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Abstract: The publication describes the approaches and results of the investigation of arc brazing
processes to produce dissimilar joints of particle reinforced aluminium matrix composites (AMC) to
aluminium alloys and steels. Arc brazing allows for low thermal energy input to the joint parts, and is
hence suitable to be applied to AMC. In addition, a braze filler B-Al40Ag40Cu20 alloyed with Si with
a liquidus temperature of below 500 °C is selected to further reduce the thermal energy input during
joining. The microstructures of the joining zones were analysed by scanning electron microscopy
(SEM), energy dispersive X-ray spectroscopy (EDXS), and X-ray diffraction analysis (XRD), as well as
their hardness profile characterised and discussed. Joint strengths were measured by tensile shear
tests, and resulting areas of fracture were discussed in accordance to the joints” microstructures and
gained bond strength values.

Keywords: arc brazing; brazing fillers; microstructure; wettability; aluminium matrix composite;
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1. Introduction

Dissimilar metal joints under presence of light metals show a high potential to further improve
existing light weight solutions, since they strongly widen the design flexibility of components and
assemblies. To this design flexibility, high performance materials, like aluminium matrix composites
(AMC), add further advantages regarding the mechanical and physical properties, like a lower
coefficient of thermal expansion, higher specific strength, or an increased wear resistance in comparison
to non-reinforced aluminium [1-3]. The challenges of thermally joining aluminium to steel are known.
A large difference between their melting points, poor solid solubility of iron in aluminium, and hence,
the formation of Al-Fe intermetallic phases lower the resulting bond strengths of such joints [4-7].
Further bond strength reduction results from stress induced cracks alongside the formed brittle
phases [8,9]. Hence, different thermal joining techniques with lowered heat input to the joining area or
reduced joining times are a permanent object of research and development. Thus, friction welding,
spot welding, laser-assisted welding, and brazing processes, as well as hybrid welding processes
are suitable techniques to produce resilient dissimilar Al/steel joints [10-13]. The herein focussed
arc brazing represents a cost-efficient alternative to laser-assisted welding and brazing. When AMC
partners are subjected to thermal joining processes, their low thermal stability must additionally be
considered. The matter becomes more pronounced, when the reinforcing particle phase comprise SiC
that either thermally degrades or dissolves into the Al matrix, if the thermal load from the joining
process is too high. Dissolving will result in brittle intermetallic Al3Cy4 precipitates and a joint strength
decrease of 50% [14,15]. Furthermore, the level and time of the heat input influence metallurgic
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processes at the interface between matrix and reinforcement phase and can lead to high porosity levels
and chemical inhomogeneity in joining zones, if not adapted [16].

The presented work faces the above described problems. The work aim is an improved structural
homogeneity of joint zones and hence higher joint strengths of dissimilar AMC/Al and AMC/steel
joints in comparison to those resulting from conventional thermal joining techniques, like fusion
welding, flux-aided furnace, or vacuum brazing. To achieve this aim, arc brazing is applied.
Arc brazing offers the possibility to effectively minimize the heat input to joining zones. Especially,
the thermal damage of AMC microstructures shall to be avoided by the combination of a focused
arc with localised heat input and a low-melting braze filler. Another benefit is expected from an
improved wetting of the braze filler on the substrates due to a process-inherent degradation of oxide
layers at the surfaces of the metallic joining partners. The described aim could also be achieved by
non-fusion welding, like friction welding, but arc brazing is chosen for its higher design flexibility
regarding joint zone geometries and the non-existent wear of joining tools when processing AMC with
hard-phase reinforcement.

