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Abstract:  Fe-Cr-Ni heat resistant alloys with aluminum and silicon addition, alone and in combination, were 
melted using an intermediate frequency induction furnace with a non-oxidation method. By the oxidation weight 
gain method, the oxidation resistances of the test alloys were determined at 1,200 ºC for 500 hours. According 
to the oxidation weight gains, the oxidation kinetic curves were plotted and the functions were regressed by the 
least squares method. The results show that the oxidation kinetic curves follow the power function of y = axb (a>0, 
0<b<1). The effects of scale compositions on oxidation resistance were studied further by analyses using X-ray 
diffraction (XRD) and scanning electron microscope (SEM). It is found that the composite scale compounds of 
Cr2O3, α-Al2O3, SiO2 and FeCr2O4, with compact structure and tiny grains, shows complete oxidation resistance 
at 1,200 ºC. When the composite scale lacks α-Al2O3 or SiO2, it becomes weak in oxidation resistance with a 
loose structure. By the criterion of standard Gibbs formation free energy, the model of the nucleation and growth 
of the composite scale is established. The forming of the composite scale is the result of the competition of being 
oxidized and reduced between aluminum, silicon and the matrix metal elements of iron, chromium and nickel. The 
protection of the composite scale is analyzed essentially by electrical conductivity and strength properties.
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Heat resistant alloys not only can bear specifi c stress, but 
also have oxidation and corrosion resistance at high 

temperature. With more abundant resource, lower price, and 
an easier manufacturing process than nickel and cobalt super-
alloys, now Fe-Cr-Ni heat resistant alloys are employed 
popularly in national defense, energy resources, aviation, and 
nuclear reaction fi elds as high temperature structure materials. 
The main alloying element for oxidation and corrosion 
resistance in heat resistant alloys is chromium, which is 
solidifi ed in ferrite and with a certain amount can form a layer 
of Cr2O3 outside to protect the matrix at high temperature. In 
order to improve its oxidation resistance, aluminum or silicon 
is added to the matrix. Silicon can be oxidized to be SiO2 
scale, which has high heat stability, so it is usually added to 
heat resistant alloys to improve the oxidation resistance. For 
example, in Fe-Cr-Si, Fe-Cr-Ni-Si and Fe-Cr-Mn-Si series 
heat resistant alloys, SiO2 not only increases the compactness 
of Cr2O3 scale, but also enhances the adhesion strength of scales 

with the matrix and reduces the tendency of scale exfoliating [1-3]. 
With the presence of aluminum, the Fe-Cr-Al, Fe-Cr-Ni-Al 
series heat resistant alloys are famous for high temperature 
oxidation resistance though their mechanical properties are 
not ideal. Al2O3 scale, forming at high temperature, hard and 
compact, without volatility, is combined tightly with Cr2O3 

scale, enhancing the oxidation resistance for heat resistant 
alloys greatly [4-7]. However, little research has been done 
on Fe-Cr-Ni heat resistant alloys containing aluminum and 
silicon at the same time to form composite scales to raise 
high temperature oxidation resistance. So this paper will 
inquire further into the infl uence of composite scale derived 
from chromium, aluminum and silicon on high temperature 
oxidation resistance by experiments with the aim to provide 
necessary experimental basis for developing new kinds of heat 
resistant alloys with higher qualities.

1 Experimental procedure
1.1 Manufacture of test alloys 
This experiment was to study the effects of jointly adding 
aluminum and silicon on high temperature oxidation resistance 
of Fe-Cr-Ni heat resistant alloys. Though aluminum and 
silicon are elements that resist oxidation, they both easily 
form brittle phases, adding too much of them lead to great 
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loss of strength and toughness at high temperature. According 
to the results of reference [8], the content of aluminum and 
silicon were designed to be 3 wt% and 2 wt% respectively, 
taking account of excellent oxidation resistance and not much 
reduction in high temperature strength. The other elements of 
the test alloys were fi xed. In comprehensive consideration of 
high temperature oxidation resistance and strength, 0.06 wt% 
C, 23 wt% Cr and 12 wt% Ni were determined. To ensure a 
certain high temperature strength, 1 wt.% Mo and 0.5 wt.% 
Ti were added to solid solution strengthen the matrix. Being 
harmful to matrix structure, P and S were both to be controlled 
lower than 0.01 wt.% in test alloys.

