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Abstract

The di�usion phenomena occurring at the boundary between Si3N4 and active Cu based ®ller metal during Si3N4/metal joining

are discussed as a part of the general theory of reaction layer growth. The mechanism of reaction layer formation is explained in the
light of wettability, heterogeneous chemical reactions and di�usion in the presence of a moving interface. Observed processes
involve di�usion steps in conjunction with chemical reactions at solid/liquid boundary. Illustrative calculation results based on the

proposed procedure are presented. # 1999 Elsevier Science Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

Metal-ceramic systems, such as structural and elec-
tronic materials, increasingly applied in modern tech-
nologies. One of the joining techniques, i.e. joining with
active ®ller metal, is of special interest from the view of
success and economy. This method relies on the alloying
of the ®ller metal with reactive elements such as Ti and
Zr to promote wetting of the ceramic surface necessary
for successful joining [1±4]. Joining ceramics to metallic
materials is not so easy to carry out without considera-
tion of an interdisciplinary task in which di�erent ®elds
of materials science must participate. The general theory
of reaction layer growth [5±8] is an important point for
understanding the mechanism of reaction layer forma-
tion. In this framework, three steps will be considered:
(1) wetting of the ceramic surface, (2) chemical reactions
at the interface and (3) di�usion with a moving interface.

2. Theory of reaction layer growth

Two reaction layers between Si3N4 and insert metal can
be identi®ed, i.e. the layer on the ceramics side in which
point-like substances exist, and the layer on the insert
metal side in which point-like substances do not exist. The
total reaction layer thickness increases simultaneously
with temperature and/or time. At higher temperatures and
longer times, the growth rate of the reaction layer gradu-
ally slackens, and the ultimate thickness of the reaction
layer becomes almost constant. Reaction products in a

large part of metal-ceramic couples grow following the
parabolic law. Assuming that the reaction layer growth is
controlled by di�usion of an element through the reaction
layer, the growth of the layer can be treated by the simple
parabolic law, eventually modi®ed by the Johnson±Mehl
or Austin±Rickett type equations [3,5].

However, the phenomena of reaction layer growth
gradually deviate from the simple parabolic law,
because of di�erent ways of di�using the element into
the layer. The Johnson±Mehl and Austin±Rickett type
equations also deviate from the experimental data [3]. In
that sense a new approach is proposed. Brie¯y, the
complexity of the fundamental partial di�erential equa-
tion of laminar phenomena, is substituted by an ordin-
ary di�erential equation [6,7]:

where � � y=��t� is a dimensionless distance from inter-
face, ��t�Ðboundary layer thickness at time (t), �Ð
relative di�usivity, �00 � d2�=d�2; � � Cx=Cmax �t�Ð
normalized concentration distribution, CxÐlocal con-
centration at the cross-section, Cmax�t�Ðlocal core
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concentration at time (t) and mÐcharacteristic whole
number. Solution of this equation, i.e. normalized con-
centration distribution �, is considered in the most
general terms with analogous meaning for momentum,
mass, heat, chemical reaction, electro-magnetic forces
etc. Introducing the relevant boundary conditions the
solution of Eq. (1) becomes the polynomial:

� � 1ÿ �; � � N� � 0:5f�m��2 � �Nÿ 1���N=��Nÿ1����1�

�2�
The criterion N � d�=d�j��0 de®nes the state at the
cross-section perpendicular to the surface and enables
the comparison and classi®cation of (laminar boundary)
layers within previously de®ned reference and boundary
distributions. The term f 1�N��f 2�N� simulates the parti-
ality of starting fundamental equation. The functions
f 1�N� and f 2�N�, for a certain region and chosen cri-
terion N, become constants in the form of a whole
number or fraction. The function f �m� � d�=d� j��1
indicates the homogeneous appearances coupled with
variable core concentrations Cmax(t). This function
directly participates in the mass transport. On the other
hand, the volume (continuous) homogeneity is incorpo-
rated into the basic distribution, through the correctly
chosen region change of criterion N. Homogeneous
appearances are present inside a phase (i.e. bonding
pressure, homogeneous chemical reaction, external
heating, electro-magnetic forces, etc.). The hetero-
geneous appearance that occurred along the interface can
be observed as a phenomenon of concentration change
with the corresponding distribution. Within borders
caused by laminar conditions, heterogeneous appearances
are relatively independent. Heterogeneous appearances
are present on the interface (i.e. adhesion, wetness, het-
erogeneous chemical reactions, surface heterogeneities,
internal heating etc.).