2. Materials and Methods

The used AMC joining partners are from powder-metallurgically produced material EN AW-2017 +
10 vol % (SiC)p. Stainless steel joining partners are sheets from AISI 304L, while aluminium partners are
made from EN AW-6082. All surfaces to be joined are ground and polished to R, <1 um. Arc brazing
processes are carried out using a TIG (tungsten inert gas) welding unit with alternating current (AC)
of 40 A and Ar shielding gas (EWM, Muendersbach, Germany). Test specimens are brazed as lap
joints. The braze filler is applied manually. In wetting tests, the arc is ignited next to an applied
braze filler pearl of 0.1 g mass and subsequently moved over it. The arc is interrupted either after
wetting occurred or after 4 s of process time to avoid melting of the base material. During joining and
wetting experiments, the work distance between electrode and sample surface is approximately 10 mm.
Microstructure investigations are performed by light microscopy (LM, Olympus Europa, Hamburg,
Germany), scanning electron microscopy (SEM, LEO1455VP, Carl Zeiss Microscopy, Jena, Germany),
and hardness measurements according to Vickers with a force of 0.005 kp (i.e., a load of about 5 g)
with an imprint duration of 15 s (HV0.005/15). The chemical composition of phases and larger areas
like diffusion zones are examined via energy dispersive X-ray spectroscopy (EDXS, EDAX Genesis,
Carl Zeiss Microscopy, Jena, Germany) and X-ray diffraction analysis (XRD, D8 “Discover”, Bruker,
Billerica, MA, USA) with Co-K« radiation (wavelength A = 0.178886 nm, phase database PDF-2014).
Wetting angles are measured at cross sections images, using a digital imaging tool. Differential
scanning calorimetry (DSC, Netzsch, Selb, Germany) is used to determine the melting temperature of
applied braze fillers. Produced lap joints are measured regarding shear tensile strengths at test speed
v =1 mm/min and room temperature.

The commonly used braze fillers for brazing aluminium alloys are Al-Si- or Zn-Al-based
alloys [4,17-20]. Beside a better corrosion resistance of the Al-Si braze fillers, in dissimilar Al/steel
joints Si prevents the growth of intermetallic Fe-Al phases by lowering the diffusivity of aluminium
due to the formation of intermetallic Fe-Al-Si phases [21]. On the downside, the working temperature
of Al-Sibraze fillers is higher in comparison to Zn-Al fillers and may exceed the solidus temperature of
Al-Si-based aluminium casting alloys that are frequently used in AMC. Therefore, a recently introduced
braze filler basing on a ternary Al-Ag-Cu system comprising the eutectic composition of 40 wt % Al,
40 wt % Ag and 20 wt % Cu is used within the presented work (B-Al40Ag40Cu20, T, = 506 °C [22]).
This braze filler was alloyed with Si to improve its wetting behaviour on stainless steel [23]. Therefore,
a master alloy (B-Ag72Cu-780) is continuously casted and complemented with Al (purity 99.99%) and
Cu (purity 99.9%) to gain the announced eutectic composition. Furthermore, 1.2-1.4 wt % of Si are
added (purity 99.9999%). To prevent melt pool oxidation, the braze filler production is done in inert Ar
atmosphere. Besides positively affecting the braze filler’s wetting behaviour on stainless steel, adding
Si reduces its melting temperature from 506 °C to 497 °C in comparison to the former ternary eutectic
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composition, Table 1. The homogeneity of alloying components within the produced braze filler rods
is controlled and proven by EDXS analysis.

Table 1. Chemical compositions and melting temperatures of the eutectic and Si-alloyed braze fillers.

Chemical Composition (wt %) Tm (°C)
Specification
Al Ag Cu Si
Eutectic Al-Ag-Cu braze filler (B-Al40Ag40Cu20) 40 40 20 - 506

Si-alloyed Al-Ag-Cu braze filler (B-Al39.5Ag39.5Cu20Si1)  39.44-39.52  39.44-39.52  19.72-19.76 12-14 497

