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Abstract 

Nitrogen-hydrocarbon gas atmospheres can offer a cost and 
part quality alternative to the conventional endothermic 
atmosphere and vacuum processes. Non-flammable, low 
percentage methane and nitrogen mixtures were activated 
during furnace injection by a novel, non-thermal electric 
discharge (cold plasma) method and used in carburizing 
process. Theoretical and experimental investigation has been 
carried out including box furnace tests at atmospheric pressure 
to examine the efficiency of activated mixtures in carburizing 
AISI 1010 shim stock and AISI 8620 steel parts between 
875oC and 975oC. Laser gas analyzer was used to monitor 
changes in furnace CH4, H2, CO, CO2, H2O and residual O2 
concentrations during the process. Carbon mass flux (J, 
g/cm2/sec), potential (Cp), activity (ac) and carbon 
concentrations were evaluated. SEM-EDS examination has 
shown that, in addition to improving microhardness profile 
and increasing effective case depth, the new method 
eliminated internal oxidation defects identified in the 
comparable endo-carburized steel parts.   
 
 

Introduction 

Oxygen-free, hydrocarbon heat treating atmospheres have 
been an object of industrial and research interest for over 
quarter century. The early work of Kaspersma [1] and the 
subsequent studies [2-3] of 1-atm pressure, nitrogen-
hydrocarbon blends (N2-HC) have demonstrated that, due to a 
relatively high thermochemical stability, acceptable reaction 
rates can be obtained only by using more complex N2-H2-HC 
atmospheres, where the hydrocarbon is heavier than simple 
methane, and only at temperatures markedly higher than for 
the typical nitrocarburizing treatments. Similar observations 
were made in the area of vacuum carburizing where the initial 
practice of CH4 carburizing at a fairly high partial pressure 
was gradually replaced by a low partial pressure carburizing 
in acetylene, ethylene, or propane-hydrogen multi-component 
blends [4-5]. This shift away from inexpensive CH4 blends is 
not surprising in view of the recent HC dissociation data [6-7] 
as well the authors’ own thermogravimetric measurements 
(TGA) illustrated in Fig. 1. The plots represent the 
carburization weight gain of AISI 1010 carbon steel coupons 

exposed to six different, non-flammable/non-explosive N2-HC 
blends during a 10oC/minute temperature ramp-up. Results 
confirm that methane is practically nonreactive with steel up 
to 1000oC (1830oF). Acetylene starts an effective carburizing 
from about 700oC (1300oF), while propylene, propane (mixed 
with hydrogen or not), and ethylene become carburizing at the 
temperature 100oC-150oC higher. An important advantage of 
both the low-pressure and the 1-atm pressure hydrocarbon 
atmospheres over the conventional endothermic atmospheres 
is the absence of intergranual oxidation (IGO) of Mn, Si and, 
in the case of alloyed or microalloyed steels, also Cr, Al, Ti, 
or Zr [8-10]. Since IGO reduces fatigue strength, steel parts 
processed under endo-atmospheres require longer carburizing 
cycles, deeper carburized cases, and more stock to be ground-
off during the subsequent machining. Marginally successful 
attempts to counter the endo-atmosphere resultant IGO by 
adding ammonia in the last minutes of carburizing [11] point 
to the value of oxygen-free hydrocarbon atmospheres in 
processing plain as well as low and highly alloyed steels.   
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Fig. 1: TGA results of carburizing steel coupons in non-
flammable (sub-LFL), thermally activated nitrogen-

hydrocarbon gas blends at 1-atm pressure. 
 
 
Against this background, the objective of present work is to 
explore the feasibility of carburizing steels in simple, non-
toxic and non-flammable N2-CH4 atmospheres, with the CH4 











  
 

 
 

Fig. 10: SEM-SEI-EDS cross-sectional images of subsurface regions of production parts S after completed carburizing, quenching 
and tempering cycle. Etched in 2% Nital. (a) SEI image of endo-atmosphere carburized part; (b-c) Mn and Cr EDS-maps of area (a), 

(d) higher magnification of area (a), (e) Si EDS-map of area (d); and (f) SEI image of AC-plasma carburized part.  



