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Chemical vapour deposition of silicon onto iron: 
influence of silicon vapour phase source on the 
composition and nature of the coating 
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Armco iron was siliconized with two different gas mixtures in the temperature range of 750 to 
1100~ The Ar-SiH4-H2 mixture leads mainly to the formation of a non-porous and adherent 
solid solution with a maximum silicon content of 6% by weight. For high concentrations of 
silane in the vapour phase or low treatment temperatures, non adherent pure silicon powder or 
flakey iron silicides may also depose. The use of Ar-SiH4-SiCI4-H 2 mixture leads to the imme- 
diate nucleation of FeaSi, the growth of which occurring from and around the open porosity 
of the coating. The influence of various parameters such as vapour phase composition and 
flow rate, hydrogen dilution and treatment temperature, is investigated and analysed in terms 
of limiting factors of the overall process: gas phase transport, interfacial reactions and diffusion 
velocity of different species in solid phase. 

1. I n t r o d u c t i o n  
A great variety of protective coatings have been de- 
veloped to improve the oxidation or corrosion behavi- 
our of metallic materials in aggressive environment. 
For instance, surface enrichment of steel substrates 
with silicon is well-known to increase their chemical 
resistance either in hot oxidizing atmospheres [14 ]  
or in some corrosive solutions [5, 6]. The chemical 
vapour deposition of silicon has been proposed in the 
past few years, as one of the most convenient method 
I-7-13]. Because of the large range of deposition condi- 
tions and due to various chemical reactions resulting 
from different sources of silicon used for the vapour 
phase, a large diversity of coating properties can be 
obtained. 

The use of argon-tetrachlorosilane (Ar-SiC14) gas- 
eous mixture in equilibrium with solid silicon leads to 
adherent deposit of iron-silicide FeaSi (14.35 wt %), 
the thickness and porosity of which depend on chosen 
treatment parameters [5, 10]. According to previous 
work, the porosity results from the exchange mech- 
anism between the deposited silicon and the iron 
coming out in the form of FeC12, volatile at the 
treatment temperature [8]. It is also attributed to the 
difference of diffusion coefficient between iron and 
silicon into the iron silicide layer [13, 14]. Such a 
porosity is a serious limitation for wide acceptance of 
siliconizing process for corrosion applications. 

The aim of this work was to investigate various 
treatment conditions in order to obtain a thick, adher- 
ent coating with low porosity. Two kinds of gaseous 
phase were used as silicon source: either argon- 
tetrasilane-hydrogen mixture (Ar-SiH4-Hz) or argon- 
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tetrasilane-tetrachlorosilane-hydrogen mixture 
(Ar-SiH4-SiCL-H2). The specific effect of SIC14 on the 
structural properties of the diffusion layer is examined 
to shed light on the deposition reaction mechanism 
and to determine the structure and the growth rate of 
the deposited layers with both silicon sources. 

2. Experimental procedure 
2.1. CVD process 
Armco iron is used as substrate. Its composition is 
given in Table I. Samples to be treated are chemically 
polished in an oxalic acid-hydrogen peroxide aqueous 
solution. Their shape (thick-wall tube: outer diameter 
12mm; inner diameter 7 ram; length 5 to 10mm) 
allows to position them onto a silica glass tubing 
inside a silica glass reactor at a siliconizing temper- 
ature varying between 750 and ! 100 ~ (Fig. 1). 

