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The phase formation in the Cr-C and Cr-N systems was investigated using reaction diffusion couples.
The carbides were prepared by reaction of chromium metal with graphite powder in the range 1143

to 1413 °C in argon atmosphere; the nitride samples by reaction of the metal with {&31 bar) in the
range 1155t0 1420 °C. While the carbide samples showed the three chromium carbide phases in form
of dense diffusion layers between 1100 and 1400 °C, porosity occurred at temperatures above 1400
°C. The composition of the phase bands was measured by the means of electron probe microanalysis.
For the Cr,;Cg phase, a slightly higher C composition was found than given in the literature. In Cr-N
diffusion couples both thedCrN ,_, and BCr,N formed phase bands al = 1150 °C. Because decom-
position processes occurred upon cooling, quenching experiments were carried out in the range 1370
to 1420 °C at 31 bar N to stabilize the phases. The EPMA investigations of the homogeneity ranges
yielded a large increase of the homogeneity range fdCrN ,_, with increasing temperature. The non-
metal diffusion coefficients in all phases of both systems were calculated from layer growth and/or
from concentration profiles. In 8CrN ,_, the N diffusivity was found to be strongly dependent on the
composition. The Vickers microhardnesses of the various phases were obtained by measuring the
diffusion layers.

1. Introduction powder (VSPC, Ringsdorff, Germany) were used as starting
compounds. The Cr granules were arc melted in argon atmos-

Many attempts have been made to gain information on thePhere to obtain buttonlike ingots. For the preparation of
Cr-C and Cr-N systems because of their technical importanceCrsCe CRCs and CiC,, Cr,C, powder (13.0 wt.% C,
Acomp||at|on Of most Of these Studies iS given by [90Ven] and H.C.Staer, Germany) and Cr gl’anu|es were Used. P|<_”:lne-Sheet
by [96Neu]. Whereas crystallographic and thermodynamic and wedge-type samples of Cr metal and of chromium car-
data on these systems are available, no detailed investigationgides were packed into high-purity graphite powder in a cruci-
on the narrow homogeneity regions of the phasggCgr ble made of Mo and Zr foil and annealed from 1143 to 1413 °C
Cr,C,, and CgC, have been performed. Although reaction dif- in high-purity argon atmosphere in a high-temperature auto-
fusion experiments were carried out by [68Fri], there are noclave. The thickness of the plane-sheet samples was between
data on the C diffusivities in chromium carbides because of the200 and 300Qum, while the wedges were about 10 to 15 mm
complex situation of simultaneous layer growth of all three long and had an angle of about 15 to 20°. The temperature was
carbide phases. In case of the Cr-N system, diffusivity data onmeasured with a Pt/Pt10%Rh thermocouple or a two-color in-
the BCr,N phase are available [67Sch, 81Mil], but data for frared pyrometer which were calibrated against each other; the
oCrN, , arelacking. argon pressure was measured by a piezoelectric gage. About 3

In the work described in this article, the Cr-C and the Cr-N {5 4 min were required to heat the samples to the desired reac-
systems were investigated using diffusion couples. This techyjq, temperature; subsequent cooling to ~1000 °C (at this tem-

nique is well suited for a simultaneous investigation of both perature the C diffusion is rather slow) lasted about 1 min
homogeneity ranges and nonmetal diffusivities [95Len]. depending on the annealing temperature.

The Cr-N diffusion couples were prepared from Cr metal

2. Experimental and high-purity Nin the same way as described above. The re-
action temperature varied between 1155 and 1420 °C; the pres-
2.1 Sample Preparation sure was as much as 31 bay. No perform quenching

experiments, a high-temperature autoclave was equipped with
a silica glass lid (Heraeus Herasil lll, 40 mm diameter, 15 mm
eheight, Germany) in which two holes were drilled into which

