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This paper presents an experimental investigation of the welding of a glass-fiber-reinforced PP composite. The goals of this
paper are to investigate the issues of local changes of the welding strength that depend on the heating time and the coupling
agent (MAPP). Composite samples were prepared by using an extruding (for mixing) process and a hot-press method. The PP
matrix was reinforced by unidirectional short glass fibers. The welding process for the specimens was carried out using a
non-contact heated tool butt welding process. Tensile and fatigue tests were conducted to investigate the effects of the heating
time parameter and the coupling agent. The highest weld strength dependent on the heating time was achieved with 94 %
relative to the base strength of the material. The fatigue behavior of short-fiber-reinforced thermoplastic composites
(polypropylene/20 % of volume fractions of E-glass fiber) is presented in terms of stress versus the number of cycles to failure.
The specimens were fatigue tested at various percentages of their static tensile strengths at a load ratio R = 0.1 and frequency f=
5 Hz. An indefinite fatigue life was obtained at 35 % of the static damage initiation load for glass-fiber-reinforced specimens.
Then, these specimen’s maximum welding strengths and fatigue properties that were dependent on the heating time were
compared.
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Clanek predstavlja preiskavo varjenja PP kompozita, ojadanega s steklenimi vlakni. Cilj ¢lanka je bil preiskati vpliv lokalnih
sprememb na trdnost zvara, ki je odvisna od Casa ogrevanja in sredstva za spajanje (MAPP). Kompozitni vzorci so bili
pripravljeni z uporabo metode ekstruzije in vrocega stiskanja. PP osnova je bila ojacana z usmerjenimi kratkimi steklenimi
vlakni. Postopek Celnega varjenja vzorcev je bil izveden z brezkontaktno ogrevanim orodjem. Izvedeni so bili natezni preizkusi
in preizkusi utrujenosti, da bi ugotovili vpliv ¢asa ogrevanja in sredstva za spajanje. Najvecja trdnost zvara v odvisnosti od ¢asa
ogrevanja je bila 94 % trdnosti osnovnega materiala. ObnaSanje pri utrujanju termoplasti¢nega kompozita (polipropilen/20 %
prostorninskih delezev E-steklenih vlaken), ojacanega s kratkimi vlakni, je prikazano na krivulji utrujanja kot odvisnost
napetosti od Stevila ciklov. Utrujenost vzorcev je bila preizkuSana pri razli¢nih odstotkih stati¢ne natezne trdnosti, pri hitrosti
obremenjevanja R = 0,1 in frekvenci f = 5 Hz. Zdrzljivost na utrujanje s steklenimi vlakni ojacanih vzorcev je bila dobljena pri
35 % nazivne statiCne obremenitve. Primerjane so bile maksimalne trdnosti zvarov, z obnaSanjem pri utrujanju v odvisnosti od
Casa ogrevanja.

Klju¢ne besede: plasti¢ni material, kompozit, ogrevano orodje, postopek varjenja, ojacanje, utrujenost, polipropilen
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1 INTRODUCTION

In high-technology applications, a composite is suit-
ably qualified due to the fact that it has a higher strength
and a better stiffness-to-weight ratio. The vital properties
of thermoplastic composites include higher damage tol-
erance, corrosion resistance, higher impact resistance
and enhanced fatigue life. Due to their recyclable and
re-formable natures, thermoplastic composites are se-
lected for environmentally benign applications.'~

The welding process is one of the preferred methods
to realize the assembly structure of thermoplastic com-
posites. This method eliminates disadvantages such as
stress concentration and the galvanic corrosion of me-
chanical fastenings. Also, the thermoplastic matrix has
its own specific welding parameters with much the same
reinforcements. In the welding zone the dispersion of the
reinforcement and orientation could be affected by the
welding pressure, heating, heating time and some similar

Materiali in tehnologije / Materials and technology 50 (2016) 5, 655-662

properties, which results in the corruption on unity for
the reinforced thermoplastic.>’

Some researchers have worked on different welding
methods for thermoplastic composites. At present, there
is still not enough literature available related to the pro-
cess parameters and their influence on the joint’s
strength.

