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Abstract

-Tfls shown that the phenomenon of decarburisation'in the CVD of TiC
on steel or cemented carbide can be profitably described using diffusion
p?!hs on the ternary-phase diagram cross sections. various stiges of
T'ic1-^ growth are related to different textures in the coatingl
. TiCl-x compositions can be determined very precisely by el6ctron probe

microanalysis, after specia'l adaptation of the'correctr-'on- program foi^light element work.
. in_CVD layers of TiCl-x-and in equilibrated diffusion couples conta'i-

ling.T^1Ct-*. there is a preferential composition containing 47 respectively
45 at.% carbon. As shown by various analytical techniques-this coinpositionis the most stable one, and the one conta'ining a mininium of latticb
defects.

I ntroducti on

-Tn f98Z we started a research program with the aim of studying the
kinet'ics of TiCl-x formation on steel and on cernented carbide- su6strates
by.CVD _(Y!ing TiCl+/CH+/Hil, in relation to the diffusion processes invol-
ved in TiCl-1 growth (at a temperature of 1273K). First reiults on CVD
experiments were reported in 1983, mainly consiiering kinetical issues: it
was shown that diffusion of carbon atoms in the TiC ioating'is rate-limi-
ting for.CVD experimental conditions without carbon source'in the gas
phase (1). In a following publication (2), the role of carbon diffusionin the formation of titanium carbide was more elaborately investigated.

In this paper we wish to give an overview of more recent resulls with
emphasis on composition-bonding-d'iffusion relationships in Ticl-x.All data referring to preparation procedures and experimentdl"condi-
tions have been described earlier (L,2).

Phase diagram sections and diffusion paths
bstrates containing no more

than two elements, viz. Fe100-yc.y and co16g-ycy. This simplifying approach
has.the. advantage that, afieF 'de"position of in6 rici-x layer,-a [erhiry
system has been developed,.so that use can be made of trre-appropriate
ternary phase diagram sections (in situations assuming thermbdyham.ical
equilibrium). At this moment we are extend'ing our research efforts from
rhe ternall,systems Fe-Ti-C and Co-Ti-C to the quaternary systems Fe-Cr-Ti-C
and co-w-T'i-c, linking up w'ith the cvD pract'ice ' of coatr'ng- steels or
cobalt-based cemented carbide substrates with TiCl_x.

The determinat'iop of phase relatjons and the r6siilting phase diagram
cross sections in !!e_systems Fe-Ti-C and Co-Ti-C at L273K' havebeen pu-
olished elsewhere (3,4)._]o stgdy diffusional interactions between phases
in ternary systems so-called diffusion paths can be plotted on'isothermal
cross sect'ions. A diffus'ion path represents the average concentrationploflle (as, in our case, determiled !y electron probe microanalysis)
of the various elements in the diffusion zone, and gives information con-
cerning.the phenomenology (i.e. morphology and composition) of diffusion
layers 'in sol id-state reactions. D'iffusion paths do not, h6wever, give
direct information of k'inetic nature. For the construction of diffusion
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paths we followed the general rules proposed by Kirkaldy and Brown (5)
and conventionalized by Clark (6).

To construct diffusion paths sol'id-state diffusion couples have been
used as model experiments for CVD-treated samp'les. The'ir excellent su'ita-bility for simulation purposes has already been demonstrated (4). In this
paper we will only present d'iffusion paths for the Fe-Ti-C system; for
similar results on Co-Ti-c we refer to (3). In figs. 1 and 2 observed dif-
fus'ion paths for d'iffus'ion couples of the type Ti-Fe1gg-yC, are shown.
Note, that only in case the iron contains more than 6.5 at".% carbon, a
closed TiCl-x layeris formed. When less carbon atoms are present, Fe-Ti
i ntermedi ate phases are observed, whi ch can contai n Ti C prec'ip'itates ;this is shown by the d'iffusion path'in fig. 1.

