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Original Article

Wetting and brazing of YIG ceramics using
AgeCuOeTiO2 metal filler
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a b s t r a c t

The wetting and brazing of Y3Fe5O12 (YIG) ceramics with a Age8CuOe2TiO2 filler was

investigated for the first time. For comparison, the wettability of a Age10CuO filler on YIG

ceramics was similarly investigated. The Age8CuOe2TiO2 filler has an equilibrium contact

angle of approximately 31 �C on the YIG substrate at 1000 �C; thus, its wettability is

excellent. Moreover, its wettability exceeds that of Age10CuO. The microstructure and the

interfacial structure between the filler and the substrate were determined using scanning

electron microscopy, X-ray diffraction, EPMA and transmission electron microscopy. The

liquid Age8CuOe2TiO2 filler can react with the YIG substrate by forming continuous

Y2Ti2O7 layers with dotted CuFe2O4 and promote the wetting behavior and bonding per-

formance. The average shear strength could exceed 30 MPa for the joints at a brazing

temperature of 1000 �C. As rupture occurred adjacent to the seam at the ceramic side, the

strengths of the interfaces were characterized via nanoindentation. The hardness of the

interface with doped TiO2 exceeds that of Age10CuO, which is strengthened by the dotted

CuFe2O4 among Y2Ti2O7.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

YIG ceramics feature a series of attractive properties, such as

low dielectric loss, a narrow resonance line width in the mi-

crowave region, and satisfactory saturationmagnetization [1].

Therefore, they have been widely considered for use in

tunable microwave devices (radar, telecommunication, and

RF measurement systems) [2], circulators [3], isolators, phase

shifters, tunable filters [4], and nonlinear devices [5]. However,

YIG cannot be economically implemented if the manufacture

of large and/or complex-shaped ceramic components is

needed. Thus, the development of a suitable ceramic joining

technology is essential. However, limited application of this
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ceramic with state-of-the-art technologies [6e8] has been

reported.

The currently used joining techniques are not necessarily

satisfactory for such demanding applications. For example,

adhesive bonding is used to join YIG ceramics due to its con-

venience, safety, and low cost [9,10]. However, neither organic

nor inorganic adhesives possess sufficiently high thermal

stability. Moreover, under a high load, insufficient thermal

energy would not be released from the seam joint to the

outside, thereby leading to inadequate heat transfer and an

increase in the component's temperature beyond a tolerable

level, which would ultimately lead to a decrease in YIG's
magnetic characteristics. The adhesive seam joint generates

voids/cracks [11]; thus, the shear strength of the joint de-

creases after a limited operating time following a thermal

shock [12].

Soldering techniques are also widely used to join ferrite

devices. The surface of ferrite must be premetallized before

soldering can be conducted to increase the wettability of the

solder over the substrate, but this premetallization lacks of

metallurgical bonding. Moreover, soldered seams cannot

effectively withstand elevated temperatures (solders have a

low melting point), especially if the component must operate

within high-temperature surroundings. The low strength of

soldered joints limits their use in critical load-bearing struc-

tural components.

A new ceramic brazing technique, namely, reactive air

brazing (RAB), has been widely used to join solid oxide fuel

cells (SOFCs). Traditional brazing is often conducted in a

reducing atmosphere at temperatures that exceed 800 �C
(requiring rigorous hermeticity) [13]. However, RAB is con-

ducted in an air atmosphere without special atmospheric re-

quirements. The brazing filler metal that is used in RAB

contains a noble metal and an oxide, which facilitates high-

temperature oxidation resistance and metallic ductility and

provides satisfactory oxide surface wettability [14]. The most

widely used brazing filler metal in RAB is the AgeCuO system.

It has been used to join alumina [15], zirconia [16] and con-

ducting membranes [17]. Depending on whether a substrate

reactswith AgeCuO, thematrix optionsmay be divided into (i)

reactive (alumina) or (ii) nonreactive (zirconia) [13]. For both

reactive and nonreactive substrates, the addition of active

oxide TiO2 has been proven to enhance the wettability of

AgeCuO, thereby resulting in fewer joint defects [18,19].

