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Abstract: Friction welding is one of the most economical process of joining solid-state materials.
This technique allows to weld similar and dissimilar materials in a very short time. Friction welding of
metal with composites gives new possibilities of application, due to the fact that materials have different
physical and mechanical properties. In the study, aluminum alloy 44200 was friction welded to Al/Al20s
composite. In addition, the following inspections were performed: optical microscopy, microhardness
measurements and also tensile strength for all joints produced by friction welding. All of the studies were
performed to evaluate the quality of connection between the 44200 alloy and the composites on the
aluminum alloy matrix reinforced with ceramic phase of Al/Al2Os.
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Introduction

The use of composite materials based on light alloys has a number of benefits. The group of composite
materials based on aluminum alloys reinforced with the Al.Os ceramic phase is of particular importance here.
[1]

Composites based on Al alloys are increasingly used, especially in loaded structures [2], meeting high
strength properties. In addition, they are characterized by corrosion resistance, higher wear resistance
combined with a low density and a low coefficient of thermal expansion. More and more often they are used
where it is important to reduce the weight of subassemblies, while maintaining mechanical parameters. The
area of potential application of composite materials is the automotive industry [3].

Taking into account the requirements and the simultaneous reduction of production costs, it is crucial
to develop new technologies for joining composites with other materials. One of such methods is friction
welding [4,5].

The basic material used during the research was 44200 aluminum alloy, which is used in the automotive
industry for components of internal combustion engines. The 44200 alloy, which was the matrix, was also
used to produce composite materials from the Al/Al20s group. Ceramic alumina particles were used to
reinforce the composite. Composite materials used in the work were produced by pressure infiltration of
ceramic blocks with porosity of 70% and 80%.

Both the choice of alloy and composite materials used in the work was not accidental. Type 44200
aluminum alloy is one of the most commonly used in the automotive industry, and the composites used were
developed as part of the KomCerMet project (POIG.01.03.01-00-013/08-00) precisely in order to improve the
properties (important from the point of view of automotive applications) of the pure alloy [6]. The use of
composites with two different contents of the ceramic phase was to show which of them would have the
greater application potential. The share and morphology of the various phases of the composite significantly
affect the weldability [7].

During the friction welding process, kinetic energy is converted into thermal energy due to friction. The
whole process consists of joining two elements in solid-state, one of which is placed in a stationary holder,
and the other is subjected to a rotational movement in relation to their axis. The materials are brought closer
together, and then the friction resulting from the pressure force Pt is set (Fig. 1). Heat is generated by friction
between the surfaces to be joined. The surfaces of the materials to be welded heat up to a high temperature,
close to the melting point of metal, but do not exceed it. After the rotation is stopped, the materials are pressed
with the force Ps, usually greater than the force Pt. The highly plasticized material from the friction zone
moves to the flash, and the joined elements are shortened.
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Fig. 1. The course of the friction welding process: a) setting the rotational speed n, b) pressure of the joined elements by
the Pt force, c) increasing the pressure force after stopping the rotation

The main feature that must be characterized by composite-metal joints is usually high mechanical
strength in conditions of significant temperature amplitudes. This problem is difficult due to the high
hardness and brittleness of composite materials [8,9]. Thus, obtaining a high-quality metal-composite joint
comes down to shaping an appropriate transition layer between these materials [10,11].

Additionally, when joining materials with different properties, problems arise due to differences in
hardness, melting point, thermal conductivity and micro-structure [12]. Friction welding makes it possible
to combine two dissimilar materials whose physicochemical properties are different. Thanks to the friction
welding technique, very high-quality joints are obtained in a short time [13].

Friction welding of Al 44200 alloy with Al/Al2Os composites

Characterization of materials

The starting material used in the works was 44200 aluminum alloy, containing the following alloying
elements: Si, Fe, Cu, Mg and Ni (Table I). The material belongs to the group of eutectic alloys — high silicon
content — 11%. Al-Si alloys form an eutectic with a composition of 11.7% Si, with a melting point of 577 °C,
composed of crystals of a solid silicon solution in aluminum and a solid  solution of aluminum in silicon.

Table I. Chemical composition of 44200 alloy

Chemical composition
Fe Si Mn Ti Cu Zn Others
max 0.55 10.5+13.5 0.35 0.15 0.05 0.1 0.15

The alloy is characterized by very good casting properties (Table II). It is mainly used in the automotive
industry, it is used for components of internal combustion engines (pistons, heads). Its microstructure is
shown in Figure 2.

