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Abstract

The chlorination of Al-Cu alloys is investigated by thermogravimetry, X-ray diffraction, scanning electron microscopy, energy dispersive
spectroscopy, and energy dispersive X-ray fluorescence, between 200 and 500 °C. The starting temperature for the chlorination of selected alloys
is determined. Results indicate that the reactivity of the alloys is different from that of the pure metals. Analysis of the reaction products reveals
that there are interactions between the different chlorides formed. These interactions lead to an enhancement in the copper chlorides volatilization
and the formation of well-developed crystals of CuCl, instead of the mixture of CuCl, and CuCl that is obtained in the chlorination of pure copper.
A schematic diagram that describes the chlorination mechanisms for the pure metals and AlCu alloys is presented.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The reactions of chlorine with pure metals have not been thor-
oughly studied. The majority of the studies are concerned with
production of anhydrous chlorides for industrial applications
[1-7]. Even less is the information available on alloy chlorina-
tion. However, in the last few years, an increasing number of
chlorination studies related with the recovery of valuable metals
suchas Co, Ni, V, W, Mo, Cr, Fe, Cu, and Zn from complex scraps
have been published [8-10]. This indicates that the chlorination
process has become an important technological subject.

As far as basic research is concerned, Landsberg studied
the chlorination rates of Si-Ge, Mo-Re and Au-Pt alloys with
respect to temperature and chlorine pressure. He found that the
reactivities of the alloys are different from those of the pure
constituents [11]. Chang and Wei [12] reviewed the corrosion
of several metals and alloys in atmospheres containing chlorine
above 200 °C. Regarding kinetics and mechanism he states that
high temperature corrosion consists mainly of diffusion of ions
in the scale of chlorides formed and volatilization of the scale.
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To the authors’ best knowledge, the reaction of chlorine with
Al-Cu alloys has not been studied. It is only known that the reac-
tion of chlorine with aluminium yields AICI3 [1-5,13], while
that of chlorine with copper has two possible products, CuCl and
CuCl; [14]. For copper, in addition to the information related
with synthesis of copper(l) chloride by dry chlorination [7,8,14],
a few basic studies are available [15-18]. Recently, De Micco et
al. [18] reported the formation of both chlorides during the reac-
tion of copper with chlorine for temperatures between 150 and
750 °C. For chlorinations up to 250 °C they obtserved that cop-
per reacts to form CuCl, which forms CuCl; by further reaction,
leading to a layered morphology.

Interactions between reaction products and solid reactants
during the chlorination of multi-component systems are known.
[19,20] For that reason, similar behaviours are to be expected
during the chlorination of alloys.

A gaseous complex between aluminium and copper chlo-
rides, namely CuAl,Clg, was obtained during a process of
etching an aluminium—copper alloy. Its occurrence allows to
convert copper chlorides to a form having sufficient volatility
for removal by complexing with the aluminium chloride. The
complex is readily detected in the gas phase at 280°C [21]. A
AG° value of 33.71 kJ/mol has been reported for the formation of
the gaseous complex from solid CuCl; and gaseous Al>Clg [22].
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Finally, the Raman spectrum of the complex was measured by
Emmenegger et al. for temperatures up to 300 °C. They found
that on increasing temperature, the spectrum of CuAl,Clg(g)
appears with increasing intensity [23].

In the present work, the chlorination of Al-Cu alloys was
investigated for the first time. Following the reaction process
it is possible to establish the general stages of the chlorination
and to reveal the interactions that occur between the different
compounds. The effect of temperature and alloy composition
on chloride volatilization is analyzed.

2. Experimental details
2.1. Alloys

Commercial metals (99.9% purity) were used to prepare
the following alloys: Al 46 wt.%—Cu, Al 18 wt.%-Cu and Cu
4 wt.%—Al. A powder of each alloy was prepared by mechanical
abrasion with an analytical mill (IKA Labortechnik). Thermal
treatments at 450°C for 24 and 52h in air were performed
to release possible residual tensions. The powder samples
of each alloy were well characterized by energy dispersive
X-ray fluorescence (ED-XRF), scanning electron microscopy
(SEM) and X-ray diffraction (XRD). The results are shown in
Fig. 1.

