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Abstract: Pure titanium samples were aluminized at 950, 1025 and 1100 °C for 0−6 h in a pack containing 10%Al+5%NaF+ 
85%Al2O3 in mass fraction. The aluminized layers formed on the samples were characterized. The kinetic studies indicated that the 
diffusion of Al-bearing gases through the pack is the rate-controlling step in this process. The activation energy of 161.8 kJ/mol was 
calculated for this step. In addition, the mass gains of the aluminized samples were predicted using the partial pressures of gases in 
the pack and those adjacent to the samples surface. The predicted values are in good agreement with the experimental measurements 
at 950 ◦C but are higher than those measured at 1025 and 1100 °C. 
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1 Introduction 
 

Titanium-based alloys have been recently studied in 
order to replace the nickel-based alloys due to their 
higher melting temperatures and nearly 45% (mass 
fraction) lower density [1,2]. Nevertheless, the lower 
oxidation resistance of these alloys in comparison with 
the nickel-based alloys is the main drawback due to the 
formation of a brittle and fragile TiO2 surface layer at 
temperatures higher than 600 °C [3,4]. Aluminizing with 
a pack containing filler material (Al2O3), aluminum 
source (Al powder) and an activator (such as: NaF) is the 
conventional and industrial method for improving the 
oxidation problem [5,6]. Pack aluminizing enhances the 
oxidation resistance of titanium alloys by forming 
aluminide layers on their surfaces [7,8]. These layers are 
susceptible to Al2O3 formation in oxidative conditions. 
Contrary to the TiO2 layer, the Al2O3 layer is dense and 
adhesive to the surface, so it hinders the further oxidation 
progress in high temperatures [9]. 

Regardless of the type of the sample which is 
aluminized, four steps occur in the pack aluminizing 
processes. These steps include: 1) the formation of 
Al-bearing gases, 2) the transfer or diffusion of these 
gases from the pack to the sample surface, 3) the Al 

release from the reactions between these gases occurring 
on the sample surface, and 4) the final stage, i.e., the 
reaction between the released Al and the sample and then 
its inward diffusion [10,11]. The second step has been 
considered by many researchers as the rate-controlling 
stage in the kinetic studies of the pack aluminizing 
processes of pure nickel [10,12,13], nickel alloys [11], 
pure iron [14,15] and steels [16,17]. To the best of the 
authors' knowledge, there are no reported studies on the 
kinetics of pack aluminizing of pure titanium samples. 
Thus, in this study, the kinetics of pack aluminizing of 
pure titanium samples was investigated. A model based 
on the rate-controlling of both the second and third steps 
was developed and applied in the present work in order 
to investigate the kinetics of the NaF-activated pack 
aluminizing process of pure titanium samples. More 
precisely, the rate-controlling stage was determined for 
this process in addition to the calculation of the 
activation energy. Furthermore, based on the LEVINE 
and CAVES model [11], the mass gains of the pure 
titanium samples during this process were calculated by 
using the aluminum-containing gases pressures in the 
pack and those on the samples surfaces. Then, the 
calculated results were compared with the experimental 
measurements. 
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2 Kinetic models 
 
2.1 Second step as rate-controlling stage 

LEVINE and CAVES [11] were the first who 
considered the gases transfer (the second step) as the 
rate-controlling stage and developed a kinetic model for 
pack aluminizing of the IN-100 samples. The IN-100 is a 
nickel-based alloy which contains: 5.5% Al, 15.3% Co, 
9.6% Cr, 3.2% Mo, 4.3% Ti, 0.9% V, 0.17% C, Ni 
balance (mass fraction). They applied packs containing 
pure Al powder and different activators including: NaX 
and NH4X (X is F, Cl, Br or I) in order to aluminize the 
IN-100 samples. Based on their model, an Al-depleted 
zone is formed in front of the IN-100 samples inside the 
pack, and the mass gain of the samples is controlled by 
the diffusion of the Al-bearing gases through this zone. 
This model was later modified and used by SEIGLE et al 
for pack aluminizing of commercially pure nickel  
[10,18] and Ni−Cr alloys [19]. As a result of their studies, 
a parabolic behavior was derived and suggested for the 
kinetics of the samples’ mass gain during pack 
aluminizing processes, in which the diffusion of the 
Al-bearing gases is the rate-controlling step [10,11,18]: 
 