The total coupling of the whole system is realized by
the quantity m, which has a physical meaning of its
own. Generally, the m presents the ratio of formation
and decomposition processes.

The ``simpli®ed'' Eq. (1) de®nes the ¯ux gradient
(FG-code) of the concentration change phenomena:

FG �
�1
0

�00d� � N� f �m�; N 2 0; 2f g; f �m� 2 0;�1f g

�3�
In principle there are laminar layers with: constant local
core concentration Cmax(t) and constant FG during the
time FG � N; f �m� � 0f g and variable FG when every
stage has its corresponding distribution Cmax(t)
FG � var; f �m� � varf g.
The model of reaction layer growth has the same

mathematical basis as the steady-state ¯ow model [6].

The boundary layer approach is used in order to obtain
information about the behavior in the neighborhood of
the interface. Approximate solutions for the concentra-
tion pro®les in a thin boundary layer near the interface
are recommended. Therefore, the general equation of
concentration distribution is adapted to the case of one
side unsteady-state di�usion in solid which is analogous
to ¯ow near a wall suddenly set in motion. The integral
method, based on setting mass balances for the control
volume, is used. The model considers the boundary
layer development as a function of time. The following
assumptions are made: (i) at any time t, there is a
boundary-layer thickness ��t� beyond which there is no
di�usion, so the concentration change e�ects are con-
®ned to the region 04�41 and (ii) the dimensionless
concentration pro®les, � remain similar as time pro-
ceeds. We can develop the expression for ��t� in terms of
any ``reasonable'' function � taking the values for
N; f�m� and M from data [5]. Generally, the boundary
layer thickness increases through the stages as square
root of the time.

The total heterogeneity:
FGH � FGwetness � FGheterogeneous reaction � FGinterface diffusion

participates in the mass transport process and its in¯ec-
tion is evident after some time t0 or t00. The simulated
system is shown in Fig. 1.

The total heterogeneity FGH participates in the mass
transport process and its in¯ection is evident after some
time t* (t0 or t00, Fig. 1). So, at time t* one obtains:

M�d� � D�FGD � FGH�stage�i�dt �4�

where M � �1
0

�Dd� is the total amount, DÐthe di�usion

coe�cient throughout the reaction layer, FDD � �0D j10Ð
the di�usion ¯ux, FGH � �0H j10Ðthe total heterogeneity
¯ux, �D � �1ÿ �D�Ðdimensionless concentration ratio
of di�usion and �H � �1ÿ �H�Ðdimensionless con-
centration ratio of total heterogeneity.

Integration of Eq. (4) gives:

��t�stage�i� � astage�i�t1=2 � �ostage�i�;

astage�i� � �2�FGD � FGH�stage�i�D=M�
�5�

Also, in ``critical time'' t* at ``critical thickness'' �* one
obtains the ratio:

�FGD � FGH�stage�i�=�FGD � FGH�stage�i�1�

� 1ÿ �astage�i�1�=astage�i��2
�6�

that indicates the ``power'' change of total heterogeneity.

2.1. Wettability of the ceramic surface

The so called active metal brazing materials, which
are in the forms of foils and wires of alloys or powder
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mixture of metal hydrides, contain a few weight per cent
of active elements. Typical examples are Ag±Cu eutectic
alloys with a few weight percent (1±10 wt%) addition of
Ti or Zr and Cu±Ti eutectic alloy. The active compo-
nent can be added in three di�erent ways: (i) included as
an alloying element, (ii) as a thin ®lm added separately
to the braze and (iii) as a sputtered thin ®lm deposited
on the substrate prior to addition of the braze. The
wetting behavior for the three di�erent ways of adding
varies from non-wetting to wetting. The reason is
believed to be the chemical composition and state of the
reaction layer formed between the ceramic substrate and
the braze. On the other hand, the initial characteristics
of ceramics, such as impurity content and grain bound-
aries, must a�ect the condition of the metal±ceramic
interface zones as well as the contact angle.

