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Abstract

This study investigated the microstructure and properties of soldered joints of AISI 304
stainless steel and PMMA thermoplastic or AW-1050A aluminum alloys made using Resis-
tance Element Soldering (RES) technology. The bimetallic element used in RES provided a
mechanical joint with a thermoplastic or aluminum alloy and a soldered joint with AISI
304 steel using Sn60Pb40 solder in the core of the element. The solder in combination with
the Chemet CHM-A-014 flux wetted the AISI 304 steel surface very well at a temperature
of 225 °C with a contact angle of 14°. During the production of the joints, the solder melted
in the bimetallic element on the AISI 304 steel side, while solid solder was retained at the
point of contact with the welding electrode. The strength of the joints ranged from 25.5 to
36.4 MPa, which was less than the strength of the solder, and the joints failed at the AISI
304 steel-Sn60Pb40 solder interface. The fracture surface was predominantly formed by
the solder. An intermetallic phase of FeSn, was identified at the interface.

Keywords: metal-to-plastic joining; soldering; resistance heating

1. Introduction

Research into soldering of high-alloy steels is currently focused mainly on the possibil-
ities of joining steel to non-metallic materials [1,2] by using different energy sources [2—4]
and research into the properties of soldered joints [5]. Among new joining technologies, we
can also include Resistance Element Soldering (RES) technology, which is fundamentally
based on Resistance Element Welding (REW) technology and is described in detail in the pa-
pers [6-8]. RES technology was designed for joining metals to thermoplastics by resistance
heating. The essential difference between RES and REW is that instead of a base element, a
bimetallic element is used (Figure 1), where the housing ensures a mechanical connection
to the thermoplastic and the solder core ensures a metallurgical joint to the metal. The
relatively low melting temperature of the Sn-based solder (depending on the composition
around 200 °C) enables resistance soldering without the risk of thermal degradation of
the plastic.

Heat generation during resistance heating at the interface of the materials to be
joined [9], precise heat dosing, and the significantly different melting temperatures of
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Sn solders and steels affect the volume of molten solder. With appropriately selected
resistance heating parameters in RES technology (Figure 1), the soldering temperature is
reached at the solder—steel interface. At the solder—electrode interface, the temperature does
not exceed the melting temperature of the solder due to intensive heat removal through the
water-cooled electrode [10]. Such a temperature distribution is advantageous in terms of
minimizing the wear of the contact surfaces of the electrodes, which occurs, for example, in

resistance welding of galvanized steel sheets [11-13].

Cu housing

Figure 1. Joint produced by RES using a bimetallic element.

The results published in the paper [8] indicate the possible potential of RES technology
in joining galvanized steel sheets to PMMA using Sn60Pb40 solder. Sn-Pb solders have
been the most widely used material for soldering of Cu- and Fe-based metallic materials
for decades [14,15]. In addition to good wettability and strength, they also exhibit high
resistance to brittle failure at cryogenic temperatures [16]. Possible alternatives for soldering
high-alloy steels are lead-free solders of the Sn91Zn9 and Sn965b4 types [5]. When verifying
the suitability of using modified Sn solders, the results achieved (e.g., mechanical properties
of joints) are usually verified by comparing them with the properties of joints made with
Sn-Pb solders [17].

The soldering of stainless steels is significantly influenced by the properties of the
passivation layer that forms on the surface of the material when exposed to the air at-
mosphere. Despite the ambiguity in the composition of the layer, research teams agree
that the passivation coating consists of two layers of oxides and hydroxides of iron and
chromium [18]. Passivation occurs by the rapid formation of surface-adsorbed hydrated
metal complexes that are sufficiently stable on the alloy surface so that further reaction with
water allows the formation of a hydroxide phase that forms an insoluble, surface oxide
film [19].

