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Abstract

The widespread application of thermoplastic polyner different aspects of industries has
motivated researchers and companies to improvelpgihde their forming, joining and assembling
processes to overcome their limitations. One of rteeest joining methods of thermoplastics is
friction stir welding which is based on frictionlaéat generated through contact between a rotating
tool and the workpiece. A hybrid thermal assistectibn stir welding approach was proposed in
this study for two Poly methyl methacrylate she&tshis method, the stationary shoe was heated
up to the specified temperature and then the FSMwas gradually plunged toward the clamped
sheets. The effects of different process parameigrk as rotational and traverse speeds and the
heater temperature on the mechanical propertigheofoints were studied. Results showed that
applying the optimum rotational speeds of 1600 gmd highest traverse speeds of 12.5 mm/min
with the stationary shoe heats up to 70% of basgmy melting temperature which leads to the
highest joint performance with strength equal t&e3& PMMA strength.
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1. Introduction

It is necessary to join the same or different ptaptoducts or plastic part and metal when the
finished assembly was too complex or large, or whdferent materials must be used in the
assembling process [1, 2]. Welding is frequentlgdufor joining the thermoplastics, in which the
part surfaces were melted, allowing macromolecthains to diffuse into the opposite specimen at
the weld interface [3]. Differences in metallurdiead mechanical properties of different materials
made their welding difficult in any welding techoep [4].Various welding methods, such as
vibration welding [4], laser welding [5], frictiowelding [6] and friction stir spot welding (FSSW)
[7] are known to be effective in different areasimdustry. As a relatively new technique, FSW-
invented in The Welding Institute (TWI) in 1991-istroduced as an efficient way of joining
materials [8-11].

2. Background

Recently, some researchers have studied the apphicaf FSW on the thermoplastics polymers.

Mendes et al. [12] investigated the effects oftroteal and traverse speeds, and the axial force on

the FSW of acrylonitrile butadiene styrene (ABSpsHin et al. [1] investigated the effects of

friction stir welding process parameters on thedwglality and creep properties of welded
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polyethylene (PE) sheets. The r¢s showed that the creep resistance of the weldetples
reaches to the base material resistance. The -strain behavior of the welded joint was a
modeled using mathematical meth. Rezaee et al. [13] studieavestigation on the effects of tc
geometry on the microstructure and the mechanicapgaties of dissimilar friction stir welde
polyethylene and polypropylene she The results showed that the utilizing the tool whheadec
cylindrical pin provides the better mechanical gnies fo the welded joints versus the tools w
squared, triangle and straight cylindrical pin sfgpespectivel Arici and Sinmaz[14] studied the
effect of double passes of the tool on FSW of pgblylene. Double passes allowed them to incr
the joint mechanical properties.

2. Experimental Procedures

2.1 Material

In this study, the PMMA sheet was used as the begerial. Rectangular plates of PMMA she
with dimensions of 160 x 6m? and thickness of 81m were used in this stu[13]. PMMA is an
economical, versatile genenalipose material. PMMA has high mechanical strerfgtih Youn('s
modulus and low elongation at break. It is oneh# hardest thermoplastics and is also hit
scratch resistant [15The summary of the physical properties of PMMApresented in Tak 1.

Tablel. The physical properties of PMMA polymers

. Durometer . . .
. Tensile Melting Elongation Density
Material Strength [MPe Hardness Temperature’C] [%] [g/cn]
g ¢ [shore D] P > 9
Poly methy! 80 79 160 2 1.18

methacrylate (PMMA)

2.2 Tool Design

The designed tool in the present work was consistédree main parts: a cylindrical rotating pir
stationary shoulder and a heating system. The ghepbd of the employed FSYool is shown in
Figure 1.