W. Mayr, W. Lengauer, andP. Ettmayer, Institute for Chemical Technol- INVAR pln_S (INVAR alloy, GOOdf.eIIOW’ GB) were_glued._ In-

ogy of Inorganic Materials, Vienna University of Technology, Getreide- Side, the pins were connected with a thin steel wirgu(@ali-

markt 9/161, A-1060 Vienna, Austri. Rafaja, Department of Semi-  ameter) onto which a Pt wire was mounted which in turn
conductor Physics, Charles University Prague, Ke Karlovu 5, CZ-12116 suspended the sample in the center of the heating zone. Out-

Prague, Czech Republid; Bauer, Laboratoire de Chimie du Solide et side, the pins were connected to an electrical supply line. Upon
Inorganique Moléculaire—CNRS-UMR 6511, Université de Rennes |,

For chromium carbide diffusion couples, Cr granules
(99.8%, Heraeus, Germany) and high-purity spectral graphit

Avenue Général Leclerc, F-35042 Rennes, FranceMaibhn, IFRE- switching on the electrical current, the steel wire melted and
MER, Centre de Brest, CNRS-UM#38, F-29280 Plouzané/Brest, France. the sample fell into liquid Sn located on the bottom of the
Corresponding author, W. Lengauer, e-nvali@ metec3.tuwien.ac.at. autoclave in a silica crucible. This construction also permitted
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a direct sight onto the sample allowing optical temperature2.4 Electron Probe Microanalysis (EPMA)

measurement. . . ,
Microprobe analysis was performed with a Cameca Came-

2.2 Metallography and Microhardness bax SX50 microprobe in aline scan mode with a step size rang-

diamond saw parallel to the main diffusion direction, embed
ded into the resin again, and ground with 40 angdraGlia-
mond disks. Polishing was performed withu® diamond

paste and finally with an aqueous suspension of SI®OIM- ¢ sheet, annealed for 263.5 h at 1229 °C and 30.7,bardls
prove the phase band identification in the light microscope, theused as thaCrN, _, standard. More detailed information on the

salznplg,s welzre_ contralsted v;ith lead oxide or etched with Mu-peay nositions, accelerating voltage, beam current, and count-
rakami's solution at elevated temperature. ing time is given in Table 1.

The Vickers microhardness was investigated at room tempera-
ture at a load of 9.81 N on the polished surface of the samples.

2.3 X-Ray Diffraction (XRD)

The plane samples were examined by means of XRD in
Bragg-Brentano geometry with Clokradiation. A graphite 31 | ayer Formation and Morphology
secondary monochromator was used. To suppress the influ-
ence of large crystallites on the diffraction pattern, a rotating Cr-C System.For temperatures up to 1374 °C, the chro-
sample holder was used. X-ray diffraction patterns were takermium carbide diffusion couples consisted of a Cr(C) core and
every 10 to 15um to investigate the phase band sequence as ahree dense diffusion layers of the chromium carbide phases
function of the depth. After each scan the embedded samples wes@r,.C,, Cr,C,, and CgC, (Fig. 1). In Fig. 1, it can be clearly
carefully ground with a 2@m diamond disk to remove stepwise seen the intermediate phase@ris about twice as thick as
layers parallel to the surface. both other layers. This result is in agreement with the work of

" purity graphite powder was annealed for 62 h at 1350 °C to
prepare a GC, standard, which was used for the calibration
routine as well as pure Cr metal. For the Cr-N system, ara00

3. Results and Discussion

Table 1 Measurement conditions on the Cr-C and Cr-N systems

Peak position, +Background position, —Background pgition, Background Beam current Acelerating Counting

Element System Crystal 10°sin® 105sin© 10-5sin® slope (), nA voltage U), kV time (1), s
C Cr-C PC1 74,189 6500 6500 - 150 8 8

Cr Cr-C LIF 56,874 600 0 1.2 150 8 10
N Cr-N PC1 52,914 6500 6500 100 12 8
Cr Cr-N LIF 56,872 600 0 1.2 100 12 10

and Cp4Cg are present.