The advantage of the innovative bonding of the proposed

YIG ceramic is that the added TiO2 improves the wettability of

the AgeCuO filler on Y3Fe5O12 ceramics. No similar study has

been reported on joining YIG ceramics by using AgeCuO. The

main hypothesis is that the addition of TiO2 to the filler as the

active oxide would improve the wettability of AgeCuO on a

YIG substrate at high temperature and improve the joint

integrity. Evaluation of the validity of this hypothesis was the

main objective of this study. A newmechanism for enhancing

the wetting of the AgeCuO filler system was identified via the

addition of TiO2.

2. Materials and experimental procedures

2.1. Materials

The YIG ceramic that was used in this study was provided in

the form of a column (413 mm � 75 mm) by the CASIC 23rd

Institute in Beijing, China. The microstructure and composi-

tion of the YIG ceramic, which are presented in Fig. 1(a) and

(b), were obtained via SEM (FESEM, Quanta200FEG) and XRD

(Philips X'pert, Holland), respectively. The YIG ceramicwas cut

into 5� 5� 3mmblocks for brazing. The surfaces to be jointed

were ground using a 1500# diamond abrasive disk and cleaned

ultrasonically for 10 min with acetone before brazing.

The composite fillers were prepared bymixing Ag, CuO and

TiO2 powders, all with a mean particle size of ~50 mm. The

composite fillers were milled for 4 h using a QM-SB planetary

ball mill. All filler materials were purchased from Tianjiu

Technology Co., Ltd. Changsha, China. The constituents of the

composite fillers were (i) Age10CuO (at.%) and (ii)

Age8CuOe2TiO2 (at.%). The molar ratio of CuO and TiO2 in

Age8CuOe2TiO2 was 4:1, at which the eutectic reaction be-

tween CuO and TiO2 would occur at 919 �C to promote the

fluidity of the filler [20]. The melting points of Age10CuO and

Age8CuOe2TiO2 were measured via differential scanning

calorimetry (DSC, STA449F3, NETZSCH, Germany). As

Fig. 1 e SEM (a) and XRD pattern (b) of YIG ceramic.
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presented in Fig. 2, the melting point of Age8CuOe2TiO2 is

slightly lower than that of Age10CuO due to the eutectic re-

action between CuO and TiO2. The difference between the

melting points could be ignored. The measurements were

conducted in the temperature range of 20e1000 �C in air with a

heating rate of 5 �C/min.

2.2. Wetting experiments

Wetting experiments were conducted using the technique of

sessile drop spreading in real time in situ [21]. For these ex-

periments, a Dataphysics OCA25-HTV1800 dynamic contact

angle measurement system was used. The objectives were to

visualize the spreading process and evaluate the kinetics of

the triple line movement and to measure changes in the

contact angle over time. The heating rate was 10 �C/min from

40 to 900 �C and 5 �C/min to the peak of 1000 �C with a holding

time of 10 min. This was followed by cooling to room tem-

perature (RT). The wetting angle was calculated via an ellipse

fitting procedure using the software that was installed with

the equipment. Cross-sections of the wetting samples after

solidification were prepared to examine the wetting interface.

The phases in the reaction layer were characterized via X-ray

diffraction (XRD, Philips X'pert, Holland) with CuKa radiation

(wavelength ¼ 1.5418 �A) in the range of 2q ¼ 5e90�.

2.3. Bonding experiment

Bonding by brazing was conducted in air in a muffle furnace

(KSL1400, Hefei Kejing Materials Technology Co., Ltd.). The

heating cycle was implemented with temperature variations

of less than ±5 �C. The slurry that was formed by mixing the

filler and terpineol was dispensed on brazing surfaces by

using a screen printing method to obtain a homogenous

Fig. 2 e DSC curves of solders used for wetting and brazing: (a) Age10CuO, (b) Age8CuOe2TiO2.