C. B. Bucknall et al.? reported that the weld strengths
of glass-fiber-reinforced polypropylene were strongly af-
fected by the hot-plate temperature, heating time, and
melt flow during welding. K. V. Stokes® has studied the
fatigue life of vibration-welded unreinforced polycarbo-
nate (PC), polyetherimide (PEI), modified polyphe-
nylene oxide resin (M-PPO) and poly (butylenes
terephthalate) (PBT), under tension—tension loading at
R = 0.1. The first three polymers are amorphous and
PBT is semi-crystalline. K. V. Stokes® found that the ra-
tio of the endurance limit stress to the tensile strength
was 0.29 for PC, 0.34 for PEI, 0.22 for M-PPO and 0.31
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Table 1: Thermoplastic materials and glass-fiber properties used in the experiments

Tabela 1: Lastnosti termoplasti¢nega materiala in steklenih vlaken, uporabljenih pri preizkusih

. . . . Vicat soft. temp. | Tensile strength
Material Producer Density MFI (g/10min) | Melting temp. °C) (MPa)
Polipropilen
(SR.L) ROM Petrol 0.90 20 165 132 32
PP-g-MA Sigma Aldrich 0.95 115 152 147 -
Material Producer Dimensions (l?g f}(‘;l?) Tenstll\e/ﬂs)tg ngth Meltl(rcl%)temp. Annotations
Glass Fiber | Cam Elyaf A.§.| 57102 bm 2.54 3450 1722 treated 0.6 %

for PBT. T. T. Lin et al.” investigated the effect of weld-
ing parameters on the non-contact hot-plate butt welding
of polypropylene. For a given hot-plate temperature, an
optimum heating time and forging pressure were found.
M. Watson et al.'” investigated the parameters of heated
tool welding. The heated tool temperature has been
found to be a less critical parameter than either the heat-
ing pressure or time.

These studies mostly concentrate on the parameters
of the welding process, such as the heating time, the tool
temperature and the pressure. But they lack the compari-
son of composites that had a chemical treatment of a ma-
trix material like maleic anhydride (MA). There is a need
to better understand the influence of various processing
parameters and the coupling agent (MAPP) on the joint
properties of hot tool welded thermoplastic composites.
In accordance with previous studies published in the lit-
erature about the fatigue life of SGFR thermoplastics,
the fatigue scattering is small, especially in comparison
with the fatigue of metallic materials.

The final goal of this study is to gain a better under-
standing of the effects of using a coupling agent (MAPP)
and the heating time parameter on the welding properties
of hot tool welded composites. For constant temperatures
and reinforced MAPP with a different ratio, thermoplas-
tic composite component’s butt welded joint strength,
failure strain, modulus of elasticity and fatigue properties
that depend on the heating time and cyclic number were
compared by using the tensile and the fatigue-tests
method. Non-welded material data are also included as a
reference. The results are analyzed using curves for the
stress versus the number of cycles to failure (S-N) for
the fatigue test.

2 MATERIALS AND EXPERIMENTAL
PROCEDURES

2.1 Materials

The resins used in this study were commercially
available, virgin-grade polypropylene (PP) S.R.L., poly-
propylene-grafted maleic anhydride (PP-g-MA (Sigma
Aldrich), MA content = 1 % of mass fraction) chopped
into strands of glass fiber PA2-4.5 (Cam Elyaf Inc.). Ta-
ble 1 lists the properties of the resins as provided by the
resin producer. Glass-fiber-reinforced PP granules were
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prepared with a lab-type single-screw extruder (L/D: 28).
And then the granules were shaped as 200x200 mm?
plates using a hot press. The samples were obtained from
the plates with a cutting press. ISO 527 tensile-test pro-
cedures were used in this investigation. Three identical
samples of each composition (Table 2) were measured
and the average values were reported.

