
techniques.

As shown in Table 1 and Fig. 9, the relative contributions of shear
convection during insertion (X2, ;. (tairr)) and (X200 o) + Xver)
differ significantly between Capillaries A and B. This discrepancy is
likely attributed to slight, unavoidable misalignments or variations in
the mechanical operation during the shear processes. It is important to
note that, despite these large variations in the measured convective
components, this correction methodology allows for the effective
isolation of these arbitrary mechanical effects. As will be shown in the
following section, applying this correction yields consistent results for
the purely diffusive component of Si. This demonstrates the robustness
of our combined XRR and shear cell approach in determining the true
diffusion coefficient, even in the presence of varied experimental
artifacts.

The applicability of this methodology to other temperatures is
maintained by the in-situ calibration using the Cu tracer. Therefore, no
additional theoretical corrections are required for temperature changes.
However, experimental parameters require adjustment at higher tem-
peratures. The diffusion time must be reduced to satisfy the semi-infinite
boundary condition due to faster diffusion. Furthermore, reduced vis-
cosity may prolong the damping time of shear convection. The con-
vection might not reach a stable state within a limited diffusion time.
Consequently, rigorous verification against the reference diffusion co-
efficient of the tracer is essential. This process ensures the accurate
evaluation of the impact of additional mass transport.

5.3. Impurity diffusion coefficient of Si in liquid Al corrected for the
additional mass transport induced by shear convection

Finally, considering the discussion above, the impurity diffusion
coefficient of Si in liquid Al is calculated. Two corrections are applied to
the MSD obtained from the concentration profiles of Si from ICP-OES:
one for the shear convection quantified in the previous section, and
one for the averaging effect defined as (X2,,) arising from subdividing

the sample prior to ICP analysis [8]. The value of (XZ.,) is obtained
from the plot of the average concentration value for each cell. This effect
can be described geometrically as H%/12 ((X2,.,) =H%*/12=1.9 x 1077
mz, where H=1.5 x 107 m) [8]. To account for the uncertainty arising
from the segmentation process, a machining tolerance of H & 0.1 x10°>
m was considered. The resulting uncertainty was estimated to be
approximately 0.3 x 107 m2. Accordingly, the impurity diffusion co-
efficient of Si in liquid Al Dg; is determined from the following equation.

DS' _ <Xx2neas (tdiff) >ICP_Si B <X52heal‘ in (tdiff)> - (<sthear 0ut> + <Xezwer>)
b 2tqite

3)

In addition, the uncertainty of Dg; was derived to evaluate the experi-
mental precision. To quantify the reliability of the obtained values, four
uncertainty components corresponding to the MSD terms were defined.
Specifically, Uicp_si and Ugpear in (tdiff) represent the uncertainties for
(X2 cas (taitt) Yycp_g; AN (X Zear in (taisr) ) Tespectively. Regarding the other
corrections, Ushear out + aver denotes the uncertainty of the experimental
2 2
value <Xshear out> + <X

aver> determined by the Cu tracer, whereas Upyer

represents the uncertainty of the geometric factor (X2..) itself. Conse-
quently, the total uncertainty of Dg;, denoted as U(Ds;), was calculated
based on the error propagation law as expressed in Eq. (4):

1
U<D3i) = Dtise \/Ulgp,si + Us}?ear in (tdiff) + Us}?ear out + aver T Ualeer' G
i
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From Egs. (3) and (4), the measured impurity diffusion coefficients of Si
in liquid Al were found to be (7.78 + 0.91) and (7.84 + 0.88) x 107°
m?s! for Capillaries A and B, respectively. Remarkably, these values
exhibit agreement despite the significant difference in shear convection
observed between the two samples. This consistency demonstrates the
robustness of the present methodology in isolating and subtracting
convective contributions. Consequently, the average value of (7.81 +
0.90) x 107° m?s! is adopted as the reliable impurity diffusion coeffi-
cient of Si.

Furthermore, the value at 973 K extrapolated using the Arrhenius
law reported by Kikuchi et al. in a previous study [10] was (9.7 + 0.8) x
107° m?s!, whereas the present results are lower. This discrepancy arises
because the previous measurement was conducted using the capillary
reservoir method, in which mechanical convection during the experi-
ment likely led to an overestimation of Dg;.

5.4. Effect of thermodynamic coupling in the Al-Cu-Si system on the
impurity diffusion coefficient of Si

In this study, the impurity diffusion coefficient of Si is determined by
subtracting the shear convection, quantified from the XRR data for Cu,
from the apparent MSD of Si obtained from ICP-OES analysis. This
approach is predicated on using Cu as a "tracer," which introduces a
significant challenge: our experiment is a ternary (Al-Cu-Si) system, not
the binary (Al-Si) system of interest. Therefore, it is imperative to
ascertain that the presence and strong concentration gradient of the Cu
tracer do not thermodynamically interfere with the diffusional flux of Si.

