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The phase distribution and interface chemistry by the solid-state reaction between SiC and nickel were studied
at temperatures between 550 and 1250°C for 0.5-100 h. The reaction with the formation of silicides and earbon
was first observed abaove B50°C. At 750°C, as the reaction proceeded, the initially formed NiSi, layer was con-
verted to Ni,81. The thin nickel film reacted completely with SiC after annealing at 950°C for 2 h. The ther-
madynamically stable NizSi is the only chserved silieide in the reaction zone up to 1050°C. The formation of
Ni;Si layers with carbon precipitates alternated periodically with the carbon free layers. At temperatures
between 950°C and 1050°C, the typical layer sequence in the reaction zone is determined by quantitative mi-
croanalysis to be SIC/NiSi+ O/NLSI/NiSi+Cf Ni.Si/Ni(Si)/Ni. The mechanism of the periodie hand structure for-
mation with the carbon precipitation behaviour was discussed in terms of reaction kinetics and thermodynamic
considerations. The reaction kinetics is proposed to estimate the effective reaction constant from the parabolic

growth of the reaction zone.
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I. Introduction

or many applications it is important that the fun-

damentals of phase distribution and interface chem-
istry by solid state reactions between ceramics and me-
tals are fully understood. Recently, several studies have
heen reported to develop some basic understanding on
the physical and chemical interactions at the SiC-metal
interfaces'®,

Nickel could be used to make good high-ternperature
contacts for utilizing the properties of SiC. It is also of
specific interest due to its silicide-forming tendency at
low temperature, making a suitable material for metall-
ization. A few detailed studies of the interaction of thin
nickel films with SiC at low temperatures have been re-
ported*”. In previous studies™, the interaction between
8iC and cobalt films and foils in the temperature range
between 500 and 1450°C were reported. These in-
vestigations aimed at providing the surface morphology,
reaction products and interface structure.

In this paper, the phase distribution and interface
chemistry by che solid state SiC/Ni reaction in the tem-
perature range between 550 and 1250°C were studied.
The reaction products are presented using thin nickel
films deposited on SiC substrates. More detailed in-
formations about the formed interface like periodic band
structure and carbon precipitation are investigaled using
thick nickel foils.

II. Experimental Procedure

The materials used for the experiments were highly
dense sintered o-SiC form “Elektroschmelzwerk Kemp-
ien’, ESK, and thin sputter nicke] films as well as thick
nickel foils from Alfa Prod./Johnson Matthey Company.
The polyerystalline SiC contained 1.5 wt% total im-
purities, such as carbon and aluminium (ESK). The 8iC
plates were cut into small pieces with a diameter of 20
mm and a thickness of 3 mm and ground with a BN/C
disk. The gound SiC samples were then polished using di-
amond pastes of 30, 15, 3, 1 um. Nickel films were sput-
ter-deposited on to the polished SiC substrates in a comm-
ercial sputter equipment {Leybold/Germany, type Z-400).
A magnetron-type D.C. sputtering source was used to de-
posit the coatings. The growth rate of nickel films was cal-
culated o be 667 nm/min under the conditions used (D.C.
potential 400 V, partial pressure of Ar 7.0 10® mbar and
bias voltage -150 V). The applied film thickness was fixed
at 2.0 pm for this study. This thickness allows the pene-
tration of the CuK. beam entirely into the reaction zone
by X-ray diffraction analysis (XRD). The nickel foil has a
purity of 99.997% and a thickness of about 0.5 to 1 mm.

The couples of SiC with thin spufiered nickel films
were annealed at temperatures between 5560 and 1250°C
for 0.5-2 h, and the couples of SiC with thick nickel foils
at temperatures hetween 950 and 1250°C for 4-100 h.
These annealing experiments were conducted in a high-
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temperature vacuum furnace manufactured by Degussa/
Germany. 8iC/Ni samples were placed in a graphite erua-
cible. The specimens were surrounded by titanium to re-
move the residual oxygen during the annealing time. Aft-
er positioning the gamples, the furnace was evacuated to
6 10° mbar and subsequently filled with a gas mixture
of Ar/4 vol% H, for the annealing time. Thermocouples of
type EL18(PtRh30/PtRh6) were used for temperature
measurement. The heating rate was set between 20 and
30 Kmin™ and the cooling rate between 5 and 10 Kmin™.