2
0

2 wktw +=                                  (1) 
 
where w is the increase of the sample mass; t the 
aluminizing time; k the growth rate constant; w0 the 
initial mass gain. It is worth noting that they derived  
Eq. (1) by integrating Eq. (2) over the boundary 
condition of w=w0 when t=0. 
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In addition, LEVINE and CAVES suggested Eq. (3) 

in order to calculate the growth rate constant k 
[10,11,18]: 
 

=⎟
⎠
⎞

⎜
⎝
⎛×⎟

⎠
⎞

⎜
⎝
⎛=

A
dNm

l
k Al

Al )1000(2 ερ  

 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ ′−
×⎟

⎠
⎞

⎜
⎝
⎛ ∑

RT
ppD

m
l

iii )(
)1000(2

Al
ρε          (3) 

 
where ρ is the aluminum density in the pack; ε is the 
pack porosity; l is the pack tortuosity; mAl is the Al 
atomic mass; NAl is the rate of transport of Al; d is the 
diffusion distance of the Al-bearing gases; A is the 
surface area of the samples; Di is the diffusivities of the 
Al-bearing gases; pi and p′i are the equilibrium partial 
pressures of the Al-bearing gases inside the pack and 
adjacent to the samples surface respectively; R is the 
mole gas constant; T is the aluminizing temperature. 

Furthermore, on the basis of model by LEVINE and 
CAVES [11], KANDASAMY et al [12,13] derived and 

calculated a kinetic model for the mass gain of pure 
nickel samples as a function of the amount of AlF3 
activator in a pack containing 4% pure Al powder. Their 
results indicated that the same parabolic relationship  
(Eq. (1)) also governs the mass gain of the nickel 
samples, although the calculation of the growth rate 
constant k is much more complicated. Moreover, the 
amount of the activator in the pack plays a main role in 
determining the aluminizing kinetics. When a very small 
amount of the activator is used, all the activator reacts 
with the Al source to form gaseous species. Therefore, no 
condensed activator phase remains in the pack and the 
partial pressures of the gaseous species become strongly 
dependent on the initial amount of the activator. When 
the amount of the activator is increased, the consumption 
of the activator gets less pronounced and a condensed 
activator phase becomes stable in the pack at aluminizing 
temperature. The presence of a condensed activator 
phase regulates the vapor pressures of the gases. As a 
consequence, the partial pressures of the gases in the 
pack become independent of the amount of the activator 
used [12,13]. 

NCIRI and VANDENBULCKE [16,17] investigated 
the thermodynamics of NH4Cl-activated pack 
aluminizing of pure iron and various steels. Moreover, 
KUNG and RAPP [14,15] studied the kinetics of 
NaCl-activated pack aluminizing of pure iron under both 
argon and forming gas (5%H2+Ar) atmospheres at 900 
°C. The kinetic model that they developed and applied, 
did not deviate from those used by LEVINE and CAVES 
[11]. Their results also showed that the Al-bearing gases 
diffusion is the rate-controlling step in the pack 
aluminizing of pure iron and various steels. 
 