A previous annealing treatment of two hours at 
800~ in pure hydrogen is carried out before 
introducing the siliconizing gaseous phase. For the 
argon-tetrasilane-hydrogen mixture, commercially 
available Ar-3%SiH,~ gas is used and adequately 
diluted with pure hydrogen or pure argon. Hydrogen 
is preferred as a gas carrier, to avoid the undesirable 
oxidation effects on coating nucleation and growth, 
and to slow down the decomposition rate of silane and 

TABLE I Composition (wt %) of Armco iron 

C Si Mn P S Cu Ni O 
0.03 0.003 0.03 0 . 0 0 9  0.023 0.01 0 .09  0.075 
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Figure 1 Flow system and apparatus used for the silieonizing process. Key: 1. silica glass reactor, 2. sample for treatment, 3. induction coil, 
4. thermocouple, 5. SiCI4 saturator, and 6. gas distribution panel and ftowmeters (D). 

so minimize the heterogeneous gas phase nucleation 
of silicon. Hydrogen is also necessary to bring out the 
reduction of silicon halide in the case of silicon tetra- 
chloride containing mixture. The second mixture is 
obtained by bubbling argon or argon-3 % silane in a 
saturator containing silicon tetrachloride. The control 
of the saturator temperature allows the control of 
SIC14 vapour pressure and therefore the final composi- 
tion of the siliconizing atmosphere. 

The thermal instability of tetrasilane requires a 
direct heating of the substrate, using a classic RF 
furnace and the sample as a susceptor. The power of 
the generator is carefully adjusted by continuously 
controling the sample temperature during the CVD 
treatment. 

2 . 2 .  Examinat ion  
The structure and the composition of the obtained 
coatings are analysed by X-ray diffraction and second- 
ary ionic mass spectroscopy (SIMS). Incident ions are 
oxygen ions. Optical and scanning electron micro- 
scopies (SEM), electronic microprobe observations, as 
well as Vickers microhardness measurements are 
made on previously polished cross-sectioned samples. 

and disjoin from the underlying solid solution during 
the cooling down at the end of the treatment. 

Figure 2 corresponds to the cross-section of the 
coating obtained after a one hour treatment at 
1000~ and Fig. 3 is relative to the silicon depth 
profile of the same coating, determined by electronic 
microprobe analysis. The checking of the true surface 
composition, by using previously chemically analysed 
bulk iron-silicon alloys, confirms that the silicon 
amount does not exceed 11 at % (6% by weight) and 
regularly decreases up to the substrate. 

The cross-section metallography in Fig. 4, with 
microhardness determinations reported in Fig. 5, cor- 
responds to a two hours siliconized sample at 1100 ~ 
The hardness increases in the solid solution, from the 
substrate to the surface of the treated sample up to 
300 Hvo.1, that is about three times harder than for 
non-treated Armco iron. These values are in good 
agreement with Mitani et al. [15] data obtained on 
bulk iron-silicon alloys with similar silicon content. 

The distribution profiles of Si~8, Fe~6 and Fe~- 4 
ionic species'determined by secondary ionic mass 

3 .  R e s u l t s  

3.1. A r - S i H 4 - H 2  mix ture  
3. 1.1. Composition and structure 

of the coatings 
Whatever the experimental parameters (gas composi- 
tion and flow rate, duration and temperature of 
treatment...), the siliconizing treatment always leads 
to the formation of a non-porous and adherent solid 
solution with a maximum silicon content of 6% by 
weight at the outer surface. Only the use of high 
concentration of silane in the vapour phase allows the 
formation and deposit of pure silicon powder or flakes 
of silicon-rich iron silicides such as F%Si 3 or FeSi. 
That mainly occurs at lowest investigated temper- 
atures. Pure sificon or iron silicides are non-adherent 
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Figure 2 Backscattered electrons image of a cross-section of a 
siliconized sample after one hour CVD treatment at 1000aC (total 
gas flow rate: 1.751h-1; Ar 22.2vo1%; Sill 4 0.7 vol%; 
H 2 77.1 vol %). 
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Figure 3 Distribution profile of silicon (wt %) into the coating 
determined by microprobe analysis. 

