Materials Science-Poland
Volume 43 Issue 1 - pp. 42-50 - DOI: 10.2478/msp-2025-0004

§ sciendo

Materials Science-Poland

Bonding mechanism between the AIN ceramic
matrix and the copper-based metal cladding layer

Research Article

Song Wang', Hao Lu% Fengyuan Shu®, Xin Zhang®*, Guibian Li’

! State Power Investment Group Yunnan International Power Investment Co., Ltd, Kunming, 650228, China

2 School of Electrical Engineering, Xinjiang University, Urumqi, 830046, China

3 School of Chemical Engineering and Technology, Sun Yat sen University, Zhuhai, 519082, China

# New Energy Technology Research Institute, State Power Investment Corporation Science and Technology Research Institute, Beijing,

102218, China
° Shanxi Fenglei Drilling Tools Co. Ltd., Houma, 043001, China

Received 06 May 2024; Accepted 09 February 2025

Abstract:

High-temperature brazing and laser cladding methods can form a good metallurgical bond between ceramics and copper

cladding. Herein, through these two methods, the preparation of a Cu-based metal cladding layer on the surface of
aluminum nitride (AIN) ceramics was carried out. Scanning electron microscopy, X-ray diffraction, energy-dispersive
spectroscopy, and other characterization techniques were employed to observe the macroscopic and microscopic
morphologies, elemental distribution, and microstructure characteristics of Cu-based metal coatings and transition layers,
in order to analyze the interface bonding mechanism. Research has found that the active element titanium (Ti) has a
significant promoting effect on the wettability of Cu powder on the surface of ceramics. Metallurgical reactions occur at
the interface between ceramics and Cu-based metal coatings. Al and N elements in ceramics react with most of the Ti in the
metal coating and Cu in the molten metal also reacts with Ti, generating new compounds, thereby forming a metallurgical

bond between ceramics and Cu coatings.
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1. Introduction

With the rapid development of the electronic industry,
electronic components are developing toward high inte-
gration and high power. This tendency makes a high
demand on the performance of packaging materials and
packaging technology. Therefore, the performance of the sub-
strate material, such as high thermal conductivity, thermal
expansion coefficient matched with the chip material, and
excellent electrical and mechanical properties, is in high
demand. Presently, the ceramic materials with good perfor-
mance include aluminum nitride (AIN) ceramics, Al,O5 cera-
mics, BeO ceramics, boron nitride (BN) ceramics, diamond
ceramics, and cubic BN ceramics [1]. However, the properties
of some ceramics greatly limit application in the production
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of electronic components [2]. In comparison, AIN ceramics
have advantages in price and metallization [3].

Physical vapor deposition (PVD) techniques are widely
employed to deposit various materials onto different sub-
strates. These techniques are generally classified by the
methods used to evaporate the target material for deposi-
tion. PVD methods are popular in industrial applications
due to the hard and durable coatings they produce, which
can be applied to both organic and inorganic substrates.
However, the high temperature and high vacuum condi-
tions required for the deposition process pose significant
challenges. Additionally, PVD is limited by the maximum
achievable film thickness, which is typically around 10 pm
— a limitation that can be addressed through spraying
techniques. Among PVD methods, magnetron sputtering
has emerged as the preferred process for depositing a
variety of industrially significant coatings. This preference
is driven by the growing demand for high-quality
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functional films across diverse market sectors, where mag-
netron sputtering has made a substantial impact.

Copper (Cu) is generally used for surface metallization
of AIN ceramics. The main methods of AIN surface metal-
lization include the Ti-Ag-Cu active alloy method, acti-
vated Mo—Mn method, chemical gold plating method, thick
film metallization process [4], sintering method, vacuum
coating and brazing method [5], direct Cu coating method
[6], and laser cladding [7]. In the process of surface metal-
lization, the selection of an active solder is very important.
First, it is necessary to ensure the wetting and welding of
the active solder with metal and ceramic parts at the same
time. Second, Al and its alloys soften easily at >300°C,
which will affect the high-temperature performance of
ceramic materials. Therefore, some other alloying ele-
ments are generally used to achieve low-temperature
welding and high-temperature application [8]. For oxide
ceramics, there is accumulation of oxygen ions on the sur-
face of the ceramics. Silicon (Si) is commonly used in elec-
tronic components. Titanium (Ti) is currently commonly
used as an active agent because the thermal expansion
coefficient of AIN ceramics is similar to that of Si, and Ti
has a greater affinity for oxygen. The contact angle of
liquid pure Cu to AIN is 147° at 1,100°C [9]. The Ag—Cu-Ti
active brazing filler is used to braze AIN ceramics with
oxygen-free Cu to achieve a gas seal connection between
AIN ceramics and oxygen-free Cu. By calculating the free
energy of the reaction, the trend of TiN, Ti,N, TiyN3, and
other products can be inferred and compared, conse-
quently predicting the properties of welded joints [3].

This study focuses on the structural metallurgical proper-
ties and the formation mechanism of the cladding layer by
different process methods with a Ti active agent, providing
a theoretical basis for the study of metal cladding on the
ceramic surface.