Temperature Controller

Welding Tool

Thermocouple

\ Cylindrical Heater
Hot Shoe

Figurel.Photograph of the designed friction stir weldingl
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As it can be seen in this Figure, the tool pinniserted into the stationary shoulder with a heater,
which is equipped with a close-loop thermo conémollThrough an indicator, the approximate
temperature of the weld zone was presented usitigelamal potentiometer. A thrust bearing
separated the shoulder from the tool to hold itistary relative to the tool during welding. The
tool was made from H13 hot-working steel, the stleulwas from 7075 aluminum alloy owing to
its high thermal conductivity and strength. Theisteary shoulder’'s surface was coated with PTFE
(Teflon) in order to prevent the stick phenomenioat tmay occur between the hot aluminum and
the polymer surfaces. The tool and shoulder dinossare illustrated in Figure 2.
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Figure2. Drawings of the designed FSW tool: (a)guid (b) shoulder (shoe)

In this study, during the friction stir welding afi samples, the tool, rotating pin was positioaéd
the interface of the plates with no offset. Thetfan stir welding was carried out as follow: Ireth
first step, the stationary shoe was heated upesplecified temperature and then the FSW tool was
gradually plunged toward the clamped sheets umikdol shoulder contacts with the hot shoe. This
gradual movement of the tool generates sufficieat,hwhich plasticizes the weld zone. Then, the
traversing of the tool along the joint line wastiatied and continued to the end of the weld seam.
After a large trial and error experiments, the atalele ranges of rotational speed, shoe temperature
and traverse speed were determined using visupédtisn of the generated weld joint. The high
transparency of PMMA allows an initial non-destiuettesting of the weld. In the acceptable
range, three levels of rotational speed (900, 12600 rpm), three levels of traverse speed (12.5,
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16, 20 mm/min) and three levels of shoe tempergdfe 70, 11FC) were considered for further
studies. A full factorial experiment was conduditethe following.

3. Resultsand Discussions

In order to evaluate the prepared joint mechampogperties, tensile test and hardness measurement
were conducted for all samples. Tensile tests @stimples were performed according to ASTM D
638 using a Santam universal apparatus STM250cabsshead speed of 20 mm/min. Standard
tensile specimens were extracted from the weldetpks using water jet cutting. The geometrical
dimensions of the tensile test specimens are showigure 3.
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Figure3. The geometrical dimensions of the teris## specimens

In the following, variations of joint strength o7 2velded samples at different rotational speede sho
temperature and traverse speeds have been studledisgussed. In order to evaluate the prepared
joint mechanical properties, tensile test and hesdnmeasurement were conducted for all the
prepared sampleghe obtained results are listed in Table 2.

In Figure 4, the variation of joint strength/PMMAnsile strength is presented for different tool
rotational and traverse speeds and shoe temperature
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Table2. Results of the tension and hardness tests

RS TS Heating uTsS UTS/UTS uma e e leuva H H /Hpmma
[rpm] [mm/min] Temperature [MPa] [%] [%] [%] [ShoreD] [%6]
[°Cl
900 12.5 40 63.7 79.6 2.6 130 61.2 85
900 125 70 66.9 83.6 2.8 140 62.4 86.6
900 12.5 110 72.6 90.7 3.2 160 64.3 89.3
900 16 40 62.6 78.2 24 120 60.3 83.7
900 16 70 64.7 80.8 2.6 130 61.4 85.2
900 16 110 65.8 82.2 3 150 62.3 86.5
900 20 40 61.4 76.7 2.2 110 59.6 82.7
900 20 70 61.9 77.3 24 120 60.4 83.8
900 20 110 62.3 77.8 2.8 114 61.3 85.1
1250 125 40 69.2 86.5 3.1 155 63.3 87.9
1250 12.5 70 72.7 90.8 3.4 170 64.4 89.4
1250 12.5 110 76.4 95.5 3.8 190 65.6 91.1
1250 16 40 63.1 78.8 2.4 120 62.1 86.2
1250 16 70 64.2 80.2 2.6 130 63.4 88
1250 16 110 68.6 85.7 3.2 160 64.2 89.1
1250 20 40 62.6 78.2 2.2 110 61.5 85.4
1250 20 70 63.7 79.6 2.4 120 62.1 86.2
1250 20 110 64.5 80.6 2.8 140 63.6 88.3
1600 12.5 40 70.6 88.2 3.6 180 67.6 93.8
1600 125 70 73.4 91.7 4.2 210 69.4 96.3
1600 12.5 110 80.6 100.7 5.3 265 73.7 102.3
1600 16 40 69.5 86.8 3.1 155 66.4 92.2
1600 16 70 72.1 90.1 3.4 170 67.8 94.1
1600 16 110 76.1 95.1 3.8 190 68.2 94.7
1600 20 40 68.3 85.3 2.6 130 65.3 90.6
1600 20 70 714 89.2 3.2 160 66.4 92.2
1600 20 110 73.7 92.1 3.5 175 67.2 93.3