Table 2: Thermoplastic composites used in the experiments
Tabela 2: Termoplasti¢ni kompoziti, uporabljeni za preizkuse

Material type | PP (W/%) | MA-g-PP (W/%) | GF (w/%)
PPv (virgin) 100 - -
PP20GF 80 0 20
MA2.5PPGF 77.5 2.5 20
MASPPGF 75 5 20

2.2 Welding method

In the non-contact hot-tool welding process, the parts
being welded are placed near the hot tool separated from
it by a distance referred to as the non-contact gap. The
hot tool is removed during the change-over phase. Pres-
sure is applied to hold the parts in close contact during
weld cooling and solidification. The heat is transferred
by thermal radiation and convection. The process is oth-
erwise identical to hot-tool welding: the hot plate is re-
moved in the changeover phase, and pressure is applied
to achieve close contact as the weld cools and solidifies.?
The non-contact hot-tool or hot-plate welding has pro-
cessing parameters that influence the weld strength,
which include the size of the non-contact gap, the platen
temperature, heating time, change-over time, weld pres-
sure and duration. A butt-type joint has a lower weld line
strength at a low welding pressure.!! The welding and
tensile test steps are shown as an example in Figure 1.

During the welding process, the heat transfer raises
the temperature of the part and the resulting thermal ex-
pansion causes a small rightward (away from the hot-tool
surface) motion in the part and fixture. When the surface
temperature reaches the melting point of the plastic the
part surface begins to melt. The externally applied pres-
sure causes the molten material to flow laterally out-
wards, thereby inducing a leftward motion of the part.?

In non-contact heated tool welding, the contami-
nation of the weld surfaces is minimized, the heating is
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Figure 1: Welding and tensile test procedure of a sample: a) divide
injection-molded sample into two parts, b) joint samples by welding,
c) tensile testing of welded part, d) failure on welded parts after tensile
test

Slika 1: Postopek varjenja in preizkuSanja vzorca: a) dva dela razde-
ljenega tlacno litega vzorca, b) zvarjen vzorec, c) natezni preizkus
zvara, d) poruSen zvar po nateznem preizkusu

uniform, and a small weld bead is produced, providing
good, consistent weld strengths.!" An important aspect
was the heat-soak time, which was influential in obtain-
ing high joint strengths. Ideally, the stops should be as
close to the joint interface as possible, consistent with
bringing the joint interface into close contact with the
heating element.

The experimental activity was carried out with the
aim of evaluating the static and fatigue behavior under
tension loadings of single lap welded joints in composite
materials and to investigate the mechanics of damage
evolution.

In this study the mechanical performance of the weld
was obtained using rectangles of injection-molded sam-
ples that were welded together. The dimensions of the
samples have enough tolerance for the welding process.
Two parts were joined under heat that was generated by
the stainless-steel hot-tool plate with dimensions of
40 mm x 2 mm x 100 mm. The weld line temperature
was manually controlled with an InfraRed thermometer
(CEM DT-8835, K-Type). The sets of these test samples

and test parameters are given in Table 3. The weld area
is equal to 40 mm?. The welding pressure was held at
constant values of 0.5 MPa and 4 MPa. For each type of
thermoplastic composite a welding temperature of 260 °C
was applied.'> The non-contact gap was 1 mm. A con-
stant heating displacement and weld displacement were
maintained during the experiments. The heating tempera-
ture was chosen as an optimum value that is common to
welding on all types of thermoplastic composite welding.
The range for the heating time was 40 s to 70 s. The
weld was always situated in the middle of the specimen,
perpendicular to the load line.

2.3 Tensile test

In this study the tensile tests were performed using an
Instron Universal Testing Machine Model 8501, equip-
ped with a 500-kg load cell, a strain-gauge extensometer
(Instron, model 2620, UK) after conditioning at 23+2 °C
according to the ISO 527 standard. The cross-head speed
used for the type IA tensile specimens was 5 mm/min.
All the samples were 150 mm in length with a bonded
butt (flat) type. The tests were performed in triplicate
and the results reported are the arithmetic average of the
parallel samples.

The dog-bone-shaped sample is routed down to a
standard ISO 527 tensile test specimen with a butt joint
at its center. The tensile sample, which has a transverse
butt weld at mid-length, is then subjected to a constant-
displacement-rate tensile test in which the strain across
the weld is monitored with an extensometer. In this way
the average failure strain across the weld over a 25 mm
gauge length can be monitored.

