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(ABSTRACT) 

A computer model for diffusion-controlled internal pre-

cipi ta ti on was used to simulate the corrosion behavior of 

Ni-based superalloys in carburizing atmospheres. The model 

is based on Crank-Nicholson finite difference solution of 

the diffusion equation. The code also includes the ternary 

cross diffusion effect due to substitutional alloying ele-

ments that are preferentially oxidized. The model can treat 

two sets of boundary conditions corresponding to the pres-

ence or absence of a protective oxide scale. It accounts for 

internal precipitation of corrosion products whenever ther-

modynamic solubility limits are exceeded. Up to four differ-

ent carbides can be treated simultaneously. The solubility 

product is computed for each reaction and the amount of car-

bon that reacts is removed from the diffusion process. Under 

non-protective conditions, the predictions of model were 

compared to carburization profiles obtained experimentally 

in H2-cH4 environment tests. Results are presented for the 



formation of Cr, Mo, ·Ti, W, and Nb carbides in Ni-based 

superalloys. The predicted corrosion profiles are in quali-

tative agreement with experimental data. 
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1 Introduction 

The carburization of Ni-base superalloys is of interest 

due to the various applications of high temperature alloys 

that are resistant to carburizing environments. Carburiza-

tion leads to a sharp decrease in ductility and creep resis-

tance due to grain boundary precipitation of carbides. 

Applications include high temperature nuclear reactors and 

coal gasification environments. 

In HTGR nuclear reactor materials reaction with impuri-

ties in the He coolant gas is a major problem. These impur-

ities may originate from the steam cycle, graphite in the 

core, degassing of various materials, hydrogen permeation 

through the walls, among other sources. The impurities 

include CO, co2 , and CH4 . In this kind of mixture carburi-

zation may occur unless a protective oxide layer is thermo-

dynamic and mechanically stable. The kinetics of the process 

will be controlled by C diffusion and carbide precipitation. 

Correct modeling of the kinetics is essential in the selec-

tion and design of materials for these applications (1). 

In a recent work (3) a computer formalism was developed 

to predict carburization profiles in alloys. The algorithm 

was applied to the behavior of Ni-Cr steels and one superal-

loy. The purpose of the present work is to apply the for-

malism to a more complex case and analyze the carburization 

1 
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thermodynamics and kinetics of the Ni-Cr-Mo, Ni-Cr-Ti, Ni-

er-Nb, and Ni-Cr-W systems where more than one carbide can 

be formed. In particular, the ef=ect of composition on the 

distribution of carbides and total C content is analyzed. 

The predictions of the model are compared to experimental 

results reported by other investigators on the Ni-Cr-Mo sys-

tem and superalloys tested in H2 -cH4 environment for 1. 0 

carbon activity at 850°C in the present work. The model can 

be used to predict the carbide penetration depths and maxi-

mum carbide level for different alloys. The model can also 

predict the formation of four different carbides in a sys-

tem, and obtain the carbon uptake for each system. 



2 Review Of Experimental Work 

There is extensive work reported in literature regard-

ing the measurement and calculation of carburization pro-

files in iron base superalloys (1,2). Bongartz (1) has 

determined the carbon concentration profiles by combustion 

analysis (LECO-IR12) on layers skin-machined from a cylin-

drical specimen. Farkas et al. ( 3) have carburized some 

preoxidized superalloys and have obtained good agreement 

with their calculated profiles. 

In HTGR, materials reaction with impurities in He coo-

lant gas is a major problem. The impurities are mainly CO, 

co2 , CH4 , H2o, H2 , and o2 . In this kind of mixture, oxida-

tion, carburization, and decarburization may occur. Exten-

sive experimental work has been done in simulated impure He 

(4-11) using various techniques, such as EPMA, IMMA, radio-

active tracer, etc. The materials investigated are mainly 

nickel-base superalloys containing Cr and other alloying 

elements such as Mn, Mo, Ti, Al, Co, Nb, Si, W, and Fe. 

Table (1) shows the composition of some of the alloys 

tested. The influence of the alloying elements on the cor-

rosion behavior of the alloy is very complex and depends on 

the environments. For example, in impure He, it is reported 

that Si has a determental ,effect (7) whereas for higher oxi-

dation potential it prevents carburization by forming an 

3 
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Alloy Cr Mo Ti Al Co Nb w Fe 

!ncoloy 800 20 - . 5 .3 - - - g 

Has"':elloy X 20 9 - - 2 - . 5 -
Inconel 617 20 9 .5 l 12 - - 2 

Nirnonic PE16 16 4 1.3 l. s - - - 34 

Table l. Cornpos:tion of the alloys studied in atomic 
perce~t. 

Ni I 
I 
32 

B 

3 

3 



5 

oxide layer (12). 

Shikarna et al. (13) have studied the corrosion behavior 

of Inconel 617 in hydrogen base gas mixture ( 80pct H2 + 

lSpct CO+ Spct co2 ). This gas mixture simulates the reduc-

ing gas in the direct steel making system that use heat from 

HTGR in Japan. In temperature range 650 to 1000 C Inconel 

617 oxidized to form Cr 2o3 scale containing Ti oxide. The 

experimental results have shown that er and ti were oxidized 

externally and Al was oxidized internally. Alloys containing 

Mn may form Mn oxide as the outer scale. Figure (1) shows 

the schematic structure of the corroded layers according to 

several investigators (13). This means that Al in the con-

centration ranges normally present in superalloys does not 

form a protective layer. On the contrary, it contributes to 

the intergranular process. 

The high oxidation potential here limits the carburiza-

tion process, and weight gains of specimens were mostly due 

to the oxidation, and showing the contribution of carburiza-

tion to the weight gain negligible at 900 C to 1000 C. With 

the formation and growth of a protective oxide surface 

scale, carburization would be restrained (13,14). After 100 

and a few tens hours exposure, carburization would not be 

developed any more and the higher concentration of carbon in 

the near surface region would be obscure because of dif fu-



1. 

6 

Schema~ic presen~aticn of t~e microstruc~ure 
of the cross section of Inccnel 617 exnosed 
to the test reducing gas at 900°: for ~p to 
200 h. 
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sion. Nickel and iron base alloys which contained Cr and Mn 

enough to form protective surface oxide scale had resisted 

being carburized to some extend in the atmospheres where 

oxidizing potential was relatively high. In these cases car-

burization did not develop after 100 hours exposure. Carbur-

ization of the alloys could not be restrained in the atmos-

phere which had the high carburizing potential and low 

oxidizing potential (15). Shikama et al. ( 13) also deter-

mined a parabolic growth law of oxide layer. In carburizing 

of Hastelloy alloy X, Muraoka et al. ( 14) reason that the 

cause of enhancement of carbon penetration into the alloy in 

helium gas is the fact that the oxidation of a grain bound-

ary enhances the grain boundary diffusion of carbon. They 

also reported that the grain boundary was selectively oxi-

dized and was depleted in Cr in their test of Hastelloy 

alloy X. 

Typical results also have been reported by Muraoka et 

al. (14), where carbon penetration profiles were influenced 

by the Helium gas and oxidation process as shown in Figure 

(2). The decrease of the carbon concentration at the surface 

(i.e., uphill diffusion) is attributed to lower carbon solu-

bility in oxide film (mainly cr2o3 ) than in metal sub-

strate. Comparison of the penetration profiles in vacuo and 

helium gas indicates the oxygen in helium gas causes 
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decarburization at the specimen surf ace and enhances carbon 

penetration (diffusion) into the metal substrate. 

Muraoka et al. ( 14) have also carried out diffusion-

annealing of specimens over the temperature range 700 to 

1100 C for 1 to 100 hours in vacuo. Figure (3) shows these 

results. In these figures the behavior of the near surf ace 

region seem to be due to the precipitation of large amount 

of carbides which are formed by excess carbon. In these 

regions the logarithmic concentration decreases with the 

squares cf the di stance from the surface, which considered 

to indicate as domination of volume diffusion in these 

regions. When grain boundary diffusion is dominant, the 

logarithmic concentration decreases linearly with di stance 

from the surface. Therefore, in mos~ cases the near surface 

region is characteristic of volume diffusion, while region 

far from the surface appears to be controlled by grain 

boundary diffusion (14). 

Hirano et al. ( 6) have also studied the carburization 

of some nickel base superalloys in simulated HTGR helium, 

and thier results suggest that the carburization and decar-

burization depend strongly on the superalloys and the helium 

gas. They have reported that· the degree of corrosion on 

Inconel 617 in the simulated HTGR helium depends on the cal-

culated equilibrium oxygen and carbon potential in the 
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gases. The depth of internal oxidation and chromium deple-

tion increase with increasing of the equilibrium oxygen 

potential and the carbon content in the alloy increases with 

increasing of the equilibrium carbon potential. Their 

results show that the surface oxide formed does not neces-

sarily act as a barrier for carbon transfer in the simulated 

HTGR helium. The carbon transfer through the surface oxide 

layer (mainly Cr 2o3 ) may be due to porosity, cracks, or 

grain boundary transport. 

There has not been experimental work reported for envi-

ronments where oxygen does not contribute to corrosion 

behavior of nickel base superalloys. The only study has been 

on the precipitation of carbides in Ni-Cr-Mo system by 

Raghavan et al. ( 16). The 11 alloys tested in this study 

were homogenized at 1523. for 100 hours and subsequently aged 

at 1123 K (850 C) for 1000 hours to attain equilibrium. 

Carbides were identified by convergent beam electron dif-

fraction ( CBD). The carbides which precipitated in alloys 

were found to be either the M6c or the M23 c6 type depending 

upon the alloy composition. 

The lattice parameters for M6C and M23 c6 compounds have 

similar values, hence, it is difficult to distinguish two 

carbides by electron diffraction except in the (001] orien-

tation ( 17). In M23c6 carbide, ( 200) type reflections are 
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allowed in the zero Laue zone and hence no additional 

reflection appears in the first order Laue zone. 

The ranges of chemical composition of the M6C and M23c6 

carbides are significantly different. The M6C carbides were 

essentially Mo with substi tu ti on of Cr and Ni, while the 

M23c6 carbides were rich in Cr with partial substitution of 

Mo and Ni. The tendency of Mo to M6C is strong in contrast 

to the weak tendency of Cr to M6C. Therefore, the concentra-

tion of Cr in this carbide and corresponding austenite was 

always comparable. Compared to M6C, the M23c6 carbide has a 

limited solubility of Mo and Ni. The M23c6 is rich in Cr and 

dissolved up to 10 at% Mo and 5 at% Ni. The M23c6 carbides 

were always richer in Cr and Mo compared to the surrounding 

austenite. This difference in Cr and Mo concentrations could 

result in the depletion of these elements in the austenite 

adjacent to the carbides. These results show that the forma-

tion of M6C carbides in the Ni-Cr-Mo system result only in 

Mo depletion while the formation of M23c6 carbides could 

result in both Cr and Mo depletion at the carbide/austenite 

interface. 

They also obtained the plot of type of carbide as a 

function of the austeni te composition as shown in Figure 

(4). It indicates that at a given Cr level, increasing Mo 

contents promotes the formation of M6c carbides. The plot 
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also shows that when the Cr content of the austenite varies 

in the range of 15 - 35%, a minimum of 10% Mo is required to 

promote the formation of M6C carbides. Below this level, the 

carbides will be M23c6 . 



3 Theory 

3.1 Diffusion and precipitation kinetics: 

The carburization process is a complex interaction 

between diffusion and carbide precipitation. A change in 

structure and composition, and physical removal of material 

may occur as a result of a carburizing reaction, which can 

degrade a high temperature alloy. 

These process of degradation involve: (1) adsorption of 

carbon on the alloy surface, and (2) the inward diffusion of 

carbon along grain boundaries and through the bulk materi-

als. Perkins (18) suggests that behavior is governed by the 

slowest step of these two process and either the surface 

adsorption or inward diffusion can be rate controlling with 

respect to degradation. Therefore, surface adsorption or 

diffusion control could be two approaches for control of 

carburization. Schnaas and Grabke (19) have shown that the 

inward motion of carburization front in alloy 800 follows a 

parabolic rate law: 

~ 2 = 2K't ( 1) 

where the rate constant , K', can be expressed by a formal-

ism developed for internal oxidation: 

(2) 

15 



where, 

16 

DC Carbon diffusivity 

CS = Carbon concentration on the surf ace 

CM Concentration of carbide £orming element 

(Cr,Ti,Mo) 

v = Effective stoichiometric coefficient 

~ = Factor accounting for diffusion cross section 

blocked by carbide precipitates 

The changes that can be produced by controlling the 

diffusion coefficient of carbon (DC) are small in comparison 

with those produced by control of carbon activity at the 

surface, as means to reduce the rate of carburization. 

Therefore, The best approach lies in controlling the carbon 

activity or CS on the surface of an alloy. From equation 

( 2) a major reduction in the rate of carburization can be 

achieved by keeping CS at very low levels on the surface. 

One of the means to accomplish a reduced surface con-

centration of carbon is the formation of oxide layers on the 

surface (i.e. Cr2o3 , TiO ). This will be discussed later. 

The precipi ta ti on of carbides slows the progress of 

carburization by removing a portion of the diffusing carbon, 

but the carbide forming alloying elements are also removed 

from the solution resulting in an increased solubility of 

carbon. This has been extensively studied for the internal 
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oxidation case. Several theoretical models have been pro-

posed for this influence (1,20,21). 

are analytical treatments. 

Most of these models 

The model considered in the present work is based on 

finite difference solution which is the most useful method 

for solving differential equations such as the diffusion 

equation. Bongartz et al. ( 1) developed a numerical solu-

tion of diffusion equation that accounted for the chemical 

reaction where a portion of the carbon which diffuses into 

the alloy reacts with elements such as chromium to form car-

bide precipitates. At each time step of the calculation the 

solubility limit is computed for the precipitation reaction 

and if the current concentration is higher than this limit 

the excess is removed from the diffusion process and is 

added to the precipitated phase. An appropriate amount of 

the reactive alloying element for carbide formation is also 

removed from the process. 

Goldstein and Moren (2) have demonstrated the applica-

tion of finite difference techniques for ternary diffusion 

equations, accounting for cross diffusion effects. Using a 

similar method in the present work the diffusion modeling of 

the carburization process is studied by numerical solution 

of the ternary diffusion equation to compute the effect of 

an alloying element gradient. This type of gradient has a 
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cross-diffusion effect on the penetration of carbon 

3.2 Ternary Diffusion 

Ternary solute impurities may have a important effect 

on carbon diffusion during the carburization process. If any 

of the solute impurities are inhomogeneously distributed in 

the alloy, for example, by grain boundary segregation or by 

surface or internal oxidation, the carbon flux can be modi-

fied by the effect of the off diagonal or cross diffusion 

coefficient. 

In oxidizing-carburizing environment considered in the 

present work, the mechanism by which ternary alloying ele-

ments (i.e., Cr or Ti) may redistributes during carburiza-

tion is oxidation. Both surface and internal oxidation may 

occur during the carburization process. The formation of a 

coherent (protective) oxide layer (i.e., cr2o3 ) on the sur-

face may act as a barrier to carbon cont:rol and acts as a 

barrier to carbon diffusion. In addition to the protective 

oxide layer which prevents exchange of carbon between the 

carburizing gas and the solid, the growth of a non-protec-

tive layer can also affect the corrosion behavior due to 

changes in the surface solubility and cross diffusion 

effects. Such effects occurs when a non-continuous layer of 

alloying element oxide (Cr2o3 or TiO) cause a depletion zone 
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of the metallic element (Cr, or Ti) beneath the surface 

region. The metal depletion could be quite large and the 

concentration of element M or N in Ni-M-N alloys could 

approach zero. This makes the surface solubility of Carbon 

in the alloy much lower than c5 (i.e., the solubility of C 

in alloy). It also creates a Cr concentration gradient that 

will have a cross diffusion effect on C penetration. 

The diffusion of carbon in ternary Ni-M-Cr alloy, where 

M is the alloying element such as Mo, Ti, W, and Nb, may be 

determined with the extension of Fick's second law (22) as: 

J. = Dik ck i,k = 1,2,3 
J. 

( 3 ) 

or, 

Jl = Dll ac;ax - Dl2 aM/aX - Dl3 aN;ax (4a) 

J2 - 0 21 ac;ax - D22 aM;ax - D23 aN;ax (4b) 

J3 = - D31 ac;ax - D32 aM/ax - D33 aN;ax (4c) 

where N is the concentration of Cr. 

Combining equation (4) with the continuity equation and 

assuming that the diffusivities are composition independent, 

the fick's second law for ternary system becomes: 

8C/at (Sa) 

aM/at (Sb) 
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aN/at = 031 a2c;ax2 + o a2M;ax 2 + o a2 N/ax2 ( sc) 32 33 

where C, M, and N denote the concentration of carbon and two 

alloying elements, re spec ti vely. 0 12 , 021 , 0 13 , 0 23 , 0 31 , 

and 0 32 reflects cross diffusion coefficients, or usually 

refered to as the ternary diffusional interaction. 0 11 is 

the diffusivity of carbon in the alloy surface, where 022 , 

and 0 33 are the diffusivity of alloying elements in the 

alloy. As mentioned by Goldstein and Moren (2), the cross-

diffusion coefficients are calculated at the surface and 

considered constant. These coefficients can be calculated 

from thermodynamics according to B~own and Kirkaldy(23): 

(6a) 

(6b) 

where N1 is the mole fraction of carbon. e 11 , e 12 , and e 13 

are the thermodynamic wagner interaction parameters which 

relate the activity coefficient of carbon to the mole frac-

tion of carbon and element 2 and 3 (i.e., M and N respec-

tively) as follows: 

(7a) 

(7b) 
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(7c) 

It should be noted that if any of these interaction 

parameters is a negative quantity, the corresponding alloy-

ing element would form a more stable carbide than does the 

base metal (i.e., Nickel), and that the order of increasing 

magnitude of the I e j follows the order of increasing magni-

tude of the free energy of formation of the carbide. Simi-

larly the parameter is a positive quantity when the alloy-

ing element has a greater affinity for Nickel than either 

the alloying element for carbon, or Nickel has for carbon. 

These calculations are based on a dilute solution model 

and its validation depends on the kind of alloy and conc~n

tration of alloying elements. For example, Farkas and Del-

gado (24) have shown that this relation can be extended to 

about 15 percent Cr within the limits of the diffusion coef-

ficient measurement accuracy in Fe-Cr alloys. However, for 

Ni-base alloys it was found that it can be extended to Cr 

contents up to 35 wt%. 

The addition of oxide forming elements such as Cr and 

Ti influence both the solubility limits of C in austeni te 

CS, and the mass fluxes of carbon as predicted by equation 

( 5). These oxides on the surface region cause a depletion 

zone of oxide forming alloying elements which changes the 
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effective surface concentration of carbon. This also 

accounts for the uphill diffusion, already mentioned in 

chapter 2, when a non-protective oxide layer forms at the 

surface. 