Fig. 3 e The equilibrium contact angles and interfaces obtained by different droplets at 1000 �C. (a) Ag; (b) Age10CuO; (c)

Age8CuOe2TiO2; (d), (e), (f) and (g) high magnification SEM observations of selected boxes 1, 2, 3 and 4.
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material distribution and uniform coating thickness. A pres-

sure load of 2 kPa was applied on the brazing assembly to

facilitate close contact between YIG mating surfaces. The

heating rate was 10 �C/min. The brazed samples were cooled

in the furnace via natural convection cooling to RT.

2.4. Morphology and mechanical analysis

The microstructure and chemistry of the wetting samples

were investigated by using a scanning electron microscope

(FESEM, Quanta200FEG) that was equipped with electron-

dispersive spectroscopy (EDS) capability. A WDS analysis

was conducted and an elemental distribution map of the

brazed joint was obtained via electron probe microanalysis

(EPMA, JXA-8230). The morphology and diffraction pattern of

the reaction layer that formed adjacent to the YIG ceramic

substrates were investigated via transmission electron mi-

croscopy (TEM, Talos F200X, FEI Co., Ltd, USA). The TEM

specimen was prepared by utilizing a focused ion beam (FIB,

Helios Nanolab 600i). Shear tests were conducted on a testing

machine (Instron 5569) at room temperature with a constant

speed of 0.5 mm/min. A nanoindentation test (continuous

stiffness measurement) was conducted on a polished surface

using a Nano Indenter G200 (Agilent) with a constant depth of

400 nm.

3. Result and discussion

3.1. Wettability

Fig. 3 shows the equilibrium contact angles and interfaces that

were obtained using various filler constituents at 1000 �C. A
smaller contact angle corresponds to better wettability [21,22].

The equilibrium contact angle of pure Ag on the YIG ceramic

surface was 95�. Large pores were observed on the interface.

The porosity would impact the mechanical integrity of the

bond, and it is likely a combined consequence of gas phase

formation at the surface and/or incomplete wetting, as pre-

sented in Fig. 3. When 10% mol CuO was introduced into the

filler, the contact angle decreased dramatically to 47�. No re-

action layerwas readily identified at the interface, as shown in

Fig. 3dee. Dark-gray granular phases were found to form

Fig. 4 e The variation of wetting area obtained by different

droplets during the spreading process.

Fig. 5 e The variation of the contact angle along with the

temperature.

Fig. 6 e AgeCuO phase diagram [14].

Fig. 7 e The calculated CuOeTiO2 phase diagram at

pO2 ¼ 1 atm [20].
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within the interphase domain, in addition to CuO. A further

decrease in the contact angle from 47� to 31� occurred when

2 mol% TiO2 was added to the filler. The filler in Fig. 3c was

Age8CuOe2TiO2; in this sample, we used 2 mol% CuO less

than the amount that was used for Fig. 3b filler. A steady

decrease in the contact angle with increasing CuO content

relative to Ag over either a reactive or nonreactive substrate

was expected [14]. We hypothesize that the decrease in the

contact angle in Fig. 3c, instead of an increase, can be attrib-

uted to the addition of 2mol% TiO2, whichmay be the primary

cause of the formation of a continuous reaction layer, as

shown in Fig. 3feg.

The spreading processes of the two fillers can be divided

into two stages according to the wetting area variation [23], as

shown in Fig. 4. With regard to Age10CuO, preliminary sta-

bilization could be realized with a smaller area when the filler

melted rapidly. Then, the droplet continued to spread until

the time reached nearly 180 s, when it ultimately stopped

spreading. As shown in Fig. 5, the second stage of the

spreading process of Age10CuO was accompanied by a

reduction in the contact angle when the temperature reached

957 �C.
The wetting phenomenon of Age10CuO can be explained

by the occurrence of a monotectic reaction (Formula 1) be-

tween Ag and CuO when the temperature reaches nearly

960 �C [14]. When the temperature first reaches approximately

940 �C, L1 forms due to the eutectic reaction between Ag and

CuO. As shown in Fig. 6, L1 and L2 are both liquid phases,

which are both composed of Ag and CuO. L2 is rich in CuO,

whereas L1 is rich in Ag. When the temperature is increased

above 960 �C, more CuO dissolves into L2 to form L1. The for-

mation of L2 promotes wetting due to the increased concen-

tration of CuO at the interface, which causes a secondary

spreading process; this could be reflected in the change in the

equilibrium contact angle.

