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Abstract: The paper presents the influence of the brazing gap width on the structure of bonded joints 

during the production of aluminum heat exchangers, using brazing technology, in tunnel furnaces with 

controlled atmosphere. Based on the wedge test, an analysis and qualitative assessment of brazed joints 

was made for the changing width of the brazing gap and the filler metal used. For the received brazed 

joints, metallographic tests were carried out using light (LM) and electron microscopy (SEM) and 

microhardness measurements in the characteristic areas of brazed joints. Based on the results obtained, 

the recommended width of the brazing gap was determined. 
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Introduction 
Most of the currently produced heat exchangers in the automotive industry, are made of aluminum  

alloys [1] using brazing technology in the continuous tunnel furnaces (Fig. 1) [2]. 

 
Fig. 1. Continuous tunnel furnace for brazing of aluminum heat exchangers  

These alloys are characterized by both better mechanical properties and increased corrosion resistance 

than pure aluminum. They are well suited for forming process, among others by stamping and rolling  

and they can be used for operating at elevated temperature [4]. 

These alloys may have a slight additive of Mg, improves their mechanical properties, but on the other 

hand (depending on the amount of additive) worsen brazing properties - the wettability of the surfaces  

of bonded elements deteriorates [1]. Currently, EN-AW3003 and EN-AW3005 alloys are most commonly 

used in brazing heat exchangers, whose chemical composition is given in Table I.  

Generally, the most commonly used is filler metal of subeutectic composition AlSi7.5 and then filler 

metals AlSi10 and AlSi12, in case when the brazing temperature locally falls (the chemical composition of 

filler metals is given in Table II). 
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Table I. Chemical composition of aluminum alloys used for heat exchangers, according to EN 573-3:2014-02 

Alloy designation 

(abbreviated as 

chemical symbols) 

Chemical composition, wt.% 

Al Si Fe Cu Mn Mg Cr Ni Zn Ti Others 

EN-AW3003 

(AlMn1Cu) 
reminder 

0.00  

÷  

0.60 

0.00  

÷  

0.70 

0.05  

÷  

0.20 

1.00  

÷  

1.50 

– – – 

0.00  

÷  

0.10 

– 
each 0.05 

total 0.15 

EN-AW3005 

(AlMn1Mg0.5) 
reminder 

0.00  

÷  

0.60 

0.00  

÷  

0.70 

0.00  

÷  

0.30 

1.00  

÷  

1.50 

0.20  

÷  

0.60 

0.00  

÷  

0.10 

– 

0.00  

÷  

0.25 

0.00  

÷  

0.10 

each 0.05 

total 0.15 

Table II. Melting range and recommended range of brazing temperature for filler alloys used for aluminum heat 

exchangers [5] 

Filler alloy designation 

(abbreviated as chemical symbols) 

Nominal content 

of silicon, wt.% 

Temperature  

solidus – liquidus, °C 

Recommended range  

of brazing temperature, °C 

EN-AW4343 

 (AlSi7.5) 
7.5 577 ÷ 613 593 ÷ 621 

EN-AW4045 

 (AlSi10) 
10.0 577 ÷ 591 588 ÷ 604 

EN-AW4047A 

 (AlSi12) 
12.0 577 ÷ 582 582 ÷ 600 

The brazeability of the used aluminum alloys is affected by their physicochemical properties.  

The negative influence has got the high heat expansion, high thermal conductivity and high oxygen affinity 

with which aluminum forms refractory (2060 °C) and chemically stable oxides [3]. The last one, is a great 

difficulty because they are not wettable by currently used filler metals. Therefore, the heat exchangers 

surface to be joined, should be initially cleaned from the oxides and constantly protected during the 

brazing process, so that they do not oxidize again. The brazing process in furnaces with controlled 

atmosphere also takes place under the influence of the NOCOLOK flux, which is potassium 

fluoroaluminate K1-3AlF4-6 [1]. 

The basic physicochemical phenomena occurring during brazing are: chemical reduction or 

dissociation of oxides, melting, capillary phenomena, diffusion and dissolution of components, and 

crystallization. These phenomena can be grouped in three successive stages that make up the cycle of the 

brazed joint  

being formed [4]: 

• activation of the surfaces of the materials to be joined and the molten filler metal, 

• interaction at the interface (at the boundary): molten filler metal - material to be joined, 

• crystallization of brazing joint. 

