Structural analysis of a friction stir-welded small trailer
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Abstract
This paper introduces the analysis of a trailer structure made of 6063-T5 aluminum alloy using the Friction Stir-Welding process. The
base material and the welded joint were characterized by tension tests. The loads for the structural analysis were obtained from field tests
where stresses were measured on critical points at a 2.73 m long 0.95 m width trailer while it was driven on an unpaved road. The
stresses on the whole trailer were found by using a finite element model, where the joint with the maximum stresses was identified. This
joint was constructed with a tubular structural element using Friction Stir Welding and was evaluated by bending tests. Using the impact
factor obtained from the field test, fatigue analysis was performed on the welded joint. It was found that the strength of the joint was
sufficient to carry the loads on the trailer.
Keywords: trailer, friction stir welding, impact factor, 6063-T5 aluminum alloy.

Análisis estructural de un pequeño remolque unido con soldadura
por fricción agitación
Resumen
En este artículo se analiza una estructura de remolque construida utilizando aleación de aluminio 6063-T5 y soldadura por fricciónagitación. El material base y la junta soldada fueron caracterizados mediante pruebas de tracción. Las cargas para el análisis estructural
fueron obtenidas con pruebas de campo donde se midieron esfuerzos en puntos considerados críticos, en un remolque de 2.73 m de largo
por 0.95 m de ancho mientras era conducido sobre una carretera irregular. Los esfuerzos en el remolque completo se obtuvieron
utilizando un modelo de elementos finitos donde la junta con máximos esfuerzos fue identificada. Esta junta fue construida con un
elemento tubular utilizando soldadura por fricción - agitación y posteriormente fue evaluada con pruebas de flexión. Utilizando el factor
de impacto obtenido de las pruebas de campo, se realizó un análisis a fatiga de la junta. Se encontró que la resistencia de la junta es
suficiente para soportar las cargas de operación del remolque.
Palabras clave: remolque, soldadura por fricción agitación, factor de impacto, aleación de aluminio 6063-T5.

1. Introduction
Modern industry faces the important challenge of reducing
its contaminating emissions to decrease global warming. The
transport industry is one of the most fossil fuel consuming
entities and the trend is clearly toward higher traffic volumes
around the world. Vehicular fuel consumption can be decreased
by reducing the weight of the vehicle by using materials like
aluminum and magnesium alloys which have a specific stiffness
and strength [1], high enough to make them suitable for
structural vehicle applications [2]. However, some disadvantages
such as poor weldability with conventional techniques hinder
their use in structural applications; fortunately, Friction Stir

Welding (FSW) emerged as an adequate joining technique to be
used in high-strength alloys [3].
An adjusted design is another important factor in
decreasing structural weight and fuel consumption. Load
uncertainty is frequently the reason why designers select
too-high safety factors resulting in non-optimal heavy
structures. Dynamic loads produced during accelerations,
curve taking, or when the vehicle moves over rough
surfaces, are important parameters for the design of vehicles
because of the fluctuating stresses and the fatigue failures
they may produce. These dynamic loads are strongly
dependent on vehicle type, speed and road roughness [4].
Dynamic loads due to the road-tire interaction have been
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extensively studied as a tool for the design of bridges [4-6].
The impact factor (I), has frequently been used to evaluate
the increase of load due to the roughness of the road. The
impact factor is defined as [4]:
1 ∗ 100

(1)

where
and
are the dynamic and static responses,
respectively. Liu et al. [5] reported maximum impact
factors of 34%; however, the roughness amplitude they
considered (~2 cm) is not as severe as a road in badcondition on which many vehicles frequently travel. Impact
factors in the same order were calculated from the results
reported by Kim et al. [4], but the roughness studied is still
low. A higher impact factor (80%) was reported by
Kwasniewski et al. [6]. Using field tests, Moreno et al. [7]
found that the impact factor depends on road roughness.
They found impact factors of 28.5, 50.4 and 80.5% for
smooth, average, and highly rough roads, respectively.
This paper shows the design and analysis of a trailer
structure used to transport a watercraft. This structure was
chosen because it is small enough to make its construction
affordable in a later stage of the study affordable. Also,
these kinds of structures are relevant for some local
manufactures. The material selected is a 6063-T5 aluminum
alloy in rectangular tubular sections. The joints were
designed to be welded by using FSW. To perform an
adjusted design reducing the uncertainty of the actual loads,
field tests were conducted on an existing trailer made of
steel. The field tests revealed the impact factor, which was
then used for undertaking a fatigue analysis. Bending tests
were carried out on sections joined with the selected profiles
to determine the strength of the FSW. The main
contribution of this work was to show that FSW can be used
to develop structures with practical applications and with
advantages with respect to the traditional steel structures.

measured stress obtained with a known load.
Once
instrumented, the vehicle was loaded with a 50-kg weight on
each point where the watercraft is supported. Fig. 3 shows a
scheme of the trailer with the known load. With strain,
stresses were calculated using the plane stress equations.
After the calibration, the trailer was loaded with the
watercraft and driven over an unpaved road where these
vehicles usually have to travel. The impact factor was
calculated using the measured stresses.

