Chapter IV

Results and Discussion

4.1 Blending Condition Characterization

Because of the requirement for the optimum process condition to disperse the

organic pigment powder in me polyethylene, various experimental
conditions regarding screw spe 2S5 mperature of twin screw extruder
were tested. This experi roceddfe |@0rder to select the optimum
process condition for melt blg it ‘\ .

Table 4.1 summayi 3 e‘ * ize of three different kinds of

i

pigment powder measurec .o f - 3|s Among them, PB15 has
the largest particle size*of 14 ;. h 6 ? “ th smallest particle size.

In addition, as showg g & \ o eration of pigment particles
can be observed, in partig a% e PB15, numbers of pigment

’

agglomeration are more obvious ({’f.; ater e other two pigments.

Table 4.1 Particle sige=of pigment nowder fromiasersamipiesize analysis
2 pigment-pawd ] :

-

Pigment Type L,'" V ffr:,»‘; Mean SD

3= (um)

Diarylide (PY 83 eiﬁ{i s 1.37 0.05

Ll osl 11 9 1753 0.62

Phthalocyanine

v
Q%p

: .6 .
Quinacridor 1 R f{’@-n al eln %l 0.01
ﬁiw Ia\llldbﬁﬂ g 1ef D
Comparing between PR122 and PY83 powder, although the size of PY83
powder which analyzed by laser particle size analysis is larger, the SEM micrographs
reveal that the dispersion of PY83 powder is better (and its size is smaller than that of
PR122 powder). It can be defined that in the air PR122 powder has aggregates and

agglomerates forms more than PY83 powder. In contrast, when PR122 powder was

analyzed by laser particle size analyzer which used water as a medium, the
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coalescence in PR122 powder might separate to the actual particle size. Thus, based

on this technique PR122 powder has a smaller size than PY83 powder.

- 1A --lnln_-._l-mn-l_lnl--.;=:=f j
U |

Flgur SEM mlcrographs of pigment powder
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rganic pigment used were classified as polycyclic pigment

oy, a1 NI 110b 1) 6 1 AN A

smaller particle size of PR122 powder, compared to PB15 powder, PR122 powder was

chosen as a representative pigment to use in this section.

All conditions of the actual practice by twin screw extruder are exhibited in Table
3.5. 0.4 phr of PR122 powder was mixed with MDPE powder to produce colored MDPE
for every conditions. The colored MDPE extrudated from condition no. 1 (10 rpm and

160 °C) has an irregular size through the strand, i.e., the diameter of strand was not
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consistency. This is probably due to the inconsistent viscosity of the melt MDPE. Thus,
if solely based on this result, condition no.1 is not suitable to be used in the extrusion
process. When considering screw speed and approximate processing time (from feed
hopper to chopper), as listed below, the slower the screw speed, the longer the

processing time.

Screw Speed (rpm) Processing Time (hour per 1 kg of dry mixture)
10 '

20
30

2
1

As seen, at 10 rpm Xim ately 4 times longer than that

at 30 rom. There, economiCa 3 10 rom) should not be used.

These results suggest #at (e ol it - : ..\\. ndent on the melt viscosity

. ¢ v . . .
of MDPE. As screw sPee ?;- ‘- 2 sheéer gateé increases resulting in the

decreasing in melt viscosity of. DP An-oiies wo 1S, the material demonstrates shear

thinning as shear rate from. cases and hence, the viscosity

decreases [58].

As a result, "( o o o e e e drdcessed at 30 rpm. The

X

—extruder has been shown in
I.N |
Figure 4.2. Good dnsperswn of pigment powder in MDPE can be observed in every

e ﬂuEI’WIEWITWEI']ﬂ‘i
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dispersibility of pigmen DO
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Screw Processing Temperature ("C)
Speed 160 180 200
(rom)
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Figure 4.2 SEM micggraphs of the fractured surfacesm colored MDPE extrudate
with PR122 omdifferent conditiéns
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4.1.1 Effects of Processing Temperature

Figure 4.3 (a) — (c) presents the effect of processing temperature on the stress-
strain behavior of the colored MDPEs with PR122 processed at three different screw
speeds, i.e., 10 rpm, 20 rpom, and 30 rom. As shown, at each screw speed the tensile
properties are not influenced by the processing temperature except at 30 rpm, there
seems to have slight effect on %strain. Unlike Figure 4.3 (a) and (b), the stress-strain

curves of colored MDPE with PR122 mixed at screw speed of 30 rpom (Figure 4.3 (c)) are

not superimposed to each other. rocessing temperature shows adverse

effect on %strain at break upgc
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(c) 30 rpm (condition no.7, 8, 9)

Figure 4.3 Effect of the processing temperature on the tensile properties of
colored MDPEs with PR122
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4.1.2 Effects of Screw Speed
Similar to Figure 4.3, Figure 4.4 (a) — (c) exhibits the effect of screw speed on the
stress-strain curve of colored MDPE with PR122 at three different processing

temperatures.