2.4 Fatigue test

Load-controlled fatigue tests were performed in the
tension-tension mode at ambient temperature (approxi-
mately 23 °C). The specimens were tested under a
sinusoidal waveform at various loads between 35 % and
80 % of the static damage initiation load according to
ASTM D 3479 (tension-tension fatigue behavior). The
tests were conducted under a load ratio R = 0.1 and a
frequency f = 5 Hz. No significant heating was noticed
during the fatigue testing. When specimen failure could

Table 3: Some parameters of the experimental procedure for the study and sample codes (welding temp. 260 °C)
Tabela 3: Nekateri parametri preizkusov in oznake vzorcev (temperatura varjenja 260 °C)

. Heating time | Welding pressure (MPa) . Heating time | Welding pressure (MPa)

Materials (s) Part I/Part 1T Materials (s) Part I/Part 1T
40 0.5/4 MPa 40 0.5/4 MPa
50 0.5/4 MPa 50 0.5/4 MPa
PPy 60 0.5/4 MPa MA2.5PPGE 60 0.5/4 MPa
70 0.5/4 MPa 70 0.5/4 MPa
40 0.5/4 MPa 40 0.5/4 MPa
50 0.5/4 MPa 50 0.5/4 MPa
PP20GE 60 0.5/4 MPa MASPPGE 60 0.5/4 MPa
70 0.5/4 MPa 70 0.5/4 MPa
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not be obtained within 1 million cycles, the test was ter-
minated and an indefinite fatigue life was reported. Bet-
ween 10 and 15 specimens were tested for each material.
The fracture surfaces of the broken specimens were
observed visually and using scanning electron micro-
scopy (SEM). The samples were first sputter coated with
a fine layer of gold under vacuum for 60 s. An accelerat-
ing voltage of 20 kV was used to collect the SEM
images.

3 RESULTS AND DISCUSSION
3.1 Tensile test results

The results of the static tests are presented in terms of
both nominal tensile stress on the adherents and shear
stress on the adhesive. The aim of this is to provide
information on the load-carrying capability of the joints
and the adhesive properties. It is a well-known fact that

the welding quality is influenced by many processing
factors, some of these being the welding time and the
welding pressure. It is therefore important to explore the
best combination of these factors to obtain the best
welding result. Considering the used filler content, it was
verified that for all the tested composites the tensile
strength increases by the welding time and considering
the shape of filler content, the type of fiber for the filler
content achieved a relatively high strength compared to
the other reinforced PP composites. This happens be-
cause the fiber adhesion to the matrix is enough, when
compared with the others, to increase the matrix ten-
sion’s transfer efficiency through the interface and that is
essential to get an improvement of the mechanical pro-
perties in the composite.

For each time period (40 s, 50 s, 60 s, 70 s) three
parallel samples were used and the results reported are
the arithmetic average of the parallel samples. The joint

Table 4: Comparing the results of joint strength and failure strain for the welded samples
Tabela 4: Primerjava rezultatov trdnosti spojev in raztezek pri porusitvi zvarjenih vzorcev

. Heatin int strength ok Ow/Op* int strength w
Materials time(ss o MP T Sa | Yo MPay IE. Sa 7
40 17.84 755 0.55 1453 5.86 0.45
PPy 50 20.16 9.77 0.63 17.66 6.53 0.55
(Bulk strength 32 MPa) 60 23.42 8.02 573 20.45 7.94 0.63
70 26.11 8.51 5.81 2371 12.84 0.74
40 24.15 10.87 458 2031 9.12 0.49
PP20GF 50 26.34 11.14 755 2259 6.35 0.55
(Bulk strength 41 MPa) 60 33.18 15.97 9.11 20.16 8.74 0.71
70 37.77 16.23 8.92 33.94 10.81 0.82
40 30.24 10.88 1.68 27.76 8.54 0.63
MA2.5PPGF 50 35.61 12,01 6.80 32.59 8.62 0.74
(Bulk strength 44 MPa) 60 38.22 1411 577 38.93 10.88 0.88
70 40.78 18.14 6.92 40.56 11.99 0.92
40 36.45 10.78 175 32.98 921 0.68
MAS5PPGE 50 39.27 12.28 481 35.26 10.54 0.73
(Bulk strength 48 MPa) 60 41.48 17.33 3.86 36.48 13.33 0.76
70 46.25 19.71 6.96 40.58 10.27 0.92
. Heatin Failure strain s wiEn Failure strain w
Materials time(s) | T Sa o (%) T Sa N
. 40 351 13 0.77 3.14 172 0.69
. . 50 3.76 0.7 0.82 3.05 2.02 0.67
(Bulk material strain 60 411 22 0.90 2.87 0.97 0.63
&0 = 4.56%) 70 418 24 0.92 256 112 0.56
40 051 0.16 0.88 0.40 0.14 0.69
(Bulk iﬁggg rain 50 0.45 0.04 0.78 0.34 0.12 0.59
oo 055 ) 60 0.41 0.13 0.71 0.29 0.09 0.50
70 0.36 0.08 0.62 0.26 0.11 0.45
40 0.22 0.04 0.63 0.16 0.06 0.46
(Buﬁfﬁiiizl(}iram 50 0.17 0.04 0.49 0.11 0.08 031
oo 025 %) 60 0.11 0.03 031 0.06 0.02 0.17
70 0.08 0.01 0.23 0.04 0.02 0.11
40 0.17 0.04 0.71 0.14 0.07 0.58
(Bullivl rﬁi:ﬁﬁitrain 50 0.15 0.06 0.63 0.11 0.03 0.46
oo 024 o) 60 0.07 0.06 0.29 0.04 0.01 0.17
70 0.05 0.02 021 0.02 0.01 0.08