The diffusion process involved'in TiCl-x formation, namely decarburisa-
tion of the Fe16g-uC, material , 'is il lustrated 'in f ig. 3. The diffusion
path in ttg. 3 for"the case y > 6.5 at.% actual'ly is a normal composi-
tion profile, determined by measuring concentrations 'in the one-phase
l.too-rc, matenial. In case of a two-phase material, however, a profile
based bn"point measurements by EPMA (which, for this case, has already
been publ ished earl'ier (2)) only gives informat'ion on the composition
in both phases, but not on the number of precipitates as a funct'ion of
distance. This number decreases strongly in the direction of the Tic1,*
reaction layer (fig. 3), showing the decarburisation of the Fernn_,Ci "
starting material. So composition profiles in multiphase materilTs'o6tained
by point measurements do not reveal information on d'iffusion phenomena
such as decarburisation. For that purpose the use of composition profiles,
which are averaged over the observed phases,'is indispensable. A d'iffusion
path'is then obta'ined (per definition) by plotting the average composition
profile on a phase diagram cross sect'ion, omitting the kinetic information.

Conclusion: the various aspects of decarburisation can be profitably
studied in a synthesis of diffus'ion path and compos'ition profile determi-
nati ons .

TiCl-x groyth.k'inetics in CVD expeflments in relat'ion to texture
Inc rtof

preferred growth direction (texture) is being observed. The occurrence
of preferred orientation of diffusion-grown crystall'ites has drawn little
attention so far, although important information concerning e.g. different
growth mechanisms, (re)crystallization processes or stress-development'in coatings can be 'induced from texture studies (7,8). Furthermore, the
occurrence of a preferent growth direction can cause anisotropies in the
chemical , physical and mechan'ical propert'ies of a material (9).

X-ray diffraction was used to ident'ify planes of preferred orientat'ion
in the TiCl-x surface layers. To that purpose we combined results by a
texture goniometer (Siemens), which plotted pole figures (10), and by a
ci I indrical camera (El I iot Ltd. ) ( 11) .

Observed textures were d'ifferent for TiCr-, coated Fernn-,,C., substrates
using a deposition prcess with or without cirBon source tUHaJ {n the gas
phase. If the gas phase contained no carbon source a (110) fibre texture
was found, whereas in the case of CH4 present a (110) fibre texture to-
gether with another texture component was found. Because of the relatively
weak texture strength it was not easy to discrim'inate between the possib'le
directions for that second component, (321), (210) and (211), but even-
tua11y, on the basis of many po'le figures, we may conclude that (321)
texture is most probable. As to the relation found between texture sharp-
ness and substrate carbon content we must refer to a previous pubf ication
(1). The 'iron-carbon substrates used 'in this investigation were texture-



less.
To see whether the (321) p'lane of preferred orientation was present'in the entire coatilg, Ticl-* grown with cH4 in the gas phase was s1ow1y

grinded off using diamond grinding wheels. The observed X-ray d'iffract'ion
pattern after each grinding stage is shown in fig. 4. After removal of
half of the layer thickness the second texture component has comp'letely
disappeared. 0n1y the (110) preferent orientation is remaining, and alio
a (100) direction has shown up, which is probably a stress-induced texture,
generated by the grinding procedure.

From these observations and from the fact that TiCl-y grown without
carbon in.tle. gas phase 'is on'ly showing a (110) textuFe, it may be supposed
that the (321) component is related to a growth process involving carbbn
from the gas phase, whereas the (110) plane is a texture related to carbon
diffusion from the substrate. This supposition is in accordance with the
observat'ion cited by_Bunshah (12), that the presence of a (reactive) gas
in deposition technologies tends to shift the preferred orientation'oi the
coati ng to h'igher i ndex pl anes.