Chromium is the main element in the passivation layer. At chromium contents above
10.5 to 11.5%, steel can form a protective coating with a thickness of several nanometers.
The protective coating is enriched with iron in addition to chromium, but the structure
of passivated films on stainless steels is determined by chromium [20,21]. The three most
commonly used austenite stabilizers—nickel, manganese and nitrogen—contribute to the
passivation of the surface of austenitic stainless steels [22]. Nickel is generally not found
inside the passivation layer, but the interface below this layer is enriched with nickel.
Analysis of the layer of metal samples exposed to the air atmosphere showed the presence
of carbon and oxygen. Carbon is present mainly due to adsorbed hydrocarbons. Oxygen
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comes from the immediate formation of oxides as well as from adsorbed water vapor and
carbon dioxide. A clean metal surface is very reactive and adsorbs more water vapor and
atmospheric contaminants than a contaminated surface [23].

Stainless steel is not an easy material to solder for two reasons. First, it is covered with
an extremely stable passivation layer. Second, stainless steel has a relatively low thermal
conductivity, which makes it difficult to heat the joints quickly and evenly to the soldering
temperature [14,24]. To ensure the wettability and flowability of the liquid solder, the
surface of the base material must be cleaned before soldering. Cleaning requires a two-step
process: removal of oil and grease, followed by removal of oxides. Suitable methods
include steam degreasing, solvent degreasing, acid pickling, blasting, and grinding with
a wire brush or stainless steel abrasive cloth. If the surfaces are highly polished, it is best
to roughen them slightly with an abrasive cloth or other suitable means before soldering.
Soldering should be carried out immediately after cleaning. If soldering is delayed, the
parts to be joined should be pre-coated with solder immediately after cleaning [24].

When soldering steels, it is necessary to apply a flux to remove surface oxides, thereby
creating suitable conditions for the wettability and flowability of the molten solder. In
the case of corrosion-resistant steels, the surface oxides are rich in chromium. This gives
stainless steels corrosion resistance but is more difficult to remove than oxides formed on
unalloyed carbon steels. In soldering, fluxes based on orthophosphoric acid and hydrochlo-
ric acid, as well as aqueous solutions of zinc chloride, are suitable due to the properties of
the passivation layer. If the alloy being soldered contains molybdenum, titanium, niobium
or aluminum, the flux should also contain a certain amount of hydrofluoric acid [24].

Commercially available solders, mostly based on Sn, can be used for soldering of
stainless steels, which have been used mainly in electrical engineering [25]. In general, the
higher the tin content of the solder, the better the wetting and flow on stainless steel [24].
Eutectic or nearly eutectic Sn-Pb solders have traditionally been a favored choice by elec-
tronics manufacturers because of their exceptional soldering capabilities and reliability [25].
The composition of stainless steel suggests that the solder should promote metallurgical
reactions with the main elements of this steel, namely Fe and Ni, in order to promote
surface wetting. Tin-based solders wet Fe and Ni well. However, the phase diagram of
the binary Cr-Sn alloy shows almost complete mutual insolubility of Cr and Sn in the
solid phase [26]. High-Sn alloys are preferred for use on stainless steels, not only because
of the maximization of the metallurgical reaction at the solder/base interface and low
melting temperatures, but also due to their good strength, thus meeting many of the service
conditions for which stainless steels are selected [24].

Current knowledge shows the potential of RES technology in joining galvanized non-
alloy steel sheets to plastics, while alloyed steels have not been the subject of research
so far. For this reason, our study was focused on evaluating the influence of RES param-
eters on the microstructure and some properties of AISI 304 stainless steel soldered to
thermoplastic joints.