Fig. 1 Microstructure of a Cr/C diffusion couple annealed at Fig. 2 Microstructure of a GC,/Cr couple annealed at 1351 {C
1262 °C for 381.0 h. The sample was etched with Murakami’$ so- | for 48.0 h. The phase bands 0{Cy, Cr,C5, and Cs:Cg as well as|
lution at elevated temperature. The phase bands;65CErC,, the Cr(C) are present. The sample was etched with Murakamfs so-

lution at elevated temperature.
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[68Fri]. This is valid for quasi-infinite sample geometry. When served. A similar effect has been found for many other carbide

the CrC; phase disappeared towards the tip of a wedge-typeand nitride phases [93Len, 96Raf, 98Wie].

sample a thickness enhancement of th&€€Cphase was ob- At a temperature of 1413 °C, high porosity at the
Cr,C4/Cr(C) interface occurred leading to a reduced C flux

through the Ci,C4/Cr(C) interface. In this case, no C diffusion
_ data could be obtained. Porosity was also observegh@ Q€

and CrC,/C couples were annealed in the range 1400 to 1500
£ 5 ] °C. Interestingly, upon using £&,/Cr couples, completely
s, f i S dense chromium carbide layers could be obtained (Fig. 2).
. + B-Cr,N + 3-Criy,, Tamsis Cr-N System.In the Cr-N diffusion couples, tif€r,N and
. Sl ' oCrN,_, layers were observed B 1155 °C (Fig. 3a). Below

¥ , i this temperature, a continuous GrNayer did not form be-
£ RSl ' Y cause of its very low growth rate. At temperatures above 1200
C ' S e T . °C, 8CrN,_, formed a distinct phase band that decomposed

; : i into BCr,N anddCrN, , during cooling to room temperature. If
the annealing temperature was up to 1292 °C, an extremely
p-CrN " 100um fine two-phase microstructure was obtained that cannot be re-
y solved in the light microscope (Fig. 3b). At higher annealing

temperatures (1420 °C) the decomposition led to a coarser
two-phase microstructure, wiiCr,N at the originadCrN, _,

(a)
grain boundaries and small orienfi#cr,N precipitates within
- thedCrN,_, grains (Fig. 3c). Atintermediate temperatures, that
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Fig. 3 Cr/N diffusion couples showing the different microstriic- 0 50 100 150 200 250 300

tures of the decomposition of tbe€rN,_, phase (etched with MU
rakami’s solution at elevated temperature, polarized light)] (a)
Annealed at 1369 °C, 30.9 bay for 24.4 h, coarse and fine mji

Distance from surface [um]

Fig. 4 Carbon profile across the chromium carbide diffusgion

crostructure. (b) Annealed at 1292 °C, 31.1 bgioN50.5 h, fine couples. (a) Carbon profile across a wedge-type C/Cr diffusion
microstru_cture. (c) Annealed at 1422 °C, 31.0 bafdd 7.8 h, couple T = 1262 °Ct = 381 h). (b) Carbon profile across a plafe-
coarse microstructure sheet C4C,/Cr diffusion coupleT = 1351 °Ct = 48 h)
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is, 1369 °C, both microstructure features could be observed—only over shorter distances upon cooling from lower annealing

the fine structure at the N-rich and the coarse structure atthe Ntemperatures, whereas at higher temperatures the migration
poor side o®CrN,_, (Fig. 3a). This result is attributed to the distance is greater and hence coarser structures (lamellae)
fact that during decomposition®CrN,_, the N atoms migrate  are formed. The fact that both coarse and fine structures were

Table 2 Homogeneity regions and lattice parameters of chromium carbides and chromium nitrides

Carbon/nitrogen concentration(a)

Lower Upper Lower limit Upper limit Lattice parameter, A
Phase limit, at.% limit, at.% mol/cm3 mol/cm3 a b c Reference
Cr,Cq 20.90(b) 21.37(b) 0.0088(b) 0.0091(b) 2.885 [62Mei]
Cr.C, 29.53(b) 29.71(b) 0.0217(b) 0.0219(b) 4.526 7.010 12.120 [70Rou]
Cr,C, 38.96(b) 39.35(b) 0.0472(b) 0.0478(b) 5.540 2.830 11.470 [62Mei]
B-Cr,N 25.07(c) 32.91(c) 0.0396(c) 0.0543(c) 4.751 4.430 [67Sch]
&CrN, 41.48(c) 47.48(c) 0.0674(c) 0.0810(c) 4.141 [71Nas]