As the figure shows, Al 46 wt.%—Cu and Al 18 wt.%—Cu are
isotropic particles with faceted faces of different sizes from var-
ious microns to about 100 wm. Cu 4 wt.%—Al powder consists
of needle-shped particles of about 1000 wm long. XRD patterns
obtained show that the structures of the alloys are the intermetal-
lic compound Al,Cu for the Al 46 wt.%—Cu alloy, the gamma
phase (Al4Cug) for the Al 18 wt.%—Cu alloy, and a mixture of
Al and Al,Cu for the Cu 4 wt.%—Al alloy.

2.2. Chlorination

The gases used were Cl, 99.8% purity (Indupa, Argentina)
and Ar 99.99% purity (AGA, Argentina). Isothermal and
non-isothermal chlorination reactions were carried out in a ther-
mogravimetric analyzer (TGA), which is extensively described
elsewhere [24]. This thermogravimetric analyzer consists of
an electrobalance (Model 2000, Cahn Instruments, Inc.) suit-
able for working with corrosive atmospheres, a gas line and
an acquisition system. This experimental set-up has a sensitiv-
ity of £5 g while operating at 950°C under a flow of 81/h.
Samples of 20 mg were placed in a quartz crucible inside the
reactor in an argon flow of 1.3 I/h. To begin the non-isothermal
reactions, a chlorine flow of 0.8 I/h was introduced and, at the
same time, the heating started with a ramp of 100 °C/h. For the
isothermal reactions, the solids were heated until they reached
the desirable temperature before chlorine injection. The partial
pressure of chlorine in the Ar—Cl, mixture was 35.5 kPa. Over
the experimental conditions described above, the rate order of
the alloy chlorinations is 10~% mol of Cly/s, which reveals a
gaseous phase diffusion control as demonstrated by previous
publications [18,25]. Therefore, the influence of particle size in
the reaction rate was considered negligible.

3. Results and discussion
3.1. Reactivity of Al-Cu alloys

The chlorination of the Al-Cu system was studied by focus-
ing on the chlorination of three alloys. From the thermodynamic
point of view, the negative AG® values for the chlorination of
copper and aluminium [26] indicate that these reactions are ther-
modynamically feasible at all temperatures. However, it is well
known that when a naked metal or alloy surface is put in con-
tact with air, an oxide scale is formed, which depending on
its microstructural characteristics will have different protective
properties towards the corrosive agents. This is why it can be
asserted that some metals will not react when they are put in
direct contact with chlorine, until the conditions are appropriate
for its penetration through the passivated oxide film and the con-
tact of the gas with the underlying metal is made. Chlorine can
reach the bulk metal by chlorination of the protective oxide scale
or by diffusion through grain boundaries or through structural
vacancies of the oxide film.

The AG* values for the chlorination reactions are negative for
copper oxide, and positive for aluminium oxide, at temperatures
below 1000 °C [26]. According to this, copper oxide will react
while aluminium oxide will not. Therefore, in the case of copper,
chlorine can reach the metal either by chlorination of the oxide
scale or by diffusion through the scale depending on the relative
velocities of the two mechanisms. On the other hand, aluminium
will be attacked by chlorine only when diffusion of chlorine
through the oxide scale takes place.

3.1.1. Non-isothermal chlorination of Al, Cu, Al
46 wt.%—Cu, Al 18 wt. %—Cu, and Cu 4 wt.%—-Al

The initial reaction temperature which is associated with the
system reactivity was determined by non-isothermal thermo-
gravimetric measurements. The chlorination curves for each
alloy together with the chlorination of the pure metals are
shown in Fig. 2. This figure shows the ratio between the mass
change and the initial mass of the sample as a function of
temperature.

InFig. 2, we can see that the starting temperatures for the reac-
tions of the copper-rich and aluminium-rich alloys are similar to
those of the corresponding pure metals, while the Al 46 wt.%—Cu
alloy starts at a higher temperature.

For the Al 18wt.%—Cu alloy, the reaction starts at about
100 °C, the same for copper. The chlorination of Cu 4 wt.%—Al
starts at about 175 °C, and this temperature is 45 °C higher than
the starting temperature for pure aluminium (130 °C). Besides,
the mass changes observed in the chlorination of these alloys are
in accordance with the mass changes observed in the chlorina-
tion of the constituents. The copper-rich alloy presents a mass
gain and the same happens in the chlorination of copper due to
the formation of condensed copper chlorides. The chlorination
of the aluminium rich alloy shows a mass loss, also observed
in the chlorination of aluminium due to the volatilization of
aluminium chlorides.