3. Results and Discussion

3.1. Wetting Behaviour

The boarders between different categories of wetting behaviour are openly discussed and often
related to a specific field of application. Distinctions between “good wetting” and “poor wetting”,
as well as “wetting” and “no wetting”, however, are frequently fixed to wetting angles of either less
or more than 90° [24-27]. For brazing processes, an optimal wetting angle between liquid braze filler
and solid joining partner is often defined as less than 30° [24,27,28], but sufficient diffusion between
braze filler and base material takes already place at much higher wetting angles. B-Al40Ag40Cu20
braze filler shows very good wetting when arc brazed on AMC, with wetting angles of less than 20°.
Still satisfactory wetting is documented for it on stainless steel, with wetting angles of approximately
90°. As presented in a former publication, a brazing current variation between 40 A and 45 A does not
visibly influence the wetting result [29]. SEM/EDXS analyses of AMC wetting samples show large
diffusion zones. Qualitative XRD suggests a dominant ternary eutectic microstructure that results
from the braze filler and consists of CuAl,, AgyAl, as well as Al solid solution. Close to the AMC
interface, primary solidified Al- and Al-Ag-rich solid solutions are identified, Figures 1 and 2. XRD
further reveals a content of (SiC)p reinforcement that dissolved from the AMC base material as well
as intermetallic Al;Ags. Details are presented in and Table 2 and in [29]. Since EDXS measurements
include data from a globular excitation volume of about 2 um in diameter, the presented chemical
compositions of the analysed fine phases represent qualitative results, and were hence rounded to
integral numbers. The results are backed up by literature data [30,31].

Figure 1. Microstructure (SEM) of braze filler B-Al40Ag40Cu20 wetted on AMC EN AW-2017 + 10
vol % (SiC)P, current intensity 40 A [29].
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Figure 2. Braze seam of area marked in Figure 1, 1: ternary eutectic microstructure, 2: primary
solidified Al-rich solid solution, 3: primary solidified Al-Ag-rich solid solution, 4: ternary eutectic

microstructure [29].

Table 2. Chemical compositions (energy dispersive X-ray spectroscopy (EDXS)) of phases and detected
phases (X-ray diffraction analysis (XRD)) in braze filler B-Al40Ag40Cu20 wetted on aluminium matrix
composites (AMC) EN AW-2017 + 10 vol % (SiC)p in accordance to markings in Figure 2.

Chemical Composition by EDXS (at %)

Phase No. in Accordance to Figure 2

Al Ag Cu Si
1 84 10 6 -
2 80 14 6 -
3 62 30 8 -
4 81 9 6 4
5
[ 1) CuAl,
2) SiC
3) Ag,Al
4) Al
5) AL Ag,

Phases (qualitative XRD):

2Theta

In comparison to these results, stainless steel samples wetted by B-Al40Ag40Cu20 show a compact
intermetallic phase seam next to the steel interface with columnar solidified crystal structures growing
in the direction of the eutectic microstructure of the braze filler, Figures 3 and 4. Compact hard phase
seams can lower the resulting bond strength significantly [32]. In the case of the present material
combination, thickly developed brittle seams are prone to stress cracking during joint cooling, which
is induced by different coefficients of thermal expansion (CTE).
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Stainless

steel

Figure 3. Microstructure (SEM) of braze filler B-Al40Ag40Cu20 wetted on stainless steel AISI 304L,
braze current intensity 40 A [29].

2

Figure 4. Braze seam of area marked in Figure 3, 1: Al-Ag-rich solid solution, 2: Fe-containing Al-rich

m
=l

phase (probably Al13Fe4), 3: intermetallic phase seam of Al-Fe type with contents of Cr and Ni [29].

In the present material combination, the CTE values are 23.4 x 107 K~! and 18 x 107¢ K~!
for the braze filler and base material, respectively [33]. EDXS and XRD analyses, again being
presented in detail in [29], define the columnar structures as large areas of an Al-Ag-rich phase
next to a Fe-containing Al-rich phase, whose chemical composition indicates intermetallic Al;3Fey.
The compact phase seam probably consists of the intermetallic AlyFe containing Cr and Ni from
the base material. In addition a solid solution of Fe, Ni, and Cu with austenitic lattice is determined
near the steel interface [29,34]. Details are presented in and Table 3. Again, the therein given EDXS
values were rounded to integral numbers.