____________

Stress (MPa)
3 @
—”

0 100 200 - 300 400
% Strain % Strain

(a) 160 °C (conaiiffon 6. % 7). (B), 180 "G'condition no.2, 5, 8)

Stress (MPa)

“Frld 3 VRS T T

colored MDPE containing PR122

awwmnimum'swmaa

Asymentioned earlier, the same trend of tensile properties, including tensile
modulus, tensile stress at maximum load, and tensile stress at break, are found in both
effects. Screw speed and processing temperature have no effect on these tensile
properties, except their %strain at break. As shown, % strain of the samples seems to
be affected by varying screw speed. Obviously, % strain at break increases with an
increase in screw speed of twin screw extruder. This result can be explained that the

pigment powder has better dispersion in MDPE when increasing the screw speed or
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shear rate. Also, the higher screw speed helps facilitating the compatibility of mixture
between MDPE and pigment powder and hence promotes % strain at break. Oliveira,
M.J. and Cramez, M.C. have also addressed that the more effective compounding as
using extrusion allows the pigment to disperse and distribute better [45].

In addition, In-eure, P. [9] studied the effects of kneading conditions on the
dispersion of pigments in PE using a continuous kneader. The results showed that the

dispersibility of the pigment increased as the rotational speed of the screw increased

and a higher speed provided hlg \ \\" gF shear stress to break agglomerates of

the pigment. Furthermore, Bhin rg@orted that the dispersion state of

pigment in PS increased Eeasing the@mperature and the rotational

speed of the screw. As pre
can not improve % strain g ] V|sc03|ty of MDPE. The melt
MDPE containing pigment g B Tiow - Sily f ocessmg

Figure 4.5 displays i ions (no.1 - 9) on the tensile

properties of the colored®™Dj ; \ \ conditions no.7 — 9 give higher
%strain at break than the 6thafs, ' g ayih Ope ect on other tensile properties
(Figure 4.5 (a) - (c)). Con de f—iﬂ-ig el 5ing” conditions (no.1 - 6), it can be

concluded that processing.«corditicris effect on the tensile properties.
Therefore, based on {;_ ................... e and aieaEbredk, condition no.7 — 9 are
more suitable to be fﬂh mﬁprocess than the other 6

conditions.

Comparﬁ ﬁﬂtq%rﬂ% ﬁ)wmﬂﬁelr process time and

%strain at breakfare quite similar and as seen in Flgure 4.2, good dispersibility of
qumacnanw g'frﬂ Q\ﬁ?mw ﬁ Ggswzj ‘S]yra %J;Iomeratlon of
pigment ppwder can be noticed in both conditions no.7 and 9. In addition, as listed
below, the output rate (g min") or the processing time (min kg") of condition no.7 is
lower than the other two conditions; therefore, condition no.7 is not suitable to be used
due to the above reasons. Similar in output rate, the efficiency in dispersion and tensile
properties were observed in both conditions no.8 and 9. However, condition no.9

(200°C) consumed higher in electrical energy than condition no.8 (180°C).
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Consequently, condition no.8 (30 rpm and 180 °C) is the most suitable method for the

process optimization in melt blending technique via twin screw extruder.

Condition No. Output Rate (g min'1) Process Time (min kg'1)
7 12.20 82
8 15.38 65

9 16.39 61
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Figure 4.5 Effect of extrusion conditions on the tensile properties of pigments (PR122)

in medium density polyethylene
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4.2 Mechanical Properties Characterization

4.2.1 Tensile Properties

In this study, the effects of pigment content, pigment type, blending technique,
and manufacturing process were also investigated. The tensile properties were
measured according to ASTM D 638. From each of the stress-strain curves, four tensile

properties, namely, tensile modulus, tensile stress at maximum load, tensile stress at

break, and % strain at break were obtaine raphically shown in Figure 4.6 through
4.17. ‘//d
The tensile moduluswiss@eiined as thedhe tangent to the stress-strain

curve at low strain. The {e

. : : / VI’nd tensile stress at break are
the values of the stress qaffthe #95-st \u 2re the curve occurred at the

. , \
maximum and the point of J0e, (€5 \\ e % strain at break is the
maximum strain exhibited b \n itof Breakage.

