
Joining of alumina and steel by a laser supported brazing process
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Abstract

A laser supported method to join ceramic materials with metals has been studied. Using a CO2-laser and an active braze filler material, Al2O3-

ceramics have been brazed to steel. The microstructure of the interface has been examined and also the mechanical strength of the brazed joint

using bending tests. Typical processing times are of the order of several minutes, which is faster than furnace brazing. The results of the mechanical

tests show that the failure of the brazed metal–ceramic joint occurs within the ceramic close to the interface between the braze filler metal and the

ceramic part. Thermally induced stresses may lead to cracks within the ceramic, which initiates the failure under mechanical loading. The typical

bending strength varies between 40 and 80 MPa with a Weibull modulus ranging from 4.3 to 6.1.
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1. Introduction

Engineering ceramics are covering a growing application field

due to their specific properties such as high temperature

stability, corrosion and wear resistance. In order to construct

ceramic parts and components these materials have to be

machined which can be a difficult and time consuming task

with respect to their high hardness and brittleness. For the

integration of ceramic components into complex shapes it can

be, therefore, advantageous to use joining techniques such as

brazing [1,2].

Different routes or procedures have been studied to join

ceramic to ceramic and metal to ceramic. Conventionally, the

brazing process is conducted at high temperature within a

furnace chamber in vacuum or inert gas atmosphere [3,4]. As an

alternative method to the uniform heating of the component

within a furnace laser beam brazing [5,6] has been studied

which utilizes a localized heat input onto the joining zone.

There are two key problems associated with the brazing

process of metals and ceramics. These are the poor wetting

behavior of liquid metals on a ceramic surface and the
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commonly large mismatch in the thermal expansion coefficient

and the elastic modulus. Both result in metal–ceramic joints

with low mechanical strength. The first problem can be

overcome by applying active filler braze materials which

utilize elements like Ti or Zr for surface activation in order to

improve the wetting behavior [7,8]. The second problem can be

solved by using intermediate metal layers between the metal

and ceramic [9,10]. This layer can be ductile in order to

compensate the joining stress by plastic deformation or should

have a matched thermal expansion coefficient leading to a

concentration of shear stresses at the metallic interlayer and

consequently to a stress reduction at the ceramic due to the

grading of the thermal expansion across the metal–ceramic

interface [11].

Within this paper we report on the development of a laser

supported active brazing process to join steel with ceramics.

Using a laser for the localized heat input in the brazing process

helps to minimize the heat affected zone within the work piece,

can reduce the processing time and is more flexible for joining

complex shapes compared to brazing performed in furnace

chambers.

2. Experimental

Two different ceramics have been included in our studies: an

alumina substrate (Frialit, F99.7, Friatec) and a Zirconia
d.
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Table 1

Material properties

Ceramics Steel Braze foil

F99.7 Al2O3

(Friatec GmbH)

SN80 90Al2O3-10ZrO2

(CeramTec GmbH)

100Cr6 CK45 CB4 (Brazetec)

Density (g cm�3) 3.95 4.1 7.89 7.8 9.9

Melting point (8C) 2040 – – – –

Liquidus (8C) – 2040 1450 1510 805

Solidus (8C) – 1870 1300 1450 780

Porosity (%) 0 0 – – –

Strength (MPa) 350 600 620 560 230

Youngs modulus (GPa) 380 380 212 210 72

CTE (10�6 K�1) 8.1 8.6 10.5 11.1 18.95

Grain size (mm) 10 1.5 – – –
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toughened alumina ZTA (SN80, Ceramtec). As the steel

member 100Cr6 and Ck45 have been used. Details of these

materials are given in Table 1. The braze filler metal was a

commercially available AgCuTi-foil (CB4, BrazeTec) with a

thickness of 50 mm. The geometry of the bending beam sample

was 3 mm � 4 mm � 25 mm for width, height and length,

respectively. Before the laser joining process a ceramic and a

steel beam were placed in a sample holder which fixed its

positions and pressed it against each other with the braze foil in

between. The sample holder with the positioned bending beam

samples was placed in a stream of Ar-gas with a flow of

approximately 300 l/h to prevent the oxidation of the steel and

the brazing foil. This gas flow was sufficient to avoid any oxide

formation due to the active metal Ti in the braze metal.