The diffusion of substitutional elements is much slower 

than interstitial carbon diffusion, therefore, the effect of 

the carbon concentration gradient on the diffusion of alloy-

ing element, as well as the effect of a concentration gradi-

ent of one alloying element on the diffusion of the other, 

can be neglected. Then: 

D - D - D - D = 0 21 - 23 - 31 - 32 ( 8 ) 

The values D12 and D13 can be calculated according to equa-

tion (6). Equation (6) indicates that these cross diffusivi-

ties are a strong function of the concentration of diffusing 

species, carbon (i.e., element 1). They also suggest no 

strong dependency on the contents [M] and [N] (i.e., concen-

trations of alloying elements). 

3.3 Thermodynamics Of Oxidation-Carburization Reactions 

Carburization can occur when an alloy surface comes in 

contact with solid or gaseous carbon or carbon containing 

gases such as hydrocarbon or oxides of carbon at elevated 

temperature. In HTGR materials reaction with impurities in 



23 

the coolant is a major problem. The impurities are mainly 

CO, co2 , CH4 , H2o, H2 , and o2 . These impurities react at 

high temperature and result in complex corrosion, i.e., oxi-

dation and carburization and decarburization. The principal 

reaction involved on the surface are as follows: 

CH4 = C + 2H2 ( 9) 

M + CO = C + MO (10) 

2CO = c + co2 ( 11) 

CO + H2 = C + H2o ( 12) 

M + co2 = co + Mo (13) 

co2 = co + 1/202 (14) 

Each of the first four reactions establish a carbon activity 

(ac) uniquely defined by the temperature and concentration 

of reactants and products. Equation ( 13) is a source of 

high carbon activity by which CO may be generated (i.e., 

equation ( 14 )') when a metal is oxidized by co2 . The CO may 

then break down to deposit carbon on the surface. Only 

equation ( 13) involves a reducing atmosphere. All of the 

others involve oxygen and can form oxides of reactive alloy-

ing elements (i.e., Cr, and Ti). 

Shikama et al. (13) have shown that the thermodynamic 
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stability of oxides and carbides for given oxygen and carbon 

potentials by Gurry's plot (25). Figures (5), (6), and (7) 

show these.plots for oxides and carbides at 900°C and 650°C, 

where indicate plots of C content (C/S) verses 0 content 

(O/S). These variables can be calculated as follow: 

0 = [CO] + 2[Co2 J + [H20J + 2(02] (15) 

H = 4[CH4 J + 2[H2oJ + 2[H2 J (16) 

c = [CO] + [co2 J + [CH4 J (17) 

s = 0 + H + C (18) 

If the composition of test reducing gas is as the black 

dot in figures (5), (6), and (7), the comparison- of these 

plots show that cr23 c 6 , and TiC are mostly stable at 900°C. 

In general it can be seen that at low oxygen potential Cr, 

Al, Mn, and Ti will be preferentially oxidized. They also 

report the same oxidation behavior at 650°C and 1000°C. 

Hence, the same oxidation behavior can be expected at 850°C. 

T. Hirano et al. (6) have reported that the degree of 

corrosion on Inconel 617 in the simulated HTGR helium 

depends on the calculated equilibrium oxygen and carbon 

potential in the gases. The depth of intenal oxidation and . 
chromium depletion increase with increasing equilibrium oxy-

gen potential and the carbon content in the alloy increases 
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with increasing equilibrium carbon potential. The calcula-

tion of the equilibrium activity of C and the partial pres-

sure of o2 that exist in a gas at any given temperature and 

pressure can be done by elementary thermodynamics. A knowl-

edge of these activities can be used to estimate how much 

carbon may dissolve in an alloy and whether or not stable 

carbides or oxides of any element in the alloy can be 

formed. Suppose for a CO: c"o2 mixture at atmospheric pres-

sure, the carbon activity and the partial pressure of o2 

can be calculated as follows: 

2co = c + co2 

then, 

For the mixture, the oxygen pressure would be: 

then, 

~G = -RT ln P /P (P )l/2 co2 co o2 

(19a) 

(19b) 

(19c) 

(20a) 

(20b) 

(20c) 

A knowledge of these activities and pressures can be 

used to estimate carbon or oxygen dissolution in the alloy 



29 

and whether or not carburization or oxidation would be the 

rate controlling in the alloy. Perkins (18) shows a conven-

ient way to present the results of such calculations in the 

form of a thermodynamics phase stability diagram (modified 

Ellingham diagram). Figure (8) shows such diagram where the 

equilibrium carbon activity (ac) and oxygen pressure (P0 ) 
2 

for the formation of a stable carbide and oxide of the Ni-Cr 

alloy are represented as intersecting horizontal and verti-

cal lines respectively. 

The activities and presures in "metal" region can not 

form stable oxide or carbide of M. This region where the 

metal will neither carburize or oxidize. However, it can 

dissolve carbon or oxygen to concentration where the carbon 

and oxygen activities in the surface will be in equilibrium 

with the gas phase. When the carbon activities and oxygen 

pressures are beyond the metal boundary, a carbide or oxide 

of M can be formed on the surface in equilibrium with the 

gas phase. The following equation defines the boundary which 

separates the carbide and oxide stable phase fields. 

MC + 1/2 o2 = MO + C (2la) 

The equilibrium constant (K) for this reaction would be: 

K = exp(-~G/RT) (21b) 
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for pure oxide and carbide the last equation reduces to: 

which gives, 

log ac = -~G/RT log P0 
2 

as the equation for the diagonal boundary. 

(2lc) 

(2ld) 

This diagram predicts only the oxide of M in the gas 

composition of A (shown in fig (8)) on the surface, and no 

external carbide could be formed. However, an internal car-

bide case could be formed beneath the oxide scale depending 

on how the oxygen and carbon activities change in moving 

through the scale to the oxide/metal interface. If the oxide 

is protective (i.e., it can be formed in high oxygen, low 

carbon activity gases), it is a good barrier to the trans-

port of C and o2 , the activities of these element in the 

scale could fall along a path such as A-1 and only the oxide 

of the metal would be formed on the surface (i.e. , thin 

This is because of insufficient 

carbon penetration into the scale to form an underlying car-

bide case or internal carbides. This behavior represents the 

ultimate in carburizing resistance. 

Now if the oxide is non-protective, it would not be a 
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good barrier to transport of carbon. Hence, the activities 

through the oxide scale might change along the path A-2. In 

this case ac is sufficiently high for carbide of M to form 

within the scale or as a carbide case beneath the scale. 

This results in carbon diffusion beneath the alloy to form 

chromium carbides in grain boundaries and within the grain. 

In the case of a carburizing gas such as gas composi-

tion B in figure (8), chromium carbide is the stable phase 

in equilibrium with the gas on pure Cr or binary Ni-Cr 

alloys. Depending on whether or not the carbide is a good 

barrier to the transport of oxygen, the activities of carbon 

or oxygen on moving through the carbide case could fall 

according to path B-3 (i.e., for a good carbide barrier), or 

path B-4 (i,e., for a poor barrier carbide). The path B-3 is 

the ideal behavior for simple pack or gas carburizing pro-

cess. This is the case for the experimental section in our 

work. Here the carbide case would be in stable equilibrium 

with the underlying metal as well as with the gas phase. 

Path B-4 could be the case which an oxide might be fo~med as 

a continuous layer beneath the carbide case. This underly-

ing oxide scale could then be an effective barrier to con-

tinued internal carburization of the alloy. If this oxide 

case is formed within the carbides case, the oxide would not 

be continuous and this alloy continues to carburize inter-
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nally. 

It should be noted that these effects are largely con-

trolled by kinetics, and the available thermodynamic data 

would not predict the behavior of the scales. For example, 

for the case of A-1 path where an stable oxide could form on 

the surface, carbon can penetrate oxide scales along cracks, 

fissures, and interconnected pores (26,27). However, some 

behaviors can be predicted when the metal stands in equilib-

rium with the gas phase. This case is shown in the figure as 

point D. Here carbon would dissolve in the alloy untill the 

ac in the surface is in equilibrium with the ac in the gas 

phase, and no carbides or oxides should be formed either on 

the surface or in the metal. 

Equilibrium carbon activities and oxygen pressures can 

be obtained for complex gas mixture containing CO, co2 , CH4 , 

H2 , H2o, and other gases with the aid of computer programs 

that calculate the equilibrium gas composition for a given 

temperatu~e and pressure. 

From these compositions the CO:co2 , or CH4 :H2 , or H2 :H2 

can be used to calculate carbon and oxygen activities in the 

gas phase. It should be recognize that these ratios can be 

used to calculate activities only if the given composition 

of a complex gas mixture is that for an equilibrium mixture. 



4 Experimental Procedure 

In the present work, mixture of H2 -c24 gases were used. 

Principal reaction that deposits carbon on the surface is: 

(22) 

This gives the activity of carbon in the gas as: 

a = c (23) 

where, ~G = free energy of dissociation 

R = gas constant 

T = temperature (absolute) 

XCH = mole fraction CH4 
4 

x__ = mole fraction H -n2 2 

P = pressure 

It can be seen that relatively small c0anges in the propor-

tion of hydrogen and methane will result in changes in the 

carbon activity necessary to evaluate the importance of this 

parameter. A carbon activity of 1.0 was used for the carbur-

ization process at 1 bar atmospheric pressure. This would 

result to a gas mixture of H2 -2.7CH4 at 850°C. 

Four alloys were exposed to the gas mixture at 850°C 

for up to 200 hours. The chemical composition of the alloys 

34 
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are shown in table ( 2) . Inconel 600, 

nickel base 

superalloy. 

superalloys, and 

The later was 

Incoloy 

included 

601, and X-750 are 

800 is a iron base 

for comparison with 

nickel base alloys in the carburizing environment. The spec-

imen dimensions were 3 x 13 x 22. 2 mm with flat parallel 

sides. Specimens were ground to 320 grit, and ultrasonic-

cleaned in acetone, and were weighted before exposure to the 

test gas. The gas pressure was 1 bar, and the gas flow was 

approximately 330 ml/sec in testing. 

The corrosion test apparatus used in the present study 

is shown in figure (9). Four samples could be placed on the 

sample holder at a time. The furnace was purged with argon 

till temperature 850°C was maintained before flowing the gas 

mixture in. The samples were exposed to the gas mixture for 

32, 100, and 200 hours each time. The samples were then 

ultrasonic-cleaned in the acetone and weighted. They were 

cut with diamond disc across the midsection of their thick-

ness for microstructural studies. 

Each sample was then polished and etched. Inconel 600, 

and 601 and Incoloy 800 were etched by ·electrolytic phos-

phoric acid (80ml H3Po4 , 20ml water), and Inconel X-750 was 

etched by electrolytic chromic acetic (25g Cro3 , 7ml water, 

130ml acetic acid) in a cell voltage of 3-8 vol ts for 3-5 

seconds. The type of etchants used were to show carbide 
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prec±pitants. Micrographs were taken at different magnifica-

tions to be used for quantitative image analysis. Image 

analyzing is a computerized process operated by VAX-2 system 

at the Spatial Data Analysis Laboratory. The general image 

processing system, GIPSY, is a co.ordinated system of over 

275 programs written in the programming language RATFOR, 

that can be used to enhance, manipulate and analysis digital 

images. These images are divided into 512 x 512 rectangular 

regions called subimages. Subimaging an image enables the 

operator to analyze different parts of the image. The GIPSY 

user's manuals can be obtained from the Spatial Data Analy-

sis Laboratory. 

The carburized microstructures were first digitized. 

The images were then subimaged at several point. Each subi-

mage area was analyzed to account for carbide precipitates. 

These are the dark areas on the image. First, image histo-

grams were obtained, and, by choosing suitable threshold 

from these histograms, the area of carbides was obtained at 

each depth. Choosing a threshold is the most critical part 

in image analyzing. To obtain the best results, each 

threshold data should be displayed on the monitor to see how 

the dark areas are separated from lighter ones, and obtain 

as close as possible to the original microstructure print. 

The data obtained give the fraction of carbide area 
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present in the image. Then the volume of carbides can be 

calculated as: 

V = (PL W) 3/ 2/(L W) 3/ 2 = P312 (24) 

where P is the fraction area of carbide present, and L, and 

W are the length and the width of rows and columns (From 512 

x 512 rectangular regions) used for analyzing the subimage. 

Then the percent volume of carbide would be: 

V(v/o) = V/(l - V) = p 3/ 2/(l - p 3/ 2 ) (25) 

where ( 1 

region. 

V) would be the volume of the uncarburized 



5 Simulation Model 

5 .1 Numerical Methods: Crank-Nicholson Finite Difference 

Method 

Many of the differential equations which result from 

engineering problems can not be readily solved by analytical 

methods. Consequently, a knowledge of the methods of 

obtaining numerical solution of differential equations is 

important. These methods are used by studying their applica-

tion to a specific differential equation and its boundary 

conditions. A numerical solution is always obtained for the 

differential equation with specific boundary conditions. 

The diffusion equation is classified as a parabolic 

partial 

problem 

differential equation 

having time-dependent 

which is a boundary value 

solution. The most useful 

methods for solving differential equation such as diffusion 

equation are finite difference techniques. 

5.1.1 Binary Diffusion 

For a Ni-M-N alloy, the diffusion of carbon in the 

alloy can be described by Fick's second law: 

ac;at = a;ax (D11 (ac;ax)) ( 26) 

40 
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for the case Where D is not a function of concentration 

Equation (22) reduces to: 

ac;at = D a2 c;ax2 
11 (27a) 

The diffusion of the alloying elements M and N in the 

alloy follow the next two equations: 

(27b) 

aN/at 
(27c) 

When using a finite difference technique to solve a PDE 

(plus associated boundary and initial conditions}, a network 

of grid points is first established through out the region 

of interest occupied by the independent variables. In equa-

tion (27), we have one distance coordinate x, and time t as 

independent variables, and that the respective grid spacing 

are Ax, and At as shown in figure (10). Subscripts i, and n 

are used to denote that space point having coordinates iAx, 

nAt, also called the grid-point (i,n). And U is the depen-

dent variable representing either C, M, Nin equations (27). 

One of finite difference technique to solve PDE's such 

as equations (S) and (27) is the Crank-Nicholson finite dif-

ference method (28,29). The finite difference equations 

used in Crank-Nicholson replace the derivatives as follows: 
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(28) 

a2u;ax2 = (l/2AX2 ) (U 2u + u i+l,n+l - i,n+l i-1,n+l 

+U. + · - 2U. + U. l ) i ~,n i,n i- ,n 
(29) 

These equations are second order-correct with respect to 

both independent variables x, and t. One better advantage 

for using this method is its stability over large range of 

increments of the variables. 

At any time step U. 1 , U. , U. 1 are known val-
1- ,n i,n i+ ,n 

ues, and at the next time increment ui-1,n+l' ui,n+l' 
U are unknown values. Substituting equations (28), i+l,n+l 
and (29) into equation (27a), and realizing that U is now 

element C, carbon, and collecting terms for points n and n+l 

on the opposite sides of equation gives: 

Ci+l,n+l - 2Ci,n+l [-2 - 2((~X)2/D At)] + Ci-1,n+l = 

C. l + 2C. [-2 - 2( (tiX) 2 /D At)] - C. l (30) i- ,n i,n i- ,n 

for each of the grid point i. 

The same procedure can be applied to equations ( 2 7b) 

and ( 27c) to obtain the concentration equations for the 

alloying elements: 

M . + l + l - 2 M . + l [ - 2 - 2 ( ( ~X ) 2 /D ~ t ) ] + M . - l . l = i , n i, n i , n"'t" 

M. l + 2M. [ -2 - 2 ( (AX) 2 /D tit) ] - M. l ( 31 ) i- ,n i,n i- ,n 
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Ni+l,n+l - 2Ni,n+l [-2 - 2((6X)2/D 6t)] + Ni-1,n+l = 
N. l + 2N. [-2 - 2((6X) 2/D flt)] - N2._l,n (32) i- ,n i,n 

5 .1.2 Ternary Diffusion 

The diffusion of carbon in Ni-M-N alloy, when an Oxide 

scale is formed, was presented in equation (5). We also had: 

( 8) 

This make questions (Sb), and (Sc) the same as equations 

(23b), and (23c) for the binary case. But for the diffusion 

of carbon in the alloy, we have the cross diffusion effects 

to consider: 

Equation (Sa) is more general for the diffusion of car-

bon in the alloy. To obtain the binary equation, for which 

no oxide would be formed, we just need to set the cross dif-

fusivities D12 , and D13 equal to Zero. 

The finite difference solution for this equation 

fl lows: 

ac;at = D~l (l/21lX2 ) (C. l l - 2C. l + C. l l i i+ ,n+ 1,n+ i- ,n+ 

+C. l i+ , n 2C. + C. l ) i,n i- ,n 

+ Dl2 (l/2 ilX 2 ) (Mi+l,n+l - 2Mi,n+l + Mi-1,n+l 
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+M. l - 2M. + M. l ) l+ ,n l,n 1- ,n 

+N. l - 2N. + N. l l+ ,n l,n 1- ,n 
(33) 

In general, applying the finite difference equations 

(28), and (29) to all grid points i yield tridiagonal matrix 

of linear equations. The Thomas algorithm solves for new 

concentrations, e.g. C from the the previous ones, i,n+l' 
e.g. c. if the followings are specified: l,n 

( 1 ) Initial carbon profile 

(2) Appropriate diffusion coefficients 

(3) Boundary conditions 

The system of linear equations follows: 

(A) (X)n = (D) n (34a) 

where, 

(X) = (C. , orM. , orN. , ..... ) n l,n l,n l,n (34b) 

(D) = (d 1 . I d 2 . I d 3 . , ••••• ) l,n l,n l,n (34c) 

where l, 2, and 3 indicate carbon, and alloying elements M, 

and N respectively. 

dl. l,n = rll (2C. l,n - c. 1 - c. 1 ) - c. i+ ,n 1- ,n i,n 

+ r12 ( 2M. - M. ~ - M. l ) - C. l,n l+~,n 1- ,n l,n 
+ rl3 (2N. - N. l - N1._ 1 n) - C. l,n l+ ,n , l,n 

(34d) 
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dzi,n = r22 (2Mi,n - Mi+l,n M. l ) - M. i- ,n i,n 

d 3 • = r33 (2N. - N .. 1 - N. l ) - N. i,n i,n i+ ,n i- ,n i,n 

the d's are determined at each time increment. 