TS: Traverse speed, RS: Rotation speed, UTS: UitiMansile Strength, e:
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Figure4. The variation ofreld strengtt/ PMMA strength) %versus the tool rotational spe, traverse speeds and
heating temperature

As can be seen, increasing the tool rotational dpeereases the joint strength. Low spin
rotational speed lead® insufficient flow of the material in the weld m® and lack of fusio
between the weld and the base matel6]. The frictional heat and the stirring of the pncrease
with higher tool rotational speel7]. Increasing the tdéwotation speed fror900 rpm to 1600 rpm
generates sufficient heat for better softening plagticizing of the material around the rotat
tool. Although high rotational speeds lead to bettéxing of welding material and higher tens
strength, weldig in excessive rotational spee(more than 1600 rpmjauses localized melting
PMMA which leads to porosity formation and consequedeterioration of joint mechanic
properties and puts the welding procedure in amningllable situation. High travse speeds lead
to poor mixing of the material and consequentlyrelase the joint tensile strength. By the wa’
seems that higher traverse speeds prevent thehbetand the rotating pin to heat the weld
sufficiently. The effect of traverse speon the weld appearance was obvious. Weld line ciéfie
and deformation in samples are the outcomes ofehiglaverse speed. The maximum ter
strength was obtained from the specimens prepdreablrotational speed (1600 rpm, traverse
speed of 12.5 mmiin and shoe temperature 110°C which was equal t95% of base polymer
strength.The variations of welded joints elongation are alsown in Fi. 5. As it is obvious in thit
figure, the variations of elongation as a functmmntool rotational spe¢, shoe temperature a
traverse speed follow the same trend as the testsdagth
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Figure5. The variation ofdint elongatior/ PMMA elongation) %versus the rotational spey, traverse speeds and
heating temperature

By increasing the tool rotational speec1600 rpm,ncreasing the shoe temperature and decre;
the traverse speed, elongation of the specimensneesased. Similarly, a maximum elongatior
2.65times of PMMA elongation was obtained at tool tiotaal speed ofL60( rpm, traverse speed
of 12.5 mmmin and shoe temperature 11C°C. Hardness is a criterion to estimate the mat

behavior against plastic deformation. Hardnessevahn also be utilized for indirect evaluatior

mechanical properties. lime current paper, hardness measurement was cauteasing shore |

hardness scale. Shore hardness is the recommeretaddrior measuring the hardness of rubl

and elastomers [18]. Fig. iBustrates the effect of the process parametershe hardnes of the

welded samples. Agaithe increase in the rotational speed fi900 rpm to160C rpm improves the
hardness of the sample due to sufficient heat géparwhich allows proper material flow a

better combination of pasty materials. Our primsirdies at rotational speed higher tt1600 rpm

showed that the extra heat generation melts the RMMtes which are accompanied by more v

defects at the interface and consequently decrdélasgsint mechanical properti
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Figure6. The variation offfeld hardnes/ PMMA hardness) % versus the rotational spetdserse speeds and heat
temperature

Figure 6depicts that applying the highest applicable rotetl speed 0160( rpm, lowest traverse
speed of 12.5 mmiin and shoe temperature110°C leads to the highest weld hardness v80.7
D which is slightly higher than the PMMA hardne

4. Conclusion
In this paper, the hybrid thermal assisted frictgdim welding of thermoplastic polymer sheets
PMMA was carried out successfully. As the mechdmcaperty, tensile strength, elongation ¢
hardness of the friction stir welded PMMA sheeere studiedThe following conclusions could
drawn from the experimental resu

* A hybrid thermal assisted friction stir welding apach was develope

* At optimum conditionthe joint strength equal 95% of PMMA strength was obtain.

* Enhancement up to 28bin joint elongation in comparison to PMMA sheetsmachieve:

« Maximum weld strengttwas obtained by highest applicable rotation speed shoe

temperature.
* Weld elongation and hardness versus process paeellow the same trend as wi
strength.
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