The compos'ition of TiCl-x grown by CVD and by diffusion couple techniques

_Many physical properties of Ticl-x, e.g. the hardness, are d'irectly
related to the composition of the riaterial. An optimalization proceduie
of ricl-x propert'ies by changing cvD process cond'itions could be per-
formed on the basis of TiCl-r composition determinations. t^Ie are now able
to measure.Ticl-x compositions very accurately in (carefully po]ished)
cross sections of coatings by electron probe microanalysis (EPMA), thinks
to a correction program wh'ich was specia'l'ly adapted for ligh element de-
terminat'ions and the specific problems connected with that (13,14). In
cVD coatings of Ticl-x another special problem had to be soived, which
was caused by the pFesence of Fe and Cr containing impurities, probably
(Fe,Cr)3C precipitates in the TiCl-x layer. These-impurities iniluence-
the carbon measurement by EPMA jn two different ways:
a) the Cr-L X-ray emiss'ion line coincides with the C-Ka emission peak,

so that the calculated carbon concentration could be a little bit too
hi sh;

b) intensity measurements of light elements, like carbon, have to be per-
formed in an integral fashion (14), which means that the total area of
the em'ission peak should be measured instead of the intensity at the
max'imum. For each binary carbide this would mean long and tedious C-Ka
measurements. This problem was solved by the introduction of a so-called
Area/Peak (A/P) factor, which represents the ratio between the (true)
Area k-ratio and the peak k-ratio. The A/P factor for T'ic1-x in the
expected composition range was determjned in very pure Tiel-x a'l1oys (14),
so that for later measurements'in TiCl-x coatings it would suffice
to measure the peak K-ratio, which can then be converted to the area
k-ratio.using the A/P factor. The problem in Ticl-x containing other
(binary) carb'ides as impurities is that the A/P iadtor will Ue aifferent
from the A/P factor for pure TiCl-x.Our solutions to these problems
are not within the scope of this paper, but will be described in a
separate pubf ication ( 15) .

_.-In fig. 5 composition measurements (only carbon concentrations) 'in
IjCf-* coatings grown without carbon'in the gas phase ane compareil to the
TiCl-x.compositions found in equil ibrated diffusion coup'les. All TiCl-x
compositions were related to the carbon content'in the Fe166-yCy subiti;ate,
and were determined at the centre of the TiCl-x 1ayer. tn-diffu"sion couples
T'iC1-x compositions (very) near the TiCt-x/Ti boundary are difficult to



measure by EPMA, but are found in according to the phase diagram (3,4).
As is obvious from fig. 5 all TiCl-* CVD coat'ings are richerin carbon

by 1.5 to 2.0 at.%. Both series of meaSurements show for the TiCl-*
stoichiometry on'ly sma11 dependencies of the substrate composition.' An
explanation for th'is is that in each case a sliohtly different composit'ion
of'TiC1-x will be in equilibrium at the TiC/Fe1[g-rLu boundary with the sub-
strate, when the substrate carbon content is varieU.-0r in other words:
the course of the diffusion path start'ing from the substrate is dependent
on the substrate composition and will determine the eventual TiCl-x
stoi chi ometry.

In the TiCl-x formed'in diffusion couples an iron content ranging be-
tween 0.5 and i.3 at.% was found, in accordance with phase diagram re-
sul ts (4) .

In case of TiCl-x growth in standard industrial CVD facilities the
coat'ings will invariably contain large amounts of impurities; we found'iron and chromium concentrat'ions between l and 4 at.%, oxygen and chlorine
contents between 0 and 1 at.% (a1l determ'ined by EPMA). The first two
impurities mentioned were concentrated near the substrate/TtCl-1 boundary.
This probably means that nucleation of chromium (and iron) whic6 is presLnt
as an impurity (chromium chloride) in the gas stream 'is favoured during
the f i rst m'inutes of the depos i tion.

