Chapter 4

Results and Discussion

4.1 Effects of Surface Treatment on Properties of PET Fiber

4.1.1 Tensile Properties

In the case of textile materials, it is difficult to measure the cross-sectional area.

Consequently, in this study, the behavi of F } ms under an applied load was expressed
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Figure 4.1 Effects of gas species and exposure time of the UVO treatment on the tensile
properties, maximum load (top) and elongation at break (bottom), of the yarn samples.
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Both the gas species and the exposure time have no effect on the tensile
properties of the yarn samples. The maximum load and the elongation of nontreated and
treated PET yams of longer exposure time, 10 minutes, remain insignificant changes compared
to those at 2 minutes of exposure time. The maximum loads of all samples are within the
range of 12— 13 N where as the elongations at break of every sample are about 12.5 — 14 mm.

In addition, from Figure 4.1, it is indicated that the UVO treatment did not
cause any adverse effects on the bulk tensile properties of PET-yams. This result is contrasted
with the results as shown in earlier investigation that the tenacity and elongation at break of jute

fiber were decreased by the corona ang\tw/ﬁ/ Egce treatments [52]. Hence, in our case,

these results suggest that any.&oﬁs ihat cause in tensile properties of PET-
——

yarn/epoxy composites shwwd y altéummrface's properties between PET
and epoxy, not by the yarw./ :

4.1.2 Surface M

Surface iéys importa Pa[e? to fiber-matrix interactions,

especially roughness, whict e{dﬂse%
wettability of fiber. In this study, the g%@_L

UVO treatments with various r méé?é‘r’e exan y Stanning electron microscopy. Figure
4.2 and Figure 4.3 summarize the,SEM_mI?QWPET yarn samples at x2000 and x5000

y. However, due_m_the:m‘{
7 A

magnification, respec\lrvé
dimensional and micro- Je
|

ase of mechanical bonding and
f PET-yarns both before and after

f the technique, only two
d.

Obviously, as gown in both ﬁgg{gs, the PET yarn had a smooth surface with

some small artiﬁ uﬁ %%};%‘j W@J ﬁ]ﬂfgant changes in surface

roughness of treafed fiber in mlcro-scale Similar to the tensile propemes both gas species

and exp ﬂ ew m@% ﬂE’I‘Iyﬂ] E]Ieast not with in
this m«c:icale technique. - The interaction between fiber surface molecules and UV/gas

species might have increased the total surface area and nanoscale topography, as those
previously reported for PET film systems [4, 49, 51]. However, surface topographical having
dimensions less than 100 nm should not significantly affect wettability [49].
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Figure 4.2 SEM micrographs of PET-fiber before an after UVO treatment with different
regimes, the scanning area was 66 pum X 49.5 um.
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Figure 4.3 SEM micrographs of PET-fiber before an after UVO treatment with different
regimes, the scanning area was 26.4 um X 19.8 pm.
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4.1.3 Oxygen content of the PET surface

According to previous FTIR analysis by M. Strobel et al. [49], the modification
of PET films by UVO technique was in the order of 1 um deep. Therefore, it is worth to
preliminarily analyze both before and after treated PET yam by using SEM/EDX technique,
which can probe depths from 0.2 to 8 um. The probe depth of the SEM/EDX technique
depends on the energy of the electron beam used and the average atomic number of the
sample [32]. In this study, EDX analysis with a 15 kV accelerating voltage of the electron beam

was used to determine the effects (\\ ' Went on the oxygen content of PET yamn
3
surfaces. o /
W

N —
Because PELJ ‘-con_w:r, the oxygen uptake from the
surface treatment was e i ence between the oxygen content of

The A%O values were simply

\ N
MEDX. Oxygen contents were

calculated using areas unde stic peak. Table 4.1 summarizes the
oxygen contents and A% FPET. '_", nsurface re and after 10 minutes treatment
with different gas species. ‘ EDX spectra of PET yarn surfaces

after 10 minutes treated-4 ,v_grious gas speci > Ciearly indicated that treating of

f
PET yam with oxygen-cantaining gas species, i.e. air, Oy, O3, and Oz + O3, increased

e TN I NN

Table 4.1 Oxygerilicontents and A%O values of PE;yarn surfacesq?}fore and after 10

