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Abstract— Development of effective welding methods for
thermoplastics is still in high demand. The new friction stir
welding method will be applied here on high density polyethylene
(HDPE) plates to provide the designer with reliable design data
relevant to room temperature practical applications because
welded joints can act as a failure initiation point. This may be a
result of factors such as poor welding parameters and presence of
weld defects. The combination effect of travel and rotational
speeds of the welding tool is investigated. Tensile, impact and
fatigue tests are applied on the HDPE welded joints in order to
evaluate their loadability. The tool rotational speed, travel speed
and tilt angle beside tool pin length are proved determined to be
important in the joint formation quality and its mechanical
properties. Optimum welding parameters of 930 rpm rotation
speed at 25mm/min travel speed are determined in tensile,
impact and fatigue testing. An optimum value of about 90% joint
efficiency is achieved in tensile test, compared to the base
material. In impact and fatigue tests, brittle failure due to
presence of incomplete root penetration defect, takes place like a
crack starter. Maximum impact strength of about 20 KJ/m? and
fatigue life of 710 cycles are recorded and found to be too low
compared to the base material. The final results indicate that
friction stir welding of HDPE thermoplastics may be a valid
alternative to the conventional joining techniques after
elimination of the weld root defect.

Index Terms— Friction stir welding, High density polyethylene,
Tensile, impact and fatigue testing

I. INTRODUCTION

Modern thermoplastic materials such as polyethylene
are used in an expanding range of engineering applications due
to their stronger joints, high stress-to-weight ratio, flexibility,
resistant to weather, abrasion and to chemicals. High Density
Polyethylene (HDPE) belongs to thermoplastic polymers with
the general formula CH; and low molecular weight. It has a
good chemical resistance against almost all acids and bases,
detergents and hot water. HDPE has good insulation properties
and is easy to weld. The permeability of HDPE to water and
inorganic bases is very low. HDPE is brittle and breaks at low
strain without neck development. Nowadays, the majority of

water pipes installed around the world are made from HDPE.
Fabrication of larger and complex parts usually requires
alternative joining technologies other than conventional
welding processes [1-3].

Friction stir welding (FSW) is a new solid state welding
technique. It is a patented process with a very simple basic
concept in which a non-consumable rotating tool with pin and
shoulder is plunged into edges of the mating plates. The pin
traverses along the line of joint and the shoulder touch the
plates’ surface. Due to friction, the tool softens the edges and
stirs them from a side to the other.

Localized heating softens mating material around the pin
and the combination of the pin rotation and translation results
in producing the joint [4]. FSW began to be applied on
aluminium and magnesium alloys [5-17]. Recently, some
researchers have studied application of FSW to thermoplastics
[18-23]. In present work, the authors aim to investigate room
temperature loadability of HDPE plates welded using the FSW
process under combination of rotating and travel speeds.
Evaluation of welded joints includes tensile, impact and fatigue
tests.

Il. EXPREMENTAL WORK

A. Material

High density polyethylene plate (HDPE) of 0.95 gm/cm?®
and 4 mm thickness is used. The plate is cut into rectangular
samples of 200 mm length by 100 mm width. Typical
mechanical properties of the as received HDPE are listed in
Table 1.

Table 1: Characteristics of HDPE

Fatigue life Impact Tensile Yield
(cycle) strength strength | strength
(kd/m?) (MPa) (MPa)
No failure up to 10* 130 22 20.5
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B. Tool geometry and dimensions

Preliminary experiments are carried out during the present
investigation for proper choice of both pin shape and tilt angle.
A thread and a smooth cylindrical pin are investigated. The
welding tool of a smooth cylindrical pin shown in Table 2
indicated higher tensile values and is chosen and used in all
welding experiments. Tool tilt angle also is investigated at
angles 0° and 1°.

Tahble 2: Welding Tool shape and di
Parameters Dimensions
Pin length L (mim) 3.8
Pin diameter d (mm) 4
shoulder diameter D (mum) 16
- — ] -
Tool ratio Dvd 4 o

Preliminary experiments results, as shown in fig.1, indicate that
tool tilt angle of 1° is better than atilt angle 0°. A tilt angle of
1° is used in all experiments. This is in good agreement with
previous results [24-26].
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Fig. 1: Tilt angle and pin tool shape versus tensile
strength

C. Friction stir welded process

FSW is performed on HDPE samples by a mill using the
cylindrical smooth tool. A minor modification is made to the
mill in preparation for FSW experiments. The modification is
to replace the mill’s vice with a rigid fixture used before [27]
and shown in Fig. 2. This fixture provides a stiff backing
against which the tool could apply forging pressure and
securely hold the HDPE plates together during the welding
process.