Table II. Selected physical properties of 44200 alloy

Material Density [g/cm’] Cp [J/(g*K)] «10° [IK]
Al 2.66 0.9 23.86
Al (44200) alloy 2.64 0.9 23.86

The hardness of 44200 alloy was measured by the Vickers method on a Struers Durascan 10. The average
hardness of the alloy was 51 HV0.3.

For the welding tests with the EN AC-44200 aluminum alloy, composite materials were used, made on
the basis of the 44200 cast aluminum alloy. The composites used in the work were produced by the Wroctaw
University of Science and Technology using the pressure infiltration technique of porous ceramic blocks
made of AL:Os particles with sizes in the range of 3+6 um.
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Two types of composite material were used:
o Al 44200 alloy, reinforced with Al:Os particles with a 30% volume fraction:
Volumetric composite, the matrix of which is 44200 alloy, the reinforcement is a ceramic block with
a porosity of 70%. Microscopic examinations showed that the aluminum oxide particles are evenly
distributed in the alloy matrix (Fig. 3a).
The hardness of the composite was measured by the Vickers method and was 140 HV0.3. The composite
is characterized by high hardness, almost three times higher than that of the 44200 aluminum alloy.
o Al 44200 alloy, reinforced with Al:Os particles with a 20% volume fraction.
A ceramic block with a porosity of 80% was used. The structure tests showed a good distribution of the
AlOs ceramic phase in the composite (Fig. 3b).
The hardness of the composite measured by the Vickers method was: 110 HVO0.3.

(@) (b)
Fig. 3. Composite microstructure: a) Al44200+30%Al120s, b) Al44200+20%Al120s

Friction welding trials
Attempts to join the 44200 aluminum alloy with Al/Al:Os composites were carried out on a HARMS

WENDE HWH model RSM200 friction welding machine, which enables the welding of axially symmetrical
materials. The welding machine allows to perform trial joining of materials in the following range of
parameters:

e head rotational speed: 6000+24000 rpm,

e friction force: 11 kN,

e upsetting force: 11 kN,

e time of friction/upsetting: 100+7000 ms.
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The materials to be welded were in the form of rods with a diameter of 8 mm with flat frontal areas.
The length of the welded materials was 25 mm.

The view of the welding machine spindle and the specimen mounting system for the welding of Al
alloy with composites is shown in Figure 4. The aluminum sample was placed in a rotating spindle U. The
composite material was placed in a fixed holder S with a pneumatic clamp.

Fig. 4. View of the tooling of the friction welding process: U — aluminum alloy sample placed in a rotating spindle,
S —composite material placed in a fixed holder

A series of trials and preliminary tests of the obtained joints were carried out. The parameters of the
friction welding process from some of the tests performed are summarized in Table III.

Figure 5 shows the computer screen image with the welding conditions as a function of time for the
joint: 44200/44200+30%Al20s (sample No. 4, Figure 6).

Table III. Friction welding process conditions 0fAl44200 with Al4420- Al2Os composites

Pressure Pressure . .
. L. . . . Pressure in Pressure in the
Rotational Friction Upsetting force in the force in the

Sample the friction upsetting

No. Composite material ?pe;(]l Enmse]e t{l:::} fri;tai:: upslf;tsi:g phase phase

P P[ o] 1; o] [MPa] [MPa]
1 44200+30%-vol. Al2Os 23000 40 3000 3 4 15 2.0
2 44200+30%- vol. A.Os 13000 40 3000 3 4 15 2.0
3 44200+30%- vol. Al.Os 13000 40 3000 2 2 1.0 1.0
4 44200+30%- vol. A.Os 13000 40 3000 1.6 2 0.8 1.0
5 44200+20%- vol. A:Os 13000 40 3000 1 2 0.5 1.0
6  44200+20%- vol. AOs 15000 40 3000 1 2 0.5 1.0

Fig. 5. Welding cycle as a function of time for the joint: 44200/44200+30%Al20s. Lines: red — rotational speed expressed
in % (100% = 25000 rpm), yellow — pressure expressed in % (100 = 8 bar)
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Fig. 6. View of welded joints obtained by friction welding in conditions presented in table III for sample 4

On the other hand, Figure 7 shows the joint 44200/44200+20%Al20s obtained for the welding conditions
for sample no. 5 from Table III.

