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A diffusion-based technique of microalloying aluminium powder metallurgy products was
examined to expand the range of feasible alloying additions. Thermodynamic calculations
and diffusion rates for several elements suggested that tin and silver were the most
promising; these elements were successfully alloyed into AA 2014 on both a macroscopic
and a microscopic scale. The final microstructures were examined using X-ray diffraction,
X-ray mapping and energy-dispersive electron probe microanalysis. Silver additions were
homogeneous throughout the alloy microstructure, whereas tin was concentrated in
intergranular regions only. The results suggested that the technique was viable for a variety
of microalloying elements. Also, the extent of alloying was predicted reasonably well using
a mathematical mass balance model.  1998 Kluwer Academic Publishers

1. Introduction
In light of the many attractive properties offered by
aluminium (low density, high strength to-weight ratio
and resistance to corrosive environments) the usage
and development of alloys based on this element have
long been pursued. Although each particular applica-
tion dictates that certain properties are inevitably of
greater concern than others, it is the mechanical prop-
erties that are most frequently questioned. As a conse-
quence, a great deal of effort has focused on improving
such properties. Whereas property enhancements for
a given alloy chemistry can be achieved through ap-
propriate heat treatments, working and thermal
mechanical processing, manipulation of bulk alloy
chemistry has been the most popular to examine.
Commonly, additions of Cu, Si, Mg, Zn, Li and Mn, to
an Al base are made of the order of one to several
weight per cent in a wide range of combinations [1].
Although these elements dominate in the determina-
tion of overall alloy properties, subsequent smaller
‘‘trace additions’’ (i.e., 0.1 at%) of additional elements
can also have a pronounced influence. Several main
effects of trace element additions have been estab-
lished [2].

(i) They may induce or remove intercrystalline
brittleness by interacting with grain boundaries and
reduce or increase interfacial energies in the solid
state.

(ii) They may alter the morphology of secondary
phases growing from a liquid.

(iii) They may form stable primary phases so as to
refine cast grain structure and to control recovery and
recrystallization processes.

(iv) They may alter the age-hardening response
through a modification of precipitate size and distri-
bution, crystal structure and/or chemistry, often re-
sulting in improved strength.

As a means of achieving the many possible benefits
of trace element addition to aluminium, Ti, Zr, Ca, Sr,
Na, Ag, Li, Sn, Cd and In are commonly incorporated.
Trace additions of Ti and Zr are known to form stable
intermetallics of the form MAl

3
(where M "Ti or Zr)

which results in possible refinement of the cast
grain size and enables recovery and recrystallization
behaviour to be controlled [2—4]. The addition of
trace amounts of Sr, Na or Ca in levels of the order of
0.01 wt% [5] is known to alter the morphology of
secondary phases such as primary silicon, resulting in
improved mechanical properties [6] and fatigue resist-
ance [7]. Requiring more attention, however, is the
variety of possible manipulations of age-hardening
response exerted on certain alloy systems by trace
additions of Cd, In, Sn, Ag, Be or V.

In many instances the standard precipitation se-
quence common to an aluminium alloy may be modi-
fied so as to enhance the nucleation frequency of
precipitating phases (enhancement of h@ formation in
Al—Cu alloys by Cd, In and Sn [2—10], S formation in
Al—Li-based alloy 8090 by Be and V [11], and g@
formation in Al—Zn—Mg alloys by Ag [2, 10]). As
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a consequence, a much finer distribution of the
strengthening precipitate results, in some cases signifi-
cantly narrowing the detrimental precipitate free
zones which commonly exist along grain boundaries
[10]. In alloy systems such as Al—Cu—Mg and
Al—Cu—Li—Mg, the precipitation behaviour can
actually be altered to a point where the dominant
strengthening precipitate becomes entirely new, differ-
ing in crystal structure and frequently, habit plane and
chemistry. This dramatic effect has been achieved
through trace additions of Ag to Al—Cu—Mg—Li,
which promotes the formation of T

1
precipitates,

deemed responsible for the high strength levels at-
tained in Weldalite 049TM alloy [12]. In other cases,
similar scale Ag additions to Al—Cu—Mg-based alloys
of high Cu-to-Mg ratio have resulted in a transforma-
tion of h@ to a precipitate referred to as ) [13—15],
of improved hardness and elevated temperature
strength [16].