A is a tridiagonal matrix, 

b c 0 
a b c O 

A = 0 a b c 
0 0 a b 
O O O a 

rll 

a = c = 0 

r12 r13 

r22 0 

0 0 r33 

-2rll - 1 -2r12 -2r13 

b = 0 -2r22 - 1 0 

0 0 -r13 - 1 

where, 

r = t.t D .. /2 t.x 2 
ij lJ 

(34e) 

(34f) 

(35) 

(36) 

The matrix A can be inverted with standard subroutines. 

The three component concentrations at time step n+l can be 

obtained from the concentrations at step n as: 

= (A)-l (D) . 
n (37) 
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5 .1. 3 Choice of Grid Parameters 

Errors are introduced by the truncation of the series 

(i.e., Taylor series) used to represent the derivatives in 

the process of replacing the differential equation by finite 

difference equations. For a numerical solution to be of any 

value , its solution must converge to the corresponding dif-

ferential equation when ~x, and At are decreased in size. 

The condition for which the errors will be lessen from one 

time step to the next suggests that a very restrictive rela-

tionship between the size of ~x and that of ~t must be sat-

isfied in order the solutions to PDE to approach that of 

equation (23). The convergence condition (28) for the choice 

of grid parameters tx, and tt is: 

(38) 

However, it should be noted that when reactions (i.e., 

carbide precipitates) are present in the calculations, the 

choice of grid size has additional meaning and the resulting 

profile depends on this size. When a reaction is included, a 

distance tx is implicitly assumed to be replenished in dif-

fusing material in time tt. Therefore, the choice of the 

ratio tx2/D tt represents the velocity at which this replen-

ishment or distribution occurs. Since the process is diffu-

sioned-controlled and condition should represents the diffu-
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sion depth of penetration as a function of time, the correct 

choice is: 

ax2;o at= 4 (39) 

Bongarts et al. (1) used a value of 

ax2;o At= 3 (40) 

and the results are only slightly different from what is 

obtained if the relation just given is used. 

5.2 Boundary Conditions 

Our model can treat two kinds of boundary conditions. 

The first, constant surface concentration of carbon which 

corresponds to no oxide growth or a non-protective oxide 

layer. The second is constant ·flux J at the surface for the 

case of an oxide layer growing at the surface which is 

nearly protective. All our calculatio~s were preformed using 

constant surface concentration as the boundary condition. 

However, the second condition is characterized by 

cO,n = cl,n-1 +ax J/Dll + (D12/Dll)(Ml,n-l - MO,n - 1) 

(41) 

where subscript 0 denotes the specimen surface. 

The conditions used here are for a plane geometry. The 
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boundary conditions leading to the construction of carbon 

and alloying elements profiles are as follows: · 

1) Constant surface concentrations for both carbon and 

the alloying elements. 

a) For binary diffusion case where there is no oxide 

formation, the carbon concentration on the surf ace has been 

calculated as the solubility limit of carbon in Ni-Cr-C sys-

tern. This will be shown in the results section. 

b) For ternary diffusion calculations where a non-pro-

tective oxide layer is formed at the surface, the carbon 

concentration is the solubility limit of carbon in pure Ni 

( 30) . The concentration of alloying elements that form 

oxides (i.e. Cr and Ti) are equal to zero, since it is 

assumed that there is a complete depletion of alloying ele-

ment at the surface of the alloy to oxides. 

( 2) The diffusion problem is bounded spatially by a 

constant carbon concentration at the surface of the alloy at 

grid point i = 2, where: 

c = c l,n 3,n ( 42) 

A zero mass transfer boundary at X = L, that is at grid max 
point i = ID, hence: 

ac;ax = aM/ax = aN/ax = o (43a) 
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and, 

(43b) 

X is the maximum distance for carburization, that is half max 
the thickness of sample. Figure (11) shows the composition 

distribution of carbon and one alloying element (N) in the o 

phase. Here X = L is the total length of grid. Hence: max 

(44) 

5.3 General Procedure for Solving the Differential Eoua-

ti on 

For the problem discribed by equation (27) and the 

boundary conditions just discussed, the value of dependent 

variable is known at a row of points at each time level, and 

there are actually an unlimited number of time levels. It is 

not feasible to solve for all the unknown values of U simul-

taneously even when a limited number of time levels are con-

side red. Hence, ·the technique employed is to solve for the 

unknown values of U at one time level using the known values 

of U at the previous time level. The values of U at the ini-

tial time level, where n = 0, are given as the concentration 

of element at the surface. These values are used to deter-

mine the unknown values of U at the next time level for 
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grid for the numerical model of carburi-
zation. 
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which n = 1. The same procedure is then used to find the 

values of U for n = 2 from the known values of U at N =1. 

This procedure is continued for as many time increment as 

desired. Therefore, the finite difference equations are for-

mulated so that they contain values of U at two consecutive 

time levels as shown in equations (30), (31), and (32). 

There the index n shows the time level at which the values 

of U are known, and n+l indicates the next time level at 

which values of the dependent variable are unknown. 

5.4 Assumptions for Carbide Formation 

The following simplifying assumptions are used through 

out this model: 

( 1) The kinetic of precipitation of carbide is much 

faster than the diffusion process. 

( 2) Bulk diffusion is dominant and contribution of 

grain boundary diffusion can be neglected. 

(3) No volume chang~s occur in the lattice during dif-

fusion. This is valid assumption for interstitial diffusion 

process. 

(4) Constant diffusion coefficients are assumed, i.e., 

the alloying element concentration gradient does not influ-

ence C diffusivity in the alloy. 

(5) No mixed carbides were considered, since their 
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energies of formation are not kncwn. 

(6) No dissolution of carbides was allowed after they 

were formed. 

These assumptions result in the possibility of forming 

different carbides at the same penetration depth. For a high 

Cr content alloy, carbides high in Cr will precipitate 

first, and as the diffusion process evolves and alloy 

becomes depleted in Cr, lower carbides will be formed. 

The validity of these assumption depends on the alloy 

and environment. In most cases, these simplifications will 

not have large effects on the calculated profiles. 

The program can treat four•different carbides simulta-

neously. In Ni-N-M system, two for alloying element M which 

may be a strong carbide former like Mo, Ti, Nb, or W, and 

two for alloying element N, generally Cr. 

The process of internal precipi ta ti on of a M C, type a o 
carbide can be discribed by the reaction: 

aM + bC = MaCb (45) 

where C is the carbon and M is the alloying element (M or N 

in Ni-M-N system). Assuming unit activity for M ~ compound, a o 

the equilibrium constant K can be derived: 

K = exp(-~G/RT) (o )-b (C )-b rr )-a [M)-a 
C max ' M (46) 
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The solubility limit C denote the austenite carbon con-. max 
tent in equilibrium with the carbide. 

c =[exp(-~G/RT)]-l/b (ox)-l/b (o )-a/b [C J-a/b (47) max M M 

where ~G0 is the standard free energy of formation of the 

carbide and oM, re are the activity coefficients of carbon 

and alloying element in the alloy , respectively. Both the 

activity coefficients of carbon and the alloying element are 

considered as a function of the alloying element content. 

If more than one carbide is envolved these calculations can 

be carried out for each carbide, and the one that gives the 

lower value of C would be the max stable carbide at each 

meshpoint. 

At one meshpoint, the concentration of the diffusing 

carbon is calculated by the finite difference method. Then 

if the calculated solubility limit (Cmax) is lower than the 

current C concentration at that point (calculated by finite 

difference method), the difference is subtracted from the 

diffusing carbon as well as an appropriate amount of the 

carbide-forming element concentration (i.e., M or N). The 

calculation of C should satisfy equation (47) for corre-max 
spending alloying element. In other word, the concentration 

soluble in the system according to equation ( 45) is then 

determined by equation (47). This is done for each carbide 
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that is supposed to be formed at each mesh point, and the 

lowest C corresponds to the stable carbide at that point. max 
It should be noted that since these calculations are pre-

formed at one AX and all the time increments at each round, 

it is possible to form different carbide at different time 

increments for the same AX. 

Bong arts et. al. ( 1) did the same calculations, but 

they first reacted the carbon with element M to form the 

corresponding carbide, and the remaining carbon then was 

used for element N to form another carbide at the same 

space-time grid point. Their program could also treat just 

two different carbides comparing to four here. 

Provision was also made for the case where there was 

not enough alloying element to precipitate all the excess 

carbon. In that case, only the possible amount was sub-

tracted. The process was repeated consecutively for the 

four reaction at each point. 

The calculation of carbide stability requires data on 

the free energies of formations of carbides, and the activi-

ties of C and alloying elements in the alloy. These data are 

required as a function of composition, since the composition 

of the alloy changes as the precipitation process evolves. 

The activity of C at the alloy surface is very high for most 

of the envirolli~ents of interest and the concentration of C 
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at the surface can be taken as the terminal solubility. 

The formation of mixed carbides were not considered 

here. However, if mixed carbides are present, a variable 

carbide composition was included. In this case the free 

energy of formation of the carbide would also be as a func-

tion of this composition. 

In reality carbides contain a small amount of nickel. 

However, as the nickel content of carbide is low, the nickel 

content of austeni te will not change significantly during 

carbide precipitation, and so the nickel can reasonably be 

neglected for the purpose of thermodynamic calculations (1). 

This leads to one alloying element carbide composition which 

has been used in present work. 

It is evident that due to flexibility of the finite 

difference technique, a carbide composition which varies 

with the bulk carbon content of the alloy could also be con-

sidered if appropriate thermodynamic data were available. 

The activity coefficient of carbon in Ni-Cr-C system 

could be written as: 

Ni-Cr-C v Ni Cr-C r = o re c c (48a) 

(48b) 

or, 
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(49) 

It is often more convenient to consider the concentration of 

solutes in terms of weight percentages and to use logarithms 

to the base ten. Then equation (48a) becomes: 

Ni-Cr-C Ni Cr-C log oc =log oc + log oc (SOa) 

or, 

(SOb) 

There is a lack of data which accounts for the effects 

of alloying elements on the activity coefficient of carbon 

in the respective systems. Hence, the activity coefficient 

of carbon in Ni-Cr-C system was used for other systems. 

5.5 Ternary Diffusion 

The formation of oxide on the surface of a sample 

introduces the depletion of alloying elements that form 

oxide at the surface, and cause the uphill diffusion of car-

bon near the surface. The metal depletion could be quite 

large and the concentration of the alloying element (i.e., 

M, or N) in the Ni-M-N system could approach zero (2). The 

alloys considered in the calculations are: 

(1) Ni-Cr-C 



(2) Ni-Cr-Mo 

(3) Ni-Cr-Ti 

(4) Ni-Cr-Nb 

(5) Ni-Cr-W 
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In our ternary calculations, thin relatively incoherent 

oxide layers are assumed to be f orrned on the surface of the 

alloys. The concentrations of the alloying elements that 

form oxides (i.e. , Ti, Cr) are therefore considered to be 

zero at the surface. 

In case of Ni-Cr-Ti alloy, two kind of oxides would be 

formed such as, Cr 2o3 , and TiO on the surface. For other 

was the only oxide allowed to form in our 

ternary diffusion model. 

Five diffusion coefficients, D11 , D12 , D13 , D22 , and 

0 33 are necessary to describe the ternary diffusion prob-

lem. 0 11 , D22 , and 0 33 are measures of the effect of the 

concentration gradient of a given component on its own flux; 

whereas, 0 12 , and 0 13 reflects cross diffusion effects. 

Other ternary coefficients described in equation ( 5) such 

could be set equal to zero, 

since diffusion of substitutional elements is much slower 

than interstitial carbon diffusion by a factor of 10 "'. 4 • 

Therefore, the effect of the carbon concentration gradient 

on the diffusion of alloying element, as well as, the effect 
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of concentration gradient o·f one alloying element on the 

diffusion of the other, can be neglected. Hence: 

( 8) 

The value of D1 ~ was assumed to be average diffusion 
-1. 

coefficient of carbon in Ni-base alloys. 0 22 was taken as 

the diffusivity of the alloying element other than Cr in Ni, 

and D33 was the diffusivity of Cr in Inconel-600. 

The cross diffusion coefficients D12 , and D13 were cal-

culated from equation (6): 

(6a) 

(6b) 

Equation (6a) calculates the diffusion coefficient ratio 

D12;D11 which considers the formation of TiO, and equation 

(6b) considers the effect of cr2o3 . N1 is the mole fraction 

of element 1 or carbon, and considered to be the maximum 

solubility of carbon in pure nickel (CS)' since the concen-

tration of the alloying element would be zero at the sur-

face. 

When a gradient of alloying element occurs close to 

surface, the effect of cross coefficient on carbon diffusion 

would only be important close to the surface. Therefore, 

the cross coefficients are calculated at a point where the 
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carbon content approaches c5 . 

)t should be noticed that the values of the diffusion 

coefficient ratios depends on the unit of concentration, 

al though it is a non-dimensional quantity. Therefore, it 

depends on the calculation of interaction parameters (i.e., 

e's). The equations (6) can be used as it is if mole frac-

tion is the unit for calculation of interaction parameters. 

But, if weight fraction is the unit, equation (6) should be 

modified. The modification has been done by Wada (31) as: 

D12;o11 = (M1/M2 ) e 12 Nl/(l + e 11 Nl) 

D13;o11 = (M1/M3 ) e 13 Nl/(l + e 11 Nl) 

(Sla) 

(Slb) 

where, M1 , M2 , and M3 are the atomic weights of carbon and 

alloying elements, respectively. 



6 Results 

6.1 Thermodynamic Stability of Carbides 

Several investigators have measured the free energy of 

formation of Cr carbides. A recent study is presented by 

Smal 1 and Ryba ( 31) . There is a large difference between 

the values reported by different investigators. Comparison 

with experimental studies of carbide stability (16) suggests 

that the data of Small and Ryba result in cr7c 3 being stable 

for Cr contents higher than those observed experimentally. 

In the present work the free energy of formation of Cr car-

bides were estimated as shown in table (3). These values are 

taken from Kleykamp (32), Small and Ryba (31), and Kulkarni 

and Worrell (33) for Cr3c 2 , cr7c 3 , and cr23 c 6 , respectively. 

Table (3) also shows the energy of formation of other car-

bides that can be formed in Ni-Cr-Ti, Ni-Cr-W, Ni-Cr-Mo, and 

Ni-Cr-Nb systems. 

The activity coefficient of carbon in Ni-Cr system 

could be obtained from equation (49), and (50). The activity 

coefficient of carbon in pure Ni has been calculated by 

(4:1): 

log o Ni = c = 2.25 (52) 

61 
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PARAMETER V.l\LUE REFERENCE 

t,GO (Cr3c2 ) -67.4 KJ/mol 3"2 

AG 0 (Cr7c3 ) -143 KJ/mol '1 , ..,_ 

AC 0 (Cr23C6) -402 :KJ/mol 33 

iiG 0 (Mo2 C) -58 KJ/mol 38 

aG 0 (Mo 6C) -54.2 !<J/mol 39 

t.Go (TiC) -171. 9 KJ/mol 41 

~Go (WC) -35 ;(J/mol 41 

AG 0 (NbC) -125.6 KJ/:nol 41 

log re 2.25-4.45NCr 34 

rcr .7+5.3NCr 35 

r Mo 17 36 

r .... .; 5.3 x 
-G. 10 - 36 ... _ 

1Nb 0.1 37 

rw 23.5 36 

cs ( +) 25 4 10 (2.25-4.45NC ) . -X- r 34 

cs ( *) .143 wt% 30 

Table 3. Data for carburization St\;.d.ies. 
'd' • ~·~·~ S (*) Qvi~~~~~~ ( +) Non-oxi iz:..ng con .... .i .. i ..... r. , .-..-'---"'"··':! 

Cond;t;~~.s N is :n atom fraction . .- _...., • I • .-.,,.. 
'-'-
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The activity of carbon in Ni-Cr system could be extra-

polated from the data by Lobl et al. (34) at 850°C. Substi-

tu ting these values in equation ( 50) result the values for 

e 13 . An average e 13 was calculated as: 

e 13 = -4.45 (53) 

This gives an equation for the activity coefficient of car-

bon in the system: 

or, 

log 1 Ni-c~= 2.25 - 4.45 Ncr 
c 

1 Ni-er= 10 (2.25 - 4.45 Ncr) 
c 

(54a) 

(54b) 

The activity coefficient of Cr in the system can be 

extrapolated from the data given by Tousek et al. (35) at 

850°C, 

(55) 

where NCr is the atomic fraction of Cr. 

The activity coefficients of alloying elements in 

nickel base superalloys can be obtained from the work of 

Williams (36), where he gives the activities for such ele-

ment as Mo, Ti, and W. Activity data for niobium in the 

respective system could not be found. However, on the basis 
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of data from the iron-niobium, chromium-niobium, and 

nickel-niobium systems, Spencer (37) has estimated the 

activity coefficient of niobium to be approximatly 0.1. 

These activities are tabulated in table (3). 

The calculation of the maximum solubility of carbon in 

Ni-Cr can be carried out based on the maximum solubility of 

carbon in nickel (30), and the measured activity of carbon 

in Ni-Cr alloys, 

0 Ni-Cr/o Ni = 
c c 

then, 

S Ni/S Ni-Cr 
c c 

S Ni-Cr 
c 

S Ni (o Ni/o Ni-Cr) = c c c 

where, 

oc 
Ni 178 = 

s,.... Ni 0.143 = 
'-' 

(56a) 

(56b) 

(57a) 

(57b) 

This results in an equation for solubility of carbon in the 

system as: 

(2 25 a. a.-N ) c 5 = 25.4 x 10 . - -· -~ Cr (58) 

From these data and data on the activity of carbon, the 

calculations of the thermodynamic stability of carbides can 

be carried out using equation (47). In Ni-Cr system three 
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carbides could be formed as follows: 

(59a) 

(59b) 

(59c) 

Substituting the data given in tables (3) for each reaction 

in equation (47), for different contents of chromium, would 

result in three set of values for C . The lowest C cal-max max 
culated at a content of chromium for the three reactions, 

would correspond to the carbide stable for that Cr concen-

tration. The calculated data indicate that, in Ni-Cr alloys 

cr7c 3 is stable with respect to cr23 c 6 up to 16 wt% Cr. In 

addition, cr3c 2 is stable with respect to cr7c 3 up to 12 wt% 

Cr. A similar calculation for Mo2c - M06c shows that Mo2c 
is stable up to 10.5 wt% Mo. The data for the Mo carbides 

were taken from references (38) and (39). cr23c6 carbides 

were found to be stable with respect to Mo 6c for Cr contents 

higher than 32 wt% and Mo contents higher than 10. 5 wt%. 

The stability region:; predicted for the different carbides 

in Ni-Cr-Mo system are shown in the ternary diagram of fig-

ure (12). The predictions are in agreement with the obser-

vations of Raghavan et al ( 16). M0 6c carbides have been 

also observed in studies of carburization behavior of Inco-
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nel 617 and Hastelloy C (17,40). 