2. Experiment
2.1. Materials and Joint Geometry

In the study of the influence of RES parameters on the properties of the joints, austenitic
stainless steel AISI 304 was joined to a thermoplastic of PMMA type or an aluminum alloy
AW-1050A using a bimetallic element. The geometry of the assembly for RES is shown in
Figures 1 and 2. Blanks with dimensions of 30 x 100 x 1 mm were prepared by cutting
them from cold-rolled AISI 304 sheets with a thickness of 1 mm. The sheet metal used had
one side polished and the other ground. The soldered joint was made on the ground side of
the sheet, which had an average roughness Ra of 0.25 um. The rough side was selected due
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to the assumed better wetting conditions compared to the polished side [24]. The chemical
composition and mechanical properties of AISI 304 steel are given in Tables 1 and 2 [27].
Steel is characterized by a relatively low thermal conductivity of 16.2 W.m~1.K~! [23]. For
the production of test samples, thermoplastic blanks with dimensions of 30 x 100 X 2 mm
were cut from a PMMA sheet, with the trade name QUINN XT. This plastic was chosen
because of its transparency, which enabled visual inspection of the soldering point. Selected
properties of the PMMA QUINN XT are given in Table 3 [28]. A @ 6 hole witha @9 x 1
recess was drilled in the PMMA to properly position the element and allow for its axial
deformation during joining. The dimensions of the used blanks of the overlapped joints
were based on the dimensions of test samples used in works with a similar focus, e.g., [29].

100
! |
wn 1
. .
1
: @ i PMMA / Al o
i I
. 1
1
RES element ,
20 | 20
100
Figure 2. Geometry of the assembly for RES.
Table 1. Chemical composition of AISI 304 stainless steel.
Element C Mn Si P S Cr Ni N
wt. % <0.08 <2.0 <0.75 <0.045 <0.03 18 + 20 8.0 +10.5 <0.1
Table 2. Mechanical properties of AISI 304 stainless steel.
Yield Strength R, (MPa) Ultimate Tensile Strength Ry, (MPa) Elongation at Break A (%)
>205 >515 >40
Table 3. Mechanical and thermal properties of PMMA QUINN XT thermoplastic.
Ultimate Tensile Elongation at Max. Working Degradation Molding Temperature
Strength Ry, (MPa) Break A (%) Temperature Ty (°C) Temperature Tp (°C) Tym (°CO)
>70 >4 85 >280 130 + 170

When designing the dimensions of bimetallic elements, we based our work on the
dimensions of the elements used in REW technology. This technology uses elements with
a shank diameter of 5 or 6 mm [30-34], and the diameter and height of the head depend
on the type and thickness of the material on which the form-fit connection is applied. We
chose a shank diameter of 6 mm for RES technology, since, in general, a larger contact area
of the soldered joint has a positive effect on its load-bearing capacity.

In the joints intended for measuring the mechanical properties, the PMMA blanks
were replaced by AW-1050A blanks with identical dimensions except for the thickness,
which was 1 mm. The chosen aluminum alloy had a higher strength than plastic, which

https://doi.org/10.3390 /met16010006


https://doi.org/10.3390/met16010006

Metals 2026, 16, 6 50f 16

allowed us to test the strength of the soldered joint. When using plastic in the joint assembly,
it broke under load in a place that was weakened by the pre-drilled hole. However, the
plastic enabled visual inspection of the soldered joint. The composition and properties of
the AW-1050A aluminum alloy used are given in Tables 4 and 5 [35].

Table 4. Chemical composition of AW-1050A aluminum alloy.

Element Al Si Fe Cu Mn Mg Zn Ti
wt. % >99.5 <0.25 <0.40 <0.05 <0.01 <0.05 <0.07 <0.05

Table 5. Mechanical properties of AW-1050A aluminum alloy.

Yield Strength Ry, (MPa) Ultimate Tensile Strength Ry, (MPa) Elongation at Break A (%)
>85 105-145 >2

The bimetallic element (Figure 1) consisted of a housing formed by a Cu tube and a
core filled with solder Sn60Pb40. The Cu tube had an outer diameter of & 6 mm and a wall
thickness of 0.5 mm. The element was prepared by centrifugal casting of Sn60Pb40 solder
into a Cu tube, subsequent cutting of bimetallic segments with a length of 11 mm, and cold
extrusion of these segments. The production of the elements is described in detail in [36].
The mechanical properties, melting temperature, and electrical resistance of the materials
of the bimetallic element are given in Table 6 [37,38].

