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This study is within the framework of a research program dedicated to defining the optimal conditions 
for the nitriding of iron and steels at atmospheric pressure by using various mixtures, NH3-N2-H 2 
and NH3-Ar. After studying the mechanisms of phase formation and mass transfer at the gas-solid 
interface, a mathematical model is developed in order to predict the nitrogen transfer rate in the 
solid, the nitride layer growth rate, and the nitrogen concentration profiles. In order to validate the 
model and to show its possibilities, it is compared with thermogravimetric experiments, analyses, 
and metallurgical observations (X-ray diffraction, optical microscopy, and electron microprobe anal- 
ysis). The results obtained allow us to demonstrate the sound correlation between the experimental 
results and the theoretical predictions. By applying the model to the iron-nitrogen binary system, 
when the d3lla configuration referred to the Fe-N phase diagram is formed, we have experimentally 
determined the effective diffusion coefficient of nitrogen in the e phase. The latter is constant for a 
composition of the e nitride between 8 and 9.5 wt pct nitrogen. All the results obtained show that 
it is possible, by means of dynamic gas flow regulation, to eliminate the incubation period and to 
control the thickness, composition, and structure of the compound layer at the beginning of the 
treatment. 

I. INTRODUCTION 

NITRIDING and nitrocarburizing are thermochemical 
surface treatments of great importance in practice. They 
pronouncedly improve the surface quality (with respect to 
fatigue, corrosion, and wear).t~l There is a strong need for 
developing process control and automation techniques. 
Then, among other things, we should have available accu- 
rate models describing the kinetics and microstructural ev- 
olution of the iron nitride/iron nitrocarbonitride compound 
layer. 

The control of iron nitride layer growth in the binary Fe- 
N system needs the gas-solid reaction to be monitored and 
the operating conditions which influence the total rate of 
the nitriding reaction to be defined. 

At the first stages of nitriding, the transfer of nitrogen 
atoms from the gas phase (NH3) to the solid (a-iron) occurs 
in the following steps: 

(1) transport of ammonia in the gas phase and adsorption 
of molecules at the solid surface through a diffusion 
boundary layer; 

(2) chemical reaction at the surface, which depends on the 
partial pressure; 

(3) desorption of reaction products (N 2 and Hz), which de- 
pends on the total gas flow rate; and 

(4) transfer of nitrogen atoms through the surface and dif- 
fusion into the material. 

Each of these steps has its own specific kinetics which con- 
tribute to the global rate of the nitriding reaction. By definition, 
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the slowest step determines the rate of the total process. [2~J In 
this study, we are going to show that the diffusion in the solid 
state is the step that controls the process. 

During our study, we have chosen operating conditions 
so that the transport of species in the gas phase and the 
chemical reaction on the surface do not impose a limitation 
on the reaction of nitriding. 

So, for a given set of parameters (total gas flow rate and 
ammonia partial pressure), a surface nitrogen concentration 
can be fixed such that the e, 7', and a phases are formed 
from the beginning of the treatment.t7] For this case, the 
reaction of nitriding is completely controlled by the kinetics 
of the layer growth governed by the diffusion laws in the 
solid state for a multiphase system. 

Under these conditions, we are able to establish a dif- 
fusion model in the solid state, from the resolution of dif- 
fusion equations in a semi-infinite medium, and to predict 
the nitrogen transfer rate in the solid, as well as the nitride 
layer growth rate and the nitrogen concentration profiles, t8,9] 

By means of thermogravimetry and dynamic gas flow 
rate regulation, we are able to show that it is possible to 
do the following. 

(1) Determine experimentally the effective diffusion coeffi- 
cient of nitrogen in the e phase. This coefficient is com- 
pared to different values given in the literature, tl~ 

(2) Control over treatment time the thickness, composition, 
and structure of the compound layers. 

The appropriate correlation between the model and the ex- 
periments is systematically validated by the micrographic 
measurement of the e and 7' layer thicknesses and the pre- 
cise determination of the surface nitrogen concentration by 
means of electron microprobe analysis. 

II. GENERAL METHOD 

The method used here is the following: 
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Fig. 1--Schematic representation of  the instrumented thermogravimetry. 
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Fig. 2- -Weight  increase per unit area (Am~S) as a function of  nitriding 
time (t) for growth of  an e-Fe2N ~_J3AFe4N,_x layer into a substrate a-Fe. 
Nitriding conditions: T = 843 K; total pressure 105 Pa _=_ 1 atm; and NH 3- 
N2-H 2 total gas flow rate at the inlet of  the reactor (a) 1.5 • 10 -4 mol s ' 
and (b) 6 • 10 -4 tool s-k 

(1) basic mass transfer mechanisms analysis; 
(2) modeling of mass transfer in the solid and of the met- 

allurgical microstructures; 
(3) mass transfer monitoring from the data given by the 

model using thermogravimetric instrumentation; and 
(4) metallurgical microstructure verification. 

Metallurgical microstructures and the physicochemical 
surface study are determined by X-ray diffraction, optical 
microscopy, and electron microprobe analysis. 

Instrumented thermogravimetry allows the testing of dif- 
ferent hypotheses of the mass transfer model. A quenching 
device is used to determine the physicochemical and struc- 
tural states of the samples. The set up is the following (Fig- 
ure 1): 

(I) thermobalance including an alumina cylindrical reactor 
with a special device for oil or water quenching, 

(2) chromatographs allowing chemical species studies in 
the gas, 

(3) mass flowmeters allowing the adjustment of the mass 
flow of each constituent of the gas phase in order to 
conduct the mass transfer in the sample according to 
the model laws, 

(4) a computer allowing, on the one hand, acquisition and 
computation of the data and, on the other hand, the 
calculation of the mass transfer predicted by the model. 