(a) Lower limit means the C or N concentration at the C- or N-poor phase boundary; upper limit is the one at theelpbask boundary in the phase diagram.
(b) At1262 °C. (c) At 1292 °C

Table 3 Diffusion coefficients of C in chromium carbides and in Cr calculated from the positions of phase boundaries
observed in wedge-shaped diffusion couples

Diffusion coefficients, cifis

Temperature
(T),°C CryC, Cr,Csq Cr,Ce Cr(C)
1262 5.00x 10-11 2.00x 1010 5.22x 10-11 7.60x 10-10
1323 1.50x 10-10 4.29x 1010 1.15x 1010 1.20x 109
1351 1.85¢ 10-10 6.72x 10-10 3.25x 1010 2.00x 10-°
1369 1.3 1010 7.50x 10-10 1.32x 1010 3.50x 109
1374 2.00x 1010 9.65x 1010 3.00x 1010 2.50x 10-9
1412 1.95¢ 10-10 1.70x 109 4.60x 1010 5.00x 10-°
1413 5.25¢ 10-10 1.15x 109 4.60x 1010 4.50x 100
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Fig. 5 Phase diagram of the Cr-C system [90Mas] with data for the homogeneity ranges of the chromium carbides obtained in fthe present
study.
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observed at an intermediate temperature range (1300 to 1400resented in Fig. 4(a) and (b). The C profile shows only very
°C) stems from the fact that the N-poor phase boundary of thesmall homogeneity ranges for all three phases. The data from
oCrN,_, significantly shifts toward the N-poor composition EPMAwere introduced into the Cr-C phase diagram presented
upon increasing temperature (see “Cr-N System” in sectionin Fig. 5. Aslightly higher C content in the J€; phase com-

3.2). Thus, the N-poor parts of the GrNphase band enter pared to the assessed phase diagram [90Mas] was found. The
earlier, and thus at higher temperatures, than do the N-riclposition of the other phases was in agreement with compiled
parts into the two-phase region upon cooling; the N atomsdata. The homogeneity ranges of the Cr-C phases were estab-
migrate over longer distances in the former as compared tdished to be very narrow (see Table 2).

the latter. Cr-N System.Several chromium nitride diffusion cou-

In order to avoid decomposition upon cooling from higher ples were investigated by means of EPMA. A line scan across
temperatures, the samples were dropped into liquid Sn (as dea Cr-N diffusion couple annealed at 1369 °C (Fig. 6a) shows a
scribed in section 2.1). This procedure could not prevent de-scattered nitrogen profile for tdeCrN,_, phase bands and the
composition, but at least yielded a fine-grained microstructure.nitrogen-poor region of tH&-Cr,N phase bands due to decom-

position upon cooling (compare with Fig. 3a for h@rN,_,
3.2 Electron Probe Microanalysis phase band). Upon quenching the samples into liquid Sn the
) . ) o decomposition could not be avoided but only a fine-grained

Cr-C System.High porosity in specimens made it difficult  girycture occurred leading to a smooth nitrogen profile id-the
to perform line scans. Therefore Cr/C,L%/C, and CyCy/C CrN,_, phase upon EPMA (Fig. 6b). This broadening was also
diffusion couples being annealedlat 1413 °C could notbe  gpserved in samples cooled from 1231 and 1292 °C or
investigated by EPMA. Atypical line scan across a Cr/C diffu- gyenched from 1420 °C; all of which showed a fine-grained
sion couple and a ¢&,/Cr diffusion couple, respectively, IS mjcrostructure such as given in Fig. 3(b). At T = 1155 °C the
homogeneity range was found to be very small.