In all cases reviewed to date, trace element addi-
tions have been made through standard ingot metal-
lurgy (I/M) practices, whereby a relatively expensive
master alloy (binary alloy of Al plus several weight per
cent of the trace element) is added to a large melt. In
several recent publications, however, the potential of
an alternative method of microalloying powder metal-
lurgy (P/M) products has been presented [17—19].
Using this technique, a standard P/M procedure of
cold isostatic pressing, sintering and extruding—cold
working has been augmented in that a thin outer shell
comprised of an alloy—mineral mixture is pressed over
a previously pressed alloy substrate, followed by nor-
mal sintering and extrusion practices. Using an appro-
priate mineral, the elevated temperature associated
with sintering promotes chemical reaction(s) between
the alloy and mineral components of the outer shell,
thus reducing the mineral species in situ and liberating
the required trace element. In response to the activity
gradient of this element that exists between the outer
shell and central core regions, and the elevated
temperature of sintering, a net flux inwards results,
principally via intergranular migration. As this micro-
alloying technique is diffusion based, a sintering
temperature slightly above the solidus is employed so
as to accelerate the microalloying rate. Owing to solid
solubility limits [20], some elements modify inter-
granular (once liquid) regions exclusively (e.g., Ca and
Sn), whereas others also interact with the aluminium
grains themselves (e.g., Ag).

The aim of this contribution is to expand the do-
main of potential applications of the process by identi-
fying the most feasible trace element additions to focus
on, through consideration of process parameters such
as mineralogical sources of the microalloying ele-
ments, thermodynamics of alloy—mineral interactions,
and diffusion rates of the selected elements in alumi-
nium. For demonstration purposes, Li, Sn, Ca, Ag, Ti
and Zr are considered; these elements are all impor-
tant in microalloying aluminium, their use depending
upon the intended structural—mechanical modifica-
tion desired.

The minerals and compounds chosen as a source for
each of the elements of interest are cassiterite (Sn),

wollastonite (Ca), spodumene (Li), rutile (Ti), zircon
sand (Zr) and silver nitrate (Ag). Of these, cassiterite,
wollastonite, spodumene and silver nitrate have been
successfully used to date as a source material to micro-
alloy aluminium. Rutile has also been evaluated but
found to be too thermodynamically stable at the sinter-
ing temperatures used to be successful as a source of Ti.

The following sections outline both the thermo-
dynamic stability of these potential microalloying
candidates over the temperature range of interest
(773—913 K), and the expected diffusion rates for each
in an aluminium matrix. Also, some experimental re-
sults for two microalloying elements, namely, Sn from
cassiterite and Ag from AgNO

3
, are presented, to-

gether with a mass balance model developed to pre-
dict final trace element concentrations from starting
mineral—compound composition and concentration.

2. Materials
As a basis for all experiments, a standard commercial
aluminium alloy 2014 (AA 2014) (Al—4.4 Cu—0.8 Si—0.8
wt% Mn—0.5 wt% Mg) was utilized. The chemical
composition was verified to be within the allowable
limits [1]. The alloy powder was supplied by Valimet,
located in Stockton, CA produced through inert-gas
atomization and had a particle size of !325 mesh.
Naturally occurring cassiterite (SnO

2
) was selected as

a source of Sn. However, the mineral proved difficult
to obtain after closure of the only North American
operation in Nova Scotia, Canada. Hence, reagent-
grade SnO

2
was purchased from Fisher Scientific,

having a purity of 99.9% (metals basis) and a particle
size restricted to !200 mesh. Silver nitrate (AgNO

3
)

was likewise purchased from Fisher Scientific, it too
having a purity of 99.9%.