106 

105- 

"~ 104 
,4 

103 

�9 ~ lO z- 

lO~ 1 
10-1| 

0 

: Fes6 'I 

/ ,  0,28 I 
�9 I I 

Substrote Solid solution , I Mounting 

d[ . . . . .  8 4  \ I 

'i \i i I 
o I 
i 

100 200 300 400 500 
Size (gin) 

Figure 6 Distribution profiles of Si~-8, Fe~6 and FeSi~4 ionic species 
determined by SIMS (secondary ionic mass spectroscopy, with O 2 ~ 
primary ions) for a two hours siliconized sample at 1100~ 
(total gas flow rate: 1.851h-a; Ar 26.2vo1%; Sill4 0.8vo1%; 
H 2 73 vol %). 

Figure 4 Optical micrograph and microhardness determinations 
on the cross-section ofa  siliconized sample for two hours at 1100 ~ 
(total gas flow rate: 1.85 I h 1; Ar 26.2 vol %; Sill 4 0.8 vol %; H 2 
73 vol %). 
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Figure 5 Microhardness evolution versus distance from the surface 
for a two hours siliconized sample at 1100 ~ (total gas flow rate: 
1.85 I h -  i; Ar 26.2 vol %; Sill4 0.8 vol %; H 2 73 vol %). 

spectroscopy are represented in Fig. 6, for a two hours 
siliconized sample at l l00~ with the same vapour 
phase composition. The presence of ion (FeSi) + evid- 
ences the existence of stable chemical bondings be- 
tween silicon and iron in the analysed layer. 

3. 1.2. Effect of the Si l l  4 f low rote 
The effect of the siliconizing agent flow rate on the 
sample weight gain, for fixed experimental CVD 
conditions (vapour phase composition, temperature 
and duration of treatment) is summarized in Fig. 7. 
First, the weight gain increases with gas flow rate, then 
stabilizes for intermediary values before to slowly 
decrease for flow rate above 60 ml h-1. The highest 
flow rates lead to the formation of a black, powdery, 
non-adherent deposit which break off from the sub- 
strate during the cooling down at the end of the 
treatment. At this point, weight gain determinations 
lose any signification. From X-ra3/diffraction analysis, 
it appears that the friable coating is mainly constituted 
of pure silicon or silicon rich iron-silicides such as FeSi 
and F%Si 3. 

3. 1.3. Effect of  hydrogen dilution of the 
Ar(97)-SiH 4 (3 vol %) mixture 

The effect of dilution with hydrogen of the commercial 
Ar-SiH 4 mixture is shown in Fig. 8 for a CVD treat- 
ment of two hours at 1000 ~ The maximum weight 
gain is observed for a 30 to 70% dilution ratio. 
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Figure 7 Effect of SiH,~ flow rate on the sample weight gain for 
two hours siliconizing treatment at 1000 ~ and a fixed compositim 
of the vapour phase (Ar 26.2 vol %; Sill,, 0.8 vol %; H z 73 vol %). 
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Figure 8 Effect of H 2 content in the vapour phase on the sample 
weight gain for a two hours siliconizing treatment at 1000 ~ (initial 
gas composition: Ar 97 vol %; Sill4 3; fixed Sill4 flow rate: 
0.41h-1). 

3. 1.4. Effect of  reaction temperature 
The sample weight gains for various temperatures of 
two hours treatments are reported in Fig. 9 for a fixed 
vapour phase Ar-SiHa-H2 composition. 

3.2. Ar-SiH4-SiCl4-H 2 mixture 
The presence of SiC14 in the vapour phase entirely 
modifies the reaction process. As early as after the first 
few minutes of treatment, Fe3Si (14.35 Si wt %) crys- 
tals develop on the surface of the treated samples, 
whatever the tested experimental conditions: duration 
and temperature of treatment as well as vapour phase 
composition. 

The surface appearances of a siliconized Armco iron 
for 6 min at 1000 ~ are reported in Fig 10. Successive 
strata of deposited layer growth from the remaining 
surface porosity. Such open porosity is still apparent 
with longer durations of treatment (Fig. 11), and is 
obviously related to the presence of SiC14 in the 
siliconizing atmosphere. Even a deposit initiated in 
Ar-SiH4-H2 mixture becomes porous if silicon tetra- 
chloride is introduced afterwards in the vapour phase 
(Fig. 12). It is interesting to note that, when SIC14 is 
used, small sparkling crystals of Fe3Si often nucleate 
onto the silica glass reactor wall, in the vicinity of the 
treated samples. 