The data observed from EPMAwere introduced into the Cr-
N phase diagram in Fig. 7 [90Mas]. In contrast to the assessed
phase diagram tReCrN, , phase was found to be no line com-
pound at higher temperature. The N-poor boundadZa¥l,
shifts substantially toward lower N content with increasing
temperature. The N-rich boundary depends, of course, on the
N, pressure. In order to obtain a composition of 50 at.%, sub-
stantially higher N pressures would be required than accessi-
ble in the present study (maximum 31 bag).N
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The diffusion coefficients of C and N in Cr, chromium car-
bides, and chromium nitrides, respectively, were obtained by
0 1000 2000 3000 4000 investigating the layer growth in wedge-shaped diffusion cou-
ples. The authors assumed that the diffusivity of the metal is
negligible in comparison with the diffusivity of the nonmetal
0.8 — T T T T in the Cr-C and Cr-N systems.

%"_“ 8-CrNy+ p-CroN — o f The deviations from the parabolic layer growth observed in

0o 3 wedge-shaped diffusion couples allowed the diffusion coeffi-

] cients in all phases to be calculated from the interphase
boundaries [97Rafl]. For the calculation of diffusion coeffi-
cients, a forward finite difference (FFD) method was applied

[97Raf2]. Using this technique, the positions of phase bounda-
ries were calculated for a given diffusion time and fitted on the

Q
o

06
p-CroN g-CryN + o-Cr(N) p-Cry,N

e
04 L

Concentration ([N)/[Cr])

02 F o - observed sample microstructure by refining the diffusion coef-
ficients in individual phases. The maximum and the minimum
[ () a:Cr(N) ] concentrations within the respective phase were taken from the
0.0 ——— a1 1 . EPMA measurements (Table 2).
0 500 1000 1500 2000 2500 Cr-C System.The diffusion coefficients calculated for Cr(C)
Distance from surface [um] and for the chromium carbide phasesCy, Cr,C;, and CgC, in

the range 1262 to 1413 °C are summarized in Table 3 and shown
Fig. 6 Nitrogen profile across the chromium nitride diffusipn  in form of the Arrhenius dependence in Fig. 8. The activation en-
couples. (a) Nitride profile in a wedge-type Cr/N diffusion coyple  ergies and the pre-exponential factors of the diffusion coef-
gi;rgsi?l?ciﬁrz :(31%9':?9”3'55 :(tf)4rfn?3£ﬁhé?§fﬁg?f§ 33‘;2( ﬁed ficients are given in Table 4. With respect to the extremely
P St . C narrow homogeneity ranges in all phases, the diffusion coef-
‘,’\l"e‘ig_e'ltgpoehcr/ 'ihdg]f“sf!on CO.Uplé—t(: 1t370 Cl ang = 2_1.23tt))ar ficients in the Cr-C system were assumed to be independent of the
2t = 10.0 by with the fine microstructure only (see Fig. 3b) C concentration. The data are somewhat scattered because homo-
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geneity ranges of phases with an almost line-compound char- Cr-N System.FordCrN,_, andBCr,N having rather broad
acter are measured with great difficulty and the relative error ishomogeneity ranges, the concentration-independent diffusion
much greater than in phases with a broad homogeneity rangecoefficients obtained from layer growth (as for the Cr-C sys-
Thus it will be proved in further studies whether the calcula- tem) were compared with the concentration-dependent dif-
tion of integrated diffusion coefficients [98Loo] is more ap- fusion coefficients calculated from the shape of the
propriate and compares with the results of this study. concentration profiles measured using EPMA (see section

Table 4 Activation energies and the preexponential factors in the Cr-C system

Phase CriCy Cr,C3 Cry3Cq Cr(C)
Activation energy[), eV 2.5+ 0.6 2.9+ 0.2 3.2+ 0.6 2.9+ 0.3
Preexponential factorBy, cntls 1.21x 102 0.718 1.28 1.54

Table 5 Diffusion coefficients of N in the Cr-N system as calculated from the positions of phase boundaries (FFD) and
from the shape of the measured concentration profiles