Fig. 7. Friction welded joints of 44200/44200+20%Al20s obtained for process parameters compiled in table III, sample 5

Research results

Hardness, microstructure and tensile strength tests were carried out on the obtained joints of the 44200
aluminum alloy with the Al/Al2Os composite materials.

The hardness test was carried out using the Vickers HV0.3 method on the Struers Durascan 10 device.
The hardness distribution test was performed according to the diagram in Figure 8 along three measurement
lines: I, II and III. The obtained measurement results are presented in Tables IV and V.
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Fig. 8. Scheme of hardness measurement in welded joints aluminum 44200-composite

Graphical hardness distributions for the alloy/44200+30%Al20sand alloy/44200+20% Al20s welded joints
are presented in Figures 9 and 10.
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Table IV. Results of hardness measurements in 44200 alloy — 44200+30% Al:Os
Hardness HV [0,3]

Distance from connection

Material I II III
[mm]
148 151 136 -1.75
134 148 139 -1.5
143 133 151 -1.25
Composite 148 151 141 -1
146 141 156 -0.75
120 116 130 -0.5
124 104 132 -0.25
60.7 59.3 61.5 0.25
57.7 53.5 569 0.5
44200 Alloy 48.1 429 476 0.75
418 45 463 1
433 428 453 1.25
40.3 41.8 43.8 1.5

Table V. Results of hardness measurements in 44200 alloy — 44200+20%A1203
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Fig. 9. Hardness distribution in 44200+30%Al1205/44200 friction welded joints
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The measurement results show that the hardness distribution coincides for all three measurement lines.
At a distance of 0.5 mm from the joint, a decrease in the hardness of the composite was observed from the
value of 140 HV0.3 (the hardness of the native material) to the value of approx. 110 HVO0.3.

In the case of 44200 alloy, it is slightly different. In the area adjacent to the joint itself (up to 0.5 mm), the
hardness of the aluminum alloy increases to 60 HV0.3. In the area of 0.7 mm, the 44200 alloy already has a
native material hardness of ~ 50 HVO0.3.

For a joint of an aluminum alloy with a composite reinforced with Al:Os particles with a 20% share, the
hardness of the composite material in the area adjacent to the joint itself (0.25 mm) is reduced. For the 44200
alloy, an increase in hardness within the joint itself (~ 60 HV) can be seen, and from a distance
of 0.75 mm from the joint, the alloy already has the hardness of the native material.

The hardness value distribution is almost identical for all of the three measuring lines.
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Fig. 10. Harness distribution in 44200+20%A1205/44200 friction welded joints

Selected results of the structural tests of the obtained alloy-composites joints are presented below.
Photographs of the microstructures were taken using an Axiovert 40 MAT optical microscope.

Figure 11 shows the joint of the 44200 alloy with the 44200+30%Al0s composite at x50 magnification,
obtained with the conditions from Table III. In the upper part of the photo you can see the structure of the
composite, while in the lower part you can see the structure of the 44200 alloy.

The structural photos confirm the good quality of the alloy-composite joint. Continuity of the connection
along the entire joint is observed. There are no discontinuities to be seen. The structure of the composite
material has not changed. No cracks or deformations were observed in the composite material reinforced
with alumina particles. Low plasticity of the composite resulting from the high content of Al2Os particles
(30%) makes the composite non-deformable. However, strong plasticization and mixing of the Al alloy in the
area of the joint can be observed and, as a result of the pressure force, it is displaced to the flash.

Fig. 11 Mlcrostructure of 44200 alloy/44200+30% Ales

In the area of the joint itself, a change in the structure of the 44200 alloy is observed. Structure refining
takes place, thus this area shows greater hardness. In further areas from the joint, band-like precipitations of
Si crystals can be seen.
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Figure 12a shows the structure of the Al44200/44200+20%Al20:s joint at a magnification of x100 (welding
process conditions from Table III, sample No. 5). No discontinuities are observed along the entire joint. The
connection structure is homogeneous, with no visible cracks or pores.

In Figure 12b, at x50 magnification, the direction of material flow can be observed: Al alloy moves from
the sample axis (center) to the outside, forming a flash.

The structure of the composite remains intact. No cracks or deformations are observed. However,
the structure refining of the 44200 alloy can be observed.

