
ORIGINAL RESEARCH

Gianluca Buffa1 & Dario Baffari1 & Antonio Barcellona1 & Davide Campanella1 & Livan Fratini1

Received: 13 May 2019 /Accepted: 9 October 2019 /Published online: 3 January 2020
# Springer-Verlag France SAS, part of Springer Nature 2020

Abstract
In the last decades, new flexible manufacturing processes have been developed to face the demands, bymany industrial fields, for
highly customized complex functional parts. The peculiar design of these components often overcomes conventional sheet metal
and bulk metal forming processes capabilities. In order to face this issue, new hybrid techniques, capable of exploit key
advantages of different processes, have to be developed. In this study, a method to obtain sheet-bulk joints, based on the
Linear Friction Welding process, is proposed. The feasibility of the technique was investigated through an experimental cam-
paign carried out with varying pressure and oscillation frequency using AA6082-T6 aluminum alloy. The main mechanical and
metallurgical properties of the produced joints, including typical material flow defects, were highlighted. It was found that sound
hybrid sheet-bulk joints can be produced by the proposed approach. Finally, it was highlighted how the height of the weld center
zone plays a key role on the mechanical properties of the produced joints.
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Introduction

The development of manufacturing technologies and the re-
search for performant solutions is leading to the wide use of
light materials in most industrial application. These materials
(i.e. aluminium, magnesium and titanium alloys) are charac-
terized by a high strength/weight ratio, allowing the produc-
tion of light structures without using expensive composite

materials. However, advanced welding technologies are need-
ed to produce these structures made of “difficult to weld” or
“non-weldable” metals and characterized by complex geome-
tries. The peculiar design of these components often over-
comes conventional processes capabilities, requiring new
manufacturing routes and technologies to be developed. In
order to face these issues, hybrid techniques capable of exploit
key advantages of different processes have been proposed in
the last decades [1]. In particular, hybrid structures, character-
ized by both sheet and bulk components, have been investi-
gated by a few researchers as an exemplary symbiosis be-
tween additive and subtractive technologies [2] or complex
sheet-bulk forming operation [3, 4]. Schaub et al. [5] used
LBM technology to additively manufacture functional ele-
ments on titanium alloy sheet for biomedical applications.
They investigated the influence of the process parameter on
the additively manufactured pin shear strength, while Papke
et al. [6] dealt with the bending of such components. A more
in-deep analysis of the mechanical properties of these hybrid
components has been carried out by Schaub et al. [7]. The
production of these structures could be simplified by using
effective sheet-bulk joining techniques that could substitute
and/or integrate the above-cited hybrid manufacturing routes.
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Linear Friction Welding is a candidate to face this challenge
since its unique process mechanics allows for effective
welding in the whole joint area.

Linear FrictionWelding (LFW) is a solid-state joining process
designed to weld bulk non axis-symmetrical components and it
can be applied both to dissimilar or homologous joints. During
the process, the two parts to be welded are put in contact by a
given force while a reciprocating motion is onset in order to
generate friction at the separation interface. The whole process
can be divided into four fundamental distinct phases [8, 9]
(Fig. 1): first, the workpieces are brought into contact (the initial
contact surface is actually less than the area of welding because
of the micro-roughness). Hence, the oscillatory motion and the
closing pressure cause the surface roughness to be quickly re-
duced increasing the contact area and the heat generation through
friction. If the generated heat flux is adequate, the process moves
to the “transition” stage in which the increase of temperature
causes the softening of the metal at the interface. The softening
obtained causes the sideward extrusion of the material that pro-
duces the typical “flash”, reducing the height of the workpieces
(burn-off) during this “equilibrium” phase. Finally, the motion of
the adjoining pieces is quickly arrested and the closing pressure is
increased in order to complete the welding process. The main
process parameters affecting LFW are interface pressure,

oscillation frequency, oscillation amplitude (commonly sinusoi-
dal) and duration of the process. It should be observed that total
burn-off could be used as a process parameter instead of time.
However, in LFWprocess, it is usually preferred time because of
the difficulties in accurate control as high burn-off rate occurs
during the equilibrium phase.

All the stages and their evolution are influenced by the process
parameters that are deeply linked to each other causing the pro-
cess itself to be difficultly engineerable, as it requires a dedicated
experimental campaign to fine-tune the process for every used
material. For example, an increased frequency of the oscillation
could certainly require a smaller amplitude of the movement to
keep proper welding conditions.

