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Carburation of an NiT0Cr30 substrate by laser 
solid-state diffusion 
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Laser surface treatments provide interesting solutions to the problem of accelerated wear of 
materials. Some results are presented for chromium carbide-rich surface alloys after laser-beam 
solid-state treatment of an Ni7oCr3o carbon-precoated substrate. The wear results are satis- 
factory with respect to pure Ni7oCr3o substrate, but are below those obtained by superficial 
melting of a graphitized NiToCr3o substrate. 

1. Introduction 
Laser treatments enable modification of the character- 
istics of a material, particularly by the formation of a 
superficial alloy. Moreover, structures reinforced with 
chromium carbides are of interest for the improve- 
ment of wear resistance and mechanical strength 
[1-6]. A better tribological behaviour of Nimonic 80A 
superalloy [7] (wear rate divided by 100) has already 
been obtained by injection of chromium carbide pow- 
ders in the laser beam. The superficial fusion by a laser 
of an initially graphitized NiToCr3o substrate gives 
submicronic eutectic cellular structures (chromium 
carbide-y solid solution) [8]. 

The purpose of the present study was to character- 
ize the structures obtained by laser solid-state treat- 
ment of a graphitized NiToCr3o substrate and to un- 
derstand the elementary processes which govern this 
type of treatment. 

2. E xper i menta l  c o n d i t i o n s  
For all experiments the samples (width 10 ram, length 
80 ram, thickness 10mm) of NiToCr3o were irradiated 
by a Spectra Physics (CO 2, 5 kW, multimode) laser. 
To increase the thickness of the carbide-rich layer, 
several passes were necessary. A fresh carbon deposit 
(20 to 30 pm thick) was sprayed before each new pass. 
After the last treatment the carbon layer was removed 
by immersion in an ultrasonic water bath. 

To avoid laser beam heterogeneity an homogenizer 
(kaleidoscope, 10 x 10 x 200 ram) was used. The uni- 
form spot size (10mm x 10mm), treatment speed 
(5 mm sec-~) and power of the laser beam (2.7 kW) 
were maintained constant. For all experiments, four 
thermocouples (nickel chromium/nickel aluminium) 
and two optical pyrometers (Maurer, 1 tam, and ATL 
1000, 3 to 5 gin) were used (Fig. 1). 

Before scanning electron microscopic (SEM) ana- 
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Figure 1 Optical apparatus. 
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Figure 2 Thin foil preparation. 
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Figure 3 Pin-on-disc tribometer. 

lysis, structures were revealed by Aqua Regia reagent 
(nitric acid (1.33) 25ml, hydrochloric acid (1.19) 
75 ml). Transmission electron microscopic (TEM) 
analysis was performed using Jeol 1200 EX and Jeol 
2000 EX microscopes. 

Foil preparation is described in Fig. 2. 
The carbon concentration profiles were obtained 

using a nuclear microprobe (<  10 pm). The nuclear 
reaction used was lzC (d, p)13C (energy of deuterons 
= 1.4 MeV). 

The pin-on-disc tribological test apparatus is shown 
in Fig. 3. 

is thus pin-pointed (Fig. 4). TEM analysis (micro- 
diffraction) allows the nature of the precipitated 
phases to be determined. 

In all cases, the sequence of the appearance of 
the phases is the same from the top to the bottom 
of the tracks: 

Cr3C 2 (orthorhombic, a = 1.146 nm, b = 0.552 nm, 
c = 0.282 nm) 

MTC 3 (hexagonal, a = 1.399 nm, c = 0.452 nm; 
Fig. 5) 

M23C 6 (face centred cubic, a = 1.074 nm; Fig. 6). 

Figure 4 SEM analysis. Precipitation of carbides in the matrix and 
at grain boundaries. 

Figure 5 TEM analysis. Precipitation of MvC 3 carbides at grain 
boundaries. 

3.  R e s u l t s  
3.1. Microstructural characterization 
Precipitation is observed in the matrix and at grain 
boundaries: a volumic and intergranular diffusion 
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Figure 6 TEM analysis. Precipitation of Ma3C 6 carbides in the 
matrix. 
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Figure 7 Diffraction pattern. Epitaxy between M23C 6 and 
the 3,-matrix. 