, .

Fig. 3: Frictionstir

welding operation

After clamping the test plates in the fixture in a butt joint
configuration, the rotating tool pin is inserted into the butt line.
Tap plates are used to start and finish welds on them, to ensure
homogenous weld lines. The welding tool is driven downward
until tool shoulder face contacts the surface of test plates, then
the tool is traversed along the joint line until weld is completed.
The welding operation is presented in Fig. 3. Welding
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parameters’ levels are selected to represent a wide range of
possibilities and performance for rotation speed (580, 930,
1240 and 1800 rpm) and travel speed (14, 25, 39 and 48
mm/min) at the predetermined pin tilt angle 1°.

D. Testing program

After welding, 3 standard test specimens at the same
welding conditions are extracted perpendicular to weld
centreline of the welded test coupons for tensile, Charpy-
impact, and cantilever reciprocating bending fatigue tests.
Cutting plan of these test specimens is illustrated in Fig. 4.
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Fig. 4: Cutting plan of test specimens

E. Tensile testing

Tensile tests are conducted to determine are ultimate
tensile strength of the HDPE joints welded at the
predetermined welding parameters. The standard (ISO 3167)
smooth tensile specimen [28] is shown in Fig. 5. Tensile tests
are carried out at room temperature at a cross head speeds of 20
mm/min. Mean value of three specimens in each condition are
used for evaluation.

180

Fig. 5: Tensile specimen
(a) Standard in (mm)
joint

(b) Extracted from welded
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F. Impact testing
Charpy impact tests are carried out using the JB-5

pendulum impact testing machine shown in Fig .6 at room
temperature to simulate the intended used environment.

Fig. 6: Impact-testing machine

Un-notched test specimens shown in Table 3 are used in
present work. The specimen is supported as a simple beam at
(62 mm) by two anvils and the swinging pendulum strikes
behind the edgewise side of test specimen according to the
standard specification [29].

Table 3: Impact test speci

Standard Impact specimen {mm) quiE::;i:::
b
150 179/1U7 " | | {edgewise),
" | e=4

Impact strength measures the energy absorbed by high strain
rate fracture divided by cross section area. Mean value of three
specimens in each condition are used for evaluation.

G. Fatigue testing

Fatigue tests are conducted on the reciprocal fatigue bending
machine shown in Fig. 7 at room temperature and loading
repetition speed of (34 cycles /min).
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Fig. 7: Reciprocating fatigue bending testing machine

The reversed stress (%r) = 15.65 MPa, which provided by

the constant beam deflection (€) = 15mm is applied and shown
in Fig. 8. The standard cantilever fatigue taper specimens
(ASTM D671 Type B) shown in Fig. 9 are used in present
investigation and allow a constant stress along the specimens
surface.

Omax=15.65MPa  Omax

Wl
AYAY)

Omin=15. 65 MFa O min

A 4

Fig. 8: Reversed applied stress

50.8

Fig. 9: Fatigue specimen [30]
(a) Standard in (mm)
joint

(b) Extracted from welded

Calculation of constant stress (%r), applied during the
fatigue testing on standard cantilever flat taper plate specimen
is described in equation (1) and in Fig .10, as a function of

plate thickness (t) and beam deflection (E'):

Www.ijtrgégom Special Issue 32 (September, 2015), PP. 25-32
g, = e (1)
where:
Young's modulus (E) of HDPE = 1 GPa
Specimen thickness (t) =4 mm
Length of tapered cantilever (L) = 61.9 mm

Beam deflection (¥) = 15 mm

L=61.9 mm

Fig. 10: Design of fatigue taper cantilever specimen [31]

I11. RESULTS AND DISCUSSION

Mechanical properties results at the applied welding
parameters are evaluated. Tensile testing expressed as tensile
strength and joint efficiency, Charpy impact testing as impact
strength, while reciprocating bending fatigue testing as number
of cycles to failure.

A. Tensile behaviour

Tensile strength is the main characteristic property
considered in the present investigation at static tension loading.
Testing results described quantitatively success of FSW and
influence of each welding parameter on the tensile strength of
welded joints. Fig. 11 shows that both rotation speed and
welding speed play dominant role in FSW process. It can be
realized that when the rotational speed increases from 580 to
930 rpm.
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Fig. 11: Effect of rotation speed on tensile strength at
different travel speeds

The tensile strength and joint efficiency increase; however,
further increases in the rotational speed resulted in a decrease
in the tensile strength and joint efficiency. One of the key
factors in the FSW of polyethylene sheets is the generation of
enough heat to soften the polymer. The machine’s rotational
speed is the parameter that determines the level of heat
generation. At low rotational speeds, insufficient heat is created
and thus the polymer does not soften enough to mix and make
a strong weld at interfaces of the butt joint. At very high
rotational speeds, the flow of softened polymer is excessive
and thus, instead of being mixed and squeezed into sides of the
weld seam, the softened polymer is ejected from butt joint as
seen in Fig. 12. A moderate rotational speed of 930 rpm seems
to be a good compromise between generating enough heat and
excessive flow of softened polymer.

