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ABSTRACT

The effect of Si on t he high tem perat ur e ox idation beh avior of t he 30Crl3 ma rtc ns it ic sta inles s
steels was investig ated. T he underl ying me chanism was fur t her dis cussed by oxidati on kinetics
curves , scanning electron m icro scopy ( SE M) and X-r ay diffra ction (XRD) ana lys is . It wa s ob­
served t hat t he ad dit ion of Si can significantly redu ce t he mass gain pe r uni t a rea and t he oxida tion
ra te of t he experimenta l ste els . With t he increase of Si conte nt , t he film sur face com posed of t he
whea t-li ke oxides t urn ed into t he small gr an ular oxides aft er oxid ation fo r 120 h. T he Si02 film

for m cd on t he me ta l s ubst ra te inhibi t ed the ou t war d diffusion of t he me tal cat ion and t he inward
diffusi on of t he oxygen ani on ; t h us , t he high temperat ure oxidation resis tance was en hanced.

1. Introduction

13 wt. % Cr- type stainless steels are most widely ap ­
plied to mach ine ry manufacturi ng '". 30Crl3 m ar­
tensit ic stain less steel has re lat ively high carbon con ­
tent an d possesses excelle nt mechanical p roper ti es
and good co rrosion resistance, thus m aking it wi de ­
ly app lied in the aerospace , m ed ical and m ach in ery
m anufact uring l" . As the firs t-d esigned superalloy ,
Cr-rype iron-base su peralloy has been w ide ly inves­
tigated and ra pid ly develo pe d. H owever , with the
rapid progress in sci enc e and technol og y , there are
m ore and more req uirem en t s for m ater ial perform ­
anc e , and never wi ll it m eet the need of m odern so ­
ciety. In the 192 0s , M ichael F arad a , an outs ta nding
Bri tain physicist , inves tigated the in fl uences of allo ­
ying ele ment on the steel properties, showing that
a lloying can directly affec t the oxida t io n resis tance
of st ain less steel. Huang and Yang[3J explored the
effects of Nb and T i on 430 stain less steel, and
found that oxidation act ivat ion energy of material
was signi fica n tly decreased, and the oxi da tion re ­
sistanc e go t improved in consequence. Fuji kawa et
a l. [4J added O. 03 wt. % Y into 19Cr-10Ni-1. 5S i ; the
res ul t s in dica ted that Y co uld iso late oxide , in
which the p rocess of cat ion out ward diffus ion was
suppressed , and m ake Si in the in ner lay er oxidiz e
faster. A ddi tio n of Si in to stain less steel is a co m ­
m on method to improve high te m perature oxidation
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resistance. M any r esearc hers indicated that small in­
crease of Si con t en t has a ben ef icial effe ct on oxida ­
tio n resistance, because Si could be passi va ted and
form silica fil m to in crease the oxidation resistance
of the h igh Cr iro n-base supera lloy[5-8J. Co mpared to
Cr , Si is of higher oxygen affi ni t y, fo r mi ng Si O ,
oxide film betw een Cr, 0 3 oxide film and mat r ix in
a lloy; th us, outward diffusion of Cr ions in the m a­
t r ix becomes m ore diff icult , and a better oxida tion
resistance of alloy is achieved according ly'<P ". I-Ience,
res earchers have paid extensive attention to Cr-Si t ype
iron-base alloys. In this pa per , based on 30Crl3
m artensitic stainless steels with di fferen t amounts
of Si addi tion, the m icrograph , chemical co m posi­
t ion, and phase co nsti t u tion of m ater ial s af ter oxi­
da t ion a t 900 DC were ana lyz ed, and t he m ech anism
of hi gh temperature oxidation resistance was fur ther
studied, so as to p rovide certain t heoretica l basis fo r
practical product ion.

2. Experimental

In this work, 30Crl3 martensi t ic stainless steels
were melted in a hi gh vacuu m electric furnace. T he
chemica l co mposi tio ns of a lloys w ere ana lyz ed by
PMI- MASTER PRO, as shown in T able 1. T he ex ­
perimental alloys were marked as S iO. 5 to Si2. 5
wi t h increasing the si licon con t en t .

