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Abstract 
By continued advances in mechanical 

strength of press hardened boron alloyed 

steel (22MnB5) weight savings can be 

achieved by the use of less material. 

However, with reduced material thickness 

stiffness problems such as buckling arises 

and the high strength of the material can’t 

fully be taken advantage of. A solution to 

the stiffness problem could be to create a 

sandwich structure using 22MnB5 steel. 

To create a sandwich structure the faces 

have to be joined to the core. Work has 

been done concerning various methods of 

joining both coated and uncoated 22Mnb5 

after being press hardened. A more direct 

approach would be to implement a joining 

process in the hot stamping line prior to 

forming and quenching. 

A joining method suitable for this task is 

Controlled Atmosphere Brazing (CAB), 

which today is used for both aluminum and 

steel brazing and could be implemented in 

a hot stamping furnace. Using a tube 

furnace with continuous gas flow of N2 

overlap braze joints were produced on both 

AlSi-coated 22MnB5 (USIBOR® 1500P 

AS150) and plain 22MnB5. Material 

combination evaluated included two 

different brazing foil and two different flux 

paste in combination with various heat 

cycles. Both one-step braze cycles with 

brazing directly at austenite temperature 

and two-step braze cycles with brazing at a 

lower temperature followed by heat 

treatment at austenite temperature were 

developed. Evaluation of braze joint 

strength was done using tensile testing and 

the same was done to evaluate the coating 

strength of USIBOR® 1500P AS150 after 

heat treatment using adhesive to create an 

overlap joint. An adhesion pull-off test was 

used to determine USIBOR® 1500P 

AS150 coating strength after various heat 

cycles. Scanning Electron Microscope 

(SEM) with Energy Dispersive 

Spectrometry (EDS) was used to 

investigate amount of Fe-diffusion from 

substrate into both coating and joint due to 

heat cycles and to determine phases 

connected to fracture location of joints. 

With NiCr-based brazing foil joints 

between plain 22MnB5 were produced 

with a braze time of 10 minutes at 950° C 

that had an avg. shear strength of 20 MPa. 

Brazing above the liquidus temperature of 

the filler material for 5 minutes with a 

higher furnace temperature showed no 

decrease in shear strength of joints, but 

reduced time in furnace by 16 minutes 

giving a total furnace time of 9 minutes. 

Best results for joints between USIBOR® 

1500P AS150 substrates were achieved 

using a two-step brazing cycle. Brazing 

was done at 593° C for 35 minutes with 

AlSi12 brazing foil and flux paste 

recommended for aluminum brazing. 

Afterwards specimens where heated for 4 

minutes above austenite temperature and 

had an avg. a shear strength of 5,4 MPa. 

EDS-analysis showed that fracture in braze 

joints and in coating of USIBOR® 1500P 

AS150 was connected to the intermetallic 

phase Al5Fe2 as well as Fe-diffusion from 

substrate was higher than in as received 

conventionally press hardened USIBOR® 

1500P AS150. Adhesion pull-off tests 

indicated that the heat cycles used in this 

study significantly reduced coating 

strength compared to as received 

conventionally press hardened USIBOR® 

1500P AS150. 

  



 

 

Abstrakt
Genom fortsatta framsteg inom hållfasthet 

av presshärdat borstål (22MnB5) kan 

viktminskning erhållas med mindre 

material användning. Med reducerad 

materialtjocklek uppstår dock 

styvhetsproblem som buckling och den 

höga styrkan hos materialet kan inte 

utnyttjas fullt ut. En lösning på 

styvhetshetsproblemet vore att skapa en 

sandwichstruktur med användning av 

22MnB5 stål. 

För att skapa en sandwichstruktur krävs 

fogning mellan täckskikt och kärna. Arbete 

har utförts på olika fogningsmetoder för 

både belagt- och obelagt-22MnB5 efter att 

det genomgått press härdning. En mer 

direkt metod vore att implementera 

fogningsprocessen i presshärdningslinan i 

ett skede innan formning och släckning. 

En fogningsmetod lämpad för detta 

ändamål är Kontrollerad Atmosfärslödning 

(CAB) som idag används för såväl 

aluminium- som stållödning och skulle 

kunna implementeras i en 

presshärdningsugn. Med hjälp av en rörugn 

med kontinuerligt N2 gasflöde 

producerades överlapps lödfogar på både 

AlSi-belagt 22MnB5 (USIBOR® 1500P 

AS150) och vanligt 22MnB5. 

Kombinationen av material som 

undersöktes inkluderade två olika lödfolier 

samt två olika flusspastor tillsammans med 

olika värmecykler. Både enstegs lödcykler 

med lödning direkt vid austenittemperatur 

och tvåstegs lödcykler med lödning först 

vid en lägre temperatur följt av 

värmebehandling vid asutenittemperatur 

togs fram. Lödfogar utvärderades genom 

dragprov vilket också gjordes för att 

erhålla styrkan hos beläggningen på 

USIBOR® 1500P AS150 efter 

värmebehandling då lim användes för att 

skapa en överlappsfog. 

Vidhäftningsprovning utfördes för att 

bestämma adhesionsstyrkan av 

beläggningen på USBIOR® 1500P efter 

olika värmecykler. Svepelektronmikroskop 

(SEM) med Energi Dispersiv Spektroskopi 

(EDS) användes för att utvärdera mängden  

Fe diffusion från substrat till både 

beläggning och fog som följd av olika 

värmecyklar och för att bestämma faser 

berörande sprickpropagering i fogar. 

Med NiCr-baserad lödfolie producerades 

fogar mellan 22MnB5 stål med en håll tid 

för lödning om 10 minuter vid 950° C 

vilka hade medelvärde för skjuvstyrka på 

20 MPa. Det visade sig att lödning ovanför 

tillsatsmaterialets liquidus temperatur i 5 

minuter med en högre ugnstemperatur 

kunde reducera tiden i ugn med 16 minuter 

utan att påverka styrkan hos fogen, vilket 

gav en totaltid i ugn om 9 minuter. För 

fogar mellan USBIOR® 1500P substrat 

erhölls bäst resultat med en tvåstegs 

lödcykel. Lödning utfördes vid 593° C i 35 

minuter med AlSi12 lödfolie och flusspasta 

rekommenderad för aluminium lödning. 

Proverna genomgick sedan en värmecykel 

över austenittemperatur i 4 minuter och 

hade medelvärde för skjuvstyrka på 5,4 

MPa. Från EDS-analys framkom det att 

brott i fogar och i beläggning av 

USIBOR® 1500P AS150 sammanföll med 

den intermetalliska fasen Al5Fe2 och att 

Fe-diffusion från substrat var högre än i 

som levererat industriellt presshärdat 

USIBOR® 1500P AS150. Det visade sig 

från vidhäftningsprov att de värmecykler 

som använts i denna studie tydligt 

reducerade styrkan i beläggningen jämfört 

med prover från som levererat industriellt 

presshärdat USBIOR® 1500P AS150. 
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1. Introduction 
In the automotive industry there is an ever increasing demand on lowering vehicle weight and 

thus reducing fuel consumption to cope with environmental regulations. Stronger materials 

can be used with less structural thickness which in turn means less weight and often higher 

impact safety. The most excessively used method has been to introduce steels with an 

increased strength in various parts of the automobile. Increasing the strength of steels is 

typically done by using one or more of the following [1]: 

 Solution hardening by adding alloying elements.  

 Precipitation hardening (age hardening). 

 Dislocation hardening. 

 Transformation hardening. 

 Grain refinement. 

Of the above mentioned hardening processes all but one have a negative impact on the 

ductility of the material. Hardening by grain refinement has shown to still increase the 

strength but not at the expense of elongation and toughness. The main problem with 

increasing the strength of steel is that the formability decreases to such an extent that 

producing advanced geometries by sheet metal forming is very difficult. This is typically 

solved by the use of a production method called hot stamping (press hardening), where boron 

alloyed steel is heated into the austenite phase then formed and quenched at the same time. 

The result is fully martensitic steel with high strength mechanical properties and due to the 

high temperature and low yield strength of the austenitic steel a desired geometry is easily 

achieved. 

However, continually increasing the strength of steel and thus reducing weight by thickness 

reduction of automobile parts e.g. steel with σuts > 2000 MPa has very limited applicability, 

due to a phenomenon called buckling. The steel, while strong enough to support high stresses, 

suffers from stiffness problems due to the extremely thin cross sections and fails in buckling. 

To further take advantage of the high strength mechanical properties of the press hardened 

steel and cope with the stiffness problems that arise a sandwich structure could be created 

using press hardened steel as thin faces. These faces would then be connected to a lower 

density core and the distance created between the press hardened sheets would increase the 

stiffness of the structure. This would introduce new variables into the hot stamping process, 

where one of them would be the joining of sheets to core. 

The aim of the study is to focus on joining of boron alloyed steel sheets where it is believed 

that if two sheets could be joined together, they could also be joined to a lower density core. 

One of the big limitations is the hot stamping process, where one would wish to add no extra 

production steps. A joining process that would comply with the limitation would be the use of 

brazing. This could be directly implemented into the heating step of hot stamping and would 

resemble that of furnace brazing. 

Brazing of uncoated 22MnB5 (boron alloyed steel) steel sheets using a furnace with 

controlled atmosphere would be quite straight forward. A heat cycle close to that of hot 

stamping could be adopted together with the use of a filler material with liquidus temperature 

close to austenite temperature. 

The approach for USIBOR® 1500P AS150 (Al-coated 22MnB5) would be to join the three 

parts together with brazing in the austenitization process before the stamping and quenching 

process. This would indeed resemble that of furnace brazing which is extensively used for 

brazing of heat exchangers for the automotive and aerospace industries [2]. The difference 
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being the elevated temperature of the furnace TAUS = 920 °C compared to typical aluminum 

brazing temperatures around 570-600 °C. In addition, at first glance the problem might seem 

to be brazing of steel sheets as in brazing of uncoated 22MnB5, but in fact is governed by the 

coating of the steel. 

The AlSi-coating (10 wt. % Si) with a typical melting temperature around 570 °C won’t melt 

if heating rate is kept under 12 K/s due to diffusion of Fe from the steel substrate [3]. The 

brazing of two or multiple AlSi-coated boron alloyed steel sheets is therefor reduced to 

brazing of filler material to aluminum-silicon-iron surface coatings illustrated in Figure 1. 

 
Figure 1. Brazing-setup of joining two AlSi-coated 22MnB5 steel sheets. 
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2. Background 

2.1 Hot stamping 
During the early 70’s, a sheet metal forming process was introduced to produce ultra-high 

strength steel parts with complex geometry at a low cost [4]. The process is normally called 

hot stamping, and it specifically deals with the formability problem of high strength steel as 

hardened steel is difficult to form into desired shapes. The steel alloy conventionally used in 

the hot stamping process is a so called Boron alloyed steel (22MnB5), and is usually delivered 

with a Zn- or AlSi-based coating. Once heated above austenite temperature, Ac3, the steel 

takes on a fully austenitic structure after a few minutes. The steel is now very ductile and 

allows for easier forming into complex geometries by means of pressing. To reach the high 

strength properties the steel is quenched with water cooled pressing dies. The rapid cooling 

process transforms the fully austenite phase into martensite, achieving a steel with excellent 

strength properties, σy = 1100 MPa and σuts = 1500 MPa while maintaining some ductility, 

typically e = 6 % [5]. Today there are two types of hot stamping called direct and indirect hot 

stamping. 

2.1.1. Processes 

In the direct process steel sheets are rolled of coils and cut into blanks. The blanks are then 

transferred into a furnace where the heating takes place. Here the blanks are kept at a 

temperature of 900–950 °C for a time varying between 4 to 10 minutes (industrial standard 6 

minutes) to create blanks made up of 100 % austenite. Next the blanks are moved into a 

pressing machine with a set of water-cooled dies that under pressure both form the heated 

blanks into the desired shape and quenches the steel. The cooling rate provided from the dies 

is usually 50–100 °C/s to guarantee transformation into fully martensitic structure and to 

avoid formation of bainite or ferrite-pearlite [3]. The formed part is held at drawing depth 

until around 150 °C when it is removed from the pressing machine for final cutting, cleaning 

or shot blasting. A schematic drawing of the process can be seen in Figure 2. 

The difference between the indirect and the direct process is an extra drawing step. Prior to 

entering the furnace, cold drawing of the blanks are done to between 90 and 95 % of final 

shape using a regular pressing machine. The cold drawn parts are then subjected to the same 

steps as in the direct process. This process is applied when very complex shapes are to be 

produced as the first pressing step increases the forming limits of the final stamping. The 

process is outlined in Figure 3. 
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Figure 2. Direct hot stamping process for boron alloyed steel [6]. 

 

 
Figure 3. Indirect hot stamping process for boron alloyed steel [6]. 

2.1.2. Microstructures and Parameters 

Before the hot stamping process the steel is delivered with a microstructure of ferrite-pearlite 

with a distribution around 75 % of ferrite and 25 % of pearlite [4], see Figure 4 a). Typical 

strength properties in this state are, σy = 350-550 MPa, σuts = 500-700 MPa and e > 10 % [3]. 

When the ferrite-perlite is changed into austenite the mechanical properties changes 

drastically to σy = 200 MPa and e = 40 %. The austenite structure is recognized by large bright 

areas with clear visible dark edges as shown in Figure 4 b). The properties of the martensite 

steel after proper hot stamping have already been covered and its final structure can be seen in 

Figure 4 c). 

 
Figure 4. a) Ferrite-Pearlite, b) Austenite and c) Martensite [1]. 
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Besides the time needed in the furnace above Ac3-temperature one of the more important 

parameters is the cooling rate at which the steel is quenched by the dies. This rate governs 

how much or if any transformation into martensite will occur. The critical (minimum) rate at 

which the steel needs to be quenched with is 27 K/s as shown in Figure 5. The addition of 

boron as an alloying element has a positive effect in that it works as a hardening agent and 

delays transformation of ferrite, increasing the time window for quenching from austenite to 

martensite. In fact a small amount of boron addition as 30ppm gives a hardenability 

equivalent to 0.6 % Mn or 0.7 % Cr or 0.5 % Mo or 1.5 % Ni [1]. 

