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Oxidation of Iron-Silicon Alloys 
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The isothermal and cyclic oxidation behavior of Fe-Si alloys (5, 10, 14, and 
20 wt. % Si) was studied between 900 and 1100~ The oxidation rate in air 
decreased with increasing Si content at all temperatures. Alloys containing 
10% Si or more oxidized slower than a typical Cr203-forming alloy due to the 
formation of an Si02 film. This film may have initially been vitreous but was 
crystalline after short times. The oxidation kinetics, although slow, were linear 
due to the outward transport of Fe through the slowly growing Si02 film. It is 
hypothesized that the Fe transport involved atoms rather than ions. Cyclic 
oxidation behavior varied with the alloy Si content. 
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I N T R O D U C T I O N  

The oxidation behavior of  Fe-Si alloy has been the subject of  numerous 
investigations 1-7. In a number  of  cases, the addition of Si to Fe in sufficient 
amounts to form an external film of  SiO2 or other Si-rich oxide has resulted 
in extremely slow oxidation rates. In addition, Si additions have been 
observed to increase the resistance of ferrous alloys to carburization 8 and 
sulfidation. 9 Atkinson 1~ analyzed the selective oxidation behavior  of  Fe-Si 
alloys and predicted the Si concentrations required to develop and maintain 
protective SiO2 films as a function of  temperature. This analysis predicts 
that atom fractions of  Si in Fe of  approximately 0.05 and 0.055 are required 
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Table I. Composition and Phases of Iron-Silicon Alloys 

Nominal 
composition Fe. 5 wt.% Si Fe. 10 wt.% Si Fe. 14 wt.% Si Fe. 20 wt. % Si 
Actual 
composition 5.34 wt.% Si 10.83 wt. % Si 13.43 wt.% Si 19.79 wt.% Si 
Phases a-phase a or/32 a (a) Fe3Si Fe3S i + F%Si 3 b 

bcc, ordered bee Cubic Cubic 
Structure bcc (B2) (OO3) hexagonal 

aX-ray diffraction (XRD) data were not conclusive to distinguish a and/32. 
bOnly FesSi 3 was clearly detected by XRD, but scanning electron microscopic analysis showed 
that this alloy consists of two phases, and the composition of the other phase was the same 
as F%Si. 

at 1000~ and  900~ respect ively .  The p resen t  s tudy  involves  the i so the rmal  
and  cycl ic  ox ida t i on  b e h a v i o r  o f  F e - S i  a l loys con ta in ing  5-20 wt .% Si in 
air  at t empe ra tu r e s  o f  900-1100~ 

E X P E R I M E N T A L  

Specimen Preparation 

I r o n - s i l i c o n  al loys were  arc  mel ted  u n d e r  a pur i f ied  a rgon  a tmosphe re  
and  d rop  cast  into a wa t e r - coo l ed  c o p p e r  chil l  o f  d imens ions  150 x 25 • 
9 mm. The  n o m i n a l  compos i t i ons  o f  the a l loys  were 5, 10, 14, and  20 wt .% Si. 
The ana lyzed  compos i t i ons  are  given in Tab le  I. (Al loys  are re fer red  to by  
n o m i n a l  compos i t i ons  in the  text.)  The ingots  were  h o m o g e n i z e d  in pur i f ied  
a rgon  for  150hr  at l l 00~  The phases  present ,  as i nd i ca t ed  by  X- ray  
diff ract ion,  are also l i s ted  in Table  I. The  phases  were  essent ia l ly  cons is ten t  
wi th  the  p u b l i s h e d  phase  d i ag rams  11'12 for  the  F e - S i  sys tem as seen f rom 
the Fe- r i ch  p o r t i o n  o f  Fig. 1. H The di f f racted intensi t ies  for  Fe -10S i  were  
not  sufficient to d i s t ingu i sh  be tween  the d i so rd e r e d  a - p h a s e ,  i nd i ca t ed  to 
be  s table  at 1100~ 1~ and  the o rde r ed  f lz-phase .  ~2 Spec imens  o f  d imens ions  
11 x 8 • 2 m m  for  i so the rma l  ox ida t i on  and  22 x 8 x 2 m m  for cycl ic  ox ida t i on  
were  cut f rom the ingots,  po l i shed  th rough  600-grit  SiC, and  c leaned  in 
a lcoho l  a n d  ace tone  p r io r  to ox ida t ion .  