It should be na

o ess-strain relationship of a

polymer depends on bot crosshead speed. Here, the
temperature was ambient te rosshead speed was 50 mm min'1,
which corresponds to the medi fﬁf{g Spe 3 ASTM D 638.
Y i
4.2.1.1 Effect © Pig ,;
| |

. J
Figure 4.6 presér s the effect of pigment content Bh the stress-strain curves of

the colored M ﬁ f d can be observed.
Obviously, thelﬁjjﬁ oﬂ}jﬁs- trﬂ?ﬂr I]jh plot seems to be
coincidently, °/ t? Dﬁ s varying the
amountﬁ ﬁ;ﬂ aﬁtﬁ iiu ﬂ mallt |11H wj ﬂlncular. for dry

blending technlque. Effects of pigment content on the tensile properties of the
composites are graphically displayed and tabulated in Figure 4.7 through 4.10 and
Table 4.2 through 4.5, respectively.



61

* " PB15, dry Py . ) " PR122, melt oo
% =~ S|
—————— 0.4 phr
5 5 \
ST ww ew e o mm we o w ™ we
% Strain % Strain
(a) PB 15, dry blending , (b) PR 122, melt blending
Figure 4.6 Effe o C r@ress—strain curves of
g i B4 dry blending technique and
elt blending technique
The tensile propg rless | PE ‘end colered MDPE fabricated from
rotational molding are alsQfores: " SON, INTable 4.2 through 4.5. From
the results, it can be congllicgditie isSnoisignificant change on the tensile
modulus, tensile stress at ma ! = e stress at break of the samples

However, as ste hg"colored MDPEs explicitly

decreases with an ingrg;

‘H e, at 0.4 phr, %strain at
break of MDPE/PY83.EADPE PB15,

and“MDP R12ﬂnixed from dry blending
technique decrease about’ 76,8%, 80.8%, aadd 96.2% compared to colorless MDPE,

respectively (Taﬂ %Hh% %]e&l‘dwi wcﬂ'] ﬂ@PE with PR122. This

result is consxster?wnh that of rotationgl molding, i. e 7/0strain at bregkyof colored MDPE
with PRQ wr’%ﬁ ﬁﬂﬁam &Jawf}fg %g%&ﬂ pigment was
added mtg the MDPE. It should be noted that, however, there is no effect on %strain at
break upon increasing pigment content for colored MDPE from melt blending technique.
The effect of pigment type and blending techniques will be separately discussed in the
next section.

Based on the composite theories, the modulus of the composite is dependent
upon both volume fraction and the modulus of each component. However, from the

results, increasing pigment content has no influence on the tensile modulus of the



62

colored MDPEs. This implies that the volume fraction or the pigment loading is too small
to cause any pronounced effect on the tensile modulus values. This is because the
highest amount of pigment used, 0.4 phr, is accounted for less than 0.4%, which is

apparently too small for effective reinforcement to occur.

300 +

Tensile Modulus (MPa)

Figure 4.7 Effect of pigs ‘

via meltsble

Table 4.2 Tensile modulus

S IVIL I

Pigment Pigment Fensile us of colored MDPEs (MPa)
Type Content ing technique* Rotational molding
(phr)
MDPE** 0.0 160.3+ 1.6
0.1 -
Py 83 0.2 2081158 ay 243:167 | :
NS RN
2429 % BaTr123 ' ¥ 17144217
| 193131699 -
s o PR TN Ph 6B S V1 bed Fhe) TN ) -
213.6 + 25.0 233.6 + 39.4 -
0.4 174.4 + 166 220.1 + 12,5 160.1 + 10.7
0.1 201.0 + 13.1 227.6 + 30.1 .
Pk 922 0.2 200.9+10.7 230.2 + 46.3 -
03 193.1+9.8 208.9 + 15.0 -
0.4 261.7 £55.6 2495 + 53.4 169.2 + 7.7

* Compression molding process, ** Colorless MDPE
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01 02 03 04

