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ntergranular oxidation (IGO) in carburizing steels is detri-
mental to carburized gear performance. It reduces fatigue 
performance and can contribute to surface spalling. This 

article discusses the causes of intergranular oxidation and methods 
to reduce it.

INTRODUCTION
Intergranular oxidation during carburizing has been known for 
at least 70 years [1]. Intergranular oxidation is caused by the pre-
cipitation of oxides of one or more of the alloying elements on 
grain boundaries. Alloying elements such 
as silicon (Si), chromium (Cr), and manga-
nese (Mn) have a greater affinity for oxygen 
than iron. The presence of these internal 
defects strongly impacts fatigue properties 
and can severely shorten the expected life 
of carburized steels used in drive train or 
other loaded applications.

Near the surface, complex oxides of man-
ganese and chromium dominate [2]. These 
oxides form as globules within grain bound-
aries, or within the surface grain. A short 
distance from the surface, oxides of silicon 
form a grain boundary network (Figure 1). These internal and surface 
oxides can act as initiation sites for fatigue, reducing expected life.

Vacuum carburizing, or an oxygen-free gas carburizing atmo-
sphere will eliminate the formation of IGO [4]. Traditional gas car-
burizing is still widely used for gears, and other highly loaded parts. 
If gas carburizing is used, the problem of intergranular oxidation 
will occur.

During the formation of internal oxides, the matrix is depleted of 
alloying elements. This reduces the hardenability of the alloy at the 
surface and near the surface [1]. Because of the reduced hardenability, 
there may be non-martensitic transformation products such as pearl-
ite, ferrite, or bainite formed, instead of the expected martensite. Due 
to the lower hardenability, increased quench rates are required to 
prevent the formation of non-martensitic transformation products. 
However, this can also lead to increased distortion. Increasing molyb-
denum (Mo) and nickel (Ni) content will increase the hardenability of 
the steel and reduce the depth of the non-martensitic transformation 
product depth [5].

EFFECT OF ALLOYING ELEMENTS
The partial pressure of oxygen in a carburizing atmosphere is on the 
order of 10-20 atm [6]. This partial pressure is reducing with respect to 
iron, but other oxides have much lower equilibrium partial pressures. 
The oxides of Si, Mn, and Cr have equilibrium oxygen partial pres-
sures of 10-24 to 10-30 atm. This means that these alloying elements 

can be selectively oxidized during carburizing. This oxidation usually 
occurs along grain boundaries because this is a low-energy path for 
diffusion; however, internal oxidation within grains can and does 
occur. Additional oxidation can occur during loading or unloading.

Figure 2 shows the oxidation potential of different alloying 
elements in steel [7]. However, it does not consider the kinetics of 
reaction, nor does it indicate how much of a particular element is 
needed for the oxidizing reaction to occur. Parrish [1] considered that 
elements with a larger atomic number than iron tended to reduce 
internal oxidation, while those of a smaller atomic number promoted 

intergranular oxidation. He found that as little as 0.1% was enough 
of a lower atomic number to cause IGO.In a study of many different 
alloys, it was found [8] that the internal oxidation depth correlated 
to the total oxidation potential:

Another study [9] found that internal oxidation increased with 
increasing Si, Mn, and Cr content, until it reached a limiting value. 
Further increases in alloy content decreased the amount of IGO. 
The limiting value was found to be 0.5-0.6% Si, 0.8% for Cr, and Mn 
about 2.1%.

The formation of IGO strongly impacts fatigue properties and can severely shorten  
the expected life of carburized steels. Fast quench rates will reduce that formation.
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Figure 1: Unetched optical micrograph showing surface oxidation in a gas carburized SAE 4320 [3].

Figure 2: Oxidation potential of alloying elements in steel heated in an 
endothermic atmosphere [7].
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CARBURIZING PRACTICE
To minimize intergranular oxidation, it is necessary to minimize 
the amount of oxygen present. Chatterjee-Fischer [10] found that by 
increasing the carbon potential, reducing the CO2 content, IGO was 
reduced. This was thought to be related to carbon reacting with O2, 
reducing the free oxygen potential. For a 1% Cr steel, internal oxida-
tion was minimized when the CO2 content was no more than 0.2% 
maximum, while for a 1% Mn steel, the maximum CO2 content was 
0.1% [11]. Edenhofer [12] found that when doubling the CO content 
from a nominal 20% to 40%, the amount of IGO was doubled. 

The time during carburizing has been found to increase with the 
square-root of time [10]. Increasing temperature increases the amount 
of intergranular oxidation.

When using nitrogen-methanol atmospheres, the purity of nitro-
gen matters. In-situ generated nitrogen contains greater amounts 
of oxygen than does cryogenically generated nitrogen. This means 
that more IGO will be created with in-situ generated nitrogen than 
cryogenic nitrogen. Direct injection of natural gas (CH4) will help 
scavenge oxygen and reduce IGO. 

CONCLUSIONS
In this article, silicon is the most significant alloying element causing 
intergranular oxidation. It has the lowest free energy of formation. 
Based on atomic size, Si is much smaller than Cr or Mn, and so has 
the highest diffusion rate. Higher carbon potential tends to reduce 
IGO, by carbon reacting with free oxygen. The formation of IGO tends 
to reduce the local hardenability of the steel, contributing to non-
martensitic transformation products at the surface. Only fast quench 
rates, capable of overcoming the lowered hardenability, will reduce 
the formation of non-martensitic transformation products.

Should you have any questions regarding this column, please con-
tact the writer or editor. Suggestions for new columns are very much 
welcomed. 
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