(@) (b)

Fig. 12. Microstructure of 44200/44200+20%AI120s welded joint

The study also performed the surface distribution of elements and EDS spectra on the cross-section of
alloy-composite joints (Fig. 13 and Fig. 14).
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Fig. 13. Cross-section of welded joint: a) Microstructure, b) surface distribution of elements; c¢) EDS spectrum on
44200/44200+20%A120s
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Fig. 14. Cross-section of welded joint: a) Microstructure, b) surface distribution of elements; c¢) EDS spectrum on
44200/44200+20%A120s

EDS maps show the homogeneous distribution of the individual phases within the joint. Characteristic
silicon precipitates are observed for the Al44200 alloy, visible as light green fields. The distributions shown in
Figures 13 and 14 show the same character of joints. There is a clear border of the alloy-composite connection.

Strength tests of the obtained joints were also performed. The reference sample was the 44200/44200 joint,
for which the rupture took place at the force F = 473 kN (Fig. 15), which corresponds to the stress
UTS =94 MPa.
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Fig. 15. Graph of a static tensile test for a 44200-44200 joint
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For joints with composite materials reinforced with Al:Os particles in a share of 30% and 20%, the
breaking strength was 5 kN and 4.6 kN, respectively (Fig. 16a, 16b). The obtained tensile strength results of
the joints of 44200 alloy with composites reinforced with alumina particles correspond to the strength of the
44200-44200 connection.

In all the curves obtained in the static tensile test, a very short straight line segment (enlarged areas) is
observed at the very beginning of the graph. This is a part of the chart where the tested samples deform
elastically. The smallest elastic deformation was recorded for the 44200/44200+30%Al:Osjoint (Fig. 16a).

Behind the rectilinear part of the tension curves, there is a stage that corresponds to the plastic
deformation of the tested samples. Then, further permanent plastic deformations are recorded up to the
moment of breaking the tested materials with the force contained in Table VI.

In addition, for the 44200-44200 joint, the largest displacement recorded was over 15 mm. This is due to
the high ductility of the alloy. In the case of joints with composite materials, the displacement is much smaller,
less than 10 mm. This is due to the higher Young's modulus of the composite materials used, reinforced with
AlOs particles.
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Fig. 16. Graph of a static tensile test for welded joints: a) 44200/44200+30%Al120s, b) 44200/44200+20%Al203

Table VI. Statement of static tensile test results

Description of the joint Force [kN] Stress [MPa]
44200-44200 473 941

44200/44200+30%A120s 5.01 99.7

44200/44200+20%A1203 4.63 92.2
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Summary

The paper presents the possibility of using the friction welding technique to join two dissimilar
materials: Al alloy - Al/Al1203 composite. The study contains the parameters of the friction welding process
for joints of aluminum alloy with composite materials reinforced with Al20s particles with a different
percentage of volume fraction. The conducted structural tests of the obtained joints confirm the high quality
of the joint, both for composites with 30% and 20% of volume fraction. The joints are characterized by a stable
structure along the entire cross-section, the connection zone is free from defects in the form of discontinuities.
Additionally, the results of tensile strength tests show the high strength of the obtained alloy-composite joints
at the level of the 44200-44200 reference joint.

The applied method gives very good results in the case of bonding composites from the Al/AI203 group
with the Al alloy. The friction welding technique is most often used in the automotive industry. The
advantage of this bonding method is that the process is very fast. Additionally, no additional materials are
introduced into the connection area. Short welding time and no need to prepare the joined surfaces before
the process, makes this method simple and economical.

Attention should also be paid to the difficulties that arise when joining aluminum: high thermal
conductivity, relatively low melting point and high oxygen affinity. Metallically pure aluminum surfaces
rapidly become covered with an oxide layer, which has a much higher melting point than pure aluminum.
Due to the high chemical affinity of oxygen with aluminum and the possibility of occurrence of pores,
shielding gases are used in the process of welding this metal. Friction welding gains a significant advantage
here, due to the fact that all kinds of contamination, including Oxides are removed from the joint area and
moved to the flash as a result of the strong plasticization of the material and the action of the pressure force.

In order to reduce the differences in properties between the brittle composite material and the plastic
aluminum alloy, additional procedures are often used during joining, such as applying coatings to the joined
materials or using materials with intermediate properties as a spacer (interlayer) through which bonding
occurs. Thanks to the use of the friction welding method, a permanent alloy-composite connection was
obtained, without the need of modification or special surface preparation of the materials before the process.
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