The chlorination of the Al 46 wt.%—Cu alloy starts at 230 °C,
while reactions of the pure metals start at 100 °C for copper and
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Fig. 1. Morphology, composition and structure of the initial samples: (a) and (d) correspond to powder of Al 46 wt.%—Cu alloy, (b) and (e) powder of Al 18 wt.%—Cu
alloy, and (c) and (f) powder of Cu 4 wt.%—Al alloy. XRD reference patterns from Ref. [28].

at 130°C for aluminium, as mentioned before. Moreover, the
mass change observed in the alloy chlorination is very different
from that of the pure metals. To investigate whether the constant
mass observed in the first part of the curve, i.e. below 230°C, is
due to the absence of reaction or is the result of the compensation
between condensed copper chlorides and gaseous aluminium
chlorides, we did an isothermal chlorination at 200 °C for 2 h.
In that experiment, no mass change was observed. Photographs
of the initial and chlorinated samples obtained with SEM are also
shown in Fig. 2a and b, respectively, and they reveal that there
were no changes in the sample morphology. Finally, XRD anal-

ysis of the same sample confirmed that there was only Al,Cu.
This behaviour is different from that observed in the chlorina-
tion of the pure metals because both begin to react at 200 °C.
The reactivity of the alloy at this temperature is thus lower than
that of the pure metals.

3.2. Chlorination of Al 46 wt.%—Cu (Al>Cu)
To study the general way in which the chlorination reac-

tions of Al-Cu alloys take place, we analyzed in particular the
chlorination of Al,Cu.
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Fig.2. Non-isothermal TG curves for the chlorination of Cu, Al, Al 46 wt.%—Cu,

Al 18 wt.%—-Cu, and Cu 4 wt.%—Al. (a) Initial sample for the chlorination of Al

46 wt.%—Cu, (b) unreacted Al 46 wt.%—Cu alloy after 2h of chlorination at
200°C.

As was reviewed by Chang and Wei [12], high temperature
chlorine corrosion rate has two contributions: diffusion of ions
through the chloride scale, when a layered product is formed, and
volatilization of the scale. Therefore, typical curves of weight
change vs. time for metals show a parabolic mass gain dur-
ing the growth period of metal chloride if volatilization effect
is not significant, followed by a linear mass loss when growth
of chloride is not fast enough to supply the amount required
for volatilization. Usually, diffusion of ions through the chlo-
ride scale is fast enough only at temperatures above 0.5 Ty,
(Tm: melting point), and volatilization is significant only at
vapour pressures above 10~2kPa (10~*atm). The values of
Tm and T4 (the temperature at which the vapour pressure is
10—*atm) for copper and aluminium chlorides are presented
in Table 1.

During copper chlorination reactions, formation of a product
layer consisting of CuCl and CuCl; has been reported [18]. For
temperatures below 275 °C (about 0.5 T\, for CuCly) this layer
tends to stop the reaction by blocking ion diffusion. On the other
hand, in the chlorination of aluminium, volatilization of AICl;
does not allow the formation of a protective scale.

The TG curve for the chlorination of Al,Cu at 400°C is
shown in Fig. 3. The shape of this curve is entirely different
from the typical mass changes versus time curves described
before, which put in evidence that there are several simultane-
ous processes taking place. The reaction starts with a mass loss

Table 1
Aluminium and copper chlorides melting point (7m) and temperatures (74) at
which the chloride vapour pressure is 102 kPa (10~ atm)

Chloride Tm (°C) T4 (°C) Reference
AICl3 181 sublimates 75 [13,25]
cucl 422 950 [14,25]
CuCly 500 Decomposes [18]
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Fig. 3. Isothermal TG curve for the chlorination of Al 46 wt.%-Cu at 400 °C.
(a) Reaction products, (b) reaction quenched during the mass loss, indicated by
4, (c) and (d) reaction quenched in the minimum, indicated by @.

followed by a mass gain, after which, the mass remains constant.
We analyzed the chlorination residues that stayed in the crucible
at the end of the reaction by different techniques. XRD patterns
(Fig. 4a) showed the presence of only CuCl,, ED-XRF and EDS
analyses confirmed that the amounts of copper and chlorine cor-
respond to CuCly, and a small amount of aluminium was also
detected (between 0.5 and 2 wt.%). SEM examinations (Fig. 3a)
showed a uniform morphology of needles already observed for
CuCly [27].