Temperature FFD, cnfls Analysis of the concentration profiles, cris
(T),°C OCrN 1 BCr,N aCr(N) OCrN 1 o9 OCrNg g7 BCroN
1155 2.20x 1011 1.30x 1070 4.00% 109 1.00x 10-12 2.75% 10710 1.01x 10°
1231 1.57x 10-10 3.59x% 109 1.00x 10°8 2.96x 1012 8.90x 10-10 3.20% 109
1292 8.83x 10-10 6.50x 1079 2.00x 108 7.00x 10-12 2.35x 109 6.34x 109
1369 5.10x 10° 2.17x 108 6.50x 10°8 2.00x 1011 6.52x 109

1370 5.17x 109 1.78x 10°8 6.50x 10°8 2.05x 1011 6.60x 100 2.62x 108
1420 1.37x 108 4.35% 108 1.45% 1077

The concentration profiles were extrapolatedfr; ,,anddCrN, s, which allowed the temperature dependence and the concentration dependence of the diffusion
coefficient to be separated.

2000 Y v
- 2000
1500 1
O
o X
~ - 1500 -
- ‘ —
1000 ‘
iz
______________________________ oo
i - 1000
500 . . ’I
0 10 40 50 60
Cr at% N
Fig. 7 Phase diagram ofthe Cr-N system [90Mas] with data for the homogeneity ranges of the chromium nitrides obtained ingtuglpresent
The numbers designate the IpgN,)).
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3.2). The experimental concentration profiles were approxi-
mated by the function [97Raf1]:

_ 2y"dy'0d 0O
= - ct d
k= C)g ¥(0) D(Y) expErIy(o) D(y") % y%
. Y(&) 1 EJ Zy' dy'0
d + Egl
ay@ D) “PHlo D) B yD ¢ ()

in which the concentration dependence of the diffusion coeffi-
cient D was described by the well-established exponential
function [89Loo]:

D(c) =D, exp R(c* —0)] (Eq2)

In Eq 1,y(0) andy(§) denote the beginning and the end of the
respective concentration profile written in terms of the
Boltzmann-Matano variable; =x/(2Vt); ¢ andc- are the
maximum and the minimum N concentrations in mol Nicm
The free parameters of the diffusion coefficiemg,anda,
were refined within the calculation (Eq 2).

The diffusion coefficients obtained in all phas&sr{N, _,,
BCr,N, andaCr(N)) are summarized in Table 5, which also

gives the comparison between the concentration-independer
and the concentration-dependent diffusion coefficients. The

Temperature (°C)

" 1400 1350 1300 1250
10 F I I [ I

(cm2/s)
3

-
-y
o

T

Diffusion coefficient

101 ——
59 6.0 6.1

Reciprocal temperature (1 0'4/K)

62 63 64 65 66

Fig. 8 Temperature dependence of diffusion coefficients forfthe
Cr-C system obtained from layer groweh.Cr:C,; A: CKCs; V,

CryCg U, Cr(C)
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temperature dependence of the diffusion coefficients is shown
in Fig. 9. The activation energies and the preexponential fac-
tors calculated from the respective set of the diffusion coeffi-
cients are listed in Table 6. The comparison of the activation
energy and preexponential factor with the literature data was
only possible fo3Cr,N as the diffusion coefficients in other
phases have not been reported yet. The diffusion coefficients
given by [81Mil] yielded the activation energy of 2:84.03

eV and the preexponential factor of 4.5 cni#/s, which is in
accordance with the authors’ results.

Asignificant concentration dependence of the diffusion co-
efficient was found for th&CrN, _, phase. The analysis of the
measured concentration profiles yielded that the N diffusivity
in 8CrN,_, decreases with increasing N concentration. This
can already be seen from the shape of the concentration pro-
files near the sample surface (Fig. 10), where a very high
compositional gradient was found. The solid line, which
represents the concentration profile calculated with the

Temperature (°C)

1450 1400 1350 1300 1250 1200 1150

H

—_

<
X

— —
OI o
© -3

'
ey
-

Diffusion coefficient [cmz/s]
> =)

-

o
L
N

60 62 64 66 68 70

Reciprocal temperature (10'4 K'1)