\ . < b | o

Fig. 12: igh rotation speed caused ejection of polymer

Also, decreasing travel speed generally results in increasing
tensile strength for all rotation speeds. An increase in travel
speed from 25 to 39 and 48 mm/min causes the tensile strength
to decrease, but the welding speed 14 mm/min has lowest
tensile strength because of the large deformations expected in
the polymer that result in a weak weld zone. At high travel
speed of 48 mm/min, the process has insufficient time to heat
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up the polymer to bring about flow of softened material. It is
also observed that at high travel speeds, the rotating tool
removes polymer from side to side instead of joining it, and the
process resembles milling rather than welding. Shape of weld
seam under the tool shoulder is affected by reducing the travel
speed as shown in Fig. 13. Maximum strength and joint
efficiency approximated to 19 MPa and 89.5 % respectively,
are recorded using rotation speed of 930 rpm at a travel speed
of 25 mm/min. This seams is good agreement with pervious
work [26]. Minimum strength and efficiency approximated to
4MPa and 18% respectively, are recorded using rotation speed
1800 rpm at a travel speed of 14mm/min. A travel speed of 25
mm/min is an appropriate travel speed for the welding process.
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Fig. 13: Effect of travel speed on weld (constant rotation
1240 rpm)

B. .Impact behaviour

Sudden loading responses of FSW joints at room
temperature are examined and evaluated versus welding
parameters involving rotation speed and travel speed as shown
in Fig. 14. The total energy dissipated in the HDPE polymeric
material up to failure is a measure of its impact strength.
Impact strength increases with increasing the tool rotation
speed from 580 to 930 rpm and decreases again with further
increase in the tool rotation speed 930 to 1800 rpm. That is true
for the investigated travel speeds.

Also, impact strength increases with decreasing the travel
speed except for minimum travel speed of 14 mm/min.
Maximum impact strength of 19.5 KJ/m? is recorded at a 25
mm/min travel speed while minimum value of 7.5 KJ/m? is
recorded at 14 mm/min travel speed.
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Fig. 14: Effect of rotation speed on impact strength at
different travel speeds

The samples welded at the optimum welding parameters of
930 rpm and 25 mm/min exhibit impact strength three times
higher than the samples which welded at worst parameters of
1800 rpm and 14 mm/min, although all samples failed in a
brittle mode. Maximum impact strength of 19.5 kJ/m is
recorded at 930 rpm, lower than that recorded for the HDPE
base material 130 kJ/m?. Optimum FSW parameters are 930
rpm rotation speed and 25 mm/min travel speed, so room
temperature impact energy is greatly affected by FSW
parameters.

C. Fatigue behaviour

HDPE base material records the specified 10* cycles
without failure during fatigue testing. The specimens welded
using FSW with parameters involve the predetermined rotation
speeds and travel speeds fail at weld after sustaining the life
cycles during fatigue loading shown in Fig. 15. As can be seen,
the fatigue life increases with increasing tool rotation speed
from 580 to 930 rpm, then decreases again to reach minimum
life cycles at tool rotation speed of 1800 rpm. That seems true
for all investigated travel speeds except for 14 mm/min.

Maximum fatigue life of 710, 618, 608 and 82 cycles were
recorded at travel speed of 25 mm/min with rotation speeds of
930, 1240, 580 and 1800 rpm respectively, while minimum
values of 82, 72, 61 and 13 cycles were recorded at rotation
speed of 1800 rpm with the travel speeds 25, 39, 48 and 14
mm/min respectively. Optimum fatigue life of 710 cycles is
recorded at a tool a rotation speed of 930 rpm and at a travel
speed of 25 mm/min. So, room temperature fatigue life is
greatly affected by FSW parameters. In the same time, all
welded samples indicated low fatigue life compared to base
material. The reasons may be related to the high stress
amplitude at low frequency, applied during reciprocal fatigue
testing (15.65 Mpa) which represent about 71% of the HDPE
base material tensile strength.