The experimental materials involved industry-pure iron, 
tinny carbon-chrome iron, pure nickel plate, industry-pure 
silicon, aluminum wire and ferrotitanium. By a non-oxidation 

method, these materials were smelted in an intermediate 
frequency induction furnace with lime and fl uorite to remove 
dregs. Because aluminum is not only the alloying element, but 
also the de-oxidation element, its content and metallurgical 
state should be controlled strictly. Aluminum should be added 
after the ultimate de-oxidation by the yielding rate of 94 wt% 
considering oxidation burning loss. 

The smelting temperature was controlled at 1,580 to 1,620℃ 
and the pouring temperature was at about 1,520 to 1,550℃. The 
roughcasts were made in graphite moulds, which were pre-
heated to prevent blow holes. In order to analyze the infl uence 
of jointly adding aluminum and silicon on high temperature 
oxidation resistance and compared with that of single addition 
Al or Si and without Al and Si, four groups of test alloys were 
cast. The chemical compositions are listed in Table 1.

Alloy No. C Cr Ni Al Si Mo Ti P, S Fe

1 0.061 23.14 11.97 2.96 1.94 1.11 0.53 <0.01 Bal.

2 0.058 22.97 12.06 3.04 0 0.98 0.52 <0.01 Bal.

3 0.059 23.11 11.96 0 2.01 1.09 0.52 <0.01 Bal.

4 0.062 22.92 12.03 0 0 0.96 0.49 <0.01 Bal.

Table 1 Chemical compositions of test alloys (wt%)

Table 2 Oxidation weight gains and rates of test alloys in 500 hours oxidation at 1,200 ºC

1.2 Oxidation testing
The oxidation resistance experiment was carried out by 
oxidation weight gain method according to the China 
National Standard GB/T13303-1991. The roughcasts were 
machined to be U15 mm × 30 mm specimens with surface 
roughness Ra 0.8 µm. Three specimens of each group were 
held in different corundum crucibles and heated to 1,200 ºC for 
500 hours oxidation in SX2-8-13 silicon controlled heating 
furnace. Every 100 hours the oxidation weight gains were 
measured using a TG3288 10-4g photoelectric analysis balance. 
Then the oxidation weight gain rates of each group were 
calculated as the mean value of three for the last 100 hours.

The composition and morphology of scales were analyzed 
using a D/MAX-RB type X-ray diffraction (XRD) and a JXA-
840 type scanning electron microscope (SEM) .

2 Results and discussion
2.1 Oxidation kinetics of test alloys
The oxidation weight gains of four groups of alloys and the 
calculated gain rates are listed in Table 2. From the data, the 
oxidation kinetic curves are plotted in Fig. 1.

Alloy No.
Oxidation weight gain (g/m2) Weight gain rate

g/(m2·h)100 h 200 h 300 h 400 h 500 h

1 146.4 198.5 237.9 268.7 277.1 0.084

2 152.2 280.1 394.7 491.1 580.5 0.89

3 169.2 308.4 423.1 511.7 605.9 0.94

4 198.4 379.2

Figure 1 shows that the oxidation weight gain curve of test 
alloy No. 1 lies in the lowest position among the four. With the 
least weight gain in equal oxidation time, the oxidation resistance 
of alloy No. 1 is obviously better than that of other three alloys. 
Its oxidation weight gain rate is only 0.084 g/(m2·h), reaching the 
complete oxidation resistance according to the Standard. The 
oxidation weight gain curves of alloys No. 2 and No. 3 are both 
higher than that of alloy No. 1. Their oxidation resistances are 
worse, and the oxidation weight gain rates are 0.89 g/(m2·h) 
and 0.94 g/(m2·h),  respectively, at 1,200 ºC. When aluminum 
and silicon are both absent in alloy No. 4, its oxidation weight 
gain was much higher than the others at the beginning, and 
scales shelled off layer by layer with time. Being oxidized 
in 200 hours at 1,200 ºC, the matrix cracked deeply, and the 
experiment was stopped. With few oxidation weight gain 
data and simple composition, the oxidation kinetics and scale 
composition effects on oxidation resistance of alloy No. 4 
were omitted in later discussion. 