Figure 13 is relative to the distribution profile of 
silicon (wt %) into the coating, determined by micro- 
probe analysis, after a sequential treatment at 1000 ~ 
(55rain in Ar-SiH4-H2 mixture, then 5min in 

Figure lOa and b Surface appearances of a siliconized sample after 
6 min of CVD treatment at 1000~ (total gas flow rate: 1.85 lh -a ;  
Ar 21 vol %; Sill 4 0.6 vol %; SiC14 20 vol %; H 2'58.4 vol %). 
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Figure 9 Effect of the reaction temperature on the sample weight 
gain (duration of treatment: 2h, total gas flow rate: 1.851 h -  1; Ar 
26.2 vol %; SiH~ 0.8 vol %; H 2 73 vol %). 
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Figure l la  and b Surface appearances of a siliconized sample after 
1 h of CVD treatment at 1000 ~ (total gas flow rate: 1.851 h-1;  Ar 
21 vol %; Sill 4 0.6 vol %; SIC14 20 vol %; H 2 58.4 vol %). 



Table II: Diffusion coefficient of Fe in pure iron (self-diffusion) or in F%Si and of Si in iron-silicon solid solution [1r 15] 

T DFe D w Dsi Dsi 
(~ (cm 2 s- 1) (cm 2 s- 1) (era 2 s- 1) (cmz s- 1) 

in Fe3Si in pure iron in Fe-Si (7 at %) alloy in Fe-Si (2 l at %) alloy 

815 3 . 3 x  10 -12 7x 10 -12 - - 
935 1.6x 10 -11 8 to 9x 10 -11 l x 10 9 5X 10 -9  

Ar-SiH4-SiCIr  mixture). The initial 7 S i w t %  
solid solution layer rapidly transforms into a richer 
deposit, the composition of which corresponding to 
Fe3Si silicon content, but the structure becomes 
porous. 

4. Discussion 
4.1. Ar-SiH4-H 2 mixture 
4. 1.1. Effect o f  the S i l l  4 f low rate 
As reported in Fig. 7, the sample weight gain increases 
with Sill4 flow rate: in step A the gas phase transport  
of the reactant species and/or its dissociation in the 
gas phase, constitute the limiting processes of the 
overall reaction. In the stationary step B, the deposit 

kinetic may also be limited by the silane decomposi- 
tion rate in the sample vicinity, but more probably by 
the solid diffusion rate of silicon and/or iron atoms in 
the growing layer. It becomes independent of the flow 
rate. In fact, according to literature data it appears 
that diffusion coefficients of silicon and iron are quite 
different in low silicon-iron alloys, as well as in iron 
silicide (Table II). The higher values for silicon atoms 
are in agreement with our own experimental results: 
we did not observe any noticeable Kirkendall effect 
which would eventually result from a faster iron atoms 
diffusion velocity. 

As previously mentioned, the apparent  weight gain 
evolution in step C is not related to the kinetic of the 
reaction process, but is due to the formation of non- 
adherent deposit of pure silicon powder or flakey and 
friable silicon rich iron-silicides. 

Figure 12 Optical micrograph of the cross-section of a siliconized 
sample after a sequential CVD treatment at 1000 ~ total gas flow 
rate: 1.85 l h -1. (a) 55 min in Ar 26.2 vol %; Sill4 0.8 vol %; H 2 
73 vol %, (b) 5 rain in Ar 21 vol %; Si l l  4 0.6 vo1%; SiC14 20 vol %; 
H 2 58.4 vol %. 
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Figure 13 Distribution profile of silicon into the coating after a 
sequential CVD treatment at 1000 ~ (same experimental condi- 
tions as Fig. 12). 