After sa mp les were melt ed into ingo ts, heat treat ­
ments were ta ken to im prove the mechanica l p roper-
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Tab le 1
Ch emi cal compos ition of test materi al (mass %)

Materi al No. C S' Mn Cr Fe. 1

SiO. 5 O. 305 0. 18 0. 129 11. 0 Bal ance

Si1. 0 0. 298 1. 07 0. 118 13. 7 Balanc e

Si1. 2 O. 295 1. 22 0.10 3 13.2 Balan ce

Si1. 1 0. 319 1. 12 0. 120 13. 1 Balanc e

Si1. 5 0. 296 1. 51 0. 116 13. 5 Balanc e

Si2.5 O. 278 2. 18 0. 395 12. 9 Balan ce

ti es . In order to reduce composition segregation, the al ­
loys were diffusion annealed at 1200 °C for 2 h, then
austenitized at 950 °C for 30 min, followed by air cool ­
ing. After quenching, the samples were tempered a t
250 °C for 2 h. Samples of 10 mm X 10 mm X 3 mm
were cut from ingots using wire cut electrical dis­
ch arge m achining (WEDM), then mi lled to the
roughness va lu e below o. 8 p.m. A final rinse in et h ­
anol was carried out before oxidation treatment.

The oxidation expe r im en t s w ere conducted in a
chamber electric furnace (YFA12/1 5G- Y) with some
small holes where air flows fr eely. 6 sets of samples
were oxidized respectively a t the same temperature
of 900 °C for 5 , 10,20, 40, 80 and 120 h, then air
cooled to room tem pera t ure in the air t igh t cr ucib les.
Aiming to compare the m ass gain per unit a rea aft er
oxidation and evaluate their oxidation behavior, an
electronic an alyti cal balance with precision of o. 0001 g
was used.

Microstructure of oxidi zed surface and cross se ction

of each experimental specimen was observed using
HITACHI SU -1500, and th e oxides in the surface
were ana lyzed by energy-dispe r sive X-ray sp ectrome­
try (EDS). X-ray diffraction (XRD) analyses w ere
carried out on a 18KW D/MAX2500V+ fPC. The oxi ­
dation specimen was mounted in epoxy resin, then
ground with aluminum oxide water proof abrasive
papers from 400 to 1200 grit for further cross sec ­
tion observation.

3. Results and Discussion

3. 1. High temperature oxidation m acrom or pholo­
gy and kin et ic analysis

Observations for different samples oxidiz ed at 900 °C
for different time rev ea l that the surface of alloys
with Si contents of O. 5 % , 1. 0 % and 1. 2 % oxidized
beyond 20 h becomes coarse and irregular, and
some parts of the oxidation layer are warped and
cracked, eve n separated from the matrix, which lo­
ses protection completely. As show n in Fig. 1 (a) ,
the morphology of oxidation film on sample oxidized
for 80 h is more smooth and dense, whi le that of sam­
ple oxidiz ed for 120 h (Fig. 1(b) becomes more coarse.
However, alloys with Si content of 1. 5 % performs
good oxidation r esistance before 80 h, but also gets
coarse after oxidation for 120 h; cracks were not
shown. As for alloys wi th Si con ten t s of 1. 5 % and
2. 5 %, when oxidation time comes to 120 h, the ox­
ida tion surface is still smooth , whi ch plays a vital role
in protect ing the inner matrix .

Fig. I. Morphology of 1. 1 % Si alloy afte r oxidat ion for 80 h ( a) and 120 h (b).

According to the mass ga in per unit area during
the oxidation, the oxidation kinetics curves pres en ­
ted in F ig. 2 show that the mass gain per unit a rea of
a ll alloys increases wi th the oxida t ion time, and
SiO. 5 , Si1. 0, and Si1. 2 rev ea l a similar oxidation
beh avior, which ch anges significantly and has a
higher mass gain, while Si1. 4 displays a rapid growth
in the mass gain from 80 to 120 h, and Si1. 5 pres ­
ents a rel at ively fl at curves, with alm ost the same
mass gain during the experiment. After oxida tion for
120 h, the mass gain of Si2. 5 is only O. 64 mg,

which is the smallest of all alloys. Except for Si1. 4,
the other alloys mass gain all show a parabolic
growth t rend in the first 20 h; then the increase be ­
com es even and the oxidation rat es decrease, which
rev eals that the steady states are r eached. Through
comparing the oxidation kinetics curves of six al­
loys, it can be concluded that during the oxidation,
a lloys might expe r ience three different stages: (1)
Firstly, a com pa ct thin oxidation layer with better
oxidation resis tance was formed ; (2) Then, some
new oxid es which have bad oxidation r esistance w ere