LFW is one of the oldest friction based welding processes
but has been quickly developed only in the last years and
relatively few papers can be found in literature regarding ma-
chine construction [10] and welding of titanium alloys [11],
aluminum alloys [12], steels [13], nickel-based alloys [14],
and dissimilar joints [15–18]. This lack of knowledge is due
to a few reasons. On the one hand, LFW machines cannot be
obtained adapting common machines (as happens for other
friction welding technologies i.e. FSW and RFW) and dedi-
cated commercial machines are often too expensive and un-
suited to research studies. On the other hand, the technology

Fig. 1 The four LFW stages: (a)
initial, (b) transition, (c) equilibri-
um and (d) deceleration stage

Fig. 2 Sketch of the machine

384 Int J Mater Form (2020) 13:383–391



results to be complex due to the above mentioned mutual
interaction of process parameters.

In this paper, the feasibility of a LFW based approach to
produce hybrid sheet-bulk joints is investigated. An experi-
mental campaign was carried out using AA6082-T6 alumi-
num alloy to give an insight into the effects of the main pro-
cess parameters on the solid bonding effectiveness, evaluated
through the analysis of the main mechanical and metallurgical
properties of the joints. A few differences with respect to
conventional LFW are highlighted. Finally, a metallurgical
parameter was identified as the main link between the process
parameters and the joints mechanical performances.

Proposed approach

The developed machine

The experimental campaign was carried out on an in-house
designed and built experimental machine [19]. This machine
uses a desmodromic kinematic chain to create the needed
reciprocating motion of the bottom specimen. Two cams with
three lobes profile are placed on two parallel shafts connected
by coupling belt and pulleys. A hydraulic actuator was fixed
on a steel rank and controlled by an electro-valve, allowing
loads up to 15 kN. A virtual instrument controls the hydraulic
electro-valve and a switch is used as a trigger to determine the
beginning and the end of the test trial. The virtual instrument

sets the pressure on the actuator in an assigned period and
controls all the other devices and sensors connected to the
machine (e.g. clutch, torque meter and accelerometer). The
pneumatic clutch, positioned on a secondary shaft connected
to the machine by coupling chain and reels, allows a quick
stop of the oscillation reducing the machine inertia [12].
Figure 2 presents a sketch of the experimental machine.

Materials and methods

The specimens were obtained from AA6082-T6 aluminium
alloy sheets, 2 mm in thickness, and bars. The base material
was characterized, at room temperature, by yield stress of
276 MPa and ultimate tensile stress (UTS) of 323 MPa.
Table 1 sums up the chemical composition of the investigated
alloy, while in Fig. 3a a sketch of the bulk and sheet samples
used for the welding experiments is presented. The surface to
be joined did not undergo any particular preparation before the
welding process took place.

The experimental campaign was carried out with varying
oscillation frequency and applied pressure, while oscillation
amplitude and process time were kept constant. Oscillation
was given to the sheet while pressure was applied on the bulk
part. Two holes were drilled on the sheet which was bolted on
the oscillating backing plate of the machine in order to have a
perfect fix. The investigated process parameters are summa-
rized in Table 2. The process parameters were selected accord-
ing to previous experimental campaigns of conventional LFW
on similar alloys [20]. It is worth noting that all the process
parameters have an influence on the heat input into the joint.
However, the results presented in [17] show that a quite wide
range of different weld conditions, i.e. insufficient heat, sound
joints and instability (excess of heat), can be reached by prop-
erly varying just pressure and oscillation frequency. For this
reason, in this initial study on the sheet-bulk LFW welding of

Table 1 Chemical composition of the used alloy

Material % Mn Fe Mg Si Cu Zn Ti Cr Others

AA6082 0.41.0 0.0
0.5

0.6
1.2

0.7
1.3

0.0
0.1

0.00.2 0.0
0.1

0.0
0.25

0.0
0.05

a b

Z

Y
X

20

Fig. 3 (a) Sketch of the welding
samples (dimensions in
millimetres) and (b) reference
axes
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aluminum alloys, a “2D” experimental plan, obtained keeping
constant process time and oscillation amplitude, was utilized.
Each test was repeated three times to assess repeatability. The
welds were saw cut, mounted, and polished to carry out mi-
crohardness measurements along the joint cross section or-
thogonal to the X axis. In particular, the measurement points
were taken along the Z axis shown in Fig. 3b with a pitch of
0.5 mm. Metallurgical observations have been carried out af-
ter 30s chemical etching with a 0.5% vol. water solution of
hydrofluoric acid. Three-point bending of the joint (punch on
the opposite side with respect to the welded bulk part) and
tensile tests (along the direction orthogonal to the welding
surface) were performed in order to investigate the joints’
mechanical properties. For these tests the flash was mechani-
cally removed. It is worth noticing that, given the peculiar
joint geometry, the tensile tests have the aim to compare the
investigate case studies.

