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Abstract

In the present article, the effects of frictiorr stelding (FSW) tool plunge depth (TPD) and totil ti
angle (TTA) were investigated on the heat genamatind the material flow during solid-state
joining of polycarbonate (PC) sheet experimentadlyd simulated with computational fluid
dynamics (CFD) method. Simulation results showeat thcreasing heat input (higher TTA and
lower TPD) could increase the size of the stir zd®esults indicate that control of TPD and TTA
can improve the material flow near the top surfade temperature field in the friction stir welding
of PC was anti symmetric to the welding line. Due to thRsults, the heat generation and
temperature distribution at thadvancing side were more than the retreating sidelli joint
conditions According to selected parameters, a strong sampge produced at 1.2 TPD and 2.5
OTTA. This sample had 92% PC tensile strength, 89% BxXural strength, and 86% of impact
energy.
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1. Introduction

Thermoplastic polymers and their composites areelyiémployed. In many applications, they
replaced metallic materials. This is due to lowatenal cost, easier and less expensive processing,
recyclability, etc. Besides, thermoplastics witlghistrength to weight ratios are increasingly
involved in structural applications. The growingg@ayment and development of new materials are
also driven by the spread of Additive Manufacturprgcesses. The selection of the suitable joining
process represents a key aspect for the manufagtaf real components. Common joining
techniques e.g. adhesive bonding, mechanical fasteand even welding processes show different
disadvantages and limitations. To this end, adv@meelding and joining processes such as laser
welding, laser-assisted joining friction stir weldi etc. provide great advantages over common
joining processes [1-4]. Friction Stir Welding (F$PW used to join different materials including
metals, thermoplastics, composites and hybrid &tras [5-8]. FSW enables great homogeneity of
the composition of the weld region with the basetemal, few internal defects, great process
efficiency, and high flexibility. FSW process caostsi of the stirring action of two sheets exerted by
a rotating tool. This makes FSW also suitable daripg most of the thermoplastic materials [9-10].
The literature concerning FSW of metals and espig@tuminum alloys is extremely wide, while
investigations concerning FSW of polymers are mieever. Besides, the FSW of polymers (semi-

41



Effects of Tool Tilt Angle and Plunge Depth on Pedges of Polycarbonate FSW Joint, pp. 41-55

solid welding) develops quite differently from tR&W of metals (solid-state welding). This is due
to the great difference between these materialenms of mechanical and thermal properties,
chemical and physical behaviors. In recent yeasswider employment of thermoplastics polymers
and their composites for structural and high-peniag applications is driving towards a renewed
interest in FSW of polymers and composites. FSW basn applied to a wide range of
thermoplastics. The influence of process parameaisrshe mechanical behavior of FSW welds
made on polyethylene (PE) was investigated in [Slipsequent research demonstrated that pre-
heating of the base material can improve the natBow and consequently the FSW quality. The
adoption of low tool rotation speed produced somfeds in the stir zone (SZ), which affected the
mechanical strength of HDPE welds. This was duwee poor stirring action [12]. On the other hand,
extremely high tool rotation speed can cause degjad phenomena and even polymer burning.
Saeedy and Givi [13] performed the optimizatiortred FSW process of HDPE sheets. The welds
performed under optimal conditions reached strengtli5% of that of the base material. As the
process is based on the stirring action exertetthéyool on the sheets, the geometry dimension and
topology of the tool also represents a key aspedhie quality of FSW welds. For example, a tool
with a threaded pin can reduce cavities and inohssiin the stir zone as well as improve the
consolidation of polypropylene (PP) sheets [14].eWlthreaded tools are used, the tool rotation
direction influences the quality of the welds, &satibed by Panneerselvam and Lenin [15] for
polyamide 6. The results indicated that clockwisgtion improved the strength of the welds and
internal material flow. Based on the similarity vihe extrusion welding process, some researches
involved a stationary shoulder (called “shoe”) tagprove the FSW quality of PE joints. FSW has
been applied to polymers characterized by veryerbfit behaviors e.g. brittle materials such as
Polymethylmethacrylate (PMMA) and plastic materialsuch as Polycarbonate (PC).
Polymethylmethacrylate (PMMA) is widely used in fdient fields. Simdes and Rodrigues
investigated the thermos-mechanical conditions logusy during the FSW of PMMA [16-17].
Investigation of the effects of FSW process paramsebn the PMMA joint showed the highest
strength. The longitudinal tensile sample of theNPMIlap joint was 64% and the traverse tensile
sample was 47% of base material strength. Althd@glycarbonate (PC) is more expensive than
PMMA, it is often preferred when high mechanicalughness, and corrosion properties are
required. Thus, some researches focused on fristiospot welding (FSSW) of PC sheets. During
the mentioned researches, mechanical propertiagiotof plunging force, analysis of temperature,
effects of tool shoulder diameter and angle of {@al were investigated [18]. Low values of the
plunging speed involved lower plunging force andjte. However, these conditions affected the
mechanical behavior of the FSSW welds. The resui;m the above-mentioned researches
indicated that the most influencing parameterstiier joint strength and weld extension were the
FSSW tool plunge rate, the tool dwell, and the mgitime. On the other hand, the pin diameter
influenced the process loads and the axial preg49te So far, few investigations were performed
on continuous FSW of PC. This study aims to ingaes¢é the effects of FSW process parameters
(tool rotational speed, tool traveling speed, tibbhngle, and tool plunge depth) on the mechdnica
properties and material flow of PC welds made byMFSo this end, both the experimental
approach and numerical modeling were involved tadewstand material behavior during the
welding process
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2. Process M odeling