 
Figure 5. CCT-diagram of 22MnB5-steel (A: Austenite, B: Bainite, F: Ferrite, M: Martensite 

and P: Pearlite) [7]. 

 

The hardenability effect of boron is directly linked to the carbon content of the steel, and with 

increasing content the effect decreases until 0.9 % carbon when the effect is totally gone [1]. 

In contrast, the strength property of the martensitic structure is linked to carbon content in the 

opposite direction. Lower carbon content in combination with hardening agents produce lath 

martensite opposed to plate martensite with higher ductility. There is a trade-off choice 

regarding carbon content on what properties the final product will have, worth noting is that 

lower carbon content also increases weldability. 

Deformation induced by hot stamping has a negative impact on the time window for 

quenching the steel sheet into martensite and alters the cool-down rate needed. As the sheet is 

formed two phenomena occur: there is an increase in dislocation density due to work 

hardening, and a decrease of paths for dislocations. This hinders formation of martensite, 

lowering the start temperature for martensite-transformation, Ms, and in turn increases the 

driving force needed. The cool-down rate was shown by M. Nikravesh et al. to be 

proportional to the deformation as 1 % deformation required an increase of 1 °K/s in cool-

down rate to accommodate for higher driving force needed [8]. 
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Major benefits connected to hot stamping include excellent guarantee of quality and 

repeatability as deformation is done in a ductile phase, resulting in minimal spring back. 

Further it is also a rapid process with high production rate. One issue is the transportation of 

heated blanks from furnace to pressing machine, where they are exposed to oxygenic 

atmosphere. This step needs to be short as possible since oxidation resulting in 

decarburization and scale formation which puts extra wear on pressing dies. Oxide scales also 

requires removal via shot blasting which adds an extra processing step, increasing costs and 

lowering productivity. An addition of certain coatings e.g. Al- or Zn-based coating on the 

blanks reduces or removes the oxidation process while also increasing corrosion resistance of 

the final product. 

2.2 Coatings of 22MnB5 
As previously mentioned boron alloyed steels are exposed to an environment containing 

oxygen during the transport from furnace to pressing machine and to some extent also inside 

the furnace. This starts an oxidation process where the steel is decarburized and scale 

formation occurs. Non-coated 22MnB5 steel needs to have the scales removed with e.g. shot-

blasting to allow painting of parts. In addition the scales also cause an increase of abrasive 

wear on pressing dies. By using a heat resistant coating layer on top of the steel this can be 

reduced or avoided. 

In addition to preventing scale formation during oxidation coatings are typically also applied 

to have corrosion resistant mechanics. The most used coatings are a Zn-based galvanizing 

coating and an AlSi coating offering both corrosion resistance and protections towards 

oxidation, where the AlSi protective coating sees the most widespread usage [9]. 

2.2.1. Zn-coating 

The Zn-based coatings offer cathodic corrosion protection, which is desirable for automotive 

parts, and is typically applied via hot-dipping or electrolytic deposition. A major drawback 

however, is that they can only be used in the indirect hot stamping process. If not cold-drawn 

before final pressing at austenitization temperature zinc adsorption at grain boundaries will 

occur, leading to cracks in the product [10]. In addition to only being suitable for the indirect 

process the final products also need to be sand blasted or shot peened in order to remove the 

Zn-oxide layer and promote good paintability [9]. However, investigations have been 

performed on the implementation of Zn-coatings in the direct hot stamping process [11]. 

During hot stamping heating rates and temperature exceed those used during normal 

galvannealing of steels and different intermetallic phases of Zn-Fe form by diffusion. Tests 

conducted by R. Autengruber et al. [12] on hot-dipped Zn-coated 22MnB5 steels showed that 

some Zn-Fe phases occurred in a temperature range above their normal stability zone (Zn-Fe 

equilibrium phase diagram, Figure 6 during the austenitization process. This was shown to be 

due to the increased heating rate prohibiting thermodynamic equilibrium. At elevated 

temperatures diffusion is more rapid than at room temperature. At 550 °C the coating contains 

11 % Fe while at 900 °C two phases have formed with 29 % Fe (τ-Zn-Fe) and 60 % Fe (α-Fe), 

where the amount of zinc-ferrite increases with dwell-time, Figure 7. 
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Figure 6. Zn-Fe phase diagram [13]. 

 

 
Figure 7. SEM micrograph showing Zn-Fe phases at different temperatures and dwell-time [12]. 

 

As a result of Fe-diffusion the coating layer which at the start was 10 μm thick grows to 

around 20 μm containing mostly the Zn rich α-Fe phase and also has a 1-2 μm thick Zn-oxide 

layer on the surface [3]. The combined layers offer good corrosion resistance. 

However in contrast to the smooth coating and large grains typically found in hot-dipped 

coatings, an electro-plated Zn-Ni coating shows finer grains and a micro roughness on the 

surface at the initial state. The phase transformation also differs during the typical heat cycle 

used in hot-stamping of boron alloyed steel. At 700 °C the iron enrichment in the electro-

plated coating is less than in the hot-dipped especially closer to the coating surface [14]. At 

800 °C the Zn-Ni coating consists of 85% intermetallic state and 15% zinc supersaturated 

solid solution, which is due to different variation of ZnxNeyFez have a higher melting point 

than the ZnFe phases present in hot-dipped coating that slows diffusion. After a heat 

treatment of 5 minutes at 880 °C the electroplated Zi-Ni coating consists of three phases 

compared to the hot-dipped coating. They are characterized by a top layer of 13, 79 and 8 wt. 

% Ni, Zn and Fe (γ-ZnNiFe) and a second layer of 3, 26 and 71 wt. % Ni, Zn and Fe (α-

Fe(Zn)) with scattered regions of 13, 74 and 13 wt. % Ni, Zn and Fe (γ-ZnNiFe). Further the 

protective Zn-oxide layer continues to grow with dwell time in the case of electroplated 

coating which is not the case for hot-dipped coating [14]. 
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2.2.2. AlSi-coating 

Contrary to Zn-based coatings, AlSi coatings are not suitable for use in the indirect process of 

hot stamping as the coating is not as formable as the boron steel and would break during deep 

drawing [9]. The fewer steps in the direct process make this the more preferred and used 

coating, unless there is a need for cathodic-protection. The appliance of the AlSi-layer is done 

by hot-dipping and manufacturers supply different thicknesses (9-35 μm) with a typical Si 

content of 10 %, Fe 3 % and the rest Al [15]. 

As in the case of the Zn-based coating the AlSi also forms new phases during the heating to 

austenitization temperature due to Fe-diffusion in the interface between sheet metal and 

coating. Apart from the cool-down rate, mentioned earlier, being a crucial parameter the rate 

at which the furnace heats the steel blank is limited by the AlSi-coating. A heating rate 

exceeding 12 K/s will melt the coating as AlSi has a melting temperature well below the 

austenitization of steel, but by keeping it under the limit, Fe-diffusion will continually raise 

the melting point [3]. 

Already after the hot-dipping has been done an Al-rich intermetallic phase is formed in the 

region at the interface between steel and coating, as shown in Figure 8, containing mainly 

Al8Fe2Si [16]. These Al-rich phases have low fracture toughness and can cause cracks in the 

coating during pressing, which would reduce corrosion resistance and weldability as well as 

increasing abrasive wear on tools. When the austenitization temperature is reached, Figure 9 

middle image, the Al-coating is completely transformed into intermetallic phases of the type 

Al5Fe2 and Al2Fe3Si3 and with continued dwell-time at, TAUS = 920 °C, further transformation 

into AlFe occurs. M. Windmann et al. have shown that after 6 minutes at TAUS (industrial 

production-standard) and press hardening, a 25 μm thick layer increases to a mean of 35 μm 

containing 34-38 % AlFe and 62-66 % Al5Fe2, Figure 9. At the interface between coating and 

base metal a 10 μm Al-Si rich α-Fe layer is formed due to continuous diffusion of Al to the 

base metal and aluminum being a stabilizer for ferrite [16]. 

 
Figure 8. SEM micrographs of the AlSi coating in hot-dipped condition [16]. 

 

 
Figure 9. SEM micrograph of AlSi coating after different dwell-times at TAUS = 920 °C [16]. 
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With increasing dwell-time more AlFe as well as α-Fe will form and it is desirable to have as 

much AlFe as possible, while still keeping production rates high, since it is more ductile than 

Al5Fe2. Further work done by M. Windmann et al. concluded that besides dwell-time, the 

coating thickness and amount of Si have an impact on the magnitude of AlFe in the coating 

layer. Thinner coating thicknesses lead to shorter diffusion paths and thus promote AlFe 

transformation, while lowering silicon amount will provoke transformation of hard and brittle 

Al-rich intermetallic phases [15]. 

On the surface of the coating an Al2O3 oxide-layer is formed which provide protection 

towards scale formation when the blanks are exposed to an oxygen rich atmosphere and give 

good corrosion resistance by inhibiting further oxidation. 

2.3 Brazing 
Different materials are used as fillers during brazing depending on the base material and the 

mechanical properties the joint needs to for fill. What they all have in common is that their 

liquidus temperature is lower than the solidus temperature of the base material and when 

molten, the filler metal wets the surface between the metals to be joined via capillary action. 

This brings the materials within 4 Å of each other and inter-atomic attraction is the bonding 

force [2]. 

Both soldering and brazing works in this exact same manner and contrary to welding do not 

imply melting of the base material but only the filler is melted. The difference between 

brazing and soldering is defined by the temperature used to melt the filler material. The 

method is called brazing when conducted at a temperature above 425 °C and soldering at 

temperatures below [17]. 

The oxide-layer produced at the surface of the coating protecting against scale formation on 

the coated 22MnB5 steel becomes an issue during brazing. The high melting temperature of 

Al2O3 (> 2000 °C) [18] prohibits wetting of the surface and has to be removed by either 

mechanical means or by the use of a flux. 

2.3.1. Flux 

The main objective of a flux (chemical compound) is to dissolve the accelerated formation of 

oxide layers that forms when metals are heated to high temperatures and to cover the brazing 

joint preventing any new oxides from forming. There are numerous different types of fluxes 

that have different work-temperature, heating-times and other specific properties needed for 

brazing of all kinds of alloys [19]. 

For brazing aluminum there are two types of fluxes, corrosive and non-corrosive. Corrosive 

fluxes consist of Potassium chloride and when used provide good results during brazing in 

both mechanical properties of the joint and in appearance. They do however have a drawback 

in electrolytic-corrosion from left over residue after brazing. This requires a complicated 

cleaning process, rinsing the products in hot water is simply not enough. Non-corrosive fluxes 

on the other hand do not require the extra cleaning process, but do however leave a gritty 

surface finish. One of the more popular fluxes is NOCOLOK® due to its melting temperature 

being close to that of aluminum-silicon filler materials [20] 

NOCOLOK® flux consists of a mixture of potassium fluoroaluminates, namely KAlF4 (70–

80 %), K2AlF5·H2O and K2AlF5 (20-30 %). It is characterized by a melting point between 565 

°C and 572 °C and is non-hygroscopic as well as earlier mentioned non-corrosive [21]. 

During the braze-cycle at 490 °C the flux chemically reacts as in Eq. 1 which gives the flux 

melting temperature range as described above (565 – 572°C). During brazing some of the 

KAlF4 evaporates and can react with the furnace atmosphere if it is moist and form hydrogen 
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fluoride according to Eq. 2 which is toxic [21]. Therefor a need for low oxygen atmosphere is 

a need, typically nitrogen is used. Good ventilation could also be required. An outline of the 

flux transformation is shown in Figure 10. 

 

 2𝐾2𝐴𝑙𝐹5 → 𝐾𝐴𝑙𝐹4 + 𝐾3𝐴𝑙𝐹6 (1) 

 

 3𝐾𝐴𝑙𝐹4 + 3𝐻20 → 𝐾3𝐴𝑙𝐹6 + 𝐴𝑙2𝑂3 + 6𝐻𝐹 (2) 

 

 
Figure 10. Flux transformation during brazing [21]. 

 

NOCOLOK® is however not the only flux used for brazing of aluminum but what is also 

commonly used are varieties of fluxes alkaline chlorides or fluorides mixed with lithium salts, 

where the salts give the flux a low melting temperature close to aluminum [22]. 

2.3.2. Other surface activation processes 

In vacuum brazing the protective Al-oxide layer on the surface is typically not dealt with by 

the use of a flux. The difference in thermal expansion coefficient between base material and 

oxide has the effect of cracking the oxide-layer during rapid heating, and since there is 

absence of oxygen no new layer will form [23]. 

It is possible to crack the oxide layer in a protective atmosphere furnace by using a joining 

partner with sharp edges and applied pressure. The sharp edge will induce a crack in the oxide 

and if enough pressure is applied it will be large enough to cover an area to be brazed which 

is not only limited to the sharp edge. A draw back to this method comparing to the use of a 

flux is that the flux lowers the surface tension which increases braze alloy flow [23]. 

2.3.3. Al-based filler material 

Brazing of aluminum is done with filler material with a lower melting temperature than that 

of aluminum itself. Usually an aluminum based alloy is used for the brazing, with alloying 

elements lowering its liquidus temperature to not melt the base material [18]. The alloying 

elements used for lowering the liquidus temperature are mainly Si, Cu and Zn while other 

alloying elements are used for different purposes. 

As mentioned silicon influence the melting mechanism of aluminum. As can be seen in the 

Al-Si phase diagram, Figure 11, an addition of around 12 wt. % Si will reduce the melting 

temperature from 660 °C to 577 °C. Studies have shown that filler metals with near eutectic 

composition have optimal flow and wetting ability, whereas those with hypoeutectic on the 

contrary have very poor fluidity and thus produce worse joints [24]. 
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Figure 11. Al and of Al-Si phase diagram [25]. 

 

To further reduce the melting temperature of filler metal, investigations on addition of Cu to 

the alloy have been concluded. T.h. Chuang et al. [26] developed a filler metal with the 

composition Al-7Si-20Cu-2Sn-1Mg with a melting temperature range between 501 °C to 522 

°C. Their investigation showed that with addition of Cu to Al-12Si the melting temperature 

would drop until 30 % Cu was added then it would increase with further addition. The 2 % Sn 

added in the filler contributed to reducing the melting temperature, but further addition 

resulted in the formation of pure Sn and Si phases which weaken the brazeability. The Mg 

addition was based on its effect of reducing the oxide layer when used in vacuum brazing, 

increasing the wetting of the surface. Their results showed that this particular composition 

when used for butt joining of AA6061 produced braze-joints with bonding strength 95 ± 9 

MPa compared to 59 ± 18 MPa with conventional Al-12Si which could be further increased 

with T6-tempering. 