4. 1.2. Effect o f  vapour p h a s e  compos i t ion  
The layer growth rate when using Ar -S iH4-H 2 mix- 
ture may also be controlled by the dissociation rate of 
silane, as evinced in Fig. 8. In fact, the vapour  phase 
dilution with hydrogen slows down the dissociation of 
silane according to reaction 

Sill 4 + Si + 2 H 2 

Alternatively, the use of argon as diluting agent for a 
given total_vapour pressure, leads to the shift of the 
reaction towards direction 2. 

For  a low level of hydrogen dilution (step A), the 
silane dissociation rate is too fast, and silicon deposes 
mainly on silica glass reactor before the siliconizing 
agent could reach the sample. In step B, the reaction 
equilibrium is sufficiently shifted in direction 1 for 
slowing down the silane decomposition rate on the 
reactor wall. Most of the deposit occurs on the sample 
and the growth rate-determining step is again the 
diffusion of silicon atoms into the siliconized layer. In 
step C the dilution is too important,  thus decreasing 
the silane content in the vapour  phase and its reactiv- 
ity: the weight gain rapidly declines with increasing 
hydrogen dilution. 

4. 1.3. Effect of reaction temperature 
Whatever the reaction temperature, the decomposi- 
tion of silane leads to deposit of silicon on the sub- 
strate. Yet below 850 ~ we do not observe a weight 
gain, but a weight loss of the samples during the 
siliconizing treatment. This apparent  contradiction 
may be explained if we take into account the evolution 
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Figure 14 Fe-Si equilibrium phase diagram [19]. 
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versus time of the solid Si/Fe diffusion system which 
appears on the surface of treated specimens at the 
beginning of the CVD process. For lower tested tem- 
peratures of treatment, the diffusion velocity of Si 
atoms throughout the successive layers of silicon-rich 
silicides (formed according to Si-Fe phase diagram 
represented in Fig. 14) is too low to promote a thick 
layer of silicon-iron solid solution in a few hours of 
treatment. Iron silicides layers are very brittle and 
non-adherent; they break off and finally sample loses 
weight. 

Above 910 ~ fc c-iron sample surface progressively 
transforms into b c c lattice during the siliconizing 
treatment due to the increasing amounts of silicon 
which is a ferrite former (Fig. 14). In less compact b c c 
lattice compared to fc c austenitic structure, the velo- 
city of diffusing species is more important. Further- 
more higher temperatures and consequently larger 
silicon diffusion coefficients in the substrate allow the 
formation of thick layers of iron-silicon solid solution 
(Fig. 2 and 4). The coatings are always adherent, 
except for excessive flow rate of Sill 4 which may cause 
the deposit of flakey silicides. For low or moderate 
flow rate, only a fine silicide layer develops onto the 
outer surface of the solid solution (Fig. 2). 

4 . 2 .  A r - S i H 4 - S i C I 4 - H 2  m i x t u r e  
The use of chlorinated siliconizing agent (SIC14 in our 
case) induces the immediate formation of Fe3Si, what- 
ever the temperature. In similar conditions, Motojima 
[13] observed on Fe substrates the successive forma- 
tion of Fe3Si/FeSi/FeSi2, when siliconizing iron plates 
with Si2C16 as source silicon. He also observed the 
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formation of many voids or cavities in the iron plate 
and siliconized layer interface, attributed to the 
Kirkendall effect resulting from the difference between 
the diffusion velocity of Si and Fe atoms in the surface 
layer, that is in some contradiction with the diffusion 
coefficient values reported in the literature (Table II). 
We did not observe such important Kirkendall effect 
with SiC14 as reacting agent, but an open porosity 
which allows easy formation and departure of FeCI2. 
Ferrous chloride reacts with previously formed silicon 
dichloride, the existence of the latter having already 
been noticed by authors studying iron siliconizing in 
SiC14-H 2 vapour phase [-5, 10]. If Reactions 1 and 2 
have often been taken into account, Reaction 3 to our 
knowledge has never been mentioned in previous 
work. Yet the formation of Fe3Si crystals in the 
vapour phase outside the sample surface confirms the 
possibility of its nucleation without solid iron support 
and the large value ( - 4 1 7  kJmo1-1) of the free en- 
ergy of Fe3Si formation, calculated at 1000~ from 
literature thermodynamic data [-16-18] according to 
Reaction 3, is another indication of the strong prob- 
ability of that reaction. 