* owop (Relative strength),** ee1, (Relative strain),*** Sy (Standard deviation)
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strength of the welded samples and the bulk strength of
unwelded samples are compared in Table 4. All of the
welded assemblies of virgin and reinforced polypropy-
lene failed at the weld lines. All the glass-fiber-rein-
forced parts were found to fracture at the weld interfaces.
The results suggested that the hot-plate-welded
MASPPGF composite parts exhibited the highest joint
strength on 0.5 MPa weld pressure, followed by the
MAZ2.5PPGF and PP20GF composites. The welded
virgin polypropylene showed the lowest joint strengths.
It is clear that a weld does not represent just a discon-
tinuity in the material, but is the source of an extended
mechanical disturbance, which strongly influences the
local material’s behavior, even at a distance outside the
weld." It can be noticed that for the higher MA-g-PP/GF
content the local strain (Table 4) in the accompanying
zones is lower, which corresponds to the lower com-
pliance of the reinforced material. Also, in this case the
lower pressure results in a local strain super elevation at
the weld. The range of fiber orientation inside the weld is
only very low, so that the material showing a higher
degree of deformation and damage at the same weld
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Figure 2: a) Modulus of welded samples under 0.5 MPa weld
pressure, b) modulus of welded samples under 4 MPa weld pressure
Slika 2: a) Modul zvarjenih spojev pri 0,5 MPa tlaku zvara, b) modul
zvarjenih vzorcev pri 4 MPa tlaku zvara
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pressure governs the mechanical behavior for the whole
weld range.

As the amount of MAPP increases the joint strength
increases to a 0.5-MPa weld pressure as reported in
Table 4, but the joint strength of the samples decreases
with less than 4 MPa weld pressure. Similar results have
been reported by J. S. Liu, H. F. Cheng!® Under the
influence of the welding pressure, the plasticized mater-
ial in the weld zone flows. With increasing penetration,
fibers push out of the surface. This fiber bridging causes
a high weld strength. But increasing the welding
pressure causes a high degree of orientation transverse to
flow (injection) to the original fiber alignment. This in
turn leads to a decrease in the joint strength.

The modulus (E) of the material is also reported in
Figure 2. With respect to PPv, they have higher moduli
and strengths, but they break at a lower strain. The
differences in the E of the PP-based composites cannot
be ascribed to their different composition because in that
case, E should monotonically decrease with the welding
pressure.