3.2. Dissimilar Joints by Arc Brazing

With regard to the Al-based joining partners, the interfaces between the processed
B-Al39.5Ag39.5Cu205il braze filler and the respective base material that develop during the applied
arc brazing processes are similar to those that are resulting from the wetting tests. According to SEM
investigations, AMC and non-reinforced aluminium EN AW-6082 both exhibit a eutectic braze seam
microstructure resulting from the braze filler. Hence, the fine eutectic microstructure is interpreted
as comprising the ternary eutectic phases Al,Cu, AgyAl, as well as Al solid solution. At the EN
AW-6082 surface an additional seam of Al solid solution is detected. This non-cohesive phase shows
a higher amount of Al compared to the Al solid solution of the ternary eutectic microstructure that
resulted from the wetting test, Figure 5a. In comparison to this, the braze seam microstructure close to
the AMC also shows a non-cohesive Al phase seam, though with lower homogeneity. In addition, due
to the composition of the AMC EN AW-2017 matrix, which is closer to the composition of the braze
filler in comparison to aluminium EN AW-6082, the diffusivity and formation of the ternary eutectic
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phases Al,Cu, AgyAl, and Al solid solution is slightly increased. This results in a more pronounced
diffusion zone of approximately twice the thickness of that on EN AW-6082, Figure 5b. The additionally
observed Cu precipitates in the AMC base material are interpreted as a result of the heat input during
brazing and a subsequent precipitation hardening effect.

Table 3. Chemical compositions (EDXS) of phases and detected phases (XRD) in braze filler
B-Al40Ag40Cu20 wetted on stainless steel AISI 304L in accordance to markings in Figure 4.

Phase No. in Accordance to Chemical Composition by EDXS (at %)
Figure 4 Al Ag Cu Fe Cr Ni
1 52 40 5 2 1 -
2 75 1 3 17 3 1
3 52 - 2 33 9
3,500 1) CuAl,
4 2) AgAl
3,000 3) Al
4) Fe,Ni, Cu
2,500 Ridlre;
2,000

Impulse

Phases (qualitative XRD): 1500

1.000

500

20 30 40 50 60 70 80 90 100 110

diffusion zone

—— i—— [ || stainless steel
(@) (b) (©)

Figure 5. Microstructure (SEM) of the interfaces of braze seams between B-Al39.5Ag39.5Cu20Sil braze
filler and (a) aluminium EN AW-6082, (b) AMC EN AW-2017 + 10 vol % (SiC)p as well as (c) stainless
steel AISI 304L [35].
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The braze seam microstructure of the interface close to stainless steel exhibits obvious differences
when compared to those of Al-based joint partners as well as the results from wetting tests, Figure 5c.
The respective phase detection by XRD measurements is presented in Table 4 in accordance to
the marked regions in Figure 5c (above). The ternary eutectic microstructure of the braze filler
is not existent, although AlL,Cu and Ag,Al are found by qualitative XRD measurements in this
region. The diffusion zone between braze seam and base material comprises at least three consistent
phase layers, forming a seam of about 10 um total thickness. Qualitative XRD measurements in
the interface area revealed three intermetallic phases Fe3Al, FeAl, and AlsyCujFe;, (AlsFe-type), which
are interpreted to form this visible seam with an increasing share of Al in the direction of the braze
seam. Detailed analysis results are presented by the authors in [35]. In SEM images, stress induced
cracks are visible in the interface between the FeAl and FeAls layer, Figure 5¢ below. This failure
already occurs in braze seams not subjected to mechanical load. Hence, the crack initiation can be lead
back to abrupt changes in the hardness levels (FeAl: 470 HV1, FeAls: 892 HV1) and combined internal
stresses during cooling [36]. The detection of FeAls in the braze seam far from the interface to the steel
base material (comp. Table 4) indicates a strong alloying of the braze seam with Fe, probably due to
erosion of the steel base material.