H . H . M ao et 01. I ] oumal of Ira" and S teel Research . In ternat ional Zn ( 20 17) 561 -568 563

Fig. 2. Oxidat ion kinetics cur ves at SiO. 5 , Silo 0, Si lo 2,
Silo 4 . Silo 5 and Si2. 5.

n and t a re the inde x and oxidat io n t ime respective­
ly; a nd k p r epresents o x idation rat e co ns tan t, (rng :

cm " . h- 1) . In or der to ob tain the k p of six alloys un­
der the same condi tion , the curves shown in Fig. 1 we re
nonl inearl y fit ted to Eq. (1) . Table 2 shows the res ults
of the o btai ned o xi dat io n rate co ns tan ts. It ca n be
co n cl uded that w hen Si co n ten t inc reases , k p g rad u­
a ll y decr eases. SiO. 5 , S il. 0 an d S il. 2 have bigger
k p , w h ich ill us t ra tes that the g rowt h rate o f o xi da­
ti on film is h igher an d the o xi da t ion layer becomes
thicker, so that the m atrix w as destroyed sign ifi ­
ca n tl y. Compar ed to the alloys with lower Si co n ­
t ent, k p of Si l. 5 a nd Si2 . 5 s har ply decr eas es, es pe ­

cia ll y fo r Si 2. 5, the va lue is on ly 2. 98 X 10 - 3 m g .
crri" . h - 1, w h ich is several orders of m agnit ud e
smaller t han those of o ther a llo ys , a nd th us the al­
lo y possesses exce llent oxida t ion res istance. There­

fore, the addit io n of Si ca n dramatically decrease k p ,

t hen s low down the g ro w th ra te of oxida ti on film,
w hich effect ively protects the inn er mater ials, tha t is
why the high temperat ure oxidat ion res istance of al­
loys w as impro ved .

•
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generated on the den s e oxida t ion layer, m aking oxi ­
dat ion rate become fas ter ; ( 3) A n ew oxida tio n lay ­
er w as formed a bo ve the former one, a nd when reac­
h in g a certain thickness, the la yer gets s t ea d y. In
add it io n , SiO. 5 , Sil. 0 an d Si l. 2 all co m e to s tage
3 , w hi le Si l. 4 was between s tages 2 an d 3 , a nd
Si l. 5 and Si2. 5 were s t ill in s tage 1. In co ncl usion,
in the sa m e co ndit ion , Si2 . 5 has the least m ass gain
an d the best o xi dat ion r esistance.

Fig. 3. Thickness of oxide layer oxidized at 900 °C for 120 h.

The t h icknesses of o xid a ti on layer of s ix all oys
were m easu red by scanning electron microscop y (SEM )
an d a re sum m arize d in F ig. 3. The res ults in di ca te
t h at the t h ickness of o xid a t io n layer decreases wi t h
t h e Si content; Si O. 5 an d Si l. 0 h ave t h ick er o xid a­

t io n la yers of 650 and 500 fJ.m resp ecti vel y, w hile
oxida ti on layer s of Sil. 5 and Si2 . 5 were both t h in ­
ner than 10 fJ.m. Mougin et al. [11] s t udi ed 18C r s tai n ­

less s teels an d their results demonstrated that the
thick enin g of o xi dation layers m ight m ake the ad h e­
si ve a bi li t y between m atrix a nd o xi dation layer de­
crease exponent ia lly , w h ich d rama ti call y weaken the

ad h esive streng th be tw een the t w o la yers.
Bas ed on the resear ch mad e by Li[15] , when oxida tio n

k inet ics curves of met all ic m at eri als o bey parabol ic
law, the k in et ics s ho uld fit the fo llowi ng formula.