Other alloys such as Ni and Re have been used in another investigation by G. Zhang et al. 

[27] to braze Al-6063 base material. This filler contained 25Cu-8.5Si-1.5Ni-0.2Re and is 

balanced with Al and has a melting range from 515 °C to 533 °C. Addition of Re has a 

positive impact on grain refinement and spheriodizes Si particles that prevent dislocation and 

adds strength to the joint. While addition of Ni was done to compensate the brittleness of 

CuAl2 formed during brazing. Cu or CuAl2 diffused into the base material where eutectic 

reaction of Cu and Al atoms result in lowering of the surface energy which would help in 

removing the oxide layer, thus improving wetting. The tests were also performed for two 

different heating rates, and it showed that a faster heating rate improved wetting for non-

eutectic fillers. This brazing filler produced joints with average shear strength of 62.63 MPa 

compared to eutectic Al-Si-Cu filler with shear strength 54.69 MPa. 

Apart from adding different alloying elements which lower the melting temperature and thus 

provide easier wetting of the surface or alter the formed microstructure in a beneficial way, 

there are other variables such as brazing time and joint thickness. These both have an impact 

on the mechanical properties of the brazing joint. For a typical eutectic Al-Si filler (11-13 % 

Si) used in brazing of AA3003 investigations by H. Nayeb and M. Lockwood [2] have shown 

increasing joint strength with increasing joint thickness and a reduction in strength for brazing 

times over 10 minutes. The increase in joint thickness resulted in a decrease in the Von Mises 
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stresses, Figure 12, and increased joint strength which was validated both with FEM-analysis 

and tensile tests. Another phenomenon occurred with prolonged brazing time. The diffusion 

of silicon into the base material is believed to have reduced the melting temperature in the 

joining-zone which leads to shrinkage porosities in the region during cooling down, see 

Figure 13. Also diffusion leads to less strong eutectic microstructure in the joint with longer 

brazing times and is more apparent for joints with lower thickness. 

 

 
Figure 12. Variation of Von Mises stress in the joint region vs. joint thickness [2]. 

 

 
Figure 13. Shrinkage cavities from a joint with brazing period 40 minutes [2]. 
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2.4 Sandwich structures 
By using two faces in co-operation separated by a distance an increase in bending stiffness 

can be acquired. This is believed to have been first discussed in 1820, however it was first in 

1930s when adhesive bonding saw a structural use that sandwich panels as we know them 

started seeing some use [28]. At this time the panels were typically made up of faces of some 

stiff wood type and a weaker but lighter core e.g. balsa wood. Today there are all types of 

sandwich panels with faces of everything from thin steel sheets to fiber reinforced plastics and 

with a core of low density material such as e.g. foam. There are even sandwich structures that 

have the same material in both faces and the core, but where the core is altered to a 

honeycomb, corrugated or other shape to save weight. Examples in Figure 14 and Figure 15 

 
Figure 14. Aluminum sandwich panel [29]. 

 
Figure 15. Carbon fiber sandwich panel [30]. 

 

In essence what all sandwich structures have in common is a much stiffer structure at low 

weight, compared to if the panel would have been made of just the two face sheets. They 

work much in the same way as an I-beam which also has the load bearing flanges far from the 

center of the web [28]. 

The fundamentals of calculating sandwich beam theory are basically the same as engineering 

beam theory, besides the transverse shear deformations. Additionally different loads will be 

carried by different parts of the panel. 

A beam being subject to a constant bending moment, Figure 16 will have a strain in position z 

from the center-line as Eq. 3. 

 
Figure 16. Bending moment applied to a beam [31]. 

 

 𝜀𝑥 = 𝜅𝑥𝑧 (3) 

 

Where κx is the curvature of the beam and the bending moment applied to cause said 

curvature is: 

 



 

14 

 𝑀𝑥 = ∫ 𝜎𝑥𝑧𝑑𝑧 = 𝜅𝑥 ∫ 𝐸𝑧2𝑑𝑧 =
𝐸𝐼

𝑅 𝑥
, 𝑤ℎ𝑒𝑟𝑒 𝐸𝐼 = ∫ 𝐸𝑧2𝑑𝑧 = 𝐷 (4) 

 

The flexural rigidity, EI, which normally is a product of the elastic modulus and moment of 

inertia is here denoted D for the simple reason of E varying across the cross section along the 

z-axis. This means that it can’t be moved outside the integral and I loses its definition [31]. 

The expression for strain varying linearly with z from Eq. 3 and 4 then becomes: 

 𝜀𝑥 =
𝑀𝑥𝑧

𝐷
 (5) 

 

For a sandwich with faces of the same material and thickness the flexural rigidity then is: 

 
Figure 17. Cross section of sandwich beam [31]. 

 

 𝐷 = ∫ 𝐸𝑧2𝑑𝑧 =
𝐸𝑓𝑡𝑓

3

6
+

𝐸𝑓𝑡𝑓𝑑2

2
+

𝐸𝑐𝑡𝑐
3

12
= 2𝐷𝑓 + 𝐷0 + 𝐷𝑐 (6) 

 

Where Ef and Ec are the face and core elastic modulus respectively and tf and tc the face and 

core thickness while d = tf + tc (distance between face center-lines). Usually there are big 

differences between the thickness of core and faces, as well as the elastic modulus of them. 

An approximation typically used for the case of thin faces and weak core i.e. tf << tc and Ec 

<< Ef [31] turns Eq. 6 into: 

 

 𝐷 =
𝐸𝑓𝑡𝑓𝑑2

2
 (7) 

 

The stresses in the faces and core of a sandwich structure can be summarized by using Eq. 5 

as follows: 

 

 𝜎𝑓 =
𝑀𝑥𝑧𝐸𝑓

𝐷
 𝑓𝑜𝑟 

𝑡𝑐

2
< |𝑧| <

𝑡𝑐

2
+ 𝑡𝑓 (8) 

 

 𝜎𝑐 =
𝑀𝑥𝑧𝐸𝑐

𝐷
≈ 0 𝑓𝑜𝑟 |𝑧| <

𝑡𝑐

2
 (9) 

 

The maximum shear stress is found at the neutral axis (z = 0). At the interface between core 

and face, the minimum shear stress of the core is equal to the maximum shear stress of the 
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faces which is described in Eq. 10 and 11. For detailed derivation of the simplifications 

leading to the more general expressions see [31]. 

 

 𝜏𝑐,𝑚𝑎𝑥 =
𝑇𝑥

𝐷
(

𝐸𝑓𝑡𝑓𝑑

2
+

𝐸𝑐𝑡𝑐
2

8
) (10) 

 

 𝜏𝑐,𝑚𝑖𝑛 = 𝜏𝑓,𝑚𝑎𝑥 = 𝜏 (
𝑡𝑐

2
) =

𝑇𝑥

𝐷
(

𝐸𝑓𝑡𝑓𝑑

2
) (11) 

 

Where Tx = dMx/dx (transverse force at x). If the core is indeed weak (Ec << Ef) the different 

stresses can be re-written as function of position at the z-axis like: 

 

 𝜎𝑐(𝑧) = 0 (12) 

 

 𝜎𝑓(𝑧) =
𝑀𝑥𝑧𝐸𝑓

(𝐷0 + 2𝐷𝑓)
 (13) 

 

 𝜏𝑐(𝑧) =
𝑇𝑥𝐸𝑓𝑡𝑓𝑑

2(𝐷0 + 2𝐷𝑓)
 (14) 

 

 𝜏𝑓(𝑧) =
𝑇𝑥

(𝐷0 + 2𝐷𝑓)

𝐸𝑓

2
(

𝑡𝑐
2

4
+ 𝑡𝑐𝑡𝑓 + 𝑡𝑓

2 − 𝑧2) (15) 

 

If at the same time the faces are much thinner than the core (tf << tc) the equations can be 

reduced further: 

 

 𝜎𝑐(𝑧) = 0, 𝜎𝑓(𝑧) = ±
𝑀𝑥

𝑡𝑓𝑑
, 𝜏𝑐(𝑧) =

𝑇𝑥

𝑑
, 𝑎𝑛𝑑 𝜏𝑓(𝑧) = 0 (16) 

 

As seen in Eq. 16 the faces carry the resulting tensile and compressive stresses resulting from 

the bending moment while the core carries the shear stresses from transverse forces, see 

Figure 18. Given the fully reduced equations, assume a beam made up of only two faces with 

thickness tf = t/2 having a weight of 1, flexural rigidity of 1 and bending strength at 1. By 

adding a core with negligible weight (low density) forming a sandwich with d = 2t (d = tf + tc) 

the flexural rigidity increases to 12, and the bending strength 6 or further d = 4t flexural 

rigidity at 48, and bending strength at 12 [31], see Figure 19. 
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Figure 18. Tensile and shear stress 

approximations [31]. 
 

Figure 19. Low density core impact on flexural 

rigidity and bending strength [31]. 

 

If however the faces are thick and the core is rigid the simplifications can’t be used any longer 

and the calculations to solve engineering problems become more complicated. The increase in 

flexural rigidity and bending strength is however still present. Readers wanting to gain deeper 

knowledge into the more complex equations of sandwich structures are encouraged to study 

[32]. 

The advantages of a low density core, increasing the distance between two faces that can 

carry high stresses, can clearly be seen in Figure 19 and is why the sandwich structure is very 

advantageous in a society where weight saving is of high priority in industries such as 

automobile, maritime and aerospace to reduce fuel consumption and CO2 emissions. 
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3. Experimental 
In this study experimental brazing was done to analyze the possibility of joining two 

USIBOR® 1500P AS150 blanks in a lap joint as an attempt to investigate the joining 

possibility of above mentioned material to a core and its usage in a sandwich structure. 

Further the strength of the coating after various heat treatments was tested both in shear and 

tensile pull off load using adhesive. 

3.1 Material 
For this study the following material was used: 

 22MnB5 steel (boron alloyed steel), see Table 1 

 USIBOR® 1500P AS150, (aluminized 22MnB5 press hardening steel), thickness 1,15 

mm, see Table 2. 

Table 1. Average chemical composition of 22MnB5 [%] [33]. 

 C Si Mn Cr P S B Al Ti 

22MnB5 0,225 0,25 1,25 0,155 <0,025 <0,008 0,0035 >0,015 0,035 

 

Table 2. Average chemical and dimensional composition of coating [%] [34]. 

 Al Si g/m
2
  Thickness [μm] 

AS150 90 10 150 25 

 

 Two different brazing filler material: 

o Eutectic AlSi12 brazing foil with thickness 0,4 mm, see Table 3, which was 

chosen based on its composition being close to that of the coating and having 

an eutectic melting point promoting good wetting. 

Table 3. Chemical composition and properties of eutectic AlSi12 brazing foil. 

 Al Si 
Solidus temp. [° 

C] 

Liquidus temp. [° 
C] 

Rec. brazing temp. 

[° C] 

Castolin Eutectic 

AlSi12 
88 12 575 585 593 

 

o Amorphous NiCr-based brazing foil with thickness 0,05 mm, see Table 4, 

which was chosen based on good results of brazing on uncoated 22MnB5 in a 

previous project. 

Table 4. Chemical composition and properties amorphous NiCr-based brazing foil [35]. 

 Ni Cr 
Si, B 

and P 

Solidus temp. 

[° C] 

Liquidus temp. 

[° C] 

Rec. brazing 

temp. [° C] 

Vitrobraze 

2170 
70 21 9 880 925 980 - 1100 
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 Two different flux paste, see Table 5, that differ in both active temperature range and 

typical usage area. Flux 190PF was chosen on its typical usage area which is brazing 

of aluminum whereas with Atmosin 181PF the active temperature range was the 

deciding factor. 

Table 5. Composition, active temperature range and usage of flux. 

 Composition 
Active temp. 

[° C] 
Typical usage 

Castolin Eutectic Flux 

190PF 

25-50 % LiCl,  

15-20 % ZnF2,  

1-5 % NaF 

570 - 620 
Aluminum 

brazing 

Castolin Eutectic Atmosin 

181PF 

> 50 % Fluoroborate,  

10-50 % Boric acid 
550 - 900 

Reparation of 

steel 

 

3.2 Preparation, setup and calibration 
Braze joints and heat treatments were produced using a tube furnace with a maximum 

temperature of 1200° C and with a continuous gas flow of nitrogen at 3,7 L/minutes to mimic 

what is known as controlled atmosphere brazing (CAB) which is used today in aluminum 

brazing as well as steel brazing. 

3.2.1. Joint preparation and fixturing 

Substrates of USIBOR® 1500P AS150 were cut into lengths according to Figure 20 and burrs 

were ground down to ensure good fitting between sheets in the area to be joined. The 

substrates were then cleaned, first using acetone and then with ethanol. A flux was then added 

to the joint area see Figure 20 and the braze filler material was cut into strips of 20 by 20 mm 

and placed between the two steel substrates. 

 
Figure 20. Lap joint of braze attempts. 

 

The setup can then be placed in a fixture made out of sintered SiO2 and a steel weight of 252 

g is placed on the joint area to apply pressure during brazing see Figure 21. This is then 

lowered into a furnace boat on top of a fixture with a thermocouple type-S see Figure 22 and 

Figure 23 and can be slid in and out of the tube furnace see Figure 24. 
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Figure 21. Fixture with samples and weight 

placed on joint area. 
 

Figure 22. Thermocouple placed in the boat. 

 
Figure 23. Fixture with braze samples placed 

in the boat. 

 
Figure 24. The boat can be slid in and out of 

the furnace when samples have been loaded. 

3.2.2. Heat cycles 

Calibration of the thermocouple type-S placed beneath the fixture holding the test-samples 

was calibrated using a second thermocouple type-S which was resistance spot welded (RSW) 

directly onto a 1,15 mm thick USIBOR® 1500P AS150 test piece. This piece was in turn 

resistance spot welded (RSW) to another USIBOR® 1500P AS150 piece with 20 mm 

overlap, as in Figure 20 to resemble the brazing setup. 

