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The CVD alumina coatings were deposited on carbide cutting tools using gas mixtures of H2, CO2 and AlCl3 at the
temperatures between 960-1000 oC, one atmosphere pressure and for different gas flows of H2, CO2. The AlCl3 gas is produced
in a generator by passing the HCl gas through the mechanically worked aluminium granules. In a simulated laboratory set-
up it was found that the reactivity of aluminium granules with HCl was increased drastically. Thickness measurements showed
that by using worked granules, the alumina thickness for the same conditions increases from 0.75 to 3 µm. Moreover, it was
found that with increasing the coating temperature and flow of gases, deposition rate was increased. Calculations showed that
the process is far from the equilibrium condition. It was found that the reaction is kinetically mass transfer controlled in the
boundary layer. The activation energy of the process was equal to 207.02 Kj/mol. 
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Introduction

Cemented carbide cutting tools are widely used in
metal machining industry. The cutting tools have to
withstand in sever condition of machining such as high
temperature, high pressure, erosion and thermal shocks.
Because of the high vertical forces, quick movement
of the metallic chips on the surface of cutting tools
and high temperatures, the cutting tools are eroded.
Therefore, the surface of the cutting tools is coated
with especial materials [1-3]. Multilayer Ti (C, N) and
Al2O3 coatings are commonly used as protective
coatings for cemented carbide cutting tools. Due to low
thermal conductivity and high hardness, alumina is an
excellent thermal barrier to prevent temperature
increase substrate materials [4, 5]. Large variety of
methods such as Conventional thermal chemical vapor
deposition (CVD) [6, 7], plasma-enhanced CVD
(PECVD) [8, 9] and laser chemical vapor deposition
have been used for the deposition of alumina coating
on cutting tools. The alumina is produced by the
following reaction:

2AlCl3(g) + 3CO2 + 3H2(g) →

Al2O3(s) + 3CO(g) + 6 HCl(g) (1)

The AlCl3 (g) is produced by the following reaction:

3 HCl + Al → AlCl3(g) + 3/2H2(g) (2)

A variety of different characteristics of the alumina
polymorphs could be achieved by varying the pro-
duction parameters such as temperature, gas com-
position, gas velocity and finally by using doping
elements like Ti, B, N and others to achieve complex
doped Al2O3 [10].

Many researchers have investigated the effects of
deposition temperature and feed gas composition [11],
total pressure [12] and using different amounts of
various doping compounds [10, 13] on the coating
characteristics and growth kinetics. Accordingly,
different activation energies have been reported [14].
One can see that some aspects of CVD alumina coating
process are still left. For example, according to
equation 1 the quality of aluminum granules has a great
effect on the process efficiency and coating thickness.
Consequently, in this research the effect of using
mechanically worked aluminum granules, temperature
and gas flow on the growth kinetics of alumina coating
was studied. Besides, experimental data were compared
to those obtained from FactsageTM 5.3 software. 

Experimental Procedure

Al2O3 coatings were deposited on a TiCN base layer
using cemented carbide substrates by CVD. An
industrial-scale hot-wall CVD plant in Almaseh Saz
Company of Iran was used. The temperature during
Al2O3 deposition was between 960-1000 oC, the
deposition pressure was 1 atm. The deposition time
was kept constant at 3 hr. H2, CO2 and AlCl3 were used
as feed gases. Three different flow rates for H2: 15, 18,
20 l/min and CO2: 1.2, 1.3 and 1.4 l/min were selected.
AlCl3 is generated by passing HCl gas through the
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Al granules. The granules are disc-type shape, with
about 10 mm in diameter and a thickness of about
4 mm. About 6 kg of Al granules are charged into a
generator at 220 oC. In Fig. 1 a schematic diagram of
the industrial set-up is shown. The nitrogen and
hydrogen gases are used as the carrier gas and reduction
gas, respectively.