2.2 Third step as rate-controlling stage 

In the third step, the Al release from the Al-bearing 
gases controls the rate of aluminizing in the pack 
processes, then a linear kinetics (Eq. (4)) governs the 
samples mass gain [20]: 
 
w=k′t+w0                                   (4) 
 
where w is the mass gain; w0 is the initial mass gain; k′ is 
the linear growth rate constant; t is the aluminizing time. 
Eq. (4) is derived by the integration of Eq. (5) with the 
boundary condition of w=w0 when t=0: 
 

k
wt
′

=
dd                                     (5) 

 
2.3 A mixture of the second and third steps as rate- 

controlling stages 
When both of the second and the third steps have a 

portion in controlling the rate of aluminizing in the pack 
processes, Eq. (2) and Eq. (5) have to be added together 
(Eq. (6)) in order to find the time (dt) required for the 
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mass increase (dw) of the treated samples. By integration 
of Eq. (6) over the boundary condition, the kinetic model 
(Eq. (7)) is obtained for this case [20]. 
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In the above equations, k׳mix and kmix are the linear 

growth rate constant and the parabolic growth rate 
constant in a case that the mixture of both the second  
and third steps controls the pack aluminizing processes. 
 
3 Experimental 
 

Pure titanium cubes (99.99%) with the dimensions 
of 8 mm×8 mm×10 mm were prepared and used in this 
work. The samples were ground up to 1000 grit emery 
paper, washed in acetone, ultrasonically cleaned in 
ethanol for 15 min and dried using a hairdryer. The dried 
specimens were then weighed by a balance with the 
precision of ± 0.001 g before the aluminizing process. A 
100 g of powder mixture containing 10%Al−5%NaF− 
85%Al2O3 was used as the aluminum-giving source for  

each run after being mixed up by tumbling in a ball mill 
for 4 h. 

The samples were treated in a pack cementation 
system under argon atmosphere at temperatures of 950, 
1025 and 1100 °C. The system was heated up to the 
aluminizing temperatures in 1 h for each run and was 
held at those temperatures for 0−6 h. 

After the aluminizing treatment, the samples were 
washed with water, ultrasonically cleaned in ethanol, 
dried and then weighed by a precise balance. They were 
sectioned and observed by an SEM. The thicknesses of 
the coating layers were measured from SEM images 
using Clemex Vision software. Further phases and 
chemical analyses were done using an XRD (Panalytical 
X’pert Pro) with Cu Kα radiation and an electron probe 
micro analyzer (EPMA). In addition, the required 
thermodynamic data were extracted from HSC chemistry 
software version 5.11. 
 
4 Results and discussion 
 
4.1 Aluminizing results and microscopic observations 

The cross-sectional microstructures of the 
aluminized samples at 950 °C are shown in Fig. 1. Five 
layers of TiAl3, TiAl2, γ-TiAl, α2-Ti3Al and α-Ti−Al solid  

 

 

Fig. 1 Cross-sectional microstructures of 
aluminized titanium samples at 950 °C 
for 0 h (a), 0.25 h (b), 1 h (c), 3 h (d),  
6 h (e)
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solution were formed and observed on each samples 
aluminized at 950 °C for time longer than  1 h. The 
three layers of TiAl2, γ-TiAl, α2-Ti3Al were not observed 
on the samples treated in time shorter than 1 h (using the 
SEM with the maximum 15000 magnification). As 
shown in Fig. 1, two layers of TiAl3 and α-Ti−Al solid 
solution were much thicker and constituted nearly the 
whole aluminized coatings. In addition, both the layers 
were thickened with increasing the treatment time. 
Further investigations showed the thicknesses of the 
three layers of TiAl2, γ-TiAl, α2-Ti3Al were very uneven 
and vastly dependent on their growth orientations. The 
reason for thinner thicknesses of TiAl2, γ-TiAl, α2-Ti3Al 
layers was attributed to much lower diffusion 
coefficients of Al and Ti elements in these layers in 
comparison with those of TiAl3 and α-Ti−Al solid 
solution ones [20]. 