3. Experimental procedure
In order to produce both unmodified (standard) AA
2014 samples, and samples of AA 2014 microalloyed
with additions of Sn and Ag, a previously developed
technique [17—19] was employed. In essence, the pro-
cedure was based on common P/M practices with an
additional ball milling—isostatic pressing sequence.
The production of standard unmodified specimens
consisted of cold isostatic pressing (190MPa) alloy
powder into cylindrical green bodies (of 20 mm dia-
meter and 150 mm length) followed by liquid-phase
sintering at 873 K under flowing high-purity argon,
and cold swaging—annealing into a product of nearly
theoretical density. In the microalloying technique,
the procedure was similar, except that a thin (about
1—2 mm thick) outer shell, consisting of a AA 2014—
mineral (or compound) mixture is isostatically pressed
over the green body, again at 190 MPa prior to
sintering. Microalloying mixtures consisted of
0.05—0.1 mol of the desired mineral or compound per
100 g of AA 2014 powder, dry milled in air for 24 h
with several drops of dispersant (50 : 50 acetic acid :
methanol mixture [21]) using a ceramic ball mill.
These composite green bodies were then liquid phase
sintered for various lengths of times, leaving a dense
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Figure 1 Calculated values of free energy change as a function of
temperature. The reactants in each case were 100 g of AA 2014 plus
0.1 mol of the various trace element source compounds. ((h) AA
2014—SnO

2
; (n), AA 2014—CaSiO

3
; (s), AA 2014—(Li—Al—Si 206);

(d), AA 2014—TiO
2
; (m), AA 2014—ZrSiO

4
; (j), AA 2014—AgNo

3
.

(96—97% theoretical density) central microalloyed
core surrounded by a porous outer shell. After sinter-
ing, this shell layer was readily chipped free from the
dense microalloyed AA 2014 core. Subsequent cold
swaging—annealing operations were thus restricted to
the modified AA 2014 core only; final densities
approached theoretical values.

Each sample produced using this technique was
characterized through scanning electron microscopy
(JEOL JSM 840), energy-dispersive electron probe
microanalysis (EPMA) using standardless correction
(20 kV; 0.3 nA probe current; 120 s scan time; NOR-
VARTM window), and X-ray diffraction (XRD)
(RigakuTM diffractometer using Cu Ka radiation, and
operating parameters of 40 kV, 40 mA and a scan
speed of 4°/min~1). These were used in an effort to
assess the extent of mineral—compound dissociation,
as well as the location and approximate amount of
alloying addition diffused into the central core.

4. Theoretical considerations
In order to introduce the required alloying addition,
the technique as developed relies on two stages: firstly
the dissociation of the alloying element source mineral
or compound and secondly subsequent diffusion of
the liberated element into the central alloy core. In an
effort to determine which of the selected minerals and
compounds were most amenable to processing, the
chemical thermodynamic behaviour and diffusion
rates of the elements of interest in Al were evaluated.
Each of these aspects is discussed in the following two
sections.

4.1. Chemical thermodynamics
Prior to diffusing into the alloy, the trace element of
interest must first be dissociated from its source com-
pound. Thus, any insight into the tendency for this
reduction is invaluable and, as a means of assessment,
one must consider the governing thermodynamic
principles.

A thermodynamic software package , F* A* C*
T*TM (Facility for the Analysis of Chemical Thermo-
dynamics) [22] was employed to provide the thermo-
dynamic calculations. Using this package, the user is
prompted to input the appropriate reactants in their
respective amounts together with temperature and
pressure. As output, a list of the most plausible reac-
tion products, together with a variety of thermodyn-
amic data (including a calculation for the overall free
energy change) is given. On the basis of these data, one
could readily identify which of the candidates were
most likely to be reduced into a form suitable for
subsequent diffusion.

Using F* A* C* T*TM, the dissociation of each com-
pound in the presence of AA 2014 was studied. In all
calculations, the reactants input included 100 g of AA
2014 together with 0.1 mol of the mineralogical, oxide
or nitrate compounds outlined in the previous section.
The results are shown in Fig. 1 and Table I. As shown
in Fig. 1, thermodynamic predictions indicated that all
the chosen minerals and compounds had a reasonable

tendency for dissociation; relatively speaking, AgNO
3

possessed the largest, cassiterite was intermediate,
whereas wollastonite and rutile displayed the weakest.