2.1. Governing Equations
The computational domain in this study includes Wwrkpiece and the tool inserted inside the
workpiece. During the simulation tool, the plungage and extraction from the joint line are
neglected for simplicity. Therefore, the temperatand velocity fields are solved assuming steady-
state behavior. The plastic flow in a three dimenai space is represented by the momentum
conservation equation in index notation, with jer1, 2 and 3, representing x, y and z directions,
respectively [19-20]:
p$:—£+i£ aq + auj j—pulﬁ 1)
X ox;  Ox
In Equation (1), u is the velocity,is the density, U1 is the welding velocity, angsFhe pressure.
u is referring to non-Newtonian viscosity that cam determined from flow stress and effective
strain rate as follows [21-23]:
O-e
r=30 (2)
The calculation of viscosity requires a local vatiestrain rate and temperature. In Equation€g),
indicated the flow stress that proposed by SheppaddWright [21-23]:

1
O, :larcsinh(zjn (3)
o A

Where A, a and n are material constants and ZdsZ#gner—Hollomon parameter. The value of
constants for AA1100 aluminum alloy are A = 3.510%1S*, a=1 MPa', and n=5.66 [17]. The
Zener—Hollomon parameter, Z, represents the teryreraompensated effective strain rate and is

given by [21-23]:

=)

Z =éexp~" (4)
Where Q=158.3kJ/mol is the temperature-independetivation energy, R is the universal gas
constant.éis the effective strain rate and given by [23]:

&= (%8”8”) ®)
Whereg; is the strain rate tensor, defined as [23]:
1( ou . Ou
& =5 - (6)
2\ 0x; 0%

According to the materials physical changes durima working, achieve the relation with

mechanical and thermal properties during FSW irufation procedure is necessary. Based on this

factor, the PC alloy & and K parameters are defined in Figure 1.SinyiJddr Tungsten [23]:
C,=158-0.106 - 1.63 10T? @)

K =0.367- 2.2% 10T + 1.2§ 10T’ (8)
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The pressure field was obtained by solving following continuity equation iteratively with tt
momentum equations for incompressible si-phase flow [23]:

9 _y

0,

9)

that v is the velocity of plastic flow. The steady sir-phase momentum conservation equa
regarding a codlinate system attached to the heat source maybesented g[22]:

rC,

6(uiT)
0% tox,

L or , @
5>§

oK)

(10)

The heat generated at the interface between Vieatnthhorizontal surfaces che tool pin and the
workpiece may be defined a&7]:

Q= [(1—5) nT + o PNJ(a)r —Ulsinﬁ)e

(11)

where A is any small area on the tool -work piece interface, r is the radial dnce of the center
of the area from the tool axis, V is the controiwne enclosing the areg, s is the maximum she
stress at yieldind) is the angle with the negativ-axis in the countectockwise directiony is the
mechanical efficiency lfie amont of mechanical energy converted to heat ene@dgnotes th
spatially variable fractional slip between the tamld the workpiece interface, If is the spati
variable coefficient of frictionw is the angular velocityand PN is the normal presst on the

surface.
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An estimate of the viscous dissipation of momenfpan unit volume, t, has been calculated

[23]:
ds
=—2= fup

%=
Which ¢ is given by [23]:

(12)

44



Journal of Modern Processes in Manufacturing awd &stion, Volume 7, No. 4, Autumn 2018