Table 4. Detected phases (XRD) in the interface of braze seams between B-Al39.5Ag39.5Cu20Sil braze
filler and stainless steel AISI 304L in accordance to region markings in Figure 5c (above).

Region No. (Acc. Figure 5¢) Phases (Qualitative XRD)
2,000
2
XRD measurement |
1,500
° 1 Al,Cu
= 2 Ag,Al
1 g 1,000 3 Al
= 4 Al;,Cu,Fe,,
500
4
2
1
0 A A A.u\ - Aa_.
80 100
2Theta
6,000
XRD measurement 2
5,000
3
6 1 ALCu
4,000 2 Ag,Al
2 3 Al
D) g, 3,000 4 AlFe,
£ 5000 4 5 AlFe
? 5 6 Aly,Cu,Fe,,
1 6
1,000 232 4
1 61 Il 2 35
0 A, WoV L S,
20 40 60 80 100
2Theta

The different microstructure features of the interfaces between B-Al39.5Ag39.5Cu20Sil braze
seam and the different base materials are also visible in their respective hardness profiles, Figure 6.
The displayed profiles were taken within a distance of 30 um from the braze seam/base material
interface in either direction. Hardness levels are recorded in steps of 10 um. To ensure the demanded
distance between the measuring points according to Vickers HV0.005/15, measurements are taken
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along an offset line (cross section picture in Figure 6). A smooth hardness transition is documented
between braze seam and Al-based joining partners, resulting from the Al solid solution phase that
forms close to the respective interfaces. These nearly constant hardness profiles are considered to
significantly lower the risk of cracks in this area, when mechanical load is applied. In contrast to this
observation, the hardness increase at the interface of braze seam and stainless steel is much stronger.
This results from the above documented alloying of the braze seam with Fe, Ni, and Cr from the steel
base material and the subsequent formation of intermetallic Al-Fe phases. In the direction of the former
steel surface, the content of Al, and hence the measured hardness levels decrease from about 1000
HV0.005/15 to 500 HV0.005/15. In addition, the non-eutectic microstructure of the braze seam in this
area exhibits a significantly higher hardness level than that close to the Al base materials.

The features and properties of the different microstructures in the investigated dissimilar joints
become obvious in the conducted tensile shear tests. Tensile shear test samples were produced from
sample sheets with height H = 1.5 mm, width W = 10 mm, and lengths of L1~50 mm. The joint
area overlap was L, = 15 mm. Due to the arc brazing joint geometry, however, true joining areas
differed from each other according to applied braze filler amount and the wettability of the base
materials. The respective joining area ranges for the different dissimilar joints are given in Table 5.

braze seam base material
é 1.200 - R ®== stainless steel
no eutectic CAly A
2 1,000 %—A e AMC
Z \ A';"‘ e ~
~ 800 — — aluminium
= \C/\l 1
2 1
s 600 T Fe Al
é 400 temary cute ctic \
§ ernary cutectic - B—
£ 200 G (f\l)_:_ 2
E e
o |
= 1
5 0 -

-30 -20 -10 0 10 20 30

distance [um]

Figure 6. Hardness profiles at the investigated interfaces in dissimilar joints [35].