According to these results, during the chlorination reaction
almost all aluminium forms volatile chlorides that evaporate.
This can be explained since the vapour pressure of AICI3 is
10~2kPa at 75°C (see Table 1). However, there is also part
of the initial copper that evaporates, as will be discussed sub-
sequently. This is an unexpected result, taking into account
that the vapour pressure of copper chlorides reaches a value
of 10~2kPa at temperatures considerably higher, as shown
in Table 1.

In order to understand how the alloy chlorination occurs,
we proceeded to interrupt the chlorination reactions at different
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Fig. 4. XRD patterns obtained at different stages during the chlorination of Al
46 wt.%—Cu at 400 °C. XRD reference patterns from Ref. [28].
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Fig. 5. Schematic diagram for the chlorination evolution of copper, aluminium and Al-Cu alloys.

reaction degrees (as shown by symbols in Fig. 3) and to ana-
lyze the samples by XRD and SEM. SEM photographs obtained
are shown in Fig. 3(b—d), and XRD patterns are presented in
Fig. 4. In the first part of the curve during the mass loss, XRD
patterns (Fig. 4b) show that there is Al,Cu, Cu and small peaks
that may correspond to AICI3-6H,0O. The presence of remain-
ing AICI3 can be understood considering that the sample was
quenched before the chlorination is completed. Due to the fast
temperature decrease, part of the AICI3 which is being formed,
is not able to volatilize and remains with the solid product. The
occurrence of metallic copper means that aluminium is being
eliminated faster than copper by volatilization of its chloride.
However, copper chlorination does occur as well during the first
part of the reactions, the presence of CuCl, was confirmed by
interrupting and quenching several partially chlorinated samples
at different temperatures. SEM micrographs (Fig. 3b) also reveal
that the reaction proceeds through the formation of micro cracks
in the solid alloy, and the aluminium chloride formed escapes
from those cracks.

At the minimum of the curve, the morphology of the sample
is completely different (Fig. 3c) there is a sintering pow-
der of metallic copper with a small content of aluminium
(about 12 wt.%, according to EDS measurements), and there are
also some CuCl, crystals. XRD profile shows mainly copper
(Fig. 4c).

A curious feature of this curve is the fluctuations observed
between 400 and 600 s. This behaviour may be due to the forma-
tion of condensed chlorides (mainly from copper) that stop the
reaction by preventing chlorine to contact the remaining metal,
at the point where the rate of mass gain reaches a zero value, the
volatilization rate becomes clear. After some seconds of mass
loss, the chloride layer thins and allows chlorine to reach fresh
metal, leading again to a subsequent mass gain.

A schematic diagram for the reaction of copper, aluminium
and Al-Cu alloys is presented in Fig. 5.

3.3. Influence of temperature in the chlorination of Al-Cu
alloys

We did isothermal chlorinations of the different alloys in the
range between 175 and 500 °C, and chlorine partial pressure
of 35.5kPa. The influence of temperature on the chlorination
reactions can be observed in Fig. 6 where the TG curves are
presented.

The aluminium rich alloys (Fig. 6a) show a mass loss during
the whole reaction which corresponds to volatilization of the
chlorides formed. As Fig. 6a also shows, there is an initial time
interval in which the mass loss rate is null or very slow. This
time gap is smaller as temperature increases. Similar delays at
the beginning of the reaction were observed in aluminium chlo-
rination, especially for temperatures below 250 °C. The initial
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Fig. 6. Isothermal TG curves for the chlorination of (a) Cu 4 wt.%—Al between
175 and 400°C, (b) Al 46 wt.%—Cu between 250 and 500°C and (c) Al
18 wt.%—Cu between 250 and 400 °C.
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time interval may correspond to an induction time due to the
diffusion of chlorine through the oxide scale.