Pigment Content (phr)

b) Melt blending technique

ss at maximum load of

Table 4.3 Tensile stri

iin 16 5
Pigment Pigment _ensiﬁ‘ 3 t lored MDPEs (MPa)
Type Content | Dry pindidg technigw lendi chnique* Rotational molding
(phr) -
MDPE** 0.0 6 b2 ' 27.2+02
0.1 27 A, +0.1 -
PY 83 0.2 B
0.3 -
0.4 27.0 + 0. 8.0 + 27.2+0.1
0.1 | p §§.4; 0.3 @y 269:03 -
PB 15 0 ) 0. -
0. 26.0 + 0.1 26.6 + 0.3 .
v o
- 26. , 1, ~ I27.310.7
21 40 | -
PR 122 0.2 26.5+0.3 27.5+0.2 .
0.3 26.2+0.3 27.0+0.3 =
0.4 26.2 + 0.1 27.2 + 0.1 25.3+0.5

* Compression molding process, ** Colorless MDPE
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Figure 4.9 Effect of pi ts on t t break of colored MDPEs
i f
Table 4.4 Tensile stress
Pigment | Pigment ensil ' olored MDPEs (MPa)
Type Content | ppgble ech “\elt nique* Rotational molding
(phr) @ -
MDPE** 0.0 5.8 0. - 54 +0.03
o
0.1 4+ = 4%0.03 .
Py 83 0.2 5 o +0.03 :
0.3 -
0.4 5.4 +0.02
0.1 53+0. 5.4 +0. -
PB 15 .
0.2 & 5.2+007 @y 53:007
ST
0.4q) 5.3 +0.01 5.5+ 0.02 5.5+0.14
1 32008 ¥ 4016 o :
'a ! ¥~ [ ~ |
PR 122 ) 2 | 7 81 58+0. I =
0.3 5.2+0.06 54 +0.05 -
0.4 5.2 +0.02 5.4 +0.01 5.1 +0.09

* Compression molding process, ** Colorless MDPE
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Pigment Pigment of colored MDPEs (%)
Type Content | pry pl ) Rotational molding
(phr) T
MDPE ; Py === 8+12.
0.0 1213.6 ‘ 261.8 + 12.0
0.1 829.4 +240.6 -
PY 83 '-'-" 4 ) W . e -
0.2 Rt
> r
0:3 'lﬂ 3 s
0.4 < 28164542 1190.6 + 99 67.8+6.8
0.1 €560.3 + 79.4 O/ 4616+ 869 ;
| F
PB 15 5 -
0 o¥dr 44 2‘ =
0.3 309.8 + 71.6 308.0 + 52.3 .
B - : Qs
ﬁmg ~ g Iao.7 +3.1
1 539 ¥ ol B
PR 122 0.2 61.7 +12.8 379.2 + 35.8 "
0.3 73.2 +12.7 367.5+22.8 -
0.4 459 +52 553.9 + 113.7 33.4+08

* Compression molding process, ** Colorless MDPE
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4.2.1.2 Effect of Pigment Types

The effect of pigment type on the stress-strain curves of colored MDPEs is

illustrated in Figure 4.11. Their tensile properties are presented in Figure 4.7 through
4.10 and Figure 4.12.
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Figure 4.11 Effect of pigment types on the stress-strain curves of colored MDPEs
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Comparing among three types of pigment, similar to the effect of pigment
concentration, there is no differences in the tensile properties, except the %strain at
break of the colored MDPEs. These results are true for both melt blending and dry
blending techniques. For instance, the tensile stress at maximum load, as tabulated in
Table 4.3, are approximately 26 — 27 MPa, whereas their tensile stress at break are in
the range of 5.2 — 5.5 MPa, as shown in Table 4.4.

However, for rotational molding technique, the tensile stress at maximum load

and tensile stress at break of the Golofe : = with PR122 are slightly lower than
colorless MDPE and the other tw ﬁ 'of i il colored MDPEs.

As mentioned above , ef ortant role on the %strain at
break. Clearly, the %strai if foI6re w ‘-.,\ PY83 (diarylide pigment) is
greater than that of the o S ool odl M Es,, In fact, the colored MDPEs
containing PY83 give hig : lles ‘o in at bre whereas the colored MDPE
with PR122 (quinacrid e pign a break. This trend can be

obviously seen in both dy bighd

\o al molding. When comparing
to colorless MDPE, it is foung \

Ous types pigment leads to a
remarkably reduction in %strain colored MDPEs with PR122. In
other words, the MDPE containifg g _g;,w-:; ment has inferior %strain at break

.y,,
Y]

Conclusively, cotored vminferior tensile properties,

especially from the rotatx%pal molding pomt of view, compared to the other colored