Table 6. Properties of element materials.

Material Ultimate Tensile Ultimate Shear Elongation at Melting Electrical Resistance
Strength R, (Mpa)  Strength v, (MPa) Break A (%) Point T, (°C) R (Q)

Cu tube >210 - >60 1083 17 x107°¢

Sn60Pb40 >56 >39 >60 183-190 1.5 x 107

On the soldered interface of the RES joint (AISI 304 steel-Sn60Pb40 solder), a liquid
flux Chemet CHM-A-014 was applied. This flux was specially designed for soldering
stainless steel. The chemical composition of the flux is given in Table 7 [39].

Table 7. Chemical composition of Chemet CHM-A-014 flux.

Component Content (wt.%) Purpose
H,O 55-70 Solvent
ZnCl, 25-30 Activator, oxide remover
Propan-2-ol C3HgO 1-5 Solvent, wetting agent
NH,4Cl 1-5 Activator, complexation
HCL 1-5 Acid, activity enhancer

2.2. Wetting Measurement

To verify the selection of solder and flux for soldering of AISI 304 stainless steel, the
wetting of Sn60Pb40 solder on the surface of AISI 304 steel was evaluated. Pieces of an AISI
304 steel sheet with dimensions of 38 x 38 x 1 mm were prepared for the test. These were
cleaned with acetone in an ultrasonic cleaner for 3 min. After cleaning, a solder weighing
0.05 g was placed on the ground side of the sheet metal and a layer of flux was applied with
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a brush. The prepared sample was heated in a chamber furnace. Wetting was quantitatively
evaluated by the contact angle «. This was measured using an Axiovert 40 MAT light
microscope (Carl Zeiss AG, Oberkochen, Germany) on a metallographic section prepared
by a standard procedure.

2.3. Production and Evaluation of RES Joints

On steel blanks intended for the production of RES joints, a layer of solder was pre-
applied to the surfaces (about half of the blank). Before applying it, each blank was cleaned
with acetone in an ultrasonic cleaner for 3 min. Subsequently, flux was applied with a brush,
and the specified part of the blank was immersed in molten solder with a temperature
of 225 °C for 10 s. After the sample was pulled out, a layer of solder was formed on the
immersed surface with free cooling in air. The average thickness of the applied solder layer
was 0.03 mm. The purpose of creating the layer of solder was to ensure suitable conditions
for the formation of a soldered joint between the element and the stainless steel during
resistance heating. The short resistance heating time (usually within 1 s) [40] and the low
thermal conductivity of stainless steel (16.2 W.m 1. K1) represent a fundamental problem
in heating the flux, solder, and base material to the soldering temperature over the entire
contact area [41].

After re-cleaning the joined segments (steel blank with a layer of solder, thermoplastic
and bimetallic element) with acetone in an ultrasonic cleaner for 3 min, the individual
parts of the assembly were arranged according to Figure 2. For resistance heating of
the bimetallic element during joining, an ARO XMA 36kVA welding gun (ARO S.A.S,,
Chateau-du-Loir, France) with a VTS control system of the ULB 1.4 type (VTS Electro s.r.0.,
Bratislava, Slovakia) was used. The universal control system allowed us to set the resistance
heating time and power source from 20 to 99%. For this reason, it was necessary to use
a Miyachi-Weld Checker MM-356 B measuring device (Miyachi Technos Corporation,
Arakawaku, Tokyo, Japan) to determine the welding current and voltage.

Based on initial experiments, the power source was set to 20%, the heating time to 0.5 s,
and the clamping force to 800 N when manufacturing all tested samples. The measured
parameters during the production of RES joints are given in Table 8, from which it can
be seen that the applied electric voltage and current differed slightly. These differences
were probably caused by slightly different resistance heating conditions at the bimetallic
element—AISI 304 steel interface, which are influenced by the properties of the contact
surfaces. Based on these parameters, the heat input of the soldering (Q) was calculated
according to Equation (1):

Q=1Ut()), (1)

where

U is voltage (V);
I is electric current (A);
t is heating (soldering) time (s).