Figure 7 shows tensile shear strength values obtained from respective tests of braze joints of AMC
EN AW-2017 + 10 vol % (SiC)p to itself and in dissimilar joints to EN AW-6082 and steel AISI304L.
Figure 8 shows the tested specimens and areas of fracture. The developed arc brazing routine under use
of the newly introduced braze filler B-A139.5Ag39.5Cu20Sil permits AMC/AMC joints with average
tensile shear strengths of about 55 MPa, showing maximum values of about 80 MPa. The resulting
areas of fracture comprise partly ductile failure that mainly occur within the braze seam material close
to the AMC joining partner with lower braze filler wetted area. The ductile failure is attributed to
the well-developed diffusion zone between the braze seam and AMC base material in this region.
In comparison to flux-aided furnace brazing processes the bond strength values are high. This is
attributed to the successful oppression of (SiCp) dissolution and the related formation of aluminium
carbides. Applying the same arc brazing routine and braze filler to dissimilar AMC/EN AW-6082
joints results in lower average bond strengths of about 40 MPa. Fracture occurs close to the surface
of the EN AW-6082 base material. This is lead back to the underrepresented diffusion zones on
the former Al alloy surfaces. The pictured fracture area in Figure 7 hence shows less ductile zones in
comparison to the fracture area of AMC/AMC samples. For the applied arc brazing routine, the bond
strength of dissimilarly joined AMC/AISI304L is lowest in comparison to the tensile shear strengths of
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AMC/AMC and AMC/EN AW-6082 brazing joints. The average value is about 20 MPa, which leads
back to the microstructure, hardness level, and crack density that occur in the braze seam area close to
the steel partner. Hence, brittle fracture occurs at the surface of the AISI304L base material. The same
place of failure occurs in flux-aided brazing joints of the same type. However, in comparison to
results from conventional flux-aided furnace brazing, the average bond strength value is doubled.
This positive result is understood to come from a comparatively thinner seam of intermetallic phases
and a finer dispersed distribution of intermetallic phases within the braze seam close to the former
steel surface, when the described arc brazing routine is applied.

Table 5. True joining areas of dissimilar joints tested regarding shear tensile strength (Figures 7 and 8).

Braze Joint Type AMC/AMC AMC/EN-6082  AMC/AISI304L (Arc Brazed) AMC/AISI304L (Flux Brazed)

Joining Area (mm?) 33-36.5 26-51 34-112 49-85
80
70
—_
©
o
s 60
N’
s
=) 50
c
2
n 40
F o
©
2
S 30
Q
2 20
(]
—
i -
0

AMC / AMC AMC / EN AW-6082 AMC / AISI304L flux brazed
AMC / AISI304L

Figure 7. Bond strength values resulting from tensile shear tests for different similar and dissimilar
braze joints using arc brazing routine and braze filler B-A139.5Ag39.5Cu20Sil.



Metals 2018, 8, 166 10 of 12

AMC / AMC

AMC / EN-6082

AMC / AISI304L

Figure 8. Tested specimens and resulting areas of fracture in accordance to the test and bond strength
values presented in Figure 7.

4. Conclusions

Joints of particle reinforced aluminium matrix composites to itself, stainless steel, and aluminium
alloy were successfully produced by arc brazing. The investigation of the microstructures of
the developed braze filler and the produced joints proved that the resulting thermal influence on
the processed aluminium materials is low, which results in thin diffusion zones. Additionally, it is
noticeable that the ternary eutectic microstructure of the braze filler still exists within the braze seam
close to the aluminium-based joining partners. The hardness profile at the interfaces between braze
seam and aluminium alloy as well as AMC is accordingly flat, showing nearly constant hardness
levels of approximately 300 HV0.005/15. The nearly constant hardness levels lead to high average
bond strengths of these brazing joints of about 40 MPa and 55 MPa, respectively. In contrast to this,
the interfaces of the braze seam to stainless steel showed detrimental microstructures and hardness
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profiles, due to severe alloying of the braze filler during arc brazing. As a result, various intermetallic
phases and phase seams formed instead of the announced ternary eutectic microstructure that was
documented for braze seam areas that are close to the Al-based joining partners. However, the resulting
average bond strength of 20 MPa was twice as high as that gained for comparatively produced
conventionally furnace-brazed AMC/steel joints.

In summary, arc brazing is a suitable technique to join AMC to Al alloys with high bond strengths.
Permanent arc brazed joints of AMC to steel could be produced, however, shear tensile tests revealed
significantly lower bond strengths due to a persistent brittle phase seam at the surface of the steel
partner. Hence, further adapted brazing processes are necessary to reduce heat input and to prevent
the formation of brittle intermetallic phases, especially seams of intermetallic Fe-Al phases.
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