Aside from predictions into the tendency to react,
those pertaining to the anticipated reaction products
(Table I) are also of use. Intuitively, one may expect
that, should the liberated alloying element react to
form a stable solid compound(s), its ability to diffuse
into the central alloy core would be lessened. Con-
versely, if this element tends to concentrate within the
liquid phase in a soluble manner, the formation of
stable solid compounds is avoided, and an increased
amount is available for diffusion. Using this informa-
tion, it appears that, once liberated, Ca, Sn, Li and Ag
should be readily available for diffusion into the cen-
tral core.

4.2. Diffusion
Once the element of interest has been liberated from
its starting compound, the existence of a chemical
potential gradient coupled with an elevated temper-
ature promotes diffusion-based alloying of the central
AA 2014 core. Since alloying predominantly occurs
during liquid-phase sintering, one must consider diffu-
sion rates not only in the solid phase but also those in
liquid metal. Values for diffusion rates in solid alumi-
nium were compiled from the literature and are given
in Table II. Although a variety of rates have been
measured for most of the binary systems considered,
the values cited in the table are deemed representative.
No experimental data were found for the diffusion of
Ca and Ti in Al; hence, the calculated values from the
model developed by Burachynsky and Cahoon [23]
are included. As shown in the table, Ca appeared to
possess the fastest rate whereas that of Sn was second,
Ag, Ti and Li are all about six times slower than Sn,
and that of Zr was about five orders of magnitude
slower again. As the anticipated diffusion rates differ-
ed by some six orders of magnitude, introduction
of the required element into the solid constituent
during sintering should vary considerably. However,
diffusion into the liquid phase is expected to be
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TABLE I
Summary of the main reaction products predicted by F *A * C *TTM, where the reactants in each case were 100 g of AA 2014 plus 0.1 mol of
the respective trace element source compound

Trace element Predicted reaction products
source compound

Gaseous Liquid Solid

Rutile (TiO
2
) None Al—Cu—Mn—Si Al, TiAl

3
, Al

2
O

3
, MgAl

2
O

4
,

TiSi

Zircon sand None Al—Cu—Mn—Si Al, ZrSi, Al
2
O

3
, MgAl

2
O

4
(ZrSiO

4
)

Spodumene None Al—Cu—Si—Mn—Li Al, Al
2
O

3
, LiAlO

2
, Si, MgAl

2
O

4
,

(LiAlSi
2
O

6
) Mn

10
Si

17
Wollastonite None Al—Ca—Cu—Si—Mn Al

2
O

3
, MgAl

2
O

4
, Si

(CaSiO
3
)

Cassiterite (SnO
2
) None Al—Sn—Cu—Mn—Si Al, Al

2
O

3
, MgAl

2
O

4
AgNO

3
) None Al—Ag—Cu—Mn—Si Al, Al

2
O

3
, AlN, MgAl

2
O

4

TABLE II
Summary of diffusion rates in solid aluminium at temperatures of
interest [22]

Element D
773 K

D
873 K

D
913 K(m2 s~1) (m2 s~1) (m2 s~1)

Al (experimental) 4.06] 10~14 5.10] 10~13 1.20] 10~12

Ca (calculated) 2.63] 10~11 1.68] 10~10 3.14] 10~10

Sn (experimental) 8.13] 10~13 6.73] 10~12 1.38] 10~11

Ag (experimental) 1.56] 10~13 1.26] 10~12 2.56] 10~12

Li (experimental) 1.07] 10~13 1.01] 10~12 2.16] 10~12

Ti (calculated) 1.13] 10~13 1.35] 10~12 3.12] 10~12

Zr (experimental) 3.23] 10~18 2.41] 10~16 1.04] 10~15

significantly different. It is well known that diffusion
rates in molten metals are much higher than those in
solids and typically range between 10~9 and 10~8

m2 s~1, regardless of the element under consideration
[24]. In this light, it is expected that the preferential
diffusion path would be through the liquid compon-
ent, with all elements having a similar likelihood of
being alloyed into the central alloy core.

5. Experimental results
On examination of the theoretical considerations for
the candidates selected (Tables I and II and Fig. 1), the
two compounds believed to be the most amenable for
microalloying by this technique are cassiterite (SnO

2
)

and (AgNO
3
). Hence, the majority of experimental

results detailed pertain to these.
As described, mixtures of AA 2014 powder and the

two compounds were mixed and sintered for various
lengths of time ranging from 0.5 to 16 h. Resulting
compacts were examined using optical metallography,
EPMA and XRD.