Table 8. Resistance heating parameters for the production of test samples.

Joining Sample number
Parameter PMMA1 PMMA2 All Al2 Al3 Al4 Al5
U (V) 0.59 0.59 0.58 0.56 0.55 0.52 0.59
I(kA) 3.24 3.28 3.23 3.35 3.28 3.34 3.25
Q0 956 968 937 938 902 868 959
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The prepared RES joint samples were subjected to visual inspection. For this purpose,
samples with thermoplastic were used. The microstructure of the joints on cross-sections
prepared by a standard metallographic procedure was evaluated on selected samples.
Light microscopy using the Axiovert 40 MAT microscope (Carl Zeiss AG, Oberkochen,
Germany) and scanning electron microscopy (SEM) using a JEOL JSM-IT300 electron
microscope (JEOL Ltd., Akishima, Tokyo, Japan) were used to observe the microstructure.
The local chemical composition was measured using the Oxford Instruments X-Max 20
EDS spectrometer (Oxford Instruments NanoAnalysis & Asylum Research, High Wycombe,
UK), which is part of the electron microscope. To measure the strength of the joints,
samples with an aluminum alloy were used. The samples were tested for tensile strength
on an Inspect Desk 5 testing machine (Hegewald & Peschke, Mef3- und Priiftechnik GmbH
Am Griindchen 1, 01683 Nossen, Germany)at a crosshead speed of 5 mm.min~!. The
morphology of the fracture surfaces after the tensile test was observed with a JEOL JSM-
IT300 microscope. The phase composition was analyzed using X-ray diffraction (XRD)
analysis. Measurements were performed using a PANalytical EMPYREAN diffractometer
(Malvern Panalytical Ltd., Malvern, UK) system configured in a Bragg—Brentano geometry.
The system was equipped with a PIXcel3D detector operating in 1D scanning mode. A
cobalt (Co) anode X-ray tube was used as the radiation source, operating at 40 kV and
40 mA. Measurements were conducted in continuous scan mode across a 2Theta range
of 20° to 130°. The phase quality was analyzed using the PANalytical Xpert High Score
program (HighScore Plus version 3.0.5) with the ICSD FIZ Karlsruhe database.

3. Results and Discussion
3.1. Wetting the Surface of AISI 304 Stainless Steel with Sn60Pb40 Solder
The evaluation of the wettability of Sn60Pb40 solder on the surface of AISI 304 stain-

less steel is documented in Figure 3. The sample was heated in a chamber furnace at a
temperature of 225 °C for 5 min.

200 um

Figure 3. Wetting angle of AISI 304 with Sn60Pb40 solder.

The wetting angle of AISI 304 steel with Sn60Pb40 solder (), measured on the solder
cross-section, was 14°. The measurement result confirms the appropriate selection of solder
and flux for the preparation of RES joints.
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Hole for handling
cheet metal when
applying solder layer

AlSl 304

3.2. Visual Inspection of RES Joints

Table 8 provides an overview of the prepared joints, from which it is clear that two
types of joints were prepared. The joints with the PMMA were intended for visual inspec-
tion and metallographic observation of the cross-sections of joints. The joints with the
aluminum alloy were intended for strength tests and analysis of fracture surfaces. When
visually evaluating the joints, no relevant differences were observed between the samples
with the thermoplastic (PMMA1L and PMMA?2). An overall view of the RES joint with the
thermoplastic is documented in Figure 4a. Figure 4b shows the details of the joint area,
which allowed solder spatter to be observed.

Solder spatter

SneOPb40 Bimetallic
layer element

(a)

Figure 4. RES joint between AISI 304 steel and PMMA thermoplastic made using a bimetallic element:
(a) general view, (b) joint details with solder spatter.