Results and discussion

Heat input and morphological characterization

One of the main factors influencing the LFW process is the
heat input induced by the friction forces. In order to globally
take into account the contribution of the different process pa-
rameters on the heat generation, the W parameter was calcu-
lated for all case studies [21]. In particular, the parameter is

calculated using the root mean square of amplitude, angular
frequency and pressure at the interface [12]:

W ¼ 2πfap
ffiffiffi

2
p kW=mm2

� � ð1Þ

Table 3 summarizes the investigated case studies, while
Fig. 4 shows the utilized process window with varying W, as
a function of the oscillation frequency (Eq. 1).

It is worth noticing that the ID1 case study (highlighted in
red in Fig. 4) did not produce an effective weld since the joint
failure occurred during the sample cutting operation. This in-
cipient bonding phenomenon is typical of LFW processes
characterized by too low heat input which results into the
welding of only a very small area in the centre of the adjoining
surfaces, as it was observed in previous studies on LFW [22].
Figure 5 shows the three joints obtained using the intermediate
value of pressure and varying frequencies, resulting in differ-
ent W values. It is worth noticing that higher heat input is
required, with respect to conventional LFW [20], for the con-
sidered process conditions due to the need to compensate for
the elevate heat loss in the weld zone caused by the conduc-
tivity and heat exchange with environment of the sheet.
Additionally, less flash is observed with respect to “conven-
tional” LFW because the sheet behaves as a “infinite plane”
not participating to the flash formation. From the figure, it is
observed that ID2 does not show sufficient flash formation. In
this case, poor mechanical properties can be expected. Flash
formation increases with heat input, reaching a qualitatively
acceptable level for ID5 and ID8.

Mechanical characterization

The mechanical properties of the produced sheet-bulk joints
have been first assessed by tensile tests. Figure 6 shows the
results obtained for the considered case studies.

Poor mechanical strength is found for the two welds pro-
duced with the lowest value of oscillation frequency. As the

Table 2 Process parameters ranges

Process parameters Value(s)

Frequency f [Hz] 45, 56, 72

Pressure p [MPa] 21, 32, 42

Amplitude a [mm] 3

Time t [s] 3.87

Table 3 Case Studies
ID # Pressure P [Mpa] Frequency f

[Hz]

Amplitude a

[mm]

Time t

[s]

Specific heat W

[kW/mm2]

1 21 45 3 3.87 13

2 32 45 3 3.87 19

3 42 45 3 3.87 25

4 21 56 3 3.87 16

5 32 56 3 3.87 24

6 42 56 3 3.87 31

7 21 72 3 3.87 20

8 32 72 3 3.87 31

9 42 72 3 3.87 40
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oscillation frequency increases, larger values of UTS can be
observed with a maximum of 251 MPa, corresponding to a
joint efficiency, i.e. the ratio between the UTS of the joint and
the one of the parent material, of about 78%. Additionally, two
different trends can be observed: a decreasing one, obtained
with fixed oscillation frequency and varying pressure, i.e. with
increasing specific heat W; a trend showing a maximum, ob-
tained with fixed pressure and varying frequency. It is worth
noticing that the first trend does not hold true for the lowest
value of oscillation frequency. The reasons for this behavior
will be investigated in the next paragraph. SEM analyses of
the fracture surfaces were undertaken on the broken speci-
mens. In Fig. 7 the images of the fractured surfaces of the
ID2, ID5 and ID8 case studies are reported. These case studies
are characterized by the same pressure value and varying

oscillation frequency, resulting in increasing specific heat. It
was noted that, for the considered case studies, fracture oc-
curred on a plane parallel to the oscillation plane below the
original separation surface between the parts. Additionally,
fracture surface appeared quite homogeneous all over the bulk
element bottom surface.

From the figure it can be observed that the ID8 sample (see
Fig. 7a) shows an intergranular fracture due to the decohesion
of the crystalline grains at the grain edge. On the other hand,
the ID2 sample is characterized by transgranular fracture, as
circular dimple like structures can be found in the central area.
Finally, for the ID5 case study, a combination of both the
failure modes occurs, with areas characterized by a more in-
tergranular fracture (right side of Fig. 7b) and areas with a
transgranular surface fracture (left side of Fig. 7b). In this
way it can be stated that as specific heat deceases, fracture
changes from intergranular to transgranular with a more brittle
behavior.