A similar calculation for wc-w2c also shows that WC is 

stable up to 19. 2 wt% W. Cr 23 c 6 carbides were found to be 

stable with respect to WC for Cr contents lower than 41 

wt%, and W contents lower than 19.2 wt%. Other alloying ele-

ments such as, Ti, and NB would form only one carbide as 

TiC, and NbC. 

However, carbides of the types Cr3c 2 , Cr7c 3 have not 

been observed in Ni-base systems. This may in principle be 

due to their solubility limit of C in the alloy surface 

region being lower than the required C contents for these 

higher carbides. 

Thes~ results show that Cr3c 2 should be formed for Cr 

content less than 12 wt% Cr. If Cr oxide is formed at the 

surface the maximum amount of C in the alloy would be 0.143 

wt% and the only carbides that could be formed are cr23c 6 

and cr7c 3 . The formation of a non-protective cr2o3 layer is 

taken into account in the present calculations under oxidiz-

ing conditions. 

6.2 Estimation of Diffusivity Parameters 

The cross diffusivity D12 considered the formation of 

Ti02 at the surface, and it can be calculated according to 

equation ( 6a) . e 12 is the thermodynamic wagner interaction 
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parameter which relates the activity coefficient of carbon 

to the mole fraction of Ti as: 

(60) 
[Ti]= o 

There was a lack of data on the activity coefficient of car-

bon in Ni-Cr-Ti system. Hence, an approximation was used to 

calculate e 12 in Ni-Ti system. Equation (60) indicates that 

e 12 is the slope of a plot of ln oc against the concentra-

tion of titanium (i.e., [Ti]) at constant NC. Figure ( 13) 

shows such a plot. For pure Ti the activity of carbon in 

titanium carbide wa~ calculated as follows: 

Ti + C = TiC (61) 

which is the reaction to form TiC. The equilibrium constant 

for the reaction would be: 

(62) 

for a pure carbide, aTiC = 1.0 

The average Ti concentration in superalloys is about 2 

at%. This also satisfies equation ( 62) since the equation 

predicts the dilute solution of Ti in the system. The activ-

ity coefficient of Ti is listed in Table (3) as: 

o Ti = 5.3 10- 4 (63) 
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The energy of formation of TiC is also listed in Table (3), 

then the equilibrium constant for the reaction is: 

K = 9.8 10 7 

NC is the mole fraction of carbon in pure Ti (30): 

NC = 0.012 

Substituding these values in equation (62) gives, 

then, 

re = 0.0802 

lnr Ti = -2.5 c 

The activity coefficient of carbon in nickel was (41): 

Ni ln re = e 11 N1 = 5.18 

(64) 

(65) 

(66) 

(67) 

(68) 

The line constructed for these two points given in fig-

ure (13), gives an approximation of the activity of carbon 

in Ni-Ti. However, we are interested in dilute solution of 

Ti in Ni, therefore, for small amount of Ti we could expect 

a first order equation for the line. Hence, at 2 at% Ti, the 

slope of line would be: 

e 12 = -8.38 (69) 

substituting these values in equation (6a), and using D11 = 
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lx10- 8 : 

D12 = -9.3x10- 11 '(70) 

Equation (Slb) can be used to calculate 0 13 since the 

calculation of e 13 was based on weight fraction as units: 

(71) 

Hence, 

D13 = -1.98 10-ll (72) 

D11 , 0 22 , and n33 are measures of the effect of the 

concentration gradient of given component on its own flux. 

0 11 was estimated as the diffusivity of carbon in Inconel 

617 (3). 0 22 was considered as the diffusion of element Min 

Ni-M system. n33 was estimated as diffusivity of Cr in Inco-

nel 600 ( 42). The diffusivity data are tabulated in table 

( 4) . 

6.3 Inout Parameters 

The formalism described requires the input of the fol-

lowing parameters: 

( 1) Maximum diffusion distance in cm (half of the 

thickness of the sample, X = .153 cm) max 
(2) Carburization time in hours. 

(3) Diffusivity of carbon, D11 . 

(4) Cross diffusivity 0 12 , zero for binary diffusion. 
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PAR.r..METER VA~UE REFERENCE 

, .,0-8 
.., 

DC = Dll ... x .... c:n~/sec 3 

D~ = D33 '""r 

_., 3 
l.98xl0 .... crn2/sec 42 

D Mo = 0 22 2.3Sxl0 -11 2 cm /sec 44 

DTi 2.SxlO-lO ? 
= 0 22 crn-;sec 43 

DN'.o = 0 22 
-12 lxlO ... 2 cm /sec 45 

DW = 0 22 
- ~ .:1 l.3x10 -- 2 cm /sec 46 

* -ll 2 D .......... = D13 -l. 98x10 cm /sec \..,-._r 
* -11 2 D,... T. = 0 12 -9.3xl0 cm /sec 

... - 1 

Table 4. Diffusivity data for the alloys studied. 
(*) Oxidizing conditions. 
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(5) Cross diffusivity D13 , D13 was zero for binary dif-

fusion. 

(6) Diffusivity of alloying element (Mo, Ti, Nb, or W), 

(7) Diffusivity of Cr in the alloy, D33 . 

( 8) Maximum solubility of carbon on the surface. For 

binary diffusion this was obtained using equation (58). And 

for ternary calculations this was the maximum solubility of 

carbon in Ni (0.143 wt%). 

(9) Concentration of alloying element at the surface, 

zero if alloying element formed oxide at the surface. 

(10) Concentration of Cr at the surface, which was also 

zero for ternary diffusion calculations. 

(11) The bulk carbon concentration; this was assumed to 

be zero. 

(12) The bulk concentration of alloying element. 

(13) The bulk concentration of Cr. 

(14) For a MaCb Carbide, the reaction parameters were 

input as follows: 

(a) Equilibrium constant of the carbide. 

(b) Coefficient b in the MaCb carbide. 

(c) Coefficient a in the MaCb carbide. 

Four carbides could be considered in the program. A listing 

of the program is included in the appendix. 
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6.4 Carburization in Non-oxidizing Conditions 

The carbide precipitation distribution in Ni-Cr alloys 

was calculated for different Cr contents at 8S0°C. Figures 

( 14) through ( 29) show the results for 10 and 20 wt% Cr, 

and two different alloying element contents for 100 hours of 

exposure. The alloying element contents and concentration of 

Cr represent the concentrations generally found in Ni-base 

superalloys. 

These figures show that TiC, Mo2c, Mo 6c, and NbC were 

found to be more stable than Cr carbides which form only 

when the alloys deplete in solute elements. The alloys with 

10 wt% Cr formed cr3c 2 as the stable Cr carbide. The alloys 

with 20 Wt% Cr formed cr23 c 6 as the stable Cr carbide. All 

the stable· carbides formed at the surface. In Ni-Cr-Mo sys-

tem, the alloys with 6 wt% Mo formed Mo2c as the stable car-

bide, and the alloys with 15 wt% Mo formed Mo 6c as the sta-

ble Mo carbide. In Ni-Cr-W system, the alloys with 20 wt% 

Cr, cr23 c 6 was more stable carbide than WC, but in the alloy 

with 10 Cr, WC was the most stable carbide. 

The comparison of these carbon profiles suggests that 

the carbon penetration depth increases with increasing Cr 

content while the surface carbon concentration, c 8 , 

decre~ses. In Ni-Cr-Mo, and Ni-Cr-Nb systems, increasing the 



75 

Z.40 11.2 

- C FlRCFILE 
• Ho PROF' ILE 

Z.00 
., Ct PROF' I t.E 
• C IN MoZC 10.4 
x C IN Mo6C 
• C IN Cr3C2 
IS C IN Cr23C6 

1.60 9.S 
:::: 
> 

z 
0 ..... 1.ZO 9.9 
I-a: 
0: 
I-z 
t.LJ 
u 0.00 9.0 z 
0 u 
u 

0.40 7.2 

0. co "'-----"'-~---~-..,.;5'*1l~.,..; .... r-L.-----l..---...J 6 .4 
0.0 0.4 0.8 I .2 l .6 2.0 2.4 

DIST~NCE: ( .. l' 

E'igu:::-e 14:. Carbu:::-:zation profiles of Ni-10Cr-6Mo 
alloys, 100 hrs, 850°C, non-oxidizing 
condition 

ro 
5.0 

4.0 .... ~ -; ;JJ 

z z 
0 0 - 3.0 -I- I-
a: a: 
a: a: 
I- I-
z :z 
UJ l:J 
u z.o u 
z z 
0 0 
u u .. 0 
u l: 

1.0 

0.0 



76 

2.40 r------------------------- 11.2 

2.00 

w ~························· 

~ ::~ ( .............. .. 

~ c.ao I z 
0 
u 
u 

C.40 

- C ~ll.E 
• Ho PROF' I LE 
e Cr PROF' I LE 
• C IN MoZC 
x C IN HoSC 
4 C IN Ct3C2 
is C IN Cr23C6 

10.4 

9.6 

9.9 

8.0 

i.2 

0. CO 'N'=-..;._~-..W.-~HIH'*'iHroi~l-;s.;ff;5*' ... .W_:_---...J_---.J S. 4 
0.0 0.4 0.8 1 .2 I .6 2.0 2.4 

DISTRNCE ( • 

z 
0 -~ a: 
0: 
~ z w 
u z 
0 u ... 
u 

E'igu:-i: 15. Carburiza~ion profiles of Ni-lOCr-lSMo 
alloys, 100 hrs, 350°C, non-bxidizing 
condition. 

ro 
20.0 

16.0 

z 
0 

12.0 ;: 
c: c: .... z w 

9.0 ~ 

4.0 

0 
u 



3.00 

2.50 

- 2.00 
:::! 

:> 

z 
0 -r-a: a: 
l-z 
w 
u z 
0 u 
u 

a.SC 

2igure 16. 

77 

24.0 

- C PROFILE 
• Ho PROF" I LE: 
e Cr PROF' ILE 

20.0 - - - - !) • c IN Mo2C 
x c IN Ho6C .. c IN Cr7C:3 
ll c IN Cr23C6 

16.0 

12.0 

8.0 

4.a 

Carburization f>cofiles of Ni-20Cr-6Mo 
alloys, 100 :i ~·::, 850°C, non-oxidizing 
condit:i'.)n. 

6.0 

5.0 

4.0 
~ ~ 

;;J ;;J 

z z 
0 0 ..... - 3.0 t-l- a: a: c: e:: I-I- z z LU w u u z.o z z 
0 0 u u 
... 0 

w ::i: 

1.0 

a.a 



78 

. 3.CO 24.0 ro - C FROF'ILE .. Mo PROF" I LE 

" C.· PROF"ILE 
• C IN Mo2C 20.0 20.0 

" C IN Mo6C 
.. C IN Cr7C3 
!S C IN Cr23C6 

16.0 16.0 
~ 
> 

..... ..... 
-; > 

z 
0 

:z: z 
,.... 

0 0 

I-
12.0 ..... 12.0 ..... 

a: 
t- t-

a:: 
a: a: 

t-
a: a: 

z 
t- t-

w 
z z 

u 1.CO 
LU w 

z 8.0 u 8.0 u 

0 
z z 

u 
0 0 
u u 
... 0 

u u 4 

a.so 4.0 4.0 

0.0 

Carburizatio~ orofiles of Ni-2CCr-l5Mo ,. ·a~ .. s~o 0 c ..... a~1oys, ~ v nrs, ~ , ncn-cx:c1::ng 
cor..ditio!1. 



1.20 .. 

I.CO 

- 0.80 
N -JI 

z 
8 0.60 

\A 
I-a: a:: 
I-z w w 0.40 z 
0 
u 

~\ w 

0.20 

0.00 o.o 

Figure 18. 

79 

11 .2 

- C PROFILE .. Ti PROFILE 
1:1 Ct PP.OF' I LE 

10.4 • C !N TC 
x C IN Cr3C2 .. C IN Cr7C3 ,.. 

.l!I ... IN C:23CS 

9.S 

8.9 

I 8.0 

7.2 

6.4 
0.4 z.o 2.4 

Carburization orofiles of Ni-10Cr-.5Ti 
alloys, lCO hr~, 850°C, non-oxidizing 
conC.i~ion. 

6.0 

5.0 

-I 
0 

4.0 
~ N -JI JI 

z z 
0 0 ..... ·3.0 ..... 
I- I-a: a: a:: a:: 
I- I-z ..,. -w w w 2.0 w z z 
0 0 u u .. 
u I-

I.0 

0.0 



2.40 

2.00 

1.60 
~ 
> 

z 
0 ..... i.20 
I-a: a: 
I-z 
4J 
u 0.80 z 
0 
u 
u 

0.40 

a.cc I 
0.0 0.4 

Figure 19. 

80 

10.4 

- C PROFILE 
• Ta PROF' I LE 
ll Cr PROF'! LE 

r··············· .ir c IN T .C 9.6 
x c IN Cr3C.2 
.. c IN Cr7C3 
I! c !N Cr23C6 

a.a 
!::! 
" 
z 
0 

8.0 -I-a: 
0: 
I-z w 

7.2 u z 
0 u .. u 

6.4 

... s.s 
0.9 1.2 1.6 2.0 2.4 
DISTF!NCE c- ) 

Carburizaticn profiles of Ni-lOCr-2.STi 
alloys, 100 hrs, 850°C, non-oxidizing 
condition. 

3.0 

2.S. 

2.0 
N --; 

z .o 
l.S -I-

a: 
0: 
I-z w 

1.0 u z 
0 
u 
I-

0.5 

a.a 



~ 
:> 

z 
0 ..... 
I-a: a: 
l-z w 
u z 
0 
u 
u 

8:!. 

4.80 24.0 

- C PRCFlLE 
• r, PROi'"I LE 

" Cr PROF' I LE I 
-LOO c IN TO: 20.0 • 

x C. IN Cr3C2 
A c IN Cr7C3 

= c IN Cr23C6 

3.20 

~ 
!6.0 

!::! 
" 
z 
0 

!2.0 
)--
a: 
0:: 
I-z w 

a.o u z 
0 
u 

... 
u 

4.0 

a.co ~::::::;:;:=:::~~=~irfl.niHllilHl-lHt-..J..._----1---_J o.o 
0.0 0.4 0.8 l .2 1 .6 2.0 2.4 

Figure 20. 

O! STRNCE C ""' J 

Carburiza~icn orofiles of Ni-20Cr-.5Ti 
alloys, 100 hr~. 8S0°C, non-oxidizing 
condi':.ion. 

6.0 

s.o 
-I 

0 

4.0 ,... 
--; 

z 
0 

3.0 -)--
a: c: 
l-z 
w 

2.0 w z 
0 
u 
.... 

1.0 

0.0 



82 

4.90 Z4.0 3.0 

• C PROFILE: 
• T1 PROF"I 1.C: 
" Cr PROF' I LE 
• C IN TL: zo.o 2.5 
x C IN Cr3C2 
A C IN Cr7C3 
l!I C IN Cr23CS 

~ 

16.0 1 z.o 
,. ~ ... ,. I ~ 

z 
8 2.40 

z z 
0 0 

l-
12.0 .... 1.5 .... 

a: 
l- l-

0:: 
a: a: 

I-
0:: c: 

z 
!- I-

UJ 
z z 

u 1.60 
UJ w 

z a.a u 1.0 u 

0 
z z 

u 
0 0 u u .. 

u u I-

0.80 4.0 0.5 

0.0 

Figure 2 l. Ca~~urization ~refiles of Ni-20Cr-2.5Ti 
1 1 • co h . s-0°c . . . . a _oys, ~ .rs, ~ , ~on-oxiaizing 

condition. 



1.20 

1.00 

·- 0.90 
:::! 
> 

z 
2 0.60 1 l-c: 
Cl: 
I-
z w 
u 0.40 z 
0 u 
u 

o.zo 

Figure 22. 

83 

10.4 

- C ~ll.E 
• Nb PROF' IL. E 
19 Ct PROF' I l.E 

9.6 • C IN NbC 
)( C IN Cr3C2 

• C IN Cr7C3 
II C IN Cr23C6 

9.9 
~ 
> 

z 
0 

9.0 ...... 
I-a: a: 
J-z w 

7.2 ~ 
0 
u .. 
u 

6.4 

Carburization profiles of Ni-lCCr-lNb 
alloys, 100 hrs, 850°C, non-oxidizing 
cor..dition. 

1.2 

1.0 

0.9 
~ 
> 

z 
0 

0.6 ...... 
J-a: 
c:: 
I-z w 

0.4 u z 
0 
u 
~ z 

0.2 

0.0 



,.., -> 

z 
0 ..... 
I-c: 
a:: 
I-z w 
u z 
0 
u 
u 

84: 

2.40 10.4 

~························ 
- C ~ILE 
• Nb PROF'! l.E 

" Ct PROF! LE 
2.00 c IN T.C 9.6 • .,.-~·············· 

x c IN Ct3C2 .. c IN Cr7C:3 
II c IN Cr2:3CS 

1.60 8.9 

1.20 8.0 

0.80 7.2 

0.40 6.4 

0.00,._.._...,......,HH._ ...... ~**~~~MP._..*°*~*°"''--~~~~~~---'S.6 
0.0 0.4 0.8 l .z 1 .6 2.0 2.4 

Figure 23. 

DISiRNCE C -

Carburization nrofiles of Ni-l0Cr-4Nb 
alloys, 100 nr~, 850°C, non-oxidizing 
condition. 

4.8 

4.0 

3 . .2 
~ 

,.. 
--; ::i 

z z 
0 0 .... 2.4 ..... 
I- I-
a: a: 
a: a: 
I- I-
z z 
w w 
u 1.6 u 
z z 
0 0 
u u .. A 
u z 

0.8 

0.0 



4.60 

4.00 

- 3.20 
:::! 
> 

z 
2 2.40 .... 
a: 
0: .... z w 
u 1.60 z 
0 
u 
u 

0.60 

Figure 24. 