The calibration was performed with the tube furnace set to two different temperatures, 800 

and 950° C to validate to accuracy of the internal thermocouple of the furnace itself and also 

to see the difference in measurement of the welded onto substrate and beneath substrate 

thermocouples. The difference in measurement being particularly important as the 

thermocouple placed beneath samples is used as the measuring device during brazing and heat 

treatment cycles. 

When the furnace thermocouple showed the preset temperature it was left for at least 30 

minutes to make sure the heat zone was even. The boat with calibration sample and 

thermocouples was then slid into the furnace and when both thermocouples reached the 

furnace temperature it was pulled out. The sample with RSW thermocouple was quickly water 

quenched while the boat, fixture and steel weight were only cooled by the surrounding air. 

The process was then repeated when everything but the water quenched sample had an 

elevated temperature to simulate rapid testing where one sample is removed and another one 

is directly loaded into the still warm boat, this to simulate production flow in a high volume 
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press hardening furnace. The heating curves of both thermocouples are shown in Figure 25 

and Figure 26. 

 
Figure 25. Thermocouples on and below sample with furnace temperature 800° C. 

 

 
Figure 26. Thermocouples on and below sample with furnace temperature 950° C. 

 

From Figure 25 and Figure 26 it is seen that the RSW USIBOR® 1500P AS150 sample is 

more rapidly heated than the thermocouple placed beneath the fixture. Closing in on the target 

temperature of the furnace the curves level out and show a difference of around 10° C 

between the thermocouple on the sample and the one beneath the sample as seen in Figure 27 

and Figure 28. More accurately in the case of 800° C when the on sample thermocouple 

measured 798° C the below sample showed a reading of 790° C and in the case of 950° C the 

reading difference was 948° C to 940° C. It was decided that for both brazing and heat 

treatment a 2° C offset from targeted temperature was adequate enough to initiate timing of 

hold times. To avoid the need of attaching a thermocouple to each sample, a stationary 

thermocouple mounted in the boat (below the sample) was used. Timing of hold times started 

when the stationary thermocouple in the boat had reached a temperature of 10° C below 

target. 
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Figure 27. Temperature difference close to 

800° C. 

 
Figure 28. Temperature difference close to 

950° C. 

3.2.3. Austenitization 

For samples originally brazed at the lower temperature of 593° C, it was concluded that a 

second heat treatment was needed post brazing, at a higher temperature, to fully austenite the 

steel substrate.  

The time that it takes for the sample to reach the targeted temperature of the furnace, as in 

Figure 26, was deemed too long and time consuming. Bigger variance in the austenitization 

process was therefore allowed and timing would start at a lower temperature, leading to the 

temperature of the sample constantly rising during the process and not levelling out before 

removal from the furnace. Upon studying the temperature curve for the RSW on sample 

thermocouple a time window of 4 min was found were the curve gradient had started to level 

out some and the temperature was above that of Ac3 = 920° C. The 4 min window was 

between 926 and 940° C for the on sample thermocouple and between 868 and 918° C for the 

one placed below sample, as is shown in Figure 29. 

 
Figure 29. Austenitization temperature interval. 

3.2.4. Estimated calibration of furnace at 1000° C 

Previous brazing tests of uncoated 22MnB5 were made at 950° C but the total time in the 

furnace was considered too long. In an attempt to shorten the brazing time, the furnace 

temperature was raised above the target for austenitization, in this case to 1000° C. To further 

lower the brazing time, brazing was allowed to be conducted in a larger temperature interval 

then the previously used (target temp +- 2° C). In this case, for the NiCr-based brazing foil, 

timing of the hold time started at the liquidus temperature of 925° C. A new approximated 

calibration of the below sample thermocouple was done based on the readings from 
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calibration at 800 and 950 °C. To acquire the approximated heating curves for the two 

thermocouples linear interpolation was used on the curves from Figure 27 and Figure 28 as 

here the difference of 150° C in the furnace had been measured and was known. 

Since the target temperature was 1000° C we have an increase of 50° C up from 950° C. This 

increase is a third of the known 150° C which would give the following formula for 

calculating the approximated curves: 

 𝑇1000 = 𝑇950 +
1

3
(𝑇950 − 𝑇800) (17) 

In Eq. 17 T1000 is the new approximated thermocouple reading and T950 and T850 are the actual 

readings from calibration tests in 3.2.2. The new approximated heat cycle resulting from 

having the furnace set to 1000° C along with the used readings can be seen in Figure 30. 

 
Figure 30. Estimated heat cycle for samples in furnace at 1000° C. 
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3.3 Brazing 
Attempts were made to produce braze joints with different combinations of temperature, hold 

times, filler material and fluxes. During brazing the tube furnace had a continuous gas flow of 

3,7 L/minutes of nitrogen. Temperatures for each test were logged using the thermocouple 

type-S placed beneath the sample. Hold times were also based on the same thermocouple. The 

prepared samples of steel substrates with flux and filler material were placed in the fixture 

which was loaded into the boat. The weight was placed on the joint area and everything slid 

into the furnace, and when the desired hold time at a specific temperature had been achieved 

the sample removed and air cooled. 

3.3.1. One step brazing above 900° C 

Four tests setups were done to produce brazing joints between USIBOR® 1500P AS150 

substrates with one heat cycle in the tube furnace with temperatures above 900° C. All tests 

were made with samples and joint fixture at room temperature, while everything else had an 

elevated temperature prior to entering the furnace. When the desired heat cycle had been 

performed samples were removed and air cooled. A test matrix for one step brazing trials is 

given in Table 6 and heat cycles in Figure 31 where the latter temperature was chosen based 

on braze attempts with Vitrobraze 2170 in an earlier project. Recorded temperature data of 

tests can be found in Appendix I. 

Table 6. Test matrix for one step brazing tests. 

 Samples Filler Flux 
Temp. [° 

C] 

Hold time 

[minutes] 

Test 

11 
1 

Vitrobraze 

2170 
Flux 190PF 950 10 

Test 

12 
1 AlSi12 Flux 190PF 950 10 

Test 

19 
3 Alsi12 

Atmosin 

181PF 
900 10 

Test 

20 
3 

Vitrobraze 

2170 

Atmosin 

181PF 
950 10 

 

 
Figure 31. Typical appearance of heat cycle used for brazing at 900 and 950° C for 10 minutes. 
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3.3.2. Brazing at or close to recommended temperature for AlSi12-filler 

Three experimental tests were done when brazing was carried out at or close to recommended 

brazing temperature with three different base materials. First sample of each test was a cold 

start where everything but furnace had room temperature. The following two tests only had 

sample and joint fixture at room temperature, and all samples were air cooled. Parameter 

combination is given in Table 7 and difference of cold and hot start in Figure 32. Recorded 

temperature data of tests can be found in Appendix I. 

Table 7. Test matrix for brazing tests at recommended temperature. 

 Samples Base material Filler Flux 
Temp. [° 

C] 

Hold time 

[minutes] 

Test 

14 
3 

USIBOR® 1500P 

AS150 
AlSi12 

Flux 

190PF 
593 10 

Test 

15 
3 22MnB5 AlSi12 

Flux 

190PF 
593 10 

Test 

16 
3 AA5754 AlSi12 

Flux 

190PF 
586 10 

 

 
Figure 32. Typical heat cycles for cold and hot start for brazing at 593° C for 10 minutes. 
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3.3.3. Two-step brazing 

Five tests were done using USIBOR® 1500P AS150 as base material, when a combination of 

brazing at recommended braze temperature was used together with the austenitization heat 

cycle outlined in 3.2.3. The furnace was set to 593° C and samples were loaded into the 

already pre-heated boat. When the desired hold time at brazing temperature had been 

achieved the samples were removed and air cooled. The furnace was then set to 950° C and 

the same samples loaded, with the boat at an elevated temperature. After reaching 926° C the 

samples where left in the furnace for 4 minutes and were then removed and air cooled. The 

first heat cycle of Test18 was a cold start while all other heat cycles used a pre-heated boat. 

Test matrix is given in Table 8 and heating cycle of Test 18 is shown in Figure 33. Recorded 

temperature data of tests can be found in Appendix I. 

Table 8. Test matrix for two step brazing tests. 

 Samples Filler Flux 
Temp. 1 

[° C] 

Hold time 1 

[minutes] 

Temp. 2 

[° C] 

Hold time 2 

[minutes] 

Test 

17 
3 AlSi12 

Flux 

190PF 
593 10 926-940 4 

Test 

18 
1 AlSi12 

Flux 

190PF 
593 60 926-940 4 

Test 

24 
3 AlSi12 

Flux 

190PF 
593 15 926-940 4 

Test 

25 
3 AlSi12 

Flux 

190PF 
593 25 926-940 4 

Test 

26 
3 AlSi12 

Flux 

190PF 
593 35 926-940 4 

 

 
Figure 33. Heating cycle of Test 18 where T2 shows hold time 1. 
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3.3.4. One-step brazing of uncoated 22MnB5 

Two series of five samples each were brazed using a one-step heat cycle on uncoated 

22MnB5 with Vitrobraze 2170 foil as filler material. These tests aimed to replicate previous 

work done by Tag Hammam in a previous stage of this project at Swerea KIMAB with the 

mission to join uncoated 22MnB5. No flux was used as the uncoated samples do not have the 

problem with Al-oxide formation, and the filler material being self-fluxing. For the first series 

the furnace was set to 950 ° C and samples were held at the target temperature for 10 min as 

seen in Figure 34. After removal from the furnace the sample was left in the fixture for 

approximately 5-6 seconds and then quickly water quenched to simulate the cool-down rate 

that is applied in press hardening. Test matrix combination of the two test series is given in 

Table 9. 

Table 9. Test matrix for brazing of uncoated 22MnB5. 

 Samples Filler Temp. [° C] 
Hold time 

[minutes] 

Test 27 5 Vitrobraze 2170 950 10 

Test 28 5 Vitrobraze 2170 925-979 5 

 

 
Figure 34. Heat cycle used for test 27. 

 

The second series had the furnace set to 1000° C and used the approximated heat cycle from 

3.2.4 as basis for ensuring that the right temperature and hold times were achieved. Samples 

were removed when the thermocouple placed below the fixture reached a temperature of 920° 
C which in theory would mean brazing above the filler materials liquidus temperature (3.1) 

for approximately 5 minutes as in Figure 35. The elevated furnace temperature was applied to 

reduce the total time samples were in the furnace however the logged temperature readings 

from tests show a shorter time in the furnace than the expected 13 minutes (Figure 35) as is 

shown in Figure 36. When the thermocouple placed below the sample reached 920° C 

samples were removed from the furnace and as in the previous test series left for 5-6 seconds 

in the fixture before being quenched in water. Recorded temperature data of tests can be 

found in Appendix I. 
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Figure 35. Estimated brazing temperature and time according to 3.2.4. 

 

 
Figure 36. Heat cycle for test 28. 

  

600

700

800

900

1000

1100

5 7 9 11 13

Te
m

p
e

ra
tu

re
 (

° 
C

) 

Time (minutes) 

Below sample

On sample

0

100

200

300

400

500

600

700

800

900

1000

0 2 4 6 8 10 12

Te
m

p
e

ra
tu

re
 (

° 
C

) 

Time (minutes) 

1000~ 5 min 



 

28 

3.4 Adhesive joint 
To evaluate the adherence of the AlSi-coating to the steel substrate after heat treatment 

samples joined with adhesive were prepared. Three samples were first heat treated at 950° C 

for 10 minutes as in Figure 38 using a pre-heated boat. After removal and air cooling the 

samples were cleaned using acetone and an adhesive was applied on a 20 by 20 mm area to 

form a joint as in the brazing attempts see Figure 37. The adhesive used was 3M Scotch-

Weld DP460, which is an epoxy based adhesive. After the appliance of adhesive, samples 

were left to cure at least 24 hours at room temperature, based on recommendations from 3M. 

Table 10 shows test parameters. Recorded temperature data of tests can be found in Appendix 

I. 

Table 10. Test matrix for adhesive joint testing. 

 Samples 
Temp. 

[° C] 

Hold time 

[minutes] 
Adhesive 

Cure 

temp. [° 
C] 

Cure 

time [h] 

Adhesive 

joint 
3 950 10 

3M Scotch-

Weld DP460 
~20 >24 

 
Figure 37. Adhesive joint preparation. 

 

 
Figure 38. Heat treatment 10 minutes at 950° C. 
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3.5 Tensile adhesion testing 
To further evaluate the strength of the coating a tensile adhesion test was done. A test dolly is 

adhesively joined on to the coating of a sample and then pulled straight up perpendicular to 

the coating until fracture occurs, see Figure 39.  

All samples were heat treated according to Table 11. Some samples were air cooled while 

others were quenched between two copper blocks with some small applied external pressure. 

The area to be adhesively joined on the dolly was 10 mm Ø and was roughened using 

sandpaper to improve adherence. Both dollies and samples were cleaned using acetone. A 

strip of Teflon-tape was added around the mantle of the dollies to prevent adhesive from 

sticking to the mantle, see Figure 40. The dollies were then adhesively joined onto the 

samples using 3M Scotch-Weld DP460 epoxy based adhesive and cured for 3 hours at 65° C 

and then left for 24 hours at room temperature. After curing all excess adhesive around the 

joint area was removed. Recorded temperature data of tests can be found in Appendix I. 

 
Figure 39. Tensile adhesion test [36]. 

 
Figure 40. Teflon-tape wrapped around dolly mantle. 

 

Table 11. Heat treatments of samples used for tensile adhesion testing. 

 Samples 
Temp. 1 [° 

C] 

Hold time 1 

[minutes] 

Temp. 2 [° 

C] 

Hold time 2 

[minutes] 
Cooling 

T1 2 593 15 926-940 4 
Air 

cooled 

T2 2 593 25 926-940 4 
Air 

cooled 

T3 2 593 35 926-940 4 
Air 

cooled 

T4 2 593 15 926-940 4 
Cu-

Blocks 

T5 2 593 35 926-940 4 
Cu-

Blocks 

T6 1 950 10 - - 
Air 

cooled 

T7 1 950 10 - - 
Cu-

blocks 
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4. Evaluation 

4.1 Heat rate 
As mentioned in 2.2.2 the maximum heat-rate is 12 ° C/s above 600° C in order to avoid 

melting of the AlSi-coating [3]. The fastest measured heating rate occurs when the furnace is 

set to 950° C and as a check to determine the maximum heat-rate of this study the on sample 

thermocouple readings were approximated with three polynomials of 2
nd

 degree, shown in 

Figure 41. The curve fittings were made using the method of least square. 