Increasing the hot-plate heating time increases the
temperatures of the materials. The temperature provides
the necessary movement of the melt flow, and time is
needed for the diffusion to occur. A higher material
temperature therefore aids increasing the weld strengths.
Homogenous filler orientation such as fiber on the
welding zone and matrix material dominates the stress
behavior. Fiber reinforcements lead to an increase of the
melting point of the matrix. The random orientation of
glass fiber on the welding zone affects the welding
strength depending on the heating time. Increasing the
heating time thereby the melting length leads to increas-
ing fiber orientation horizontal to the direction of the
load. With the increasing melting length fibers move to
the welding zone while the melt flows out. The results
that depend on heating time have provided a comparison
for a variety of filler-reinforced PP composites. M. Gehde
et al.'* have investigated the effect of melting length and
joining length for different heating times (0 s, 60 s and
120 s) on the material reinforced PP with a random glass
mat (PP-GM). PP-GM attains the highest strength at a
low joining length. Varying the melting length does not
affect the maximum strength of 28 MPa. In this study,
46.25 MPa, the highest strength value of the welding,
was obtained for a low welding pressure, which means a
low joining length. This strength was reached at a time
of 60 s. The higher strength values from the literature
can be said to be associated with the use of MA. MA-g-
PP usage, increasing the fiber adhesion, also on the
welding interface, has fulfilled its function of improving
the strength in the basic structure. The MA-g-PP (5 %),
approximately 20 % difference between using and not
using the welding strength of the composite were deter-
mined at low/high weld pressures.

The SEM observation at the fracture surface suggests
that the welded MASPPGF materials have fewer fibers
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that are oriented horizontal to the direction of load 0.5
MPa, when compared to that of the welded MA5SPPGF
composites (Figure 3) on the pressure load of 4 MPa.
The joint strengths of the welded MASPPGF at a 4-MPa
weld pressure may thus be inferior to that of the
MASPPGF composites welded a 0.5-MPa weld pressure.
Many transverse fibers were widely detached and some-
times fibers in longitudinal direction of the specimen
were broken. Additionally, the squeezed-out plastic melt
generates a flash, resulting in a sharp transition in the
cross-section of the product.® For a welding pressure of 4
MPa, the SEM micrographs show that the fibers that
bridge the weld zone are shorter than those at a pressure
of 0.5 MPa. Therefore, the region with fibers protruding

from the weld is smaller, and the fiber orientation in the
direction of the flash increases.

3.2 Fatigue test results

There are many factors that govern the fatigue beha-
vior of discontinuous fiber-reinforced polymer-matrix
composites. Some of these include the processing con-
ditions, the fiber length and the orientation with respect
to the loading axis, the properties of the matrix,
interfacial properties, and testing conditions. The fibers
tend to orient along the flow direction, which leads to
superior mechanical properties along the flow direction.
As the degree of fiber disorientation with respect to the

Figure 3: a) Increasing fiber orientations in the direction of the flash, b) MASPPGF composite interface with fiber orientation at 4-MPa welding
pressure, ¢) MASPPGF composite interface, fibers oriented horizontal to the direction of load 0.5 MPa

Slika 3: a) Narascanje usmerjenosti vlaken v smeri svetlobe, b) MASPPGF stika kompozita z usmerjenostjo vlaken pri tlaku varjenja 4 MPa, c)
MASPPGEF stik kompozita, vlakna so usmerjena horizontalno v smeri obremenitve z 0,5 MPa
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Figure 4: S-N curves at R = 0.1 for glass-fiber-reinforced PP with weld pressure of 0.5 MPa (LP), 4.0 MPa (HP) and PPv (unreinforced), (arrows

indicate unbroken specimens)

Slika 4: S-N krivulje pri R = 0,1 za PP ojacan s steklenimi vlakni, pri tlaku varjenja 0,5 MPa (LP), 4 MPA (HP) in PP (neojacan), (puscice kazejo

na neporusene vzorce)

660

Materiali in tehnologije / Materials and technology 50 (2016) 5, 655-662



S. E. ERDOGAN, U. HUNER: THE EFFECT OF THE WELDING PARAMETERS AND THE COUPLING AGENT ...

Figure 5: a) The matrix adhering to the fiber (at high pressure), b) matrix sticking to the fiber can be clearly seen and the orientation of the fibers
perpendicular to the weld line. The sample exhibited a similar fracture surface as shown by the tensile specimen with the matrix sticking to the
surface, c) fibers oriented to the center of the weld interface (rectangle area).