XRD results for AA 2014—AgNO
3

and AA
2014—SnO

2
sintered for various lengths of time are

presented in Fig. 2. Regarding the AA 2014—AgNO
3

system (Fig. 2a), diffraction peaks associated with the
nitrate appeared strong in the unsintered mixture; yet
these peaks were absent in scans conducted after sin-
tering, indicating complete dissociation. As shown in
Fig. 2b, SnO

2
had also dissociated during sintering, as

is evident from a substantial reduction in the ampli-

tude of its characteristic peaks, and the subsequent
emergence of peaks characteristic of metallic Sn. How-
ever, it appears that the extent of dissociation was not
as complete as that with AgNO

3
owing to the reten-

tion of small SnO
2

diffraction peaks through all sin-
tering times considered. The trend of decreasing extent
of dissociation was consistent with their respective
tendencies to dissociate as thermodynamically pre-
dicted. The tendency for dissociation was also assessed
in previous experiments using wollastonite [17—19]
and, recently, rutile. Experiments on AA 2014—wollas-
tonite mixtures verified that this mineral dissociated
after sintering, consistent with the thermodynamic
predictions. Somewhat in contrast with this trend,
however, were recent results for mixtures of AA 2014
and rutile. Whereas it was thermodynamically pre-
dicted that this mineral should behave in a manner
similar to that of wollastonite, results indicated that
this compound had in fact undergone no dissociation
after sintering.

As both AgNO
3

and SnO
2

dissociated during sin-
tering, the sintered core products were examined using
EPMA in an attempt to verify the extent and location
of diffusion of microalloying elements. X-ray maps
generated for AA 2014 microalloyed with Sn and Ag
using a sintering time of 16 h are shown in Figs 3 and
4. In general, the microstructure of standard AA 2014
was comprised of alloy grains and intergranular re-
gions, a detailed chemical analysis of which has been
given elsewhere [18]. Briefly, alloy grains had a com-
position similar to that of the bulk alloy, whereas the
intergranular regions were enriched in alloying ele-
ments, the principal of which was Cu. Regarding the
Ag-modified sample, results indicated a homogeneous
distribution of Ag between alloy grains and
intergranular regions. Cu, however, was also found
throughout the sample and yet was more concen-
trated in intergranular regions. For the Sn-modified
sample, results showed that Sn was concentrated in
the intergranular regions only, whereas Cu exhibited
a similar type of distribution to that found in Ag-
modified samples. Studies at higher magnifications
revealed that Sn had behaved in an inert manner with
respect to other elements concentrated in these re-
gions, failing to form intermetallics, and remained as
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Figure 2 XRD scans conducted on sintered mixtures of (a) AA 2014—AgNo
3

(scans 1,2 and 3 denote sintering times of 16 h, 4 h and 0 h,
respectively) and (b) AA 2014—SnO

2
(scans 1, 2, 3, 4 and 5 denote sintering times of 4, 2, 1, 0.5 h and 0 h, respectively). Al, Sn and TES indicate

peaks for aluminium, tin and trace element source (AgNO
3

in (a) and SnO
2

in (b)).

Figure 3 X-ray maps compiled for Ag-modified AA 2014: (a) Ag scan; (b) Cu scan; (c) corresponding secondary-electron image (SEI).

Figure 4 X-ray maps compiled for Sn-modified AA 2014; (a) Sn scan; (b) Cu scan; (c) corresponding secondary-electron image (SEI).

3931



Figure 5 Approximate concentrations of Sn (j) and Ag (m) in
modified and unmodified alloy AA 2014 samples determined by wet
chemical analyses and large-scale energy-dispersive EPMA scans.