 
Figure 41. Polynomial fitting of 950° C RSW on sample thermocouple see Figure 26. 

 

The heating rate above 600° C is the limiting factor during heat treatment and thus the 

polynomials of interest are those connected to parts 2 and 3 of the curve in Figure 41. As can 

be seen the gradient of part 2 exceed that of part 3, which is why only part 2 will be 

investigated. The derivative of polynomial 2 will serve as a heat-rate in ° C/s, Eq. 18, and can 

be calculated for three steps where the temperature is 600, 700 and 800 ° C at x1 = 2086,5s x2 

= 2173,5 x3 = 2288,5s in Eq. 19, 20 and 21: 

 𝑦 = −0,0026𝑥 + 6,6803 (18) 

 

 
𝑦1 = −0,0026 ∙ 2086,5 + 6,6803 (19) 

 

 
𝑦2 = −0,0026 ∙ 2173,5 + 6,6803 (20) 

 

 
𝑦3 = −0,0026 ∙ 2288,5 + 6,6803 (21) 

 

The resulting heat-rate at the three specific temperatures is thus y1 = 1,2254 ° C/s, y2 = 1,0292 

° C/s and y3 = 0,7302 ° C/s and is well below the maximum heat-rate of 12 ° C/s. 

y = -0,0558x2 + 232,45x - 241610 
R² = 0,9998 

y = -0,0013x2 + 6,6803x - 7665,6 
R² = 0,9997 

y = -8E-05x2 + 0,5389x + 65,513 
R² = 0,9704 
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4.2 Braze joints 

4.2.1. Shear stress measurements 

The evaluation of produced braze joints was done by measuring the shear stress required to 

cause fracture using two different tensile testers, Instron 5566 and 4505. The samples were 

clamped using an extra piece of base material with the same thickness in each clamping-tool 

to direct the force straight through the joint, see Figure 42. In the tensile tests, the pulling 

speed was set to 5 mm/min and used throughout all tests. After fracture had occurred the area 

of the joint was measured and combined with the acquired ultimate-force to calculate the 

shear strength of the joint see Eq. 22.  

 
Figure 42. Shear strength testing of joint. 

 𝜏 =
𝐹

𝐴
 (22) 

4.2.2. Light Optical Microscopy and Scanning Electron Microscopy 

To further evaluate the braze joints and the coating resulting from the various heat treatments 

used, cross sections were cut both in and far from the joint, as shown in Figure 43. The 

samples were then first polished and then etched for 1 min using 10% NaOH and evaluated 

using a Light Optical Microscope (LOM), Leica DM IRM. LOM was used to acquire 

knowledge about joint geometry, eventual cracks and pores and locations of different phases. 

Samples were also evaluated using a Scanning Electron Microscope (SEM), Leo 1530 

Gemini. Again cross sections were cut both in and far from the joint. Only polishing was 

done before evaluation, no etching. The SEM evaluation was done to gather information 

about the chemical composition of phases identified using LOM, which could be compared to 

literature and also to investigate were fracture occurs. This was done using Energy Dispersive 

Spectroscopy-analysis (EDS) with line scanning, mapping and point analysis. 
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Figure 43. LOM and SEM cross section preparation. 

4.3 Adhesive joints 
For the adhesive joints the same evaluation procedure as with braze joints in 4.2.1 was used. 

Where the shear stress required for fracture was measured, also LOM and SEM were used to 

evaluate the coating after heat treatment. Lastly SEM was used to evaluate the fracture cross 

section. 

4.4 Tensile adhesion 
To measure the coating adherence the standard ISO 4624:2002 “Paints and varnishes -- Pull-

off test for adhesion” was adopted. To measure the force needed to either remove the coating 

from substrate or cause fracture in the adhesive a manual hydraulic tensile adhesion tester for 

measuring of bonding strength, PAT model GM01/6.3kN, was used, as shown in Figure 44. 

As it was calibrated for dollies with a Ø 20 mm the readings were adjusted with a factor of 4 

to match the Ø 10 mm used in testing. 

 
Figure 44. Manual hydraulic tensile adhesion tester, PAT model GM01/6.3kN. 
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5. Results 

5.1 Tensile testing 
In this section the results from tensile tests are presented. 

5.1.1. One step brazing above 900° 

The material combination for braze attempts using both NiCr-based and AlSi12 foil as filler 

metal in combination with Flux 190PF (aluminum-flux) directly at 950° C for 10 minutes did 

not yield very good results. The sample with Vitrobraze 2170 (NiCr-foil) did not produce any 

joint between the substrates as they were separated when removed from the fixture, no 

wetting, and although the sample with AlSi12-filler produced a joint it could however be 

peeled by hand, and as such no tensile test was performed. 

Using the other flux (Atmosin 181PF) with a higher active temperature range provided 

different results. For the AlSi12-filler brazed at 900° C for 10 minutes one specimen broke 

prior to testing, when removed from the fixture while all three samples using Vitrobraze 2170 

at 950° C for 10 minutes could be removed without issues. However performance was low 

with shear strength of around avg. 1,1 and 2,0 MPa for the two material combinations, as can 

be seen in Figure 45. It was decided that the poor performance of the joints did not validate 

LOM or SEM analysis. Detailed tensile testing results can be found in Table 12 in Appendix 

I. 

 
Figure 45. Avg. shear stress (incl. min and max) using flux with high active temperature range 

and two different filler material. 
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5.1.2. Brazing at or close to recommended temperature for AlSi12-filler 

The material combinations tested at recommended brazing temperatures for AlSi12-filler 

(593° C) or a bit lower (586° C) when base material was AA5754 with melting temperature of 

600° C produced joints. In the last case of aluminum as substrate one sample was peeled by 

hand and therefor lacks measured shear stress and is not included in the avg. shear stress. The 

base material did however bend before the joint was separated from one of the substrates. The 

best performing combination was with USIBOR° 1500P AS150 as base material with an avg. 

shear strength 7,2 MPa while the other combinations both ended up with an avg. 2,7 MPa 

shown in Figure 46. As no austenitization had been performed it was decided that LOM and 

SEM analysis would not be done. Detailed tensile testing results can be found in Table 13 in 

Appendix I. 

 
Figure 46. Avg. shear stress (incl. min and max) using the same flux and filler material with 

different base materials when brazing at recommended temperature. 

5.1.3. Two-step brazing 

Using the same material combination of USIBOR® 1500P AS150, AlSi12-filler and Flux 

190PF with varied hold times of brazing at 593° C, followed by an austenitization process of 

926-940° C for 4 minutes resulted in varied shear strength. In the cases when brazing was 

done for 10, 15 and 25 minutes, one sample broke when removed from the fixture. Best 

performing were the samples with longer braze times 35 and 60 minutes, with avg. shear 

strength of 5,4 and 5,0 MPa while samples brazed for 10, 15 and 25 minutes showed strength 

of 1,4; 2,1 and 3,8 MPa, see Figure 47. Detailed tensile testing results can be found in Table 

14 in Appendix I. 
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Figure 47. Avg. shear stress (incl. min and max) from varied braze time at 593° C using the same 

material combination. 

 

Inspection of the fracture surface shows that the fracture occurs somewhere in the interface 

between joint and substrate, i.e. the joint does not break, but delaminates from one of the 

substrates, see Figure 48. The joints that broke when removed from fixture all show similar 

failure as seen in Figure 49, which could be due to oxide formation when removed from 

protective atmosphere but has yet to be explained. 

 
Figure 48. Fracture surface of joint brazed 

for 35 minutes at 593° C then heated 

through 926-940° C for 4 minutes. 

 
Figure 49. Typical joint breakage when 

removed from fixture. 
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5.1.4. One-step brazing of uncoated 22MnB5 

The brazing attempts made with amorphous NiCr-based filler material on the uncoated 

22MnB5 with two different heat-cycles, 950° C for 10 minutes and 925-979° C for 5 minutes 

had varying results. On average the two heat-cycles produced about the same performance on 

the joints with avg. shear strength 20,2 and 19,2 MPa, however the difference between best 

performing and worst performing joints is notable. In the samples brazed at 950° C for 10 

minutes the difference was as much as 16,1 MPa and in the other heat-cycle it was 11,6 MPa, 

see Figure 50. This indicates that the process is not very robust and stable. Detailed tensile 

testing results can be found in Table 15 in Appendix I. Common between all samples was that 

fracture occurred exclusively in the joint (filler material) which can be seen in Figure 51. 

 
Figure 50. Avg. shear stress (incl. min and max) for brazing of uncoated 22MnB5 using 

Vitrobraze 2170 with two different heat-cycles. 

 

 
Figure 51. Typical fracture surface of brazing attempts on uncoated 22MnB5. 
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5.1.5. Adhesive joint 

Joints prepared with adhesive after following a heat treatment of 950° C for 10 minutes 

instead of brazing that were tensile tested showed some spread in the performance. With 

highest shear stress at 22,65 MPa and the lowest at 10,51 MPa, showing that the heat 

treatment produces variance in the coating strength of samples, see Figure 52. Detailed tensile 

testing results can be found in Table 16 in Appendix I. All fractures occur at the interface 

between joint and substrate, i.e. in the AlSi coating of substrate, see Figure 53 and the fracture 

surface shows variation within the coating which very well might be different AlFeSi-phases 

due to iron diffusion during the heat treatment, see Figure 54. 

 
Figure 52. Avg. shear stress (incl. min and max) for adhesive joints prepared on USIBOR® 

1500P AS150 substrates heat treated at 950° C for 10 minutes. 

 
Figure 53. Fracture surface of adhesive 

joints. 

 
Figure 54. Variation which could be different 

AlFeSi-phases in the coating on the fracture 

surface. 
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5.2 Tensile adhesion testing 
The tensile adhesion tests that were performed provided scattered results with a lot of 

variance between different heat treatments and cool down procedure. The adherence appears 

to have increased for two –step heat treatments (varied hold time at 593° C followed by 

heating through 926-940° C for 4 minutes) when they are pressed between copper blocks to 

increase cool-down rate. For samples heated directly to 950° C it seems as if the opposite is 

instead occurring where the air cooled samples show best results. Tensile results are shown in 

Table 17. Previous tests with uncoated samples using the same adhesive and following the 

outlined steps in 3.5 showed results were fracture would occur in the adhesive when tensile 

stresses of above 40 MPa could be measured. Knowing the strength of the adhesive and 

looking at the fracture surface of tests, which was the same for all tests, it is shown that 

fracture occurs in the AlSi coating of samples, see Figure 56. 

 
Figure 55. Avg. measured stress (incl. min and max) from tensile pull off test on heat treated 

USIBOR® 1500P AS150. 

 
Figure 56. Fracture of tensile adhesion test. 
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5.3 LOM analysis 
In this section the images and results from Light Optical Microscopy (LOM) investigations 

are presented which were done on coating of samples heat treated for 10 minutes at 950° C 

and on both coating and joint prior and after austenitization of two-step brazing for 15, 25 and 

25 minutes. 

5.3.1. Coatings 

As the two-step brazing with AlSi12-filler included austenitization and produced the best 

result, LOM analysis was done on cross sections of samples from two-step brazing for 15, 25 

and 35 minutes both for the joint and also for the coating far away from the joint. For 

comparison a coating cross-section of two-step brazing for 35 minutes prior to the second heat 

treatment step (austenitization) was also prepared. In Figure 57 and Figure 58 the coating of 

35 minutes two-step brazing prior and after austenitization can be seen. At the interface 

between substrate and coating a visible change has occurred and a band like layer has 

appeared, also at the top of the coating there seems as if a more homogenous phase has taken 

form. 

 
Figure 57. Coating of two-step brazing for 35 

minutes prior to austenitization. 

 
Figure 58. Coating of two-step brazing for 35 

minutes after austenitization. 

 

The coatings that have been brazed for 15, 25 and 35 minutes at 593° C and then austenized 

for 4 minutes show the same band like layer at the interface between substrate and coating 

(Figure 58, Figure 59 and Figure 60). However there seems to be a difference in the 

homogeneity at the top of the coating, where samples brazed for 25 and 35 minutes look more 

similar than those only brazed for 15 minutes. 
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Figure 59. Coating of two-step brazing for 15 

minutes after austenitization. 

 
Figure 60. Coating of two-step brazing for 25 

minutes after austenitization. 

 

The coating produced by the heat treatment from one-step brazing at 950° C for 10 minutes 

which was also used in the shear stress evaluation by tensile testing using adhesive as joint 

(Figure 61) looks different from the two-step heat treated coatings (Figure 58, Figure 59 and 

Figure 60). The band between substrate and coating is not as visible; also the top of the 

coating seems to have grown at the cost of the darker phase in the middle. 

 
Figure 61. Coating of samples held for 10 minutes at 950° C. 

  



 

41 

5.3.2. Joints 

The brazing joints from two-step brazing using AlSi12-filler show similar structure regardless 

of braze time prior to austenitization with the difference being the thickness of phases, 

probably due to iron diffusion from substrate into the joint, see Figure 62, Figure 63 and 

Figure 64. A clear band is visible separating joint from substrate followed by a different phase 

connected to what is believed to be an aluminium matrix with Si-rich scattered needles. 

 
Figure 62. Joint brazed 15 

minutes prior to 

austenitization. 

 
Figure 63. Joint brazed 25 

minutes prior to 

austenitization. 

 
Figure 64. Joint brazed 35 

minutes prior to 

austenitization. 

 

After austenitization, see Figure 65, Figure 66 and Figure 67, the same joints show 

differences. The differences can mainly be seen at the interface between substrate and joint 

where the previous joints had two layers separating substrate from what is believed to be 

aluminium matrix, there is now just one. The aluminium matrix has also transformed and is 

no longer visible and is replaced by at least two intertwined phases. Comparing the effect of 

braze time on the joints after austenitization, the only notable difference seems to be in the 

layer closest to substrate. At 15 minutes braze time clear grain boundaries are seen that 

disappear with longer braze time.  