The overall view of the RES joint (Figure 4a) confirms the correct choice of resistance
heating parameters in terms of the extent of deformation of the element, the volume of
melted solder, and the thermal influence of the thermoplastic. Only rarely did solder
spatter occur at the point of contact of the element with the steel sheet (Figure 4b). It can be
assumed that the solder spatter during rapid heating, which is caused by pressure during
the expansion of the melt volume, will be replaced at the joint point by molten solder from
the core of the bimetallic element.

3.3. Structure of RES Joints

Figure 5 documents a cross-section of the RES joint. A certain volume of solder can be
observed to melt in the core of the bimetallic element. The amount of melted solder during
resistance heating of the element is directly related to the heat input used, as described
in [4]. Isolated pores occurred in the core of the bimetallic elements (Figure 5). However,
the porosity is localized outside the contact area between the element and the steel sheet.
The porosity probably arose during the preparation of the semifinished bimetallic products
by centrifugal casting [36].

Figure 6a documents the macrostructure of the RES joint section. Resistance heating
allowed the desired temperature gradient to be achieved in the core of the bimetallic
element with the maximum temperature reached at the point of contact with the AISI 304
sheet, as described in the Introduction. During soldering, extensive remelting of the solder
in the core of the element occurred. The boundary between the melted and non-melted
area is relatively clear and is related to the different grain size in the microstructure.
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Figure 5. Cross-section of RES joint of AISI 304 steel and PMMA thermoplastic (PMMAL1 sample).

Electrode axis Element axis
|

Figure 6. Structure of the element in the PMMA 1 sample: (a) macrostructure of the element, (b) fine-
grained microstructure of the melted area, (c) coarse-grained microstructure of the non-melted area.
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Sn60Pb40

The microstructure of the solder with different grain sizes is documented in Figure 6b,c.
Identical structural components were observed in both areas but with different dispersity. The
microstructure of both areas was primarily formed by precipitated grains of a Pb-based solid
solution and a eutectic mixture of Sn and Pb-based solid solutions. The observed microstructure
corresponds to the equilibrium binary Sn—Pb diagram [41]. The short heating time and rapid
cooling during resistance soldering caused the structural components in the remelted area to
have a significantly smaller average grain size (below 5 um) than in the non-melted area (above
15 pm). The asymmetric shape of the volume of remelted solder in the core of the element was
caused by inaccuracy in the positioning of the electrodes of the welding gun.

Observation of the head of the element demonstrated solid-state contact at the
electrode-element interface (upper edge in Figure 6a) during soldering. Solid-state contact
confirmed the correct selection of heating parameters, which, with sufficiently intensive
heat removal, ensured the correct temperature at the electrode-element interface. No solder
melting occurred at this interface, which is favorable in terms of preserving the properties
of the electrode. These could change as a result of enrichment of the Cu electrode with
solder elements. The documented results of the application of a rapid temperature cycle
(known from resistance spot welding) in soldering of high-alloy steels with Sn solders
bring new insights that have not been investigated in more detail so far.

EDS line analysis of the distribution of elements across the soldered interface of the
AISI 304 steel-Sn60Pb40 solder RES joint, which was measured in the center of the joint, is
shown in Figure 7. In this image, a transition region can be observed on the solder side
with a thickness of less than 1.5 um. In this region, the wetted base material (AISI 304 steel)
was dissolved by the molten solder. In this region, elements originating from both the steel
(Cr, Fe) and the solder (Sn, Pb) were identified. The structural analysis of the transition
region was supplemented by phase analysis on fracture surfaces.

AlSI 304 stainless steel

(a)

All Elements

(b)

Figure 7. AISI 304 steel-Sn60Pb40 solder RES joint interface: (a) cross-section, (b) EDS line analysis of
the distribution of elements across the interface.