Model of wedge test  
Carrying out a wedge test enables learning about the effects of many effects of physicochemical 

phenomena that occur during brazing. It allows the selection of the optimal width of the brazing gap, based  

on the evaluation of the crystal structure of the bonded joint, especially of the brazing joint. It is also used 

to determine the capillary capability of the filler metal which is filling the brazing gap of increasing width. 

Finally, this test makes it possible to make a qualitative and functional assessment of the brazed joint [6]. 

 
Fig. 2. Diagram of the wedge test after the brazing process 
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Figure 2 shows a diagram of a wedge test, for brazing of various materials A, B and C. Material A  

and C is cladded by filler metal from the side where the joint with material B is to be made and additionally 

NOCOLOK flux is applied on this surface. Application of such a system, due to different coefficients  

of thermal conductivity and linear expansion of both materials, among others, it can cause non-uniform 

crystallization of filler material. The heat from the system is dissipated in a direction perpendicular to  

the surfaces forming the gap and will be removed more quickly from the place where the volume of 

material is smaller, thus the solidification of the filler metal will begin at the vertex of the wedge test. In the 

narrow part of the gap, the brazed joint is more exposed to cracks, but to make it happen, it would have to 

separate hard intermetallic phases, and both brazed materials would have to differ significantly in thermal 

expansion. 

Test methodology and materials  
In order to examine the effect of the used type of core material and filler metal on phenomena that 

occur during the brazing process, 2 types of joints were made. Specimens were obtained according to the 

diagram shown in Figure 3. 

 
Fig. 3. Diagram of preparation of elements for performance of the wedge test 

The data on materials used for the wedge test are given in Tables III, IV and V. The plates measuring 

80x25x2.5 (2.0) mm were used. 

Table III. Data on the implementation of the wedge test 

Plate designation 
Plate thickness,  

mm 

Nominal filler 

metal thickness,  

% 

Nominal filler 

metal thickness,  

mm 

Type of used  

filler metal 

Type of used  

core material  

Upper plate 

type B 
2.5 0 0 –  

EN-AW3003 

 (AlMn1Cu) 

Lower plate 

 type A 
2.5 4.0 0.10 

EN-AW4045 

 (AlSi10) 

EN-AW3005 modified 

 (AlMn1CuMg0.05) 

Lower plate 

type C 
2.0 5.0 0.10 

EN-AW4343 

(AlSi7.5) 

EN-AW3005 modified 

 (AlMn1CuMg0.3) 

Table IV. Chemical composition of the core material of plates used for the wedge test 

Plate  

designation 

Chemical composition, wt.% 

Al Si Fe Cu Mn Mg Cr Ni Zn Ti Others 

Upper plate 

type B 
reminder 

0.00 

÷ 

0.60 

0.00 

÷ 

0.70 

0.05 

÷ 

0.20 

1.00 

÷ 

1.50 

– – – 

0.00 

÷ 

0.10 

– 
each 0.05 

total 0.15 

Lower plate 

type A 
reminder 

0.00 

÷ 

0.60 

0.00 

÷ 

0.70 

0.05 

÷ 

0.20 

1.00 

÷ 

1.50 

0.00 

÷ 

0.05 

– – 

0.00 

÷ 

0.10 

– 
each 0.05 

total 0.15 

Lower plate 

type C 
reminder 

0.60 

÷ 

0.84 

0.40 

÷ 

0.60 

0.40 

÷ 

0.64 

1.10 

÷ 

1.40 

0.20 

÷ 

0.30 

– – 

0.00 

÷ 

0.05 

– 
each 0.05 

total 0.15 

Table V. Plates configuration for the performed wedge test 

Designation of the wedge test specimen Type of lower plate Type of upper plate 

A-B type A type B 

C-B type C type B 
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The bottom plate was cladded with filler metal, 4-5% thickness of the plate, i.e. about 0.1 mm. The 

filler metal (cladded side of plate) was coated with the NOCOLOK flux, applying it using the PaintFlux 

method, by spray application of the NOCOLOK flux mixture with demineralized water and adhesive 

material (NOCOLOK Precoating) [7].  

