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Bonding of Si3N4 to SS400 Steel with Activated Coating Layers
Made by Low-Pressure Plasma Spraying f

Akira OHMORI¥, Zhan ZHOU** and Katsunori INOQUE***

Abstract

Bonding of SisN+4 and SS400 mild steel was carried out by using Cu-Ti system coatings and Cu-Mn two-
layer coatings made by low pressure plasma spraying (LPPS) as interlayer materials, compared with Cu-Ti
mixed paste and Cu-Ti two-layer foils. It is recognized that when the active LPPS coatings was used as insert
materials Cu-Ti eutectic reaction and Cu-Mn solution reaction took place uniformly at the joint immediately afrer
heating to the bonding temperature and improved the bondability. The mean shear strength of the joints bonded
using Cu-Ti two-layer coatings at 1173 K and 5 X10 -3 ks showed 200 MPa, and the mean shear strength of the
Jjoints bonded using Cu-Mn two-layer (Cu-40wt%Mn) coatings at 1193 K and 1.8 ks showed 175 MPa, and the
Joint strength bonded using Cu-22wt%Ti mixed paste was very low.
The joint strength was controlled by the eutectic reaction of Ti and Cu in the interlayer and the formation of
brittle metallic compound at the interface near SS400 mild steel for Cu-Ti system. For Cu-Mn system, the joint
strength was strongly affected by Cu-Mn composition in the interlayer.

KEY WORDS: (Bonding) (LPPS) (SisN4) (SS400 steel) (Cu-Ti two-layer coatings) (Cu-Mn two-layer coatings)

(MnSiNz compound)

1. Introduction

Ceramic materials have been considered for use as
structural materials in heat engines, heat exchangers,
wear parts and other applications. However, their wide-
spread usage has limited because of the difficulty of
making large or complex shaped objects and poor machi-
nability due to the lack of ductility. Therefore, hybridiza-
tion by joining ceramics and metals is considered as one
of the most promising approaches to overcome these defi-
ciencies and promote the use of ceramics.

Various methods of joining have been reported and
applied, such as metallizing the ceramic surface followed
by brazing, direct brazing with active metals, and diffu-
sion bonding.1-9 Among them, direct brazing is consid-
ered to be relatively simple and reliable, and many kinds
of brazing fillers including active metals of Ti and/or Zr
have been developed. In addition, the eutectic alloys of
Ti/Zr and Cu, Ni, Ag, Sn 5-11) , etc. have been used as fill-
ers in various combinations and forms. However, there
are still many problems to solve for each type of the mor-
phology of the filler. For example, in the case of alloy
filler, it is difficult to make the alloy into foils by rolling,
therefore, costly amorphous foils made by melt quench-
ing are usually used. For the binary foils, extremely high

temperature and long heating times are necessary for the
dissolution reaction to occur, because it takes some dura-
tion for the elements to inter-diffuse up to suitable compo-
sition.12) In the case of mixed powder, the reaction is im-
peded by oxides formed on the surface of fine particles.
Thus, it is necessary to develop most effective method for
utilizing the active metal method.

It is reported 13-15) that very active Cu-Ti two-layer
plasma sprayed coatings made by low pressure plasma
spraying (LPPS) as a brazing aid were used in the bonding
between alumina and steel, and a better joint was obtained
at lower temperature and short heating times. This ther-
mal spray bonding which uses such active coatings as
insert materials considered to be simple and effective
method. In this paper, brazing of two-layer coatings of
Cu/Ti and Cu/Mn which produced by LPPS were used in
the joining of Si3N4 ceramic and SS400 steel. The bonda-
bility and the factors which influences the bonding
strength of Si3N4 and steel were examined by using two-
layer coatings, compared with composite coating, mixed
powder paste and two-layer foils.

2. Experimental Procedures and Materials

The process of thermal spray bonding is shown in

T Received on July. 30, 1993
* Assosiate Professor
** Graduate Student, Osaka University
*¥k Professor

37

Transactions of JWRI is published by Welding Research
Institute, Osaka University, Ibaraki, Osaka 567, Japan



Bonding of SisNs to SS400 Steel with Activated Coating layer
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Fig.1 Schematic diagram of thermal spray bonding for ceramic-metal.