o 6 7101 1] £ 6 £

Nontreate 29.91

UVIN; 30.20 0.29
UV/air 33.92 4.01
UVvIO, 34.02 411
UV/air + O3 34.37 4.46

UV/O; + O3 36.51 6.60
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Figure 4.5 Effect of gas species on the A%O of treated PET yarn
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Polymers such as PET absorb light because of the presence of chromophoric
functionalities in the polymer backbone (c.f. 2.10.2), the cut-off wavelength of 310 nm. The
changes that can be occurred in PET upon absorption of UV light include the formation of
carboxylic acid end groups, terminal vinyl groups, phenols, and the evolution of CO and CO,
[44]. These changes take place by direct photocleavage via Norrish type | and Norrish type ||
scission processes involving the ester group. Support for the formation of these groups was
provided in part by works of Peeling et al. [38], M.J. Walzak [44], and R.H. Bradley [4]. The
reactions that take place at the PET surface are known to be complex and give rise to a variety
of functional groups. However, the tung\o\lla mentioned above are simply the oxygen
insertion to the PET surface. ' ugh reactions, the wettability of PET

was increased signifi cantly‘gw this ork ot interested in investigation of the

functionalities occurred OM S bu\ the W of the oxygen content on the

treated surfaces. We assum ing of oxyge.%o‘ntent on the PET surface might
face 10 epoxy matrix.

]

ur%ice contained 29.91 % of oxygen
A /02, UV/air + O3, and UV/O2+ O3
mgﬁtﬁacel pre nce of oxygen, oxygen concentration,
presence of ozone, and ozone con‘ce&&atron Mfymg the surface of PET yarn. With the
UVIN2 regime the A%Qvalues was T&Wést 6om Me;veglmes due to the absent of
reactive gas species]' ———— """" h this regime, 0.29 %, or
diation oﬂhe PET yam surface.

(ﬁ ﬁ) ?ﬂ E}ﬂﬁdﬁt@fﬂ] Tﬂie UV/air, UVIO3, UV/air
+ O3, and UV/ w rfa much more increased
compared to UV/Nz treatment, as expectéd. The UV/airtreatment, low ofygen concentration of

condio gk 5 Sy el b ot 4382 4 GV 401 %, Ths

amount of%xygen content was similar to the results given by UV/O; treatment which increased
the oxygen content of PET surface to 34.02 % (A%O = 4.11 %). It was evident that the

presence of oxygen gas caused a considerable change of oxygen uptake to the PET surface.

increase the wettability and

From EDX
atom. Using the five differengire
allowed us to evaluate the relati

increased to 30.20 %, rewé’ led small effects of |

In contrast, oxygen concentration of gas species did not appear to affect the oxygen uptake.
These results might be due to the limited reactivity of oxygen gas.
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Effect of the presence of ozone on A%O values can be clearly seen from
comparing UV/air with UV/air + O3 and UV/O, with UV/O, + Os. The UV/air + O3 represent a
low oxygen and ozone concentration condition, which increased oxygen content on PET
surface to 34.37 % (A%O = 4.46 %). In this case, oxygen uptake was 0.45 % higher than
UV/air treatment. This slightly increase of oxygen content might be caused by the presence of
ozone. However, the ozone concentration of UV/air + O3 condition (2.13 x 106 molecules per
cm3) might be insufficient to cause a considerable change to the surface. This was contrasted

with the comparison between UV/O, UV/O; + Os. The high oxygen and ozone

concentration condition, UV/O; + ‘ est value of oxygen content, 36.51 %
(A%O0 = 4.46 %), which was atment. This might be due to the
much grater value ozone con i ‘ )2 + Os.condition, about 6.12 x 108 molecules

" [l A

per cm3, which was al \\\\\ + O3 condition. This ozone
concentration might suffici a co SI \ e to PET surface, leading us to
'r" r

conclude that the presen htco .\ one increase amount of oxygen

uptake on the PET yarn.

')
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4.2 Effects of Surface Treatment on Tensile Properties of PET/Epoxy Composite

Tensile specimens were fabricated by method described in section 3.3.1.6.
Effects of UVO surface treatments of PET yarns on three important tensile parameters, i.e. the
tensile strength, elongation to brake, and toughness of PET/epoxy composite were investigated
and shown in Figure 4.6 — 4.8, respectively.

