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Abstract: Gas aluminizing of pure titanium and nickel samples was carried out in open and closed systems. All the samples were
aluminized at 1100 °C for 3 h using pack containing 10%AI+5%NH,C1+85%Al,0;. Although an « solid solution of Al in Ti was
formed on the surface of titanium samples treated in the open set-up, but the samples experienced a mass loss of 32.37%. However,
the results of titanium samples treated in the closed set-up showed that a TiAl; layer and some « solid solution were formed on the
surface of these samples without any reduction in mass. Thermodynamic analysis demonstrated that the mass loss of treated titanium
samples in the open set-up is due to the continuous formation of titanium chlorides during aluminizing process. Nevertheless,
running the experiments in the closed system indicated that the corrosion of titanium samples vanished due to attaining the
equilibrium condition. On the contrary, it was observed that nickel samples can be successfully pack aluminized without any mass
loss in both open and closed systems. The presence of NiAl and Ni3Al phases on the surface of treated nickel samples was confirmed

by XRD and EPMA results in both set-ups.
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1 Introduction

Ni-based and Ti-based alloys have been widely used
in high temperature oxidation and hot corrosion
environments. Since these alloys are relatively expensive,
prolonging their life span has been one of the main goals
of researchers in this field. The aluminizing processes
have been applied to these alloys for further prolonging
their life span in severe corrosive and oxidative
conditions. Due to aluminizing treatment, a continuous
and dense Al,O; layer is formed on the surface of these
alloys under high-temperature applications. Therefore,
the oxygen penetration to the interior of such alloys is
restricted. As a consequence, this results in decrease of
oxide formation on the surface and hence hinders the
high temperature failure [1]. Different methods have
been used to produce an aluminide layer on the surface
of these alloys. These methods include pack-aluminizing
[2,3], magnetron sputtering [4,5], hot dipping [6,7], PVD
[8,9], etc.

Pack aluminizing or halide-gas aluminizing is one

of the most common aluminizing methods which have
been industrially applied for coating of Ni-based [10]
and Ti-based [11,12] alloys. Numerous researchers have
investigated the effects of coating temperature, coating
time, powder mixture compositions, different activators,
and substrate compositions on the microstructure and
mechanical properties of aluminide layers on these alloys.
In addition, some of them have focused on the oxidation
and corrosion behavior of the aluminized Ni-based and
Ti-based alloys [12—17]. To the best of authors’
knowledge, insufficient data are available in the literature
about the effect of open and closed aluminizing set-ups
on the phases formed during the process as well as the
effect of system types on the thermodynamics of the
process. Thus, the present research work was undertaken
to investigate the pack aluminizing of pure titanium and
nickel samples in both open and closed set-ups. An open
system is, hereinafter, assigned to a set-up which is
capable of exchanging materials to or from the
environment while a closed set-up is referred to one that
does not allow any materials to be exchanged between
the system and the environment.
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2 Experimental

Nickel (99.99% purity, mass fraction) and titanium
(99% purity) samples with the dimensions of 16 mmx16
mmx1.5 mm and 20 mm*20 mmx0.6 mm were prepared
and used in this work, respectively. The samples were
ground up to 1000 grit emery paper, washed with acetone,
ultrasonically cleaned in ethanol for 15 min and dried.
The dried specimens were then weighed by a balance
with the precision of + 0.001 g before the aluminizing
process.

100 g of powder mixture containing 10% Al, 5%
NH,CI, 85% Al,O5 was used as a chloride-gas-generating
source for each run in both the open and closed
aluminizing set-ups. The powder mixture was used after
being mixed up by tumbling in a ball mill for 4 h.

Two different systems were designed and built as
illustrated schematically in Fig. 1. In the open set-up
(Fig. 1(a)), the high purity argon was purged into the
system for 15 min after placing the samples and powder
mixture inside the furnace. The temperature of the tube
furnace was raised to 1100 °C in 1 h and held for 3 h.
The samples were then cooled to ambient temperature in
the furnace after the aluminizing time was over. The
open set-up was run under a slight positive pressure of
argon to ensure a neutral medium inside the system
during aluminizing process.