To evaluate the effect of mechanical working on the

reactivity of aluminum granules, an electrolytic alu-
minum plate (99.99%) with 4 cm thickness was rolled
with 0, 33.3, 60, 80 and 93.3 percents of reduction. The
hardness of aluminum samples before and after rolling
was measured. A simulated set-up was prepared, as
Fig. 2. Three pieces of Al rolled samples were
weighted and the surface areas of those were measured.
Al samples were put into the quartz tube. The quartz
tube was placed in a resistance furnace at temperatures
between 220 to 240 oC. An argon gas with a flow rate
of 0.45 to 0.50 l/min was blown into a one molar HCl
acid. The argon and HCl gases were passed over the
samples for 15, 30 and 60 min. The off-gas contained
HCl, H2, AlCl3 and Ar gases. The off-gas was finally
passed through water to eliminate AlCl3 and HCl
gases. The samples’ weights were measured after the
experiments. To normalize the results, the percentage
of weight losses per surface area was determined.

One sample of each rolling condition was heated for
one hour at 200, 300 and 350 oC to determine the
annealing temperature. If the annealing temperature of
the aluminum samples was below 240 oC, the effect of
cold working (rolling) could be eliminated. The
hardness of samples after annealing even at 350 oC was
not changed, so the annealing temperature of samples
is above 350 oC.

Optical microscopy (Metallopan 021911, Germany)
was employed to measure the coating thickness. In
order to investigate whether the deposition process is
an equilibrium one or not, FactsageTM 5.3 software was
used.

Results and Discussion

Mechanically worked aluminum granules with different
percentages of rolling (0, 33.3, 60, 80 and 93.3) were
charged into the simulated set-up for the production of

Fig. 1. Schematic diagram of Industrial set-up used for alumina
CVD deposition.

Fig. 2. Schematic diagram of simulated set-up used in this research
for the production of AlCl3.

Table 1. Specifications of Al granules before and after reaction with HCl gas.

Reaction time, 
Min

Percentage of 
reduction

Hardness, 
HB

Samples 
surface area, cm2

Initial 
weight, g

Final 
weight, g

Weight loss percentage per surface 
area, (ΔW/W) × 100/A

15

0 34.1 4.28 1.2909 1.2878 0.056

33.3 36.0 5.08 1.4604 1.4348 0.344

60 39.5 4.46 1.5812 1.4542 0.612

80 40.1 4.18 1.1557 1.1227 0.682

93.3 41.0 2.42 0.4874 0.4705 0.694

30

0 34.1 5.16 1.7157 1.6093 1.201

33.3 36.0 4.12 1.1593 0.9949 3.441

60 39.5 5.56 1.6631 1.2493 4.460

80 40.1 4.98 1.3451 1.1203 4.512

93.3 41.0 3.85 0.7069 0.0409 17.296

60

0 34.1 4.10 1.0371 0.6226 10.109

33.3 36.0 4.36 1.0352 0.5591 10.560

60 39.5 3.60 1.1305 0.5746 13.660

80 40.1 4.22 1.0335 0.4288 13.860

93.3 41.0 2.72 0.9129 0.3199 23.879
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AlCl3 gas. The experiment was conducted for 15, 30
and 60 min. Initial and final weight and surface area
of granules were measured. Term “weighs losses
percentage per surface area” was defined as an
indication for the reactivity of work hardened granules.
Table 1 shows the results of measurements and
calculations.

In Fig. 3, the effect of work hardening on the
corrosion of Al samples is shown. Cold working
increases the density of grain boundaries and structural
defects such as dislocation density. It is clear that
structures with these features have lower corrosion
resistance. As a result, samples with higher percentage
of cold working and longer exposure time are more
corroded compared to other ones. For example it can
be seen, sample with 93.3% work hardening and
exposure time of 60 min reacts drastically with the HCl
gas and shows 23.9% weight losses per surface while
sample without work hardening shows only 0.05%
weight losses per surface after 15 min reacting time. It
is seen that using work hardened aluminum together
with relatively longer exposure time, increases the
efficiency of AlCl3 production more than 450 times.