The total mass loss corresponds to about 98% of the initial
mass of the sample. The difference is due to the non-reactive
aluminium oxide scale and also to some copper chlorides as
will be discussed in the next section.

The TG curves for the chlorination of Al 46 wt.%—Cu alloys
are shown in Fig. 6b. Again, for temperatures below 400 °C,
the reaction does not start immediately, as evidenced by an
initial time span with no-mass-change. This behaviour is simi-
lar to that of aluminium, as mentioned before, and is different
from that observed in the chlorination of copper powder for the
same conditions of gaseous flow and partial pressure of chlo-
rine. In that case, the mass gain starts immediately after chlorine
reaches the metal for temperatures above 200 °C. Another char-
acteristic of the TG curves that can be observed in Fig. 6b is
that, as temperature increases, the initial mass loss is larger
and the amount of the final sample is smaller. For temperatures
above 500°C, at the end of the curve the mass continuously
decreases until complete volatilization, whereas for other tem-
peratures the mass reaches an almost constant value. This is in
agreement with the volatilization detected in copper chlorination
reactions where a similar behaviour was observed [18]. Finally,
in Fig. 6¢ the chlorination TG curves for the Al 18 wt.%—Cu
alloy at three temperatures are presented. These reactions show a
mass gain typical of condensed copper chloride formation. How-
ever, simultaneous evaporation of volatile chlorides does occur
as evidenced by the low mass gain observed, and confirmed by
analysis of the final condensed products, as will be discussed
subsequently.

3.4. Reaction products from the chlorination of Cu and
Al-Cu alloys

The chlorinated samples from the reaction of Al 46 wt.%—Cu
and Al 18 wt.%—Cu were analyzed by XRD. We found that they
consist of CuCl, for all temperatures, except for 500 °C (in the
case of Al 46 wt.%—Cu) where CuCl was also detected. To avoid
CuCl, decomposition after the reaction at the highest temper-
atures, i.e. at 450 and 500 °C, the samples were cooled in Cl;
atmosphere [18].

The absence of CuCl at the lower temperatures is in accor-
dance with thermodynamical data [26]. The AG® values for
the reaction 2CuCl + Cl,(g) — 2CuCl; are negative for tempera-
tures up to about 400 °C where it has a value of —3.295 kJ/mol of
Cly, indicating that the most stable specie is CuCl, below that
temperature. However, in the reaction of pure copper powder
with chlorine at 200 and 300°C, we found that the chlori-
nated sample consisted of a mixture of CuCl and CuCl,. The
presence of CuCl in that case was attributed to a deficit of
chlorine established by the formation of solid CuCl,, which
retards or prevents the contact between Cl, and CuCl [18]. In
the alloy chlorination, a possible explanation for the absence
of CuCl is that the continuous evaporation of AICI3 from the
solid does not allow the formation of that protective layer of
CuCl; and gives a path for chlorine to reach CuCl and form
CUC|2.

SEM analyses of the chlorinated samples allowed us to inves-
tigate the morphologies of the reaction products. Fig. 7a—e
correspond to the samples after chlorination of copper at 300 °C,
Al 18wt.%—-Cu at 250°C, Al 46wt.%—-Cu at 400°C, mix-
ture of Al and Cu powders in the ratio of Al,Cu at 400°C,
and Cu 4 wt.%—Al at 250 °C, respectively. Only one temper-
ature is presented for each system because the morphologies
of the final samples were essentially the same in the tempera-
ture range studied. As mentioned above, XRD of these samples
indicated that they consist of CuCl, in the case of the alloy
chlorination, whereas for copper chlorination CuCl was also
detected.

SEM observations revealed that CuCl, grows in needles and,
the morphology of the chlorides obtained in the chlorination
of alloys, as well as in pure copper, is the same. However, the
CuCl; crystal growth is more important during the chlorination
of Al-Cu systems (Fig. 7b—e) than in the chlorination of pure
copper (Fig. 7a).

The atomic percentage of aluminium contained in the copper
chlorides was determined by ED-XRF and EDS for the different
alloys, and the results are shown in Table 2. It can be seen that
the values are below 5% and they seem not to be influenced by
temperature or alloy composition. The amounts of aluminium
contained in the final samples are attributed to the non-reactive
aluminium oxide scale.