 
Figure 65. Joint brazed 15 

minutes after austenitization. 

 
Figure 66. Joint brazed 15 

minutes after austenitization. 

 
Figure 67. Joint brazed 15 

minutes after austenitization. 

 

Regarding joint thickness there is no clear correlation between braze time and subsequent 

austenitization as the shortest braze time without austenitization had the largest thickness of 

around 289 μm which after austenitization was reduced by almost a third. In the case of 25 

and 35 minutes braze times the behavior was opposite; with an increased thickness after being 

heated above 920° C. The thickness grew from around 214,5 to 273 μm. 

Prior to austenitization prolonged braze times above 15 minutes show an increase in pores and 

cracks illustrated in Figure 68, Figure 70 and Figure 72. However, after being heat treated at 

temperatures above 920° C the opposite is visible where all joints have cracks and pores see 

Figure 69, Figure 71 and Figure 73; but joints brazed for 35 minutes have the most joints 

formed in between cracks. 
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Figure 68. Joint brazed 15 minutes prior to 

austenitization. 

 
Figure 69. Joint brazed 15 minutes after 

austenitization. 

 
Figure 70. Joint brazed 25 minutes prior to 

austenitization. 

 
Figure 71. Joint brazed 25 minutes after 

austenitization. 

 
Figure 72. Joint brazed 35 minutes prior to 

austenitization. 

 
Figure 73. Joint brazed 35 minutes after 

austenitization. 

 

The braze joints made with NiCr-based filler material on uncoated 22MnB5 substrates show 

less cracks and pores compared to braze joints made with AlSi12-filler and USIBOR® 1500P 

AS150 substrates. However some were still visible as shown in Figure 74 and could be due to 

handling of the samples when removed from the fixture, but along most of the joint cross 

section there is good wetting without cracks and pores, Figure 75 and Figure 76. The average 

joint thickness for samples brazed for 10 minutes at 950° C is 69 µm while for samples using 

the faster heat cycle with 5 minutes above liquidus temperature (925-979° C for 5 minutes) it 

was 42 µm. 

 
Figure 74. Braze joint with NiCr-filler on 22MnB5 held for 10 minutes at 950° C. 
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Figure 75. Braze joint with NiCr-filler on 

22MnB5 held for 10 minutes at 950° C. 

 
Figure 76. Braze joint with NiCr-filler on 

22MnB5 heated through 925-979° C for 5 

minutes. 

5.4 SEM analysis 
In this sections results from SEM analysis will be presented with images and chemical 

composition of different phases found. Samples investigated are: coating used for adhesive 

shear testing, coating from as received conventional press hardening, coating from best braze-

attempts, joints of best braze attempts both prior and after austenitization and fracture of both 

best braze joints as well as adhesive shear test. 

5.4.1. Coatings 

By using EDS-analysis at different points of an electron image or by doing a line-scan one 

can get a grasp about which elements are present and compare the coatings resulting from 

different heat treatments. However, as an EDS-analysis is not very accurate compared to 

EBSD crystallographic analysis or X-ray diffraction analysis the atomic percent acquired by 

EDS is compared with known phases from literature that one can expect to find in AlSi-

coating of USIBOR® 1500P AS150 after heat treatments above 900° C [16]. 

The samples heat treated at 950° C for 10 minutes that were used in one step brazing showed 

a composition of three phases, where the top most layer was identified as the AlFe phase with 

a chemical composition of Al 47,5; Fe 46,0 and Si 6,5 (at.%). Below the top layer a thinner 

layer could be identified as having a composition of Al 63,70; Fe 35,0 and Si 1,2 (at.%) which 

is close to that of Al5Fe2. Followed again by the AlFe phase but with less thickness compared 

to the top layer (6 µm compared to 8 µm). This is followed by a continuous decrease of Al- 

and increase of Fe-content which would typically be Al-rich α-Fe with Al 22,6; Fe 71,7 and 

Si 5,7 (at.%). This layer stretches for 28 µm until it reaches the base material, and the total 

coating thickness after the heat cycle is 45 µm. A SEM image of the coating with location of 

phases is shown in Figure 77 and EDS-result along the coating depth is shown in Appendix II. 
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Figure 77. SEM image of AlSi-coating held at 950° C for 10 minutes. 

 

The coating as a result of two-step brazing where samples where held at 593° C for 35 

minutes and then heated through 926-940° C for 4 minutes produced a coating with three 

distinct phases. The top most layer has a composition of Al 43,9; Fe 46,5 and Si 9,6 (at.%) 

and is close to that of the phase AlFe with a thickness of 9 µm. This is followed by a phase 

which could be Al5Fe2 with a composition of Al 64,9; Fe 34,0 and Si 1,1 (at.%) and has a 

thickness of 11 µm. Next the AlFe phase is present again but with a lower Si-content and less 

thickness of 3 µm. From here to the base material (17 µm) Fe-content increases at the cost of 

Al-content and Al-rich α-Fe composition was identified with Al 22,2; Fe 73,5 and Si 4,3. The 

total coating thickness is 42 µm. In Figure 78 a SEM image of the coating is shown along 

with the location of the three phases, also EDS-result along the coating depth can be seen in 

Appendix II. 

 
Figure 78. SEM image of AlSi-coating first held at 593° C for 35 minutes then heated through 

926-940° C for 4 minutes. 

 

  



 

45 

As reference AlSi-coating of conventionally press hardened USIBOR® 1500P AS150 was 

also investigated using SEM with EDS-analysis in order to compare the result of heat cycles 

used in brazing attempts against what would be a more typical phase composition from the 

hot stamping process. The top layer has a composition of Al 67,8; Fe 27,9 and Si 4,3 (at.%) 

which is close to that of Al5Fe2 and is 8 µm thick followed by a 4 µm thick layer that 

probably is of the phase AlFe with composition Al 45,7; Fe 40,8 and Si 13,5 (at.%). Next 

another layer of Al5Fe2 was identified which is 13 µm thick before a zone, 5 µm, of Al-rich α-

Fe with composition Al 15,6; Fe 78,3 and Si 6,2 (at.%) is encountered. This gives a total 

coating thickness of 30 µm. Phases and locations are shown Figure 79 and an EDS-Line scan 

containing composition along coating depth can be seen in Appendix II. 

 
Figure 79. SEM image of AlSi-coating from conventionally press hardened USIBOR® 1500P 

AS150. 

5.4.2. Joints 

SEM was used to gather information via EDS-analysis on the braze joints that underwent the 

two-step brazing at 593° C for 35 minutes both prior to and after the second heat cycle of 926-

940° C for 4 minutes. The joints used AlSi12-filler material and Castolin Eutectic Flux 190 

PF. 

In the joint that was solely brazed for 35 minutes at 593° C without any extra heat cycle three 

particular phases where identified. An aluminum matrix is formed in the middle of the joint 

consisting of almost only aluminum, Al 98,2; Fe 0,2 and Si 1,6 (at.%). In the matrix there are 

scattered regions with high Si-content that were only visible in atomic mapping and can be 

seen in Appendix II, in addition SiO2 and flux residue were identified at some places in the 

matrix. Below the joint there is a phase which could not be determined from literature 

regarding the AlSi-coating, however it showed a composition close to Al14Fe3Si3 with Al 

67,5; Fe 15,4; Si 17,1 (at.%) which can be found in Al-alloys [37]. Separating the base 

material from joint is a phase showing a composition close to that of Al5Fe2 with Al 68,9; Fe 

28,9 and Si 2,3 (at.%) which is found in the AlSi-coating, and there is no presence of Al-rich 

α-Fe between base material and this phase. Phases and locations are shown in Figure 80 and 

an EDS-Linescan showing the composition along the joint depth can be found in Appendix II. 
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Figure 80. SEM image of braze joint using AlSi12-filler and 190 Flux PF brazed for 35 minutes 

at 593° C. 

 

After the austenitization step, i.e. brazing for 35 minutes at 593° C then heating through 926-

940° C for 4 minutes 5 different phases could be seen. In the middle of the join there are 

various compositions where Fe- and Si-content vary contrary but all show a composition 

close to around Al 66,0; Fe 19,9 and Si 14,0 (at.%) which could be Al8Fe2Si. There is a band 

separating the former phase with the next which could be Al2Fe3Si3 which has a composition 

of Al 41,3; Fe 36,5 and Si 22,2 (at.%). Below the band a phase was found which is possibly 

Al5Fe2 with a stoichiometry Al 68,5; Fe 28,3 and Si 3,2 (at.%), this phase also includes 

scatters of the Al2Fe3Si3 phase. At the edge of the joint there is a small band of a phase 

containing significant amounts of all three components Al 35,6; Fe 45,7 and Si 18,7 (at.%), 

the structure was however not identified. Prior to the base material of Fe there is some Al-rich 

α-Fe with the composition Al 16,9; Fe 78,0 and Si 5,1 (at.%). Phases and their location are 

illustrated in Figure 81 and EDS-Line scan through the joint can be found in Appendix II. 

 
Figure 81. SEM image of braze joint using AlSi12-filler and 190 Flux PF brazed for 35 minutes 

at 593° C then heated through 926-940° C for 4 minutes. 
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5.4.3. Fracture 

Investigating the fracture surface of a braze joint which was brazed for 35 minutes at 593° C, 

then autenized through 926-940° C for 4 minutes one particular composition was identified. 

Apart from Al-rich α-Fe and base material the phase, which structure was not identified, had a 

stoichiometry of Al 34,4; Fe 49,1 and Si 16,5 (at.%), see right side of Figure 82. The 

composition resembles the one found at the edge of the joint in between Al5Fe2 and α-Fe with 

Al 35,6; Fe 45,7 and Si 18,7 (at.%). The fracture is also, as shown previously in 5.1.3, abrupt 

in nature which supports the fracture line following the line drawn to the left in Figure 82 and 

it propagates along the phase with composition shown to the right in the same Figure. 

 
Figure 82. Fracture of two-step 35 minutes braze joint showing stoichiometry at fracture 

surface. 

 

The fracture in joints where adhesive was used to evaluate the coating strength occurred in the 

coating. EDS-analysis showed two typical phases that were identified earlier when only the 

coating was investigated. The phase connected to the adhesive is probably AlFe with the 

stoichiometry Al 46,1; Fe 46,3 and Si 7,6 (at.%) and the second could be Al5Fe2 with contents 

Al 64,8; Fe 34,0 and Si 1,2 (at.%). As described earlier, in 5.1.5, the fracture is abrupt and 

when looking at both sides of the adhesive joint, Figure 83, it can be seen that the fracture 

propagates along the Al5Fe2 phase that used to be connected to the AlFe phase closest to the 

base material. 

 
Figure 83. Fracture of adhesive joint where samples were held for 10 minutes at 950° C prior to 

applying adhesive. 
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6. Discussion 

6.1 Heat rate 
In order to join USIBOR® 1500P AS150 or uncoated 22MnB5 within in the hot stamping 

production line brazing was chosen as a suitable approach, as it could be performed in the 

furnace heating of the production step, prior to stamping. The low oxygen containing 

atmosphere in the heating furnace would mimic the controlled atmosphere brazing used today 

to produce various aluminum and/or steel products. Typical for the hot stamping process is to 

not exceed a heat rate 12K/s [3] as this would damage the AlSi coating of USIBOR® 1500P 

AS150. The setup used in this study with a tube furnace did not provide heating rates above 

1,2° C/s 4.1 for furnace temperature 950° C. While a furnace temperature of 1000° C was also 

used for brazing of uncoated 22MnB5, this had no impact as it is the coating that governs the 

maximum heat-rate. 

On the other hand the comparatively slow heat rate produced by the pipe furnace compared to 

an industrial roller hearth furnace used in hot stamping, means the substrates in this study 

receive prolonged heat treatments. In the one-step brazing setup the total time in the furnace 

was as much as 25 minutes and for two-step brazing it was 114 minutes when a 60 minutes 

braze time was adopted. When compared to industrial heat cycles where the steel is subjected 

to a furnace time of 7-13 minutes this means more diffusion of Fe from the substrate into the 

coating will occur with the setup used in the study. Further, close to or the same properties of 

the coating will most likely not be realizable as an effect of the slow heat rate. However, for 

the attempts where uncoated 22MnB5 were brazed using NiCr-based filler material a total 

furnace time as low as 9 minutes was accomplished. 

6.2 Brazing 

6.2.1. One step brazing of uncoated 22MnB5 

Brazing of uncoated 22MnB5 steel is realizable in what would mimic controlled atmosphere 

brazing with a tube furnace using NiCr-based amorphous filler material. This is done without 

any flux since the filler material is self-fluxing as long as there is a protective atmosphere, in 

this case N2. The two different heat cycles used for the brazing attempts on the uncoated 

22MnB5 produced joints that on average performed about the same in tensile testing, and 

could sustain shear stress up to around 20 MPa before fracture, see 0. The fracture modulus 

was the same for all samples tested, were fracture occurred in the joint (braze filler is present 

on both fracture surfaces of substrates). 

As both heat cycles on average perform the same, it is possible to conclude that a braze time 

of 10 minutes at 950° C with a total time in the furnace of 25 minutes, 3.3.4, is not necessarily 

the best from a production stand point where a more rapid process might be sought. The faster 

heat cycle with an elevated furnace temperature, 1000° C, and brazing 5 minutes above the 

liquidus temperature of the filler material reduced the process time with 16 minutes (total time 

9 minutes), 3.3.4. In addition to being a more rapid process, the shorter duration at austenite 

temperature lowers the risk for grain growth in the austenite phase. There is however great 

deviation in performance between the samples, with the best performing breaking at 28,7 

MPa and the worst as low as 14,1 MPa. The deviation is about the same for both heat cycles, 

and indicates that the process is not very robust and does not produce joints with equal 

performance. 

In an earlier project joints were produced using the same setup and the longer heat cycle that 

had shear strength of 40 MPa. Not being able to reach the same strength and the lack of 
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repeatability of joint performance may be due to a variety of reasons, with the most probable 

being the handling during the quenching procedure. The tests performed earlier had the joints 

moved from the furnace together with the fixture, then quenched in water, whereas in this 

study, they were moved without the fixture into the bucket with water. As the joint is still 

very hot when removed from the furnace it may not have completely solidified prior to 

moving which might have introduced some cracks and pores identified using LOM, 5.3.2, and 

thus reducing the shear strength. The test bar design itself is also a possibility as the square-

shaped joint area means there is a large stress concentration at the edge of the joint when it is 

subjected to shear force during tensile testing. Depending on the placement in the fixture, i.e. 

to what degree the substrates have been lined parallel there will be differences in the stress 

concentration. 