6.m n = k p t (1 )
w here , Ism is the mass gain per uni t area , ( rng : cm - 2

) ;

2. 98 X 10- 3O. 101. 284.4 27.6951. 46

It is generall y bel ieved that the m orphol og y of o x­
ida ti on film could determ ine w hether the high te m ­
pera ture oxida t ion resi s tance is good o r bad. A n un i­
form oxidat io n film w it h a s m oo t h a nd com pact
s tr uct u re an d w it hi n fin e o xide pa r ti cl es prefor ms
better a t h igh temperature; otherwi se, it has w o rse
oxidat io n resis tance ' I' ". F ig. 4 di splays t h e SE M sur­
face morphol ogies of s ix a lloys o xidized fo r 120 h at

900 °C. The co rres pond ing co m posit ion ana lyse s a re
s hown in F ig. 5. As shown in F ig. 4, there a re large
differen ces in su rface oxidation film a m ong differen t
a lloys. The oxida tion films of SiO. 5 , Sil. 0 , Sil. 2
a nd Sil. 4 a re rough an d coarse , w he reas those of
Si 1. 5 a nd Si 2. 5 a re fl a t, and the oxide pa r t icl es a re

fin er, w h ich isol a t es the s ubst rate fr om the outside
env ironm ent , protecting the su bstrat e effect ively. When
o xid ized at 900 °C aft er 120 h , t h e o xid e pa r ti cl es of
SiO. 5 a re rath er bigger ( see Fig. 4 (a » , which is about

20 fJ.m. A cco rd ing to the co m posit ion a nalysis via
EDS in F ig. 5 ( a), the o xi des co nsis t o f F e an d 0,
but the iro n o xi des ha ve a loose str uc t u re ; thus ,
they ca nno t p reven t oxygen d iffus in g in to the s u b­
s t ra t e eff icie n tly , making the o xi dation film unable
to pro t ect the s ubst ra t e w ell. In addition , the o xi da­
t ion film h as for m ed a si n te ri ng oxid e s h ell a t th is

SiO. 5 Sil. 0 Sil. 2 Sil. 4 Sil. 5 Si2. 5

Table 2
k p of six sam ples at 900 °C ( rng > cm" . h- 1

)

3.2 . Surfa ce m or ph ology a nd com po sit ion of oxi­
d ation f ilm

2.51.0 1.2 1.4 1.5
Si eontent/mass%

0.5

10

100

1000
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( a)SiO. 5; (b)Sil. O; ( e)Sil.2; (d)Sil. 4; ( e)Sil. 5; (f)Si2. 5.

Fig. 4. SE M im ages of six sam ples oxidized at 900 'C.

s tage , and the oxida t ion layer ge ts cracke d under
s t ress , as indicate d by the arrow in Fi g. 4 ( a). The
oxida tion film of Si1. 0 is uneven (Fig. 4 (b)), and
the sizes of oxides are various. T he sizes of larger
oxides in t he lef t bottom are ap pro ximately 15 p.m ,

while in the right of the figure, the o xides are in
po wde r shape , so the loose s truc t ure is difficu lt to
resist oxy ge n diffusing in to the subs t ra te. T he ox­
ides in the oxid ation film migh t be com pose d of ir on
oxides on the basis of EDS ana lysis (Fig. 5 (b) ). A s
seen in F ig. 4 ( c , d ) , the oxidatio n film m orphology
is sim ilar to that in F ig. 4 ( b), and it s surface is
mad e up of Fe an d O. When Si content comes to
1. 5%, there is an ob viou s cha nge in the su rface
morphology, as shown in F ig. 4 ( e) . The ox idat ion
film is constituted by fine oxid e par ticl es, which are
almost in octahe d ra l shape. Furthe rmore , ox ide par­
t icles wit h differen t sizes are di s tribu ted se pa rately;
some of the m are in the size of 2 p.m, an d the la rg er
ones are 5 p.m . With fur th er analyzing by EDS III

(~ ~)

Fi g. 5 ( e), it is sho w n that t he gra n ula r oxides are
mad e up by 0, Cr and Mn, Observing the oxida tion
film in F ig. 4 ( f), ther e are fine and uniform oxide
pa r ti cles in it, and con traste d wi t h the oxida tion
film of Si1. 5, ther e are less large g ra nula r oxides;
the oxida tion film s urface is more flat and com pa ct ,
t hen benef it s the preven t ion of oxyg en inwa rd diffu­
sio n. As ind icated by EDS , the granular oxides com ­
prise 0, Cr , and Mn, Chromium oxides and manganese
oxides have smaller size , an d the oxid es are clo sely
com bine d wit h each ot her. Resul ting from this , iron
diff uses slow ly in these ox ides, then the great oxida­
tion resistance is obtaine d.