The cross-sectional microstructures of the samples 
treated at 1025 and 1100 °C showed that the same five 
aluminide layers were formed on these samples. For the 
same as the previous aluminizing temperature, the 
thicknesses of the TiAl3 and α-Ti−Al solid solution were 
much thicker in comparison with the TiAl2, γ-TiAl, 
α2-Ti3Al layers. Moreover, although the α-Ti−Al solid 
solution layer in samples treated at 1025 and 1100 °C 
was grown and thickened with increasing the 
aluminizing time but a different behavior was observed 
for the TiAl3 layer. The microstructures of the treated 
titanium samples at 1100 °C are shown in Fig. 2. As is 
seen, the TiAl3 layer started to decompose at time longer 
than 3 h; Nearly most of the TiAl3 layer was decomposed 

and its thickness reached 18 µm when the aluminizing 
time was 6 h. Instead, α-Ti−Al solid solution layer in this 
sample was grown to 278 µm. The reason for the TiAl3 
decomposition in these samples is related to the decrease 
in the rate of Al transfer from the pack due to the 
formation and growth of the Al-depleted zone. Since the 
rate of Al transferred to the samples surface is decreased 
gradually in the aluminizing process and on the other 
hand, the rate of outward diffusion of the Ti element is 
nearly unchanged; then the formed TiAl3 layer reacts 
with the Ti element in order to form the Ti-rich layers. 

Figure 3 shows the mass gain versus aluminizing 
time. It can be clearly seen that the higher the 
aluminizing temperature or the longer the treatment time, 
the more the mass of the sample is increased. In other 
words, despite the fact that the aluminizing rate 
decreases gradually in a pack aluminizing process and 
causes some microstructural changes, but the masses of 
the treated titanium samples are permanently increased 
with prolonging the aluminizing time and/or elevating 
the treatment temperature. 

 
4.2 Kinetic investigation 
4.2.1 Rate-controlling step 

The pressure measurements in the pack aluminizing 
system showed when the temperature was around 450 °C 
during the heating-up cycle, the NaF activator started to 
act. Further recordings indicated that the total pressure 
became nearly fixed in each test run when the system 
reached the aluminizing temperature. This proves that 
there are no prohibitions in the formation of the gaseous 

 

 
 
Fig. 2 Cross-sectional microstructures of aluminized titanium samples at 1100 °C for 0 h (a), 1 h (b), 3 h (c) and 6 h (d) 
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Fig. 3 Variation of mass gains of treated titanium samples 
versus aluminizing time and temperature 
 
species and all the gases are formed shortly after the NaF 
activator reacts. Thus, the first step, i.e., the formation of 
the Al-bearing gases, does not control the pack 
aluminizing process of the pure titanium samples. 

Moreover, the 4th step, i.e., the reaction between the 
released Al and the sample and then its inward diffusion, 
does not control the pack aluminizing process in this 
research work. It is clear when the 4th step is the 
rate-controlling stage, then a pure Al layer is expected to 
form on the treated samples surfaces. Because when the 
rate of the Al release and deposition on the samples 
surface is greater than the rate of the Al reaction and 
diffusion into the sample, then the excess Al is piled up 
on the samples surface and eventually a pure Al layer has 
to be formed. Since any pure Al layers were not formed 
on the treated titanium samples, it could be concluded 
that this step does not control the aluminizing process 
either. 

In order to determine which stage among the second 
step (the Al-bearing gases diffusion) or the third step (the 
Al release from the Al-bearing gases on the samples 
surfaces) is controlling the rate of aluminizing in the 
present process, it is assumed that both steps had a 
contribution (Eq. (7)). Then, Eq. (7) was fitted to the 
measured mass gains of the aluminized titanium samples. 

The fitting results are presented in Table 1. It can be seen 
that the value of the coefficient 1/k′mix is fixed at 0 for 
two temperatures of 950 and 1100 °C. In addition, there 
is no reasonable relationship between the calculated 
1/k′mix coefficients and the aluminizing temperatures. 
Therefore, the linear part of Eq. (7) has no contributions 
to the measured mass gains. Consequently, it can be 
concluded that the third step does not control the pack 
aluminizing process of the pure titanium samples. 