6.2.2. One step brazing above 900° 

Regarding the attempts of brazing using different fluxes and filler materials to join two sheets 

of USIBOR® 1500P AS150 directly at austenite temperatures, the results clearly show lack of 

potential with the material combination used in this study. The attempts using the flux which 

is made for aluminum brazing, Flux 190 PF, with both the AlSi12 filler (which has a 

composition close to the coating) and the NiCr amorphous filler, produced no good joints. 

The problem most likely being the active temperature range of the flux, 570-620° C, this 

result in the flux not being active during solidification. As such this flux is not suitable for 

brazing of aluminum at temperatures used in hot stamping as it results in joints with 

extremely limited wetting or no wetting at all. 

The other flux tested, which is not specified for aluminum brazing (dealing with Al-oxide), 

but has a higher active temperature range produced joints, but with very poor performance. 

This flux Atmosin 181 PF is active between 550 and 900° C and the trial with AlSi12 was 

brazed at 900° C which resulted in joints with an avg. shear strength of 1,1 MPa. The trials 

with NiCr-based filler was done at 950° C, outside the active temperature range of the flux, 

simply since this was a temperature known to work well with the filler. This resulted in an 

average shear strength of 2,0 MPa. Both setups using Atmosin 181 PF flux showed limited 

wetting, which could be explained by the fact that the flux is not supposed to remove Al-

oxide, but is recommended to be used for reparation of steel. Why the NiCr-filler performed 

better than AlSi12 is unclear but could be due to there being four surfaces of Al-oxide when 

Al-based filler is used (two at each interface between filler and substrates). 

6.2.3. Brazing at or close to recommended temperature for AlSi12-filler 

As joints with suitable strength and repeatability could not be realized when brazing directly 

at austenite temperatures, the temperature was lowered. This was done in line with what is 

typically used in Al-brazing and recommended by the filler and flux manufacturer, around 

593° C. The best results were achieved when AlSi12 was used as filler together with Flux 190 

PF as remover of the Al-oxide on USIBOR® 1500P AS150 substrates. This material 

combination showed that forming a joint between Al-coating and filler typically used for 

Aluminum brazing was possible. The joint however showed less strength than the coating 

itself as fracture occurred in the joint at an avg. of 7,2 MPa, which is probably due to the 

coating having good adherence and strength in hot dipped condition, prior to being subjected 

to Fe-diffusion during the austenitization of hot stamping. 

When the same setup was used on uncoated 22MnB5 instead of the coated substrates results 

were less promising, with an avg. shear strength of 2,7 MPa. The big difference between 

coated and uncoated is most likely due to the fact that the flux reacts well with Al-oxides and 
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on the uncoated substrates other oxides form, causing insufficient wetting and lower strength 

as a result. 

If aluminum was used as a substrate instead of the boron alloyed steel it was believed that the 

typical strength of braze joints using the recommended Al-filler and Al-flux could be 

investigated. The availability of AA5754 aluminum made it serve as substrates; this however 

required a lower furnace temperature of 586° C since AA5754 has a melting temperature of 

600° C. The lower brazing temperature caused insufficient melting of the filler material which 

in turn resulted in poor adherence between filler and substrate. In this case fracture occurred 

in the interface between braze material and substrate. The joint stayed intact but separated 

from one of the substrates (delaminated) at an avg. shear stress of 2,7 MPa and thus no 

ultimate strength for the filler could be acquired. 

However as joints could be made on the USIBOR® 1500P AS150 substrates the next step 

was to have them survive the austenite temperature of > 900° C in order to be able to 

implement the joining method in the hot stamping process. 

6.2.4. Two step brazing 

By brazing at recommended temperature on USIBOR® 1500P AS150 substrates with AlSi12-

filler and aluminum flux in a first step, then having the samples go through an austenitization 

process it was believed joints could be realized compared to brazing directly at austenite 

temperature. Brazing done at 593° C for 10 minutes gave poor results after being subjected to 

the second heat cycle. An avg. shear strength of 1,4 MPa was achieved where one out of three 

samples broke prior to testing when removed from the fixture. This was a big step down from 

7,2 MPa prior to austenitization. The reason for the joint breaking prior to testing is believed 

to be caused by the high temperature of the sample when removed from the furnace, as the 

filler has a liquidus temperature of 585° C. When the weight placed on top the joint is 

removed the area is still red hot, thus it is believed that when removed from the fixture the 

joint may not be in a solid state causing fracture and instant oxidation of the surfaces, see 

Figure 84. However this was not proven by letting the joint cool down in a protective 

atmosphere. 

Brazing hold times were increased to investigate if longer braze times could improve the 

performance of joints by an increase of Fe-diffusion into the joint prior to austenitization, 

much like the AlSi-coating survives the high temperatures of the hot stamping process by 

continued Fe-diffusion from substrate into coating, see 2.2.2. The braze time at 593° C was 

increased to 60 minutes, which provided a joint which did not break when removed from the 

fixture and had a shear strength of 5,0 MPa. This indicated that a longer braze time could be a 

solution, but as 60 minutes being too long for the hot stamping process another set of trials 

where the braze time was varied for 15, 25 and 35 minutes provided some interesting results. 

The best results were achieved with a braze time of 35 minutes and provided an avg. shear 

strength of 5,40 MPa with adequate variance, whereas both 15 and 25 minutes still had one 

sample suffer from joint breakage when removed from the fixture and the shear strength was 

on avg. 2,13 and 3,82 MPa. Inspection of the fracture surface showed that the joints failed 

somewhere in the interface created between braze filler and coating of the substrate, see 

Figure 85, probably in the coating. A major drawback, also visible in Figure 85, with the 

usage of the flux is that the area around the joint corrodes after austenitization. This removes 

any corrosion resistance provided by the AlSi coating, but is however not as apparent after 

brazing 593° C which has yet to be explained. 
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Figure 84. Joint fracture when removed from 

fixture. 

 
Figure 85. Fracture surface of sample 

brazed for 35 minutes at 593° C then 

austenized. 

 

Analysis using LOM showed a big difference in joint thickness (distance from substrate to 

substrate) between the two step braze joints between USIBOR® 1500P AS150 substrates and 

those brazed between uncoated 22MnB5. The former having a thickness, after austenitization, 

varying between 205 and 279 µm and the latter between 42 and 69 µm. Regardless of the two 

fillers being different alloys this is one reason for the joints on coated boron alloyed steel 

having less strength. The increased distance between substrates increases the lever-arm for 

shear force during tensile testing, and is likely due to the thickness of brazing foil, were 

AlSi12 is 0,4 mm thick and Vitrobraze 2170 is 0,05 mm. In addition to the brazing foil 

thickness the coating thickness which forms part of the joint is on avg. 25 µm thick on each 

side of the joint. 

Comparing cross sections of the three different braze times (15, 25 and 35 minutes at 593° C) 

a growth of the interface (coating and filler) between substrate and filler material can be seen 

with longer braze times, see 5.3.2, which could indicate an increase of diffusion. Prior to 

austenitization the joints brazed for 15 minutes showed less cracks and pores compared to 

those brazed for longer periods and should be the best performing. However after 

austenitization the opposite was visible, while all samples contained cracks and pores, the 

longest braze time of 35 minutes at 593° C proved to form the most joints in between the 

cracks. This could be due to increased diffusion as a result of the longer hold time as the 

cracks most likely occur due to thermal expansion mismatch during cool down, were the 

increased diffusion reduced the mismatch. A way of reducing the effect of the thermal 

expansion mismatch would be to reduce the joint thickness which would have required a 

thinner brazing foil. 

From SEM analysis it is clear that during the austenitization process the joint is subjected to 

excessive Fe-diffusion from the substrate. Where there once was an Al-matrix in the middle 

of the joint, see Figure 86 (prior to austenitization), there is now various compositions of 

AlFeSi with stoichiometry close to Al8Fe2Si. This structure is typically found in the coating of 

USIBOR® 1500P AS150 in the hot dipped condition prior to heat treatment close to the 

substrate but is now found in the middle of the joint, probably due to the diffusion-distance 

from the substrate to the middle of the joint. Also typically found in the coating after 

austenitization is Al5Fe2 which was also found in the joint. This can contain Al2Fe3Si3 

precipitates due to low Si-solubility in Al5Fe2. As such the joint formed with AlSi12 filler 

brazed at 593° C for 35 minutes then heated through 926-940° C for 4minutes, see Figure 87 

contains phases that have been previously found when only studying the coating of 

USIBOR® 1500P AS150 by M. Windmann et al. [16] for various hold times at 920° C. 
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Figure 86. SEM image of 35 minutes at 593° 

C braze joint prior to austenitization. 

 
Figure 87. SEM image of 35 minutes at 593° 
C braze joint after austenitization through 

926-940° C for 4 minutes. 

6.3 Fracture analysis 
For some of the heat treated substrates (10 minutes at 950° C, adhesive joints were prepared 

to investigate coating adherence. The joint prepared with adhesive after substrates had been 

subjected to the heat cycle of 10 minutes at 950° C can be compared with the best performing 

braze joints from the two-step braze setup as it is believed limited Fe-diffusion occurs at 593° 
C. 

Between the two joints there is a large difference in avg. shear strength with the adhesive joint 

at 17,7 MPa and the Al-braze joint at 5,4 MPa. This could have a variety of explanations such 

as differences in joint thickness or composition and location of intermetallic phases. However, 

after investigating fracture cross sections of the samples one common denominator was 

found, namely the Al5Fe2 phase which the fracture propagates along as shown in Figure 88 

and Figure 89. In the case of the adhesive joint this can be explained by the fact that it is the 

harder and more brittle of the two phases present: Hardness; Al5Fe2: 1133 ± 83, AlFe: 521 ± 

30 (HV0,03) [16]. Comparing the hardness of the two phases present in the brazed joint the 

difference is less: Hardness; Al5Fe2: 1133 ± 83, Al8Fe2Si: 873 ± 105 (HV0,03) [16], however 

as the fracture line is close to the steel substrate the shear force will be greater in this region. 

 
Figure 88. Fracture line of adhesive joint. 

 
Figure 89. Fracture line of Al-brazed joint. 
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As such, the fracture in the adhesive joint occurred between the Al5Fe2 and AlFe phase closer 

to the steel substrate whereas in the braze joint it is closer to the substrate next to the α-Fe 

region. The fracture propagating along the Al5Fe2 phase is also in good agreement from work 

done by M. Windmann et al. where investigation concerning laser beam brazing of AlSi-

coated 22MnB5 steel was made [38]. 

The difference in shear strength can be due to the difference in strength between phases, 

mainly the difference in strength between Al5Fe2 and AlFe compared to the strength between 

Al5Fe2 and the unidentified phase Al 35,6; Fe 45,7 and Si 18,7 (at.%) which has not been 

investigated. However, it could also be the amount of Al5Fe2 present where it in the case of 

the adhesive joint is 4 µm thick compared to 35 µm for the brazed joint, combined with 

greater joint thickness of the braze joint increasing shear load. The amount of cracks and 

pores throughout the braze joint should have little to no effect as the fracture occurred away 

from them. The fracture surface of the adhesive joints also indicates that both phases may not 

be present throughout the entire coating, which means that at some areas there may be a lack 

of the thinner Al5Fe2 phase and the cracks thus continues through the AlFe phase instead, see 

Figure 90. 

 
Figure 90. Fracture surface of adhesive joint, showing variation within the coating which could 

be different phases. 

6.4 Coating 
The fear concerning heat rate for the tube furnace used was justified when comparing 

composition of the coatings as a result of different heat cycles used in this study to that of 

conventional press hardening in the industry. Comparing the EDS results from SEM it shows 

that the two coatings produced from one-step and two-step heat cycles are similar in 

composition. However, they are at the same time vastly different from a coating produced 

from conventional press hardening. Both the coating from 10 minutes at 950° C and the 

coating from 35 minutes at 593° C then heated through 926-940° C for 4 minutes show a 

middle layer of Al5Fe2 which according to the stoichiometry also could have been Al2Fe but 

according to M. Windmann et al. [16] the formation of Al2Fe is counteracted by the high Si-

content of the coating. This middle layer is surrounded by the more Fe-rich AlFe phase; see 

Figure 91 and Figure 92. On the other hand the coating produced from a conventional press 

hardening procedure show the opposite, a middle layer of AlFe surrounded by Al5Fe2, see 

Figure 93. An explanation to this is that the Fe-diffusion from substrate into the coating 
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continues and is proportional to the time at high temperatures. The more Fe that diffuses into 

the coating, the more formation of the phase AlFe, which also is in good agreement with a 

study by M. Windmann et al. where coating composition as a result of time at 920° C have 

been studied [16]. Therefore the heat cycles used in this study should show more AlFe than 

Al5Fe2. This can also explain the difference in Al5Fe2 layer thickness between the one step 

heat cycle with 10 minutes at 950° C and the two-step with 35 minutes at 593° C then a faster 

heating through 926-940° C for 4 minutes. In the former heat cycle the Al5Fe2 layer is around 

4 µm thick whereas in the two-step method it is almost 10 µm which is due to the faster rate 

of diffusion at high temperatures, one-step: 14 minutes above 920° C; two-step: 4 minutes 

above 920° C. 

 
Figure 91. Coating from 10 minutes at 950° 

C. 

 
Figure 92. Coating from 35 minutes at 593° 

C then austenitization. 

 
Figure 93. Coating from conventional press hardening. 

The interface between coating and substrate where Al-diffusion has created Al-rich α-Fe is a 

lot deeper in the coatings from this study compared to the conventionally press hardened 

coating, and the total diffusion depth from top of coating down to substrate is; one-step: 45, 

two-step: 42, conventionally press hardened: 30 (µm). This is also matches well with the work 

by M. Windmann et al. [16] and is connected to the time at a high temperature. 