Possibly TiCl-1 composition in these CVD coatings'is influenced by the
impurity content, chromium and iron possibly present at Ti-sites in the Ti-
sublattice (so that a different d'iffusion path is followed), which would
explain the differences observed between diffusion coup'les and CVD grown
material in fig. 5. it'is surprising that both in case of the equilibrated
d'iffusion couples (44.5-45.5 at.%C) and in the CVD case (45.5-47.5 at.%C)
a non-stoichiometric compos'ition of TiCt-r'is found. An explanation for
thi s observati on on the bas'i s of struct[rij-bi ndi ng-d'iffus i on rel ati onsh'i ps
'in the material titanium carbide is presented in the next section.

Structure and bi nd'ing 'in ti tan'ium carbi de

To study the material TiCi-x itself, we prepared a dozen samples covering
the composition range (by melting m'ixtures of the elemental powders using
arc-melting techniques). The lattice constants of the result'ing polycrys-
tal I ine samples were determ'ined as a function of composit'ion (EPMA) by
X-ray d'iffraction (Guin'ier camera), see fig. 6. Impurity content was lower
than 0.2wt.% oxygen and 0.1 wt.% nitrogen, as measured by LEC0 TC 136
instrumentat'ion. The variation of lattice constants, showing a maximum be-
tween 44 and 47 at.% carbon is in accordance with literature findings (16).

The binding energy of the Ti-2ps1,1eve1, which is involved in the binding
between titanium and carbon, was meidsured by XPS (using Mg Kcr1.2 radiation).
The resulting curve (fig. 7) shows a maximum binding energy foi a TiCl-x
composition of about 44 at.% carbon. These findings were confirmed by soft
X-ray em'iss'ion spectroscopy techniques (using the electron microprobe),
yielding the full width at half maximum of the Ti-Ln/l emission line as
funct'ion of TiCl-y composition, see fig.8. The form of this emission band'is reflecting the band structure of the material (1i). In this X-ray
emission study on various of the T'iC1-x samples a minimum'in em'ission is
observed at acompos'ition of about 46 at.% carbon. It'is interest'ing that
the observed maximum in binding energy is coinciding (within experimental
accuracy) with the TiCl-" composition w'ith maximum lattice parameter (fig.
6) and maximum melting-ptiint (fig. 9). This leads us to the obv'ious
conclusion that in diffusion couple experiments as well as in CVD experi-
ments, a preferential composit'ion of T'iCt-x is formed which is thermodynami-



ca11y most stable, and which contains a minimum of lattice vacancies
(max'imum I atti ce constant) .

This'implies that in general it will not be easy to grow perfectly
stoichiometric TiCl-* layers by CVD, at least when equilibrium situations
are used, and in case of substrates comparable to those we studied. An'important'implication is also that it'is expected to be very difficult,if not impossible, to monitor Ticl-x phys'ica1 properties by chang'ing the
composition of TiCi-x deposited layers over a broad composition iange,'if
these layers are grown under situations of thermodynamic equilibrium, and
in case of substrates compared to those we have used (e.g. plain carbon
steels, not containing any alloying elements)l

In case no carbon'is present'in the gas phase during CVD experiments,
the rate limiting-step 'in TiCl-x growth is carbon diffusion 'in'the TiCl-x
surface layer (1,2). l.le found-tliat in CVD experiments and in diffusion
couple experiments TiCl-x is formed in a preferential composition, which is
thermodynamically the most stable one and the one conta'ining a minimum of
vacancies. If carbon diffus'ion in t'itanium carbide is proceeding by a
vacancy mechanism this would mean that the diffusion cbefficieni o-f carbon'in TiCl-x of this preferential composition is min'imal . This is in clear
contradi cti on wi th the rel ati vely f l at carbon d'iffusi on prof i I e observed 'in
TiCl-x (diffusion couples) which indicates a maximum diffusion coefficient
at the preferential composition. To see whether short-circuit diffusion is
responsible for this we are investigating now some selected diffus'ion cou-pl9s, jn which the whole composition range of ricl-x is present. The re-
sults of this research wil'l be reported in due course.
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Figure 4: Observed X-ray diffraction pattern
(no carbon source 'in the gas phase)
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