L2/L1þCuO (1)

Moreover, with regard to Age8CuOe2TiO2, according to the

calculation of the CuOeTiO2 phase diagram, which is pre-

sented in Fig. 7 [20], the molar ratio of CuO and TiO2 in

Age8CuOe2TiO2 was 4:1, at which the eutectic reaction be-

tween CuO and TiO2 would occur at 919 �C to promote the

fluidity of the filler. The spreading process was irregular when

the filler melted into a droplet, as shown in Fig. 4. The droplet

moved rapidly around the initial position under the Data-

physics OCA25-HTV1800 camera. This left a wide reacted area

around the solidified droplet, as shown in Fig. 3f. It is

reasonable to posit that the addition of TiO2 facilitated the

interface reaction, which changed the inert YIG surface into

Fig. 8 e The top view of a solidified droplet’s triple line vicinity area on YIG (a) the triple line of Age10CuO; (b) the triple line

of Age8CuOe2TiO2; (c) the wetting frontier area of Age8CuOe2TiO2; (d) a magnified marked area in (c).
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an active reacted surface that could be doped with the active

element Ti. As shown in Fig. 5, the contact angle of

Age8CuOe2TiO2 stabilized rapidly when the filler melted,

without any readily observable change in the temperature.

The spreading of the Age8CuOe2TiO2 filler no longer depen-

ded on the dissolution of CuO into the liquid. The promotion

of wetting by TiO2 was substantially stronger than that by

CuO.

3.2. Morphological analysis

To analyze the wetting behavior of Age10CuO and

Age8CuOe2TiO2 in more phenomenological detail, top views

of the triple line zones of solidified droplets are presented in

Fig. 8. The accumulation of CuO could be identified at distinct

locations of the triple line of Age10CuO in Fig. 8a. The same

could be observed for the Age8CuOe2TiO2 wetting sample in

Fig. 9 e XRD profiles acquired from the surface of YIG wetted by (a) Age10CuO and (b) Age8CuOe2TiO2.

Fig. 10 e The interface of the YIG/YIG joints bonded by Age8CuOe2TiO2 at 1000 �C for (a) 5min (b) 10min (c) 20min (d) 30min.
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Fig. 8b. Although the increase in the CuO content improves the

wettability, the brittleness of the joint in the vicinity of the

interface would negatively impact the joint strength, espe-

cially if an increased quantity of CuO accumulates. Therefore,

it is essential to control the amount of CuO. No other phases

could be identified in the triple line domain of Age10CuO. The

Age8CuOe2TiO2 molten spread propagates rapidly and leaves

an exposed reacted region at the interface. As shown in

Fig. 8ced, a band of a concentrated dark gray granular phase is

formed at the edge of the wetting frontier, which is repre-

sented by triangles in Fig. 8d. The dark gray granules were

preliminarily determined to include Cu and Fe via EDS anal-

ysis. Light gray phase domains are also visible and repre-

sented by circles in Fig. 8d. This phase includes mainly Y and

Ti, identified via EDS, and likely constitutes the continuous

reaction layer shown in Fig. 3f. Therefore, we hypothesize that

the excellent wettability of Age8CuOe2TiO2 on YIG results

from the reaction among CuO, TiO2 and the YIG ceramic at the

interface.

To evaluate the formulated hypothesis, we began by

identifying the products of the reaction at the interface. The

YIG - Age10CuO interface was examined via XRD. Before the

XRD examination, the resolidified droplets were ground

slightly to make the surface flat. As shown in Fig. 9a, Ag, CuO

and Y3Fe5O12 were clearly detected, and no other phases were

identified. The results demonstrate a lack of reaction between

Age10CuO and the YIG ceramic. The reaction between

Age8CuOe2TiO2 and YIG was also considered. The Y3Fe5O12

ceramic beyond the wetted region was cut off by a diamond

wire saw to eliminate the effect of its presence. In addition to

Ag and CuO, the pyrochlore crystal structure of transition

metal Y2Ti2O7 was identified in Fig. 9b. When TiO2 was added

to the filler, a continuous reaction layer with a dotted gray

phase was formed at the interface shown in Fig. 3feg. The

matrix of the reaction layer towards the filler was hypothe-

sized to be Y2Ti2O7, which was proven, as presented in Fig. 9b.