In the second phase of this research, industrial Al
granules were rolled about 80% reduction in thickness.
The Al granules hardness was increased from 18 HB to
40.1 HB. The Al granules capacity of the generator for
AlCl3 production is 6 kg. In three different sets of
experiments 0, 33 and 100 percent of generator
capacity was filled by worked Al granules. The H2 and
HCl gases were passed through the Al granules in the
generator for about 5 hrs. The off gas was injected in
the furnace. About 3000 pieces of cutting tools were
placed in the furnace. The furnace temperature was set
between 960 and 1000 oC. The coating procedure was
the same in all experiments. After the coating cycle, the
samples were sectioned by water-cooled cutter. The
thicknesses of the coated samples were determined by
optical microscope. In Fig. 4a typical SEM image of
cross section of carbide cutting tool coated with
alumina is shown. As can be seen in Fig. 4, two
different layers of TiCN and Al2O3 are distinguished.
Fig. 5 shows the effect of the percentage of worked
granules on the alumina coating thickness. 

The alumina thickness for the same procedure is
increased from about 1.5 to 3.5 μm. It is just because
of the using work hardened aluminum granules.
According to the equation 2, reaction between HCl and
Al granules is close to completion. Therefore, more
AlCl3 gas is produced and less unreacted HCl gas is
left in the furnace atmosphere. The Gibbs' free energy
of the equation 1 is as the following:

(3)

Since there is less HCl and more AlCl3 available,
therefore, the Gibbs’ free energy is more negative.
Consequently, based on the Le Chatelier’s principles
the reaction 2 has to be moved from left to right to
compensate this change in system. Finally, the rate of
alumina deposition will be increased. It is in agreement
with the observations.
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Fig. 3. The effect of the work hardening and expositing time on the
percentage of the weight losses per surface areas of the Al
granules.

Fig. 4. Cross section of a carbide cutting tool coated with TiCN
and then coated with CVD alumina for 5 hrs.

Fig. 5. The effect of the percentage of worked granules on the
alumina thickness (CO2 flow rate = 1.3 l/min, H2 flow rate = 15 l/
min, T = 965 oC).
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It can be seen in Fig. 6 that by increasing the amount
of worked aluminium granules, deposition rates increase
as well.

A summary of deposition rates of CVD alumina
coating together with some process specifications have
been tabulated in Table 2.

In comparison to other parameters, the percentage of
mechanically worked Al granules has a distinct effect
on the deposition rate.

It is well known that CVD alumina deposition (Eq. 1)
involves two different types of reactions: homogenous
gas-phase and heterogeneous surface reactions. The
homogenous reaction is kinetically limited by the
water-gas shift (Eq. 3). According to Eq. 4, H2O which
is produced in situ in the reactor chamber reacts with
AlCl3 and forms Al2O3 coating [14].

 H2(g) + CO2(g) → H2O(g) + CO(g) (3)

 2AlCl3(g) + 3H2O(g) → Al2O3(s) + 6 HCl(g) (4)

Surface reaction between aluminum halide and an
oxygen donor is another contribution of Al2O3 growth.
The relative contribution of these reactions to the
growth of Al2O3 keenly depends on the free volume
adjacent to the surface to be coated [25-27]. In order to
make this parameter more tangible, the V/A ratio, free
volume around the substrate, has been defined. This
approximation gives: V = a × b × l, A = 2 b × l. So
V/A = a/2 is obtained, where “a” is the separating
distance between two plates having the innite area of
b × l [14]. Up to here it was found that reactor
geometry (e.g. volume-to-.surface ratio) may strongly
affect the relative contribution of homogenous ad
heterogeneous surface reactions which will result in
different deposition characteristics of CVD alumina
coatings. For example it is generally assumed that at
higher volume-to-surface ratios the homogenous reaction
where the water gas shift reaction is rate controlling
becomes important. Or by increasing the process
pressure, deposition rate improves which is related to
increasing the contribution of homogenous gas-phase
reaction [26, 27]. It is believed that the deposition rate
and gas pressure are exponentially [26, 28] and linearly
[14] related to each other. Generally, total pressure and
V/A ratio are known as key factors affecting the
growth rate of Al2O3. It should be noticed that doping
process gases with some gases such as H2S may
enhance the deposition rate as well. In industrial
practices, sometimes H2S is used to promote the
deposition rate. Moreover, H2S doping increases the
surface controlled contribution of Al2O3 which
consequently enhances the coating uniformity [14].