Fig.1, where plasma spraying is firstly carried out on Cooling water

SS400 steel substrate in a low pressure atmosphere with | Pressure gauge
LPPS apparatus as shown schematically in Fig.2. Subse-
quently, the coated surface of the metal, which is also a
bonding surface, and the ceramic surface are polished =
with metallographic paper. Then the assembly is heated
up to joining temperature in a high vacuum atmosphere of
about 1073 Pa.

The combination, composition and the particle size of @l
powders of the coatings as insert materials are shown in
Table 1. The spraying conditions are listed in Table 2.
LPPS was carried out in a low pressure Ar atmosphere of
13.33 kPa. Joints were also fabricated using a stack of Ti
and Cu foils, which we call two-layer foils. The ceramic
material is pressureless sintered silicon nitride (Si3N4)

METCO 7M

Console

Powder
feeder

Specimen

Vacuum pump

Fig.2 Schematic diagram of the apparatus of low
pressure plasma spraying (LPPS).

which was joined to a mild steel of JIS SS400. All joints Table 1 Composition and diameter of spray powders.

were fabricated using a pair of cylindrical tablets with dif-

ferent diameter of 10 and 15 mm. Coating Materials Diameter of Powder (4 m)
Heating rate of the assembly was 0.833K/s. After

holding for appointed time at the jointing temperature it 99.99Cu 45~90

was cooled at cooling rate of 0.333K/s until 873K, then 99.99Ti 10~44

the cooling rate was changed to about 0.025K/s from 72Cu-28Ti Mixed Powder _

873K until room temperature. Structure of joint part and

distribution of elements were examined by means of opti- 99.9Mn (Bal: Cr,Ca,Mg,ALCu) 40~90

cal microscope, SEM and EDX or EPMA analysis, while 98.0Mn-0.18Mn oxide (Bal:Cr,Ca,Al) 40~74
the joint strengths were estimated by shearing tests using
a holder as shown in Fig.3. Shear strength of the joints

was measured at tensile rate of 8.33 mm/ks. Fracture sur- 3.1 Effect of bonding conditions on joint structure
faces were also examined by X-ray diffraction tests.

3.1.1 Cu-Ti eutectic system as insert material

Figure 4 shows microstructure and EDX analysis re-
3. Results and Discussion sults of Cu-Ti two-layer coatings and a 72Cu-28Ti com-
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Table 2 Low pressure plasma spray conditions

Spray apparatus METCO 7MB
Spray atmosphere (Ar) 13.33 kPa
pressure 0.686 MPa

Plasma gas (Ar) flow rate 0712 M3 /ks
o pressure 0.686 MPa

Auxiliary gas (H2) 40" op 0.152 M3/ks
Plasma output 25 kW
Spray distance 300 mm
Rotation of workpiece holder 200 rpm

Feed rate of stroker 66.67~166.67 mm/ks

posite coating sprayed under the condition shown in Table
2. It can be recognized that the Ti coating is much dense
and oxidation of Ti during spraying is suppressed com-
pared with atmospheric spraying. It is considered that tita-
nium of the coating sprayed under controlled atmosphere
will be much active because of suppression of oxidation.
Clearly, the coatings also adhered well to the substrate, as
shown in Fig.4. All those characteristics will be beneficial
during bonding.

In order to clarify the behavior of the coated layer as
brazing fillers for joint of SisNa and steel, joint structure
made under various conditions were compared. Figure 5
shows silicon nitride to steel joints made with two-layer
coatings, where the thickness of the coated Ti layer is
about 15 f#m, while the Cu layer is about 40 £ m. The
effects of the bonding temperatures on the joint structures
made by heating at each temperature for 0.6 ks are shown
in the figure. In the joint made at 1123 K in Fig.5a, the
eutectic reaction has not occurred and the coated layer
remained as sprayed. The eutectic reaction occurred at
1173 K in Fig.5b, where the joint was brazed without any
defects in the joint area, which shows that it is necessary

(a)
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Load direction

Load direction

Fig.3 Specimen holder used in shear sirength tests.

to braze at temperatures above the Cu-Ti eutectic point of
1153 K. In contrast, in the joint made at 1273 K in Fig.5d,
comparatively large voids are formed in the joint area, be-
cause the eutectic liquid flows out due to the decrease in
viscosity. In addition, cracking occurred in the ceramic
specimen by the thermal stress due to the mismatch of
thermal expansion coefficients between the ceramic and
the metal. These results show that adequate joining tem-
peratures are restricted to a comparatively narrow range
around 1173 K.