Slika 5: a) Matrica, ki se je prijela na vlakno (pri visokem tlaku), b) osnova, ki se je prijela na vlakno se dobro vidi in orientacija vlakna je
pravokotna na linijo zvara. Vzorec kaze enako povrsino preloma kot pri nateznem preizkusancu, kjer se je osnova prilepila na povrsino, ¢) vlakna
v sredini zvara (pravokotna podrocja).

loading axis increases, the strength of the composite is
increasingly dominated by the matrix and interfacial
properties.'3-20

All the fatigue data were preliminarily analyzed
using the classic stress-life approach and drawing the
fatigue curves based on the nominal stress and the num-
ber of cycles to failure, identified as the complete separa-
tion of the joints. Figure 4 presents the fatigue perfor-
mance for all four materials as a plot of the maximum
cyclic stress versus the number of cycles to failure, on a
semi-log scale (S-N plot). Figure 4 also reports the S-N
curves of glass-fiber-filled polypropylene samples that
were welded under a 0.5-MPa weld pressure and 4 MPa
weld pressure. The vertical axis represents the maximum
cyclic stress and the horizontal axis is the number of
fatigue cycles to failure in this figure.

The stress-life approach allows the influence of the
design parameters under investigation to be clearly
identified.?'->3 In fact, an increase in the fatigue strength
of the joints and therefore in their load capability can be
observed when the welding pressure decreases for the
joint process. Even the influence of the weld pressure
itself can be easily identified in Figure 4. In terms of
absolute stress, as could be expected from the static tests,
MASPPGF specimens exhibited better performance.
Analyzing the fatigue diagrams, the low-pressure weld-
ing process led to a higher fatigue strength. At the
welding pressure of 0.5 MPa, the highest strength values
were achieved with the MASPPGF material. Based on
this result, in the welding zone, the fiber orientation is
parallel to the applied force direction. The samples were
welded under a pressure of 4 MPa, and the test results
showed that the fatigue strength decreased. While
MASPPGF material strength again showed the highest
fatigue strength of 26.88 MPa at about 9500 cycle, this
load level represents 80 % of the static damage initiation
load, which is similar to the findings of previous studies
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on the welding of thermoplastic composites.'>!® K. J. Tsang
et al.’® also reported that the fatigue life of specimens
welded at low pressure was 50 % greater than that of the
specimens welded at high pressure, this study’s results
showed an 18 % fatigue life increase at low pressure.
The low-weld-pressure condition shows more fibers ori-
ented perpendicular to the weld plane, which may have
increased the weld strength and resulted in a longer
fatigue life. When the effects on the strength of the
welding reinforcement by MAPP are analyzed, using
MAPP material at a low rate (2.5 %) provided protection
of the weld strength at a low weld pressure. The
MAPP2,5PP material showed similar results (Figure 5)
under a fatigue load, neither at a low welding pressure
nor at a high welding pressure This tendency is also seen
in the tensile-strength value (Table 4).

Figures 5a to 5c show the fatigue fracture surfaces of
reinforced PP specimens welded at low and high pres-
sures. The low-weld-pressure condition shows more
fibers oriented perpendicular to the weld plane (Figure
5b), which may have increased the weld strength and re-
sulted in a longer fatigue life. This is consistent with the
fracture surface observed in previous studies.® For rein-
forced material, the fatigue crack propagation process is
more local and on a smaller scale compared with that of
the unreinforced material due to the presence of glass
fibers.

4 CONCLUSIONS

This study has examined the effect of different pro-
cessing parameters on the joint strength of hot-plate
welded thermoplastic composites, including the heating
time, weld pressure and using MA-treated polypropy-
lene. Four materials were used in the study: virgin
polypropylene, 20 % glass fiber, 2.5 % MAPP (and 20 %
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glass fiber), 5 % MAPP (and 20 % glass fiber) reinforced
polypropylene composites.

With the increased welding time, the tensile strength
increased and this was found to be reversed by corre-
lating the welding pressure.

At a low welding pressure the MAPP material pro-
vides increased tensile strength of the glass-fiber-rein-
forced PP at about a rate of 50 %. Under a high welding
pressure the MAPP increases the tensile strength, but it
is seen that when using 2.5 % of that 5 % of any con-
tribution when used.

The fatigue behavior gets worse and the fatigue limit
of the tested material decreases when the weld pressure
increases. As well as this, the welding time shows simi-
lar trends to the weld pressure. While contributing posi-
tively to the use of MAPP fatigue strength, the strength
drop caused by the pressure increase was partially
blocked.
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