It can be concluded that several parameters such as
V/A ratio, total pressure, type and amount of doping
compound and temperature affect the deposition rate.

Table 2. Summary of deposition rate and specifications for CVD Al2O3.

Technique Precursors T (K) Deposition rate (μm/h) Ref.

Thermal CVD

AlCl3-CO2-H2 1238 0.2-0.6c This work

AlCl3-CO2-H2-H2S 1073 0.4
[14, 15]

AlCl3-CO2-H2-H2S 1073-1273 0.1-0.7

AlCl3-CO2-H2 1273-1473 1-20 [16]

AlCl3-CO2-H2-H2S 1273 0.9 [7]

Combustion CVD Al(acac)3 1323-1398 3-6 [17]

MOCVDa
Al(acac)3

523-873 0.6 [18]

1070 0.25 [19]

873-1273 2.7-3.9 [20]

773-1273 0.8-1.5 [21]

Aluminium Tri-Isopr opoxide 1273-1373 2-6 [22]

LCVDb

Tri Methyl Aluminium 523 0.5 [23]

Al(acac)3

970-1100 570

[24]1060-1120 370

1100-1280 250

aMetal Organic CVD, bLaser CVD, cWhen mechanically worked aluminium granules are used for AlCl3 production.

Fig. 6. The effect of the percentage of worked granules on the
coating deposition rate (CO2 flow rate = 1.3 l/min, H2 flow
rate = 15 l/min, T = 965 oC).
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Therefore, comparison between the results of different
researches seems to be difficult. In one case, since
an industrial reactor was used in this research, three
thousands of inserts were coated in one run. Because
of economic issues inserts were arranged very
compactly in the reactor. It is clear that in this case the
separating distance between inserts decreases which
will result in lower V/A ratio and consequently lower
deposition rate.

According to Fig. 6, it can be see that by replacing
all granules with worked one, deposition rate increases
around three times. 

In the next step for more detail study, 33% of the
AlCl3 generator of the coating chamber was charged
with the Al work hardened granules. The surface area
of the inner parts of the furnace was 84417 cm2. In
each set of the coating process, the surface area of all
of the samples was measured as well. The total
deposited moles of alumina were determined. For
example in one set of experiments at 961 oC, the
surface area of all of the cutting tools was 17424 cm2.
The coating thickness of the parts was 3 μm. The
volume of the deposited alumina was calculated as
3.055 cm3. Therefore, the total number of moles of
deposited alumina per hour is 0.119 moles. In table 3
and Fig. 7 the effect of temperature on the deposition
rate of coating, in the form of the number of alumina
mole per hour (moles/hour), is shown. As can be seen

in Fig. 7, by increasing the temperature from 1234 to
1273 K, deposition rate increases from 0.119 to
0.234 moles per hour, respectively. In fact, the
deposition rate is increased about two times. This
indicates that the deposition of the alumina is thermally
activated reaction which is in agreements with the
results of other researchers [10, 12].

The FactSage software was used to determine the
total number of moles of deposited alumina per hour.
In Fig. 7 the results of the calculations of the software
is shown as well. As can be seen from Fig. 7, the
temperature changes do not have a dominant effect on
the deposition rate. The real condition and the
modeling calculation are quite different. It means that
practical conditions are far from equilibrium ones. The
Gibbs’ free energy of the reaction between 1234 and
1273 K is around-332 kJ [29]. It means that there is a
high tendency for the completion of reaction and
consequently the formation of alumina coating. Since
the amount of H2 and CO2 gas is much greater than
equilibrium amount, the amount of AlCl3 gas will
determine the amount of deposited alumina coating.
Therefore, if equilibrium condition rules during the
whole coating process, the FactSage software gives a
constant amount of deposited alumina coating in all
process temperatures. Hence, the deposition rate would
be constant and equals to 2.21 mole/hr. It is also seen
that with increasing the temperature, the deposition rate
increases and become a little closer to equilibrium
condition but there is still far distance to reach.

In Fig. 8 the logarithm of deposition rate is drawn
versus the reciprocal of absolute temperature. The
slope of the curve at any temperature represents the
activation energy of the reaction. A line with the
equation: Ln (rate) = −2.4918 × (10000/T) + 19.036 is
fitted to the data in Fig. 8.