Figure 6a shows SEM image and EDX line analysis
of a Si3N4-steel joint made with the Cu-Ti two-layer coat-
ings, heated at 1173 K for 0.6 ks, a homogeneous eutectic
structure is obtained at the joint, and there seems to be no
voids or cracks. Close observation reveals that a Ti-rich
layer exists at the Si3N4 side of the joint interface, while
an iron diffusion layer exists at the steel side of interface.

(b)

Fig.4 SEM image and EDX line analysis results at across-section of Cu and Ti coating
sprayed by LPPS on SS400 mild steel. (a), Cu-Ti two-layer coatings; (b), 72Cu-28Ti

composite coating.

39



Bonding of SisN4 to SS400 Steel with Activated Coating layer

Fig. 5 Effects of joining temperature on the structure of SisNa-
SS400 steel joints made with Cu-Ti LPPS two-layer
coatings by heating for 0.6 ks at (a) 1123K, (b)1173K,
(c)1223K, (d)1273K.

Joint structures made by conventional methods using Cu-
Ti two-layer foils and 72Cu-28Ti mixed powder paste are
compared in Fig.6b and Fig.6c. Compared with the
homogeneous structure shown in Fig.6a, Cu and Ti foils
are still maintained in Fig.6b, while the eutectic reaction
did not occur sufficiently in Fig.6c.

These results indicate that,in the case of foils,it takes

30um

some diffusion time to cause the eutectic reaction in this
brazing condition, and that in the case of powder paste,
the oxide films or some contaminations on the powder
surface are interfering with smooth reaction. In contrast,
the Cu-Ti reaction can occur immediately after heating to
1173 K in LPPS coating layers.

3.1.2 Cu-Mn solid solution system as insert material

Figure 7 shows microstructure of Cu-Mn (purity of
98%Mn) and Cu-Mn (purity of 99.9%Mn) two-layer
coatings sprayed under the conditions shown in Table 2.
It is recognized that the structure of Mn coating with low
purity Mn powder has remarkable structure of lamella
particle because of the existence of Mn oxide at the side
or the surface of Mn particle. Figure 8a shows micros-
tructure and EPMA line analysis results of Si3N4-steel
joints made with Cu-Mn (purity of 99.9%Mn) two-layer
coatings. It can be recognized that the structure of joint
made with Cu-Mn two-layer coatings consisted of Mn-Cu
solid solution phases with Cu-rich as white area and Mn-
rich as dark area, and the Si-N-Mn layer exists at the in-
terface of Si3N4 side of the joint while Fe, Mn and Cu
were mutually diffused at the interface of steel side of the
joint. Structure of joint made with Cu-Mn (purity of
98%Mn) two-layer coatings are compared in Fig.8b,
Similar structure was recognized, and there seems to be
some voids and Si-N-Mn layer at the interface of
Si3N4 side of the joint was thiner than that with Cu-Mn

(©

Fig.6 SEM image with EDX line analysis of SisN4-SS400 joints made at 1173K for 0.6ks with Cu-Ti interlayers:
(a), Cu-TiLPPS two-layer coatings; (b) Cu-Ti two-layer foils; (), 72Cu-28Ti mixed-powder paste.
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(b)

Fig.7 SEM image at cross-section of Cu-Mn two-layer coatings sprayed by LPPS on SS400
steel. (a), Mn powder purity used is 99.9%Mn; (b), Mn powder purity used is 98.0%Mn.

(purity of 99.9%Mn) two-layer coatings. It is possible to
be consider because Mn-Cu solid solution and Mn-Si3N4
reaction were impeded by Mn oxides and structure of
lamella particle shown in Fig.8. Figure 9 shows the result
of X-ray diffraction of Si-N-Mn layer at Si3N4 side of the
joint made with Cu-Mn (purity of 99.9%Mn) two-layer
coatings. Existence of MnSiN2 compound can be recog-
nized except Si3N4 for ceramic body.