On the other hand, the results of fitting Eq. (1) to 
the measured mass gains are shown in Fig. 4. It can be 
seen that nonzero values of 0.005, 0.014 and 0.031 
mg2/(cm4·s) were calculated for the growth rate constants 
at 950, 1025 and 1100 °C, respectively. Furthermore, the 
values of the growth rate constants are increased with 
increasing the aluminizing temperature due to their 
dependency on the temperature according to the 
Arrhenius equation: 
 
k=k0exp[−Q/(RT)]                            (8) 
 

In the above equation, k is the growth rate constant; 
Q is the activation energy; R is the universal gas constant; 
T is the aluminizing temperature. As a result, it is 
observed that there is a good fitness between Eq. (1) and 
the measured mass gains of the aluminized samples. 
Thus, it can be concluded that only the second step is 
controlling the process. 
4.2.2 Activation energy calculation 

Equation (9) is achieved by taking the logarithm of 
both sides of Eq. (8). This equation implies that if the 
natural logarithms of the calculated growth rate constants 
are plotted against the inverse of the absolute 
temperatures and a linear regression is used, then the 
activation energy can be calculated from the slope of the 
line. 
 
ln k = ln k0−[Q/(RT)]                          (9) 
 

The results of the activation energy calculation are 
shown in Fig. 5. The calculated activation energy for the 
Al-bearing gases diffusion is equal to 161.8 kJ/mol in the 
present pack aluminizing process of pure titanium 
samples. The researchers who carried out the kinetic 
studies in the Ti−Al system have reported the values of  

 
Table 1 Fitting results of Eq. (7) to measured mass gains for each temperature 

No. Temperature/°C 1
mix
−′k /(s·cm2·mg−1)* 1

mix
−k /(s·cm4·mg−2) c/s** Coefficient of determination (R2) 

1 950 0 1.662×106 −1836 0.9103 

2 1025 2.73×104 5.677×105 −1030 0.9968 

3 1100 0 3.194×105 −350 0.9905 
*As the negative value for mixk′  has no physical meaning, the mix/1 k ′ for two temperatures is fixed at 0 during fitting calculations by MATLAB software. 

** ( ) // mix
2
0mix0 kwkwc +′−= for Eq.(7) 
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Fig. 4 Results of fitting parabolic equation (Eq. (1)) to 
measured mass gains of aluminized titanium samples 
 

 
Fig. 5 Plot of natural logarithm of growth rate constants against 
inverse of aluminizing temperatures (Eq. (9)) 

20.7 to 237 kJ/mol (4.9 to 56.7 kcal/mol) [21] for the 
activation energies of different controlling stages in 
various synthesizing processes (Table 2). These values 
are related to either the diffusion stage in the solid TiAl3 
layer or the reaction between titanium and aluminum 
elements. While the activation energy calculated in the 
present work is related to the diffusion phenomenon of 
the aluminum-containing gases through pack. Therefore, 
the calculated activation energy in this work and the 
reported values (Table 2) originate from different 
physical stages. 

In addition, when the reported values of the 
activation energies in Table 2 are compared 
quantitatively with the calculated one in this work, it is 
easily understood that the calculated activation energy 
(161.8 kJ/mol) is relatively high and lies in the upper 
limit of the range of the reported activation energies. 
This indicates that the gases diffusion in the 
NaF-activated pack aluminizing is slower than either the 
reaction between titanium and aluminum or the diffusion 
in the solid titanium. 

On the other hand, the activation energy for mass 
gain of the IN-100 samples in NaCl-activated 
aluminizing packs was calculated by using the growth 
rate constants reported by LEVINE and CAVES [11]. As 
a result, the value of 203.6 kJ/mol was attained. This 
value is also high and near to the calculated activation 
energy in this work (161.8 kJ/mol). Due to the fact that 
both activation energies are related to the diffusion of 
aluminum-bearing gases in the pack aluminizing 
processes, then the calculated activation energies are 
close. 