3.4.1. Enhanced volatilization of copper chlorides

It is possible to calculate the amount of chlorides evaporated
during the chlorination reactions from the difference between
the initial and final masses of each metal. To do that, we mea-
sured the final composition corresponding to the chlorination of
Al 46 wt.%—Cu and Al 18 wt.%—Cu, and a mixture of Al and Cu
powders in the ratio of Al,Cu, at different temperatures with ED-
XREF (the corresponding results for one temperature are shown
also in Fig. 7f). The amount of the final samples after chlorina-
tion of Cu 4 wt.%-Al were not large enough to be measured by
ED-XRF and, consequently, their compositions were analyzed
by EDS.

In Table 3, the percentages of the initial mass of copper
volatilized during the chlorination of Al-Cu systems compared
with metallic copper [18] are shown. Taking into account that the
volatilization of copper chlorides is negligible during the chlori-
nation of pure copper (see Table 3), our results clearly show that
the presence of aluminium enhances the volatilization of copper
chlorides during the chlorination reactions. This enhancement
can be understood by considering the formation of a gaseous
complex between Al,Clg and CuCly, according to the following

Table 2
Percentage of aluminium in the final samples corresponding to the chlorination
of different alloys at temperatures between 250 and 400 °C

Temperature (°C) Percentage of aluminium in the final copper chlorides

Al 18wt.%-Cu Al 46wt.%—Cu Cu 4 wt.%-Al
250 1.6 2 45
300 2 1.4
400 2 1 5
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Fig. 7. Final samples from the chlorination of: (a) copper at 300 °C, (b) Al 18 wt.%—Cu at 250 °C, (c) Al 46 wt.%—Cu at 400 °C, (d) mixture of Al and Cu powders
in the ratio of Al,Cu at 400 °C, (e) Cu 4 wt.%—Al at 250 °C and (f) atomic composition of the samples determined by EDS and ED-XRF.

reaction [23]:
CuCly(s) + AlxClg(g) = CuAlxClg(g) 1)

The presence of a high concentration of copper in the gaseous
phase as CuAl,Clg, can explain the well defined crystals of
CuCl, obtained, which are bigger than those observed in
the chlorination of copper (see Fig. 7). These chlorides are

Table 3

probably being formed from an isotropic media through a
volatilization—crystallization mechanism during the reactions.
With a simple calculation based on the moles of copper
lost during each reaction, and considering that all copper is
volatilized as CuAl,Clsg, it is possible to estimate the average
partial pressure of the complex under the experimental con-
ditions. For example, in the chlorination of Al 46 wt.%—Cu at

Percentage of copper volatilized for different metals and alloys at different temperatures, and the corresponding quantity: Scuai

T(°C) Percentage of the initial mass of copper volatilized in Moles of Cu that were volatilized every two moles of Al
the chlorination of different metals an alloys volatilized (Scual)
Cud Al 18 wt.%—-Cu Al 46 wt.%-Cu Cu 4 wt.%-Al Al 18 wt.%-Cu Al 46 wt.%—-Cu Cu 4 wt.%-Al
250 Non-detected 23 19 84 ~1 0.19 0.03
300 Non-detected 22 22 100 0.98 0.22 0.03
400 <0.5 26 32 95 ~1 0.32 0.03
29P 0.30°
2 Ref. [18].

b Corresponds to the chlorination of a mixture of powders of copper and aluminium in the ratio of Al,Cu.
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400°C, P(CuAl,Clg) is about 10~1 kPa (10~ atm). The results
obtained are in good agreement with the values of P(CuAl,Clg)
calculated taking into account the AG® values for reaction (1)
[22], P(Al>Clg) 102 kPa (1 atm), and the same experimental con-
ditions. Although the chlorinating gas is a mixture of Cly—Ar,
in the sample surroundings AICI3 is being generated and Cl; is
being exhausted by the reaction, for that reason the partial pres-
sure of AICI3 is expected to be high. Moreover, the residence
time of AICl3 in the sample is long due to the low gaseous flow
(2.11/n) and because the AICI3 formed has to diffuse through a
CuCl; layer before reaching the gaseous phase, as schematically
shown in Fig. 5.