Figure 10 shows the relation between Mn content and
thickness of Si-N-Mn reaction layer at the interface of

thickness of Si-N-Mn reaction layer at the interface of
Si3N4 side of the joint made with Cu-Mn (purity of
99.9%Mn) two-layer coatings, at the temperature of 30K
higher than the liquidus line of the Cu-Mn compositions
for 1.8ks, where the thickness of the coated Mn layers is
constant and are about 50 £ m, while the Cu layers are
varied from 30 4 m to about 150 & m. The result reveals
that there is a linear relation between the thickness of the
reaction layer and Mn content in the Cu-Mn insert mate-
rial. From these results, it can be consider that joint of

(a)

10um
ecrmtrred.

Fig. 8

EPMA image and anal ysis results of Si3sN4-SS400 steel joints made at 1223K for

3.6ks with Cu-Mn two-layer coatings: (a), purity of 99.9%Mn; (b), purity of 98.0%Mn.
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Bonding condition: 1.33x10-3Pa
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Fig.9 Result of X-ray diffraction of Si-N-Mn layer at SisNa side of the joint made with Cu-Mn two-layer coatings.
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Fig.10 Relation between Mn content and thickness of Si-N-Mn
reaction layer at the interface with Si3sN4.

Si3N4 and the Cu-Mn interlayer is decided by the reaction
of Mn-Si3N4, and the formation of the Si-N-Mn reaction
layer at Si3N4 side was mainly influenced by activity and
amount of Mn in Cu-Mn interlayer as insert material.

These results also indicate that Cu-Mn reaction can
occur immediately at the lower temperature in jointing of
Si3N4 and mild steel by using Cu-Mn solid solution sys-
tem LPPS coatings as insert material, like LPPS coating
layers of Cu-Ti eutectic system.

3.2 Variation in joint strength with joining condition

The strengths of Si3N4-steel joints made with various
types of Cu-Ti interlayers are compared in Fig.11, and the
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Fig.11 Relation between interlayer type and shear strength of
SisN4-SS400 steel joint made at 1173K for 5 sec.

effects of holding time for joints made with Cu-Ti two-
layer coating and 72Cu-28Ti composite coating are dem-
onstrated in Fig.12 and Fig.13, respectively. These re-
sults indicate that the joint strengths are affected by both
the morphology of the interlayer and the holding time at
the bonding temperature. The strength of joint made with
paste of Cu-Ti mixed powder was very low, and that
made with LPPS Cu-Ti coatings has been remarkably
higher strength shown in Fig.11. Comparing the case of
heating for a short time in Fig.12 and Fig.13, the joint
made using LPPS Cu-Ti two-layer coatings reveals a con-
siderably higher strength of about 200 MPa, and when
bonding at 1173 K using LPPS Cu-Ti composte coating,
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Fig.12 Effect of joining time at 1173K on sher strength of
Si3N4-SS400 steel joints made with LPPS Cu-Ti
composite coating.
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Fig.14 Effect of the composition of Cu-Mn two-layer
coatings on the joint strength of Si3N4 and SS400

the joint strength increases up to about 185 MPa with in-
crease in holding time during the first 1.8 ks. Then, the
strength decreases rapidly with increase in holding time.
Additionally, it is also recognized that when using LPPS
two-layer coating, not only the joint strength does not
decrease greatly with increase of holding time but also the
scattering of the strength is significantly smaller than in
the other cases. This can be related to the homogeneous
eutectic reaction at the interface.

Figure 14 shows the effect of the composition of Cu-
Mn two-layer coatings on the joint strength bonded for
1.8 ks. Best joint strength was obtained by using the coat-
ing contained 40~50wt%Mn. Figure 15 shows the joint
strength of Cu-Mn two-layer coatings contained
60wt%Mn, where Mn powder of defferent purities was
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Fig.13 Effect of joining time at 1173K on sher strength
of Si3N4-SS400 steel joints made with LPPS Cu-
Ti two-layer coatings.
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Fig.15 Effect of Mn powder purityon the joint strength of
Si3N4 and SS400

used, and the figure demonstrates that the strength of the
joint made with Cu-Mn (low purity) two-layer coatings is
lower than 1/2 of the strength of joint made using the Cu-
Mn (high purity) coatings.

These variations in joint strength are considered to be
related to the fracture mode, as illustrated in the next fig-
ure.