For the prediction of all reaction products, the qual-
itative pracess of the reaction in SiC with thin sputtered
nickel films was estimated by determining phase frac-
tiong from relative XRD peak intensities of at least three
coincidence-free reflections. The reaction couples of SiC
with thick nickel foils were cut by a diamond saw and
then embedded in copper resin. After mounting the reac-
tion couples were pround on a diamond disk, polished
with diamond pastes of 30, 14, 6, 3 and 1 um. The pol-
ished cross-sections were investigated using optical mi-
croscopy, scanning electron microscopy (SEM). Quan-
titative atomic concentration profiles of silicon, carbon
and nicke! were measured using electron probe mi-
croanalysis (EPMA).

II1. Results

1. Reactiopn products

The reaction products were identified by determining
the relative XRD peak intensities. Fig. 1 shows the gual-
itative phase analysis of the reaction couples of SiC with
thin sputted nicklel films bagsed on the XRD analysis for
different temperatures and times. Below 650°C, no reac-
tion was observed. At 650°C, the nickel layer reacted and
formed the silicides Ni;8i and Ni;8i,. Unreacted nickel
wag distributed on the film surface. No carbide for-
mation, either Ni,C or Ni,C, was detected hy XRD. At
750°C, the Ni,Si, phase was transformed ta be the Ni5i
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Fig. 1. Qualitalive analysis of the reaction products
hetween SiC and thin sputtered nickel films based on re-
lative XRD phase estimation for various annealing con-
ditions.
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phase. At 950°C the entire nickel films were fully con-
sumed after 2 h. The NiSi is the only ohserved silicide
in the reaction zone up to 1050°C. After 2 h at 1250°C,
the N1,5i phase with small quantities of NiSi, and gra-
phite were detected. The quantity of graphite could be
detected by the graphitization of carbon.

The reason why the N1,5i; phase wag formed at 1250°C
may be attributed to the fully consumed nickel and the
predominant diffusion of silicon in the reaction zone. Be-
cause of the limited thickness of the thin nickel films fol-
lowing exposure for a few hours at elevated temperatur,
the complete reaction path about the formed interface
like periedic hand structure and carbon precipitation
could he determined in the following investigation using
thick nickel foils.

2. Phase distribution

In this section, since the reaction behaviour at 950°C
is similar to that at 1050°C, the emphasiz is on the
results obtained at 950°C for 100 h. Fig. 2 shows a cross-
sectional view of the overall reaction zone of SiC with
thick nickel foils after annealing at 950°C for 100 h. The
reaction zone consists of varions kinds of distinct regions.
This constitution could be identified by measurements
using EPMA. Based on EPMA, quantitative analysis
over the overall reaction zones is presented in the form
of line scans for the elements silicon, carbon and nickel
in Fig. 3, which corresponds to the whole region in Fig. 2.
Adjacent to the 8iC a large zone can be recognized with
alternating layers (Fig. 2(b)). The carbon intensity al-
ternates in this region corresponding to the bright and
dark alternating layer sequence in Fig. 3(h).

The average concentration of the SiC and the bright
and dark alternating layers is summarized in Table 1.
The average concentration of nickel, silicon and ecarbon in
the dark layer shows 64.6 wit% nickel, 16.8 wit% silicon
and 18.6 wt% carbon corresponding to the value of 33.9
at% nickel, 18.4 at% silicon and 47.7 at% carbon. In the

(c}

Fig. 2. SEM micrograph of the cross-sectional view of SiC/
Ni after annealing at 950°C for 100 h; (a) SiC, {(b) SiC reac-
tion zone with alternating layers of Ni;Si+C/NLSiNiSi+C/ -,
{cy metal reaction zone of Niy3i and {d) nickel metal.
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Fig. 3. EPMA line scan for silicon, nickel and carbon over the
corresponding SiC/Ni reaction zone in Fig. 1; (a) SiC, (b) 8iC
reaction zone with alternating layers of Ni,Si+C/Ni;Si/NizSi+C/
.+, (@) metal reaction zone of Ni,Si and (b} nickel metal.