I lL NITRIDING AT VARIABLE SURFACE 
NITROGEN CONCENTRATIONS 

In order to know mechanisms of nitrogen transfer at the 
gas-solid interface and to study the influence of the gas 
composition on compound layer structure and growth, a 
large number of experiments have been performed at a tem- 
perature of 843 K during 1 hour periods at constant gas 
flow rates using NH3-N2-H 2 gas mixtures. 

Figures 2(a) and (b) show some curves of mass variation 
obtained under the following conditions:t71 the NH3-N2-H2 
total gas flow rates used are 1.5 • 10 -4 and 6 • 10 -4 tool 
s -j, and the ammonia partial pressures are 0.25, 0.50, 0.75, 
and 1 atm (1 atm =- 105 Pa). After nitriding, specimens are 
quenched in water. 

The comparison of the two figures shows that the in- 
crease of the total gas flow rate increases the kinetics of the 
weight gain for a constant ammonia pressure. Moreover, 
for a fixed total gas flow rate, the weight increases with the 
time of treatment and the ammonia partial pressure. There- 
fore, if the total gas flow rate and the ammonia partial pres- 
sure increase, we can reduce the incubation period. The 
reaction of the nitriding is govemed by two transfer phe- 
nomena at the surface: kinetic phenomena depending on the 
total flow rate and thermochemical phenomena depending 
on the partial pressure. 

The light-microscopical analysis of the nitrided speci- 
mens (0.1 wt pet C) (Figures 3(a) and (b)) and the corre- 
sponding X-ray diffraction (Figures 4(a) and (b)) show that 
the t/3/ratio of e and 3/phases is a function of the total 
gas flow rate, the ammonia partial pressure, and the time 
of the treatment. We can see (Figures 3(a) and (b)) that we 
obtained more e and less 3/when the ammonia partial pres- 
sure increased. 

Therefore, the total gas flow rate and ammonia partial 
pressure are, together with temperature, the fundamental 
parameters that control the treatment. If these parameters 
are kept constant during the treatment, it is impossible to 
control the e and the 3/layer growth, because the surface 
nitrogen concentration is hot constant during the treatment. 

Consequently, controlling the surface metallurgical mi- 
crostructures and the maximum treatment speed necessi- 
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Fig. 3--Light-optical microgmphs representing the evolution of  the ~3P 
nitride layer after I h at 843 K. Nitriding conditions: NH3-Nz-H 2 total gas 
flow rate at the inlet of  the reactor 6 • 10 -4 mol s -~ and ammonia partial 
pressure (a) 0.25 • 105 Pa and (b) 0.75 • 105 Pa. 

tates, on the one hand, that the surface nitrogen 
concentration be fixed during the treatment and, on the 
other hand, that the reaction of nitriding be controlled by 
the diffusion laws in the solid state. 

In the second part of this article, we are going to show 
that it is possible, by means of a mathematical model of 
layer growth (using the resolution of the diffusion equations 
of the Fe-N system), to control at the beginning of the treat- 
ment the formation and growth of the desired nitride layer 
configurations: 

(1) nitrogen transfer in the a solid solution a-Fe 
(2) nitrogen transfer in the biphase system a-Fe + 7'- 

Fe4 N, -x 
(3) nitrogen transfer in the triphase system a-Fe + 7'- 

Fe4Nl_x + e-Fe2Nl_y 

(b) 

Fig. 4--X-ray diffractograms obtained from samples (0.1 wt pct C) 
nitrided for 1 h at 843 K. Nitriding conditions: NH3-N:-H z total gas flow 
rate at the inlet of  the reactor 6 X 10 -4 tool s -~ and ammonia partial 
pressure (a) 0.75 • 105 Pa and (b) 0.25 • 105 Pa. 

IV. MATHEMATICAL MODEL OF IRON 
NITRIDE LAYER GROWTH 

The mathematical model is developed in order to predict 
the nitrogen transfer rate in the solid, the nitride layer 
growth rate, and the nitrogen concentration profiles. Ac- 
cording to the binary Fe-N phase diagram (Figure 5), t141 
only the nitrides 7'-Fe4Nl_x and e-Fe2Nl_y can occur at 
usual nitriding temperatures and only a limited amount of 
nitrogen can be dissolved interstitially in the ferrite matrix 
(max. 0.4 at. pct at 863 K). 

Fig. 5 ~ a l c u l a t e d  Fe-N phase diagram together with experimental data 
on the phase boundaries, v52~ Dashed lines are from the previous 
assessment.[ 2~] 

The surface region affected by nitriding can be subdi- 
vided in an adjacent surface compound layer consisting of 
7' and e nitrides and a diffusion zone underneath, where at 
the nitriding temperature, the nitrogen is dissolved in fer- 

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 27A, JULY 1996--1825 



rite. Figure 6 shows the qualitative relation between the 
binary Fe-N phase diagram and the nitrogen concentration 
profiles for growth of a bilayer e and 7' into a substrate a- 
Fe. 

The kinetics of diffusion-controlled growth of the bilayer 
e and 3,' ._can be described by the shift of interfaces (d7, 
and 7'/a) between e, 7,, and a because of a difference in 
the fluxes of nitrogen arriving at the interfaces and the 
fluxes of nitrogen being removed from the interfacesY ,1~ 
According to Fick's first law, the quantity of nitrogen that 
diffuses through the e/7' and 7'/a discontinuity planes dur- 
ing the time element dt is equal to the difference in diffu- 
sion fluxes (Figures 7 and 8). The equations used for 
shifting interfaces between e, 7', and substrate a are estab- 
lished assuming that the diffusive flux of iron fie in iron 
nitride is much smaller than that of nitrogen jNy31 

Nitrogen mass balance at the e/7' interface: 

[( --D~N 

dh~ 
( C , ~ , ,  - G.,I-~- = 

aC~(x, x=a~- (-D"~OCr'(x' t)) x=a 

[1] 

Nitrogen mass balance at the 7,/a interface: 

(Cl.z,at  - -  C 2 y  '~ dh~, = 
dt 

-Dr oct' (x, t) - - iY~ ,.- 
~X iX=aey, OX x=aey,  

[2] 

where 

h. and h~, are, respectively, the abscissas of the tiT, and 
7,/a interfaces; 

OG(x, t)/Ox is the nitrogen concentration gradient in the 
phase i(i = e, 7,, or a); 

dhJdt and dA,Jdt are the rates of interface advance; 
(C~r., C2~r.) and (C~, C2~) are, respectively, the nitrogen 

concentrations at the interfaces e/7' and 7,/a (equal to the 
equilibrium values from Fe-N phase diagram at 843 K); and 

D~ ~), D~"), D~J are, respectively, the intrinsic diffusion 
coefficients of nitrogen in the e, 7,, and ~ phases. 