Oxidation Exposure 

I so the rma l  o x i d a t i o n  tests were run  in a i r  and  in a rgon  (Po2 = 10-4 a tm) 
for  t imes  as long as 1 week  at 900, 1000, and  1100~ The weight  change  
o f  the  spec imens  was m e a s u r e d  con t inuous ly  us ing a C a h n  2000 micro-  
ba lance .  
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Fig. 1. Iron-rich portion of the Fe-Si phase diagram. H 

Cyclic oxidation tests were run in air for up to 1075 cycles at 900, 1000, 
and ll00~ Each cycle consisted of 45 min at temperature and 15 rain 
cooling at room temperature.  

Acoustic Emission Experiments 

Selected specimens were monitored by acoustic emission (AE) during 
oxidation in air at 1100~ and during cooling to detect scale cracking. The 
AE apparatus and test procedure were those used by Ashary e t  al . ,  ~3 except 
that the Pt waveguide was replaced by an alumina waveguide described by 
Perkins and Meier. ~4 

Analysis of Oxidation Products 

The phases present in the oxide scales were determined by X-ray 
diffraction using both the diffractometer and Debye-Scherrer  powder 
method. The morphology and composit ion of the oxidation products were 
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Fig. 2. Isothermal oxidation rates (weight change vs time) for Fe-Si alloys in air. 
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studied using scanning electron microscopy (SEM) and energy-dispersive 
X-ray (EDX) analysis. 

RESULTS AND D I S C U S S I O N  

I so thermal  O x i d a t i o n  

Weight gain-versus-time curves for the four alloys exposed in air are 
shown in Fig. 2 for the three temperatures studied. The 150-hr weight gains 
of  the alloys at l l00~ are compared in Table I I  with those of  pure Fe 15 
and Fe-26Cr 16, an alloy that forms a protective layer of  Cr203. The addition 
of 5 wt.% Si is observed to decrease the oxidation rate of  Fe by more than 
two orders of  magnitude and !0 or more wt.% Si results in oxidation rates 
slower than that of Fe-Cr.  At 900~ the weight change vs. time curves are 
essentially parabolic for all four Fe-Si alloys with 150-hr weight gains of  
less than 0.1 m g / c m  2. At 1000 and ll00~ the weight gains are correspond- 
ingly larger and the weight change-versus-time curves become essentially 
linear after a short initial period even for the alloys with the slowest oxidation 
rate. 

The oxides detected in the scales by X-ray diffraction after oxidation 
at l l00~ are indicated in Table I I I  and the oxidation morphologies are 
presented in Figs. 3-6. Figure 3 shows the scale-gas interface for alloys 
oxidized for 1 hr. The scale on Fe-5Si consists mainly of  Fe203 with small 
amounts of  Si-rich oxide which appear  as dark, smooth areas. The scale 
on Fe-10Si was comprised mainly of the dark, smooth oxide and islands 
of  Fe203. Both Fe-14Si and Fe-20Si were covered with the Si-rich oxide. 
The scale formed numerous cracks on cooling on Fe-14Si but not on 
Fe-20Si. The Si-rich oxides were too thin after 1 hr for identification by 
X-ray diffraction but were identified as cristobalite after 4 hr oxidation at 
1100~ This phase remained untransformed on Fe-14Si and Fe-20Si after 

Table II. Comparison of 150hr Weight Gains for Several Ferrous 
Alloys at ll00~ 

Pure Fe 1046 15 
Fe-26Cr 2 1 
Fe-5Si 9 This study 
Fe-10Si 0.9 This study 
Fe-14Si 0.5 This study 
Fe-20Si 0.4 This study 

Weight gain 
Alloy (rag~ cm 2) Ref. 
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Table III. Oxide Scale Formed on Fe-Si Alloys at 1100~ 