The laser beam of a high power CO2-laser (FEHA) was

adjusted to point on the joining zone with a small offset towards

the steel part. The beam was defocused to a spot size with a

diameter of about 5 mm. During the brazing process the laser

power was ramped up to a power level varying between 300 and

360 W, while the temperature at the surface of the joining zone

was monitored by a pyrometer. A typical temperature–time

trace is shown in Fig. 1. When the temperature level reached the

working temperature of the braze foil the laser power was
Fig. 1. Typical temperature–time trace measured by a pyrometer during the

laser process.
switched off after different pre-adjusted duration times. This

time period was chosen in order to allow the braze metal to wet

the metal and ceramic interface completely. The time duration

of the whole laser process was typically between 140 and 160 s.

After the end of the laser heating time the joined sample was

allowed to cool down to room temperature.

The four-point bending tests were performed with a

universal testing machine based on the standard EN 843-1

for ceramic flexural testing [12,13] with a specimen geometry

of 3 mm � 4 mm � 50 mm. The test geometry is schematically

shown in Fig. 2. The maximum bending strength sB was

calculated using the maximum bending force FB, which leads

to failure of the joined ceramic–steel system:

sB ¼
3ðl1 � l2ÞFB

2w2h

where w is the width, h the height of the sample, and l1, l2 are the

distances of the two lower and upper support points, respec-

tively.

After the mechanical test the surfaces of the brazed zone on

the metal and the ceramic side were inspected by SEM (Scanning

Electron Microscopy) and an analysis of the element distribution

was performed with EDX (Energy Dispersive X-ray).

3. Results and discussion

The wetting behavior of the braze filler material (CB4) on an

Al2O3 surface is shown in Fig. 3. The figure has been obtained
Fig. 2. Test geometry for the four-point bending tests.



Fig. 3. Wetting behavior of the braze metal (CB4) on Al2O3 substrate.
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by placing a four-layer stack of the brazing metal foil with a

thickness of 50 mm for each layer on top of an Al2O3 substrate.

After heating to a temperature of 950 8C with a heating rate of

20 K/min, a holding time of about 5 min and subsequent cooling

a cross-section has been prepared in order to examine the wetting

and spreading behavior of the braze metal and also the structure

of the ceramic–metal interface. The wetting angle could be

estimated to 308 which clearly shows that an excellent adhesion

can be achieved with this active braze material. Additionally, a

reactive zone at the braze metal–ceramic interface which is

visible as a light gray region in Fig. 3, has been developed which

is an indication of a strong mechanical coupling between the

braze metal and the ceramic. Further studies with longer holding

times in order to determine an equilibrium wetting angle have not

been accomplished since this is not important due to the

relatively short interaction times in laser brazing.

A typical cross-section of the interfacial area of joined steel–

ceramic system is shown in Fig. 4. Due to its excellent wetting
Fig. 4. Scanning electron micrograph of the cross-section of a laser joined steel

(100Cr6) and ceramic using an AgCuTi braze filler.
behavior the molten braze foil has established a close coupling

to the ceramic and to the metal side, respectively. Close to the

ceramic and metal interfaces a Ti-rich zone could be observed,

which is visible as a narrow gray band in the SEM image.

Between the Ti-rich reactions zone there are Ag-rich regions, in

which an Ag–Cu phase is embedded.

The results of the mechanical tests are summarized in a

Weibull plot [14] shown in Fig. 5. From this diagram an average

bending strength of s0 = 80 � 3 MPa and a Weibull modulus

m = 6.10 � 0.28 [15] can be extracted. The linear regression

shows a standard deviation of 0.26 and coefficient of correlation

of 0.97. The average bending strength of the steel–ceramic

system is lower than the corresponding strength of the ceramic

which is shown as a reference. The modulus of the joint is also

lower than that of the ceramic. The reason for these reduced

values can be probably attributed to thermal stresses acting

predominantly on the metal–ceramic interface during the laser

brazing, since it could be observed that the failure of the braze

joint always occurred within the ceramic close the interfacial

zone with the braze foil. A part of the cracks is starting at the

interface and extending into the ceramic. But also cracks within

the ceramic running nearly parallel to the interface are visible.

This crack arrangement may be due to a different expansion

behavior of the ceramic and the steel part on heating and

cooling [16,17].