For tensile strength in order to asses the effectiveness of the fibers at

tr ngth, the results were in compared relatively

composite was predicted by ‘Rule of
Mixture’ (ROM) or |sostra|n wsection 2.6.1. The predicted value
represents a behavior of comg rigid-elastic, interface between PET
ployed-fa predict other two parameters,
elongation to brake and fou§hne jause: . o propeties involve with complex failure
rosT W order to evaluate and compare

roles of presence of fibers beforg aj aﬁep[(; can alter the mechanical properties

iech under an applied load with constant
strain rate. Interface silidiés of nontreated mMg&

were carried out to tigate failure m
debonding, matrix crack&: and fiber -
Figure 4.9 and F ﬂe 4.10 Shew the fractography.of the composites before and after treatment

u&lag ﬂmOEJ %&g&@ﬂs@“vely
awwa\mm URIAINYIAY

ET fiber/epoxy composites

fiber splitting, fiber pullout,
eraction bﬂscanning electron microscopy.

with different re
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Figure 4.7 Effects of UVO surface treatment with various gas species on the elongation to
break of the composites
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Figure 49 Scanning Electron Microscope fractographs of tensile specimen, x500
magnification, scanning area = 264 um X 196 pm.
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Figure 4.10 Scanning Electron Microscope fractographs of tensile specimen, x1000
magnification, scanning area = 132 pm X 98 pm.



113

From Figure 4.6 - 4.8, all three tensile properties of the composites, i.e. tensile

strength, elongation to break, and toughness, were decreased when nontreated PET yamn was
incorporated into the epoxy matrix. PET fiber seemed to behave like a defect, which reduces
mechanical properties of resulted composite. Defection of the composite via nontreated PET
fiber can be seen in Figure 4.9(p) and 4.10(p). It was evident that clean and smooth surface of
fibers and many holes left after the fibers were pulled out from the matrix, indicated that the
failure occurred at weak fiber/matrix interfaces. Length of the ﬁber pulled out from the matrix

part was very long. From these results, it might be possible to conclude that the failure
mechanisms of the nontreated PET/@_po;\ | Was mainly by fiber pull-out resulted from

weak fiber/matrix adhesion and/on%gaﬂ’btty. / |

—-

In compari 7 at epoxy ‘MQe tensile strength of 62 MPa,
an vﬁ’wge \féns&e' ength of 40 MPa. This result
enthe 2nsile strength as predicted by ROM (Figure
2d. Similarly, elongation to break and
miand 5.1 J, respectively. Hence,

ies when it was incorporated into

the nontreated fiber co
which indicated that despi
4.6), a significant decreas
toughness were reduced fr
the PET fiber showed advers
the neat matrix.

For UViNz treatmen}'@meiamreae in tensile strength, elongation to
break, as well as toug?rﬁss is result
values of UVIN; treatmient, as discussed in s
assumed that only UV ﬁg"nt affects: _th—e surface properties ' PET fiber, the properties of
composites shou ﬂ’ﬁ ' \f ' f ction. However, some
adhesion betweeEEii:Efa mﬁm nﬁﬁnmﬁigum 4.9(a) - (c). The
UVIN2 treated PET fiber surfaces had gréater amount oﬁbp%l adhe,rff ﬁmﬁulled fiber more

a

than tho@omva ﬁﬁr@e@ umqhgm t%J c xisting of some

reactive sp%cies contaminated inside the reactor during treatments, e.g. moisture and oxygen.

Lgood agreement with the A%O

principle, for this regime, we

Nevertheless, the UV/N; treated fiber still behaved as a defect rather than as a reinforcement
judging from the lower in tensile strength and toughness values of the composites compared to
those of epoxy resin matrix.
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From the SEM micrographs of UV/N; treated fiber composites, we can notice
the delamination of the composites (Figure 4.9(b) and 4.10(b)), which represents debonding
mechanism located and propagated along the fiber/matrix interface. This mechanism leads to
further weakening in the composite. Considering the effects of exposure time, there was also
no significant role to the tensile strength of the composites upon increasing exposure time of
UVIN treatment. However, an increase in exposure time has improved both the elongation to
break and toughness of the composites. |

the most superior condition for Qereés perties. When compared the UV/air

At initial stage of surface ;ent 2 minutes, UV/air regime seemed to be
regime with other UV/oxyge re_glme dﬂdlcated that at the initial stage the
concentration of oxygen a ce fozonew,predomlnate parameter affecting

ohs f2:m|nutem and UV/O; treated composites

rate of surface reactions
(Figure 4.9(d), 4.9(g), 4

(9 re‘ aled faxlu?e..mechamsm that was similar to

PREY |
those nontreated and UV/ WeVer, hi
pulled out fiber was observ casép \ﬂélr n UWOz treated. For ozone-contained