Oxidation/Si  
time Content  5 wt.% 10 wt.% 14 wt.% 20 wt.% 

1 hr Fe203 Fe203 + SiO2 ~ SiO2 a SiO2 a 
4 hr  Fe203 Fe203 + Cristo Cristo b Fe203 + Cristo 
24 hr Fe203 Fe203 + Tridy c Fe203 + Cristo Fe203 + Cristo 
1 week Fe203 + Fe2SiO4 Fe2 + 03 + Fe304 Fe203 + Cristo Fe203 + Cristo 

aThe structure of  SiO2 is unknown,  because the thickness of  the scale was too thin to be 
detected by X-ray diffraction. 

bCristo, Cristobalite. 
CTridy, Tridymite. 

Fig. 3. Scale gas interfaces of  Fe-Si alloys oxidized in air for 1 hr  at l l00~ 



Oxidation of Iron-Silicon Alloys 353 

oxidation times as long as 150 hr but t ransformed to tridymite after 24 hr 
on Fe-10Si. The initial formation of SiO2 on Fe-Si  alloys has been reported 
to involve a vitreous oxide I and vitreous SiO2 has been identified by 
transmission electron microscopy (TEM) on Ni-Si  alloys after 1 hr oxidation 
at 9 5 0 ~  9 Therefore, the cristobalite observed in the present study is likely 
the product  of  devitrification of  a vitreous film that forms as an intermediate 
product before transformation to tridymite, which is the most stable form 
of SiO2 in this temperature range. 

Figure 4 shows the surface and cross section of three alloys oxidized 
for 1 week at ll00~ The scale on Fe-5Si consists of  a thick outer layer 

Fig. 4. Scale/gas interface and cross section for three Fe-Si alloys oxidized in air for 
1 week at l l00~ 
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Fig. 6. Scale-gas interface for three Fe-Si alloys 
oxidized in air for 1 week at 900~C. 
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of  Fe203 and an inner layer of  Fe2SiO4 dispersed in Fe203. The scale on 
Fe-20Si consists of a thin inner layer of cristobalite covered with Fe203. 
Figure 4 shows that the scale on Fe-14Si has completely spalled on cooling 
but examination of the spalled oxide indicated a morphology similar to 
Fe-20Si. An additional feature, observed only for Fe-14Si, was the presence 
of facetted voids in the alloy substrate with filaments of SiO2 growing out 
from their base. 

Figure 5 shows the cross section of Fe-5Si and surfaces of Fe-10, 14, 
and 20Si after oxidation at 1000~ in air for 1 week. The scale on Fe-5Si 
is similar to that observed at l l00~ with an outer layer of Fe203 and inner 
layer with a significant amount of Fe2SiO4. However, both layers are 
considerably thinner at 1000~ The scale on the higher Si. content alloys 
was mainly SiO2 with no indication of Fe203 formation. The scales became 
smoother with increasing Si content but all showed considerable cracking 
on cooling. 

Figure 6 shows the surface of three alloys oxidized at 900~ in air for 
1 week. In all cases the scales were thin Si-rich oxide. 

Figure 7 shows the spalled oxide and alloy substrate for Fe-14Si 
oxidized for 50 hr in air at ll00~ The substrate contains facetted voids 
and globular particles, indicated by EDX analysis to be a pure oxide of 
iron. The origin of these particles, which did not change at longer oxidation 
times, is unclear. The underside of the spalled scale contains protrusions 
of SIO2, containing small amounts of Fe, which appear to correspond to 
the voids in the substrate, and smooth areas of SIO2. Analysis of the smooth 
areas by EDX analysis indicated a significant Fe content but this is believed 
to be due to generation of  X-rays from the scale-gas interface, shown in 
Fig. 7 to be covered by crystallites of Fe203. It is significant that these Fe203 
particles were not present after 1 hr of oxidation, so they are not the result 
of transient oxidation. Therefore, it appears that the SiO2 layer, formed 
initially, is permeable to Fe. In order to investigate this phenomenon 
further, experiments involving preoxidation at low Po2 and acoustic emission 
to detect scale cracking were performed. 