As shown by Darken (1948)t TM and Schwerdtteger et 
al. [231 the intrinsic diffusion coefficient can be expressed in 
terms of the (tracer) self-diffusivity D* and the activity of 
the diffusing species (nitrogen); thus, 

d In aN 
O(~ = O * . - -  [3] 

d i n  C. 

where d In aN/d In CN is the so-called thermodynamic fac- 
tor. 

Equation [3] shows that the intrinsic diffusion coefficient 
of nitrogen in phase i can be calculated from the corre- 
sponding self-diffusion coefficient if the dependence of the 
nitrogen activity a .  on the nitrogen concentration CN is 
known. 

At present, the diffusion coefficients of nitrogen in the 
nitrides e and 7, are not known with sufficient accuracy. In 
the majority of the publications regarding this topic, a lack 
of data is apparent, in particular, the data related to the 

thermodynamic factor. [22,25,26] Therefore, in the present 
study, we have preferred to replace the intrinsic diffusion 
coefficients of nitrogen for e and 7, layers with two effec- 
tive diffusion coefficients defined recently by Somers and 
Mittemeijel ~~ as the diffusion coefficients associated with 
the average diffusive fluxes through two layers of thickness 
h~ and h,, with concentration ranges (C s to CI~, and C2,~ 
to CIe~), one each for the two phases constituting the two 
layers (phase e adjacent to the surface and phase 7, adjacent 
to the substrate a). 

For phase e (0 < x _< h~), 

<D~/> = �9 D~. dC, (x, t) [4] 
C~ - Cl~r' cl~y 

For phase 7' (h~ <_ x < h.,,), 

C2s ~r 

1 
<D~')> = t -  J 

~-'2gy, - -  C I y ' a  C 17/,at 

where 

m;~. d G, (x, 0 [5] 

C s is the surface nitrogen concentration at the initial inter- 
face for x = 0 (Figure 6). 

Thus, the effective diffusion coefficients for the e and 7, 
layers are taken as the average intrinsic diffusion coeffi- 
cients through the thicknesses of the layers and are only 
dependent on temperature. This hypothesis has been veri- 
fied experimentally for a semi-infinite system, and the re- 
suits obtained show that the effective diffusion coefficient 
of nitrogen in the e phase is constant for a composition of 
the e nitride between 8 and 9.5 wt pct of nitrogen (cf, 
Section V-E). The data used for the experimental determi- 
nation of (D~)) are given in the Appendix. 

The effective diffusion coefficient obtained for the e ni- 
tride sublayer at 843 K differs by a factor of 1.37 from the 
value calculated in Somers and Mittemeijer's u~ model. The 
approach used by these authors for the determination of 
effective diffusion coefficients of nitrogen in the e and 3/ 
phases is based on the evaluation of the self-diffusion co- 
efficients of nitrogen and the thermodynamic factors (Eq. 
[3]). 

In our case, the coefficient (D~) is determined graphi- 
cally after the following steps. 

(1) Replacing in Eqs. [1] and [2] D~O, D~/), and D~ ~) with 
(DC~), (D~)), and (D~ ")) so that at the d7, interface, 

dh~ 
(C,., - G ~ , ) ' - ~  = 

[ (_<n~. .> .oc .  (x, t)) 
OX x=AE 

[6] 

and at the y / a  interface, 

(C,r.at - C2rO �9 dA'r' = 
dt [7] 
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Fig. 6---Relation between the iron/nitrogen equilibrium diagram and concentration/depth for growth of a bilayer t~-Fe2Nl_y and 3/-Fe4N~_~ into a substrate 
a-Fe. 

[ ( _  <D~,)>.OCr, (x, t)) 
OX x= A C Y, 

_ [_ OC. (x ,  t )  

OX x= A..~, 

(2) Solving Fick's second law (Eq. [8]), in order to know 
the nitrogen concentration gradient within the layers e, 
y', and a: 

ac, (x, 0 a~c, (x, t) 
- - =  < D y > .  - -  {8]  Ot Ox 2 

The solution of Eq. [8] for a semi-infinite medium rela- 
tive to the formation of three phases e, y ,  and a can be 
formulated by the following expressions of nitrogen con- 
centration profiles: t27,281 

C~(x,t) =A t + B  e'erf 2 ( 0 - < x < A ~ )  [9] 

C"(x'O=A~" + B~"erf 2 (a,<_x<_a,.) [101 

C~(x,t)=A~+B~'effc } (A~, _<x _< ~) [11] 

The constants A~, BE, A~,, B~,, A~, and B~ used in Eqs. [9] 

through [1 1] are determined using the following boundary 
conditions. 

(1) The model is applied for the nitriding of pure iron: 

f o r t = 0 a n d x > 0 ~ C ( x , 0 ) =  Co = O 

where Co is the initial nitrogen concentration in the sub- 
strate. 

(2) The effective diffusion coefficients of nitrogen in the e 
and 3" phases are constant and independent of concen- 
tration for a composition of the e nitride between 8 and 
9.5 wt pct nitrogen. 