Tensile adhesion tests were also conducted to see if there was any variety in the strength 

(adherence) of the coatings produced. The worst performing was the coatings from two-step 

heat cycle where samples heat treated for 15 and 25 minutes at the lower temperature 

fractured at avg. around 5 MPa, and the 35 minutes at an avg. 2 MPa. The coating from one-

step heat cycle at 950° C performed better but fractured at 18,4 MPa. This indicated that what 

was discussed earlier, in 6.3, regarding the amount of Al5Fe2 in the fracture of joints might 

have an impact on the strength. But from an earlier project it is known that the conventionally 
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press hardened coating does not fracture until stress levels of up to 40 MPa have been 

reached, and it contains more Al5Fe2. As an attempt to see if the press hardening would have 

an impact on coating strength, samples were heat treated, both by the one- and two-step 

brazing cycle then quenched between copper blocks. This gave contradictory results where 

the coating strength of two-step heat cycles improved while it for one-step regressed and as 

such no conclusion regarding the quenched samples could be drawn. However heat treatments 

used in this study provided coating with far less performance than that of conventionally press 

hardened USIBOR® 1500P AS150, with the two step heat-cycle being the worst performing. 
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7. Conclusions 
In this study an investigation was carried out concerning the ability to braze AlSi-coated and 

uncoated 22MnB5 steel in a controlled atmosphere furnace. Performance was evaluated in 

shear strength using tensile testing with lap joints and adhesion pull-off testing. Chemical 

composition of phases appearing the joint and surface coating was identified using SEM with 

EDS-analysis and compared with literature. The following conclusions can be drawn: 

 Joints between uncoated 22MnB5 substrates can be made with NiCr-based filler 

material and no flux with a one-step brazing approach directly at austenite 

temperatures. The earlier reached shear strength of 40 MPa could not be reproduced 

but an avg. of 20 MPa ± 8 was achieved in this study. 

 Braze joints could not be made between USIBOR® 1500P AS150 substrates using Al- 

or NiCr-based filler material in combination with flux for Al-brazing or steel 

reparation if a one-step brazing approach at austenite temperature is adopted. 

 Joints with a shear strength 5,4 MPa, c was obtained with  a two-step brazing 

approach using Al-filler and Al-brazing flux. This requires; first: brazing at 

recommended temperature, 593° C, for 35 minutes; second: heating up to austenite 

temperature (926-940° C) and held for 4 minutes. 

 The coating of USIBOR® 1500P AS150 substrates resulting from the one step and 

two step heat cycles show different structure compared to conventionally press 

hardened USIBOR® 1500P AS150. Coatings resulting from brazing heat treatments 

consist of more AlFe than Al5Fe2 While the opposite is true for conventional coatings. 

This is connected to the amount of Fe-diffusion from substrate into the coating which 

depends on time at elevated temperature. Concluding that heat cycles used are longer 

than those used in hot stamping. 

 The fracture occurred along the Al5Fe2 phase inside the coating for both braze and 

adhesive joints  between USIBOR® 1500P AS150 sheets  

 The strength of the coating was evaluated using tensile adhesion test. This showed that 

the two step heat cycle resulted in the poorest coating strength at avg. 5,44 MPa while 

the one step heat cycle had strength of avg. 15,4 MPa. Both far from conventionally 

press hardened coating that has shown strength above 40 MPa. 

 The total time in furnace could be reduced by 16 minutes giving a total furnace time of 

9 minutes for brazing of uncoated 22MnB5 while sustaining the same shear strength. 

This was done by using a higher furnace temperature (1000° C) and a constantly 

increasing temperature of the samples during brazing.  
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8. Future work 
The following points are proposed for future work and research regarding furnace brazing of 

USIBOR® 1500P AS150. 

 Investigate the effect of reduced thickness of AlSi12 brazing foil. Possible reduction 

in thermal expansion mismatch leading to less cracks and pores. Lowering final joint 

thickness thus reducing the lever arm in tensile testing. 

 Investigate the effect of joints cooling down in a protective atmosphere. Joints have 

shown to be fragile when removed from fixture at high temperatures in an oxygen rich 

atmosphere causing failure prior to tensile testing. Cool down in an N2 atmosphere 

may indicate if oxidation is the problem. 

 Investigate the effect of sandblasting joint area prior to brazing. Work done by M. 

Windmann et al concerning laser brazing of USIBOR® 1500P [38] showed that no 

wetting was possible prior to sandblasting. Sandblasting may remove less strong parts 

of coating and improve the strength of braze joints. 

 Investigate the possibility of brazing surfaces with Al-oxide without the use of flux 

paste. Results of brazing uncoated 22MnB5 without the use of flux show better 

performance than those of brazing on USIBOR® 1500P AS150 with fluxed joint area. 

Without flux heavy corrosion around the joint area can be eliminated and the need for 

a two-step brazing cycle can be removed. 

 Investigate the effect of quenching braze joints. If joints are able to be quenched post 

brazing, a comparison can be made between air-cooled samples and quenched samples 

to determine whether hardening the steel has a negative or positive impact on joint 

strength. 
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Appendix I 

Recorded Temperature 

One step brazing above 900° C 

 
Figure 94. Temperature data of tests 11 and 12. 

 
Figure 95. Temperature data of test 19. 

 
Figure 96. Temperature data of test 20. 
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II 

Brazing at or close to recommended temperature 

 
Figure 97. Temperature data of test 14. 

 
Figure 98. Temperature data of test 15. 

 
Figure 99. Temperature data of test 16. 
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Two step brazing 

 
Figure 100. Temperature data of Test17 heat cycle 1. 

 
Figure 101. Temperature data of Test17 heat cycle 2. 

 
Figure 102. Temperature data of Test18 heat cycle 1. 

 
Figure 103. Temperature data of Test18 heat cycle 2. 
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IV 

 
Figure 104. Temperature data of Test24 heat cycle 1. 

 

Figure 105. Temperature data of Test24 heat cycle 2. 

 
Figure 106. Temperature data of Test25 heat cycle 1. 

 

Figure 107. Temperature data of Test25 heat cycle 2. 
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V 

 
Figure 108. Temperature data of Test26 heat cycle 1. 

 

Figure 109. Temperature data of Test26 heat cycle 2. 

One-step brazing of uncoated 22MnB5 

 
Figure 110. Temperature data of Test27. 

 
Figure 111. Temperature data of Test28. 
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Adhesive joint and Tensile adhesion test 

 
Figure 112. Temperature data of samples used for adhesive joints. 

 
Figure 113. Temperature data of T1-T5 heat cycle 1. 

 
Figure 114. Temperature data of T1-T5 heat cycle 2. 

 
Figure 115. Temperature data of T6, T7. 
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Tensile testing 
Table 12. Tensile test result for one step brazing above 900° C. 

 Force [N] Area [mm
2
] 

Shear stress 

[MPa] 

Avg. Shear 

stress [MPa] 

Test 11 N/A N/A N/A N/A 

Test 12 N/A N/A N/A N/A 

Test 19-1 355,70 420,33 0,850 

1,097 Test 19-2 N/A N/A 0 

Test 19-3 921,57 377,11 2,44 

Test 20-1 756,43 387,59 1,95 

1,97 Test 20-2 629,75 378,21 1,67 

Test 20-3 896,86 392,04 2,29 

Table 13. Results of brazing around 593° C. 

 Force [N] Area [mm
2
] 

Shear stress 

[MPa] 

Avg. Shear 

stress [MPa] 

Test14-1 3473,71 431,60 8,05 

7,24 Test14-2 2981,96 400,17 7,45 

Test14-3 2630,99 422,19 6,23 

Test15-1 646,36 435,92 1,48 

2,71 Test15-2 498,13 394,32 1,26 

Test15-3 2338,9 433,44 5,40 

Test16-1 1061,6 366,75 2,89 

2,71 Test16-2 826,81 326,99 2,53 

Test16-3 N/A N/A N/A 



 

VIII 

Table 14. Results of two step brazing. 

 Force [N] Area [mm
2
] 

Shear stress 

[MPa] 

Avg. Shear 

stress [MPa] 

Test17-1 N/A N/A 0 

1,43 Test17-2 781,94 369,86 2,11 

Test17-3 299,28 403,58 0,74 

Test18 1913,40 385,33 4,97 4,97 

Test24-1 2005,28 373,97 5,36 

2,13 Test24-2 392,35 379,47 1,03 

Test24-3 N/A N/A 0 

Test25-1 2172,45 380,01 5,72 

3,82 Test25-2 2169,08 377,33 5,75 

Test25-3 N/A N/A 0 

Test26-1 2422,75 389,46 6,22 

5,40 Test26-2 1691,64 374,23 4,52 

Test26-3 2076,77 382,40 5,43 

  



 

IX 

Table 15. Results of brazing of uncoated 22MnB5. 

 Force [N] Area [mm
2
] Shear stress [MPa] Avg. Shear stress [MPa] 

Test27-2 5172,74 411,53 12,57 

20,23 

Test27-3 5357,77 379,37 14,12 

Test27-4 9726,84 417,45 23,30 

Test27-5 11840,35 412,89 28,68 

Test27-6 9880,67 439,63 22,47 

Test28-2 9632,00 371,89 25,90 

19,21 

Test28-3 6382,90 435,89 14,64 

Test28-4 7464,88 392,21 19,03 

Test28-5 8370,07 376,36 22,24 

Test28-6 6225,91 436,68 14,26 

Table 16. Results of adhesive joints. 

Test sample Load [N] Joint area [mm2] Shear Strength 
[MPa] 

Avg. Shear 
Strength [MPa] 

3M 460 DP-1 8118,44 406,96 19,95  

17,70 3M 460 DP-2 4695,03 446,70 10,51 

3M 460 DP-3 9340,26 412,44 22,65 
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Table 17. Results of tensile adhesion testing. 

 Tensile stress [MPa] 
Avg. Tensile stress 

[MPa] 

T1-1 6 
5 

T1-2 4 

T2-1 4 
4,8 

T2-2 5,6 

T3-1 N/A 
2 

T3-2 4 

T4-1 8,8 
8,4 

T4-2 8 

T5-1 6 
7 

T5-2 8 

T6 18,4 18,4 

T7 12,4 12,4 
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Appendix II 

LOM analysis 
LOM images of two-step braze joints with varying braze time. From left to right 15, 25 and 35 minutes, see 3.3.3. Top row prior to 

austenitization heated at 593° C and bottom after austenitization through 926-940° C for 4 minutes. 

 
Figure 116. Avg. thickness 288,67 μm. 

 
Figure 117. Avg. thickness 209,33 μm. 

 
Figure 118. Avg. thickness 219,67 μm. 

 
Figure 119. Avg. thickness 205 μm. 

 
Figure 120. Avg. thickness 278,67 μm. 

 
Figure 121. Avg. thickness 267,33 μm. 

  



 

XII 

Images of whole joint brazed at 593° C for 15 minutes without any following austenitization. 

 
Figure 122. Left side of joint brazed for 15 minutes at 593° C. 

 

Figure 123. Right side of joint brazed for 15 minutes at 593° C. 

 

Images of whole joint brazed at 593° C for 15 minutes after austenitization through 926-940° C for 4 minutes. 

 
Figure 124. Left side of joint brazed for 15 minutes at 593° C then heated through 926-940° C for 4 minutes. 

 
Figure 125. Right side of joint brazed for 15 minutes at 593° C then heated through 926-940° C for 4 minutes. 
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Images of whole joint brazed at 593° C for 25 minutes without any following austenitization. 

 
Figure 126. Left side of joint brazed for 25 minutes at 593° C. 

 
Figure 127. Right side of joint brazed for 25 minutes at 593° C. 

 

Images of whole joint brazed at 593° C for 25 minutes after austenitization through 926-940° C for 4 minutes. 

 
Figure 128. Left side of joint brazed for 25 minutes at 593° C then heated through 926-940° C for 4 minutes. 

 
Figure 129. Right side of joint brazed for 25 minutes at 593° C then heated through 926-940° C for 4 minutes. 
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Images of whole joint brazed at 593° C for 35 minutes without any following austenitization. 

 
Figure 130. Left side of joint brazed for 35 minutes at 593° C. 

 
Figure 131. Right side of joint brazed for 35 minutes at 593° C. 

 

Images of whole joint brazed at 593° C for 35 minutes after austenitization through 926-940° C for 4 minutes. 

 
Figure 132. Left side of joint brazed for 35 minutes at 593° C then heated through 926-940° C for 4 minutes. 

 
Figure 133. Right side of joint brazed for 35 minutes at 593° C then heated through 926-940° C for 4 minutes. 
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SEM analysis 
EDS-Linescan through the coating depth and atomic contrast maps of coating heated at 950° C for 10 minutes. 

 
Figure 134. EDS-Linescan through coating depth. 

 
Figure 135. Al-contrast mapping. 

 
Figure 136. Fe-contrast mapping. 

 
Figure 137. Si-contrast mapping. 
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EDS-Linescan through the coating depth and atomic contrast maps of coating heated at 593° C for 35 minutes then heated through 926-940° C 

for 4 minutes. 

 
Figure 138. EDS-Linescan through coating depth. 

 
Figure 139. Al-contrast mapping. 

 
Figure 140. Fe-contrast mapping. 

 
Figure 141. Si-contrast mapping. 

 



 

XVII 

EDS-Linescan through the coating depth and atomic contrast maps of as received conventionally press hardened USIBOR® 1500P. 

 
Figure 142. EDS-Linescan through coating depth. 

 

Figure 143. Al-contrast mapping. 

 

Figure 144. Fe-contrast mapping. 

 
Figure 145. Si-contrast mapping. 

 

 



 

XVIII 

EDS-Linescan through the joint and atomic contrast maps of joint heated at 593° C for 35 minutes without any austenitization. 

 
Figure 146. EDS-Linescan through joint. 

 
Figure 147. Al-contrast mapping. 

 
Figure 148. Fe-contrast mapping. 

 
Figure 149. Si-contrast mapping. 
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EDS-Linescan through the joint and atomic contrast maps of joint heated at 593° C for 35 minutes then heated through 926-940° C for 4 minutes. 

 
Figure 150. EDS-Linescan through joint. 

 
Figure 151. Al-contrast mapping. 

 
Figure 152. Fe-contrast mapping. 

 
Figure 153. Si-contrast mapping. 

 