Similar to the melting experiments of CB4 on alumina

presented above, the wetting behavior of braze metal on the

ZTA has been investigated. A small AgCuTi-foil piece (CB4)

has been placed on a ZTA plate and heated up to temperatures

above the liquidus point of the braze metal (TL = 805 8C).

After rapid cooling a cross-section of the sample was prepared

and analyzed. For SN80 the first homogenous wetting is

observed at T = 950 8C as demonstrated in Fig. 6. The

formation of a reaction zone can be observed in Fig. 6 and has

been confirmed by EDX-analysis. A reaction zone containing

Al, Cu and Zr as well as oxygen is found on the ceramic

surface whereas the silver migrates apart from the ceramic
Fig. 5. Weibull plot of the laser joined steel–ceramic system (black squares).

The corresponding plot for the ceramic is shown for comparison (open

triangles).



Fig. 8. Weibull plot of the laser joined steel–ZTA ceramic system (black

squares). The corresponding plot for the ceramic is shown for comparison

(open squares).

Fig. 6. Scanning electron micrograph of the wetting behavior of the braze metal

(CB4) on ZTA substrate at T = 950 8C.

M. Rohde et al. / Ceramics International 35 (2009) 333–337336
boundary. The figure proves the good adherence of the active

braze metal to the ZTA.

A similar element distribution has been detected in the

ceramic–steel brazed joints. A representative cross-section

showing the steel–braze metal interface as well as the braze-

filler-ceramic boundary is presented in Fig. 7. The Ti-rich

reaction zone on the ceramic and the metal side are visible as a

continuous ligament on the joint surfaces but this zone is

significantly thicker on the metal joint partner. The reaction

layer on the ZTA surface contains the braze metal elements Ti

and Cu but also a fraction of aluminum out of the ceramic. This

implies that diffusion has occurred at the ceramic interface

which has lead to a formation of a strong bond between the

braze filler and the ceramic. At the interface between the steel

and the braze-metal Fe and C were detected in addition to Ti as

the reactive element which may be also due to diffusion during

the heating process. Additionally, two further areas could be

identified in the braze-metal layer: a light gray area close to the
Fig. 7. Scanning electron micrograph of the cross-section of a laser joined steel

(CK45) and ZTA ceramic using an AgCuTi braze filler.
ceramic and an almost white zone which is shifted to the steel

interface. The EDX analysis proved that the light gray area is a

Cu-rich zone and the white area contains of high amount of Ag.

The Weibull-statistics in Fig. 8 presents the results of the

four-point bending tests which have been applied to measure

the strength of the brazed ZTA–steel joints. The corresponding

data of the ZTA ceramic have been included as a reference. The

ceramic exhibits an average bending strength of

s0 = 525 � 6 MPa and a Weibull modulus of m = 19.0 � 0.1.

These very high values of the strength and its statistical

distribution are not achieved by the brazed joint. The brazed

metal–ceramic component has an average joint strength of

s0 = 41 � 4 MPa (F = 63.2%) and a Weilbull modulus of

m = 4.3 � 0.3. These values were obtained by a linear

regression with a standard deviation of 0.32 and correlation

coefficient of 0.96. The failure of the joints occurred

predominantly in the ceramic. The analysis of the ceramic

and metal bending beams after the four-point bending tests

indicates that the cracks start either from the interface of the

braze metal and the ceramic or very close to the interface within

the ceramic. It is presumable that the cracks are induced by

thermal stresses that develop during the laser brazing process

[16]. Micro-cracks can appear during the rapid localized

heating by the laser beam and grow upon cooling due to the

different thermal expansion coefficients and lead to a high

failure rate at relatively low bending stresses.

4. Summary and conclusion

The results of our studies show that alumina can be brazed to

steel using a laser beam. Typical processing times are of the order

a few minutes compared to hours in conventional furnace braze.

Furthermore, since a closed process chamber is not needed for

the laser process, the joining procedure is highly flexible and can

be easily adapted to complex component geometries.

However, one important result of this study is that the

average joint strength and the Weibull modulus are lower than
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that of the original ceramic. This behavior can be attributed to

the thermally induced stresses, which occur during the laser

process and upon cooling down to room temperature. There-

fore, the laser process has to be optimized with the focus on a

reduction of stresses since this appear to be the main reason for

the failure of the joint.
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