(3) Local equilibrium at phase interfaces e/y' and y'/a. This 
assumption implies that, on the one hand, the growth 
rate is given by the rate of diffusion through the layers 
e and y and, on the other hand, the compositions at 
the e/y' and 3~/a interfaces are constant and independ- 
ent of the time of treatment. 

e/y' interface: 

f o r t > 0 a n d x =  A~ 
= Cle,y, and Cr,(A~,t) = C2~, 

y/a interface: 

for t > 0 and x = A, v, ~ C~,.(AEr,,t) 
= Cl r . ,  and C,~(hEr.,t) = Czr,,~ 
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Fig. 7--Schematic concentration-depth profile for diffusion-controlled 
growth of a bilayer e and y'. The dark gray area indicates the amount of  
nitrogen that needs to be accumulated in the phase e for shifting the 
interface between phases e and y'  by a distance A, to illustrate Eq. [1]. 

The boundary concentrations (C1,~,, C2Ev,) and (C~v,~, 
C2~,~) are determined at a given temperature from the iron 
nitrogen phase diagram (Figure 6). 
(4) The surface nitrogen concentration C s is constant and 

controlled from the beginning of the treatment (the gas 
flow rate introduced in the reactor at t = 0 determines 
the nitrogen concentration at the surface of the e nitride 
sublayer): 

f o r t > 0 a n d x =  0 ~ C , ( 0 , t ) =  C s 

This hypothesis requires that both phases e and 7' be 
formed instantaneously at t = 0. We have verified this 
condition experimentally by many experiments carried 
out at 843 K for 1 to 5 minutes on pure iron speci- 
mens. tTl After nitriding, the samples were cooled in wa- 
ter in order to avoid the transformations (e --~ 7') and 
(7' --~ a) during cooling. The X-ray diffraction patterns 
(Figure 9) allow us to confirm that both phases e and 
3,' are formed after 5 minutes of treatment. 

(5) The growth of the e and 7' layers is a function of the 
square root of time: 

e layer for 0 < x < h~ ~ h~ = b~. ~/t [12] 
e +  y ' l a y e r s f o r 0 < x < A  M, ~ A~. = b ~ . ' V t  [13] 

where b, and b~, are the parabolic growth constants de- 
pendent on the surface nitrogen concentration imposed 
during the treatment, the phase compositions at the e/7' and 
7'/a interfaces at a given temperature, and the effective dif- 
fusion coefficients of nitrogen in the e, 7', and a phases.. 

This hypothesis has also been validated expe r i~ ta l ly .  
Results obtained match the theoretical values calculated by 
Eqs. [12] and [13] (of, Section V-D). 

Fig. 8--Schematic concentration-depth profile for diffusion-controlled 
growth of  a bilayer e and 3,'. The dark gray area indicates the amount of  
nitrogen that needs to be accumulated in the phase 7'  for shifting the 
interface between phases y '  and a by a distance A~, to illustrate Eq. [2]. 

,{ m ~  
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diffraction angle (*20) 

Fig. 9--X-ray diffractogram for growth of a bilayer e-Fe2N~_y and 3/- 
Fe4N~_~ into a substrate cx-Fe obtained from pure iron nitrided for 5 min 
at 843 K and quenched in water. Nitriding conditions: ammonia partial 
pressure 105 Pa; NH 3 gas flow rate at the inlet of  the reactor 7.44 • 10 -4 
mol s-~; and surface nitrogen concentration at t > 0 C s = 10.50 wt pct. 

With the assumed boundary conditions, the nitrogen con- 
centration profiles in the e, ,/, and a phases can be ex- 
pressed as follows: 

C~ (x, t) = C s + [14] 
x 

erf (2~/<D~)> . t) 
( c , . ,  - c ~ ) .  (0 _ x _ ;t3 

b~ 
err ( 2 ~ )  

C., (x, t) = C2~, 
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be,, x 
{erf ( 2 ~ )  - erf (2~/<D~')> �9 t )} 

be,, be 
erf ( 2 ~ )  - erf ( 2 ~ )  

- - C l , ,  a [ 1 5 ]  

b e x 
erf ( 2 ~ )  - erf (2~/<DV,)> . t ) 

{ be., be } (Ae < x --- her,) 
erf ( 2 ~ )  - erf ( 2 ~ )  

C.(x, t) = C2,~ 
X 

1 erf 
( 2 ~ ) }  (ae,, < x < ~) 

I 

{ - - [16] 
beT' 

1 - erf ( 2 ~ )  

After differentiating Eqs. [12] through [16] and substi- 
tuting into Eqs. [6] and [7], we obtain 

( 
"~<--D~Ne~> �9 exp ' ,4<D~'/>/ 

( Q  - c,e,,) = 
be erf(  ) 

2 " (C,e. - Czar)" be + 
( 

(C2e., - CI.,.) �9 ~/<D~ "'~> " exp ' .4<DE')>/ 
[17] 

eft  ( be" "~ 
\ 2 ~ 1  

~ ' ) >  �9 exp \4<Dk ~)>/ 

be 
erf ( 2 ~ )  ] 

1 [ beT, ~-I 
- erf [ , 2 ~ ) J  

(C2e, 

2 �9 (C,.~ - C2.,.) �9 be., + [18] 

( -b~,] 
- C~,~) �9 ~/<DV')> �9 exp \ 4<DV)>/  

eft(_ be/ "~ be 
\ 2 ~ 1 -  erf ( 2 ~ ) ]  

If we assume that the nitrogen surface concentration is 
constant during nitriding, we can determine constants b~ 
and b~, of Eqs. [17] and [18] graphically ~gj (of, Appendix 
and Table VI). 