In a multicomponent system, the diffusional flux of one component is
driven not only by its own concentration gradient but also by the gra-
dients of all other components, as described by Onsager relations [17,
18]. In the Fick's law formalism, this relationship is captured by the
diffusion coefficient matrix [D]. This diffusion matrix can be expressed
as the product of a mobility matrix [M], which represents the kinetic
contribution and is derived from the fundamental Onsager coefficients,
and a matrix of the thermodynamic factor [I'] (i.e., [D] = [M][I']). The
thermodynamic factor matrix quantifies the thermodynamic driving
forces for diffusion. The diagonal terms (e.g., ['sisi) represent the main
driving force, while the off-diagonal terms (e.g., I'sicy) quantify the
thermodynamic coupling; that is, how the flux of Si is influenced by the
concentration gradient of Cu. If this I'sic, term is negligibly small
compared to the diagonal [s; term, it implies that the diffusional
interaction (coupling) is minimal. This would validate our assumption
that the presence of the Cu tracer does not significantly distort the
measurement of Si diffusion. Therefore, to directly evaluate this
coupling in our system, we calculated the thermodynamic factors.

To further validate this assumption directly for the Al-Cu-Si system,
the thermodynamic factors denoted as I'4 at 973 K were calculated. The
components a and f refer to the impurity elements, Cu and Si. In a
ternary system the matrix of thermodynamic factors [I'ys] is related to
the Hessian matrix [H,z], which contains the second partial derivatives
of the molar Gibbs free energy Gn,. The Hessian matrix is defined as:

1/ 0°G
= m_ ) 5
Hy =7 (()NaaN,;) ®

Here R is gas constant, T is temperature, and N is molar fraction of the

element indicated by subscript. The relationship between the [I'ss] and
[Hqs] matrices is given by[17]

|:FCuCu FCuSi:| B {(1 — Necu)New
—NcuNs;

7NCuNSi HCuCu HCuSi
()

(1 — Ngi)Ns; | | Hsica Hsisi

Fsicu  Dsisi

The [H,;] was then computed by numerically differentiating the G, data
which can be described by the Redlich-Kister polynomial coefficients
[19,20]. The detailed calculation method is shown in Appendix A.
Finally, the thermodynamic factors I';s were determined using the
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Fig. 10. Calculated thermodynamic factors in the liquid Al-Cu-Si system at 973 K. (a) Diagonal term I'cyc, as a function of Cu concentration with the Si concentration
fixed at 5 at %. (b) Diagonal term Is;s; as a function of Si concentration with the Cu concentration fixed at 5 at %. (c) Off-diagonal term I'c,s; as a function of Si
concentration with the Cu concentration fixed at 5 at %. (d) Off-diagonal term I'sc, as a function of Cu concentration with the Si concentration fixed at 5 at %. The
vertical dashed lines indicate the approximate average concentration (2.5 at %) of the diffusion couple.

equation above with a custom-developed numerical code.

The results of this calculation are shown in Fig. 10. Fig. 10(a) and (b)
show the diagonal thermodynamic factors, which represent the main
driving forces for the diffusion of Cu and Si, respectively. Their values at
the approximate average concentration of the diffusion couple are
Tcucy = 0.97 and Tsis; & 1.05 with ccy and cg; at 2.5 at %, respectively.
Fig. 10(c) and (d) show the off-diagonal factors, I'cysi and I'sicy, which
represent the thermodynamic coupling between the Cu flux and the Si
concentration gradient, and between the Si flux and the Cu concentra-
tion gradient, respectively. Both I'cys; and [sicy show a near-constant
value of approximately 0.17 across the relevant concentration range.
This calculated interaction (0.17) is approximately 6 times smaller than
the main diagonal driving forces (0.97 and 1.05).

This finding of small thermodynamic coupling is consistent with
experimental work in similar aluminum-based ternary alloys. For
instance, Engelhardt et al. conducted a detailed analysis of diffusion in
the liquid Al-Ag-Cu eutectic alloy and demonstrated experimentally that
the off-diagonal terms (cross-terms) of the diffusion matrix are several
orders of magnitude smaller than the diagonal terms [21]. Crucially, we
can validate the actual impact of this calculated interaction term. The
term Icys; (Fig. 10(c)) represents the thermodynamic effect of the Si
gradient on the Cu flux. In Section 5.1, we experimentally observed that
the diffusion of Cu was not affected by the presence of Si. This proves
that the calculated thermodynamic interaction of 0.17 with cg; at 2.5 at
% is experimentally negligible and its effect is fully contained within the
uncertainty of the measurement. Given this, we can now assess the term
[sicy (Fig. 10(d)), which is the primary concern for our correction
methodology (the effect of Cu on Si). Since this calculated value (~0.17)
is identical in magnitude to the I'c,s; term just proven to be experi-
mentally negligible, it is reasonable to conclude that the influence of the
Cu gradient on Si diffusion is also minimal and well within the overall

experimental uncertainty. Therefore, the application of the mechanical
convection effect, as measured using Cu as a tracer, to the diffusion of Si
represents a valid approximation for determining the precise impurity
diffusion coefficient of Si.