Above all , wit h more amount of Si, the oxid es in
the surface are change d from larger wheat- like ox­
ides (i ron oxides) to finer g ran ular oxides, whic h
are chrom ium and m an gan ese oxi des.

O n the ground of ob servation of the oxid ati on ki­
neti cs curve of Si1. 4 , it s oxid at ion kinet ics beh av­
iors are s ligh tly differen t from those of the oth ers. To
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Fig. 5.
(b) Sil. O; ( e) Sil.2; ( d) Sil. 4 ; ( e) Sil. 5; (f) Si2. 5.

EDS spectra o f oxides on surface of s ix sa mples oxidized at 900 'C.
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investigate the oxidation mechanism, the oxidation
films of different oxidation time are obs erved, as shown
in Fig. 6. When oxidized for 20 h, the oxide particles
are rather small and gen erally less than 1 p.m (pres ­
en te d in Fig. 6 (a)). As oxidation time increases to
40 h, the fin e granular oxides in Fig. 6 (a) grow up
into the shape observed in Fig. 6(b); and some nod­
ular oxides, a kind of oxide that composed of gath­
ere d granular oxides, appear and dispersively dis ­
tribute on the oxidation film. Afterwards, when oxi ­
dized for 80 h, the nodular oxides grow up and gath-

er together, forming the isl and-like oxides display ed
in Fig. 6 ( c) . Fig. 6 (f) is the further 0 bs ervation of
the island-like oxides. The g ray matrix oxides com­
prise lots of g ranular oxides, whereas the island-like
oxides above them have loose structures. The points
A and B in Fig. 6 (f) are chosen to analyze via EDS
and the results are pres ented in Fig. 6 ( g, h) . By
means of EDS, besides chromium oxides and man­
ganes e ox ides, iron oxides also exis t ther e, and the
island-like oxides are completely made up of iron and
oxygen.

A
"..

" ",
, /\ " I

,I
119

( h ) Poin t B in (f ) .

35 73 9 11 0 1
EnergylkeV

(b), ( e )10 h; ( e), (£) SOh; ( g ) Po int A in( £) ;

Fig. 6. SEM images of Sil. tj oxidized at 900 "C.

o 1

(a ) , ( d) 20 h;

By analyzing the evolut ion rules of oxidation of
Sil. 4, it is reveal ed that in the earl y stage, the oxi ­
dation film is composed of granular oxides; as oxi­
dation proceeds, the nodular oxides appea r on the
surface of the flat and compact oxidation film, and
then the isl and-like oxides formed subsequently are
dispersively distribu ted on the oxidation film, and
cov er it all even t ually. In the last stage, wheat-like
oxides appear above the island-like oxides till cov er ­
ing the whole oxidation film.

Additionally, the evolut ion rules are also suitable
for other samples. Based on this, it might be concluded
that th e increasing addition of Si could delay the whole
oxidation process. The same phenomenon occurring
in Sil. 4 would also happen in Sil. 5 and Si2 . 5 in
cas e of continuing to oxidation to certain exte n t. Ap­
parently, the addit ion of Si improves the high tem­
perature oxidation resistance of materials effectively.

3.3. Phase analysis of oxidation film

Aiming to fur ther det ermine the type of oxides,
XRD ana lysis was applied to investigate the oxidized
samples, and the results are displayed in Fig. 7.

As illustrated in Fig. 7, only Fe z0 3 is detected in
SiO. 5, Sil. 0, Sil. 2 and Sil. 4 , demonstrating tha t
the oxidation film surface is composed of iron ox­
ides. But c-,0 3 , F ez0 3 and MnCrzO J exis t in Sil. 5
and Si2 . 5 ; m eanwhile, the Fe-Cr matrix phase is
det ected . This is because the det ection depth of XRD
is about 50 p.m, and the metallic substrate could be
det ected if the oxidation film is thin enoug h. Other ­
wise, the phase under the oxidation film could not
be det ected when the thickness of the oxidation film
is more than the det ection range of XRD. Combining
with the EDS results in Fig. 5 , the granular oxide s on
th e oxidation film of Sil. 5 and Si2. 5 are Mnf.r, 0 4 ,
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Fig. 7.
( b) Sil. O; ( e) Sil.2 ; ( d) Sil. 1 ; ( e) Sil. 5 ; (f) Si2.5 .