An orientation relationship exists between the 
carbide M 2 3 C  6 and the y-matrix. The phases are in a 
simple cube-cube configuration ((0 0 1)~c6 t] (0 0 1)v 
and [1 0 0 ] ~ c 6  JI [100Iv; Fig. 7). Such orientation re- 
lationships have been reported by Double and 
Zambelli [9] in the study of directionally solidified 
(Co, Ni)-Cr23C 6 eutectic alloy. 

3.2. Analysis of the elements carbon, 
chromium and nickel 

The analysis was carried out from the surface (Fig. 8) 
in the middle part of the tracks, using a nuclear 
microprobe (Fig. 9). It was noticed that the ratio of the 
number of X-photons emitted by the nickel atoms to 
the chromium ones does not vary very much with 
depth (Fig. 9, right-hand ordinate). Assuming that this 
ratio is a constant (%Ni/%Cr mass = 70/30) it is 
possible to determine the atomic concentration pro- 
files in carbon (Fig. 9, left-hand ordinate). 

Generally, it may be observed that the carbon con- 
centration decreases continually from the surface to 
the bottom of the treated zone. 
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Figure 8 Microprobe analysis following the z-axis. 

3.3. Pin-on-d isc tr ibological tests 
Two steps are observed during the tribological tests 
(Fig. 10): 

(1) slight wear of the carburized matrix; 
(2) serious wear of the underlying substrate. 
Tests were made on several samples iuntreated 

sample, 1, 2 and 5 laser passes). The time required for 
the pin to go through the carburized zone plotted 
against the number of treatments is shown in Fig. 11. 
With five passes, the time is 600 min (wear speed 
10.3 nm sec- 1). 

These results are below those obtained by liquid 
state diffusion [10]. 
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Figure 9 Profile of atomic concentration of carbon. Ratio of the 
number of X-rays emitted. (11) Analysis by nuclear microprobe; (O) 
N c Ni/NcCr. 
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Figure 11 Life time of carburized zone plotted against the number  
of treatments. 

4. D i s c u s s i o n  
4.1. Ternary phase diagram at 1073 K 
To correlate the concentration profiles (see Section 
3.2) to the structural analysis, the different phase equi- 
libria (%Ni/%Cr mass = 70/30 and increasing % C) 
[10] were determined from the ternary phase diagram 
(Fig. 12). These different equilibria are summarized 
in Fig. 13. The succession of chromium carbides is: 
M 2 3 C 6 ,  M 7 C 3 ,  C r 3 C  2 for increasing carbon concen- 
tration. Although far from equilibrium during laser 
treatment, the succession of chromium carbides is the 
same as that given by the diagram at equilibrium. This 
result has also been found in the case of liquid-state 
diffusion [10]. 

4.2. Model of thermal transfers 
It was assumed that the thermal evolution in the 
material during laser irradiation could be described 
by the following one-dimensional heat diffusion 
equation [11]. 

pc(~T/~t) = ~(T)I(x, t) + ~/~x[k(Z)~T/~x] (1) 

where p(T) is the mass density (kgm-3), c(T) the 
specific heat capacity ( J k g - t K  -1), ~(T) the optical 
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Figure 12 C-Cr  Ni ternary diagram at 1073 K. 

absorption coefficient (m-l) ,  k(T) the thermal con- 
ductivity ( W m - I K - I ) ,  I(x,t) the power density 
(W m -  2), T the temperature (K), t the time (see), and x 
the depth (m). Because ~, P and k are generally temper- 
ature dependent, numerical methods were required to 
solve Equation 1. In the present work the irradiated 
region was divided into n layers of equal thickness, Ax. 
A relation between the temperature of the layer i at 
time t + At and the temperature at time t can also be 
obtained. 