(a)

Aluminizing
powder mixture
Y
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In the closed set-up (Fig. 1(b)), after placing the
crucible (containing sample and powder mixture) inside
the furnace, it was evacuated to the pressure of 3x107 Pa.
Similar to the open set-up, the furnace temperature was
raised to 1100 °C in 1 h and held in that temperature for
3 h and then cooled to room temperature. In order to
decrease the corrosive effects of halide gases on furnace
walls, high purity argon was injected to the furnace to
increase the furnace pressure to 1.92x10* Pa when the
temperature was 350 °C.

After the samples
temperature, they were weighed by a precise balance.

were cooled to ambient
Then they were sectioned and observed with an optical
microscope. The thicknesses of the coating layers were
measured from optical images using Clemex Vision
software. An X-ray diffractometer (Panalytical X’per
Pro) with Cu K, radiation was used to determine the
phases in the coatings. Further microstructural and
chemical analyses were done using a scanning electron
microscope equipped with EDS (EDS Inca X-sight) and
an electron probe micro analyzer (EPMA). In addition,
thermodynamic analysis was carried out using the data
from HSC Chemistry Software version 5.11'%. This
software contains the thermodynamic data for more than
25000 chemical compounds and is used for various kinds
of chemical reactions and equilibria calculations as well
as process simulations.
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Fig. 1 Schematics of aluminizing systems: (a) Open set-up; (b) Closed set-up
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3 Results and discussion

3.1 Aluminizing results

The cross-sectional observations of nickel samples
treated at 1100 °C for 3 h in both set-ups are shown in
Fig. 2. As can be apparently seen, the coatings consist of
two layers with different thicknesses. Gravimetric
measurements confirmed that nickel samples were
successfully aluminized and the mass increases of 1.37%
and 1.77% (Table 1) for the samples treated in the open
and closed set-ups were obtained, respectively. The mass
increase of nickel samples is due to the Al take-up during
aluminizing process. XRD patterns (Fig. 3) show that
two layers of intermetallic phases, i.e. NiAl (48.2 pm)
and Ni3Al (4.7 um), are formed on the surfaces of nickel
samples treated in the open set-up (Fig. 2(a)). The details
of EPMA analyses of points 1 to 4 marked on the sample
cross section given in Fig. 2 are presented in Table 2.
These EPMA results are in accordance with those
obtained from XRD patterns. Moreover, the results show
that the surfaces of nickel samples treated in the closed
set-up are also composed of NiAl (52.7 um) and Ni;Al
(5.2 pm) phases (Fig. 2(b)). Comparison of the EPMA
analyses of point 1 with point 5 in Table 2 shows that the
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surface of nickel samples treated in the closed set-up has
a slightly higher Al content than the surface of samples
aluminized in the open set-up.

However, the different behavior was observed for
aluminizing of titanium samples at 1100 °C for 3 h in the
open and closed set-ups. The microstructures of the
treated titanium samples are shown in Fig. 4. This figure
shows a porous layer on the sample treated in the open
system (Fig. 4(b)), while nearly dense layers can be seen
on those treated in the closed set-up (Fig. 4(d)). Although
XRD patterns (Fig. 5(a)) and EPMA results show that an
a(Al) solid solution in Ti is formed on the titanium
samples treated in the open set-up, but gravimetric
measurements proved that the samples experienced a
mass loss of about 32.37% (Table 1). This significant
mass loss and the presence of porous layer (Figs. 4(a)
and (b)) on the surface of these titanium samples are
evidences of corrosion. On the contrary, the results of
aluminizing of titanium samples at 1100 °C for 3 h in the
closed set-up show a mass increase of almost 10% (Table
1). Further investigations by XRD technique (Fig. 5(b))
and EPMA demonstrate that two rather thick phases
including a TiAl; phase (39.7 um) and an a(Al) solid
solution in Ti (nearly 100 pm) are formed on
titanium samples treated in the closed set-up (Fig. 4(c)).

Fig. 2 Cross sectional microstructures of aluminized nickel samples at 1100 °C for 3 h: (a) In open set-up; (b) In closed set-up

Table 1 Summary of results of aluminizing samples at 1100 °C for 3 h

Mass change
Set-up Mass before Mass after

Mass change per

Coating constituents determined by

Sample . . per initial mass initial area/
type  treating/g  treating/g S XRD, EDS and EPMA
(Aw/wg)*100) (mg-cm )
Ti  Open 1032 0.698 3237 -33.219 @(Al) solid solution in Ti
(25.27%, mole fraction, Al in surface)
TiAl; (39.7 um)
Ti  Closed 1.031 1.134 9.99 14.981 TiAly, TiAl and Ti;Al (3 to 10 um)
o(Al) solid solution in Ti (=100 pm)
NiAl rich in Ni (48.2 um)
Ni  Open 0.952 0.965 1.37 5.657 Niz;Al (4.7 pm)
Al solid solution in Ni
NiAl rich in Al (52.7 um)
Ni  Closed 0.961 0.978 1.77 7.421 NizAl (5.2 um)