 
Table 2 Summary of reported activation energies for different controlling stages in various synthesizing processes of Ti−Al 
intermetallics 

Process 
Temperature 

range/°C 
Purity of 

titanium/% 
Purity of 

aluminum/%
Controlling stage 

or stage 
Activation energy/

(kJ·mol−1) 
Source

700−920 99.75 99.99 Reaction between Ti(s) with Al(l) 96 [22]
Hot dipping 

700−900 99.9 > 99.99 Reaction between Ti(s) with Al(l) 65.6 [23]
700−1000   Reaction between Ti(s) with Al(l) 109 

Combustion 
synthesis 700−1000   

Solid diffusion via TiAl3 layer 
between Ti(s)−All 

175 
[24]

375−475 99.6 − 166.0 [25]
460−515 − > 99.999 188.1 [26]
450−500 − 99.5 168.8 [27]
516−640 99.7 > 99.99 95.0 [28]
530−600 97 − 105.1 [29]
540−650 > 99.99 > 99.999 33.8 [30]
570−650 99.5 > 99.999 61.4 [30]
500−630 98.7 99.2 237 [31]

Diffusion 
bonding 

550−625 > 99.9 > 99.99 

Solid diffusion via TiAl3 layer 
between Ti(s)−Al(s) 

20.7 [21]

Pack cementation 950−1100 99.99 99 Gases diffusion through pack 161.8 
This 
work 
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4.2.3 Mass gain predictions  

Up to now, the kinetic study was focused on the 
evaluation and analysis of the measured mass changes of 
the treated pure titanium samples. There still is another 
point of view for investigating the kinetics in the present 
work. That is the prediction of the growth rate constants 
for each temperature by the partial pressures of gases 
according to Eq. (3). When the growth rate constant (k) 
in each temperature is known, then it can be applied to 
calculation of mass gains of titanium samples by using 
Eq. (1). The following parameters were taken into 
account while using Eq. (3) in order to calculate the 
growth rate constant values in each temperature. 

1) The values of 0.01 g/cm3, 0.79 and 4 were 
calculated and considered for the aluminum density of 
the pack (ρ), the pack porosity (ε) and the pack tortuosity 

(l), respectively. 
2) The diffusivities (Di) of different gases species 

were estimated using the Gilliland equation [32]. The 
molar volumes of the gases species at their normal 
boiling points required for the diffusivity calculations 
were estimated using the contribution group method 
suggested by SCHOTTE [33]. 

3) The equilibrium partial pressures of the gaseous 
species in the pack (pi) and adjacent to the titanium 
samples surfaces (p′i) required for the calculation of the 
growth rate constant (Eq. (3)) were computed from 
solving the sets of equations listed in Tables 3 and 4, 
respectively. The sets of equations were derived from the 
thermodynamic equilibrium conditions of the reactions 
occurring either in the pack or adjacent to the samples 
surfaces. Additional equations required in order to solve  

 
Table 3 Set of equations solved for extracting equilibrium partial pressures (pi) in pack 

Equilibrium condition* Reaction No. 

NaF

NaF(g)
P(1) a

p
K =  NaF(Condense)=NaF(g) 1 

AlNaF(g)

NaF(g)AlF(g)
P(2) ap

pp
K =  NaF(g) + Al(Condense) = AlF(g) + Na(g) 2 

Al
2
NaF(g)

2
Na(g)(g)AlF

P(3)
2

ap

pp
K =  2NaF(g) + Al(Condense) = AlF2(g) + 2Na(g) 3 

Al
3
NaF(g)

3
Na(g)(g)AlF

P(4)
3

ap

pp
K =  3NaF(g) + Al(Condense) = AlF3(g) + 3Na(g) 4 

2
Al

6
FAl

6
Na(g)(g)AlF

P(5)
62

6

ap

pp
K =  6NaF(g) + 2Al(Condense) = Al2F6(g) + 6Na(g) 5 

TiNaF(g)

Na(g)TiF(g)
P(6) ap

pp
K =  NaF(g) + Ti(s) = TiF(g) + Na(g) 6 

Ti
2
NaF(g)

2
Na(g)(g)TiF

P(7)
2

ap

pp
K =  2NaF(g) + Ti(s) = TiF2(g) + 2Na(g) 7 

Ti
3
NaF(g)