Fig. 15: Effect of rotation speed on fatigue life at
different travel speeds

D. Effect of tool pin length on mechanical properties

Low values of impact strength and fatigue life is probably
due to incomplete root penetration defect appeared in the
welded samples after FSW process as seen in Fig. 16. This
causes a crack start during both impact and fatigue testing.
Using of channel backing strip of a “U” shape at weld root
before welding operation or using a double shoulder welding
tool are suggested to eliminate such a problem .

]

Incomplete root
penetration

N

)

Fig. 16: Incomplete root penetration weld defect

IV. CONCLUSIONS

In this research, high density polyethylene plates are joined
using the solid state friction stir welding process. The effects of
different process parameters including rotational speed, travel
speed, pin shape and tilt angle are investigated and correlated
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to static, impact and dynamic mechanical properties. The main
conclusions which can be drawn from this study are as follows:

1. The process parameters have significant effects on the
weld mechanical properties.

2. Moderate rotational speed of 930 rpm and travel
speed of 25 mm/min exhibit the highest quality of
welded joints and highest mechanical properties in
tensile, impact and fatigue testing.

3. Highest rotation speed created the lowest mechanical
properties.

4. Too low or too high travel speed produced weakest
welded joints.

5. Presence of incomplete root penetration defect at weld
diminished impact and fatigue properties to a great
extent compared to base metal, so a u-shaped channel
strip packing must be used in the future to eliminate
such problem or using a welding tool with double
shoulder.

6. Friction stir welding of thermoplastics may be a valid
alternative to the conventional joining techniques, if
optimum welding parameters are used.

REFERENCES

[1] Mark, H.,Encyclopedia of Polymer Science and
Technology,Concise,3rded.:WILEY January29, 2007.

[2] Oliveira, P., Amancio-Filho, S., Dos Santos, J., and
Hage, E., “Preliminary study on the feasibility of friction spot
welding in PMMA?”, Materials Letters, vol. 64, no. 19, pp.
2098-2101, 2010.

[3] “ HDPE ”; http://www.gehrplastics.com/products-
and-applications/material/hdpe.html, March 2015.

[4] Ma, Z., “Friction stir processing technology: a
review”, Metallurgical and Materials Transactions A, vol. 39,
no. 3, pp. 642-658, 2008.

[5] Amancio-Filho, S., Sheikhi, S.,and Dos Santos
“Preliminary study on the microstructure and mechanical
properties of dissimilar friction stir welds in aircraft aluminium
alloys 2024-T351 and 6056-T4”, Journal of materials
processing technology, vol. 206, no. 1, pp. 132-142, 2008.

[6] Balasubramanian, V., “Relationship between base
metal properties and friction stir welding process parameters”,
Materials Science and Engineering: A, vol. 480, no. 1, pp. 397-
403, 2008.

[7] Bretz, G., Lazarz, K., Hill, D., “Adhesive bonding and
corrosion protection of a die cast magnesium automotive

www.ijtra.com Special Issue 32 (September, 2015), PP. 25-32
door”, Essential Readings in Magnesium Technology, pp. 609-
615, 2004.

[8] Gharacheh, M. A., Kokabi, A., Daneshi, G., Shalchi,
B., and Sarrafi, R., “The influence of the ratio of “rotational
speed/traverse speed”’(®/v) on mechanical properties of AZ31
friction stir welds”, International Journal of Machine Tools and
Manufacture, vol. 46, no. 15, pp. 1983-1987, 2006.

[91 Hwang, Y.-M., Kang, Z.-W., Chiou, Y.-C., and Hsu,
H.-H., “Experimental study on temperature distributions within
the workpiece during friction stir welding of aluminum alloys”,
International Journal of Machine Tools and Manufacture, vol.
48, no. 7, pp. 778-787, 2008.

[10] Kim, Y., Fujii, H., Tsumura, T., Komazaki, T., and
Nakata, K., “Three defect types in friction stir welding of
aluminum die casting alloy”’, Materials Science and
Engineering: A, vol. 415, no. 1, pp. 250-254, 2006.

[11] Kwon, Y., Shigematsu, 1., and Saito, N., “Dissimilar
friction stir welding between magnesium and aluminum
alloys”, Materials Letters, vol. 62, no. 23, pp. 3827-3829, 2008.

[12] Liu, P., Shi, Q., Wang, W., Wang, X., and Zhang, Z.,
“Microstructure and XRD analysis of FSW joints for copper
T2/aluminium 5A06 dissimilar materials”, Materials Letters,
vol. 62, no. 25, pp. 4106-4108, 2008.

[13] Park, S. H. C., Sato, Y. S., and Kokawa, H., “Effect of
micro-texture on fracture location in friction stir weld of Mg
alloy AZ61 during tensile test”, Scripta Materialia, vol.49, no.
2, pp. 161-166, 2003.