Fig. 9 Temperature dependence of diffusion coefficients fon
Cr-N system as obtained from layer growth (solid symbols, S
lines) and from the concentration profile fitting (open symb
dashedlinesy. /m,3CrN;_,; Y /e ,BCrN; A, aCr(N). The diffu-
sion coefficients of N idCrN,_, calculated from layer growt
correspond to different N concentrations at different temperat|
and therefore the Arrhenius dependence yields a higher actiy
energy (see text). The diffusion coefficients obtained using
concentration profile fitting correspond to Gry (lower dashed
line) and Crl g7 (upper dashed line). The latter is not stabl
lower temperatures (see Fig. 7).
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concentration-dependeiffusionoefficientapproximates _ [12.92eV[Q

well the meagred concentrations (open circles), whereas D[cm?/s] =0.018x eXpg kg T O~ exp(17.2) (Ea3)
larger differences can be seen in th@sddit, in which the con- g 0

centration dependence of the diffusion coefficient was omitted . ,
(dashed line). wherekg is the Bpltzmann_constamthe temperqture, arxds_

The dependence of the N diffusion coefficient on the tem- € atomic fraction of N iBCrN, . The activation energies
perature and N concentratiord@rN, , could be described by ~ calculated for isoconcentration cuts (dashed lines in Fig. 9) are
the exponential surface: identical for all concentrations within the experimental preci-
sion and lower than the activation energy obtained from the
concentration-independent diffusion coefficients. Note that

48 T T T T I data for 40 and 50 at.% N (open boxes in Fig. 9) illustrate the
= 47 ( @ _concentra_ltion dependence of the diff_usion coefficient, which
© I is approximately two orders of magnitude. The N concentra-
© 46 tion of 40 at.% N, however, does not occur at some (lower)
L : temperatures as it follows from the phase diagram. Also, the N
g 45 concentration of 50 at.% N has not been reached at all tempera-
= i tures because much larger N pressures than accessible in this
g 4 study would have to be applied.

5 43 The strong concentration dependence of the diffusion coef-
o ficient in 3CrN,_, can also explain why too high an activation
o 42 energy was obtained from the concentration-independent dif-
o fusion coefficients (Table 6). The reason is that the FFD calcu-
41 lation yielded diffusion coefficients for different mean
nonmetal concentrations at different temperatures because the
homogeneity range @CrN,_, shifts to lower concentrations

34 with increasing temperature (Fig. 7). Thus, the calculation of
=2 activation energy at nonequal concentrations resulted in an
< 32 oblique cut on the exponential surface, which consequently
< yielded a much higher activation energy &N, , (broken
S line in Fig. 11).

c 30 On the contrary, no remarkable concentration dependence

2 - of the diffusion coefficients was observe@@r,N. The meas-

g 28 ured concentration profiles BCr,N could be well approxi-

c : mated by concentration profiles calculated using Eq 1 with

<. 26 concentra_tlon-_mdepen_de_nt diffusion coefficients (s_e_e Fig.

o 10). The diffusion coefficients calculated from the positions of

o phase boundaries and from the concentration profif&SiiyN

24 . L — . : agree well (Fig. 9).
400 700 1000 1300 1600
) 3.4 Microhardness
Distance from surface [um]
The microhardness of the chromium carbide phases in-

Fig. 10 (a) Comparison of the theoretical concentration profiles creases with increasing C content (Fig. 12a). Two series of
in 8CrN, _, calculated with the concentration-independent (dofted = measurements on either side of theg3gphase band indicate
line) and the concentration-dependent diffusion coefficients ($olid  an increase of Vickers hardness with increasing C content, too.
line) of N. The measured concentration profile is plotted by dpen | jterature data [53Hin] as well as the authors’ microhardness
glrclt_as(.j (b) Cdcmcte(?gatl_on prof;-lrg _calthllﬁte? with the (_:onger térha- values are given in Table 7.
lon-inaependaent diffusion coetrcient. e line approximateg the . . P .
measurez concentration profile well, which mear?spthat no signifi- _The mlcroha_trdness measure_ments onchromium ”'”'de dif-
cant concentration dependence of the N diffusion coefficient ex- {USion layers yielded a general increase of the Vickers micro-
ists forBCr,N. hardness with increasing N content. Within the phase, a

substantial increase was found B&r,N and a decrease for

Table 6 Activation energies and preexponential factor evaluated from the temperature dependence of the
concentration-independent (FFD) and the concentration-dependent diffusion coefficient (calculated from the
concentration profiles) in the Cr-N system