2 2 2 2
¢:2§i%%J+(@£+ﬂkJ+(@ﬁ+@gj+f@g+ggj (13

=) 0x, 0x 0X;, 0X; ox, 0X,
In Equation (14) is an arbitrary constant that indicates the exéémhixing on the atomic scale.
The value of p may tend to 1for a well-mixed sysienthe molecular scale [23]. The total heat
generated at the shoulder/workpiece interface kas Ipartitioned between the workpiece and the
tool in the ratio given below [24- 25]:

( \ kpCp )workpiece
( V kpCp )workpiece * ( \ kpCp )tool

Where the subscripts W and T denote the workpiexwk the tool, respectively. The analytical
expression is based on steady-state one-dimengdieatitransfer from a point heat source located at
the interface of dissimilar metals. The heat flatoithe workpiece is estimated to be 45% of the
total heat generated. This relation has been examaxperimentally by Lienert et al. [26] and
found to be reliable. A heat flux continuity at tigoulder matrix interface yields [22]:

oT J

k_ = W 15

0Z J, +J; % (13)
Rp and R represent the tool pin and shoulder radius, résdg and ql represents the total rate of
heat generation at the shoulder—workpiece interface given by [22]:

q =[n(l—5)r+5,uFPH](wr ~U,sing) (16)

At the bottom surface, there is a backing plate thedheat transfer coefficient from the bottom of
the workpiece is not the same as for free conveciitie value of the heat transfer at the bottom of
the workpiece was determined by:

=h,(T-T,) (17)

(14)

q:

Top

Bottom

Where R is the bottom heat transfer coefficient and Téhes ambient temperature of 298 K. The
heat transfer coefficient at the bottom face depemd the local temperature and is given by the
following relation:

hy=he(T-T) (18)
Where R is the heat transfer parameter for the bottomaserf As Equation (18) shows, this
parameter is a constant and it has a differentagmipared tothe heat transfer coefficient which is
spatially variable. At the top surface, heat trans$ due to both convection and radiation and is
given by:

«9T =g, (T4—T4)+h[(T -T,) (19)

37 0 a a
B is the Stefan—Boltzmann constant (5.67%10.K*.m™?s™?), ¢ is the emissivity, andfis the
convective heat transfer coefficient at the togasia. The computed temperature values were found
to be insensitive to the values of dnd its value was taken as zero for simplicityriby the
simulation, the linear and rotational speed oftti@ pin and shoulder were performed separately.

The base metal assumed as non-Newtonian fluid wistto-plastic behaviour and density based on
45
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PC. The Tetrahedral/Hybrid elements witl-grid combination shape were used to the n
generation of tool and workpiece. The region cltmsé¢he pin tool and the tool itself requirec
much finer mesh to evaluate the heat transfedel and viscous flow. A sizing function on the t
and workpiece was used to generate the differdaw sizes. The sizing function uses a start :
growth rate,and maximum size. For the fine mesh pictured irufe 2, a start size wa0.1 mm,
growth rate 1.3 mmand a maximum size (1.3 mm.For this meshing schel, the total number of
volumes for the lateral case wa243,12( volumes.

3. Experimental Procedure

Friction Stir Welding experiments were conducted polycarbonate(PC) sheets with 4 mm
thickness supplied by Arkema Polymer Industry, USAe sheet was cut into rectangles st
(100x150mm)oy a laser cutting machi. Table 1summarizes the main physi and mechanical
properties of the PC she&tmodified TABRIZ/4301 milling machine was used to perform 1
experimental tests. HSS steel made tool \a frustum pin profile was adopted in the experime
Thermal histories were acquired at given locatiusing Jtype thermocouple (Omega Engineeri
USA).
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Figure2. Meshed model of the process
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Tablel. Properties of PC

Characteristics Value
Density [g/cm] 1.22
Ultimate Tensile Strength [MPa] 67
Elongation at fracture [%0] 98
Shear Stress [MPa] 101
Flexural Strength [MPa] 80
Hardness (ShoreD) 20

Charpy Notched Impact Strength [kJ[n  25.2
Glass transition temperature, Tg [°C] 147
Thermal conductivity at Z& [W/mK] 0.22
Softening temperature [C] 225