Then, from expressions [12] through [16], we can deduce 
the nitrogen concentration profiles in the r y', and a 
phases, the layer thicknesses, and the rates of interface ad- 
vance resulting from the following relations: 

V,.// dh~. b e 
= dt - 2 ~ f i  [19] 

and 

V~,/. dhe~, be/ 
= d t  - 2"~ [20] 

Z 
0 

f 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  

C~ 
CIr 

C ~  

Fig. lff-Schematic concentration-depth profile for diffusion-controlled 
growth of a bilayer e and 3". The dark gray area indicates the total flux 
entering the layer at the surface S L of the sample for x = 0 and t > 0. 

According to Fick's first law, the total nitrogen mass that 
crosses the nitrided surface SL of the sample at the instant 
t of treatment is (Figure 10), 

M(e,r,. , (t)= SL .f (~,,) . a t  
0 x=O 

/ 

be 
erf ( 2 ~ )  

(c~ __ c,e,) 
where 3~  is the flux of nitrogen entering the layer at the 
surface of the sample St. 

Forx  = O a n d t >  0 

.(OCe(x, t)) [22] 
( J N ' ) ~ = 0 = - < D ~ e ) >  \ Ox x=O 

In the absence of the e phase (or both e and 3~ phases), 
the total nitrogen mass is given by the following relations: 

and 

M(/.., (t) = SL o -<DV' )>  \ ax x-O " 

M , r , - ) ( t ) - 2 S L ( C s - C , r , . )  . f < D ~ ' ~ > ' t  

[ be r, \ erf l / 
' , 2 ~ J  

(c,,,. _< c~ _ c2e,,) 

dt 

[23] 

S[ ] M~(t) = SL o -<Dk")> ' .  0x t))x=o "dt  

~ < D ~ > ' t  
M.(t) = 2SL" C s"  (C~ = C2~,~) [24] 

Equations [21], [23], and [24] determine, for a given sur- 
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Table I. Comparison between the Experimental Value of 
the Effective Diffusion Coefficient of the Nitrogen in the e 

Phase and the Data References (Activation Energy of 
Diffusion in Joule) 

Effective Diffusion Coefficient 
of Nitrogen in the e Phase 

(m 2 s-') References 

Values of 
< / ~ >  

at 843 K 

</Yr = 2.10 • 10 -s �9 exp 
-93,517 (----/~) 

</Y~> = 4.43 • 10 -7 " exp 
(-113,177.2) 

RT 

<D~> = 4.43 • 10 -7 �9 exp 
-- 113,250 (-----ff~) 

<D~)> = 22.7 • 10 -6 �9 exp 
- 147,370 ( ~ )  

Torchane t7] 3.40 • 10 -14 

Somers and 
MittemeijerOOJ 4.65 k 10 -14 

Du uq 4.35 X 10 -14 

Prenosilt~21 4.30 • 10 -14 

Lakhtin and 
Kogan II31 2.00 X 10 -14 

face nitrogen concentration, the theoretical curves of  the 
sample mass variation as a function of time. 

V. COMPARISON OF EXPERIMENTAL 
RESULTS AND T H E O R E T I C A L  PREDICTIONS 

A. Experimental Approach 

The principles of  our approach are the following. 
The mathematical model is established in order to cal- 

culate and predict the weight gain of  the sample and the 
thicknesses of  the layers as a function of time, the nature 
of  the layers formed (e/7'/o~, 7'/o~, or ~), and the nitrogen 
concentration profiles in the e, 7,, and ol, phases. 

In order to study the layer growth kinetics, we perform 
thermogravimetric tests that consist of  recording the weight 
gain of  the samples as a function of time. During the treat- 
ment, we continuously adjust the gas flow rate at the inlet 
of  the reactor in order to follow the theoretical curve of  
mass variation calculated by Eqs. [21], [23], and [24]. 

After treatment, the samples are quenched in water in 
order to avoid the transformations (e ---) 7') and (7' ---) o0 
during cooling. Metallurgical microstructures and the sur- 
face chemical study are determined by X-ray diffraction, 
optical microscopy, and electron microprobe analysis. 

Experimental results obtained are compared with theo- 
retical prediction. 

B. Experimental Determination of the Effective Diffusion 
Coefficient of Nitrogen in the e Phase 

The experimental determination of the effective diffusion 
coefficient of  nitrogen in the e phase is based on the fol- 
lowing principle. 

Knowing the effective diffusion coefficients of  nitrogen 
in the 3/[26] and o~ I/9I phases and the relative evolution of  the 
e and 7' layer thicknesses when operating with a ~/t law 
growth allows us to determine graphically the effective dif- 

fusion coefficient of  nitrogen in the e phase by Eqs. [ 17] 
and [ 18] after 

(1) measuring the surface nitrogen concentration C s by 
means of electron microprobe analysis and 

(2) determining the parabolic growth constants b~ and b~. 
from the micrographic measurement of  the layer thick- 
nesses. 

The evolution of the layer thicknesses as a function of 
temperature allows us to determine the frequency factor 
(D~ and the activation energy of diffusion (E, = 93,517 
j).iT] So, the diffusion coefficient of  nitrogen in the e phase 
is 

- E  a 
<D~')> = D~ �9 exp (--~-) = 2.1 

-93,517 
• 10 -8 �9 exp ( - - - - - ~ )  (m 2 s- ' )  [25] 

In Table I, we can see that the effective diffusion coef- 
ficient of  nitrogen obtained for the e nitride at 843 K is in 
the range of the values given in the literature. These values 
differ by a factor of  1 to 2. 

We think that this difference is due, on the one hand, to 
data used for the calculation of values for a diffusion co- 
efficient of  nitrogen in the e nitride (particularly the nitro- 
gen concentration at the e/y, and 7,/a interfaces) and, on 
the other hand, to experimental conditions used by these 
authors (temperature, gas mixture compositions, and chem- 
ical composition of the substrate). 