3
Na(g)(g)TiF

P(8)
3

ap

pp
K =  3NaF(g) + Ti(s) = TiF3(g) + 3Na(g) 8 

Ti
4
NaF(g)

4
Na(g)(g)TiF

P(9)
4

ap

pp
K =  4NaF(g) + Ti(s) = TiF4(g) + 4Na(g) 9 

2
NaF(g)

(g)FNa
P(10)

22

p

p
K =  2NaF(g) = Na2F2(g) 10 

2
NaF(g)

(g)F
2
Na(g)

P(11)
2

p

pp
K =  2NaF(g) = 2Na(g) + F2(g) 11 

2
Na(g)

(g)Na
P(12)

2

p

p
K =  2Na (g) = Na2 (g) 12 

Al

Al(g)
P(13) a

p
K =  Al(Condense) = Al(g) 13 

Ti

Ti(g)
P(14) a

p
K =  Ti(s) = Ti(g) 14 

(g)TiF(g)TiF(g)TiFTiF(g)(g)FAl(g)AlF(g)AlFAlF(g)(g)F(g)NaNa(g) 432623222
43263222 ppppppppppp ++++++++=+ ** 15 

* KP is the equilibrium constant; ** The equation was derived on the basis of the mass balance of NaF activator 
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Table 4 Set of equations solved for extracting equilibrium partial pressures (p′i) adjacent to samples surface 

Equilibrium condition* Reaction No. 

NaF
)1(P

NaF(g)

a

p
K

′
=  NaF(Condense)=NaF(g) 1 

Al
)2(P

NaF(g)

Na(g)AlF(g)

ap

pp
K

′

′′
=  NaF(g) + Al(Condense) = AlF(g) + Na(g) 2 

Al
2

NaF(g)

2
Na(g)

)3(P
(g)2AlF

ap

pp
K

′

′′
=  2NaF(g) + Al(Condense) = AlF2(g) + 2Na(g) 3 

Al
3

NaF(g)

3
Na(g)

)4(P
(g)3AlF

ap

pp
K

′

′′
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* KP is the equilibrium constant; ** The equation is derived on the basis of the fact that the total flow of Na or F elements in the gases species is zero. 

 

the sets were derived from the mass balances of the Na 
and F elements. 

4) The values of 4.93×10−1, 5.14×10−1 and 
5.35×10−1 were calculated for the Al activities in the 
samples surface at 950, 1025 and 1100 °C using the 
partial aluminum pressures measured by ECKERT et al  
[34] in the Ti−Al system. In addition, the values of 
1.32×10−5, 4.47×10−5 and 1.10×10−4 were calculated for 
the Ti activities at these temperatures, respectively by 
using the Gibbs−Duhem equation [20]. 

The computed results for growth rate constants (k) 
are summarized in Table 5. In addition, the initial 
measured mass gains of the aluminized samples at 
various temperatures are also listed in this table. Now the 
mass gains of the titanium samples can be predicted 
according to Eq. (1). These predicted results are shown 
by curves in Fig. 6. Comparison of the experimental 
measurements with the calculated mass gains (Fig. 6) 
shows that the values of mass gains calculated at 950 °C 
are in good agreement with the experimental 
measurements; but those values calculated at 1025 and 
1100 °C were much higher than those measured at these 
temperatures. These disagreements at temperatures 1025 
and 1100 °C do not originate from the non-validity of the 