2. Test materials and processes

AIN ceramic sheets with 10 mm x 10 mm x 1 mm dimen-
sions were selected as the substrate material. 300 mesh Cu
powder was adopted. In order to increase the moisture of
metal on the ceramic surface, Ti powder was added to it.
The purity of both was higher than 99.9%. A planetary ball
mill was used to evenly mix Cu powder and Ti powder
with a mass ratio of 4:1 more than 3 h. The phase composi-
tion of the mixture was analyzed by X-ray diffraction
(XRD). The detailed testing parameters were as follows: a
scanning range of 10°-100°, a step size of 0.01°, and a
scanning speed of 15°/min. Cu and Ti did not form inter-
metallic compounds, which still existed in the form of Cu
and Ti, as shown in Figure 1. This shows that the new
phase compounds formed by ceramic and Cu substrates
were from the metallurgical reaction.

In the laser cladding test, a YAG laser with a power of
700 W was used to prepare the Cu coating on the ceramic
surface [10], as shown in Figure 2. First, the AIN ceramic
sheet was cleaned with acetone and an ultrasonic cleaner.
Ar gas was passed into the Ar gas protective cover for
10 min. Cladding was carried out under the Ar gas
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Figure 1. Morphology and phase composition of the clad powder. (a) Morphology of the clad powder before and after ball milling and

(b) XRD phase analysis of the ball-milled Cu-Ti powder.
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Figure 2. Laser cladding test equipment. Photograph (a) and schematic diagram (b).

protective cover. According to the previous research basis,
the main process parameters of laser cladding include the
current, pulse width, frequency, and scanning speed. The
experimental parameters of the laser are shown in Table 1.

The vacuum brazing furnace [11], as shown in Figure 3,
was used to prepare the Cu coating on the ceramic surface.
The Cu powder and Cu-Ti powder were uniformly coated
on the ceramic surface and heated to a certain tempera-
ture in the vacuum brazing furnace to keep it warm, then
cooled to 400°C with the furnace, and finally cooled to
room temperature.

3. Formability characteristics of
the cladding layer

Under the protection of Ar, the Cu substrate clad on
the ceramic surface has a shining metallic surface. The
Cu and Ti powder clad on the ceramic surface was uni-
form with excellent macromorphology. The Cu coating
was firmly coated on the ceramic surface, as shown in
Figure 4. The microstructure of the ceramics combined
with Cu coating is shown in Figure 5. Obviously, a shiny
transition layer is shown. The thickness of the transition
layer is about 3-5 um. There are no obvious cracks, pores,
and other defects between the Cu coating and the ceramic
sheet.

According to the microstructure of Cu coating and cera-
mics, excellent formability is clearly seen. Metallurgical
connection is shown between the ceramic surface and the
Cu-Ti powder after the laser reaction. The shining transi-
tion layer in the figure is the metallurgical reaction area,
where the compounds, such as TizAl, TiAl, TiAl;, and metal
oxides, are formed. The specific compounds formed by the
transition layer need to be analyzed by XRD later to

conclude whether the bright ribbon is a new material
binding layer after the metallurgical reaction.

4. Metallurgical bonding
mechanism of the cladding
layer

4.1 Cladding layer by brazing

Using the scanning electron microscopy (SEM) test, the
microstructure of the brazed cladding layer was observed,
as shown in Figure 6. There is an obvious transition layer
at the interface of the ceramic and Cu cladding layer. The
content of Ti element was determined to be 60.3% by scan-
ning the marked area. The N element in AIN ceramics
penetrates the metal coating, further forming a new com-
pound phase by the metallurgical reaction with Cu and Ti
near the transition layer. Line scan analysis of the path is
shown in Figure 7, which exhibited consistent test results
with the former research [11]. The change in the elemental
ratio is marked in the figure. It can be seen that the ratio of
Ti increases obviously in the transition layer until it
reaches a stable level. The ratio of Ti decreases certainly

Laser parameter Value
Electric current 200A
Pulse width 2.0ms
Laser frequency 4Hz
Scanning speed 355 mm/min

Table 1. Laser cladding process parameters.
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Figure 3. Brazing and cladding test equipment (a) and brazing thermal evolution process (b).

Figure 5. Microstructure of Cu cladding coated by (a) brazing and (b) laser.
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Figure 6. Scanning results of the interface points of brazing between the ceramic and Cu cladding.

with the gradually increasing ratio of Cu. The content of N
element increases at the interface between the ceramic
sheet and Cu coating, followed by a decrease because a
new phase is formed after the reaction with N in AIN
and Ti.

The N element in AIN ceramics penetrates the metal
coating. The metallurgical reaction occurs with Cu and Ti
near the transition layer, and a new compound phase is
formed. According to the changes in the elemental content,
as shown by the line scan, Ti-Cu binary phase diagram,
and Ti-Al binary phase diagram, a schematic diagram of
the metallurgical reaction in the transition layer can be

Ceramic

[N} —

made, as shown in Figures 8 and 9, respectively [13]. TiN is
synthesized on the left side of the transition layer because
the ratio of Ti increases with the N element. TizAl is synthe-
sized in the middle of the transition layer. TiCu, interme-
tallic compounds are synthesized on the right side of the
transition layer.