The presence of the Y2Ti2O7 layer lowers the surface energy of

the YIG ceramic, which would promote the wetting of the

AgeCuO filler over the ceramic surface.

3.3. Joining mechanism

The YIG ceramics were joined by the Age8CuOe2TiO2 filler at

1000 �C for 5, 10, 20 and 30 min, as shown in Fig. 10. When the

Fig. 11 e The linear scan results of typical interfaces of the YIG/YIG joints brazed by Age8CuOe2TiO2 at 1000 �C for (a) 5min

(b) 10min (c) 20min.

Fig. 12 e The EPMA maps of Ag, Cu, Ti, Y, Fe, O for the joint (1000 �C 5min).
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holding time was 5 min, a continuous reaction layer was

formed. WDS chemical analysis of different positions in Fig.

10(b) are shown in Table 1. The thickness of the layer was

2.5 mm; see the linear scan results in Fig. 11a. The reaction

layer was clearly divided into two sublayers: one close to the

filler with a molar ratio (1:1) of (Y: Ti) and the other near the

YIG substrate with amolar ratio (1:2) of (Cu: Fe). The thickness

of the reaction layer increased to 7.5 mm when the holding

time was extended to 10 min. The dotted gray phase became

much denser with larger phase domain sizes. When the

holding time was increased to 20 min, Ag was distributed

within the region of penetration into the YIG substrate. The

dotted gray phase disappeared gradually from the interface

with the diffusion of Ti andCu to YIG, as shown in Fig. 11c. The

homogenization of Ti and Cu within the domain was the pri-

mary cause of the disappearance of the dotted gray phase. The

morphology of the interface became serrated when the hold-

ing time was increased to 30 min. This wasmost likely caused

by severe intergranular penetration. No dotted gray phase

could be identified at the interface under this condition. Fig. 12

shows the distribution of Ag, Cu, Ti, Y, Fe and O.

To further analyze the reaction mechanism between the

Age8CuOe2TiO2 filler and the YIG ceramic, TEM observations

were conducted, and the results are discussed below. Fig. 13a

presents bright-field images of the reaction layer that formed

at 1000 �C after 10 min. According to the corresponding

element distribution maps of the selected area in Fig. 13b, the

dotted gray phase (marked as a) in the reaction layer was

composed mainly of Cu and Fe, which was surrounded by a

continuous phase (marked as b) that was composed mainly of

Y and Ti. Selected-area diffraction techniques were used to

determine the structures of the phases in the reaction layer, as

shown in Fig. 13ced. Phase a was proven to be cubic spinel

CuFe2O4. Although the lattice spacing was slightly decreased

due to slight displacement by Cu, phase b was proven to be

pyrochlore Y2Ti2O7, which was in satisfactory agreement with

the XRD analysis results, which are presented in Fig. 9b.

3.4. Mechanical properties

The joints that were bonded by Age8CuOe2TiO2 with various

holding times were sheared, and the results are presented in

Fig. 14c. Since the YIG ceramics are fragile, rupture occurs

adjacent to the seam at the ceramic side, and the average

strengths all exceed 30 MPa with no readily identifiable trend.

The failure strength could not represent the strength of the

Table 1 eWDS chemical analysis of different positions in
Fig. 10(b) (at.%).