Before the flux was applied, the surface of the element was thermally degreased, and no additional 

treatments were performed to prepare the bonded surfaces. The elements brazed in the wedge test were 

initially joined with tack welds made using the TIG method, which resulted in the creation of a gap about 

0.05 mm wide at the beginning of wedge. On the other end of wedge (opposite side) was inserted a spacer 

made of aluminum, whose height was equal to 4 mm. The prepared samples were brazed in a tunnel 

furnace, under an atmosphere of pure nitrogen (99.999%) using a relatively short brazing cycle, i.e. about 25 

min. In the first phase of the brazing process, which is thermal degreasing, organic compounds were 

removed (evaporated), this process takes place at a temperature of approx. 250÷300 °C. The next stage is the 

proper brazing process, in which the samples reached the maximum temperature in the range of 604 to 607 

°C. Brazing time at a temperature above 577 °C was in the range of 5÷6 min. The final stage of the process 

was cooling of the specimens in a controlled atmosphere at a speed of 40 to 50 °C/min. 

Results and discussions 
Preliminary metallographic tests of brazed joints were carried out using a light microscope (LM), type 

NIKON Eclipse LV150. Metallographic specimens were observed after their chemically etching with 0.5% 

HF acid solution. Cross-sections of the tested brazed joints of the wedge test were shown in Figure 4. 

 

 

Fig. 4. Wedge test of the joints A-B (a) and C-B (b), chemically etched with 0.5% HF acid  

The total length of brazing joint for both wedge tests was 13.88 mm (A-B joint) and 8.8 mm (C-B joint), 

respectively. The observed differences result from the use of various types of filler metals. For the A-B 

wedge test, was used the AlSi10 filler metal with a lower melting point in comparison to the AlSi7.5 filler 

metal used in the C-B wedge test. This difference, as well as the brazing properties of the filler metals, had  

a significant impact on the different filling of the wedge gap. This has been confirmed in a number of 

brazing experiments.  

The width of the brazing gap has a decisive impact on the occurrence of the basic phenomenon of 

capillarity in the brazing process. In the wedge test, the width of the gap at the end of the A-B brazed joint 

was 772 μm, and for the C-B joint ‒ 513 μm. Both filler metals filled the non-capillary gap, above 0.5 mm.  

For the A-B wedge specimen, a filling for a wider gap in relation to C-B was obtained. On the one hand, 

this may be due to better wetting conditions of the surfaces to be joined during brazing, since the core 

material A does not contain Mg in compared to material C. On the other hand, the low-melt filler metal 

AlSi10 used for material A has melted in a larger volume compared to material C where filler metal AlSi7.5 

with higher melting point was used under the same temperature conditions. 

In both brazed joints brazing minor incompatibilities occurred, in the form of a lack of continuity  

in the brazing joint, gas pores and post-flux slag inclusions. However, they do not constitute a significant 

reduction in the functionality of the brazed joint. 

Carried out microscopic examinations (Figs. 5÷7) showed in the brazing joint the occurrence of a 

typical subeutectic silumin microstructure, containing α phase grains and a needle-shaped eutectic mixture  

(α + Si) [8,9]. 
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Fig. 5. Microstructure of wedge test joints, with a gap 150 µm: joint A-B (a), joint C-B (b), chemically etched with 0.5% 

HF acid solution 

  
Fig. 6. Microstructure of wedge test joints, with a gap 300 µm: joint A-B (a), joint C-B (b), chemically etched with 0.5% 

HF acid solution 

  
Fig. 7. Microstructure of wedge test joints, with a gap 500 µm: joint A-B (a), joint C-B (b), chemically etched with 0.5% 

HF acid solution 

In the 150 μm gap, for the A-B joint, solid silicon solution precipitates was released over the entire 

width of the brazing joint (Fig. 5a) [10]. In the case of the C-B joint, with the same joint width and for both 

joints in the 300 μm joint, a greater number of α-phase precipitates are visible from the side of the material 

that was cladded with the filler metal (bottom plate) ‒ Figures 5b, 6a and 6b. In a wider gap of 500 μm,  

the size of the solid silicon solution precipitates is comparable both on the side of the cladded material and 

without it, for both joints (Fig. 7). Globular α-phase grains occur in the gap of a small width of 150 μm, 

while as the gap width increases, especially for the value of 500 μm, the columnar α phase precipitations 

are noticeable, which expand in the direction of the heat dispersal [8, 11]. In the C-B joint, for smaller gap 
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widths, i.e. 150 and 300 μm (Fig. 5b and 6b), a more concentrated, needle-shaped eutectic mixture can  

be observed compared to the A-B joint. 