85 

24.0 

- C ~!LE 
• Nb PROF' I l.E 

Gee~~••••••••••••~~••• 
s Cr PROF' I LE 

• C IN NbC 20.0 
x C IN Cr3C2 .. C IN Cr7C:3 
e C IN Cr23CS 

IS.O .... 
> 

I z 
0 

12.0 .... 
I-cc c:: 

r 

I-z 
w 

9.0 u z 
0 u ... 
u 

4.0 

OISTRNCE (11111 

Car~uriza~ion oro=iles of Ni-20Cr-lNb 
alloys, 100 hr~, 850°C, non-oxidizing 
condition. 

l.Z 

1.0 

a.a 
~ 
> 

z 
0 

0.6 .... 
I-a: c:: 
I-
z 
Li.J 

0.4 u z 
0 
u 
A z 

o.z 



86 

4.80 24-.0 

- C PROFILE 
• Nb PROF'I LE 
e Cr PROF'I l.E 

4.00 c IN NbC 20.0 
ll 

x c IN Cr3C2 
4 c IN Cr7C3 
Ill c IN Cr23C6 

- 3.ZO 16.0 
N > 
z 
8 2.40 12.0 
I-a: c: 
I-z w u 8.0 z 
0 
u 
u 

0.20 4.0 

0. 00 ____ .....,lt-$a§il4ilH!Hl~Hl<Hl'!11411H11.,..i-a-.l.----...l.-----..J 0 . 0 
0.0 0.4 0.8 1.2 1.6 2.0 2.4 

Figure 25. 

OISiRNCE: (.,. 

Car~urization ~refiles of Ni-2CCr-4Nb 
alloys, 100 hr~. 850°C, non-oxidizing 
condition. 

4.8 

4.0 

3.2 ,... ~ -; :> 

z z 
0 0 - z.·4 ....... 
I- I-
a: c: 
a: 0: ,_ I-
'z z 
w w 
u 1·.s u 
z z 
0 0 
u u .. ~ 
u z 

0 .s 

- 0.0 



2.40 

z.co >-

l.E.O 
~ ,. 
z 
0 .... l.ZD 
I-a: 
0: 
l-z w 
u 0.80 z 
0 
u 
u 

Figu:-e 26. 

87 

10.4 

- C Pi:lCF'lLE 
• \J PROF I LE 
e Cr PROF' I LE: 

9.S .... I• ••• 1• •• • c IN \.IC 
x c IN Cr3C2 

• c IN Cr7C3 
II c IN Cr23C6 

8.8 
~-,. 
z 
0 ra .... 
I-a: c: 
l-z 
w 

7.Z u z 
0 u .. 
u 

6.4 

or STANCE ( -

Carburi~a~!on ~refiles of Ni-10Cr-4W 
alloys, 100 hr~, 8SC°C, non-oxidizing 

~. - • '°"'\ con .... i l-l.·-n. 

4.8 

4.0 

3.2 
~ 
> 

z 
0 

f' ..... 
I-
c:: c: 
I-z w 

l.6 ·u z 
0 u 
;:;: 

0.8 

0.0 



88 

2 . .40 10.4 112.0 

- C ?Rt'FILE 
• \.I PROF'!LE 

2.00 l- r 0 Cr PROF' I LE 
-l S.6 -l 10.0 • C IN \.IC 

x C IN Cr3C2 
,.. C IN Cr7C3 
a C IN Cr2:3C6 

~ 1.EO r t f· ~ is.a , ................ 
z z 
0 0 .... 8.0 .... 6.0 
I- I-
a: a: 
a: a: 
I- I-
z z 
UJ U.J 
u 0.00 7.Z u 4.0 z z 
0 0 
u u .. 
t.J u 

0.40 6.4 

0.00 .....--:- )odo(l:(JOOOE~t x xx xx xx~ JC.•X!l!I! • ' I S.6 

re 
0.0 

0.0 0.4 

Figure 27. 

o.a 1.2 1.6 z.o 2.4 
DI STANCE ( 1111 

Carburization p~ofiles of Ni-10Cr-7W 
alloys, 100 hrs, 850°C, non-oxidizing 
condition. 

N -;> 

z 
0 .... 
I-
a: a:: 
I-z 
UJ u z 
0 w 
::::: 



89 

4.90 Z4.0 

- C ~ll.E 
• 14 PROF I L.E 

. 19 Ct PROF I L. E: 
4.00 C IN \.IC 20.0 • 

x C IN Cr3C2 

• C IN Cr7C3 
II C IN Cr23CS 

- 3.20 16.0 
N N - ~ > 

z z 
8 Z.40 

0 
IZ.O .... 

I- I-
a: a: 
0:: a: 
I- I-
z z 
UJ !.&.I 
u 1.60 9.0 u 
z z 
0 0 
u u .. 
u u 

0.90 4.0 

o.oo ~-.._~;.iiPtfiRR""HIHM11t9tN".-,.., ... ._...1... ___ .J... ___ ..J o:c 
a.a o..i a.a 1.2 1.6 2.0 2.4 

Figure 28. 

DISTANCE C • 

Carburization orofiles of Ni-20Cr-4W 
alloys, 100 hr~, 850°C, non-oxidizing 
condition. 

4.8· 

4.0 

3.Z 
~ 
> 

z 
0 2.4 -I-
0: 
0: 
I-z 
4J 

l.S u z 
0 u 
:x 

a.a 

a.a 



90 

4.ao 24.0 

- C ~!LE: 
• \ol PROF'ILE 
0 Cr PROF" ILE 

4.00 C IN IJC 20.0 • 
x C IN Cr3C:Z .. C IN Cr7C3 
o C IN Cr23C6 

- 3.ZO 16.0 
~ 
> 

v z 
2 Z.40 12.0 
I-a: c: 
I-

I 
z 
w 

8.0 u 1.60 z 
0 
u 
u 

a.so 4.0 

a.co ~--~~:_),.~~~FIR ...... .-. ... ..., .. _._ ___ .....l----...J o.o 
0.0 0.4 0.8 1.2 1.6 2.0 2.4 

Figure 29. 

DISTANCE C • 

Carburization orofiles of Ni-20Cr-7W 
alloys, 100 hr~,. 850 °c, non-oxidizir.g 
condition. 

12.0 

10.0 

8.0 
~ N 

:> :> 

:z: :z: 0 0 ..... 6.0 -l- J-a: a: c: c::: 
I- J-z z w w u 4.0 u z a 0 
u u .. 
u ::i: 

2.0 

0.0 



91 

solute element content (i.e. , Mo, or Nb) increase the sur-

face carbon concentrations, while in Ni-Cr-Ti, and Ni-Cr-W 

systems, increasing the alloying element content decreases 

cs. 
Figures (30) through (33) show the corrosion behavior 

of the alloys, that is total carbon uptake as a function of 

carburization time for 10, 20, and 30 wt% Cr and different 

alloying elements, for 100 hours at 850°C. These plots show 

that as the chromium content increases, the carbon uptake 

i~creases sharply. 

6.5 Carburization in Oxidizing Conditions. 

Figures (34) through (49) show results for ternary dif-

fusion calculation for the same alloys calculated in non-ox-

idizing condition. These calculations simulate the case 

where a non-protective oxide layer is formed at the alloy 

surface. This layer still allows fast carbon transfer from 

the gas phase but results in depletion of the elements that 

form oxides beneath the surface. The saturation concentra-

ti on of C at the surface decreases sharply with Cr deple-

tion. Note that the ternary cross diffusion effect was con-

sidered in this case. The effect of the cross diffusivities 

was significant. They raise the value CS, for instance, in 

Ni-20Cr-2.5Ti, they raise the c8 value from 0.143 wt% at the 



92 

.4 

[ 
.3Z (a) 

w ~ v a: 
.:~ I-

0.. 
:::l - l 0 
::) (b) 
c:: . !S c:: 
u 
....J 
a: 
I-
0 .cs ,_ 

(c) 

o.o a.a 40.0 so.a 120.0 !SO.a 
CRRSUR!ZRTZON TIME ( 1-.-) 

Figure 30. Tctal carbon up~ake as a func~io~ of time, 
non-oxidizing condition. (a) Ni-30Cr-15Mo, 
(b) Ni-20Cr-l5Mo, (c) Ni-lOCr-lSMo 



T.I.s·z-.:r:io1-H'{ (::i) '::.r.s·z-.:r:ioz-TN (q) 
'T.I.s·z-.:r~o£-TN (~) ·uor~rpuoj bUTZTPTY.O-UOU 

0'091 0·0:1 o·os . C'Or. o·c c·o 

(::>) eo· 

SI' 

( c:) 

1 
t-Z' 

J u· 
(-e) 

J ,.. 

S6 

. i: c 

-; 
0 
-; 
::0 
r-
il 
:r.i 
:::::: 
Ol 
0 
:z 
~ 

=o -; 
::0 ::::; 
rTJ 



94 

.4 r 
·:a) 

.32 

LU 
'/ 

Cf .24 i-
9-_, 
z 
0 (oJ 
~ 

~ . :s 
w 
::::: .... 
i-
0 .cs I-

( c) 

c.o c.o AC.a aa.o 120.a 1~~ ·-'" 
C:=lRSUR!ZRfION fIME ( ,.,. ) 

Zigure 32. Total carbon uptake as a func~ion of time, 
non-oxidizing condition. (a) Ni-30Cr-1Nb, 
(b) Ni-20Cr-1Nb, (c) Ni-lOCr-lNb 



95 

.4 r (a) 

.32 

lJJ ;;: ..... 
1- .24 
a. 
:J .... 
0 I I - (bl 
:c 
~ .16 
1...1 

...I a: 
I-
0 ,_ .ca 

I 

(c) 

0.0 I o.o AO.a so.a :zo.o 1so.o 
C~~BURIZFIT!ON TIME: CN-) 

Figure 33. Total carbon uptake as a function of tirr.e, 
non-oxidizing condition. (a) Ni-30Cr-4W, 

- (b) Ni-20Cr-4W, (c) Ni-10Cr-4W 



96 

S.00 12.0 

- C ~ILE 
• Ha PROF' I LE 
• Ct PROF' I LE 

5.00 C IN Ho2C 10.0 • 
lC C IN Mo6C - • C IN vSC:Z I 

0 II C IN v2~C6 

:. 4 .co 9.0 
N 

M - -; 
> 

z z 
~ 3.00 

0 
6.0 .... 

I-!- a: c:: 0: Ct: I-I-z z 
Li.J w 
~ 2.00 I 4.0 u z 

0 0 u 
u 

I ·u .. 
u 

l .CO· z.o 

a .co .,_ ___ _._ _ _.;~"~-'*"'~"'*'****-...i----.1.----...1 o. o 
0.0 0.4 0.9 !.2 1.6 2.0 2.4 

DISTANCE: ( • 

Fi~~re 34. Carburizaticn ?refiles o= Ni-10Cr-6Mo 
alloys, 100 hrs, 850°C, cxidizi~g 
condition. 

-s.o ., 

5.0 

4.0 
!:! 

::0 

z 
0 

3.0 .... 
I-a: c::: 
I-z w u 2.0 z 
0 
u 

0 
l: 

1.0 

a.a 



97 

1.20 ·r· -------------------..., 12.0 r·o 
- 0.80 

z 
2 o.so L..o< .. .--

1-a: 
a:: 
1-z w 
u 0.40 

~ I 
0.20 

Figu:::-e 35. 

- C PROFILE 
• Ho PROF' IL. E 
e Cr PROF' I L.E 
• C IN Ho.ZC 
x C IN HoSC 
.. C IN Cr3C.2 
a C IN Cr2:3C5 

10.0 

8.0 

6.0 

4.0 

z 
0 ..... 
l-a: a:: 
1-z w 
u z 
0 
u .. 
u 

20.0 

16.0 

z 
0 

12.0 ;: 
a: a: 
1-z w 

8.0 u z 
0 
u 

z.o 4.0 

- 0.0 

Ca:::-burization orofiles of Ni-10Cr-15Mo 
alloys, 100 hrs, sso 0 c, oxidizing 
ccndit.ion. 



l.ZO 

I.CO 

- C.80 
:;:! 

" 
z 
0 ..... 0.60 
I-a:: 
c: 
I-z w 
u 0.40 :z 
0 u 
u 

o.zo 

a.co a.a 0.4 

Figtire 3 6. 

98 

24.0 

- C ~JLE 
• Ho PROF' I LE 
<I Ct PROF' ILE 
• c IN MoZC 20.0 
x c IN HoSC .. c IN Cr7C3 
I! c IN Cr23CS 

16.0 

12.0 

8.0 

14.0 

0.8 1.2 1.6 
a.a 

2.0 2.4 
OISTA~CE ( -

Carburization Drofiles of Ni-20Cr-6Mo 
alloys, 100 hr~, 8S0°C, oxidizing 
condition. 

ro 
J _ 0 

r ' 4 .0 .... :;:! 
;;J " 
z z 
0 0 - 3.0 ..... 
!- !-
a: a: 
0:: a:: 
!- I-- ..,. ...... 
~ w 
u z.o u 
z z 
0 0 
u u 
... 0 
u I: 

1.0 

a.a 



99 

2 • .40 24.0 

- C PRO='ILE 
• Me PROF ILE 

2.00 
a Cl PROF! LE 
• C IN Mo.2C 20.0 
x C IM MoSC 
• C IN Cr7C3 
a C IN Cr23C6 

1.60 16.0 
N ~ 
> ,. 

z z 
0 0 ... 1.20 12.0 ... 
I- I-
a: a: 
c: c: 
I- I-
z z 
UJ w 
u 0.80 e.o u z z 
0 u 
u 

0 u .. 
u 

0.40 4.0 

0. CO ll-_.,...,C!lea.•~H4~H-1119'1Ml9'111HHIHHl-1-----L..---...J 0. 0 a.a o.4 o.a 1.2 1.s 2.0 2.4 
0 I STFlNCE: ( • 

Figure 37. Carburization profiles cf Ni-20Cr-15Mo 
alloys, 100 hrs, 850°C, oxidizing 
condition. 

24.0 

20.0 

ts.a 
~ ,. 
z 
0 

!Z.O ... 
I-
C:t c: 
I-z 
UJ 

8.0 u :z 
0 u 
0 
l: 

4.0 

0.0 



100 

3.00 12.0 6.0 

- C PRCf'lLE 
• i1 PROF' I LE 

2.50 
e Ct P~OF" ! L.E 

• c IN TA: 10.0 s.c 
x c IN Cr3C2 -- c 

I 
A IN Cr7C3 I 

- c IN Cr2:3C6 
0 !I 0 

= 2.00 . 8.0 4.0 

~ ~ ~ 
:> :> > 

z z z 
0 ,... 1.50 

0 0 
6.0 ,.... 3.0 ..... 

.... .... I-
c:: 
Cl: 

a: a: 
.... 

0:: Cl: 

z 
.... .... 

w 
z z 

u I .00 
w w 

z 4.0 u 2.0 u 

0 
z z 

u 
0 0 u u .. 

u u .... 
0.50 I 2.0 1.0 

... o.a 

Fi g-u.re 3 8. Car~urization ~rofiles of Ni-lOCr-.STi 
1 1 100' - 850°,..... .... a ... oys, _ n::-s, ·-, oxia..izing 

condition. 



1.20 

I.CO 

- 0.80 
N 

> 
z 
2 0.60 
I-a: 
0:: 
;-z w u 0.40 z 
0 u 
u 

o.~ r 
a.co c.o 

E'igu=-e 39. 

101 

12.0 

- C PROF'ILE .. i1 PROF"ILE 
a C.- PROF"I LE .. C IN T.C 10.0 

x C IN Cr3C.2 .. C IN Cr7C3 
D C IN Cr.23C5 

8.0 
~ 

:> 

z 
0 

6.0 -I-a: a: 
I-z w 

4.0 u z 
0 u .. 
u 

z.o 

0.0 o.e l.Z 1.6 2.0 2.4 
DISTANCE (M 

Carburization profiles of Ni-lCCr-2.STi 
alloys, 100 hrs, 850°C, oxidizing 
condition. 

3.0 

2.5 

z.o 
N -:> 

z 
0 

1.5 -I-a: c: 
l-z w 

l.O w z 
0 u 
I-

0.5 

a.a 



1.20 

I.CO 

_ o.eo 
~ ,. 
z 
2 0.60 
I-a: 
cc 
I-z w 
u 0.40 z 
0 u 
u 

Figure 40. 

102 

Z4.0 

- C PROFILE 
• Tr PROF' I LE 
e C- PROF' I LE 

20.0 
JI C IN T.C 
x C IN C:3C2 
4 C IN C-7C3 
e C IN Cr23C5 

16.0 

j IZ.O 

j a.a 

4.0 

OISTRNCE ( M 

Carburization orofiles of Ni-20Cr-.STi 
alloys, 100 hrs, 850°C, oxidizing 
condition. 

6.0 

5.0 

-I -0 

4.0 
~ M -,. ;r 

z z 
0 0 ..... 3.0 .... 
I- I-a: a: cc c: 
I- I-z z w w u 2.0 u z z 
0 0 u u ... 
u I-

1.0 

o.o 



103 

2.40 Z4.0 ~ 3.0 

- C ~ILE 
JI T1 PROF' I LE 

2.00 t- e Ct Pi:?OF ILE 
-j 20.0 -l 2.5 ~eeeeeee:s1••••••••••~••• " C IN TC 

x C IN Cr3C2 
4 C IN Cr7C3 
11 C IN Cr23C6 

t.60 16.0 ~ , 2.0 
::! 
> -~ 

:z: z f 
8 I .Ztl 

0 
12.0 ..... 1.5 

I- l-
a: a: 
Cl: c: 
I- l-
:z z 
w w 
u a.so 8.0 u 11.0 z z 
0 u 
u 

0 u 
... u 

0.40 4.0 -j 0.5 

0.00 •• tt~l!Ji!Ji!l!l511'i!9•••ilJ!llll•JIB••••iffl!I I I Q.0 
0.0 .0.4 0.8 I .2 I .6 2.0 2.4 

E'igu.re 41. 

DISTANCE ! • l 

Carburization profiles of Ni-20Cr-2.5Ti 
alloys, 100 hrs, 850°C, oxidizing 
condition. 

... 0.0 

~ 
> 

z 
0 ..... 
l-
cc 
Cl: 
t-z w 
u z 
0 u 
I-



104: 

3.00 12.0 1.2 

- C ~ll.E 

" Nb PROF I LE: 

" Cr PROF ILE: 
10.0 1.0 2.SO • c IN NbC .,{ 

x c IN Cr3C2 - • c IN Cr7C3 I c IN Cr23CS - II 0 = Z.00 9.0 0.9 
!:! N -; ~ > > 

z z 
0 0 z 

6.0 .... 0.6 ..... c • I-.... 1 .so . 
I- a: a: I-
a: 0:: a: 
I- I-a: 
z z 1-
w w z 
u u w 

4.0 z 0.4 z u I.CO 
0 0 z 
u u 0 u ... A 

u u z 

c.so 2.0 0.2 

c.o 

E"ig--..:.:?:e 42. Ca:?:burization orofiles of Ni-lOCr-lNb 
'1 100 .... . s-0°c 'd' . aJ. _oys, ..... rs, ~ , ox1 iz1ng "' ...... con'""1 '-ion. 