3.4. Tensile Test of RES Joints

The test samples before and after the tensile test are documented in Figure 8. Figure 8a
shows an overall view of the RES joint of the AISI 304 steel and PMMA thermoplastic after
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the tensile test. The figure confirms that the overall strength of the joint exceeds the strength
of the PMMA thermoplastic at the location weakened by the pre-drilled hole for the element.
The strength of the connection between the PMMA and the Cu housing of the bimetallic
element is determined only by the strength of the thermoplastic. When testing the PMMA1
and PMMAZ2 bonds (documented in Figure 8a), the strength expressed as Fnax was at the
level of 402 to 407 N. This fact justifies the replacement of the PMMA thermoplastic with
the AW-1050A aluminum alloy (Figure 8b) for a quantified assessment of the strength of the
soldered joint. The RES joint sample of the AISI 304 steel and AW-1050A aluminum alloy
after the tensile test is shown in Figure 8c. This figure documents the failure of the joint at the
AISI 304 steel-Sn60Pb40 solder interface. The tensile test results are given in Table 9. It can
be seen from Figure 8 that the prepared lapped joints were subjected to shear force during
strength testing. For this reason, it was possible to compare the strength of the soldered joints
Tm With the shear strength of the Sn60Pb40 solder T, (Table 6). It is clear from Table 9 that the
strength of the joints ranged from 25.5 to 36.4 MPa, which represents 65 to 93% of the strength
of the solder itself. The measured dispersion of the strength values could be caused by three
factors: solder spattering and the formation of porosity; deviations in the heat input Q, which
would also be conditioned by the possible misalignment of the element and the electrodes of
the welding gun during heating; the surface conditions and force distribution on the contact
surfaces between the element and the steel sheet.

Crack after
loading

(b) (©

Figure 8. RES joints used for tensile test: (a) PMMA1 sample (AISI 304 steel-PMMA thermoplastic)
after tensile test, (b) All sample (AISI 304 steel-AW-1050A aluminum alloy) before tensile test, (c) All
sample after tensile test.
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Table 9. Tensile test results.

Sample All Al2 Al3 Al4 Al5  Average Value
Parameter
Shear force Fr, (N) 808 1031 1010 721 914 897
Shear strength of the joint 1, (MPa) 28.55  36.43 35.69 2548  32.30 31.70
Shear strength ratio of the joint and the solder T, /7,  0.73 0.93 0.92 0.65 0.83 0.81

3.5. Analysis of Fracture Surfaces of RES Joints

All tested joints failed at the soldered interface (AISI 304 steel-Sn60Pb40 solder). The
fracture surfaces after the tensile test are documented in Figures 9 and 10. Figure 9a
shows an overall view of the fracture surface of the soldered part of the joint from the
element side. Figure 9b shows the fracture surface of the same joint from the AISI 304 sheet
side. Observation of both fracture surfaces showed that the fracture of the joint occurred
primarily through the solder material. Large areas with solder residues are evident on
both fracture surfaces (Figure 9a,b). Figure 9b shows smaller areas where the surface of
the steel sheet and solder spatter can be observed. Details of the dominant part of both
fracture surfaces passing through the solder are documented in Figure 10a,b. Both figures
show the pit morphology of the fracture surfaces of the Sn60Pb40 solder with a relatively
regular shape and uniform distribution of pits. The morphology of the fracture surface
indicates good toughness of the solder and failure by trans-grain ductile fracture. Such
failure of Sn-based solders was observed at a temperature of 25 °C in another study [16].
The details of the fracture surface capturing the area of the Sn60Pb40 solder and the surface
of the AISI 304 steel are shown in Figure 11a. EDS analysis of this surface is shown in
Figure 11b, confirming the dominant presence of Sn and Pb from the solder. The small
concentration of Fe and Cr corresponds to local failure of the joints on the steel surface
(AISI 304 steel-Sn60Pb40 solder interface).

(b)

Figure 9. Overall view of the fracture surface from the side of the (a) element, (b) AISI 304 sheet.