The results of the bending tests, in terms of maximum
stroke at fracture, are shown in Fig. 8. As observed for the
tensile tests, ID2 case study is the one showing the lowest
value. Two trends can be identified also for this test: in fact,
maximum punch displacement before fracture increases both
with fixed pressure and varying frequency, and with fixed
frequency and varying pressure. In other words, joint ductility
increases with increasing specific heat.

Finally, microhardness measurements have been carried
out. The profiles obtained for ID2, ID56, ID8, ID4 and ID6
are shown in Fig. 9.

A few interesting observations can be made. First, a
softened zone can be identified along the Z axis in the
cross section. For the welds characterized by higher spe-
cific heat, i.e. ID8 and ID6, the weld area, namely the area
in which reduced hardness with respect to parent material
is observed, begins at about half thickness of the sheet
(see vertical dotted lines in Fig. 9). For colder welds,
i.e. ID2 and ID4, the softening effect of the welding pro-
cess on the sheet material involve a thickness of 0.5 mm.

Fig. 5 Flash formation of the (a) ID2–45 Hz and 19 kW/mm2, (b) ID5–
56 Hz and 24 kW/mm2 and (c) ID8–72 Hz and 31 kW/mm2
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As far as the bulk part is considered, reduced hardness is
measured till a distance from the welding line of about
5.5 mm, being this value quite constant for all the consid-
ered case studies. Second, a minimum is observed in the
hardness profile: this is particularly noticeable for hotter
welds, for which microhardness drops, in correspondence
of the weld line, to about 70 HV; on the contrary, almost
no minimum is observed for the coldest welds. It can be
noted that these trends are consistent with the results of
the tensile tests, for which higher mechanical strength was
found for colder welds, with the exception of ID2. The
reasons for this behavior will be analyzed in the next
paragraph. Overall, it can be stated that average HV in-
creases with decreasing specific heat, both considering
fixed pressure with increasing frequency (ID2, ID5 and
ID8) and fixed frequency with increasing pressure (ID4,
ID5, ID6). It is worth noticing that ID6 and ID8 are char-
acterized by the same specific heat, although obtained
with a different combination of process parameters. The
resulting mechanical properties are similar but not equal.
In order to further investigate on this point, the results of
the metallurgical analyses have to be considered.

Metallurgical characterization

In order to investigate the reasons for the mechanical proper-
ties observed and to analyze the influence of the process pa-
rameters on the solid bonding effectiveness, the specimens
were characterized under the metallurgical point of view.
Fig. 10 shows the typical microstructure characterizing the
cross section of a sound sheet-bulk linear friction welded joint
(ID8). The bulk parent material (Fig. 10b) is characterized by
elongated grains, deformed along the extrusion direction.
Coming closer to the original separation surface between the
two specimens, a thermo-mechanically affected zone (TMAZ)
is found. In this area the grains grow because of the heat input,
and are heavily deformed along the oscillation direction near
the boundary with the weld center. Figure 9c shows the fine
equiaxed microstructure characterizing the weld center zone
(WCZ). This texture results from dynamic recrystallization
phenomena occurring in this highly deformed area and it is
typical of most solid-state welding processes [17, 19]. It is
worth noticing that this area extends below the original sepa-
ration line between the specimen, i.e. involves the sheet ma-
terial, consistently with what observed during the microhard-
ness measurements. Finally, the sheet parent material, with

Fig. 7 SEM images of the fracture surface for (a) ID8, (b) ID5 and (a) ID2
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grain deformed along the rolling direction (parallel to the os-
cillation movement), is shown in Fig. 10d.

The range of process parameters taken into account
allowed to highlight a few material flow defects having a
detrimental effect on the load bearing capabilities of the joints.
In particular, a combination of process parameters producing
low specific heat can result in two different defects. First, a
flash zone defect can occur. Fig. 11 shows the flash zone for
ID2 and ID 8 case studies.

From the figure it arises that considering the ID2 case
study, the WCZ was not formed in the side of the specimens.
Being the specific heat too low, insufficient material softening
was reached and a large void area was formed between the
bottom surface of the bulk specimen and the top surface of the
sheet. This kind of defect, besides reducing the resistant

section of the joint, creates a weak point in the joint for the
crack propagation during a tensile test. In this way, the failure
loads of the joints are significantly lower than the ones in
which this condition does not occur (ID8, see Fig. 11b).