The thermocouple, which was characterized by a b diameter, was embedded into the
polycarbonate sheets at different distances (débafd 15 mm) from the weld seam. To this end,
holes were drilled at given locations and Testeiment was used to bond the thermocouple inside
the holes. Different characterization tests wergopmed on the welded specimens. A servo-
controlled universal testing machine (SANTAM, Ca&hfan, Iran) with a load cell of 200 KN was
adopted for quasi-static tests. Tensile and bentiBsts were conducted ata constant speed of 1
mm/min. The tensile tests were conducted accortbnthe ASTM D638 standard. The notched
IZOD impact tests were carried out according toASIM D256 standard. Material flow analyses
have been carried out using a video visual measememachine (MUMA, 3D Family, Xinbei City,
Taiwan). A schematic of the FSW system is repoirideigure 3 with the FSW tool and mechanical
testing samples. The experimental plan involved thgation of different process parameters
including the tool rotation speed), the welding speed (V), the tool plunge depthd &l angle.
Table 1 summarizes the levels varied among thergwpets and simulations.

Table2. FSW Parameters

Process parametel Value

o [rpm] 2200

V [mm/min] 105

TPD [mm] 0.3,0.6,0.9,1.2,15,1.8

o [degree] 0.5,1.0,15,2.0,25,3.0,35,4.0
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Figure3. (a)Schematic view of FSWed jo,(b) an electronic image of FSW tool,(ensile test samg,(d) 1zod test
sample,(e) flexural test sample

4. Results and Discussions

4.1 Material Flow

The tool plunge depth (TPD) influences the amountfriotional heat generated and the fricti
mechanism between the tool and sheets (i.e. slahagsticking). This is also due to the increas
the axial force at the toaheets interfac[24-25]. Figures 4(a) and 4(lcpmpare the temperatu
maps predicted by simulations involving the highesd the lowest tool plunge depth. Increa:
the TPD from 0.3 mm to TDP=E mm resulted in &digher maximum tempeture from 194C till
215°C. A low contact area between pin and PC and low heagfemconfident of PC caused sl
heat diffusion of frictional heat frorthe upper area (that produced with tool shoulder) the
lower area of thestir zone. These thermal properties of PC causte thangesn the size of the
SZ lower area at all TPBut at higher TPDs, the material flow of the topface joints change
Physical changes of TPD effects can be detectabkgures4(c) and 4(d)respectively. Accordin
to the resultsat low TPD the size of SZ decres and at excessive TPD the big flash forms at
which causes th®rmation of incomplete SZ. The dimension of theis not monotonic with th:
tool plunge depth. Indeed, SZ incses with TPD until TPB1.2mm. Higher values of TDI
determine a steep decreasethe SZ dimension. This is due to the formation @ftenial ejecter
from the weld seam (which formed side flash). Themparison of recorded and simula
maximum temperaturend size of SZis shown in Figure 4. Theogitive tilt angle increases tl
plunging force and improves the material flclt promotes the motion of the material from
front to the backside of the tool leading to ad¥efitling of the stir zon{26-28].
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Figure4.Simulation results of surface heat flux of joinathSWed a(a) 0.3mm and (b) 1r8Bm TPL. (c) Cross-section
view of the joint that FSWed at Gr8n TPD anc(d) surface flow of the joint that FSWed1.8mm TPD. Maximum
temperature of FSWed joints at different TPD whiehrecorded and (f) simulated. (g) Relation wité size of SZ an

TPD

This parameter also influences the heat producée. tEmperature distributions simulated
different tilt andes in SZ are depicted in Figur5(a)-5c). The simulation indicas that an increase
of a from 0.5 to 4 degreegauses an increase of the maximum temperaturenyst17% (185C
from 0=0.5’ till 215°C ata=4°). The maximum temperature was observecorrespondence of the
behind the tool. Low values of involved lower plunging load. This partially inhi® the materia

in front of the tool to extrude at the backsidaliaeg to defect development into the ¢
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Figure5.Simulation resultof maximum temperature at (a) 0.5, (b) 2 and (degree TTA
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The longitudinal section of welds made wa=0.5 and a=4°" tilt are shown in Figures. The

temperature maps indicate that the temperatureeofipper “layers” is much higher than that of

lower “layers” behind the SZ.he upper “layer” interacts with the tool shouldeattis much large

than the pin. @ the upper side, the tool hahigher peripheral speed and interacts with the nad

for alonger time. Both these aspects contribute to ating the temperature differences betw:

the upper and lower “layersThe low heat generation thelower area “layers” of SZ leads to t

formation of the tunnel into the SZ root (Figi6c). High values ofx also resulted ithe incomplete
formation of the SZ (Figuredj. The cros-sections reveal that similar tunnel voids are poediufor

low and high values af.
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Figure6.Simulation results of longitudinal of maximum temgeire flux ai(a) 0.5, (b) Zegrees TTA Cro-section
view of joints that FSWed i(c) 0.5, (d) 2 degrees TTA