3.3 Bonding mechanism and fracture morphology of
Jjoints
Various kinds of fracture morphology were observed
in the joints in this investigation. They can be classified
into four types as illustrated in Fig.16a when using Cu-Ti
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system interlayer as insert material. In every case, the
joint structure was fabricated with a Ti-rich layer at the
ceramic side of the interface, and Cu-Ti eutectic layer in
the middle area. Additionally, at the steel side of the inter-
face, either a Ti-Fe compound layer was formed as shown
in figure of (A),(C),and (D) of Fig.16a, or a Ti-rich layer
was formed as shown in (B) of Fig.16a. In the Type-A of
Fig.16a,voids and defects were included in the joint area.

Type-A of Fig.16a shows the case where fracture oc-
curred at the bond layer where voids and defects are in-
cluded, and the fracture of this type was only observed in
the joint made with Cu-Ti mixed-powder paste. In the
case of Type-B of Fig.16a, the fracture occurs at the inter-
face between steel and Cu-Ti eutectic layer, which was
observed in the joints made with Cu-Ti composite coating
or Cu-Ti two-foils at short holding time. It can be consid-
ered where the reaction between the eutectic and steel is
insufficient. Type-C of Fig.16a shows the case where the
fracture occurred in ceramic. In this case, the joint had
fairly high strength of about 185~200 MPa, like the
joints made with Cu-Ti two-layer coatings or Cu-Ti com-
posite coating at holding time of 0.6 ks,where sufficient
eutectic reaction had occurred. The fracture of joints
made with Cu-Ti composite coating and Cu-Ti two-layer
foils at long holding time, was observed as Type-D of
Fig.16a. The fracture occurred in the thick Fe-Ti com-

DS NNNN A A A AN
PRI

XXX XXX N
G000 0000006

p-O-O--O-O-O-OO<

Cu-Ti
eutectic SS400
layer

Ti-Fe compound layer

Type A T ype B

pound layer formed at the interface between the bond
layer and the steel and the joint strength decreased mark-
edly. It is recognized that the brittle Fe2Ti compound
layer is detected along with Ti2Cu3 phase at Fe-Ti com-
pound layer by X-ray diffraction analysis to the fracture
surface of these joints. This suggests that the joint be-
comes brittle in this area.

These results demonstrate that when Cu-Ti system as
insert material were used in joint of mild steel and Si3N4,
a brittle layer grows through reaction between excess Cu-
Ti eutectic and steel during long time heating, and the
joint strength decreases markedly. This shows that the
most important factor to obtain sound joints is not the
simple time-temperature history but the achievement of a
rapid eutectic reaction by heating at a temperature as low
as possible. Such conditions could be obtained only in
the case of using LPPS two-layer coatings for Cu-Ti sys-
tem in this investigations.

Figure 16b shows various kinds of fracture morphol-
ogy observed in the tensile test of joints made with Cu-
Mn two-layer coatings contained various composition
and with different Mn purities. They can be also classified
into four types of (E),(F),(G) and (H). The joint structure
was fabricated with a Si-N-Mn reaction layer at the ce-
ramic side of the interface, Cu-Mn solid solution reaction
layer in the middle area, and Fe-Cu-Mn reaction and/or

Ti-rich

layer

Cu-Ti
SS400 eutectic

or— ] layer
Ti-Fe compound layer

Type C Type D

(a) Shear-fractural morphology of joints made with Cu-Ti interlayer.

Cu-Mn solid
solution
layer

Cu-Mn-Fe layer

Cu-Mn solid
solution
layer

Cu-Mn-Fe layer

Type E Type F Type G Type H

(b) Shear-fractural morphology of joints made with Cu-Mn interlayer.

Fig.16 Illustration for sher-fractural morphology of SisN4-SS400 steel joints made with
different types of Cu-Mn interlayer.
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inter-diffusion layer at the steel side of the interface. In
the Type-E of Fig.16b, voids and defects were included in
the joint area, and in Type-F of Fig.16b, Si-N-Mn reac-
tion layer is thicker at the ceramic side of the interface.

The fracture of joints made with Cu-Mn two-layer
coatings used Mn powder of low purity (98wt%) was
almost occurred at the bond layer where void and defects
are included much, as shown in Type-E of Fig.16b. The
fracture of the joints made with Cu-Mn two-layer coat-
ings used Mn powder of high purity (99.9wt%) shows
Type-F,G and H of Fig.16b.