Figure 8 shows weight change vs. time data for Fe-5Si and Fe-20Si 
oxidized for 1 week in tank argon (residual Po2 = 10-4 atm) following which 
the atmosphere was changed to air without cooling the specimens. The 
oxidation rates for both alloys were quite low during the argon exposure 
but increased almost immediately when the atmosphere was changed to air. 
(The increase is not obvious for Fe-20Si because of the scale used in plotting 
Fig. 8,) The morphologies developed in the Ar and A r ~  Air exposures are 
presented in Figs. 9 and 10. During the argon exposure both alloys developed 
a continuous SiO2 (cristobalite) film (dark phase) overlaid with small 
amounts of Fe203. Upon switching to air, significant amounts of Fe203 
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Fig. 7. Spalled oxide and alloy substrate for Fe-14Si oxidized in air for 50 hr at 1100~ 
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began to form at the scale-gas interface, particularly for Fe-5Si. These data 
indicate that SiO2 is permeable to Fe and that the permeation is more rapid 
at higher Po~. Furthermore, it appears that the permeation is associated 
with diffusion of un-ionized Fe through the SiO2 since the measured diffusiv- 
ity of Fe 3+ in amorphous SiO2 is comparable to that for 02 in this temperature 
range x7 and, thus, is too low to account for the rapid growth of Fe203. 
Unfortunately, the diffusivity of Fe 3+ in cristobalite is not available. The 
mechanism believed to operate in this case is illustrated schematically in 
Fig. 11. The driving force for the transport of Fe across a film of SiO2 
(presumed to be of essentially constant thickness) is the activity difference 
(a~e-a'~e). For a given alloy composition a~e is independent of the atmos- 
phere, while a~e decreases as Po~ increases in the atmosphere as a result of 
the equilibrium 

2Fe(s) +302(g ) = Fe203(s) 
Z 

Therefore, the permeation rate of Fe through SiO2 increases as Po2 in the 
gas increases. For high P02, where the Fe transport is rapid relative to the 
growth rate of the SiO2 film, the weight change is essentially a linear function 
of the oxidation time. Conversely, for a fixed Po~ in the gas, a~e is constant, 
so the permeation rate of Fe through SiO2 will increase as a~e increases, 
e.g., Fe-5Si vs. Fe-20Si. Significant transport through SiO2 of a metallic 
element with an oxide less stable than SiO2 has been reported previously 
for the oxidation of Cu-Si 18 and Ni-Si 19 alloys. 
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Fig. 11. Schematic diagram showing the gradients 
in iron activity across a SiO 2 film on Fe-Si in a high 
Po2 (air) and low Po2 (argon) atmosphere. 

Additional experiments were performed using acoustic emission to 
ascertain whether the growth of  Fe203 on top of  a SiO2 layer could be 
associated with cracking of the layer during isothermal oxidation. Figure 
12 shows the AE counts measured from three alloys during a 4-hr oxidation 
at 1100~ and subsequent cooling. The counts during isothermal oxidation 
are only background. Similarly, Fig. 13 shows that only background counts 
are observed when Fe-14Si and Fe-20Si are oxidized for 50 hr. Therefore, 
there is no indication of scale cracking associated with the formation of 
Fe203. 

The oxidation mechanisms in air at l l00~ of the four alloys are 
summarized in the schematic diagrams of Fig. 14. The initial stage of 
oxidation of Fe-5Si (Nsi=0.095) involves areas covered with a layered 
scale with an outer Fe203 and inner Fe2SiO4+Fe203 layer separated by 
thin areas of  SiO> However, the Si content of the alloy is too low to maintain 
the SiO2 film, and at steady state the two-layered scale covers the entire 
surface. This observation is not in agreement with the predictions of  
Atkinson 1~ that N~i = 0.05 should be sufficient in this temperature range to 
develop and maintain a continuous layer of  SiO2. The reason for this is 
that Atkinson's predictions, made primarily for applications in low Po2 
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Fig. 12. Acoustic emission counts from Fe-Si alloys 
during isothermal oxidation for 4 hr in air at l l00~ 
and during subsequent cooling in the furnace. 