MDPES. This reﬂ\ﬂ'ﬁﬁ ’Wﬁwcﬁw enN3

In generalithere are a few |mportant parameters known to affeot the properties
of compaut ' ﬁ fbf?m'lmm ﬂ: W E]cﬂfﬂ ﬁutlon thereof,
adhesion qfﬂﬂﬁto the filler or interfacial adhesion, the wettability of the filler, and
the amount of binder used. It is also important to note that with small particles, the
interface between the filler and the binder plays a significant role. Smaller particles are
not desirable, for they require more polymer for effective binding, resulting in a lower
tensile strength. Too large particles, on the other hand, act as discontinuities, again
lowering the tensile strength [59]. Because quinacridone pigment (PR122) has smaller

particle size (0.49 um) compared to the other two pigments as previously reported in
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section 4.1, the tensile stress at maximum load, tensile stress at break, and %strain of
the colored MDPEs with PR122 are greatly affected. In the same fashion, the larger
particle size of phthalocyanine pigment (PB15) (17.53 um) might be accounted for the
decrease in %strain at break of the colored MDPEs containing PB15 compared with
colorless MDPE. As discussed earlier, PB15 powder tends to coalesce more than the

other two pigments, so colored MDPE with PB15 showed poor dispersibility as seen in

Figure 4.1.
However, besides the abové par: - s_mentioned, Verbeek, C.J.R. [59] has
shown in his model that the m Sit) e ﬂslte and the aspect ratio of the

reinforcement are key factors cing bot@odulus and tensile strength.

Factors such as particle irr - ibution are accounted for by
the maximum packing fr ‘~\ in turn influences the final

porosity of the composite.

In addition, the™re A At the m-.n.\. o is far a more important
parameter than particle : \ \ composite behavior can only
be obtained by maximizin i ' DI of A ein fce 1ent. The variance in the data

can most likely be attributed ct ratio and final composite porosity.

Denser packing, i.e., a sm ill result in a highest tensile

strength. However, ¥ € ‘ ope of this research, the
results are solely expléi d'B - c}mslze of each pigment used.
Further investigation regarglng the aspect ratlo in particular, should be carried out to

ensure the resuﬁ uﬁ Iazﬂoﬁ ﬁﬁﬁwmﬂﬁonany molded part of

colored MDPEs.

'W““l mﬂﬁ”ﬂ WEF"T@
could be qrganlzed into order as PR122, respectively. That means the

tensile properties, including the tensile stress at maximum load, the tensile stress at
break, and the % strain at break of colored MDPEs with PY83 has superior value. And
vice versa, colored MDPEs with PR122 show inferior tensile properties compared to the

two organic pigment type using in colored MDPE, especially in the % strain at break.
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Figure 4.12 Tensile propefiesof colot DPES via rotational molding process

421.3 Effectof = ol ing Processes
Figure 4.13 t '! gh 4.1 oW e effect ‘blending techniques and
manufacturing processes ®nethe stress-straifugurves and the tensile properties of the

samples. ObvicgllyueﬂsgsIMeWIgutﬂaagsupenor than those of

dry blending technique and rotational gholding process. The tensile groperties of the dry

wercnbc{Rjaoh GHSA T 18 Aiee b ds W Bl g process

9

since both"also used the dry blending method.

However, the tensile properties of the samples obtained from rotational molding
process are lower than those of dry blending technique via compression molding
process, especially in tensile modulus and %strain at break values. This is because
compression molding process may pack the molecules between plastic and pigment
better than rotational molding process, owing to compression force during processing.

From machine window, this force was received from pressure setting about 5 MPa which
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may be actually higher. As discussed in tensile testing on the effect of pigment type,
the difference in packing density concerns to the mechanical properties. Again here,
denser packing has a smaller composite porosity that will result in a higher the
mechanical properties [59].

On the other hand, rotational molding process has only the compression forces
from the rotational motion in the mold to pack the component, which is almost zero MPa.

More precisely, the warpage and global shrinkage are associated with the level of

residual stresses in the rotationall nolde 4 There are compressive on the outer

surface and zero on the inne surface. ﬂls obviously associated with the

anisotropic quench of the Pz wpemes of the samples from
compression molding pro Slight tter i-those from rotational molding
process. ; | \

For melt blending acking from the compression

molding process and tHe cafp { : rsibility ef the pigment powder in MDPE
obtained from the twin &crg N of the samples from melt

blending technique are thé bg o & appl ed'to the MDPE/pigment mixture

during mixing via twin screw e s cing the compatibility, dispersibility,
and molecular orientation, re properties comparing to the other
two techniques. Sim ‘.;:.'_—__-,-"-‘_'_-_-:‘tf-'-"*----'-“fi'-“'-'-- ‘ an increase of molecular

orientation occurs witf stiffness.  The molecular
alignment which developeg during shear flow, seems to be promoted by the application

of high holding ;ﬁ %Elngg %E’ ﬁﬁaﬂlﬂ(‘jﬂﬁ of shear.