4.2 Cladding layer by laser

Under the atmosphere of Ar, XRD phase analysis was per-
formed on the Cu cladding layer of the ceramic surface by

Figure 7. Schematic diagram of the metallurgical reaction in the brazing transition layer.
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Figure 8. Ti—Cu binary phase diagram [13].

laser melting. The details of testing parameters are as fol-
lows: a scanning range of 10°-100°, a step size of 0.01°, and
a scanning speed of 15°/min. As shown in Figure 10 [10],
TiAl, TisAl, Cu,Tis, and Ti,N compounds were synthesized
during the preparation of the Cu cladding layer on the
ceramic surface by laser melting. The scan analysis of
the transition layer is shown in Figure 11. The change in
the contents of N, Ti, Al, and Cu is shown in Figure 12. AIN

ceramics, transition layers between ceramics and metal
layers, and metal layers are shown in Figure 12 from left
to right. As can be seen from the figure, the content of N
element in AIN ceramics is relatively high with 30-40%,
and the content of N element near the surface is declining.
The content of N element in the metal layers is about 10%.
The content of Al in the AIN ceramic is very high, and the
content of Al in the transition layer gradually decreases.
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Figure 9. Ti-Al binary phase diagram [13].
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Figure 10. Phase analysis of Cu-coated metal layers on the ceramic surface under the atmosphere of Ar.

The content of Al is extremely small until the metal layer.
The content of Ti in the AIN ceramic decreases with almost
0%. The content of Ti in the transition layer increases
sharply, and the content of Ti in the metal layers decreases
gradually. This fully shows the excellent wettability of Ti,
which plays a great role in promoting the reaction layer of
ceramics and metal. The content of Cu from the AIN ceramic
to the metal layers also increases gradually. The content of
Cu in the transition layer shows an increasing trend.
According to the line scan, XRD phase, and the chan-
ging content of Cu, Ti, Al, and N, the metallurgical reaction
diagram can be made by the laser, which shows Cu-coated
metal layers of the transition ceramic surface. As shown in
Figure 12, the left side shows the ceramic sheet. The middle
is the transitional area with the metallurgical reaction.
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The right side is the Cu-coated layer area. The Cu content
of the left side of the transition layer is very low. Al pene-
trates the metal layers from AIN ceramics to take part in
the metallurgical reaction. The content of Al on the right
side of the transition layer is extremely low. The content of
Ti remains relatively high over the whole transition layer.
There is a platform where the content of N fluctuates
within a small range. Therefore, the distribution of com-
pounds in the transition layer can be concluded (Figure
12). The left side of the transition layer is mainly TizAl and
TiAl, and the right side of the transition layer is TisCuy,
while Ti,N is distributed over the whole transition layer.
In order to gain a clear understanding of the micro-
structure of the transition layer and the changes in ele-
ments near the transition layer, analysis of the transition
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Figure 11. Scanning path of interface between the ceramic and Cu-coated layers by laser welding.
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Ceramic

Figure 12. Metallurgical reaction diagram of the transition layer by laser cladding.

layer between the Cu-based metal coating and the ceramic
substrate using SEM revealed a clear transition layer
between the Cu-based metal coating and the ceramic sub-
strate. Additionally, EDX analysis of the transition layer
revealed the presence of Cu [14], and the changes in the
content of elements such as Ti, Al, and N. During the laser
cladding process, oxygen in air enters the transition layer
and combines with the metal, resulting in a characteristic
phenomenon of increasing and then decreasing oxygen
content near the transition layer.

During the laser cladding process, microarea scanning
and phase analyses indicate that a reaction occurred
between the Cu-based metal coating and the ceramic sub-
strate, forming a metallurgical bond.

5. Conclusions

(1) By brazing the pure Cu powder and Cu-Ti alloy
powder on the ceramic surface, the Cu powder with
Ti element is evenly spread on the ceramic surface,
and Ti, as an active element, can improve the wett-
ability of the Cu powder on the ceramic surface.

(2) Bylaser cladding, the Cu substrate reacts with the AIN
ceramic at the interface and form a good metallurgical
combination. The shining transition layer in the figure

is the metallurgical reaction area, where compounds,
such as TisAl TiAl, TiAls;, and metal oxides, are formed.
However, by brazing cladding, the interfacial metallur-
gical reaction process is more full, the thickness of the
transition layer is larger, and the integrity of the
ceramic sheet is higher under an inert gas environment.

(3) The active element Ti is distributed mainly in the tran-
sition layer, and it reacts with Cu in the ceramic matrix
and the metal layers, realizing the metallurgical reac-
tions at the same time, producing TiO,, TizAl, Cu,Tis,
AL, TiOs, etc., thus forming a metallurgical combination
between the ceramic and the metal coating.
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