CO-CO2 atmospheres,  do not account for the growth rate of the transient 
Fe oxides. It was recently shown 2~ that the critical solute concentration for 
the transition from internal to external oxidation of  an element such as Si 
can increase markedly with increased growth rate of  the transient oxides. 
In the present case continuous SiO2 films did form on Fe-5Si in argon 
(Poach 10-4 atm), where the transient oxidation rate was reduced. For Fe-  
10Si, the initial scale consists of  larger areas of  SiO2 between islands of  the 
two-layered scale that grow with continued exposure at 1t00~ At lower 
temperatures,  the thin SiO2 layer covers most of  the surface for times greater 
than 1 week. At 1100~ the SiO2 layer, which may have nucleated as vitreous 
oxide, was observed to be cristobalite after 4 hr and to transform to tridymite 
between 4 and 24 hr. This transformation was not observed in the weight 
change vs. t ime plot. However,  a small effect would have been masked 
because of  the significant contribution of Fe203 growth to the overall weight 
change. The scales formed initially on Fe-14Si and Fe-20Si were essentially 
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Fig. 13. Acoustic emission counts from Fe-Si alloys during 
isothermal oxidation for 50 hr in air at 1100~ and during 
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pure SiO2, which was identified as cristobalite for times from 4 hr to 1 week 
at 1100~ With continued exposure, Fe203 formed at the scale-gas interface 
due to the outward diffusion of Fe, probably metallic, through the SiO2 
layer. This resulted in essentially linear oxidation kinetics, as the Fe was 
being transported through a SiO2 layer of  almost constant thickness. This 
oxidation process resulted in the formation of  faceted voids in the alloy 
substrate for Fe-14Si by an undetermined mechanism. 

Cyclic  Oxidat ion  

The oxidation morphologies (Figs. 3-7) and acoustic emission counts 
(Figs. 12 and 13) indicate significant cracking and spalling of  the oxide 
scales during cooling after isothermal oxidation. Figure 15 shows weight 
change vs. the number  of  cycles for the cyclic oxidation of the four alloys 
in air at 900, 1000, and l l00~ Above 900~ Fe-5 Si exhibited positive 
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Fig. 14. Schematic diagram of the oxidation mechanism of 
Fe-Si alloys in air at 1100~ 

weight gains due to the rapid growth rate of Fe20 3 and little spalling, since 
the coefficients of thermal expansion for Fe-Si solid solutions 21 (14.9-15.4 x 
10 _6 ~ -l)  and Fe20322 (14.9 • 10 -6 ~  are closely matched. The Fe-10Si 
alloy showed a net weight loss at all temperatures, but at 1100~ is showed 
some periods of weight gain. The Fe-14Si alloy showed small weight changes 
at all three temperatures. However, these data are misleading because they 
are the result of a balance between significant scale spalling and scale 
growth. The Fe-20Si alloy gained weight at all three temperatures. However, 
at 1000 and 1100~ the specimens underwent a marked shape change and 
eventually fractured. The cause of this shape change was not determined, 
however, Fig. I indicates that this alloy undergoes a eutectoid transformation 
at 825~ which may be responsible, 
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The cristobalite films formed in argon at 1100~ were observed to be 
considerably more adherent than films of comparable  thickness formed in 
air. The source of this difference has not been determined. 

S U M M A R Y  

The air oxidation rate of  Fe-Si alloys decreased with increasing Si 
content (5 -20wt .%)  at 900, 1000, and 1100~ Alloys containing 10 wt.% 
Si or more oxidized slower than a typical Cr203-forming alloy (Fe-26Cr) 
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due to the formation of an SiO2 film. The oxidation kinetics were essentially 
linear after an initial period due to the outward permeation of Fe through 
a diffusion barrier (SiO2) of nearly constant thickness to form Fe203 at the 
scale-gas interface. The Fe203 formation was not related to cracking of the 
SiO2 layer. The alloys containing 10 and 14 wt.% Si showed significant scale 
spalling during cyclic oxidation. The alloy containing 20 wt.% Si gained 
weight during cyclic oxidation but underwent a shape change and eventually 
fractured at temperatures above 1000~ 
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