_ a.so 
N > 
z 
2 0.60 
I-a: 
c:: 
I-z w 
u 0.40 I 
~ I 
u 
u 

o.zo 

105 

- C ?Rt:FILE 
• Nb PROF I LE 
0 Ct PROF I LE 
• C IN TC 
x C IN Cr3CZ 
• C IN Cr7C3 
a C IN Cr23CS 

10.0 

a:o 
N 

> 
z 
0 

6.0 ...... 
I-a: a: 
I-z w 

l.a u ... 
0 
u .. 
u 

z.o I 
a 00 ....... .! ~····•·••n•"'······ I 

I o.o 
. C.O 0.4 0.8 1.2 !.S 2.0 2.4 

D!STFiNCE ( NI 

Carburization oro~i~es of Ni-lCCr-4Nb 
alloys, lOO hr~, 850°C, oxidizing 
condition. 

4.8 

4.0 

3.2 
N .... 
" 
z 
0 

2.4 .... 
I-a: a: 
I-z w 
u ., 1.6 z 
0 
u 
~ z 

a.a 

0.0 



106 

1.ZO 24.0 

- C PRO='ILE: 
• Nb PROF'I LE.: 
e Ct PROF I l.E: 

I.CO 
~··i····················· " C IN NbC zo.o 

)( C IN Cr3C2 
4 C IN Cr7C3 
Iii c IN Cr23C6 

- 0.80 16.0 
M 

~ -; 
> 

z z 
8 0.60 

0 
12.0 -I- I-

a: a: 
c: 0: 
I- I-
z z 

UJ UJ 
~ 0.40 fl 9.0 u z 

0 
u 

~ I .. u 

o.zo 4.0 

0. CO ....... ._.ltfl!~!tti;l'HtillH.tffiHl*llHHHll'!~ll*i!tilit-L-----~---..J 0. 0 o.o 0.4 a.a 1 .2 1.s 2.0 2.4 

Figure 44. 

0 ! ST;1NCE ( • 

Carburization orofiles of Ni-20Cr-:.:rb 
alloys, 100 hr~, 850°C, oxidizing 
condition. 

r· 
1.0 

0.9 
N -; 

z 
0 

0.6 -I-a: 
0: 
I-z 
1.1.J 
u 0.4 z 
0 
u 
A :z 

c.z 

0.0 



107 

1.20 24.0 

- C ~ILE 
• Nb PROF' I LC: 

l.00 e Cr PROF' I LE 
• c IN NbC 20.0 
x c rN Cr3C2 
... c IN Cr7C3 
ill c IN Cr23C6 

- 0.80 16.0 
N N 

--; '"5 

.... z .... 
~ o.so 0 

12.0 ..... 
I- 1-
a: a: 
a:: Cl: 
I- 1-
z z 
w w 
u 0.40 8.0 u 
z z 
0 0 
u u 

~ u u 

o.zc 4.0 

?'!' ...... ~IHMtefHHHMl*'Jl-Ht ..... !Ht11HHl;>-.l-~~--l~~~-la.o 
0.8 1.2 1.6 2.0 2.4 

E'igu:::-e 45. 

DISTRNCE C • l 

Carburization crofiles of Ni-20Cr-4Nb 
alloys, 100 hr~. 850°C, oxidizing 
cor:dition. 

4.9 

4.0 

3.2 
!:::! 
> 

z 
0 

2.4 ...... 
I-a: c: 
I-z w 

1.6 u z 
0 u 
~ z 

o.s 

0.0 



108 

4.SO 12.0 r· - C ~!LE 
• 'I PROF ILE 

4.CO, 
e Cr PROFILE 
• C IN \JC 10.0 14.0 
x C IN Cr3C:Z -I " C IN Cr7C3 

0 II C IN Cr:Z3CS 

- 3.ZO 8.0 3.2 
:::! "" 
> --; ~ 

> 

z z 
0 

:z 

~ 2.40 I 0 0 
6.0 .... 2.-l .... 

I- I-cc c: 
l-

c: c: 
z 

I- I-

LU 
z z 

u 
I .SO I 

LU w 
z 4.0 u !.6 u 
0 

z z 
u 

0 0 u u 
u I .. 

u :::z 

a.so z.o a.a 

o.co~~~~-;-:-~~~it::!"JH~ ... !f::aE:~;;;;;:;i.-l~~~~..L..~~~-o.o o.4 a.a 1.2 i .s .. o ? a.a .... -.4 
0.0 

OISTRNCE (.,.. J 

Carburization oror~~es of Ni-10Cr-4W 
al iov~ 1~0 h~~ aso 0 c ox•~i~•~g 

- - - I - U .&.•• ,::> I '-' I ~ \....i.- ~ ~ ... .&. 

condition. 



109 

6.00 12.0 

- C PRC.FILE 
• \J PROF' I LE 

5.00 
e Cr PROF' I LE 
• C IN \JC 10.0 
x C IN U-SC2 ... 4 C IN Cr7C:3 

I -0 111 C I N Cl'2:3C5 

:. 4.00 a.a 
N N -,. > 
% z 
;! 3.00 

0 
6.0 ... 

I-a: 
I-

a: 
a: 

l-
c: 

z 
l-z 

LrJ I LrJ 
~ z.oo I 4.0 u 
0 

z 
u 

0 u .. u u 

1.00 z.o 

Figure· 47. ·-· Carburiz-at-icn profiles of Ni-10Cr-7W 
alloys, 100 hrs, 8S0°C, oxidizing 
condition. 

12.0 

10.0 

a.a 
N -:> 

:;: 
0 6.0 ... 
l-a: a: 
l-z 
LrJ 

4.0 u z 
0 u 
::: 

z.o 

0.0 



110 

1.20 24.0 -, 4.S 

- C ~ILE 
• \J PROF'ILE 

I .CO I-
e Cr PROF' I LE 

-j 20.0 -j 4.0 
··~····················· ,. C IN \JC 

x C IN Cr3C2 
4 C IN Cr7C3 
cs C IN Cr23CS 

- 0.90 16.0 ~ i 3.2 
~ ,. --
% 

12.0 ~ J Z.4 8 a.so 
I- I-
a: a: 
0:: a: 
I- I-
z . z 
LU LU 
f.J 0 .40 8.0 u 1.S :: z 
0 0 
u u .. u u 

4.0 c.a 

I~~~ ' I I I a.co :t•- ~••••••••·••-•::•••••• o.o 0.0 a.a a.4 a.a 1.2 1.s z.a Z.4 
DI STANCE ( 1111 

Figure 48. Carburization profiles of Ni-20Cr-4W 
alloys, 100 hrs, 850°C, oxidizing 
condition. 

N > 
z 
0 
~ 

I-c: a: 
I-z w u z 
0 u 
::: 



111 

1.ZO 24.0 

- C PRCF!LE 
• l.J PROF ILE 
a Ct PROFILE 

1.00 C -IN \.IC 20.0 • 
x C IN Ct3C2 

• C IN Cr7C:3 
19 C IN Ct23CS 

- 0.6'0 ' IS.a 
~ I > 

r z 
2 a.so 12.0 
I-a: 
0: 
l-z 1 w 
u O.<O I a.a z 
0 
u 
u I~ 

I o.zo 4.0 

. o .co ._~-~~;;HiHHiun:iN=lrlRJFJRt--L------'--_J a .o 
0.0 0.4 0.8 1.2 ! .S 2.0 2.4 

Figu.~e 49. 

DI STANCE ( .. 

Carburi=ation crofiles of ~i-20Cr-7W 
alloys, 100 hrs, 850°C, oxidizing 

•. +- . conai ... ion. 

12.0 

10.0 

9.0 
N N > -> 

z z 0 0 .... s.o .... 
l- ;-c:: 0: 0: 0:: 
i- !-z z w w u 4.0 u z :z: 0 0 u u .. 
u :::: 

z.o 

0.0 



112 

surface to almost 1.35 wt% in less than .045 mm. 

For all the alloys considered, the solute element car-

bides such as, TiC, NbC, WC, Mo2c, and Mo 6c were the only 

carbides formed for 10 wt% Cr. At higher percentages of Cr, 

Cr carbides become more stable, but this effect is not as 

pronounced as in non-oxidizing calculations. 

Figures (SO) through (53) show the corrosion rate 

behavior of the same alloys considered in figures ( 31) 

through (34) under oxidizing condition. The comparison of 

these figures suggests that the alloy with 1 wt% Nb was the 

most resistant alloy in carburizing environment. 

Figure (54) shows the comparison of the corrosion 

behavior in oxidizing and non-oxidizing conditions. The 

effect of formation of a thin layer of oxide at the surf ace 

is evident, which decreases the corrosion rate considerably. 

6.6 Experimental Results 

Figures (55) through (60) show the microstructures of 

four alloys tested in H2 -2.7CH4 gas mixture for 1.0 activity 

of carbon for different carburization times at 850°C. Figure 

( 61) shows a weight gain plot for tests carried out. The 

iron base superalloy (i.e., Incoloy 800) showed the largest 

weight gains with Inconel x-750 showing slightly higher 

resistance to carburization than Inconel 600, and 601. The 



113 

.cs [ 
(a) 

/ ( =>) 
.04 

U.J I / / - ( c) v a: 
l-
a.. 
.::J 

z 
0 co c::: a: 
u .oz 
_J 
a: 
I-
0 
I-

.01 

0.0 c.o 40.C so.a !ZC.O !60.0 
Ci1R8UR!ZRi!CN T!ME: ( H-) 

Figure 50. Total carbon uptake as a function of time, 
oxidizing condition. (a) Ni-30Cr-15Mo, 
(b) Ni-20Cr-15Mo, (c) Ni-lOCr-lSMo 



114 

.cs (a) 

(b) 

.04 

w 
:::::: a: 
r-a. ,03 ::l 
z 
0 co c: a: 
u . a<: 
..J = l-
0 
r-

.01 

0.0 
0.0 40.0 80.C 120.0 !SO.O 

CRRSUR!ZAT!CN TIME: (rt-) 

Figure Sl. Total car~on up~ake as a function of time, 
oxidizing condition. (a) Ni-30Cr-2.5~i, 
(b) Ni-2CCr-2.STi, (c) Ni-lOCr-2.STi 



115 

.os 
(a) 

/ 
.04 

w 
/ (bJ :.:: I i= 

I-
'5 ,03 

I z 
0 
~ 
c::: a: 

(C) u .02 
I~ I / ~ 

_J . a: 
>--
0 
I-

' 

Figure 52. 

.01 

a.a ., 
o.a 40.0 80.0 120.0 lSO.O 

CRR8UR!ZRT!ON i!ME: ( N-) 

Total carbon uptake as a function of time, 
oxidizing condition. (a) Ni-30Cr-1Nb, 
(b) Ni-20Cr-1Nb, (c) Ni-lOCr-1.Nb 



116· 

.os r-

.04 (a) 

. UJ 
::::: 
c: 
i-
c. .03 (b) ::::i 

z 
0 
Q'J 
c: (c) a: 
u .CZ 
...J c: ,_ 
0 
i-

a.a 
c.a 40.0 sc.o 120.0 tSC.C 

CRR8WRZUlTION TIME: (;.....) 

Zi~~re 53. Total carbon uptake as a function 0£ time, 
oxidizing condition. (a) Ni-30Cr-4W, 
(b) Ni-20Cr-4W, (c) Ni-10Cr-4W 



. "' 

-0 ::: 
~ .16 
w 
..J 
c: 
I-. e .ce 

0.0 

117 

(a) (bJ 

(C) 

(a' ) 

!0.0 lS.o z~.o zs.c 30.0 

C1· CONC~NTRAT ! CN t '.JH l 

::igure 54. Total ca:::~on upta/{e ?S Cr conter:.ts. 
(a) Cr and 2.5Ti, (b) Cr and 4~, 
(C) Cr and lNb, non-oxidizing condition. 
(a'), (b'), and (c') show the same alloys in 
oxidizing condi~ion. 



Fiqu:-e 55. 

118 

Micro structu re 
in Incoloy 800, 

showir:.g car:;ide 
800x, lOOhrs. 

precip i":ates 



Figure 56. 

119 

Micro structure 
in Incoloy 800, 

showing carbide precipitates 
800x, 200hrs. 
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Microstructure 
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Micro structure 
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Microstructu=e showing carbide precipitates 
in Inccnel X-750, 625x, lOOhrs. 
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distribution of carbides through specimen has been measured 

using image analysis. Figures (62) and (63) show the change 

in carbide distribution for 100 and 200 hours, respectively. 

There was no saturation of carbide observed for up to 

200 hours of exposure. From the plots of (weight gain) 2 

versus time shown in figure (64), Inconel 601, and X-750 

show a good parabolic relationship. This suggests that the 

diffusion rate of carbon inwards is the rate controlling 

step in these alloys. Inconel 600 shows the same behavior 

for up to 160 hours of exposure to the gas test. 

The rate of carburization for the alloys tested was 

found using equation (39) for the carburized samples: 

x2 = 4Dt (73) 

where X is the depth of carburization in centimeter, D is 

the apparent diffusivity of carbon, and t is the time in 

seconds. X was calculated rnetallographically. ,n.n average 

diffusivity of carbon can be obtained as follows: 

D = 2.SxlO-lO cm 2 /sec ll(Inconel 600) 

D = .65x10-lO cm 2 /sec ll(Inconel 601) 

D = 1. SxlO-lO cm 2 /sec ll(Inconel x-750) 

D = 3.6xlO-lO cm 2 /sec ll(Incoloy 800) 

The weight percent of carbon was calculated using 
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equation (25) as follows: 

wt% C = V/(l - V) (Wt% of C in carbides) (74) 

Type of carbide assumed was based on our results shown 

in figure (12). Inconel 600 contains 15.5 wt% Cr, and Inco-

nel 601 contains 23 wt% Cr as the major alloying elements. 

Therefore, the only carbides assumed to form were cr7c 3 in 

Inconel 600, and Cr 23c 6 in Inconel 600. Inconel X-750 con-

tains 15.5 wt% Cr and 2.5 wt% Ti. The carbides that could 

be formed were TiC, and cr7c 3 . An average carbon concentra-

tion was assumed for this alloy. The results were as fol-

lows: 

wt% c in Cr7c3 = 6. 38 

wt% c in Cr23c6 = 4.4 

wt~{ c in Tic, and Cr7c 3 = 8.5 (75) 

Table ( 5) summerizes the results. Table ( 5 )· also obtains the 

simulated calculations preformed for the alloy. These 

results showed good agreements with binary calculation as 

seen in table (5). The best agreement resulted for Incoloy 

600 for 200 hours of exposure, and Incoloy X-750 for 100 

hours of exposure as shown in figures (65), and (66). 

The comparison of the weight gain and calculated carbon 



130 

Al!.oy Max. c c ac su:-::ace :"ctal c t::;::":ake 
penetration 

( mm ) W":~~ ) ( wt% C::t 

exp. cal. :::tp. Cal. ::::xp. Cal. 

3 '!' 3 '!' 3 .~ -
!nconel 600 

32 hrs .04 .OSl 0 .2 .98 0 .COOS7 .C03S 0 
lOC h:-s . l .1 .OS .64 .98 .028 .COlS .CC66 .coo: 
200 hrs .23 .2 .OS 1.. 4 .98 .093 .0092 .0094 .cos 

011. = 2.5xlO-lO 

" = 5. 4xl0-l3 -13 

:~ccnel 601 

32 hrs .C6 .OSl .cs . 34 1. 38 .02 .00083 .003 .8~01 

100 hrs .11 .1 .OS . 45 1. 38 .08 .0013 .·0036 . ·:JCOS 
200 hrs ,~~ . _,::;i .153 .1 .Sa l. .:;a .!8 .0023 .0094 .':01 

0:.1 = .ssx:o- 10 

'"' = l. 4xlo- 13 
~13 

Inccnel X-750 
32 hrs - . ·JS . l .2 .39 1 -_.o .09 .COE .CC43 .CC06 
100 h.:s .., . . ..:...;. .204 .36 1.7 1.6 .3 .0093 . :::cs .co:a 

D,. = l.5xlO-lO _ ... 

01.3 
-13 = 3.27.10 

-,.... 2.4xl0 --_, :..2 = 

Table ~. 
. .... , .. ~ +: - ~~Q Calculated and exper:i..:nen~a ... ca-.a _o ... --··-

alloys st~died. 3, T represent bina=y and 
• 1 --~ s ,..."'"'"'"'C+-.; .. e 1 v ~erna=y ca~cu_a~~on, ~--~- __ v -.· 
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uptake was carried out. The weight gain can be related to 

tatal carbon uptake as follows: 

Weight gain (g/cm2 ) = 
Density (Total carbon uptake/100.0) (76) 

where the density of Ni-base alloys is about 8 ( gr/cm3 ). 

The calculated carbon uptake for the alloys tested are tabu-

lated in table (5). The comparison of these data and figure 

(61) did not result in a good agreement between calculated 

and measured weight gains except for Inconel X-750. This is 

shown in figure (67). The disagreement could be due to the 

type of carbides that were assumed to form in the alloys. 

The alloying elements contained in the alloys could also 

affect these results. For example, iron content was high in 

some of the alloys, and the formation of iron carbide was 

not considered here. The experimental procedure was also 

carried out with a high carbon activity which could have a 

determental effect on the measured weight gains. 
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7 Discussion 

The calculation of stability regions for the different 

carbides based on thermodynamic data agrees very well with 

the experimental results of Raghavan and co-workers ( 16) . 

However, it should be noted that these data do not include 

alloys in the composition range where Mo2c, cr7c 3 are pre-

dicted. Most commercial superalloys fall in the region where 

cr23 c 6 and Mo 6c are stable. Nevertheless cr7c 3 is predicted 

for some superall-oy compositions that have been studied 

experimentally ( 39, 40). These experimental studies do not 

report cr7c 3 . This discrepancy may be explained by the for-

mation of cr2o3 at the surface . This depletes the Cr sur-

face content and therefore decreases C solubility. Since 

Cr2o3 will form at very low oxygen partial pressures, this 

is likely to be the case in the above mentioned experimental 

studies. In the present simulation it was found that under 

oxidizing conditions the formation of cr7c 3 is greatly 

diminished. Also, it only forms under complete saturation of 

the surface and after a certain time, when the alloy is 

depleted in Cr. Most experimental studies have been carried 

out in impure He or CH4 -H2 mixture, with a lower C activity 

in the gas phase (13). Under those conditions only Mo 6c and 

cr23c 6 will form. However for higher C activities the pres-
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ent simulation predicts that cr7c 3 will be also formed, as 

it has been shown experimentally for Incoloy 800 (47). This 

prediction has not been confirmed experimentally for Ni-base 

systems. 