The welds produced with=0.5° anda=4° showed a different morphology of the. The former
ones were characterized by 8& with a convex shape of the root. On the othedh#e weld:
made witha=4° were characterized by a concave shape at the tiaske weld roc. The
morphology of the welds revealed that increasing vhlue ofo produced n increase in the
maximum temperature of the proceAlso, it increased the dimension of the SZ 0a<2.5°. Further
increase ofi resulted in a steep decreidn the SZ dimension. This was duethe great amount of
material ejected from the weld seamgure 7).
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4.2 Mechanical Properties of Joint

4.2.1 Tensile Srength

The result indicatethat processing conditions involving excessive hgauit resulted in welds wit
lower strength. On the other hand, processing ¢immgdi involving low heat input were affected
the development of planar cracks around SZ. Thisroened the decrease the tensile strength
for low tool rotation and high travelling speedsieThighest tensile strength of the welds -
62MPa that was near 92%f the base mater. Low values of TPD produced a poor mate
stirring, while high TPD values induca great enount of material ejected from the SZ. Both th
defects affected the mechanical behaviour of thielsy¢hus, the highest strength was achieve
intermediate values of TPD=hin. Similarly, the highest strength was achievedo=2.5° (Figure
8). The facture surface of the strongest joint is depigtedFigure8c. The surface is rough a
shows divergent lines. These lines radiating outwesm the fracture origin are called “hackl
regions”. Hackled regions show the crack propagativection and oint back toward the origi
area [27-28 Hackles lines are very similar to river linesathappear irthe fracture surface of
metallic materials [29-30].
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Figure8.Relation with tensile strength a(a) TPD and (b) TTA (c) SEM image of tfracture surface of the joint th
FSWed 2TTA and 1.2 TPD
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4.2.2 Flexural Test

Figure 9 summarizethe effect of the process parameters on the fléxstirangth. The trer of the
flexural strength followshose of the tensile strength. Under the optinrocessing conditions, tt
flexural strength reaches MPg, which almost 89%of that of the base matel. The fracture
surfaces of theveld produced under the aforementioned conditare shown in Fiure 9c. The
state of flexural stress mode causes tirmation of crack branches. This type of fracturdase is
typical of transparent polymers such as polystyreoty (methyl methacrylate), and polycarbol

are shown bifurcations crack path move away froatkrorigins. This type of cracks branclis

observed at the fracture surface in the flexural sgecimens due to the state of stress dt
bending.
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Figure9.Relation with flexural strength ar(a) TPD and (b) TTA(c) SEM image of the fracture surface of the j
that FSWed Z'TA and 1.2 TPD

4.2.31zod Test

Figure 10shows the Izod test samplethe FSWed PC. The processing conditions leading tc
highest tensile and flexural strength also resuitethe highest impact energy absorbed by
welds. Under these conditionte weld absorbe22 kJ/m2,which is almosi86% of the impact
strength of the PC. The fracture surfacesthe weld produced under the optimal conditic
(w=2200 rpm, V=105mm/mina=2.5° TTA and TPD=1.2mm)The surface showa misty

appearance that can be associated with crack eaatietejustbeforerapid crack growth durir the
Izod test.

5. Conclusion

The effects of FSW processing conditions includingl title angle and plunge depth on
mechanical strength and mate flow of polycarbonate were studiedhermc mechanical models
were employed to predict the temperature profilengl with the transverse and longitudi
directions.The wface temperature was also experimentally measwed compared wit
simulations. Thenost appropriate material flow and joint strengérevachieved ¢1.2 mm plunge
depth.The joints which were welded at more tF1.2 mm plunge depth had inappropriate intel
material flow while small stir zone was formeda lower 1.2mm tool plunge epth. At high tool
tilt angle, the increased forging force within thlastic material led to material explosion format
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of defectswhile a lower tool tilt angle does not extrude thaterial to form a complete stir zone
tilt angle of 2.50 was als@f@ind preferable to obtain sound weldments with oupd strength. Th
highest tensile strength (62MPdlexural strength (71MPagnd impact energ(22 kJ/m2) were
attained for joints processed &€o tilt angle, 1.2 mm plunge depth, 1&%r/min traverse speed,
and 220Q0pm tool rotational spe.
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