It is di�cult to estimate the extent of wetting because
interfacial reactions change the wetting characteristics
as time elapses. On the other hand, the relationship
between wetting and interfacial reactions is not well
understood, i.e. molten copper shows high contact angle
and low wettability against ceramics such as Si3N4, SiC
and ZrO2, though molten aluminum exhibits low con-
tact angle and high wettability against ceramics.

Reactivity and wetting data for nitrides are not as
clearly established as for carbides and oxides but ®t the
same general pattern. It is well known that the wetting
of nitride ceramics by Cu±Ti alloys is good, while the
wetting by commercial Ag±28%Cu±2%Ti is excellent
[1]. As an example, the typical equilibrium contact
angles of 90� were measured at 1200�C for Cu±x%Cr
(x=1,3,7) alloys on Si3N4 [4].

The physico-chemical principles underlying the wet-
ting action are to be found in standard texts [9]. If the
liquid metal is (or not) under pressure it will come to
rest on a real (porous and/or rough) ceramic surface in

some position, determined by the advancing smooth
surface±liquid metal contact angle and the shape of the
pores in the surface. The surfaces of practical impor-
tance are usually grids formed of roughly spherical
atom positions and/or grain boundaries One can start
from the well known Young±DupreÂ equation:

Wad � 
M�1� cos '� �7�

and the relationship given by Cassie and Baxter, mod-
i®ed with two coe�cients (hLS and hSA) [7]:

cos ' � hLSf1 cos�ÿ hSAf2 �8�

where Wad is work of adhesion, 
M is surface energy of
the metal, ' is apparent contact angle, � is advancing
(receding) contact angle, f1 is the total area of the solid±
liquid interface, f2 is the total area of the liquid±air (or
furnace atmosphere) interface, hLS is the coe�cient of
the net liquid±solid heterogeneity in¯uence and hSA is
the coe�cient of the net liquid±air (furnace atmosphere)
heterogeneity in¯uence.

The general tendency of the heterogeneity in¯uence
can be presented through the action of the coe�cients
as follows:

Fig. 1. The simulation system of reaction (laminar boundary) layer during the chosen stage (I, II or III).

(1a) hLS > 1) f1 ") cos' " (1b) hLS < 1) f1 #) cos' #
(2a) hSA > 1) f2 ") cos' # (2b) hSA < 1) f2 #) cos' "
Wetting: without

heterogeneous appearances

Wetting: with heterogeneous

appearances

cos' � f1 cos�ÿ f2 cos ' � hLSf1 cos�ÿ hSAf2
porous surface

cos' � f1 cos� cos ' � hLSf1 cos�
rough surface

cos' � cos� cos ' � hLS cos�
smooth surface
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The microstructural parameters that may have an
in¯uence on the properties of the metal/ceramic interface
(re¯ected on hLS and hSA) are: structure of the hetero-
phase boundary; characteristic defects such as steps,
faces and dislocations at or to the interfaces, possible
chemical reactions; reaction products; chemical gra-
dients and segregation of impurities at the interface [10].

2.2. Chemical reactions at the interface

Brie¯y, the chemical reaction occurring between sili-
con nitride and metal (M) can be described by one of
the three formulas:

M� Si3N4 �M-silicide�M-nitride

M� Si3N4 �M-silicide�N2

M� Si3N4 � Si�M-nitride

Free Si and N atoms di�use in the reaction layer
towards the melted insert layer (i.e. Cu and Ag±Cu
based alloys) and react with active metals (i.e. Ti, Zr,
Cr). Finally, the rest of free Si and N atoms form Si3N4.
So, it may be deduced that the reaction layer growth
from the melted insert layer is di�usion controlled by
Si3N4 [3].

2.3. Di�usion with a moving interface

The problem of predicting, correlating and extra-
polating di�usion data in liquids is very di�cult because
of our lack of understanding of the structure of liquids.
The di�culties of making accurate experimental deter-
minations of di�usion coe�cients in liquids due to the
homogeneous and/or heterogeneous appearances, and
the problems of sampling, further complicate the di�u-
sion problem. Various theories of liquid state (i.e.
Hydrodynamical, Hole, Eyring and Fluctuation theory)
related to di�usion may be confusing. Thus, no critical
tests of these models will really be possible until more
accurate data over much wider ranges of experimental
conditions are available. Therefore, in the present
approach a simpli®ed routine will be discussed.