Al solid solution in Ni
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Fig. 3 XRD pattern of nickel sample aluminized at 1100 °C for
3 h in open set-up

Moreover, it is observed that three very thin and uneven
layers of TiAly, y-TiAl and a,-Ti;Al (altogether 3 to 10
um) are formed between the TiAl; phase and a(Al) solid
solution layer on these samples (Fig. 4(d)).

3.2 Evaluation of corrosion behavior

The possible independent reactions taking place in
the pack aluminizing process of titanium and nickel
samples are listed in Table 3 using HSC 5.11 software
[18]. The NH,4CI activator is totally decomposed into
HCI and NH; gases (Reaction 1 in Table 3) in the heating
step during aluminizing process as pointed out earlier by
other researchers [19,20].

The released HCl gas reacts with aluminum
powders in the pack to form various aluminum chlorides
(Reactions 7—10 in Table 3), which play the main role

Corroded layer

©

/m

/m

a(Al)solid solution
and Ti substrate

Fig. 4 Cross-sectional microstructures of aluminized titanium samples at 1100 °C for 3 h: (a, b) In open set-up; (c, d) In closed set-up

Table 2 Results of EPMA analysis from points marked in Fig. 2

Point - Ni - - Al - Detected phase
Mole fraction/% Mass fraction/% Mole fraction/% Mass fraction/%
1 58.50 75.41 41.50 24.59 NiAl
2 62.51 78.39 37.49 21.61 NiAl
3 73.38 85.71 26.62 14.29 NizAl
4 94.44 97.36 5.56 2.64 Al solid solution in Ni
5 49.86 68.39 50.14 31.61 NiAl
6 57.19 74.40 42.81 25.60 NiAl
7 61.90 77.95 38.10 22.05 NiAl
8 72.19 84.96 27.81 15.04 NizAl
9 93.34 96.83 6.64 3.17 Al solid solution in Ni
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Fig. 5 XRD patterns from surface of titanium samples
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aluminized at 1100 °C for 3 h: (a) In open set-up; (b) In closed
set-up

in aluminum transfer during the aluminizing process
[10,19]. Since the samples are also in contact with the
released HCl gas in the aluminizing systems, the
reactions between the samples and HCl gas can also
occur. These reactions for nickel (Reactions 11—13) and
titanium samples (Reactions 14—17) are listed in Table 3.
Comparing the standard Gibbs free energy changes for
the above mentioned reactions at 1100 °C, it can be
concluded that the reactions between HCI and aluminum
(Reactions 7—10 in Table 3) are more preferable than
those between HCI and nickel (Reactions 11—13 in Table
3). This is due to the positive standard Gibbs free energy
changes for the latter reactions. As a result, when nickel
samples and aluminum powders are exposed to HCI gas
in the aluminizing set-up at 1100 °C, the HCI gas does
not have any thermodynamic tendency to react with
nickel samples. Consequently, no corrosion and no mass
loss are observed in the nickel samples treated at 1100 °C
in both the open and closed aluminizing set-ups.

On the contrary, the standard Gibbs free energy
changes for reactions between HCI gas and titanium
(Reactions 15—17 in Table 3, reaction 14 is an exception)
are negative and in the same order of those for reactions
between HCl gas and aluminum (Reactions 7—10 in
Table 3). Therefore, when pure titanium samples and
aluminum powders are exposed to HCI gas in an
aluminizing system at 1100 °C, the HCI gas has the same

thermodynamic tendency to react with both the titanium
samples and aluminum powders to form titanium and
aluminum chlorides. It is believed that titanium chloride
gases, i.e. TiCl,, TiCl; and TiCly, are continuously
formed and exhausted from the open set-up during
aluminizing process and hence causes the samples to be
corroded.