FFD Concentration profiles
OCrN 1 BCroN aCr(N) OCrN 1 o9 OCrNg g7
Activation energiesH), eV 5.12+ 0.08 2.68t 0.15 2.79 0.15 2.83:0.10 3.0 0.10
Preexponential factobg, cnt/s 2.43x 107 3.51 23.9 9.2k 103 11.0
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oCrN,_, (Fig. 12b, Table 7). Itis clear that the two-phase struc- bides were prepared by reaction of compact Cr metal with
ture ofdCrN,_, could affect the hardness. However, such a be-graphite powder under argon atmosphere. Nitride samples
havior was also found for isostructural nitrides of the V-N, were prepared by reaction of pure Cr metal with N up to 31 bar.
NDb-N, and Ti-N systems [85Len, 86Len, 92Len]. This behav- While the carbide samples showed three chromium carbide
ior might be attributed to the increasing occupancy of anti- phases in form of dense diffusion layers between 1143 and
bonding states with increasing N content at valence electrorl413 °C; afl = 1413 °C, high porosity occurred. At sample
concentrations greater than 8. thickness that allows the diffusion geometry to be regarded as
infinite, the CrC, phase is about twice as thick as the other two
4. Conclusions phases. The composition of the phase bands was measured by
' EPMA; the results were adopted for a modification of the Cr-C
The layer growth in the Cr-C and Cr-N systems was inves-phase diagram. The following C diffusivities were obtained
tigated by the means of reaction diffusion couples. The car-from layer-thickness measurements in wedge-shaped diffu-

108
10° &
£
S
-10 £
10" ¢
S
Q
8
10" 5
]
=
40 12 0O
S 42 10
sy 4
o 2. 46 . 13
7% 560"
7% 50 T ep 64 62
B tempe(ature (

Reciprocal

Fig. 11 Exponential surface describing both the temperature and concentration dependence of the N diffusion cod@idignt iBalls
are the measured diffusion coefficients; the surface is characterized by Eq 3. Solid lines at 40 and 50 at.% N repuesémhéreus de-
pendence of the diffusion coefficient. The dashed line is obtained if the mean concentrations are used for calculaisigrirediffcient.

Table 7 Vickers microhardness with standard deviation of several chromium carbide and nitride phases obtained on
sample 053ECrC and 054ECrN together with some literature values

Nonmetal content, Vickers Standard Vickers hardness from
Phase at.% Corat.% N hardness, GPa deviation (0), GPa literature(a), GPa
Cr,C, 39.2 26.6 15 26.5[53Hin]; 13.8 [64Sam]
Cr.C, 29.7 23.6 2.5 20.6[53Hin]; 13.6 [64Sam]
29.5 20.2 1.6
Cr,Cq 21.1 14.1 1.4 16.2 [53Hin]; 16.8 [64Sam]
aCr(C) 0.0(b) 9.6 0.2
8CrN, x 45.6 12.8 1.0 11.1[64Sam] (49.7at.% N)
43.5 14.0 0.8
BCrN 32.9 125 0.4 16.0 [64Sam)] (32.3 at.% N)
31.6 12.0 0.3
30.0 11.6 0.6
28.4 10.2 0.3
27.5 10.0 0.8
aCr(N) 0.5(c) 7.2 0.5

(a) These values were measured at a load of 4.81 N on the polished surface of the samples. (b) The @Co(@gat 4260 °C is about 0.03 at.% C [85Pou]. (c) The
N content of a Cr(N) at231 °C is about 0.51 at.% N [7 1Mil].
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eVkgT) in BCrN, and Dy = 23.9x exp (-2.79 eWT) in
30 (a)‘ oo b aCr. The microhardnesses generally increase with increasing
] E 7] nonmetal content, except f8CrN, _,.
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