Table 1. Average Concentration of Silicon, Nickel and Car-
bon in the SiC/Ni Reaction Zone After Annealing at 950°C
for 100 h.

Mierosiructure| wt% Ni wt.% 51 wt.% C
SiC 65.0 0 35.0
dark layer 64617 16.8 4.3 186114
light layer 804+0.4 20.8+0.1 0

adjoining bright layer the reaction phase with the con-
centration of 80.4 wt% (64.9 at%) nickel, 20.8 wt% (35.1
al%) silicon is free of carban. The concentration of carban
in all dark layers fluctuates between 20.2 and 16.3 wt%.
It is noted that the value of carbon doeg not increase ar
decrease systematically. The concentration relationship of
Si/Ni was confirmed to be constant and independent of
the presence of carbon. This atomic ratio corresponds to
N1,8i. These alternating layers could be identified to be
NipSi+C/NiLSINGLSi+C/--. The overall coneentration of the
three elements in the dark layers yields about three car-
ban atoms to one Ni,Si.

The microstructure adjacent to the SiC after annealing
at 950°C for 100 h can be seen in a SEM micrograph in
Fig. 4. The first SiC reaction zone is composed by much
finer carbon precipitates in comparison to the zone furth-
er removed from the SiC reaction front. In this contact
area the original mierostructure of SiC can be recognized,
where the precipitates are distributed texturally in the
vicinity of the original SiC crystal.

On the other hand, adjacent to the unreacted nickel
metal, a metal-like reaction zone is formed with large
number of cracks (Fig. 2(c)) formed after the annealings
in the examined temperature range between 950 and
1250°C for various times. Characteristically this zone
shows the ahsence of carbon precipitates. As resulted
from quantitative analysis with EPMA, it is proved fo be
Ni,Si phase. A high intensity of the EPMA line-scan (Fig.
5) at this metal reaction zone after annealing at 950°C
for 100 h indicates also absence of carbon and a small in-
tensity of silicon, which decreases continuously to un-
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Fig. 4. A SEM micrograph of the SiC reaction zone after an-
nealing at 960°C for 100 h showing a relatively wide band of
Ni,8i with fine carbon preecipitates.
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Fig. 5. A high intensity of the EPMA line scan for silicon,
nickel and carbon at the metal reaction zone after annealing
at 950°C for 100 h showing an inward diffusion zone of sil-
icon into nickel metal with a depth of 70 pm.

reacted nickel metal. According to this profiles for silicon
intensity an inward diffusion of sgilicon inte nickel metal
was detected a depth of 70 pum in Fig. 5 for this ex-
periment.

The generation of cracks is caused by the various plas-
toelastic proecess during cooling of the samples from the
annealing temperature, due to the various thermal ex-
pansion coefficients of the formed reaction phases. It has
already been suggested™” that during cooling proecess of
a ceramic/metal reaction couple critical tensile stress is
induced at the ceramic edge and critical compressive
stress at the metal edge. In the temperature ranges
between 293 and 1273 K the thermal expansion coef-
ficients are 4.0-6.0x 10°K? for 8iC, 6.6-17.4x 10K for
nickel and 16.6% 10°K* for Ni,8i. The formation of the
reaction products Ni,3i+C leads to a volume reduction of
AV=-0.40 em’*/mol SiC.

Details of the carbon precipitates in the alternating
layers of the reaction zone after annealing at 950°C for
100 h are shown in the EPMA images of Fig. 6. The
secondary electrom image and X-ray maps with the dis-
tribution of the element carbon, silicon and nickel could
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(d)
Fig, 6. EPMA images of the alternating layers of the SiC/Ni reaction zone after annealing at 950°C for 100 h: {a} secondary elec-

tron image, (b) carbon X-ray map, (c) silicon X-ray map and (d) nickel X-ray map.

be identified so that the carbon are revealed to be in a
regular arrangement in the reaction zone only in well de-
fined regions, where silicon and nickel are more or less
uniformly distributed in all the reaction zone.