XI~D spectra of all steels oxidized at 900 °C for 120 h.

then Cr, 0 3 and Fez0 3 are ought to be under the Mn­
Cr, 0 1 oxidation film.

3. 4 . Analy sis on cross section of oxidation layer

In order to understand the s t r uct ure of oxida t ion
lay er, the cross sec tion was s t udied. F ig. 8 presents
the SEM m orphology of si x alloy s , and the corre ­
s po ndi ng line scan analysis is shown in Fig. 9. Clear ­
ly, there is evi de nt delamina tion phenomenon in
SiO. 5 , Silo 0 and Si lo 2 afte r oxidizing at 900°C for
120 h, w hic h refl ect s the poor oxida tion resi stance
a t th is s tag e. Addi t ionall y, acc ording to the EDS and
XRD ana lyses, the ou tmos t layer of th ree all oys is
F ez0 3 ; t he n , the ou ter lay er is com posed of Cr, 0 3 ,
MrrCr, 0 4 and Fez0 3 ; lastly, the inner layer nex t to
the s ubst rate is a lay er of di scontinuously dis tribu ted
SiOz thin film . The out mos t layer of SiO. 5 is loose
and porous; during the oxidat ion pro cess, thes e m i-

crospores in the out m os t lay er tend to gro w into
cracks , and oxyg en could easily diffuse into the s u b­
s t ra te and r eact with it, leading to inne r oxidat ion.
Co m pa r ing Fi g s. 8 (a ) and 8 ( b ) , the combination be­
tween the oxida t ion film and the s u bs t ra te in Sil. 0
is worse than that in SiO. 5 , and this phenomenon
confo r ms to the res earch m ad e by Ba m ba et a l. [ 17J ,

which showe d that increasing the am oun t of Si could
weake n the attach ment ene rgy between the oxid a tion
film and the m etalli c s ub strate. Al though delamina­
tion phenomenon was a ls o found in Silo 4 , the EDS
res ults indica ted that there is no ob vio us di s tinction
in che m ica l com posit ion be tween inner and ou ter
lay er, and oxides a re bo th Cr, 0 3 and F ez0 3, How­
ever , the s t ru cture of the oxida tion film of Silo 5 and
Si 2. 5 has a big difference: the ou tmos t lay er is the
oxida t io n film formed b y granular oxides MnCrz0 1 ,

then a com pact CrZ03 oxidation film is found, and SiOz

(a)SiO. 5 ; ( b)Si l. O; (e)Sil.2 ; (d)Sil. 1 ; (e)Si l. 5 ; (f)Si2. 5.

Fig. 8. SEM images of surface cross-s ection of all steels oxidized at 900 °C for 120 h.



H. H . M ao et 01. I ] oumal of Ira" and S teel Research . In ternationa l Zn ( 2017) 561 -568 56 7

o 2 ·1 G 8 10 12 1·1

(lI) ;J .;""
~"':- ' ., ,
.. .

l~...... - ;- I ....

ot--.L---'''-'--L.-----'---'-----J'--~

700
500
:100

100F-----'--'--~-~----'--~~
200

- ICr,O;,

. _.

r~

~. 200
.~

" lOll.=..s 0 1------''-------'-----''---'----'---

100

800 GOO

400
400

200

0

f>OO

4llO ~ :300

lOll
0 0

soo Cr·,a., I 200b r>.~ 300
100 200" '" IoS 100 Cr.0 3

0 0

100 lOll 240
GO

120
20
0 0

GO lOll

·10 1m
20

20

800 0 0

( a) SiO. 5 ;

Fig. 9.
( b ) Sil. 0 ; ( e) Sil. 2; ( d) Si1. 1 ; ( e) Sil. 5 ; ( f) Si2.5 .

EDS spec tra of surface cross-section during 120 h at 900 'C.

film exist s between the Cr , 0 3 oxidation film and the
metalli c substrate.