However, in the case of aluminizing in the closed
set-up at 1100 °C no corrosion was detected in the
titanium samples and nearly 10% mass gain was
obtained. To address this phenomenon, it has to be
considered that since the set-up is closed and the
temperature is high enough, the equilibrium condition is
readily established in the closed system. It means that the
reactions between HCl gas and titanium samples
(Reactions 14—17 in Table 3) will reach equilibrium
because the pressures of titanium chlorides are increased
gradually due to non-removal from the closed
aluminizing set-up. Therefore, it can be implied that,
when a closed aluminizing set-up is used, very small
amounts of titanium samples are consumed by Reactions
14—17 prior to equilibrium conditions. Thereafter, further
corrosion of titanium samples is stopped. A model
(section 3.3), which is based on the thermodynamic
principles and mass balance calculations, was used to
explain this situation. The results obtained from this
model showed that the initial mass loss is very small and
in the order of 10 to 10 ° g depending on several factors
such as process temperature, system volume and initial
activity of Ti in titanium samples. Clearly, this mass loss
of titanium samples is negligible and eventually
compensated by the Al take-up during the aluminizing
process.

3.3 Mass loss prediction in closed aluminizing set-up

As mentioned in the previous section, a
thermodynamic model was developed to predict the mass
loss of titanium samples during aluminizing in the closed
set-up. At the first stage, this model calculates the partial
pressures of gases by using the equations derived from
equilibrium conditions of reactions occurring in the
system. The reactions and the resulting equations are
listed in Table 3. In order to find the equilibrium partial
pressures of gases, all the equations have to be solved
simultaneously. For solving this set of equations with 15
unknown partial pressures, 15 equations are required. As
a consequence, two more equations were derived on the
basis of mass balances from the decomposition of NH,Cl
activator. The derived equations as well as the details for
deriving them are presented in Appendix A.

After attaining the required numbers of equations,
the set was solved using a semi-analytical method. Table
4 presents the answer for the case of pack aluminizing of
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Table 3 Possible reactions occurring in pack aluminizing of titanium and nickel samples at 1100 °C as well as derived equations on
basis of equilibrium conditions

No. Reaction AG® /(kI'mol ™" Equation used for calculating partial gaseous pressures **
All of NH,Cl is decomposed and
— -+ * —
! NH,CI(y=NH;(g)+HCl(g) 172:5 this equation is not in equilibrium
Pcl,(g) " PH
2 2HCI(g)=Cly(g)+H,(g)* 206.3 L
PHcig)
PN, (e) Pi (
N H,(g)
3 2NH;(g)=Na(g1+3H(e)* 2107 ki =5+
PNH;(2)
1
4 N,(g)+2Al(1)=2AIN(s)* —335.8 Koy = 2
PN, (e) " 2al
5 N,(g)+2Ti(s)=2TiN(s) ~416.4
6 N,(g)+6Ni(s)=2Ni;N(g) 237.6
Paicie)* Phi.
7 HCl(g)+Al(1)=AICI(g)+0.5H,(g)* —54.4 Koy = @) T8
Puci(g) “2aiq)
Phiciye) " PH
A H
8 HCl(g)+0.5A1(1)=0.5AICL(g)+0.5H,(g)* -37.2 ey = el )
Puci(g) " Al
| | i3 %S
9 HCI(g)+— Al(l)=— AICl;(g)+0.5H,(g)* —66.5 ooy = %ﬁ;@
3 3 Puci(g) " 2ai)
1 1 LS %
10 HCl(g)+ = Al(l)== ALCls(g)+0.5H,(g)* —55.2 koi0) = Mﬁ;@
3 6 Puci(g) " 2Al()
11 HCI(g)+Ni(s)=NiCl(g)+0.5H,(g) 136.8
12 HCI(g)+0.5Ni(s)=0.5NiCl,(g)+0.5H,(g) 39.9
1. 1
13 HCI(g)+ 3 Ni(s)= 3 NiCly(g)+1.5Hx(g) 75.6
P 23
14 HCI(g)+Ti(s)=TiCl(g)+0.5H,(g) 118.7 kprqy = — 2 —2®
Puci(g) " 4Ti(s)
Prict, @) " PH.
Ti H
15 HCl(g)+0.5Ti(s)=0.5TiCly(g)+0.5H,(g) -30.7 kois) = LO;@
Puci(g) * 4Ti(s)
1 1 i30S
16 HCl(g)+ = Ti(s) == TiCl3(g)+0.5H,(g) 554 ko) = Lﬁ;ﬂw
3 3 Puci(g) “9Ti(s)
Prict, (@) PH.
Ti H
17 HCI(g)+0.25Ti(s)=0.25TiCl4(g)+0.5H,(g) —46.2 kya7) = Loés(g)
Puci(g) “ 4Ti(s)
- _ Prie)
18 Ti(s)=Ti(g)* 274.8 koas) =
atis)
PAl(g)
19 Al(D=Al(g)* 154.7 Kooy =
NI