The oxidation kinetic curves of heat resistant alloys follow 
the parabolic law shown by many studies [9-12]. The common 
characteristic of oxidation kinetic curves of the heat resistant 
alloys is that the oxidation weight gain in equal time decreases 
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Table 3 Regression equations of kinetic curves of test alloys at 1,200 ºC

Fig. 1 Oxidation kinetic curves of test alloys at 1,200 ºC

gradually, or the curve slope diminishes continuously. In the 
writer’s opinion, such curves could not always be regressed to 
be parabolic functions, but merely look like parabolic curves. 
The oxidation behavior of heat resistant alloys is affected by 
many factors, such as chemical composition and experimental 

conditions and so on. So the oxidation kinetic curves from zero 
origin will display variously, not only following the parabolic 
function of y2 = 2px, in which the oxidation time x goes by 
simple equation, the oxidation weight gain y goes by quadratic 
equation, and the unique variable is the focus p. Thus, only 
depending on the gap size of parabola to explain the varieties 
of oxidation weight gain curves is obviously oversimplifi ed.  

In this experiment, by the least square method regression of 
data from Table 2 and non-linear curve fitting, the oxidation 
weight gain curves of test alloys are found to follow the power 
function y = axb (a>0, 0<b<1). The regression equations and 
parameters of the three oxidation weight gain curves are shown 
in Table 3. In the equations the parameters a and b together 
influence the shape and height of the curves, so fixing the 
oxidation resistance of alloys. Here it is not diffi cult to notice that 
the curve power function becomes parabolic if parameter b is 
0.5. That is to say the parabola is only a special case of the power 
function law. Only when every condition is prepared well, will 
the oxidation weight gain curve follow the parabolic law. 

Alloy No.

Regression equation
y: oxidation weight gain (g/m2),

x: oxidation time (h)

Regression time
zone (h)

Correlation coeffi cient, R

1  y = 10.0465 x0.5433 0 – 500 0.9318

2 y = 3.1982 x0.8347 0 – 500 0.9958

3 y = 4.2138 x0.7974 0 – 500 0.9946

The signifi cance of the regression equations and parameters 
of these oxidation weight gain curves are evaluated by t test 
and F test; giving the signifi cance level a: 0.01.

The t test for regression coeffi cients of alloy No. 1 can be 
calculated from the formula:

   

While t0.5a(n–2) = 4.604 taken from the Mathematical 
Statistics t Distribution Critical Value Table. Because T > 
t0.5a (n–2), the statistical assumption H0 (known as the original 
assumptions or null hypothesis) is refused, and another 
statistical hypothesis H1 (known as the alternative assumption) 
is accepted. So the regression coefficients: a = 10.0465 and 
b = 0.5433 are both signifi cant and the confi dence level is 99 %.

Likewise the F test for the regression equation of alloy No. 1 
can also be calculated from the formula:

 

While Fa(1, n–2) = 21.2 taken from the Mathematical 
Statistics F Distribution Critical Value Table. For F > Fa(1, 
n–2), H0 is refused and H1 is accepted. So the regression 
equation: y = 10.0465x0.5433 is significant and the confidence 
level is also 99 %.

So the oxidation weight gain curve of alloy No. 1 strictly 
follows the power function law: y = axb (a>0, 0<b<1). In the 

same way, curves of alloys No. 2 and No. 3 are also found to 
follow the power function law.

2.2 Effects of scale composition on oxidation 
resistance of test alloys 

With enough chromium, aluminum and silicon, the scale of 
alloy No. 1 involves all of the composition Cr2O3, a-Al2O3 

and SiO2 after 500 hours oxidation at 1,200 ºC. By X-ray 
diffraction analysis (see Fig. 2(a)), it is a multi-oxide structure 
with the main composition of Cr2O3 and the complements of 
a-Al2O3 and SiO2 to protect the alloy matrix. Cr2O3, a-Al2O3 

and SiO2 all have the properties of high melting point, high 
heat stability and high formation enthalpy. They are not easy 
to decompose at high temperature, so each of them has the 
excellent oxidation resistance. As studied in some references 
[13-16], a-Al2O3 or SiO2 not only are supplies for Cr2O3 
scale to elevate the compactness, but also greatly enhance the 
adhesive force of Cr2O3 scale with the matrix by penetrating, 
compounding and pinning. So the anti-exfoliating ability 
of scale is improved and the oxidation resistance of alloy is 
strengthened. The scale morphology of alloy No. 1 is shown 
in Fig. 2(b). The scale structure is fl at and compact, without 
bulge, pit or crimple. The multi-oxide grains connect tightly 
and penetrate each other without holes. During oxidation at 
high temperature, the growth of Cr2O3 grain is hindered by the 
forming of aluminum and silicon oxides. So the multi-oxide 
grains are all fi ne and even in size, without abnormal growth. 
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Such scale of the compounded multi-oxide of Cr2O3, a-Al2O3, 
SiO2 and spinel Fe(Ni)Cr2O4 is the strongest resistant scale in 
this experiment. It has the complete oxidation resistance and 
the lowest oxidation weight gain curve in Fig. 1.