The slope of the line is −2.4918, which is equal to
the (−Q/R). Therefore, the activation energy for this
process is equal to 207.02 kJ/mol. Since the mass
transport condition is characterized with lower activation
energy (100-300 kJ/mol), it is clear that deposition process

Table 3. The effect of temperature on the deposition rate of
alumina coating.

T(K)
Deposition 
rate, (μm/h)

Surface area of 
samples, cm2

Coating 
volume, cm3

Deposition 
rate, (mole/h)

1234 0.30 17424 3.055 0.119

1236 0.32 17752 3.269 0.127

1240 0.35 13948 3.443 0.134

1243 0.40 16204 4.025 0.157

1260 0.45 10800 4.258 0.167

1270 0.55 12726 5.343 0.209

1273 0.60 15428 5.991 0.234

Fig. 7. The effect of the temperature on the coating deposition rate
(CO2 flow rate = 1.3 l/min, H2 flow rate = 15 l/min, charged
worked granules = 33.3%).

Fig. 8. Variation of logarithm of deposition rate versus the
reciprocal of absolute temperature.
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in this study is mass transport controlled. A review of
the reported activation energies is presented in Table 4.

It is seen that there are large differences between
activation energy values. Most probably using different
deposition conditions (for example V/A ratio) and
widely differing experimental conditions are the main
reasons for the span in reported activation energies.

Finally, the effect of H2 and CO2 flow rates on the
deposition rate at simulated and practical conditions
was studied (Fig. 9(a) and 9(b)).

According to Fig. 9, with increasing gas flow (either
CO2 or H2), deposition rate increases in practical
condition while in simulated one, FactSage calculation
shows that deposition rate has a constant value of 2.21
and 2.4 mole/h for all CO2 and H2 flow rates, respectively.

As it was mentioned previously, deposition process
in this study is controlled by mass transportation in
boundary layer. Most probably, increasing gas flow
(either CO2 or H2) leads to greater concentration
gradients of reactants gases in boundary layer. Con-
sequently, driving force for reactants diffusion through
boundary layer increases which results in higher
deposition rate.

Again, calculated results proved that coating process
in this study is far from equilibrium conditions. This
distance can be reduced by increasing flow rates of
entering gasses. 

Conclusions

Mechanical working on the aluminum granules had a
great effect on the reactivity of granules with the HCl.
The rate of AlCl3 production was increased drastically.
With increasing the rate of AlCl3 production, the rate of
alumina deposition on the carbide cutting tools was
increased. Since the alumina production by the CVD is
a thermally activated process, with increasing the
temperature, the deposition rate is increased. Because

Table 4. Literature data on activation energies reported for Al2O3.

Reaction Doping T (K) P (mbar) Activation energy (kJ/mol) Reference

Al2O3 deposition

− 1233-1273 1013 207.02 This work

H2S = 1% 1073-1273 50 −82 [14]

− 1073-1273 50 −175 [14]

− 1073-1273 300 −111 [14]

H2S = 0.2% 1073-1273 300 −81 [14]

− 1003-1188 1013 −95.5 [30]

− 1173-1473 810 −64.9 [31]

− 1173-1473 61 −131 [31]

− 673-1273 1013 −237.4 [32]

− 1273-1423 67 −150.7 [33]

− 1273-1423 133 −146.5 [33]

− 1273-1423 533 −100.5 [33]

Water gas reaction
− 1173-1323 1013 −326.6 [34]

− 1148-1323 1013 −238.6 [35]

Fig. 9. Effect of gas flow rate (a) CO2 and (b) H2 on deposition rate
at practical and simulated conditions (T = 965 oC, charged worked
granules = 33.3%); (a) H2 flow rate of 15 l/min, (b) CO2 flow rate
of 1.3 l/min.
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of the kinetic barriers, the process is far from the
equilibrium conditions. The activation energy for the
process was found to be equal to 207.02 kJ/mol.
According to the calculations, it was found that the
mass transfer in the boundary layer close to the
substrate is controlling step. 
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