The fracture surfaces of the joints were subjected to XRD phase analysis (Figure 12).
Figure 12 documents the XRD records from the fracture surfaces of the three joints with the
highest strength (Al2, Al3, Al5, see Table 9). For all three joints, the fracture surfaces on the
AISI 304 steel side (Al2 sheet, Al3 sheet, Al5 sheet) and on the element side (Al2 element,
Al3 element, Al5 element) were analyzed.
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Figure 10. Details of the fracture surface structure from the side of (a) element (Detail A), (b) AISI 304
sheet (Detail B).

I Map Sum Spectrum
Wt%

Sn 49.7

Pb 34.7

Fe 6.7

C 49

(o) 21

Cr 19

(b)

Figure 11. Analysis of the fracture surface of the joint from the side of the AISI 304 sheet: (a) fracture
surface morphology, (b) EDS analysis.

XRD records in Figure 12 confirmed, in particular, the presence of structural compo-
nents of the Sn60Pb40 solder on the analyzed fracture surfaces. In all records, Sn and Pb
or their solid solutions are dominant, because the majority of the fracture surface passed
through the solder. The records also showed the presence of Fe-gamma and Cu, the peaks
of which overlap. The Fe-gamma peaks confirm that the fracture at the AISI 304 steel-solder
interface and the Cu peaks come from the Cu housing of the element. The formation of a
small amount of the intermetallic phase FeSn, on the fracture surfaces on the AISI 304 steel
side (AI2 sheet, Al3 sheet, Al5 sheet) indicates the reaction of the solder with AISI 304 steel
during soldering. The small proportion of the FeSn; phase is a consequence of a small part
of the fracture surface being located outside the solder. Based on these records, it can be
assumed that at the AISI 304 steel-Sn60Pb40 solder interface, an intermetallic phase FeSn,
is formed during soldering. The small thickness of this phase did not enable its observation
in the cross-section, but the formation of the transition region observed in Figure 7 confirms
this assumption. The interface characteristics of soldered joints of high-alloy steels with
Sn solders prepared through a rapid temperature cycle of resistance heating are valuable
because they have not yet been described in the literature.
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Figure 12. XRD analysis of fracture surfaces of AISI 304 steel-AW-1050A aluminum alloy RES joints
(AL2, Al3, Al5).

4. Conclusions

The following conclusions were drawn from a study joining AISI 304 stainless steel to
PMMA thermoplastic or AW-1050A aluminum alloy using RES technology with a bimetallic
element. Sn60Pb40 solder and Chemet CHM-A-014 flux represent the right combination
for preparing RES joints. The solder wets the surface of AISI 304 stainless steel very well.
At a temperature of 225 °C for 5 min, the wetting angle was measured to be « = 14°.

During soldering, solder remelting occurred in the core of the bimetallic element,
alongside the rare occurrence of porosity, which was localized outside the contact area
between the element and the steel sheet. The use of resistance soldering with a rapid
temperature cycle made it possible to produce a soldered joint with the desired temperature
gradient. At the electrode-element interface, there was solid-state contact during soldering,
which is important for the lifetime of the electrode.

In the strength test of the RES joints, the measured strength ranged from 25.5 to
36.4 MPa, which reached 65 to 93% of the shear strength of the solder. All joints broke at
the AISI 304 steel-Sn60Pb40 solder interface.

Observation and XRD analysis of the fracture surfaces showed that the majority of
the fracture surface passed through the solder. Small areas representing the surface of AISI
304 steel were also present on the fracture surface. At these locations, the formation of the
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intermetallic phase FeSn; was observed, which was formed at the AISI 304 steel-Sn60Pb40
solder interface due to the reaction of the solder with the steel surface.

The obtained results provide new knowledge about the microstructure and properties
of soldered joints of the selected material combination made by resistance heating. Further
research will be focused on replacing the Sn60Pb40 solder with the lead-free Sn91Zn9
solder, which has already proven itself in the production of joints of galvanized steel sheets
with PMMA using RES technology.
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