When there is no silicon or aluminum in the test alloys, 
the composition SiO2 or a-Al2O3 would be absent in scales 
accordingly (see Figs. 3(a) and 4(a)). For alloy No. 2 and alloy 
No. 3, the oxidation resistance dropped obviously without the 
complementing and compounding of SiO2 or a-Al2O3. Figure 
3(b) and Fig. 4(b) show that these scales are both loose in 
structure and have many holes and crimples. The oxides grains 
are coarse and uneven. Because the adhesive force decreased 

Fig. 2 Scale composition and morphology of test alloy No. 1, 1,200 ºC, 500 h

Fig. 3 Scale composition and morphology of test alloy No. 2, 1,200 ºC, 500 h

Fig. 4 Scale composition and morphology of test alloy No. 3, 1,200 ºC, 500 h

without the pinning and strengthening of the absent oxides, a 
bit of scale exfoliated during oxidation. a-Al2O3 is more stable 
than SiO2, so the oxidation resistance of alloy No. 2 is a bit 
better than that of alloy No. 3. It also can be seen from Fig. 1 
that the oxidation weight gain curve of alloy No. 3 goes a little 
higher than that of alloy No. 2.

According to the characterization and analyses above, a 
theoretical model was constructed by the writers to explain the 
formation process of the composite scale. Besides iron, the test 
alloys contain high contents of chromium (23 wt%) and nickel 
(12 wt%), so iron, chromium and nickel can all be regarded 
as matrix metal elements. At the beginning of oxidation, as 

XRD pattern of scale composition Scale morphology

XRD pattern of scale composition Scale morphology

XRD pattern of scale composition Scale morphology

(b) 

(b) 

(b) 

(a) 

(a) 

(a) 
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stage. The scales are not compact in structure, and have many 
holes, resulting in rapid oxidation and high oxidation weight 
gain rate. With the process of oxidation, in order to decrease 
the free energy, the reactions of forming spinels take place 
automatically around grain boundaries:

 FeO + Cr2O3 = FeCr2O4

 NiO + Cr2O3 = NiCr2O4

shown in Fig. 5(a), the matrix metal elements are oxidized 
to be FeO, Cr2O3 and NiO, covering the surface of the test 
alloys. If there is Al or Si, the minimum Al or Si around the 
surface will be oxidized at the same time to be tiny particles 
of Al2O3 or SiO2 dispersing in the matrix metal oxides. This 
is the fi rst stage of oxidation. With nucleation and growth, the 
same kinds of oxides are prone to aggregate and polymerize to 
bigger ones. So the oxides grains are coarse and uneven in this 

Fig. 5 The model of the nucleation and growth of the compounded scale

Figure 5(b) shows that the spinels FeCr2O4 and NiCr2O4 
come into being around the grain boundaries of FeO and NiO. 

As is well known, lower standard formation Gibbs free 
energy means higher stability. Alloying elements at high 
temperature compete to be oxidized with each other. The 
element with lower oxide formation energy can be oxidized 
prior to that with higher oxide formation energy, and the 
former can reduce the latter. As listed in Table 4, the calculated 
standard formation Gibbs free energies of Cr2O3, Al2O3 and 
SiO2 at 1,200 ºC are all lower than those of FeO and NiO, So 
FeO and NiO can both be reduced by Cr, Al or Si diffusing out 
from the matrix:

 2Cr + 3FeO(NiO) = Cr2O3 + 3Fe(Ni)
 2Al + 3FeO(NiO) = Al2O3 + 3Fe(Ni)
 Si + 2FeO(NiO) = SiO2 + 2Fe(Ni)
As shown in Fig. 5(c), the outer FeO and NiO decompose 

and are replaced by new Cr2O3, Al2O3, and SiO2 gradually.
Because the standard formation Gibbs free energy of Al2O3 

and SiO2 is lower than that of Cr2O3, the competition of being 
oxidized and reduction between Al, Si and Cr go along with 
oxidation. The coming Al and Si, coming from inner matrix 
can reduce Cr2O3: 