A much higher energy was obtained by Lakhtin and Ko- 
gan. v3I However, their data were evaluated from plasma 
nitriding experiments. On the contrary, the data by Du II~l 
and PrenosilV21 are in satisfactory agreement with those ob- 
tained in the present work. 

C. Nitriding at Constant Surface Nitrogen Concentration 

The nitriding treatments are performed in a thermobal- 
ance furnace at atmospheric pressure on pure iron speci- 
mens (13 • 13 • 49 mm). We conducted the treatment by 
adjusting the reactor inlet gas flow rate in order to follow 
the theoretical curves of mass variation calculated by Eqs. 
[21], [23], and [24]. Figures ll(a),  (b), and (c) show the 
experimental and theoretical weight gain of  the samples per 
unit area (Am~S) and the corresponding ammonia flow rate 
variation as a function of nitriding time (t) for 

(1) growth of the e-Fe2Nl_/7,-Fe4N~_x layer into a sub- 
strate a-Fe - C s = 8.50 wt pet, 

(2) growth of the 7,-Fe4N~_x layer into a substrate c~-Fe - 
C s = 5.65 wt pct, and 

(3) diffusion layer a-Fe - C s = 0.08 wt pct. 

We can see that the relative gas flow rate introduced in 
the reactor decreases regularly: it is very high at the begin- 
ning of the treatment to allow the immediate formation of 
the e, 7,, or a nitride, and it rapidly decreases to become 
very low at the end of the treatment. 

The X-ray diffraction patterns (Figures 12(a) through (c)) 
and the optical microscopy images (Figures 13(a) and (b)) 
confirm the nature of  the phases obtained. 
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(c) 
Fig. 1 l - -Weight  increase per unit area (Am~S) and the corresponding 
ammonia flow rate variation as a function of  nitriding time (t) for growth 
of  (a) el3P layer into a substrate a-CSN = 8.5 wt pct, (b) 3" layer into a 
substrate a.C s = 5.65 wt pct, and (c) diffusion layer a-C s = 0.08 wt pct. 
(A, D, and G) and (B, E, and H) are, respectively, the theoretical and 
experimental curves of the weight gain of the samples per unit area, and 
(C, F, and I) are the experimental curves of the ammonia flow rate 
variation. 

D. Kinetics o f  e and Y' Layers Growth 

The experimental study of e and 7' layer growth is car- 
ried out at 843 K on pure iron specimens. The characteristic 
results of  the micrographic measures of  the layer thick- 
nesses and of the quantitative analysis of  the surface nitro- 
gen concentration (Tables II and III) allow us to confirm, 
on the one hand, that the different tests were performed at 
constant surface nitrogen concentration and, on the other 
hand, the correspondence between the experimental and 
theoretical thicknesses of  the layers. 

The evolution of the layer thicknesses as a function of 
the square root of  the diffusion time show (Figures 14(a) 
and (b)) that the layers' growth is parabolic. Therefore, the 
chemical equilibria at the e./3/and 3t/a interfaces are well 

l0 5b 

4 
F'',~ if" e r ~  

"/o sb 9b 16o ltl 
~ o n  angle (~ 

(a) 
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I 
lo 

_ - - ~ s  

5b 

$" -,- 

~o 7b sb ~ 16o III 
dlm~'tion angle (~ 

(a) 

g. 

A Jt 
4b 50 6b 7b 9b 16o 1t 

diffraeaon angle (020) 
(c) 

Fig. 12--X-ray diffractograms obtained from samples nitrided for 2 h at 
843 K for growth of  (a) e./T' layer into a substrate ~x-C s = 8.50 wt pet, 
(b) ~/layer into a substrate a -C s = 5.65 wt pct, and (c) diffusion layer 
a-C s = 0.08 wt pct. 

established and the growth kinetics of  the layers is con- 
trolled by diffusion. 

E. Validation of  Model 

In order to determine the interval of  nitrogen concentra- 
tion in which the model is valid, we have performed many 
experiments of  nit'riding at 843 K for nitrogen concentra- 
tions between 8 and 9.5 wt pct. Figures 15 and 16 show, 
respectively, the experimental variation of the weight gain 
of  the sample and the ammonia gas flow rate as a function 
of time and surface nitrogen concentration. 

We can see (Figure 16) that for C s = 8 wt pet, the 
ammonia gas flow rate introduced in the reactor decreases 
regularly: it is very high at the beginning of the treatment 
to allow the immediate formation of the e nitride, and it 
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Table III. Experimental and Theoretical (in Bold) 
Thicknesses of the 3/' Layer and Surface Nitrogen 

Concentrations as a Function of the Nitriding Time for 
Growth of a y'-Fe4Nl.~ Layer into a Substrate r 

(T = 843 K) 

Time of Treatment, t (Hours) 

0.25 0.50 1 2 4 

Surface nitrogen concentration, 5.68 5.60 5.63 5.65 5.63 
C s (wtpct)  5.65 5.65 5.65 5.65 5.65 

3"layer thickness, X~.(/zm) 2.40 3.20 4.55 6.45 9.15 
2.34 3.31 4.68 6.62 9.36 

(a) 

(b) 
Fig. 13--Light-optical micrographs obtained from samples nitrided for 2 
h at 843 K for growth of (a) #~' layer into a substrate ~-C s = 8.50 wt 
pct and (b) ~ layer into a substrate a - C  s = 5.65 wt pct. 