Ti = Ti ~ + (AQ~ bs + AQ~if)/(pcAz) (2) 

where T~ is the temperature of layer i at time t + At, 
Ti ~ the temperature of the layer i at time t, A Q  abs = (I  i 

- Ii+I)AT, Ii = (1 - R)Ii_lexp - ~iAz is the power 
density absorbed at depth iAz, R the reflection coeffi- 
cient, and AQ~ if = 2k/Az(Ti ~ 1 + T f  i - 2T~)At. 
The different parameters used are summarized in 
Table I. 

T A B L E  I Parameters used 

Initial temlSerature 
Mass  density 
Specific heat capacity 
Optical absorption coefficient 
Thermal  conductivity 
Reflection coefficient 

Perfect gas constant  
Frequency factor 
Activation energy 

300 K 
7800 kg m -  3 
400 J kg -  1 K -  1 

24.49 p m -  1 
1 0 W m - l K - 1  
0.25 

2 cal m o l -  
2.49 • 10 -4mZsec  - ;  
40 000 cal mol - 1K - 1 

Moss % C 
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Figure 13 Succession of chromium carbides for 
increasing carbon concentration. 



The present results were compared with those cal- 
culated with a two-dimensional model by finite ele- 
ments (THERM 2D) [12]. The correlation between 
both models is very satisfactory. 

The main reason for this is probably the fact that the 
deposit is not bulky, but made of an aggregate of 
powders with an organic liant. 

4.3. Model of the carbon distribution during 
beam interaction 

The redistribution in carbon was calculated using a 
one-dimensional model with an explicit resolution 
diagram. The diffusion of the carbon volume within 
the affected bulk is considered to be unidirectional. 
The carbon diffusion coefficient depends on the tem- 
perature calculated using a thermal model (see Equa- 
tions 1 and 2) [131 

D = Doexp - Q / R T  (3) 

where D is the carbon in nickel diffusion coefficient, Do 
the frequency factor (m 2 sec-1), Q the activation en- 
ergy (calmol-1K-1),  and R the perfect gas constant. 
It is possible, assuming that the concentration of each 
layer, i, is a constant between t and t + At, to deter- 
mine a spatial and temporal relation between the 
carbon concentrations 

C, = C ~ + DAt/Az2(C~ + C ~  - 2C ~ (4) 

where Ci is the atomic concentration of carbon of 
layer i at time t + At, and C O is the atomic concentra- 
tion of carbon of layer i at time t. The results of the 
calculation (see Table I) are shown in Fig. 14. The 
differences between calculated and measured values 
can be explained as follows. 

1. The diffusion model is only volumetric and does 
not take into account the diffusion short circuits 
(grains boundaries, dislocations, carbides). 

2. The variation of the frequency factor (Do) with 
carbon concentration is neglected. 

From the calculated profile, it is possible to deter- 
mine the depth of the initial deposit concerned, by the 
diffusion at each pass. This depth (0.5 pro) is less than 
the initial deposit obtained by spraying (20 to 30 pro). 
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Figure 14 The distribution of carbon with depth. ( • ) Analysed 
profile; ( - - )  calculated profile. 

4.4. Tribological  tes ts  
Tribological results obtained after solid state diffusion 
are below those observed in the case of liquid-state 
diffusion [10]. Two explanations can be given. 

1. The carbide volume fraction is more important 
in the case of liquid-state diffusion (carbon diffusion 
depth 90 pro). 

2. Structures obtained after liquid-state diffusion 
are eutectic and submicronic. Tribological behavi- 
our is much better. 

5. Conclusions 
1. Chromium carbide formation can be obtained at 

a depth of about 10 pm for treatment duration of 
about 10 sec. 

2. Although far from equilibrium (laser treatment), 
a correlation exists between the structures obtained 
and those given by the isothermal section of the cor- 
responding ternary phase diagram, C-Cr-Ni.  

3. A one-dimensional model can be used to de- 
scribe qualitatively the carbon diffusion. 

4. The low carbides volume fraction is due to the 
poor initial carbon deposit. Tribological results fall 
below those obtained by liquid-state diffusion; these 
results could be adequate for wear applications which 
were not too hard. 
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