2Al + Cr2O3 = Al2O3 + 2Cr
3Si + 2Cr2O3 = 3SiO2 + 4Cr

At the same time, the micro particles of the new Al2O3 
and SiO2 are both heterogeneous nucleus of Cr2O3. So re-
crystallization of Cr2O3 takes place at high temperature in 
the last stage of oxidation. Figure 5(d) shows that the former 
coarse Cr2O3 is disassembled to be fine isometric grains by 
re-crystallization, and a small fraction of Cr2O3 is replaced 
by fine grains of Al2O3 and SiO2. During oxidation at high 
temperature, the high stable scattering Al2O3 and SiO2 not only 
are the heterogeneous nucleus of Cr2O3, FeCr2O4 and NiCr2O4, 
but also prevent oxides grains from growing. As shown in the 
composite scale of alloy No. 1 (Fig. 2(b)), the grains are very 
fi ne and even, the size is only about 1 to 2 µm, the structure is 
so compact without holes. It is the results of the competition 
of oxidation, reduction, heterogeneous nucleation and re-

Oxide
Standard Gibbs free energy 

of formation at 1,200℃ 
(kJ·mol-1)

Conductivity 

at 1,000℃
(s·cm-1)

Type of 
semiconductor

FeO -334.96 102 P

Cr2O3 -496.00 10-1 P

NiO -228.60 10-2 P

Al2O3 -804.93 10-7 N

SiO2 -646.99 10-6 N

FeCr2O4 -830.96 0 Insulator

NiCr2O4 -724.60 0 Insulator

Table 4 Standard Gibbs formation free energy, conductivity 
and semiconductor type of oxides

(a)

(c)

(b)

(d)
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crystallization.
The protection of the composite scale can be analyzed by 

the electrical conductivity and strength properties. According 
to Wagner theory, the conductivity is of great importance to 
the oxidation resistance. High conductivity can promote the 
metal and oxygen ions to penetrate oxides scales, so oxidation 
speeds up. Protective scales always have lower conductivity. 
A majority of metal oxides are semiconductors. The type 
and conductivity are listed in Table 4. As said in reference 
[17], semiconductor P and semiconductor N contribute to 
insulation. That is to say: P type oxides + N type oxides = 
insulator. So the composite scale composed of different oxides 
of Cr2O3, a-Al2O3, SiO2, FeCr2O4 and NiCr2O4 has insulating 
status, forming a barrier to elements diffusion. As a result, 
the composite scale exhibits complete oxidation resistance. 
This explanation is consistent with the experimental results of 
alloy No. 1. When a-Al2O3 or SiO2 is absent, the insulation of 
scales becomes weaker to some extent; it can not completely 
prevent the ions from diffusing along scales completely. So 
the oxidation weight gain rate goes up, and the oxidation 
resistance goes down.

On the other hand, with much more area of grain boundaries, 
the fi ne grains of the composite scale can absorb the creeping 
deformation and release the stress resulting from the different 
heat expansion between the scale and matrix. So the bond 
strength and exfoliation resistance are reinforced greatly. What 
is more, fine grains can enormously reduce the volume of 
the hole in scale, and decrease the non-connecting area with 
matrix. So the adhesion of scale with matrix is strengthened 
remarkably. All these advantages endow the composite scale 
with higher oxidation resistance.

3 Conclusions
(1) The oxidation kinetic curves of test alloys follow the 

power function of y = axb (a>0, 0<b<1). The parameters a and 
b, in the regression equations, together decide the shape and 
height of the oxidation kinetic curves and refl ect the oxidation 
resistance property of scales.

(2) The composition of oxide scale is the decisive factor 
affecting the oxidation resistance of heat resistant alloys. The 
composite scale, compounded of Cr2O3, a-Al2O3, SiO2, FeCr2O4 
and NiCr2O4, with flat and compact structure, fine and even 
grains, exhibits complete oxidation resistance at 1,200 ºC. Its 
oxidation weight gain rate is only 0.084 g/(m2·h). When either 
a-Al2O3 or SiO2 is absent the scale becomes poor with loose 
structure and coarse grains.

(3) The formation of the composite scale is the results of the 
competition of oxidation and reduction between aluminium, 
silicon and the matrix metal elements iron, chromium, 
and nickel, according to the standard Gibbs free energy of 
formation.

(4) The excellent oxidation resistance of the composite 
scale mainly exists because different semiconductor scales 
compounded with each other promote the insulation status, 
preventing metal elements from being oxidized.
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