The second defect type occurs in the WCZ. Figure 12
shows the weld center for ID2 and ID8, respectively.

Again, low heat input caused ineffective solid bonding.
Due to the poor material softening, three main phenomena
occur: vortex-like areas can be identified, in which the mate-
rial is heavily deformed but cannot bond due to the low tem-
perature; as a consequence, voids and cracks are formed, ex-
tremely reducing the mechanical properties of these joints.
Finally, it is worth noting that, although oxides analysis was
not carried out in this study, it is likely that high presence of
oxides, further inhibiting correct material flow, can be found

Fig. 10 (a) micrograph of the
cross section of the ID8 case
study, with details of (b) bulk
parent material, (c) Welded Zone
and (d) sheet parent material

Fig. 11 flash zone for the (a) ID2 and (b) ID 8 case studies
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in this area. In fact, in linear friction welding processes,
matching surfaces are not cleaned before welding. In LFW,
the process mechanics allows the expulsion of surface oxides
through flash during the equilibrium stage of the process.
When this stage is too short and poor flash is formed, surface
oxides remains entrapped in the WCZ, resulting in flow de-
fects and/or embrittlement of the joint [23]. The above obser-
vations can explain the poor results obtained during both ten-
sile and bending tests for ID2 and ID3 in spite of the relatively
high hardness in the WCZ with respect to other case studies.

Finally, the average height h of the WCZ area (see Fig. 12)
was measured in order to put in relation the effect of process
parameters on joint metallurgical properties with mechanical
properties. Figure 13 shows the average value of h and the
utilized specific heat W for ID5, ID6, ID8 and ID9.

Overall, the height of the WCZ increases with increasing
specific heat. However, it is worth noticing that ID6 and ID8
are characterized by the same heat input, although obtained
with a different combination of oscillation and pressure. In
particular, larger value of h is measured for the ID8 case study,
i.e. the one characterized by larger oscillation frequency.
Being the process time fixed, it can be argued that the higher
number of cycles results in an enhanced involvement of ma-
terial in the “high strain-high temperature” zone characterizing
the WCZ. As the correspondent mechanical properties are

considered, although characterized by similar minimum hard-
ness, ID6 HV profile shows a smaller area interested by low
hardness, resulting in better mechanical strength and worse
ductility. Hence, from the combined observation of the obtain-
ed results, for defect-free joints, it can be observed that the
height of the WCZ has a strict correlation with the joints’
mechanical performances: an increase of h, i.e. an increase
of the extension of the area where recrystallized grains are
found, results in increased ductility as smaller grains acts as
“buffer” to withstand bending. On the other hand, reduced
strength is obtained as lower hardness can be measured over
a larger area. It is worth pointing out that in friction welding
processes (FSW, LFW, etc.), for precipitation hardening al-
loys, as the one considered in this study, the recrystallized area
is characterized by reduced HV values due to the loss of the
effect of the parent material thermal treatment caused by the
heat generated during the process.

Conclusions

In this paper, the feasibility of a LFW based approach to pro-
duce AA6082-T6 aluminium alloy sheet-bulk joints was in-
vestigated through an experimental campaign. From the ob-
tained results the following main conclusions can be drawn:

& Defect free sheet-bulk joints can be produced by properly
selecting process parameters;

& The peculiar joint geometry causes a few variations in the
process mechanics with respect to conventional LFW pro-
cess: the relevant heat dispersion caused by the joint ge-
ometry requires higher heat generation with respect to
conventional LFW while lower flash formation is
observed;

& Too low heat input results in the presence of two different
defects: a side defect in the flash area and a weld center
defect. The latter is characterized by voids, vortexes and
not expelled oxides because of the reduced flash
formation;

& The height of the weld center can be identified as a key
indicator of the mechanical properties of the joints: larger
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a bFig. 12 WCZ for the (a) ID2 and
(b) ID 8 case studies
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Fig. 13 Average height of the WCZ h and specific heat W for ID5, ID6,
ID8 and ID9 case studies
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values result in enhanced ductility and lower strength.
This parameter is mainly influenced by the specific heat;
however, when the same specific heat is conferred to the
joint, larger oscillation frequency results in larger h values.

Future developments include an in-depth analysis of the
WCZ and the set up of a dedicated numerical model able to
predict its extension and metallurgical properties as a function
of the main process parameters.
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