The observed process involves di�usion steps in con-
junction with chemical reactions at the solid/liquid
boundary. One result of these transient processes is the
motion of the boundary between the phases. In the
general situation , two phases are in contact as in Fig. 2.
The moving phase boundary is at x � X, and at this
boundary Co and C� � C�X; t� represents the equili-
brium concentration of Si3N4 that coexist in ceramics
and insert metal, respectively, at the temperature under
consideration.

In the insert metal phase, Fick's second law applies:

dC=dt � D d2C=dx2; x > X �9�

where C is the Si3N4 concentration during transient
di�usion, D the di�usion coe�cient of the Si3N4 in
melted insert metal, assumed to be independent of
composition. The next condition is that the concentra-
tion on either side of the interface are related by an
equilibrium expression of the form: Co � KC�, where K
is the partition ratio between the phases. The material
balance at the interface takes the form:

ÿD�dC=dx�x�X � �C� ÿ Co�dX=dt �10�

Eq. (4) describes the locus of X with time. Relationship
between Co and C*:

�ÿ0:5�C�=�C� ÿ Co�� � � exp �2erf� �11�

when

X � 2��tD�0:5 �12�

is well known. The function of �; � exp�2erf� may be
evaluated from [11]. So, the D can be calculated if Co,
C*, X and t are measured.

3. Calculation results

Experiments used as valuable data for mathematical
analysis have been the Si3N4-W joint bonded using Cu-
based insert metals [3]. The estimate of Si3N4 di�usion
coe�cients according to Eqs. (10), (11) and (12) for
various joints and conditions is presented in Table 1.
Appropriate distribution values and curves are pre-
sented in Figs. 3±6.

The departures from the ideal erf type curves for Cu±
5%Cr and Cu±3% ®ller metals are probably due to
experimental errors (it is di�cult to avoid the homo-
geneous and/or heterogeneous appearances completely)
and to a variation of D with composition. Also, the
in¯uence of alloying elements on ``pure'' di�usion is not
always clear. According to the calculated data it seems
that the characteristic value of C* is about 0.85. But for

Fig. 2. The concentration pro®le during transient di�usion.
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Cu±5%Ti and Cu±10%Zr ®ller metals there also exists
an plateau in concentration distribution at 0.5 and 0.55
respectively. Therefore, one may conclude that some
uncovered reactions and/or products exist or that a
multi phase problem is involved. Because of that, in the
last two cases another mathematical routine must be
applied.

4. Conclusions

Di�usion phenomena occurring at liquid ®ller metal/
nitride ceramics interfaces are of great importance for
metal±ceramics joining techniques. So, in this paper the
basic equations are given, and the approaches necessary
to treat laminar di�usion phenomena are carefully
explained. The attention is con®ned to typical examples
taken from the literature.

Fig. 3. Distribution of Si3N4 perpendicular to the bonding layer of

Si3N4-W joint bonded using Cu±5%Cr insert metal [3].

Fig. 4. Distribution of Si3N4 perpendicular to the bonding layer of

Si3N4-W joint bonded using Cu-3%V insert metal [3].

Fig. 5. Distribution of Si3N4 perpendicular to the bonding layer of

Si3N4-W joint bonded using Cu±5%Ti insert metal [3].

Fig. 6. Distribution of Si3N4 perpendicular to the bonding layer of

Si3N4-W joint bonded using Cu±10%Zr insert metal [3]

Table 1

Bonding conditions (T,t), reaction products, relative concentration of

Si3N4 in molten Cu based alloy (C*), depth of reaction layer (M) and

calculated di�usion coe�cient (D)

Metal±

ceramics joint

T, [K] t, [s] Reaction

products

C*,

I/Imax

M,

[mm]

D(�10ÿ12,
cm2/s)

W//Cu±

5%Cr//Si3N4

1573 1800 CrSi2,

Cr2N,

CrN

86 30 0.103

W//Cu±

3%V//Si3N4

1573 1800 V6Si5,

VN

85 30 0.105

W//Cu±

5%Ti//Si3N4

1373 1800 Ti5Si3,

TiN, (?)

84 40 0.197 (?)

W//Cu±

10%Zr//Si3N4

1423 1800 Zr5Si3,

ZrN, (?)

85 16.6 0.032 (?)
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