Figure 1. Strain gauge instrumented trailer
Source: The authors

2. Methodology
For an efficient design, actual loads were measured by
using strain gages on an existing trailer (Fig. 1) made of
low-carbon steel, which is used to transport a 350 kg
watercraft. The shaft and the lateral beam of the trailer
were instrumented. A strain gage (FLA-3-11 TML strain
gage) was installed on the top of the shaft using quarter
Wheatstone bridge configuration. With this configuration,
the total stresses were detected, but these stresses are mainly
due to bending caused by the vertical load on the tire. On
the beam, a three-strain gage rosette (FRA-3-11 TML) was
bound; each strain gage was installed in quarter bridge
configuration. With these three strain gages, the normal
stresses in longitudinal direction, the normal stresses in
transversal direction and the shear stresses can be
determined. The four signals (Fig. 2) were collected by
using a DC-104R TML dynamic strain recorder with a
sampling rate of 100 data per second. The data acquisition
system was set at zero while the vehicle was unloaded.
A finite element model (FEM) was made to calculate
stresses at every point of the real trailer. The FEM was
calibrated by comparing the results of the model with the

Figure 2. Strain gauge location and orientation
Source: The authors

Figure 3. Scheme of the trailer with the loads used for the calibration tests
Source: The authors
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Figure 5. Simulated von-Mises stress on the beam of the trailer
Source: The authors

Figure 4. Geometry of the tool (pin diameter 3.38 mm, shoulder diameter
10.14 mm).
Source: The authors

The new trailer was designed using 6063-T5 aluminum
alloy. A finite element model using Ansys software with
solid 187 tetrahedral structural elements was run to find the
critical joints. The loads on the model were applied as
shown in Fig. 3. Restrictions on vertical direction were
applied on the joints of the trailer with the suspension. The
maximum stresses on those joints calculated from the model
and the impact factor obtained from the field tests were used
to check their fatigue life. The joints on the trailer were
designed to be made using FSW. Tension tests according
the ASTM-E8-00b standard were conducted on a plate of
6063-T5 alloy with and without FSW to find the efficiency
of the welding. The critical joints found with the finite
elements model were assembled using FSW and bending
tests were performed on them to determine the failure stress.
The FSW process was performed on a conventional milling
machine using a 3.35 mm diameter cylindrical tool (Fig. 4)
made of H13 quenched and tempered steel with a hardness
of 55 HRC. The tool rotational speed was 1800 rpm and the
welding speed was 252 mm/min.

The von-Mises stress obtained with FEM on the zone where
the stress was experimentally measured was 17.7 MPa (Fig.
5); therefore, the error obtained on the model was 5.35%.
The impact factor was calculated using the stresses
measured with the watercraft on the trailer under static and
dynamic conditions. The dynamic stresses where obtained
with the road test, whose results are shown in Fig. 6. As
expected, longitudinal stress (0º stress) on the beam was higher
than shear and 90º stress. High variation on the stress on the
shaft and the 0º stress on the beam were observed; less
important variations were obtained in the shear and 90º stresses
on the beam. Table 1 shows the static stresses, the maximum
stresses obtained during the dynamic test, and the calculated
impact factor. On the beam, the impact factor was maximum
for the axial stress (0°) and lower impact factors were detected
on the 90º and the shear stresses. To counter this impact factor
variability on the beam, the impact factor calculated with the
von-Mises stress was used for the fatigue analysis. The impact
factor on the shaft is higher than that reported in the literature
[4-7], which is due to the high roughness of the road where the
trailer had to travel. Surprisingly, the impact factor on the
beam was higher than that on the shaft; this is probably due to
the lack of a damping system on the trailer.

3. Results and discussion
When the trailer was loaded with 200 kg, the measured
strains on the beam were:
80
(0º),
11
13
(90º). With these values,
(45º), and
stresses were calculated using the plain stress equations;
then, the von-Mises stress value obtained was 16.8 MPa.

Figure 6. Experimental stresses on the shaft and the beam of the trailer
Source: The authors
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Table 1.
Static and maximum stresses (MPa), and impact factor
Stress
Shaft
0º
90º
Shear
-14.46
Static
-35.11
Max
142.85
I
Source: The authors

14.24
46.79
228.53

5.97
10.80
80.90

-5.00
-13.71
173.91

vonMises
15.12
44.16
192.04

Table 2.
Mechanical properties of the base material (BM) and friction stir welded
, Elongation
, Yield strength
(FSW) material: Ultimate strength
Material

S ut (MPa)

194.4 ± 12
BM
113.3 ± 29
FSW
Source: The authors

Sy

(MPa)

115.5 ± 2.8
95.8 ± 18

(%)
9.2 ± 0.5
2.51 ± 0.8

Figure 7. Finite element model shown the von-Mises stress on the rear joint
under static conditions
Source: The authors