Microhardness measurements of brazed joints were made using the Vickers method with a penetrator 

load of 50 G, according to EN ISO 6507-1: 2018-05, using a Micro Vickers Hardness Tester HVS-1000 from 

Sinwon. The diagram of HV 0.05 microhardness measurements in specific areas of the brazed joint  

of the A-B wedge test is shown in Figure 8, and exemplary of the microhardness distribution in the A-B 

connection is shown in Figure 9. 

 
Fig. 8. Diagram of microhardness measurements HV 0.05 in the wedge test A-B, for gap 300 μm: non-cladded material 

(1), subsurface layer of non-cladded material (2), precipitations of a solid silicon solution in aluminum (α phase)  

from the material side without a clad (3), center of brazed joint( 4), precipitations of a solid silicon solution in 

aluminum (α phase) from the material side with a clad (5), subsurface layer of cladded material (6), cladded material 

(7) 

 
Fig. 9. Microhardness HV 0.05 distribution in brazed joint of wedge test A-B 

The results obtained are the average of 3 measurements. The hardness of the core materials AlMn1Cu 

and AlMn1CuMg0.05 was in the range 37÷40 HV0.05 ‒ the measured values are slightly lower than those 

given in [12]. The highest microhardness of 93 HV0.05 was measured in area 4 (eutectic needle-shaped 

precipitations), for a gap width of 300 μm (Fig. 6a). The microhardness in zones with precipitation of solid 

solution of silicon in aluminum (phase α), regardless of whether the material side was with or without clad, 

did not show significant deviations from each other and it was within the range of 48÷53 HV0.05.  

With a gap width of 0.15 mm, a larger volume of brazing joint is occupied by phase α, which is softer 

than the eutectic mixture. Therefore, given the huge brazing surface of aluminum heat exchangers, it is 
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recommended to use a max. gap of 0.15 mm in the manufacturing process. This is confirmed by brazing  

of aluminum alloy heat exchangers using NOCOLOK technology, in which the recommended width of  

the brazing gap is equal to: 0.10 and 0.15 mm. However, the recommended mounting gap are: for non-

cladded alloys between 0.10 and 0.15 mm and for cladded alloys (depending on the thickness of the binder 

layer) from 0.05 to 0.1 mm [7]. In the case of non-clad alloys bonding, additional filler metal application is 

required close to the joint, which can be carried out using a brazing ring, brazing paste or NOCOLOK flux 

with the additive of silicon (NOCOLOK Sil Flux) [7,13]. 

  

  
Fig. 10. Surface of metallographic specimen of A-B brazed joint, for a 300 µm gap (a) and distribution maps of 

elements Si (b), Fe (c) and Mn (d), primary beam energy 20 keV, SEM  

Tests of specimens was performed using a scanning electron microscope (SEM), model JSM6610A 

(JEOL) confirmed previous observations using a light microscope. Figure 10 shows the surface distribution 

of the basic elements found in the structure of the A-B brazed joint. The material contrast clearly shows  

the phase distribution containing elements heavier than Al and Si, i.e. Fe and Mn, found in the tested 

materials. Elemental distribution maps show that Fe and Mn are concentrated in precipitations occurring 

mainly in core materials and sporadically in brazing joint. 

Conclusions 
1. The wedge test showed the ability to fill by filler metal of the gap width more than 500 µm, for both  

of used filler metals AlSi10 and AlSi7.5, however higher fill occurred for the low-melt filler metal 

AlSi10. 

2. The hardest area of the analyzed brazed joints is the eutectic precipitations zone. For a gap width  

of 300 μm, the microhardness in this zone was 93 HV0.05. It is a zone almost twice as hard as 

compared to the precipitations of a solid solution of silicon in aluminum (phase α). 
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3. A cladding layer of filler metal, applied to only one brazed material, allows for proper wetting of the 

second material by liquid filler metal, although a slightly larger number of minor incompatibilities 

from the non-clad material side were observed. 

4. It is recommended to use a maximum brazing gap of 150 μm in the brazing process of aluminum heat 

exchangers. In this range, it is a capillary gap, in which the precipitation of α phase predominates, 

with a much lower hardness than the eutectic mixture (α + Si). 
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