To compare the behaviour of the different Al-Cu systems, it
is useful to calculate the moles of copper that are volatilized for
every 2 mol of aluminium during each chlorination reaction:

(moles of Cu volatilized during the chlorination)

SCU/ZAl = 57 (moles of Al volatilized during the chlorination)

This quantity is called Scypal and is also shown in Table 3.
Therefore, taking into account Eq. (1), Scuzal ~ 1 means that
all aluminium that left the sample has formed CuAl,Clg. On the
other hand, low values of Scy2al (Scu2al ~ 0) indicate that most
of the aluminium left the sample as Al,Clg without forming the
gaseous complex.

When moving from left to right in Table 3, due to an increase
in the relative content of aluminium in the alloys, an increase
in the partial pressure of Al,Clg is expected. Meanwhile, owing
to the lower percentages of copper in the alloys which lead to
the formation of less CuCl,, there would be a decrease in the
surface of reaction for the formation of the gaseous complex.

Therefore, the Scy2ar Values obtained for each alloy may give
evidence on which of the above mentioned opposite behaviours
is determining the amounts of complex formed. In the Al
18 wt.%—Cu alloy, the value of Scy2a) ~ 1 indicates that all the
aluminium chloride available is forming CuAl>Clg and this is
expected since Al,Clg is the limiting reactant considering the
reaction given by Eq. (1) and the alloy composition. On the other
hand, for the Al 46 wt.%—Cu alloy, which has the same Cu/Al
ratio of the complex, the low values of Scy2a| give evidence that,
in this case, CuCl; is the limiting specie in the complex forma-
tion reaction. According to these results, the maximum partial
pressure of AICu,Clg would occur at some intermediate alloy
composition between Al 46 wt.%—Cu and Al 18 wt.%—Cu. The
aluminium content of alloy has to be as high as possible to pro-
duce the maximum Al,Clg partial pressure in combination with
a high reaction surface, i.e. enough amount of CuCl, available
for the reaction.

Finally, for the Cu 4wt.%—Al alloy, the initial amount of
copper is below the stoichiometric quantities of the complex,
copper being the limiting reactant in this case. The surface of
interaction between CuCl, and Al,Clg is significantly reduced,
leading to a very low partial pressure of CuAl,Clg, as can be seen
from the values of Scypal ~ 0. The high percentage of initial
mass of copper volatilized for this alloy are not related with
a great amount of complex formed, but are due to the initial
composition of alloy which has a small amount of copper. For

this alloy even a low partial pressure of the complex represents
a high portion of the initial mass of copper.

Regarding the effect of temperature, the partial pressure of the
complex increases with temperature, as can be seen in Table 3
were there is a slight increase in the percentage of copper chlo-
rides being volatilized with temperature. This is to be expected
since the reaction given by Eq. (1) is endothermic [23]. Further-
more, as is also shown in Table 3, the volatilization is the same
for the case of the Al 46 wt.%—Cu alloy chlorination and for
the mixed powders of pure metals. This indicates that the only
interactions which are important in the complex formation are
those between gaseous aluminium chloride and the surface of
solid CuCl,.

4. Conclusions

The initial temperature for the reaction of selected Al-Cu
alloys with chlorine was experimentally determined. For the Al
18 wt.%—Cu and Cu 4 wt.%—Al alloys, the behaviour observed
was similar to that of pure copper and aluminium, respectively.
On the other hand, for the Al 46 wt.%—Cu alloy, a significant
increase in the reaction temperature was found, which can be
due to a change in the microstructure of the oxide scale.

The chlorination of Al 46 wt.%—Cu at 400 °C was analyzed
in detail. We found that CuCls is the only solid product. At
intermediate stages of the reaction, we detected metallic copper
which indicates that aluminium is being removed from the alloy
by the volatilization of its chloride faster than copper.

The needle morphology of the CuCl, obtained in the
chlorination of alloys is the same that was observed in
copper chlorination reactions. However, in the case of the
alloys, the crystals are much bigger. This was attributed to
the high partial pressure of CuAl>Clg which would lead to
a volatilization—crystallization growth mechanism during the
reaction.

Finally, regarding chloride interactions, we found that
volatilization of copper chlorides is enhanced during the alloy
chlorination. The volatilization observed for the different alloys
can be understood taking into account the CuAl,Clg forma-
tion reaction which involves solid CuCl; reacting with gaseous
Al Clg.
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