3. Interface chemisiry

The interface chemistry was studied in the following
in terms of reaction kinetics and thermodynamic. leading
to the formation of nickel silicides and carbon pre-
cipitates. The kinetics of the reaction between SiC and
nickel was studied for temperatures between 950 and
1250°C and times between 4 and 100 h. On the as-
sumption that the reaction is diffusion-controlled, the
thickness of the reaction zone follows a parabolic growth
law. Therefore the thickness of the reaction zone are
plotted in Fig. 7 for various temperatures as a function
of the sgquare root of annealing time. This linear re-
lationghip indicates that the reaction is diffusion-con-
trolled. The relation of the logarithm of the reaction coef-
ficients vs. the reciprocal of the absolute temperature is
linear as plotted in Fig. 8. The activation energy and the
frequency factor calculated from this relationship are 165
kd/mol and 4.42x 107 cm’/s respectively. The activation
energy ig similar to the values for various metal silicides
formed by reactions between Si and metals at lower tem-
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Fig. 7. Growth of the reaction thickness in SiC/Ni reaction
zone v, square root of time for various times and tem-
peratures.

peratures.'”

Considering the Gibb's free energy (AG) for various
reactions as given in the international tahles™, the reac-
tion products between SiC and nickel could be correlated
within this system. Table 2 shows Gibb's free energy of
the possible reactiong at 950°C. The result pridicts which
phases are stabhle at the thermodynamic equilibrium.
The formation of NiSi, and Ni,C by the reaction with
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Fig. 8. Reaction coellicients in SiC/Ni reaction zone vs. re-
ciprocal absolute temperature [Ink=F1/T)].

Table 2. Gibb's Free Energy of Possible Reactions for SiCy
Ni System at 950°C.

Possible reactions Gibb's free erergy

al 950°C (kJmol"
Ni+ X BiC= % Ni;C+ & S8i 25.0
Ni+28iC=NiSi+2C 8.3
Ni+SiC=NiSi+C -34.4
Nit+3 8iC= X NigSig+ % C -44.0
Ni+ % 8iC= 5 NiSi+ 2 C -46.2
Ni+ % Si= 23 NiSi, -71.3
Nit+Js 5iC=k Ni,Si -77.3

BiC is not thermodynamically possible at temperature of
360°C, because of the positive AG-value of 25.0 and 8.3
kJ/mol respectively. At this temperature, nickel is known
to react with silicon to form various silicides™®. The AG-
values for the formation of Ni,8i and Ni,3i; are negative.
Less negative values are calculated for the cor-
responding reaction Nit+% SiC=X% Ni,S8i,+%C and Ni+l
SiC=%Ni,Si+% C, because of the energy needed for SiC
decomposition. As a resull, the solid state reaction
between 8iC and nickel could generally described as the
formation of Ni;Si+C which results in the decomposition
of SiC and the precipitation of carbon.

IV. Discussion

The results will be discussed in the following in terms
of interface structure and reaction kinetics, leading to the
formation of nickel silicide and carbon precipitates in the
diffusion-conirolled reaction zones, The solubility and dif-
fusion coefficients of the metals in SiC are very small,
which means that the whele reaction ecan be described as
a dissolution of 8iC by nickel, yielding formation of Ni,Si+
C and an extended diffusion zone with silicon and carbon
enrichment of the starting nickel phase. The formation of
the carbon precipitations in NiSi is attributed to a low
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Fig, 9. A high magnificalion SEM micrograph of the SiC/Ni
reaction zone after annealing at 950°C for 100 h showing
the distinguishable boundary belween NiSi and NiSi+C
phase in the alternating layer.

solubility of carbon in NiSi. In Fig. 9, a higher mag-
nification SEM micrograph of the reaction zone of SiC/Ni
after annealing at 950°C for 100 h shows an easily dis-
tinguishable boundary between the hright layer from Ni
31 and dark layer from Ni,Si+C in detail. Some carbon ar-
ticles are also partially and randomly distributed in the
bright area. The dark area features by the fine carbon
precipitation between NLSi phases. The composition of
the nickel silicide, Ni,Si, in the dark area is identical to
that in the bright area.