Figure 6 Calculated concentrations of microalloying addition in
core and shell components as a function of the fraction of element
diffused: (a) Ca (AA 2014 core; AA 2014#0.1 mol of CaSiO

3
shell;

shell thickness of 1.8 mm, core diameter of 2.5 cm); (b) Ag (AA 2014
core; AA 2014#0.1 mol of AgNO

3
shell; shell thickness of 1.8 mm,

core diameter of 1.8 cm); (c) Sn (AA 2014 core; AA 2014#0.1 mol of
SnO

2
shell; shell thickness of 1.1 mm, core diameter of 2.1 cm);

pure Sn. In previous work [17—19], Ca was found to
have a distribution within the microstructure similar
to that of Sn. However, owing to the very small size of
Ca-based particles, it was not possible to determine
whether Ca was present as a pure metal, intermetallic
or oxide using EPMA. Despite additional efforts using
transmission electron microscopy, identification of the
Ca-based particles remained inconclusive owing to the
preferential attack and fall out of intergranular re-
gions during sample preparation.

Quantitative results for Sn and Ag contents of sam-
ples sintered for various lengths of time are presented
in Fig. 5. All values reported in the figure were deter-
mined using large-scale energy-dispersive EPMA
scans and standardless correction. Although some
measurements approached the lower limit of detection
for the instrument, the results were reproducible and
deemed reasonable since, more accurate, wet chemical
analyses of several of the same samples indicated sim-
ilar concentrations. To confirm these results, tests
conducted on AA 2014 standard unmodified samples,
showed Ag and Sn concentrations to be less than 0.05
wt%. Although not shown in the figure, Ca concentra-
tions (from dissociation of wollastonite) were meas-
ured to be approximately 0.02 at% after sintering for
16 h.

To model the extent of alloying in a quantitative
manner, a computer program was developed that al-
lowed input of process variables such as core size, shell
thickness, aluminium alloy and alloying element (to-
gether with its respective source compound and start-
ing concentration in the blended shell powder). From
a thermodynamic perspective, the inward diffusion of
an alloying element should continue until an equal
chemical potential for the species exists in both the
shell and the core components. To model this situ-
ation accurately, data on the activity and activity
coefficients of the element in AA 2014 are thus re-
quired. However, owing to the limited availability of
such data, the program was written assuming ideal
behaviour. Consequently, the activity of any given
element is assumed to be equal to its respective mole
fraction, thus defining equilibrium as the point of
equal concentrations rather than chemical potentials.

Although the greatest portion of the alloying addition
should diffuse into the core, some must remain in the
shell to satisfy equilibrium conditions. To model this
situation, plots of core and shell concentration versus
the fraction of alloying addition diffused into the core
were produced for Ca, Ag and Sn (Fig. 6) using meas-
ured dimensions and starting concentrations corre-
sponding to actual samples. The intersection point of
the two lines represented the equilibrium concentra-
tion expected together with the efficiency of alloying
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Figure 7 Calculated equilibrium concentrations of various micro-
alloying elements as a function of shell thickness for different sized
cores (sintered diameters are shown on the right-hand side of each
plot) : (a) Ca; (b) Ag; (c) Sn.

element usage. Further extension of the model to

account for varying shell thickness and core diameters
(Fig. 7) revealed that a significant range of micro-
alloying is attainable with minimal variation in shell
thickness.

6. Discussion
Several possible microalloying additions were initially
evaluated on the basis of chemical thermodynamics
and diffusivity considerations. In the case of thermo-
dynamics, it was found that all candidates have a tend-

ency to dissociate during sintering, some more so than
others. In an effort to assess the validity of these
predictions, actual alloy—mineral (compound) mix-
tures were sintered and examined. With respect to the
extent of dissociation, results showed AgNO

3
to be

complete, SnO
2

and wollastonite close to completion,
and yet rutile was completely unaffected. Whereas the
trend of increasing dissociation tendency from wollas-
tonite to SnO

2
to AgNO

3
was thermodynamically

predicted, the inert nature of rutile was not. This
illustrates that, in order to predict correctly the reac-
tions which may occur in any system, one must ad-
dress both thermodynamics and kinetics. Thus, the
discrepancy mentioned was probably a result of rela-
tively sluggish reaction kinetics for rutile.