Cross-sectional secondary electron images (SEI) of the endo-
atmosphere and plasma carburized parts S, and the 
corresponding, elemental maps of Mn, Cr and Si were 
acquired using SEM energy-dispersive X-ray spectroscopy 
(EDS) probe, Fig. 10. The endo-carburized part revealed a 
clearly developed intergranular oxidation zone with the depth 
that agrees with the diffusional calculations and experimental 
data presented in [8]. The enrichment of the oxidized 
boundaries with Mn, Cr and Si was observed and explained by 
a higher affinity of those Fe-alloying elements for oxygen and 
oxygen-containing gases always present in all types of 
endothermic carburizing atmospheres [11]. In contrast, no 
IGO effect was observed in the AC and DC plasma carburized 
samples that exhibited a vacuum carburizing quality of surface 
and subsurface material.  
 
 

Conclusions 

1. Cold, non-equilibrium plasma system has been explored 
and successfully demonstrated in carburizing steels at 1-
atm pressure using CH4-lean, non-flammable/non-
explosive N2-CH4 atmospheres.  Easy to install in the 
conventional furnaces, the cold plasma system minimizes 
environmental pollution and offers a nearly 100%, instant 
turndown ratio. The DC and the AC electric discharges 
were found to be comparably effective in the activation of 
gas stream during injection and carburizing of metal 
surface.  

2. Steel carburizing reactions and process kinetics were 
evaluated. The surface reaction with excited 
hydrocarbons produced during the passage of CH4 
through plasma discharge appears to dominate the 
process. Measurements of carbon mass flux and 
calculations of carbon potential and activity in gas phase 
have shown that the present carburizing rates are 
comparable to those of low-pressure (vacuum) and 
endothermic atmosphere carburizing systems, but the 
thermodynamic equilibrium cannot be established. 
Nevertheless, process control is simple, mass flux based, 
and the popular, low-pressure carburizing models are 
applicable.  

3. Carburizing effects were compared for the AISI 8620 
steel rings and shafts processed with the plasma-activated 
N2-4.5 vol%CH4 mixture and the conventional 
endothermic atmosphere using the same heat treatment 
schedule. The plasma atmosphere processed parts were 
completely IGO-free and revealed a somewhat deeper 
effective carburized depth. The microhardness profile 
directly under metal surface was relatively flat, reminding 
the profiles obtained by low-pressure carburizing, and 
beneficial from the post-machining and fatigue strength 
standpoint. In contrast, the endo-atmosphere carburizing 
resulted in IGO defects, with the associated Mn, Cr and 
Si grain boundary enrichment, and a steep slope of the 
hardness profile.  

4. The further work will include predictive process control 
using diffusional modeling of carbon profile and fluid 
dynamics in large-size, continuous and pit-type furnaces.  
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Appendix 1 

Estimation of measurement errors in calculation of apparent 
carbon potential, Cp

*, and average carbon flux, Jt, displayed in 
Table 4 and Figure 4:    
 
[A] Error of Cp

* calculated using equation (6) is affected by 
measurement of Δm, i.e. the difference between mf and mo, 
and Co. The Cp

* error is estimated using partial derivative 
method:  
 

  
 

 
 

[B] Jt error is affected by measurement of mo, mf, and time, t; 
our rolled shim stock thickness, w, was considered consistent.  

 

 
 

 
 

 
 
where:   
o mf – final weight of shim coupons (after carburizing),  
o mo – initial weight of shim coupons, and Δm = mf – mo,   
o t – carburizing (exposure) time, t = 3 hrs, ∆t = 120sec,  
o w – thickness of shim stock used: 0.004-inch (0.10 mm), 

0.015-inch (0.38 mm), and 0.031-inch (0.79 mm),  
o Co – initial carbon content of shim coupons, Co = 0.084 

%wt C and 0.081%wt C, based on Leco extractive 
analysis of AISI 1010 used, ∆Co = 0.003 wt% C, and  

o A - effective carburizing surface, calculated from initial 
coupon weight and density, ρ.  

 
[C] Cp

* values were also compared to the carbon content 
predicted by a β-version of the CarbTool software [18] using 
our shim-measured carbon flux, Jt, and the vacuum furnace 
carburizing model. The predicted values diverged from the 
measured ones within a ±10% range which indicates that, with 
the carbon flux data available, vacuum carburizing models can 
be used to predict outcome of cold plasma carburizing.  
Measured values of flux Jt were used to model carbon profile 
in the AISI 8620 part S during the AC-plasma carburizing, 
Fig. 11. While no chemical analysis of carbon case was done 
in this study, the predicted carbon profile appears to follow 
the microhardness profile shown in Fig. 9, quite well except 
for the first 50 μm of this quenched and tempered material.   
 

 
 

Fig. 11: CarbTool prediction of carbon profile for the AC-
plasma carburizing of the AISI 8620 parts S. 
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