Levine and Caves model, but also they originate from the 
parameters applied for the calculation of the growth rate 
constants at these temperatures. This is because the 
investigations in section 4.2.1 show the parabolic 
relationship (as a result of Levine and Caves model) is 
governing the time dependency of the mass gains of the 
titanium samples. As a result, the parameters including 
the Ti and Al activities and gases diffusivities may cause 
the overestimations of mass gains. If the values of Al 
activities of the samples surfaces computed by 
thermodynamic data presented by ECKERT et al [34] are 
lower than the real activities, then they can cause the 
greater differences in the calculated partial  pressures of 
AlF, AlF2, AlF3, Al2F6 and Al gases between the samples 
and the pack. As a consequence, it could be understood 
that the greater values of Δpi are achieved for the 
computation of the growth rate constants. Hence, the 
growth rate constants are overestimated and, as a 
consequence, the mass gains of the samples are 
calculated to be higher than the real values. Other 
possible reason for disagreements between measured and 
calculated mass gains at 1025 and 1100 °C may return to 
errors in the calculations of gases diffusivities by using 
SCHOTTE [33] and GILLILAND [32] equations. 
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Table 5 Results of growth rate constant (k) calculations by using Eq. (3) at 950, 1025 and 1100 °C 

AlF AlF2 AlF3 Temperature/°C 
D p p′ D p p′ D p p′ 

950 2.53 1.34×103 8.41×102 2.26 9.46×10−2 7.58×10−2 2.07 8.72×10 8.68×10 

1025 2.33 3.61×103 2.35×103 2.07 4.36×10−1 3.57×10−1 1.91 2.13×102 2.18×102 

1100 1.95 8.67×103 5.82×103 1.74 1.68 1.40 1.60 4.65×102 4.79×102 

Al2F6 Al 
Temperature/°C 

D p p′ D p p′ 
Predicted w0 Measured k 

950 1.46 6.98×10−1 7.19×10−1 4.50 4.66×10−3 2.32×10−3 1.30×10−8 1.83 

1025 1.34 1.33 1.39 4.14 2.73×10−2 1.42×10−2 2.66×10−7 2.13 

1100 1.13 2.31 2.45 3.47 1.31×10−1 7.08×10−2 4.81×10−7 2.31 
The units of D, p, k and w0 are cm2/s, Pa, g2/(cm4·s−1) and mg/cm2. 
 

 

Fig. 6 Comparison of measured mass changes of treated 
titanium samples with those calculated by partial pressures of 
gases according to Eq. (3) 
 
5 Conclusions 
 

1) Pack aluminizing of pure titanium samples using 
5%NaF+10%Al+85%Al2O3 powder mixture at various 
temperatures and aluminizing times resulted in the 
formation of a coating layer mainly composed of TiAl3 
intermetallic phase and an α-Ti−Al solid solution. Three 
very thin layers of TiAl2, TiAl and Ti3Al were formed 
and observed between the TiAl3 and α-Ti−Al solid 
solution phases. 

2) The kinetic investigations indicated that the 
diffusion of the Al-bearing gases is the rate-controlling 
step in the NaF-activated pack aluminizing process of 
pure titanium samples. 

3) The value of 161.8 kJ/mol (38.7 kcal/mol) was 
calculated for the activation energy of the 
rate-controlling step in this process. 

4) The mass gain calculations based on the partial 
pressures of gases (Levine and Caves model) conformed 
well to the values measured at 950 °C. But they were 
higher than those measured at 1025 and 1100 °C. These 
disagreements are not related to the non-validity of the 

model but also they are most likely due to the errors in 
the values of the Al and Ti activities as well as the gases 
diffusivities that were applied to the calculation of 
growth rate constants. 
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950~1100 °C 下纯钛 NaF 活化包埋渗铝的动力学研究 
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摘  要：在温度为 950、1025、1100 °C，包埋层成分为 10%Al+5%NaF+85%Al2O3(质量分数)的条件下，在纯钛上

渗铝 0~6 h。对样品上的渗铝层进行了表征。动力学研究表明，含铝气体通过包埋层的扩散过程是速率控制步骤。

通过计算得到这个步骤的活化能为 161.8 kJ/mol。通过包埋层中及样品表面气体的分压预测样品渗铝后的增重。

在 950 °C 的增重预测值与实验值吻合得很好，而在 1025 °C 和 1100 °C 的增重预测值比实验值高。 

关键词：包埋渗铝；钛铝化；渗铝动力学；钛铝化合物 
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