The results of the tension tests on the base material
(BM) and the friction stir-welded material are shown in
Table 2. Friction stir-welded specimens presented lower
yield and ultimate tensile strength than those of base
material. The ductility for the FSW was also lower than
that of the base material. These results agree with the
results of Sato & Kokawa [8] who reported lower properties
for the material in the as-weld condition. Rodriguez et al.
[9] also reported decreased ductility for the welded material
of a 6016 Aluminum alloy. With respect to the yield
strength, the average efficiency of the FSW joint calculated
as the ratio between the yield strength of the FSW and the
base material was 82.9 %.
The aluminum trailer has the same general shape as the
existing trailer, but it was designed with a 100x60x2.5 mm
tubular section. It was simulated with the load of the
watercraft under static conditions. The critical stress was
found on the rear joint and the von-Mises stress is shown in
Figure 7. Approximately, the nominal stress can be taken as
the stress at the center of the section (4.16 MPa) and the
stress at the corner (7.09 MPa) are due to the stress
concentration. Therefore, a stress concentration factor of
1.7 exists at the corner.
The joint was designed to be welded at the top and the
bottom surface. Bending tests were conducted on six
specimens to check whether these two beads were sufficient
to carry out the working stress. Fig. 8 schematically shows
the beads that form the joint and Fig. 9 shows an actual
joint. The bending tests were performed by applying a load
on the extreme of the welded segment using a hydraulic
machine. The resulting average rupture stress on the
bending test was 97.95 MPa with a standard deviation of
8.22.
The rupture strength obtained from the bending test is
high enough to withstand the stress due to the watercraft
weight under static conditions; however, a fatigue analysis
should be performed because of the fluctuating stresses
introduced on the trailer due to road roughness (Fig. 6). The
von-Mises stress was used to perform the fatigue analysis.
The stress under static conditions obtained from the FEM
model (Fig. 7) was used as the mean stress

Figure 8. Schematic representation of the joint shown the tow tubular
sections and the welding tool at the top and the bottom surfaces
Source: The authors

Figure 9. FSW joint tested under bending conditions formed with
100x60x2.5 mm tubular sections. See magnification of weld bead.
Source: The authors

4.16
, and the impact factor, found on the
beam during the dynamic test, was used to calculate the
. Then the maximum stress is:
maximum stresses
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(2)

1
Replacing, the value obtained was
The alternating equivalent stress

is:

12.15
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rather than the tool machine used in the present study as
shown by Zapata et al. [15].

(3)
Therefore, the alternating stress was: 7.98 MPa.
The fatigue strength of the material was obtained with
the approximated equation:
0.5

(4)

is the ultimate tensile strength, which, in this
where
case, was taken from the bending tests (97.95 MPa).
Factors due to surface roughness, size, and stress
concentration were taken into account to calculate the
fatigue strength of the joint.
The roughness of the as-weld surface was considered
similar to that of a forged surface. Thus, the surface factor
is:
0.9 .
With the profile equivalent diameter (85.2 mm), the size
factor is:
0.79 .
was determined by
The stress concentration factor
using a FEM of the specimen under bending conditions
(Fig. 7). The obtained value was 1.7.
The fatigue strength of the piece was:
′

(5)

The value obtained was
20.48
.
The safety factor
, using the Goodman approach, is
given by:
(6)
The calculated safety factor was = 2.31. This means
that the joint will have a secure life until 10 cycles.
Regardless of the high safety factor, the aluminum trailer is
20% lighter than the steel trailer used for the tests.
The latter was a simplified method for the design and
analysis of the structure that showed that it is possible to get
improved design by using stress measurements, a light
material and a modern joining technique. An improved
analysis can be made by using Miner’s rule to calculate an
equivalent stress from the measured stress and obtaining a
more efficient structure designed for a determined period of
time. More advanced methodologies than that used herein
can be found in the literature [10-12] and can be used to
achieve a more adjusted and efficient design.
A limitation of this work is the use of a steel structure to
evaluate the aluminum structure. We have assumed that the
behavior of both structures is similar considering the
similarity in loads and road roughness, and considering that
both materials are working in the linear elastic range.
However for an actual validation of the structure, tests have
to be performed on the aluminum structure, which is part of
future work. Another important factor needing improvement
to arrive at a better design is the knowledge of the fatigue
properties of the friction stir-welded aluminum alloys. S-N
curves of the welded joints (with the actual geometry) are
needed to make more accurate fatigue life calculations
[13,14]. Finally, improvement of the strength of the joints
could be achieved by using a specialized FSW machine

4. Conclusions
The impact factor found on the shaft of the trailer
running on an unpaved road was greater than those reported
in the literature. The impact factor on the beam calculated
with the static and maximum von-Mises stress was higher
than that on the shaft.
An efficiency of 82.9% with respect to the yield strength
was obtained on the welded material by using tension tests.
The designed joint assembled with FSW has fatigue
strength to support the dynamic stress and to be secure from
fatigue failure. Therefore, it is reliable to use FSW in these
kinds of structures. With this joint, a 20% lighter prototype
with respect to the steel trailer can be produced.
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