As the desired alloying addition was made via diffu-
sion, the diffusion rates of candidate elements in Al
were considered. For the three elements of principal
interest, decreasing diffusivities in solid Al from Ca to
Sn to Ag were anticipated. Intuitively one might ex-
pect the same order of decreasing alloying element
concentrations in central alloy cores for any given
sintering time. However, the opposite was discovered,
probably the result of several contributing factors.
First, since liquid-phase sintering was utilized, the
liquid component offered a preferential path of high
diffusivity for any element introduced into the core.
During sintering at 873 K, an Al-trace element liquid
phase will form with Ag, Sn and Ca; this facilitates
permeation (alloying) into the mushy alloy core. On
this basis, it is postulated that trace elements which do
not form a liquid region when alloying with Al (i.e., Ti
and Zr) at 873 K may not permeate the alloy core as
readily. Thus, as Ag Sn, and Ca were expected to have
similar diffusion rates through the liquid phase, the
larger differences between solid diffusivities may not
have been fully reflected in the final concentration of
the element reached.

Another contributing factor is the concentration of
the trace element in the phase contacting the alloy
particles since a higher concentration would tend to
result in a more rapid distribution of the trace element
throughout the alloy core. At the sintering temper-
ature of 873 K, and considering binary [20] systems
only, the contacting phase for Ag and Sn would be
a liquid containing about 50 wt% Ag or 50 wt% Sn,
respectively. For the trace element Ca, the phase con-
tacting the alloy particles would be solid Al

4
Ca, con-

taining about 28 wt% Ca. After sintering for 16 h,
both Sn and Ca are concentrated in the intergranular
regions, which for AA 2014 were once liquid, whereas
Ag is homogeneously distributed throughout the core
microstructure. Since both Sn and Ca diffuse faster
than Ag in Al (Table II), it is reasonable to assume that
these two trace elements would also be distributed
throughout the entire core microstructure. However,
since their solid solubility limits in Al (less than 0.01
wt% and 0.1 wt% for Ca and Sn, respectively) are
below the resolvable limits of EPMA, this assumption
could not be verified.

As revealed in XRD scans of the shell component,
the reduction of AgNO

3
was complete, whereas that

of SnO
2

was not. Consequently, the concentration of
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atoms available for inward diffusion is substantially
greater for Ag than for Sn, leading to a correspondingly
higher concentration gradient, and in turn driving
force, for diffusion. In response, the inward flux of Ag
should be greater than Sn, as shown by the higher
concentrations achieved.

Assays of core alloy chemistry indicated that the
amount of diffusing species introduced varied with
sintering time. Evidently, both microscopic and mac-
roscopic scale alloying could be achieved, provided
that an appropriate sintering time was selected. Al-
though the change in concentration was found to be
relatively steep for short sintering times, a trend to
a plateau developed as sintering continued, suggesting
an approach towards equilibrium. Comparing cal-
culated results with the concentrations measured in
samples sintered for 16 h indicated a reasonable cor-
relation. For example, calculated concentrations of Ag
and Sn were 2.9 wt% and 1.8 wt% respectively, where-
as measurements indicated 2.8 wt% and 1.4 wt% re-
spectively. Thus, despite the simplicity of this
approach, a reasonable estimation of the final concen-
tration was possible.

Although AA 2014 was the sole alloy of interest in
this report, it is believed that the process may be
applied to many additional aluminium-based alloys.
In principle, any aluminium alloy that exhibits a sub-
stantial mushy zone (solid plus liquid regime) should
be amenable to liquid-phase sintering. The network of
liquid that is formed then provides a path for rapid
diffusion and thus allows (micro)alloying addition(s)
to be introduced in a reasonable period of time.

7. Conclusions
1. Owing to similar diffusions rates in liquid Al,

virtually any trace element may be microalloyed into
an appropriate aluminium alloy using this technique.
However, the formation of an Al-trace element liquid
phase at the sintering temperature may be a require-
ment.

2. Using the technique, macroscopic and micro-
scopic scale alloying additions of Sn and Ag to AA
2014 were possible.

3. The extent of alloying principally depended on
the reducibility of the starting compound, the tend-
ency of the addition to form intermetallics, and solid
solubility in aluminium.

4. Of the elements considered, Ag was most readily
microalloyed.

5. Mass balance calculations can be used to pro-
vide reasonable estimates of the trace element concen-
trations achieved.
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