[14] Esparza, J., Davis, W., Trillo, E., and Murr, L.,
“Friction-stir welding of magnesium alloy AZ31B”, Journal of
materials science letters, vol. 21, no. 12, pp. 917-920, 2002.

[15] Zhang, H., Lin, S, Wu, L., andFeng, J.“Defects
formation procedure and mathematic model for defect free
friction stir welding of magnesium alloy”, Materials & design,
vol. 27, no. 9, pp. 805-809, 2006.

[16] Miles, M., Nelson, T., and Decker, B., “Formability
and strength of friction-stir-welded aluminum sheets”,
Metallurgical and Materials Transactions A, vol. 35, no. 11, pp.
3461-3468, 2004.

[17] Cerri, E., and Leo, P., “Warm and room temperature
deformation of friction stir welded thin aluminium sheets”,
Materials & Design, vol. 31, no. 3, pp. 1392-1402, 2010.

[18] Arici, A., and Selale, S., “Effects of tool tilt angle on
tensile strength and fracture locations of friction stir welding of
polyethylene”, Science and Technology of Welding & Joining,
vol. 12, no. 6, pp. 536-539, 2007.

[19] Kiss, Z., and Czigany, T., “Applicability of friction
stir welding in polymeric materials”, Mechanical Engineering,
vol. 51, no. 1, pp. 15-18, 2008.

[20] Seth, R. S., “Effects of Stir Welding on Polymer
Microstructure”, MSc Thesis, Department of Mechanical
Engineering, Brigham Young University (April 2004), 2004.

[21] Squeo, E. A., Bruno, G., Guglielmotti, A., and
Quadrini, F., “Friction stir welding of polyethylene sheets”,

31|Page


http://www.gehrplastics.com/products-and-applications/material/hdpe.html
http://www.gehrplastics.com/products-and-applications/material/hdpe.html

International Journal of Technical Research and Applications e-ISSN: 2320-8163,

The Annals of Dunarea de Jos University of Galati,
Technologies in Machine Building, vol. 5, pp. 241-246, 2009.

[22] Rezgui, M.-A., Trabelsi, A.-C., Ayadi, M., and
Hamrouni, K., “Optimization of Friction Stir Welding Process
of High Density Polyethylene”, International Journal of
Production and Quality Engineering, vol. 2, no. 1, pp. 55-61,
2011.

[23] Aydin, M., “Effects of welding parameters and pre-
heating on the friction stir welding of UHMW-polyethylene”,
Polymer-Plastics Technology and Engineering, vol. 49, no. 6,
pp. 595-601, 2010.

[24] Saeedy, S., and Givi,M.., “Investigation of the effects
of critical process parameters of friction stir welding of
polyethylene”, Proceedings of Institution of Mechanical
Engineers,Part B:Journal of Engineering Manufacture, pp.
09544054JEM1989, 2011.

[25] Saeedy, S., and Givi, M., “Experimental Study on the
Effects of Rotational Speed and Attack Angle on High Density
Polyethylene (HDPE) Friction Stir Welded Butt Joints”,
Advanced Materials Research, vol. 189, pp. 3583-3587, 2011.

[26] Arici, A., and Sinmazgelyk, T., “Effects of double
passes of the tool on friction stir welding of polyethylene”,

www.ijtra.com Special Issue 32 (September, 2015), PP. 25-32

Journal of materials science, vol. 40, no. 12, pp. 3313-3316,
2005.

[27] Abdel-Gwad, E. F., Samy, S., and Attya, S. M,
“Impact Energy of Aluminum Weldments Using Double
Shoulder Friction Stir Welding”, in International Conferance
Welding Technologies and Exhibition, Ankra, Turkey, 2012,
pp. 177-183.

[28] Shastri, D. R., “Plastics Testing”, Modern Plastics
Handbook: McGraw-Hill Companies, 2004.

[29] DIN,“Plastics—Determination of Charpy impact
properties Partl: Non-instrumented impact test (ISO 179-1 :
2000)”, European Standard EN ISO 179-1 : 2000 has status of
DIN Standard., June 2001, p. 20.

[30] Mathur, A., Bhardwaj, I., and Mathur, A., Testing and
evaluation of plastics: Allied Publishers, 2003.

[31] Napert, G. A., “Fatigue performance of electroless
nickel coatings on stainless steel gas turbine compressor
rotors”, MSc Thesis, Dept. of Aeronautics and Astronautics,
Massachusetts Institute of Technology, 1989.

[32] Onem, O. U., “Effect of temperature on fatigue
properties of Din 35 NiCrMoV 12 5 steel”, MSc thesis, Middle
East Technical University, 2003.

32|Page