However, delamination was also 66§_eaLed m@%e of UV/air + Os, as supported by their

poor mechanical propertles These-resuts m%t that short treatment time (2 minutes)
b _— J ‘

was not enough to impioy

—| d r—
Composj;&s exhibited differently when PET ﬁjler was treated at intermediate

exposure time (5 minutes). st was clearly seen from the fractographs a considerable

improvement oféia %& 'Q %I&Jﬁﬂ@ w &J ﬁ]amt re was hardly any clean

surface on the pu%ut fibers. Almost every parts of the.fiber surface were, covered with epoxy
e, B R YT AR bt it
of epoxy Matrix, which indicated that strong bonding was existed between PET fiber and epoxy
matrix. In this case, 5 minutes of UV/air treatment, cracks were developed in the matrix, due to
stronger interaction between fiber and matrix, instead of the interface. Unlike at 2 minutes
treatment, despite the grater amount of epoxy matrix or a considerable increase in strong
bonding between the two phases, the tensile properties of UV/air treatment composites

exhibited slightly increase compared with other regimes.



115

At this treatment time, the UV/O, + Os treated fiber composite exhibited
highest tensile properties. This condition was considered to be an adequate treatment for PET

fiber/epoxy matrix composite. The tensile strength, elongation to break, and toughness of the
composites were increased 5.5 %, 112%, and 62.5%, respectively, compared to neat epoxy
resin. Although the incorporation of the 5 minutes UV/O + O3 treated PET fiber seemed to
help toughening the matrix rather than reinforcing as expected by ROM, the interaction
between phases was still improved by the treatment. Figure 4.10(n) shows a bundle of
fractured fibers with high amount of epoxy resin adhered or coated in the boundary of fibers
indicating strong interface. Cracks weh # rpendicular to fiber alignment direction
indicating that fibers were trapL_L matnx &n;hose other regimes, which leads to

an improvement the in te:aley of e cofm
However; tensile’ st ” comeemed to be decreased upon

d for the. UVIO, treatment. At this regime,

their tensile properties w Tease se of 10 minutes UV/O2 + Os treatment
composite, considerable of- nsile wopemes i.e. tensile strength
elongation to brake, and tou “were ob m Figure 4.9(i), 4.9(1), and 4.9(0), the
fractographs of 10 minutes tre %EB : ir +03, and UV/O2 + O3, we can observe
fiber fractured with ductile ends, whrdEmp- as ized strong interface between fiber and matrix.
Other SEM fractographgthat Siitaib arI)/ presenved_Mc?rogy of the broken ends of the
PET are shown in Fig :“'“_"-‘- ¢ mode Was notebsefved in the shorter treatment

time. In principle, the du ‘jme ends of the fib

tensile properties of the corppg_ite, especially elaggation to break and toughness, since it is an

energy-absorptiﬂr%\%}rﬂg %eg Wﬁsw \Eje'q;fﬂaﬁgd to what we expect for,

since only incredsing of tensile propegles of UV/Oz treatment composne upon increasing

treatmem W@']Oﬁ ﬁ?eﬁ)ﬁ Wh\j (m raeo]v‘@ \ﬁ r +O3 treatment
regimes decreased their tensile streng elongation to break, as wi V/O, + O3 which

all three tensile properties were decreased.

aﬁeﬂ and correspond to increase in
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The reduction of tensile properties might be explained by the formation of low
molecular weight oxidized materials (LMWOM) on fiber surface. It was well documented in the
literatures (for examples, the works of M.J. Walzak [44] and Peeling [38]) that treatment of PET
surface using UV/air and UV/air + O3 resulted in considerable LMWOM on the surface,
particularly when treatment time was prolonged. LMWOM was loosely bond to the surface
since it can be readily removed by water washing. In our cases, LMWOM might be existed on
the treated PET surface, particularly when the surface was treated with 10 minutes UV/O2 + O3
treatment which the EDX result indicated large amount of oxygen uptake to the PET surface.
The presence of LMWOM might be intb#f{w load-transfer mechanism through the

interface between PET fiber and the matrix jversely effect to improve mechanical

- - ——

properties to the composites:

Figure 4.11 SEM fractography of PET/Epoxy matrix composite specimen: UV/Oz + Os
treated for 10 minutes, scanning area = 132 um x 98 um (top), UV/O; treated for 10
minutes, scanning area = 660 pum x 490 um (bottom).
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