The validation in the Al-Cu-Si system generalizes the applicability of
this methodology. Specifically, three criteria must be satisfied for the
extension of this methodology to other systems. First, the tracer must
possess a sufficiently different X-ray absorption coefficient compared to
the other components to ensure high contrast. Second, as demonstrated
above, the thermodynamic cross-coupling effect must be negligible.
Significant coupling would invalidate the use of the tracer for the target
element. Third, the system must inherently support stable density
layering. This requires a monotonic density change with concentration
to ensure hydrodynamic stability against natural convection. Regarding
the stability of the alloy system, Suzuki et al. [22] have summarized the
applicability of the shear cell technique, which serves as a useful
reference.

6. Conclusions

The impurity diffusion coefficients of Si in liquid Al alloys at 973 K
were measured using the combined XRR and shear cell technique.
Adding Cu to the Al-Si system enabled stable density layering. The in-
situ XRR observation of Cu concentration profiles confirmed that natu-
ral convection was effectively suppressed during the diffusion process.
Crucially, this study demonstrated the feasibility of quantifying and
correcting for additional mass transport induced by shear convection.
This correction was achieved by quantitatively isolating the mechanical
mass transports, using Cu as a tracer. The initial mass transport from cell
insertion was derived from the intercept of in-situ XRR data. Subse-
quently, the final mass transport from cell separation was determined by
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the difference between the final XRR and ICP results. Consequently, the
impurity diffusion coefficient of Si was determined to be (7.81 £ 0.90) x
10° m?s! at 973 K. The validity of applying this Cu tracer to Si was
further supported by a supplementary analysis of the thermodynamic
factors, which demonstrated that the diffusional coupling between Cu
and Si in the liquid Al-Cu-Si system is negligible.

However, the application of this methodology requires careful
attention to the X-ray absorption of the tracer, thermodynamic in-
teractions with the solute, and the stability of density layering. Provided
these criteria are satisfied, the methodology is applicable to a wide range
of metallic systems beyond ternary alloys, where components other than
the tracer are X-ray transparent.
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The molar Gibbs free energy G, of the liquid Al-Cu-Si ternary system was described using the Redlich-Kister polynomial expansion. The total molar

Gibbs free energy of the system is expressed as:

Gm = Gref + Gideal + Gex~

(A1)

Here G, is the reference Gibbs free energy of the pure components, Gj4e, is the ideal mixing Gibbs free energy, and G is the excess Gibbs free energy.

Gideal = RT(NaiIln(Nyj) + Neyln(Ney) + Ngiln(Ng;)).

The G is the sum of the binary and the ternary contributions.

Gex = NaiNcuLaica + NaiNsiLaisi + NcuNsiLeusi + NailNcuNsiLaicusi-

(A2)

(A3)

Each binary interaction parameter L, is expanded as a function of composition:

s

Lmn = Z (I)Lmn(Nm - Nn)17
1=0

(A4)

Here UL, are the -th order binary interaction parameters, which are temperature-dependent. The ternary interaction parameter Laicusi can also be

expanded, although it is often simplified in liquid systems.

Lacusi = N, AlL:i,Cu.Si +N CULIC\:il,Cu.Si + N, SiL1s\i1.Cu,Si‘ (A5)

Tables A1l and A2 show the summary of binary and ternary interaction parameters for the liquid Al-Cu-Si system, respectively. The thermodynamic
factors [I'] presented in Section 5.4 were derived by numerically calculating the second partial derivatives of the Gy, using Eq. (5). It should be noted
that the G,f term in Eq. (A1) is independent of the molar fractions. Consequently, its second partial derivatives with respect to concentration are zero,
and thus G, does not contribute to the calculation of the Hessian matrix. Only the Gjge, and Gex determine the thermodynamic factors.

Table A1
Summary of binary interaction parameters for the liquid Al-Cu-Si system.

Model (m, n) Interaction parameter (J/mol) Reference
(Al, Cu) OLpcu = — 67094 + 8.555T [23]
WLpce = 32148+ 7.118T
@) Lalcy = 5915 — 5.889T
O)Laicy = — 7290+ 5.5T
(Al, Si) O)Lps = — 11340.1 — 1.23394T [24]
WLasi = — 3530.93 + 1.35993T

(continued on next page)
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Table A1 (continued)

International Journal of Heat and Mass Transfer 263 (2026) 128560

Model (m, n) Interaction parameter (J/mol) Reference
@ Lyg = 2265.39
(Cu, Si) OLeysi = — 37776 + 3.47T [25]
MLeusi = — 44866 + 14.53T
@ Leysi = — 40866 + 8.62T
B)Leysi = — 10060
®WLeysi = 17550
T: Temperature.
Table A2
Summary of ternary interaction parameters for the liquid Al-Cu-Si system.
Model Interaction parameter (J/mol) Reference
(Al, Cu, S) Ll cusi = 40000 [25]

LI%‘,Cu.Si = 50000

S. Suzuki, K.-H. Kraatz, G. Frohberg, Reduction of convection in diffusion
measurement using the shear cell by stabilization of density layering on the
ground, J. Jpn. Soc. Microgravity Appl. 28 (2011) 100, https://doi.org/10.15011/

Lzsxi],Cu.Si = — 10000
Data availability [12]
Data will be made available on request. jasma.28.2.100.
[13]
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