The numerical simulation method based on the finite 

difference solution of the diffusion equations is adequate 

to account for the simultaneous diffusion and precipitation 

of several different phases. However, some of the as sump-

tions used in the present work are very crude approxima-

tions. In particular, mixed carbides have been observed in 

experimental studies mentioned above (16,17,40). It is also 

possible that the lower carbides (ie; cr23 c 6 ) formed during 

the initial stages of the process will be converted to 

higher carbides (ie; cr7c 3 as the alloy becomes depleted 

in Cr. The present approach accounts for the formation of 

higher carbides when they are stable, but no dissolution of 

the existing carbides was allowed. 

Comparison of binary and ternary diffusion calculations 

shows that in the ternary case the corrosion process is much 

slower. This means that the presence of small amounts of 

oxygen in the atmosphere can have a beneficial effect on the 

carburization behavior, even if a protective oxide layer is 

not formed. As suggested by previous works (3,24,48), mul-

ticomponent diffusion effects play an important role in car-
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burization corrosion. 

The apparent dif~usivity of carbon in the alloys tested 

are about 25 times lower than the 0 11 used for calculations 

of figures (14) through (53). This could result in 5 times 

higher penetration depth, and higher carbon uptake as was 

expected in the calculated profiles. The apparent 0 11 used 

for calculation in non-oxidizing conditions resulted in good 

agreement with the measured profiles for two of the alloys 

tested. The data listed in table (5) suggest that for the 

same alloys, formation of a non-protective oxide layer would 

reduce the corrosion rate considerably. There has not been 

measurements on the type of carbides formed in Ni-based 

superalloys in non-oxidizing environments. A knowledge of 

this, could Lead to a better extrapolation of the calculated 

results. 

Finally, it should be noted that although the present 

simulation can be very useful in understanding qualitatively 

the factors that determine resistance to carburization cor-

rosion it can only yield quantitative predictions for simple 

cases. This is due to the simplifying assumptions that are 

necessary in the program, as well as the uncertainty in the 

available thermodynamic data. 



8 Conclusions 

Computer models have been developed to simulate the 

corrosion process during gas or pack carburization of nickel 

base superalloys. The computer models predict the resulting 

carbon and alloying element depth profiles for various 

times. Computer models were also developed to include the 

formation of oxides at the surface of the alloys, and their 

effects on the carburization process. Chromium and Titanium 

have large cross diffusivity effects and it is predicted 

that they have a large influence on the amount of carburiza-

tion which will occur. Experimental data from Inconel 600, 

and Inconel X-750 curburization treatments are in excellent 

agreement with our calculations of effective surface carbon 

content and the formation of carbides in austenite at the 

carburization temperature. 

Using the finite difference model, ·~ 1 ... is possible in 

principle to introduce more complex processes into the cal-

culation without difficulty. The computer models developed 

in this study are easy to apply to the specific alloys and 

carburization treatments. They will allow complex carburiz-

ing treatments to be modeled and will significantly aid in 

designing corrosion-resistance alloys for use in carburizing 

or oxidizing-carburizing environments. 
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Ancendix 

c --------------------------------------------------------------c THIS PROGRAM DEVELOPS A FINITE DIFFERENCE CALCULATION FOR 
C CARBCRIZATION PROFILES IN HIGH TE:1PERA'ITRE NI -CR ALLOYS. 
c --------------------------------------------------------------

INTEGER R,S 
REAU•4 MATRIX, KH, KN, :<P, KPS, KNS, NCM, NM, NCN, NCP, NN, NP, 
lNCT,NT,KT,KTS,KMS 
DIMENSION MATRIX(90,90) 
DI:1ENSION XA(31) ,XC(31) ,X!-f(31) ,X.'1(31) ,X(90) 
DI:1ENSION D(90) 
DIME:lSION WKAREA(90) ,MAT(90, 90) 
DIMENSION CI(30),CM(30),CN(30) 
DIMENSION CARM(30) ,CARN(30) 
DIMENSION A(3,3), B(3,3), C(3,3), T(3,3), LW(90), ~~(90) 

DIMENSION CARP(30),CART(30) 
DE!ENSION CAM(31) ,CAP(31) ,CAN(31) ,CAT(31) 

C CHANGE DIMENSIONS UP TO THIS ?OINT 
NX=30 
TK=.25 

C INCLUDE DIF FOR VARIABLE DIHUSIVITIES HERE 
C READ CONDITIONS ( INPUT DATA) 

TYPE 2 
2 FORMAT(lX, ':<~.;x. DI:FFUSION DISTANCE IN c:1 AND TIME IN HRS') 

ACCEPT 4, :0fAX, TMAX 
4 FORMAT (~8.3,F8.3) 

c -----------------------------------------------------------------
:::; XMAX IS THE MAX. DIFFUSION DISTANCE.TMAX IS THE MAX. TIME FOR 
C CCRBCRIZATION. EX; .153,1000. IN CM AND HCCRS. 
c -----------------------------------------------------------------
C GET DIF!CSIVITIES (FROM SUBROUTI~'E IN THE FUTURE) 

TIPE 6 
6 FOR~'1AT (lX, 'DI~FUSIVITIES IN SQCM/SEC PLEASE') 

ACCEPT 8, Dll, Dl2, Dl3, D22, 033 
3 F·'JRt!AT (Fl0.3,Fl0.3,Fl0.3,Fl0.3,Fl0.3) 
C READ INITIAL CO~DITIONS 
c ------------------------

TYPE 10 
10 FORi'1AT (lX, 'I:-lITIAL CONCENTRATIONS?') 

ACCEPT 12, CIS,CMS,CNS,CIO,CMO,CNO 



12 
c 
c 
c 
c 
c 
c ,.. 
'-' 

11 
c 
13 

24 

c 
c 
c 

c 
c 
c 
G 
c 
c 
c 
c 
c 
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FOR~1AT (F8.3,F8.3,F8.3,F8.3,F8.3,F8.3) 

CIS,CMS,CNS ARE THE INITIAL SURFACE CONCENTRATION. 
CIO,CMO,CNO ARE THE INITIAL BULK CONCENTRATION. 
CIS/O=SOLUBILITY OF CARBON. 
CMS/O=THE THIRD ELEMENT (!1) CONCENTRATION. 
CNS/O= CR CONCENTRATION 

TYPE 11 
FORMAT (lX, 'FLUX? 0 rfEANS CONSTAJ.'IT SURFACE CONCE~"TRATION') 

ACCEPT 13,FLUX 
FORMAT (Fl0.3) 

TYPE 24 
FORMAT (lX, 'REACTION PARA:1ETERS? K,N Al'rD FACT') 
ACCEPT 26 ,KT,NCT,NT,FACTT 
TYPE 24 
ACCEPT 2 6 , I0!, NC~1, NM, F ACTM 

KT AND I0! ARE THE REACTION CONSTANT FOR THE THE THIRD ELEMENT 
CARBIDE.SUPPOSE THE THIRD ELEMENT IS M,AND IT FORMS CARBIDES AS 
MXCY. KT, OR K.i\f=K''' (ACTIVITY COEFF. OF M IN THE ALLOY)"'"'X. AS FOR 
M02C X=2 AND K IS THE REACTION CONSTANT FOR Tn"E CARBIDE ?ORMED. 
NCT=Y, NT=X AND, 
FACT' S=(Xi:ATOMIC WEIGHT OF ;1) / (Y'''ATOMIC W'EIGHT OFCARBON) 
nus IS THE PROCEDURE JUST FOR THE T:-iIRD ELE:lENT (M) CAB IDE. 

THE NEXT TivO READ STATEMENTS ARE FOR CR CARBIDES. 
CRXCY, KP A.~D KN ARE JUST THE REACTION CONSTANT AND NEEDNOT TO 
BE '.·fULTIPLIED BY ACTIVITY COEFFICIE~'TS. 
FACT I S=(X"'ATOMIC WEIGHT OF CR) I (Y"'ATm!Ic WEIGHT OFCARBON) 

TYPE 24 
ACCEPT 26 ,KP,NCP,NP,FACTP 
TYPE 24 
ACCEPT 26 ,KN,NCN,NN,FACTN 

26 FORMAT (4Fl0.3) 

c ------------------------------------------------------------c TO RUN THE PROGRAM. 
C lli\..XIMUM DIFFUSION DISTANCE IN c:1 AND TIME IN HS PLEASE 
c .153,162.5 
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C DIFFUSIVITIES IN SQCi1/SEC PLEASE 
C .1E-07,0,0,2.35E-ll,.198E-12 
C INITIAL CONCENTRATIONS? 

. 369 '6. 0' 10. '0' 6. 0, 10. c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

FLUX? 0 MEANS CONSTANT SURFACE CONCENTRATION 
0 
REACTION PAR.A.i:1ETERS? K, N AND FACT 
.143E6,1. ,2. ,16. (M02C) 
REACTION PARAMETERS? K,N AND FACT 
.798£10,1. ,6. ,48. (M06C) 
REACTION PARAMETERS? K,N AND FACT 
.4~0E+07,3.,7. ,10.1 (CR7C3) 
REACTION PARAl'fETERS? K, N AND FACT 
. 103E16, 6., 23., 16. 6 (CR23C6) c ... ·:·k·/:-!:*":.':-/:i:"'/:-i:* ... ':-/:-!:"'l:-.~:·/:-;':i:;':-.':·/:":':-!: ... ':"'l:-.1: ... ·:"':':-.1:-.':··/~':-i:-..1:-1:-:':*-l:-l~1:-!:-.'-:.;: ... ~··/:* ... ':"'l:·l:-i:·;':-/:-!:":.°;i:i:* ... ':";1:*/:* 

c --------------------------------------------------------------c PLEASE NOTICE: 
C FOR NI-CR ALLOYS IF Dl3=0 WE HAVE BINARY REACTION. 
C Dl3=-l.98E-11 WE P,AVE TER.'iARY REACTION. 
c CIS IS THE SOLUBILITY OF c IN PURE NICKLE FOR TERNARY. 
c c:is=o AND CNS=O FOR TERNARY. 
c -----------------------------------------------------------c CALCULATE INTERVALS IN X AND T 

DELX=Xl'fAX/NX 
DELT=TK''' (DELX'''"'2) /D 11 
:-lQ=360Qi:T;1..AX/DELT 
DELT=3600'''TI1AX/NQ 

C FOfilf ~fATRIX 

C FIRST A,B,C ~ATRICES 
A ( 1, 1) = DEL!i'D 11/ ( 27'DELX"'"'2) 
A( 1, 2) = DELT'''Dl2/ (2'''DELX.,."''2) 
A(l,3) = DELT7'Dl3/(2*DELX'''*2) 
A(2,3) = 0 
A(2,1) = 0 
A(3,l) = 0 
A(3,2) = 0 
A(2, 2) = DELT'"'D22/ (2"''DEL\'"*2) 
A(3,3) = DEL'f'':DJ3/(2"''DELX'''"''2) 
B(l,l) = -2*A(l,l) -1 
B(2,2) = -2*A(2,2) -1 
B(3,3) = -2*A(3,3) -1 
B(l,2) = -2*A(l,2) 



B(l,3) = -Z*A(l,3) 
B(Z,1) = 0 
B(2,3) = 0 
B(3,1) = 0 
B(3,2) = 0 
DO 460 R=l,3,1 
DO 460 S=l,3,1 
C(R,S)=A(R,S) 

460 CO~"TINUE 
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C NOW F0&."1 THE TRIDIAGONAL MATRIX OF A , B, AND C 
DO 100 L=l ,NX, 1 
DO 100 H=l,NX,1 
IF (H.EQ.L-1) GO TO 50 
IF (H.EQ.L) GO TO 60 
IF (H.EQ.L+l) GO TO 70 
DO 45 I=l,3,1 
DO 45 J=l,3,1 
T(I,J) = 0 

45 CONTIN-uE 
GO TO 80 

50 CONTINUE 
DO 550 R=l,3,1 
DO 5 5 0 S= 1 , 3 , 1 
T(R,S)=A(R,S) 

550 CCNTI.t-;UE 
GO TO 80 

60 CONTINUE 
DO 570 R=l,3,1 
DO 570 S=l,3,1 
T(R,S)=B(R,S) 

570 CONTINUE 
GO TO 80 

70 CONTINUE 
DO 590 R=l,3,1 
DO 590 S=l,3,1 
T(R,S)=C(R,S) 

5 90 CONTINliE 
80 cmffINTJE 

DO 100 I=l,3,1 
DO 100 J=l,3,1 
M = 3"':(L-l)-i-I 
N = 3*(H-l)+J 



~1ATRIX(t1,N) = T(I,J) 
100 CONTINUE 
C INVERT ~lATRIX 

14:7 

C INCLUDE INVERSION WITHIN LOOP 
C WHEN VARIABLE DIFFUSIVITIES ARE USED 

KL=3'':NX 
CALL LINVlF (~1ATRIX,KL, 90 ,:1..<\T, 0, WK.-h~EA, IER) 

C FORM INITIAL CONCENTRATION VECTORS 
DO 200 I=l,NX,l 
CI(I) = CIO 
c:-1(I) = c;rn 
CN(I) = CNO 

C REACTION IN INITIAL CONDITIOt-i? 
IF(KT.EQ.O)GO TO 160 
IF(CM(I).EQ.O) GO TO 160 
KTS=KT''' ( :i.0''"''( (2. 25-4. 45'''CN(I) I 100)'''NCT)) 
C1AXT=2 l. 3-;, (KTS'°"'' ( -1/NCT) )i' ( ( C:1 (I)/ 160. ),.,.,,, (-NT /NCT)) 
IF (CI(I).LT.CMAXT) GO TO 160 
QT=FACTT"' (CI (I) -c;JAXT) 
IF(QT.LT.CM(I)) GO TO 140 
CART (I )=CART( I )+GI( I) /FACTr 
CI (I) =CI (I) -GI (I) /FACTT 
C~1 (I )=O 
GO TO 160 

140 CONTINuE 
CAR7( I )=CART(I)+CI (I) -c;1AXT 
CM(I)=C:f(I)-FACIT'<(CI (I)-GIAXT) 
C::: (I) =C:1A.X:T 

160 CONTINlTE 
IF(KM.EQ.O)GO TO 150 
IF(CN(I).EQ.O) GO TO 150 
KMS=KM"' ( 10""'' ( ( 2. 25 -4. 45'''CN (I)/ 100 )*NCM)) 

1 * ( (. 7+5. 33"<CN (I) /100) "'"''NM) 
FACTM=(NM'''52. )/ (NCM"''l2.) 
C:-1AXM=21. 8''' (K'1Si"'' ( -1 / NC:-1) ) ,., ( ( C~~ (I)/ l 00 . ) ,.,.,, ( -NM/NC:-1)) 
IF (CI(I). LT. CMAXX) GO TO 1.50 
QM= FACT:!'" (CT (I) -C:1AXM) 
I?(QM.LT.CN(I)) GO TO 125 
CAfil1(I)=CA..qrj(I)+CN(I)/FACT.1 
CI (I )=CI (I) -CN (I) /FACTM 
CN(I)=O 
GO TO 150 



125 

150 

201 

2C2 

1..,-, J 

200 
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CONTINUE 
CAR.~(I)=CARM(I)+CI(I)-CX..~X.~ 

CN( I )=CN (I) -FACTM"'' (CI (I) -CM..i\.:01) 
CI(I)=CMAXM 
CCNTINlJE 
IF(KP.EQ.O) GO TO 202 
IF(CN(I).EQ.O) GO TO 202 
KPS=KP''' (10'"*( ( 2. 25-4. 4S>':CN( I)/ 100)'"NCP)) 

l*((.7+5.33*CN(I)/100)**NP) 
FACTP=(NP*S2.)/(NCP*l2.) 
C~1AXP=2 l. 8''' (KPS"'"'' ( -1/NCP) )* ( (CN (I)/ 100. )"'* (-NP /NCP)) 
IF(CI(I).LT.CHAXP) GO TO 202 
QN=FACTP"''(CI (I)-C(!AXP) 
IF(QN.LT.CN(I)) GO TO 201 
CARP(I)=CARP(I)+CN(I)/FACTP 
CI(I)=CI(I)-CN(I)/FACTP 
CN(I)=O 
GO TO 202 
CONTINUE 
CARP(I)=CARP(I)+CI(I)-CMAXP 
CN(I)=CN(I)-FACTPi':(CI (I)-CMAXP) 
CI (I )=C~1AXP 
CONTINUE 
IF(KN.EQ.O) GO TO 200 
IF(CN(I).EQ.O) GO TO 200 
KNS=KN'' ( lOM: ( ( 2. 25-4. 45>':C:~ (I)/ 100 )'''NCN)) 

l''( (. 7+5. 33*C:-i(I)/100)'''"''NN) 
FACTN=(NN*S2.)/(NCN*l2.) 
C~L.\.X.'i=21. 8*(K'iS"'"''(-l/~iCN) )"'( (CN(I) I 100. )**(-NN/NCN)) 
IF(CI(I).LT.C~AXN) GO TO 200 
QN=FACTN*(CI(I)-CMAXN) 
IF(QN.LT.CN(I)) GO TO 175 
CARN(I)=CAR.~(I)+CN(I)/FACTN 
CI(I)=CI(I)-CN(I)/FACTN 
CN(I)=O 
GO TO 200 
CCL'i"'TINUE 
CARN(I)=CARN(I)+CI(I)-CMAXN 
CN(I )=CN(I) -FACTN"' (CI (I) -CMAXN) 
CI(I)=CMAXN 
CONTINUE 
CISO=CIS 
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CIS=CISO 
C FLUX OR SURFACE CONDITION? 

IF (FLUX.EQ.O)GO TO 210 
CIS = CI (1 )+FLUX,'<DELX/Dll 

210 CONTINUE 
C REACTION AT SURFACE IN INITIAL CONDITION? 

IF(KT.EQ.O)GO TO 226 
IF(CMS.EQ.O) GO TO 226 
KTS=KT''' ( 10*"'' ( ( 2. 25 -4. 45"CN (I)/ 100) "'NCT)) 
CMAXT=21 . 8''' (KTS'''"'' ( -1 / NCT) ) "' ( ( Ci1S / 16 0 . ) "''' ( - ~'TI NCT) ) 
IF (CIS.LT.CMAXT) GO TO 226 
QM=F ACTT''' (CI S-G!A'.ff) 
IF(QM.LT.CMS) GO TO 216 
CAB.TS=CARTS+Ci'1S / F ACTT 
CIS=CIS-C:1S/FACTT 
C:1S=O 
GO TO 226 

216 CONTINu"E 
CARTS=CARTS+C IS -Ci'!AX"T 
Ci'!S=Ci'!S-FACTT'" ( CIS-Cr!AXT) 
CIS=CM.AXT 

226 CONTINTIE 
IF(KH.EQ.O)GO TO 225 
IF(CNS.EQ.O) GO TO 225 
KMS=KM'''(l0'':-1:( (2. 25-4. 45'''CNS/100)'°'NC:1) )'''( (. 7+5. 33''CNS/ 100)'"'''NM) 
E" ACT:l= ('.'111'''5 2. ) I (Nct-1'' 12. ) 
C~1AX.L'1=2 l. 8* (!G1S''"'' ( -1 /NG!))* ( (CNS/ 100. ) ,.,,., ( -Nl1/NC:1) ) 
IF (CIS. LT. C:1A::01) GO TO 225 
QM=FACTM''' (CIS-CMAXl1) 
IF(QM.LT.CNS) GO TO 215 
CA&'1S=CA..~~S+CNS /F ACT~1 
CIS=CIS-CNS/FAC~·! 

