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Abstract
The microstructure and mechanical properties of joint welds formed by linear friction welding (LFW) in in Al-Cu-Mg
alloy was investigated. Joint welds of two samples of rectangular shape do not possess any macroscopic defects and are
characterized by high strength. The substantial transformation of the microstructure occurs in the weld zone as a result of
plastic deformation and deformation heating during LFW.
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1. Introduction
Nowadays there are a few manufacturing processes which
allow the joint of metals without melting at the weld
interface. They involve such different types of friction
welding like the rotary, the orbital and the linear one. The
linear friction welding (LFW) is the advanced technology
which is used in aviation engineering to produce integrally
bladed disks (blisks). As such there is a growing interest in
the last few years in the LFW process of heat-resisting Ti
alloys and steels [1-5]. The successful application of LFW
technology has already been shown as well as modeling
blisks with the russian Ti alloys VТ6 and VТ8М-1 [4,5].
Linear friction welding of Al alloys is also attracting a
lot of interest. Although there are a number of works on
using LFW [6] and modeling [7,8] the process, there are no
papers on the microstructure and properties of LFW welds
of Al alloys.
Therefore the aim of this work is the investigation of
using the LFW process on microstructural changes and
mechanical properties of the Russian aluminum alloy D16Т.
2. Experimental
The deformable aluminum alloy D16Т has been chosen as
the material of investigation. Chemical composition of the
alloy is shown in Table 1. The samples after the usual heat
treatment for aluminum alloys, such as hardening with the
following ageing, have been welded with LFW.
To describe and simulate the OFDM reception process,
an appropriate receiver model and simulation resources must
be used.
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Table 1. Chemical composition (main alloying elements) of
D16Т.
Cu

Mg

Mn

Si

Fe

Cr

Zn

Ti

4.11

1.55

0.72

0.21

0.24

0.03

0.25

0.15

The samples were cut in rectangular sections with length of
40 mm and a cross section of 13×26 mm. The main welding
parameters have been selected based on the LFW machine
capabilities.
Metallographic samples for microstructure investigation
were prepared in the central zone of the welded sample. To
reveal the structure, the prepared metallographic samples
were etched with hydrochloric, nitric and hydrofluoric acid
solution in water. For the microstructure investigations the
optical microscope «OLYMPUS GX-51» was used.
For microhardness testing a «Struers Duramin» machine
was used with a 1 N load applied for 10 sec, along a line
perpendicular to the welding interface at a pitch of 0.5 mm.
Tensile tests were performed with flat samples with
thickness 2 mm using the universal machine «Instron 5982»
at the crosshead speed of 1 mm / min.
3. Results
Microstructure investigations did not reveal any defects such
as discontinuities, incomplete penetration and pores in the
welding interface.
The microstructure of the samples after welding in the
contact zone of the two materials can be divided into three
zones: 1 – the weld centre; 2 – the thermo-mechanically
affected zone; 3 – the zone of the parent material. These
zones can be seen in the panoramic photo of the weld and
the adjusting zone (Fig. 1). These zones differ in their
reaction to etchants, sizes and shape of the grains.
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Fig. 1. Panoramic microstructure photo of D16T after LFW:
1- the weld centre, 2 – the thermo-mechanically affected zone, 3 – the parent material zone
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(b)
(b)

Fig 3. The polished face of the sample after LFW а) the base metal, б)
the weld centre.

The turn of the initial elongated grains towards the
direction parallel to the weld plane is observed in the
thermo-mechanical affected zone (Fig. 2b). The presence of
such a structure proves that there is considerable plastic
deformation. In addition, equiaxed grains are present in this
zone. The average grain size is 5.0±0.5 µm. The equiaxed
grains in this area are probably related to recrystallization.
The weld centre differs from all the others as it is very
difficult to etch and identify structures (Fig. 2b). The grain
boundaries cannot be revealed in this area. The coarse
intermetallic phases (Fig. 3b), which have been observed in
the parent material and in the thermo-mechanical affected
zone (Fig. 3b), are not present here.
The results of measuring the microhardness across the
welding zone are shown in Fig. 5. The average value of
microhardness in the zone of welding line is HV140±3 and
does not vary in any significant way.
In spite of significant microstructure changes as the
result of LFW, the microhardness in the welding zone does
not differ much from the parent material (Fig. 4).
The results of tensile testing show that the weld shows high
strength properties (Tab. 2).

(c)

Fig 2. Microstructure of alloy D16Т after linear friction welding а) the
base metal, b) the thermo-mechanically affected zone, c) the weld centre

The parent material zone (Fig. 2а) is characterized by a
well defined metallographic texture, produced after pressing.
The average aspect ratio of grains was K=23±1. Thus,
both grains at both sides of the weld line are perpendicular
to the welding interface. Grain boundaries are in a straight
position, and in some cases a ripple effect of boundaries can
be observed. Along the boundaries of the elongated grains
there are some stroke precipitates of the primary
intermetallic phases and smaller intermetallic phases,
originating from cooling from the welding temperature. The
volume fraction of the primary phases has been 15.0±0.5%.
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180

HV

170

ingot material have taken place. When the frictional heat
does not generate any more and the whole process is over
the narrow near-contact zone of the weld centre is quenched
in the air, which obviously leads to hardening. The
quenching of the aluminum alloys results in lower
microhardness compared to the hardened-aged state.
However in our case the microhardness decrease in the weld
centre has not taken place (Fig. 4).
Linear friction welding is the process related to the
plastic deformation of the material, followed by workhardening in the welding zone. The superposition of the two
effects in the weld centre (the first one from the cold strain
hardening during LFW and the second one from hardening
the structure of the material during the follow-up quenching
after the end of LFW) has probably lead to the
microhardness remaining constant.
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Fig. 4. The microhardness distribution in the sample after linear friction

5. Conclusion

Table 2. Mechanical testing.
№

σ U, МРа

HVmean

1

490

143

2
3
4
5
6

493
499
504
473
501

138
140
142
140
143

The experiments have proved linear friction welding of
aluminum alloy D16Т samples produces defect free welds.
The following distinct zones can be identified in the weld
specimens: 1 – the zone of the parent material, which
corresponds to the initial state of the part; 2 – thermomechanical affected zone, characterized by a distinct
metallographic texture; 3 – the weld centre.
It has been stated that significant microstructure changes
took place in the welding zone during plastic deformation
and plastic work heating.
During the thermo-mechanical treatment the dynamic
recrystallization caused the development of recrystallized
structures close to and in the weld line of D16Т.
It has been pointed out that initial intermetallic phases
coalesce during the linear friction welding of the aluminum
alloy D16Т in the initial quenched-aged condition.

The maximum tensile strength measured was σU = 504
MPа, while minimum was 473 MPа. During tensile testing
fracture occurred along the thermo-mechanical affected
zone.
4. Discussion
The experiments performed have shown that a sound weld
can form with LFW of the samples from aluminum alloy
D16Т. Considerable changes take place in the microstructure
under high temperature deformation caused by friction
movement of the samples against each other. In the welding
zone heating led to the development of recrystallization in
the material. In the thermo-mechanically affected zone
deformation was at a lower temperature, which led just to
fragmentation of the initially elongated grains.
Further to these LFW has affected the phase composition
of the alloy. When big particles of intermetallic phases
located along the grains have been observed in the
microstructure in the initial state, then following welding
these phases disappear from the welding zone. It is probable
that their dissolution is the result of a high temperature
deformation effect.
While friction of the ingots against one another the
inconsiderable heating of the narrow contact area of the
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