*These reactions take place in both cases; ** k;, is the equilibrium constant for each reaction at 1100 °C
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titanium samples at temperature 1100 °C. After
calculating the partial gaseous pressures, the corroded
amounts of titanium samples were determined by using
the calculated partial pressures of titanium-containing
gases according to Eq. (1):

. MV
m(Ti) = Mr; zni = R—TJI,(PTi(g) + Pricig) T

Pricl, () T Pricly(g) + Prici, (g)) (1)

In the above equation, m(Ti) is the mass loss of
titanium samples (g), Mr; the molar mass of titanium
(47.87 g), n; the number of titanium moles in different
titanium-containing gases, V the set-up volume (50 L), R
the gas constant, 7 the treating temperature (K) and p; is
the partial pressure of gas i. The mass loss of titanium
samples treated in the closed set-up at 1100 °C was
computed from the calculated partial pressures of
titanium-containing gases presented in Table 4. The
computed value is equal to 6.08x1077 g. The same
procedure was also used for the case of pack aluminizing
of nickel samples at 1100 °C in a closed set-up. The
calculated partial pressures of gases are also shown in
Table 4. The mass loss of nickel samples was computed
to equal 2.26x10° g based on the calculated
nickel-containing gases. It is clearly observed that this

Table 4 Calculated gas pressures inside a closed set-up in the
case of pack aluminizing of titanium and nickel samples at
1100 °C

Calculated pressure/Pa

Gas = Juminizing of titanium _ Aluminizing of nickel
TiCl(g) 4.239x10°% -
TiCly(g) 2.853x107* -
TiCly(g) 2.602x107* -
TiCly(g) 1.249%x107° -
NiCl(g) - 6.015x1076
NiCly(g) - 8.402x1077
NiCly(g) - 2.041x107"
AICI(g) 1.111x10* 1.111x10*
AICL(g) 60.77 60.77
AlCly(g) 3.310x10° 3.311x10°
ALClg(g) 0.287 0.287

Ti(g) 5.116x107" -

Ni(g) - 3.90x107°

Al(g) 0.131 0.131

Ha(g) 4.243x10* 4.243x10*

HCI(g) 61.98 61.98

Ny(2) 1.732x1078 2.857x107°

NH;(g) 1.117x107¢ 4.533x107°
Cly(g) 1.276x10°° 1.276x107°

value is nearly 270 times smaller than the titanium mass
loss at 1100 °C.

Although only the results of aluminizing at 1100 °C
were presented and discussed up to now, but the obtained
experimental and thermodynamic model results show
that the same situation also exists in the temperature
range of 800 to 1200 °C (this range is a common
temperature range for pack aluminizing of titanium and
nickel alloys). Figure 6(a) compares the standard Gibbs
free energy changes for reactions between HCI gas,
nickel and aluminum in the mentioned temperature range.
It is apparent that the reactions between HCIl gas and
nickel cannot cause corrosion of nickel samples during
aluminizing process at this temperature range due to
higher and positive standard Gibbs free energy changes.
As a result, it can be concluded that for pack aluminizing
of pure nickel samples by using NH,Cl activator, only a
neutral medium is required in order to prevent the nickel
samples and other constituents from oxidation. The type
of aluminizing set-up is not a critical and problematic
point in pack aluminizing of pure nickel samples.