CNS=O 
GO TO 225 

215 CONTINUE 
CARMS=CAR:·1S+C IS -C:-1AXi1 
CNS=CNS-? ACT:f''' (CIS-CMAXl1) 
CI S=G~!AXi.'1 

225 C01'HINUE 
IF(KP.EQ.0) GO TO 290 
I~(CNS.EQ.O) GO TO 290 
P=23 . '''SQRT (CNS) 
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IF(P.GT.100.) P=lOO. 
KPS=KP*(l0**((2.25-4.~5*CNS/100)*NCP))*((.7+5.33*CNS/100)**NP) 

FACTP=(NP*52.)/(NCP*l2.) 
C~1AXP=2 l. 8''' (KPS'"''' ( -1/NCP)) i: ( (CNS/ 100. ) .,.,.,,, (-NP /NCP) ) 
IF (CI S . LT . C:-1AXP) GO TO 2 9 0 
QN=F ACTP''' (CI S-CHAXP) 
IF(QN.LT.CNS) GO TO 275 
CARPS=CARPS+CNS/FACTP 
CIS=CIS-CNS/FACTP 
CNS=O 
GO TO 290 

2 7 S COt--iTINUE 
CARPS=CARPS+c::s-C:·fAXP 
CNS=CNS-FACTP'" (CIS-C~-'\?) 
CIS=C:JAXP 

290 CONTINUE 
IF(KN.EQ.O) GO TO 250 
IF(CNS.EQ.O) GO TO 250 
KNS=KN*(l0**((2.25-4.45*CNS/lOO)*NCN))*((.7+5.33*CNS/lOO)**NN) 
FACDl= (NN1'52.) / (NCNi: 12. ) 
C:·1AXN=2 l. 8''' (KJ.'IS''"'' ( -1 /NCN) )'': ( (CNS/ lC 0. ) '°''': ( -NN /NCN)) 
IF(CIS.LT.CMAXJ.\I) GO TO 250 
QN=FACTN''' ( C IS-C~1AXN) 
IF(QN.LT.CNS) GO TO 235 
CARNS=CAfu\S~CNS/FACTN 

CIS=CIS-CNS/FACTN 
CNS=O 
GO TO 250 

235 CONTINCE 
CARNS=CARNS+CIS-CMAXN 
CNS=CNS-FACT>r*(CIS-C:iAX~n 

CIS=C:JAXN 
250 CONTINlJE 

C START LOOP 
DO 400 LT=l ,NQ, 1 

C :CORM D 
D ( ~) =(DELT'':D 11/ ( 2'''DEL.X'°"''2) )i' ( 2'''CI (l) -CI ( 2) -z":CIS) -CI ( l) 

l+(DELTi:Dl2/ (2*DELX'':"':2) )":(2"''Ci1(l)-C:1(2)-2'':Ci1S) 
1-"· (DELT"''D 13 I ( 2'':DELX'""''2) )o/' ( 2'"CN (1) -CN ( 2) - 2'":CNS) 

D ( 2) = (;)EL'f'':D22/ ( 2'':DEL.'(*"':2) y: ( 2"'C:l ( 1) -Cl-1( 2) - z.;:c;1s) -Ci1 ( l) 
D (J )=(DELT'"D33/ (2":DELXi:':':2) )'"(2"'CN( l)-CN(2)-2*CNS)-CN( 1) 
DO 300 I=2,NX-l,l 
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D (3-:':I -2) = (DEL'f'':D 11/ ( 2"''DELX'':-1:2)) ,., ( 2-:':CI (I) -er (I+ 1) -CI (I-1)) 
1-CI (I )+(DELT"''Dl2/ (2''DELX""''2))"' ( 2i:CX (I) -Gf (I-1) -CM (I +l) )+ 
1(DELT"''D13 / ( 2"''DEL'<'"*2)) "' ( 2-:·:cN (I) -CN (I -1) -CN (I+ 1)) 

D ( 3'''I -1) = (DEL'f'':D22/ ( 2'''DELX"'"''2)) ,., ( 2"''CM (I) -CM (I+ 1) -CM (I -1)) -
lCM (I) 

D ( 3'''I) = ( (DELT'''D3 3 I ( 2"''0ELX'''"''2) ) i: ( 2''<CN (I) -CN (I+ 1) -CN (I -1)) ) -
lCN(I) 

300 CONTI~'UE 

D(3i<~'X-2)=(DELT"'<DE/ (2"''DELX'''"''2) )*(-CI (NX-1) )-CI ('.'IX) 
l+ (DEL'f'':D 12/ ( 2'''DELX"'"''2)) ,., (-CM (NX-1)) 
1+(DELT''D13 / ( 2'''DELX"''"'2)) 0' ( -CN (NX-1)) 

D ( 3'''NX- l) = (DEL'f''<D22/ ( 2''DELX'''"''2)) ,., ( 
l-CM(NX-1))-CM(NX) 

D ( J':NX) =(DELT'<D33 I ( 2'<DELX'h"2) )i: 
l(-CN(NX-1))-CN(NX) 

C SOLVE SYSTEM OF EQUATIONS 
CALL VMUL.FF (:!AT ,D, 90, 90, 1, 90, 90 ,X, 90, IER,,~) 

C FROt1 X FORM CONCENTRATION VECTORS 
DO 400 I=l,~!X,1 

CI(I) = X(3*I-2) 
CM(I) = X(3*I-l) 
G{(I) = X(3'"I) 
IF(I.NE.l) GO TO 320 
CIS=CISO 

C FLUX OR SURFACE CONDITION? 
IF (FLUX.EQ.O)GO TO 302 
CIS = CI(l)+FLUX*DELX/Dll 

302 CONTINUE 
C REACTION AT SURFACE? 

IF(KT.EQ.O)GO TO 311 
IF(CMS.EQ.O) GO TO 311 
KTS=KT'': ( 10''""' ( ( 2, 25 -4. 45i<CNS/ 100 )°':NCT)) 
CHAXT=21. 8'"(KTS*'"(-l/NCT) )"'( (GfS/ 160. )"'"'"(-:~"T/NCT)) 
IF (CIS.LT,Ci1AA"T) GO TO 311 
Q~f=FACIT-'' (CI S -CMAXT) 
IF(QM.LT.CMS) GO TO 306 
CAB.TS=CARTS+C:1S/FAC7T 
CI S=C IS -C~1S /FACLT 
C~lS=O 

GO TO 311 
306 CONTINUE 

CARTS=C&.1\TS+CI s-c:-~AXT 



152 

CMS=CMS-F .:\CTI''' (CIS-CMAXT) 
CIS=CMAXT 

311 CONTII'lli'E 
IF (IO!. EQ. 0 )GO TO 310 
IF(CNS.EQ.O) GO TO 310 
KMS=Ki'1''' c 10"'"~ cc 2. 25 -4. 45,·:cNs; lOO) "'NCM)) ·1: cc . 7+ s . 33'"'C~!s; ioo) '""''Ni-0 
FACTI1=(NM'''52.) / (NCM'''12.) 
CMAXM=21. 8"'(Ki1S'"':(-l/NGf) )':((CNS/ 100. )'"'''(-NM/NCM)) 
IF (CIS. LT. G1A.:Of) GO TO 310 
QM=FACTM''' (CIS-C:1AXM) 
IFGQM.LT.CNS) GO TO 305 
CAR:-!S=CARMS+GiS / F ACTM 
CIS=CIS-CNS/FACTM 
CNS=O 
GO TO 310 

305 CONTI:NUE 
CARMS=CARMS+CIS-C:1AX11 
CNS=CNS-F ACTM'': (CIS-C:L~X.'1) 
CIS=CMAXM 

310 CONTINUE 
IF(XP.EQ.O) GO TO 322 
IF(CNS.EQ.O) GO TO 322 
KPS=KP'':( 10""''( (2. 25-4. 45,':CNS/ 100)'''NCP) )'' ( (. 7+5. 33"<CNS/ 100 )"'""NP) 
FACTP=(NP*52.)/(NCP*l2.) 
C:-fA.XP=2 l. 8"' (XPS"'* ( -1/NCP)) .,, ( (CNS I 100 . ) """ (-NP /NCP)) 
IF(CIS.LT.CMAX?) GO TO 322 
QN=FACTP·i: (C IS-C11.AXP) 
IF(QN.LT.CNS) GO TO 317 
CARPS=CARPS+CNS/FAC'lP 
CIS=CIS-CNS/FACTP 
CNS=O 
GO TO 322 

317 CONTIN\JE 
CARPS=CARPS+CIS-CMAXP 
CNS=CNS-F ACTP''' (CIS-C:1AXP) 
CIS=C~fAXP 

3 22 CCNTINlTE 
IF(Ki~.EQ.O) GO TO 320 
IF(CNS.EQ.O) GO TO 320 
KNS=KN"' (10'"'' ( ( 2. 25 -4. C.5''CNS I 100) i:NCN)) .,,, ( ( . 7+5 . 33"'CNS I 100) ":':'i:t-./N) 
FACTN=(NN'''52.) / (NCN"'12.) 
C:1AXN=2 l. Si: (KNS'~* ( -1/NCN)) '°' ((CNS/ 100. )'""': ( -NN/NCN)) 
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IF(CIS.LT.CMAXN) GO TO 320 
QN=FACTN": (CIS-CMAXN) 
IF(QN.LT.CNS) GO TO 315 
CARNS=CARNS+CNS/FACTN 
CIS=CIS-CNS/FACTN 
CNS=O 
GO TO 320 

315 CONTINlJE 
CAR.~S=CARNS+CIS-CMAXN 

CNS=CNS -F ACTN''' (CI S -CMAX..\f) 
CI S=CMA.XJ.\i 

320 CONTINUE 
C REACTION? 

IF(KT.EQ.O)GO TO 351 
IF(CM(I).EQ.O) GO TO 351 
1.'TS=KJ": ( lOi:":': ( ( 2. 25 -4. 45"'CN (I)/ 100 )*NCT)) 
C~·L~XT=2 l. 8'" (KTS*i: ( -1/~lCT)) ,•: ((CM( I)/ 160. )'>':-t: ( -NT/NCT)) 
IF (CI(I).LT.CMAXT) GO TO 351 
QM=FACTI"': (CI (I) -C~1AXT) 
IF(QM.LT.CM(I)) GO TO 326 
CART(I)=CART(I)+CM(I)/FACTT 
CI(I)=CI(I)-CM(I)/FACTI' 
G1(I)=O 
GO TO 351 

326 GCNTINUE 
CART(I)=CART(I)+CI(I)-CMAXT. 
CM (I )=CM (I) -FACIT-': (CI (I) -C~!AXT) 
CI(I)=CMAXT 

351 CCNTI~-UE 

IF(KM.EQ.O)GO TO 350 
IF(CN(I).EQ.O) GO TO 350 
I01S=KX'': ( 10"'* ( (2. 25-4. 45i<CN (I) I 100) "'NCM)) 

1*( (. 7+5. 33*CN(I)/100)'''*NM) 
FACTM=(NM.,.'52.) / (NCM'''l2.) 
CMA.\i.'1=21. 3.;: (KMS"ri: ( -1/NCM) )'': ( ( CN (I)/ 100. ) ,.,* ( -~/NC:·l)) 
IF (CI (I). LT. CMAX~f) GO TO 350 
QM=F ACTM"' (CI ( ! ) -CMA.:ili) 
IF(QM.LT.CN(I)) GO TO 325 
CARM(I)=CARM(I)+CN(I)/FACTM 
CI(I)=CI(I)-CN(I)/FACTM 
CN(I)=O 
GO TO 350 
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CONTINUE 
CARM(I)=CAR.~(I)+CI(I)-CMAXM 

CN(I)=CN(I)-FACTI1">'<(CI (I)-CMAXM) 
CI(I)=C~!AXM 
CONTINUE 
IF(KP.EQ.0) GO TO 450 
IF(CN(I).EQ.O) GO TO 450 
KPS=KP*(l0**((2.25-4.45*CN(I)/100)*NCP)) 

l*((.7+5.33*CN(i)/100)**NP) 
FACTP=(NP*52.)/(NCP*l2.) 
C:1AXP=2 l. 8"' (KPS'''* ( -1/NCP)) '" ( (CN (I)/ 100.) ,.,.,., (-NP /NCP)) 
IF(CI(I) .LT.C·!AXP) GO TO 450 
QN=FACTP*(CI(I)-C:1AXP) 
IF(QN.LT.CN(I)) GO TO 425 
CARP (I )=CAP.P (I) ~cN (I) /F ACTP 
CI(I)=CI(I)-CN(I)/FACTP 
CN(I)=O 
GO TO 450 
CONTINUE 
CARP(I)=CARP(I)+CI(I)-CMAXP 
CN(I)=CN(I)-FACTP*(CI(I)-CMAXP) 
CI (I) =G!AXP 
CONTINlr: 
IF(KN.EQ.O) GO TO 400 
IF(CN(I).EQ.O) GO TO 400 
KNS=KW< (10''"' ( ( 2. 25 -4. 45>'<CN (I)/ 100) i<NCN)) 

.i.'<( (. 7+5. 33,~C~.;(I)/ lOO)""''NN) 
FACTN=(NN*52.) / (NCN''l2.) 
C:1AXN=21. 8''' (IG·lS"'"* ( -1/NCN) )-:'• ( ( CN (I)/ 100 . ) i:* ( -~'N /NCN)) 
IF(CI(I).LT.C:1AXN) GO TO 400 
QN=FACTNi•(CI (I)-CMAXi\I) 
IF(QN.LT.CN(I)) GO TO 375 
CARN(I)=CARN(I)+CN(I)/FACTN 
CI(I)=CI(I)-CN(I)/FACTN 
CN (I )=O 
GO TO 400 
CONTINUE 
CARN (I) =CA?.N (I) 7C I (I) -C~!A.~~ 
CN(I)=CN(I)-FACTN'''(CI (I)-C:1AX."I) 
CI(I)=CMXN 
CONTINUE 
E~1J LOOP 
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C FORM OUTPUT VECTORS 
DO 600 I=l,NX,l 
XA(I+l)=I"'DELX 
XC(I+l)=CI(I)+CARM(I)+CARN(I) 

l+CARP(I)+CART(I) 
~(I+l )=C~1 (I) 
CAT(I+l)=CART(I) 
CAM(I+l)=CARM(I) 
CAP(I+l)=CARP(I) 
CAN(I+l)=CARN(I) 
XN ( I+ 1) =CN ( I ) 

600 CONTINUE 
XC ( l) =CI S+CAR~!S+CA.:\NS 

l+CARPS+CARTS 
X .. '1 ( 1) =CcfS 
XN( l)=CNS 
CAT(l )=CARTS 
CAM ( 1) =GARMS 
CAP(l)=CARPS 
CAN (1 )=CARNS 
WRITE(21, 103) 

103 FORMAT(~X, 'XA', 7X, 'XC', 7X, 'XC!', 7X, 'XN', 
l 7X, ' 1ST&2ND ~f CARB. ' , 3X, '1ST&2ND CR GARB IDE' , I) 
WRITE (21, 1"-) (XA (I), XC (I) ,X:-1( I), XNC), CAT(I), CA:·!(I), CAP (I), 

lCAN(I),I=l,NX+l) 
ARC=O 
ART=O. 
ARM=O. 
ARP=O. 
ARN=O. 
DO 1111 I=l, 30 
ARC=ARC+xC (I)"'DELX+. Y:(XC (I+l)-XC (I) )"'DELX 
ART=ART+CAT( I )'''DELX+. 5>': (CAT (I +l) -CAT (I) )i'DELX 
ARM=AR.J.'1+CAl1(I )'"DEL.X+. 51: ( CAH (I +l) -CAff( I) )i:DELX 
ARP=ARP+CAP(I )'''DELX+. 5''' (CAP (I+l) -CAP (I) )*DELX 
ARN=ARN+CAN (I) '°'DEL.'<+. 5 "' (CAN (I+ 1) -CAN (I) ) '''DELX 

111 l CONTEH.TE 
ARTC=ART+AR.~+ARP+ARN 

WRITE ( 21, 13) T:1AX, FLUX, Nl.!11 
WRITE (21, 111) 
WRITE(21,20) Dll,Dl2,Dl3,D22,D33 
WRITE (21, 211) 
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WRITE (21, 22) CIS, CMS, CNS, CIO, C~IO, OW 
WRITE(21,3) KT,NCT,NT,FACTI' 
WRITE(21,19) KM,NCM,NM,FACTX 
WRITE(21,21) KP,NCP,NP,FACTP 
WRITE(21,23) KN,NCN,NN,FACTN 
IF(Dl3.~Q.O.) GO TO 61 
WRITE(21,63) 

63 FORMAT(lX, 'TERNARY') 
GO TO 399 

61 WRITE(Zl,64) 
61.... FORMAT (lX' I BI NARY I) 
399 WRITE(21,36)&qc,ART,AR!'f 
36 FORMAT(lX, 'ARC=' ,F6.4,4X, 'ART=' ,F6.l.,4X, 'AR~1=' ,.F6.4) 

WRITE(21,37)ARP,ARN,ARTC 
37 FORMAT(lX, 'ARP=' ,.F6.l.,4X, 1 AR.'i= 1 ,F6.l.,4X, 1 ARTC= 1 ,F6.l.) 
111 FORMAT(lX, 'DIFFUSION COEFFICIENT;Dll,Dl2,Dl3,D22,D33') 
211 FORMAT(lX, 'INITIAL CONDITIONS') 
3 FORMAT (lX' I FOR REACTION 1 I '4E 12. 3) 
19 FORMAT(lX, 'FOR REACTION 2' ,4El2.3) 
21 FORMAT(lX, 'FOR REACTION 3' ,4E12.3) 
23 FORMAT(lX, 'FOR REACTION 4' ,4El2.3) 
14 FORMAT(1X,8F9.4) 
18 FOR~Ll>.T(lX, 'Tii-1E=' ,Fl2.3,3X, 'FLUX=' ,E12.3,3X, 'INPu"7 ~ft' ,I3) 
20 FORMAT(lX,SE12.3) 
22 FORMAT(lX,6Ell.3) 

STOP 
E01"D 
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