From the analysis above, the evolut ion rules of
oxidation layer at high temperature in 30Crl3 stain­
less steel may com e to the conclusion that, when
oxidized at 900 °C, du e to the st rong affinity be­
tween Si and 0, 0 fir stly reacts with Si, then SiOz
is form ed on the surf ace of alloys, instead of sur­
rounding by iron oxid es. They grow smoothly on th e
sur face of alloys. Hence, SiOz is homogeneously dis-

tributed on the oxidation film[18]. This kind of com­
pact SiOz film could inhibit oxygen anions diffusing
inward and m et al cations diffusing outward; th us ,
th e substrate could be well protected. Additionally,
since Si and 0 in the oxidation film have a self-diffu­
sion speed, the growth rate of the oxidation film
would be rather slow[19]. Cr ions diffuse slowly
through the Si O , film to the oxidation film surface,
then react with oxygen an ion to form Cr, 0 3 film,
preventing the further oxidation. Therefore, as oxi -
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da t ion t ime increases , Cr ion s diffused to s u rface are
nearly exha uste d du e to combining with oxygen ions ,
and the s ubs eque n t chro m ium ions co uld not be s uf­
ficiently s upp lie d. As a co nseq uence , the reaction of
iro n ions and oxygen ions becomes the m ain process.
F ez0 3 film for ms abo ve C r, 0 3 film , and iro n ions
and oxygen ions diffuse faster in iro n oxides than in
si licon o xides and chromium oxides. Thus, F ez0 3

film thicken s qui ckly. Nevertheless , the oxida t ion
resistance of materials has been deg rad ed to hardly
have p ro tection ab ilit ies .

As poin ted o ut in previous research , when oxida ­
t ion occurs in F e-Cr base a lloys, metal and oxyg en
react qui ckly, and the metal cat ions transfe r to reac­
t ion in terf ace through the o xida tion film, or oxyg en
an ions diffuse to reactio n inte rface throug h the oxi ­
da t ion film as we ll , so the p ro cess of ions transfer to
reaction in te rface throu gh the oxida tion film is the
con t ro lli ng s tep. In co ncl us io n , the diffusion of ions
th rough the oxidat ion film is the key step of the
whole p ro cess. I-Iun tz an d Bague[ZO] st udied the
effect of Si on the high temperature oxidat ion beh av­
io rs of 9%C r steel and indicated that in cr easing the
am ount of Si cou ld re duce the crit ica l amount of
chromi um requi red to form in teg ral C r, 0 3 , an d the
Si O, film fall s in betw een Cr, 0 3 fil m an d the s ub­
st rate , p reven tin g oxyg en diffusing in to the s ub­
strate. In t h is st udy , the Si O, film ex ists in the in­
terface of the s ubs tra te and the oxida tio n film, and
ions hav e a low diffusion rat e in the SiO, film ,
which delay s the oxida tion pro cess for the m ost
pa r t , so the oxida tion resistance is impro ve d. M ore­
ov er , the addition of Si reduces the cri ti ca l chro mi ­
um amoun t, promot ing the formation of Cr, 0 3 film
on the s urface , and the oxi da tion process is co n­
s t rai ned co nsequen tly. H owev er , excessive addi t ion
of Si could infl ue nc e the m echanica l propert ies of t he
m aterial !"!", and the plastici ty of m at erial reduces
when Si co n ten t is higher than 1. 5 % in previ ous
w ork by aut hor. In this experi men t , the Si con ten t
of 1. 5 % would be the optimal.

4. Conclusions

(l) Both the oxidatio n ra te of 30Crl 3 stainless
steel and the thic k ness of oxid e film will reduce
when the amoun t of Si content inc reases.

( 2) The oxidation surface of SiO. 5 , Sil. 0 and Si1. 2
a re composed of wheat -l ik e oxides ( ir on oxide ) ,
whereas Si 1. 5 and Si 2. 5 a re overs prea d w it h gra n u­
lat e o xide , and Si 1. 5 and Si2 . 5 show better oxida ­
ti on resistance.

( 3) W ith the addi tion of Si , a py knoti c si lica film
that co uld hinder m etal ca tion spread outward and
inward diffus ion of oxygen anion on the matrix is
formed, which en hances hi gh-t emperature oxida tion
dramat ica lly .
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