Table lI. Experimental and Theoretical (in Bold) 
Thicknesses of the e and 3/' Layers and Surface Nitrogen 

Concentrations as a Function of the Nitriding Time for 
Growth of an e-Fe~N~.y/'y'-Fe4Nl.x Layer into a Substrate a- 

F e ( T =  843K)  

Time of Treatment, t (Hours) 

0.5 1 2 3 4 

Surface nitrogen concentration, 8.50 8.47 8.52 8.53 8.48 
C~ (wt pct) 8.50 8.50 8.50 8.50 8.50 

(e + 3")total layer thickness, 6.00 8.50 12.20 14.80 17.10 
A~, (/xm) 6.15 8.70 12.30 15.07 17.40 

e layer thickness, ~ (/xm) 2.65 3.65 5.40 6.50 7.75 
2.69 3.81 5.39 6.60 7.62 

3" layer thickness, A~ = 3.35 4.85 6.80 8.30 9.35 
( A ~ , -  A~)(/zm) 3.46 4.89 6.91 8.47 9.78 

rapidly decreases  to become  very  low at the end o f  the 
treatment.  

On  the contrary, for C s > 8 wt  pct, the exper imenta l  
curve  o f  the a m m o n i a  gas f low rate shows two inflection 
points  (train and tmax). These  ex t remes  shift to a shorter treat- 
ment  t ime when  the surface ni t rogen concentra t ion in- 
creases. 

(1) tmi n shows the beg inning  o f  pore format ion in the e 
layer: the recombina t ion  o f  the ni t rogen atoms results 
f rom the react ion 2N ~ N2 [I].* For  t > train, we have  

(a) 

(b) 
Fig. 14--Evolution of the layer thicknesses as a function of the square 
root of the nitriding time for growth of (a) e/y layer into a substrate a- 
C s = 8.50 wt pct and (b) 3/layer into a substrate a-C s = 5.65 wt pct. 

*Pore formation frequently occurs due to the extremely high pressure 
that results from reaction [I] if equilibrium is approached in a closed 
nucleus in the compound layer.t301 The partial pressure of nitrogen 
gas (N2) in equilibrium with e nitride amounts to about 250,000 
atm. ml As shown by Somers and Mittemeijer,t~oJ pore formation is 
observed especially in the near surface region because most nitrogen 
is present there. After prolonged nitriding, porosity also develops 
intragranularly. Coalescence of individual pores leads to the 
development of channels that connect the interior of the compound 
layer with the outer surface. These pore channels represent a very 
large surface area, leading to considerable denitriding via reaction 
ElL 
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Fig. 15 - -Weigh t  increase per unit area (Am~S) as a function of  nitriding 
t ime for growth of  an ~3~ layer into a substrate a. Nitr iding conditions: 
T = 843 K; t = 4 h; and surface nitrogen concentration 1 - - C  s = 8.0, 
2 - - C  s = 8.5, 3 - - C  s = 9.0, and 4 - - C  s = 9.5 (wt pct). 
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Fig. 16 - -Ammonia  gas flow rate variation as a function of  nitriding t ime 
and surface nitrogen concentration (CS). Nitr iding conditions: T = 843 K; 
t = 4 h; and surface nitrogen concentration: 1 - - C  s = 8.0, 2 - - C  s = 8.5, 
3 - - C  s = 9.0, and 4---C s = 9.5 (wt pct). 

Table IV. Comparison between Experimental and 
Theoretical (in Bold) Values of the Surface Nitrogen 

Concentration and the Layer Thicknesses as a Function of 
the Surface Nitrogen Concentration and the Nitriding Time 

(T = 843 K and t = 4 Hours) 

Surface nitrogenconcentration, 7.90 8.54 9.10 9.45 
C s (wtpct) 8.00 8.50 9.00 9.50 

(e + y') total layer thickness, A~v. 15.70 17.10 18.85 20.85 
(/~m) 15.96 17.40 19.08 20.76 

e layer thickness, A~ (/zm) 4.60 7.75 10.00 12.15 
4.92 7.62 9.84 11.82 

3" layer thickness, At, = (A~r.- A~) 11.10 9.35 8.85 8.70 
(/xm) 11.04 9.78 9.24 8.94 

increased the ammonia  partial pressure in the gas mixture 
at the inlet o f  the reactor in order to follow the calculated 
weight gain from the model and to maintain a constant 
nitrogen concentration at the surface of  the sample. 

(2) t~,~ shows the beginning of  coalescence of  individual 
pores and development of  channels. Figure 16 shows 
that for t > tmax, the ammonia  flow rate decreases reg- 
ularly. This decrease is certainly due to the coalescence 
of  pores and the development of  channels. 

The characteristic results o f  nitriding obtained by optical 
microscopy and electron microprobe analysis show (Table 
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Fig. 17--Evolut ion of  the experimental  and theoretical ratio of  the e and 
3" layer thicknesses as a function o f  the surface nitrogen concentration. 
Nitriding conditions: T = 843 K; t = 4 h; and surface nitrogen 
concentration (8.0 - 9.5) (wt pct). The e_Jy ratio is equal to one for C s 
= C~o~ = 8.87 wt pct. 

IV) that the model is validated in the nitrogen concentration 
interval 8 to 9.5 wt pct. The experimental measures of  the 
surface nitrogen concentration and the thicknesses of  the 
layers are comparable to those predicted by the model. 

In Figure 17, we have shown the experimental and the- 
oretical evolution of  the e/y' ratio of  the e and 3" layer 
thicknesses as a function of  the surface nitrogen concentra- 
tion. We can see that the e/y' ratio increases appreciably 
when the surface nitrogen concentration increases. For C s 
: 8.87 wt pct (noted C~ ..... ~o, on the curve), the t / l / r a t i o  
is equal to one, and for C s > 8.87 wt pct, the e layer is 
above that o f  layer 3;. 

To arrive at these results, it was necessary to conduct the 
treatments by regularly adjusting the gas flow rate at the 
inlet of  the reactor in order to follow the theoretical weight 
gain of  the sample and to maintain a constant surface ni- 
trogen concentration (Figure 17). 

After several experiments performed at constant gas flow 
rate (ammonia pressure 105 Pa and ammonia  gas flow rate 
7.44 • 10 4 mol s- ' ) ,  we have shown the following.t7] 

(1) On the one hand, for treatment times of  5 and 240 
minutes, the surface nitrogen concentration varies, re- 
spectively, from 10.5 to 9.1 wt pct. 