Phase Label O Y Ag Ti Fe Cu Possible Phase

A 46.2 0 1.3 0.3 0.1 48.6 CuO

B 54.8 0.2 0.1 0.2 27.2 14.8 CuFe2O4

C 57.5 17.5 0.1 16.9 1.2 2.7 Y2Ti2O7

Fig. 13 e (a) Bright field image of the reaction layer formed adjacent to YIG ceramic; (b) Elements maps analysis of selected

area marked with the black box in (a); (c) (d) SAED patterns of a and b in (a).
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interface after the addition of TiO2. The strengths of the in-

terfaces were characterized via nanoindentation. As shown in

Fig. 15, the TiO2-doped interface is harder than the Age10CuO

interface, which is attributed to the dispersion strengthening

of the CuFe2O4 that is dotted among Y2Ti2O7. Due to the con-

sumption of CuO during the reaction, the interface is free from

the continuous intermetallic compound, which eliminates the

source of cracks under the stress field. The joining scheme of

Age8CuOe2TiO2 is presented in Fig. 15. When the tempera-

ture reaches approximately 940 �C, the filler melts rapidly due

to the eutectic reactions, namely, AgþCuO and CuOþTiO2.

Then, CuO and TiO2 drastically react with YIG to form a

continuous reaction layer, which consists of a base, namely,

Y2Ti2O7, that is dotted with CuFe2O4. The introduction of Ti

into Y2Ti2O7 changes the characteristics of the YIG surface

from passive to active, which renders the wetting process

independent of CuO deposition. The contact angle decreases

and stabilizes rapidly, in contrast to that of Age10CuO.

CuFe2O4 was most likely the transition phase of the solid

reaction. This reaction is controlled by the short-range diffu-

sion and interface reaction in the early stage of the process.

Then, CuFe2O4 decomposes following long-range diffusion of

Cu into the YIG substrate. The relationship between the

decomposition of CuFe2O4 and intergranular penetration has

not been elucidated. To the best of our knowledge, no study

has been conducted on the influence of TiO2 on the inter-

granular melting of YIG ceramics. The AgeCuOeTiO2 filler

tends to penetrate into the Al2O3 ceramic. This phenomenon

has been widely investigated. The addition of TiO2 lowers the

eutectic temperature of the CuOeAl2O3 system,which enables

local melting along the grain boundaries [18]. The infiltration

of the AgeCuOeTiO2 filler appears to be greater at a higher

TiO2/CuO ratio. The elements that are added during ceramic

sintering, which are used to reduce the sintering temperature,

may cause dissolution of the grain boundaries [22]. No other

elements in addition to Y, Fe and O could be identified within

the YIG ceramic via EDS analysis. Hence, it is possible that

TiO2 facilitates the reaction between CuO and YIG, which

promotes the displacement of Fe and the formation of

CuFe2O4. The promotion of the formation of CuFe2O4 could be

proven by the CuFe2O4 band at the wetting frontier, as shown

in Fig. 8c. When Cu diffuses into the YIG substrate, Ag pene-

trates along the grain boundaries with a low melting point.

The eutectic reaction between Ag and Cu occurs in the pene-

tration region. This finding suggests that robust joining be-

tween the AgeCuO brazing filler and the YIG ceramic can be

realized via the addition of TiO2 to produce higher wettability

and a stronger interface.

Fig. 14 e Shearing test on the joints brazed by Age8CuOe2TiO2: (a) the schematic of the shearing test; (b) the schematic of

fracture location; (c) the shear strength vs different holding time; (d) the optical images of some fracture samples.
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4. Conclusions

The AgeCuO filler shows enhanced wettability on a YIG

ceramic substrate with the addition of TiO2, associated with a

final contact angle of 31� at 1000 �C, in comparison to the

Age10CuO filler. When 2 at.% TiO2 is added to the filler, a

continuous reaction layer of Y2Ti2O7 that is dotted with

CuFe2O4 forms along the interface, which changes the inert

YIG surface into an active reacted surface. The spreading of

the Age8CuOe2TiO2 filler no longer depends on the dissolu-

tion of CuO into the liquid. The YIG ceramics were joined

successfully by an Age8CuOe2TiO2 filler at 1000 �C for various

holding times. The average shear strength exceeded 30 MPa in

all cases with fractures at the ceramic side adjacent to the

seam. The strengths of the interfaces were characterized via

nanoindentation. The TiO2-doped interface was harder than

that of Age10CuO, which is attributed to the dispersion

strengthening of the CuFe2O4 that was dotted among Y2Ti2O7.
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