Type-F of Fig.16b shows the case where fracture oc-
curred at thin Si3N4-Mn reaction layer of the interface
between ceramic and Cu-Mn coating interlayer, where
Si3N4-Mn reaction was not sufficient. The case was ob-
served in the joints made with Cu-Mn two-layer coatings
which the composition is about Cu-20wt%Mn. Type-G of
Fig.16b shows the case where fracture occurred partially
at the Si-N-Mn layer between ceramic and Cu-Mn solid
solution inetrlayer, and in the ceramic. The case was ob-
served in the joints made with Cu-Mn two-layer coatings
with the composition of Cu-30wt%Mn. The fracture of
joints made with Cu-Mn two-layer coatings with the
composition of Cu-40~60wt%Mn was occurred in ce-
ramic, as shown in Type-H of Fig.16b, where Si3N4-Mn
reaction had occurred sufficiently at the interface between
the ceramic and Cu-Mn interlayer. In the case of the joints
made with the Cu-Mn two-layer coatings with 60wt%Mn,
The existence of micro-crack in ceramic was observed by
SEM image of cross-section of the joints, and the micro-
crack can be considered to be caused by thermal stress,
produced by different thermal expansion between ce-
ramic and metal, when the joints cooled. In the case of the
joints made with the Cu-Mn two-layer coatings contained
40 and 50wt%Mn, the joints had most high strength of
about 165~170 MPa. It may be considered that when the
joints cooled, the stress existed in ceramic was relaxed by
the Cu-rich phase in Cu-Mn interlayer, which has some
ductility and was continually distributed in the interlayer
like network frame as shown in Fig.8, where Cu-rich
phase contained little Mn is more than that contained
much Mn.

These results also demonstrate that when Cu-Mn solid
solution system coatings used as insert materials, some
similar results as the case of Cu-Ti system coatings were
obtained, but, the interface between Cu-Mn interlayer and
steel has a enough strength, and thermal stress in ceramic
can decrease in some degree through suitable selection of
the composition of Cu-Mn in the interlayer.

From the results mentioned above,it is suggested that
the thermal spray bonding using Cu-Ti eutectic and Cu-
Mn solid solution system two-layer coatings produced by
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LPPS is superior to the conventional brazing using other
type interlayers in the bonding of Si3N4 and steel.

4. Conclusions

The bonding of Si3N4 ceramic and steel was investi-
gated by using insert-material of Cu-Ti binary system
coatings produced by LPPS, compared with. paste mixed
powder and Cu-Ti two-layer foils, and by using that of
Cu-Mn solid solution system produced with differen pu-
rities of Mn powder by LPPS. From the joint strength and
elements behavior in the joint part, the factors controlling
the joint strength were examined. The results obtained in
the present study are summarized as follows.

(1) The joints of Si3N4 and SS400 mild steel made by
using the Cu-Ti two-layer coatings and Cu-Mn two-
layer coatings at short holding time and low tempera-
ture showed the mean shear strengths of 200 and 170
MPa respectively.

(2) For Cu-Ti binary system interlayer,the joint strength
is affected by such factors as: (a) Cu-Ti eutectic reac-
tion in the interlayer, (b) the reaction between ce-
ramic and interlayer, (c) the reaction between steel
and interlayer, and (d) the occurrence of thermal
stress between ceramic and the metal.

(3) For Cu-Mn binary system interlayer, the joint
strength is affected by such factors as: (a) reaction
between ceramic and interlayer, (b) the occurrence of
thermal stress between ceramic and the metal, con-
trolled in some degree by Cu-Mn composition in the
interlayer. In the case of the composition of Cu-
(40~50)wt%Mn, the sound joints obtained.

(4) It was recognized that the bonding of Si3N4 and
SS400 mild steel using Cu-Ti two-layer coatings was
more efficient owing to easiness of the eutectic reac-
tion, compared with the Cu-Ti two-layer foils and the
Cu-22wt%Ti mixed powder paste.

(5) The bonding of Si3N4 and steel using Cu-Mn two-
layer coatings carried out by the reaction between
Si3N4 and Mn, where MnSiN2 compound was
formed, and the thickness of the reaction layer was
increased linearly with increase of Mn content in Cu-
Mn interlayer.
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