SiC14(g) + Hz(g) ~ SiCl2(g) + 2 HC1 (g) (1) 

Fe(s) + 2 HCI(g) ~ FeC1 z (g) + H 2 (g) (2) 

3FeC12 (g) + 5 SiC12 (g) 

Fe3Si (s) + 4 SIC14 (g) (3) 

By using Eriksson computer program [20] it can be 
shown that silicon dichloride initially formed (Reac- 
tion 1) entirely reacts with volatile iron dichloride 
coming out from the open porosity, promoting the 



Figure 15 Optical micrograph of the cross-section of a coating obtained on Armco iron after a silicon solid phase diffusion treatment of 24 h 

at 1000 ~ 

growth of observed Fe3Si strata-shape layers around 
each pore (Figs 10 and 11). In the case of siliconizing 
without chlorinated silicon source, such as 
Ar-SiHa-H 2 vapour phase, Reaction 3 is impossible 
and silane thermal dissociation can only induce phys- 
ical deposition and growth of pure silicon crystals. 
Due to high temperature of CVD treatment and fast 
resulting diffusion velocity of silicon atoms into the 
substrate (with subsequent slower back diffusion of 
iron atoms towards the outer surface), only silicon- 
iron solid solution forms together with some brittle 
and non-adherent silicides if the rate of silane pyro- 
lysis is too high, that means for important flow rates. In 
order to confirm that hypothesis, we realized some 
experiments without vapour silicon source, but with 
possible silicon surface enrichment of the sample 
through solid phase diffusion. The Armco iron sam- 
ples were positioned at room temperature in a ceramic 
box containing high purity silicon powder, then trea- 
ted at 1000~ for various durations of treatment 
under a steady flow of hydrogen to avoid any 
oxidation. 

Figure 15 corresponds to a coating formed after 
24 h at !000 ~ and illustrates the similarity at least 
for the obtained layers, between the two types of 
treatment: CVD in silane vapour phase or with solid 
diffusion from surrounding silicon powder. In both 
case, a coating of silicon-iron solid solution develops 
under a thin layer of non-adherent iron silicide. As 
expected, the sole difference is a much slower coating 
growth rate for the solid phase diffusion treatment. 

5. Conclus ion 
The gaseous phase composition plays a major role on 
the nature and the structure of the coating formed 
when siliconizing Armco iron. 

With Ar-SiH4-H 2 vapour phase, the deposition of 
silicon powder by pyrolytic decomposition of silane, 

leads by diffusion of the silicon into the substrate and 
according to the equilibrium phase diagram, to the 
formation of iron silicides which are non adherent. Yet 
the growth of a thick layer of an iron-silicon solid 
solution containing up to 6 wt % Si occurs very rap- 
idly if the treatment temperature is high enough. That 
layer is very adherent and non porous. Flow rate and 
dilution of the gas mixture with hydrogen, as well as 
reaction temperature have an important effect on the 
relative weight gain of the samples during the siliconi- 
zing treatment. 

The presence of chlorosilane in the gaseous phase 
entirely modifies the reaction process. For instance, 
the use of A~SiH4 SiC14-H2 mixture leads to the 
immediate nucleation of FeaSi, the growth of which 
occurring from and around the open porosity of the 
coating. From our experimental observations and in 
agreement with thermodynamic data, it appears that 
the Fe3Si formation results from the reaction between 
silicon chloride and iron dichloride formed during the 
CVD process. 
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