(2) On the other hand, the porosity has developed in the 
surface adjacent part of  the e nitride sublayer. 

Consequently, the e / I / ra t io  of  the e and 3; layers is ap- 
proximately equal to nine (for t = 240 minutes and C s = 
9.1 wt pct; cf, Figure 17, point B). For a constant surface 
nitrogen concentration of  9.1 wt pct, the calculated e73; ra- 
tio is 1.11 as compared to 9 when the surface nitrogen 
concentration varies over time. 

All o f  these results undeniably show that it is important 
to control the evolution of  the surface nitrogen concentra- 
tion over time in order to control the porosity at the surface 
of  the material and to prevent the disordered growth of  
compound layers in such a way as to use them industrially. 

VI.  C O N C L U S I O N S  

The model has been developed in order to control the 
nitride layer growth kinetics in the Fe-N binary system. 

After studying the mechanisms of  phase formation and 
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mass transfer at the gas-solid interface, we have determined 
the operating conditions (total gas flow rate and ammonia 
partial pressure) so that the e, 7,, and a phases can be 
formed from the beginning of the treatment. So, the nitrid- 
ing process is completely controlled by the kinetics of the 
layer growth governed by the diffusion laws in the solid 
state for a multiphase system. 

In order to solve the diffusion equations in a semi-infinite 
medium and to predict the nitrogen transfer rate in the solid, 
the nitride layer growth rate, and the nitrogen concentration 
profiles, we have used the following assumptions. 

(1) The local equilibrium at phase interfaces e/7, and ~/a 
is maintained during nitriding. 

(2) The surface nitrogen concentration is constant and con- 
trolled from the beginning of the treatment. 

(3) The growth kinetics of the e and 7, layers is parabolic. 
(4) The effective diffusion coefficients of nitrogen in the e 

and 7, phases are constant and independent of concen- 
tration. These coefficients are taken as the average in- 
trinsic diffusion coefficients of nitrogen throughout the 
thicknesses of the layers e and 7' and are only depend- 
ent on temperature. 

All of these assumptions have been validated experimen- 
tally in the nitrogen concentration interval 8 to 9.5 wt pct. 
The value obtained for the effective diffusion coefficient of 
nitrogen in the e nitride ((D~))) is in good agreement with 
data taken from the literature. Applying the model to the 
Fe-N-C system, we have also shown that the expression of 
(D~)) remains valid in the carbon + nitrogen concentration 
range 7 to 9.5 wt pet. The results obtained are in publica- 
tion. 

The trend is now oriented toward process automation and 
optimization. It is necessary to dispose of a diffusion model 
describing the layer growth kinetics and an experimental 
validation means. The results obtained allow us to think 
that this aim is achieved for the Fe-N and Fe-N-C systems, 
because these results demonstrate the possibility of elimi- 
nating the nitrogen transfer resistance at the gas-solid in- 
terface and of controlling the thickness, composition, and 
structure of the compound layers over treatment time. 

APPENDIX 
Data used for the experimental determination of the 

effective diffusion coefficient in the 8 phase 

(1) Composition at phase boundaries (Table AI and Figures 
A1 through A3). 

(2) Graphical solution of Eqs. [17] and [18] [7] (Table All). 
(3) Effective diffusion coefficients of nitrogen in the e, 7,, 

and a phases. 

-93,517 [7] 
<D~N~)> = 2.100 X 10 -08 �9 exp (------~---) (m 2 s l) 

-64,000 [26] 
<DV')> = 1.675 • 10 -09 �9 exp (--------~--) (m 2 s -~) 

-77,900 [29] 
<D~")> = 6.600 • 10 -07 �9 exp (------~---) (m 2 s -~) 

R = 8.32 (J K -1 mol-t) 

(4) The calculated relative variation of the surface nitrogen 
concentration and the e and 3/layer thicknesses (Table 
AIII). 

Table AI. Composition at Phase Boundaries* 

Position 

N Content N Content 
(Wt Pet) (Wt Pet) 

Calculated at Calculated at 
843 K [71 843 KilO] 

~/"/' interface C~,~. (7.35) 7.16 
C:~. (5.75) 5.85 

!//a interface C~., (5.50) 5.70 
C27. (0.08) 0.09 

*The values in parentheses are obtained by interpolation of the data 
by Paranjpe et al. tz61 
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and dashed line, Ref. 41-~otted line, Ref. 21~ash-do t  line, and the 
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Table All. Graphical Solution of Equations [17] and 
[18][71" 

r (K) 

823 833 843 848 853 

C~ (wt pet) - -  - -  8.50 - -  - -  

b,~, (/zm s -I/2) 0.1310 0.1380 0.1450 0.1500 0.1540 

b~ (/xm s -~/2) 0.0565 0.0595 0.0635 0.0650 0.0665 

b~, (/xm s -1/2) 0.0745 0.0785 0.0815 0.0850 0.0875 
</Y~")> (m 2 s - ' ) X  10 ,3 1.4610 1.6350 1.8240 1.9250 2.0300 
<D(r~)> (m 2 s -1) X 1014 2.4690 2.8610 3.3920 3.6760 3.9790 

*The terms bE, b~., and b,v, are the parabolic growth constants 
dependent on the surface nitrogen concentration C~ and the phase 
compositions at the e/y' and "y'/a interfaces at a given temperature. 

Table AIII. Calculated Relative Variation of the Surface 
Nitrogen Concentration and the ~ and 3/' Layer Thicknesses 

Relative Variation (Pet) 

Surface Nitrogen 
Confidence Thickness of Layer Concentration 

Interval (Pet) ([&h)l/h ~) • 100 (IACN I/C~) X 100 

95 6 3.40 
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