300 -
(a) * — HCHgh+AlD=AICKg)+0.5H:(g)
= — HCI()+13AI()=1/3AICk (2)+0.5Hs(g)
4 — HCH(gyNi=NiCl(g)0.5H ()
i ® — HCI(g)+1/3Ni=1/3NICli(g)+0.5Ha(g)
200 + — HCI(gy0.5AI0=0.5AICL(g)+0.5H(g)
a 4 — HCI(g}+1/3AI()=1/6ALCl(g)+0.5H:(e)
g \
: + — HCI(2H0.5Ni=0.5NICl{g)+0.5Hs(g)
— |00 r
= - -
=
L
O
< 0F
— =
-100 . . .
800 900 1000 1100 1200
Temperature/°C
(b)
3
100+ X — HCI(gHAI()=AICIg)*0.5H:(g)
— ® — HCl(g)+13AID)=1/3AIC](g)+0.5Hs(g)
T 4 — HCI(HTi=TiClig)+0.5H(e)
© o — HCI(g)+1/3 Ti=13TiCl(g)+0.5H(g)
= * — HCI(2)+0.5A101)=0.5AICL(g)+0.5H(g)
= — HCI(g)+1/3AI()=1/6ALCly(g)+0.5H(g)
= + — HCI(gH0.5Ti-0.5 TiCl,(g)+0.5H,(g)
@ or - HCl(g)#0.25Ti=0.25TiCly(2)+0.5Hx(g)
)
< s
i~ RS 3
-100 ) . )
800 900 1000 1100 1200

Temperature/°C

Fig. 6 Comparison of standard Gibbs free energy changes for
reactions between HCl gas and nickel (a) and HCI gas and
titanium (b) in temperature range of 800—1200 °C

In addition, Fig. 6(b) compares the standard Gibbs
free energy changes for reactions between HCI gas,
titanium and aluminum in the temperature range of 800
to 1200 °C. It is clear that the reactions between HCI gas
and titanium samples can take place simultaneously with
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reactions between HCl gas and aluminum during
aluminizing process. As mentioned earlier, this is
because the standard Gibbs free energy changes for
reactions between HCl gas and titanium (except for
reaction 14 in Table 3) are negative and in the order of
those for reactions between HCI gas and aluminum in the
temperature range 800 to 1200 °C. This can cause a
severe corrosion of pure titanium samples, if they are
pack aluminized in an open set-up. As a result, for
successful pack aluminizing of pure titanium samples, a
closed system must be used or the gases produced during
aluminizing process must be circulated in the set-up in
the temperature range of 800 to 1200 °C.

4 Conclusions

1) Pure nickel samples can be successfully pack
aluminized under neutral atmosphere using either an
open or a closed set-up.

2) Pack aluminizing of pure nickel samples using a
powder mixture of 5%NH,Cl+10%Al+85%Al,0; at
1100 °C for 3 h resulted in the formation of a coating
layer containing NiAl and Ni;Al intermetallic phases.

3) In order to successfully aluminize pure titanium
samples, the aluminizing system has to be closed.

4) Pack aluminizing of pure titanium samples using
5%NH4Cl+10%A1+85%A1,0; powder mixture at 1100
°C for 3 h in a closed set-up resulted in the formation of
a coating layer mainly composed of TiAl; intermetallic
phase and an a(Al) solid solution in titanium. Three very
thin layers of TiAl,, TiAl and Ti;Al were observed
between the TiAl; and solid solution phases.

Appendix A

Two equations were derived on the basis of mass
balance for activator decomposition. It is clear that the
hydrogen resulting from NH4Cl activator decomposition
would be consumed by hydrogen-containing materials
such as NH;, H, and HCI gases (Eq. (A1)):

A, c1 = 20, g) t cie) T 3NH, o) (AD)

where n; is the mole number of species i. Since the
equations derived from equilibrium conditions contain
partial pressures of gases, Eq. (A1) should be converted
to an equation containing partial gaseous pressures. This
can be done by assuming the ideal behavior for gaseous
species.

RT
4ny, o1 % A =2pu, (g) + PHClg) T 3PNH, (g) (A2)

where V' is the set-up volume (50 L), R is the gas
constant, T is the treating temperature (K) and p; is the
partial pressure of gas i. The same logic is also used to
derive the equation for chlorine mass balance, i.e. the

chlorine resulting from NH4Cl activator decomposition
would be consumed in chlorine-containing materials.

ANH,Cl = MHCIg) + MAICIe) + 27AICL (2) T IMAICT (@) T
67141,1, (2) + MTiCIe) T 21Ticl, (2) T 3N Ticl, (g) T
4nict, o) + 201, ) (A3)

Similar to the previous case, the above equation
can be converted to Eq. (A4) by assuming the ideal
behavior for gaseous species:

IONEHO RS N = PHclg) T PAicie) T 2Paict, o) T 3Paic g) +

6P AlLCl, () T Pricie) T 2Pricl, g) +3Pricl (@) T
4prict, )+ 2Pcl, (@) (A4)

The equations (A2) and (A4) were used for
completing the set of equations.
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