As shown in Fig. 2 and Fig. 4, the width of these
bands of NizSi and NiSi+C becomes smaller with in-
creasing distance from the 8iC reaction interface. The
reason why the width of the band of Ni,8i and Ni5i+C
varies as a function of pesition from SiC reaction in-
terface may be attributed to several competing kinetic
processes, e.g., overall nucleation and growth rate of Ni
31 phases, rejecting rate of carbon from the SiC reaection
front, growth rate of carbon precipitations, and diffusion
rates of nickel and gilicon. At the SiC reaction interface,
the same amount of nickel reaching the SiC interface dis-
solves much more than SiC, also vielding much more
than free crabon, because of the preferential formation of
the reaction Ni+) SiC=%Ni;Si+}» C. Consequently, a
high densily of small carbon particles precipitates. Be-
cause of this high precipitation density, the effective dif-
fusion for nickel decreases and less nickel reaches the in-
terface, as well as less carbon forms. Since a very high
density of Ni,Si+C interface is available, carhon can dif-
fuse along these interfaces. As the reaction goes on, the
Ni,8i matrix band broader and carbon supersaturation
increases, until a new carbon precipitate accurs.

Moreover, the perindic carhon precipitation is revealed
by ihe structure change (from fine and to aggregate
structure of precipitates) according to the location of the
SiC reaction imterlace. In the areas adjacent to the SiC
interfaee, carbon is freshly decomposed and, therefore, ex-
hibits primarily a fine state. For those carbon pre-
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cipitates which form in areas father from SiC reaction in-
terface, they are decomposed earlier and therefore ex-
perience a longer heat treatment. As a result, the carhon
precipitates experience a longer structural rearrange-
ment period and tend to be more aggregate and crys-
tallized. This driving force for the graphitization may ori-
ginate from the difference of the Gibb's free energy for
the possible reactions at the SiC interface and the nickel
interface.

In the case of the reaction of SiC interface, SiC must
be decomposed into silicon and carbon because of nickel
diffusion on SiC. After decomposition of SiC, nickel
reacts decomposed silicon and produeces the reaction
phase of NLSi+C. Considering the Gibb's free energy at
950°C in Table 2, at the SiC reaction interface, the pos-
sible reaction at 950°C are as follows:

Ni+%SiC:éNiQSi+%C AG =46 2 kJnal (1)

On the other hand, only the ractions between gilicon
and nickel by the silicon diffusion into nickel and nickel
diffusion into nickel silicide could be available at metal
reaction interface, At this metal reaction interface, the
Gihb's free energy of the possible reaction at 950°C are
as follows:

Ni 4% Si= %NiZSi AG = ~77.3 k¥nol (23

Therefore, this thermodynamic driving force cansed by
the difference of the Gibb's free energy for the posgible
reactions at the BiC interface and the nickel interface
causes a change of the interface structure with the car-
bon precipitation behaviour.

Y. Conclusions

The solid state reaction between SiC and nickel was
first observed ahove 650°C. No carbide formation, either
Ni.C or Ni,C, was detected by XRD. At 750°C, the NiySi,
phase was transformed to be the Ni,Si phase. The thin
nickel film reacted completely with SiC after annealing
at 950°C for 2 h. The thermodynamically stable Ni,Si is
the only observed silicide in the reaction zone up to
1050°C. At temperatures hetween 850 and 1050°C, the
solid state reaction leads to the formation of the periodic
band structure extending the typical layer squence of
SiC/NiSi+ C/NiSi/NLSi+C/ /NLSIYNiI(S1)YNi in the reac-
tion zone. The preferential reaction of Ni+ ) SiC=) NisSi+
1 C is exhibited at the SiC reaction interface, and the
predominant reaction of Ni+) 8i=% Ni,Si is present at
the nickel reaction interface.

The generation of cracks is caused by the various plas-
toelastic processes and volume reduction of the reaction
phases, SiC and metal. The reaction kinetics of growth
in the thicknesses of the reaction zone shows a linear
and parsholic relationship. The activation energy and
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the frequency factor are proposed to be 165 kJ/mol and 4.
42x 10% em®s. The thermodynamic driving force caused
by the difference of the Gibb's free energy for the pos-
gible reactions at the SiC interface and the nickel in-
terface causes a change of the interface structure with
the carbon precipitation hehavicur.
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