In additiofy) the poor dlsper3|bll|ty of plgment powder has been more obviously
display W wmﬂ ﬂ Because of
the mix 1 mixture via ﬁn screw H}J the compatibility between components
between MDPE and pigment, for instance, dispersion and distribution, has been
improved. Therefore, the % strain at break in the melt blending technique is not

significantly influenced by the pigment content.
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Figure 4.13  Effect of blending techniques and manufacturing processes

on the stress-strain curves of colored MDPEs
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Figure 4.16 Effect of blending techniques and manufacturing processes
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4.2.2 Flexural Properties

4.2.2.1 Effect of Pigment Contents

Figure 4.18 through 4.20 demonstrate the effect of pigment content on the
flexural properties of the colored MDPEs. As shown and also summarized in Table 4.6
and 4.7, little effect on the flexural properties can be observed. For dry blending

technique, the flexural strength of colorless MDPE listed in Table 4.7, however, is slightly

eason for these results will be further

discussed in the next section aler f pigment type. In other words,
comparing to colorless MDE '-'-I--=-=--3wo plof ;@sed a reduction about 7 — 9%,
depending on the pigme \\ .- of'the colored MDPEs, whereas,

similar to tensile modulu

\,;\ pe too small to cause any

significant changes in tHOse fieghahit:
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Figure 4.18 Effect of pigment contents on the flexural properties of colored MDPEs
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Table 4.6 Flexural mod

0.0 01

02 03

Pigment Content (phr)

(a) Dry blending tec

Melt Blénding Techniq'ue

+

02 03
Pigment Content (phr)

04

) Melt blending technique

dulus of colored MDPEs

Pigment DPEs (MPa)
Pigment | Content Rotational Rotational
Type (phr) molding molding
(outer surface) (inner surface)
MDPE** 0.0 -
PY 83 0.1 -
0.2 -
0.3 B
04 B90.1 + 38.1 699.1 + 32,6
0.1 848.2 + 78.7 930.2 + 37.4 - -
PB 15 0.2 | e i _
0’3I l B + 920! - 8198 ¥4 r ‘E -
0.4 ¥ 8412 +73.0 ¢ 906.0 +38.1 A‘ 1699.0 +16.4 @ 629.0 + 37.7
¥ ST TV :
PRI122 g "03 809.0 +17.2 936.7 + 23.4 ) - ) 2
0.3 842.4 +40.1 918.4 +54.7 - -
0.4 855.6 + 36.2 958.5 + 115.1 606.7 + 24.7 559.2 + 12.3

* Compression molding process, ** Colorless MDPE
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Z2

strength at maximum of

color
Iz
Table 4.7 Flexural strengii a % ]
Pigment I g of colored MDPEs (MPa)
Pigment | Content Dry blending “Mel ing " Rotational Rotational
Type (phr) technigue* tec molding molding
v (outer surface) (inner surface)
MDPE** 0.0 1 3 -
PY 83 0.1 - -
0.2 5 - -
0.3 8.3 +0.2 19.4+02 - -
0.4 _18& £02 _192@&02 17.2+0.2 16.9 + 0.3
0.1 P, F? 6242 | v 730, [ ;
PB 15 02 17.0 4 0.1 189401 L :
' a
N Joa 7.9 +o. - 165+ 1.2
T o4 17.4 +0.1 18.7 + 0.1 - -
PR 122 02 17.140.1 18.8+05 - ’
0.3 17.0+0.2 18.5+ 0.1 - =
0.4 17.8 +0.2 19.2 + 0.1 15.4 +0.2 147 +0.2

* Compression molding process, ** Colorless MDPE
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4.2.2.2 Effect of Pigment Types

Figure 4.19 through 4.21 show the effect of pigment type on the flexural
properties of the colored MDPEs. As shown in Figure 4.19, there is no apparent
difference on the flexural modulus of the three types of colored MDPEs from dry
blending technique. However, the pigment type affects the flexural modulus of the
colored MDPEs prepared from melt blending technique, i.e., as seen in Figure 4.19 (b),

the colored MDPEs with PY83 show lowest in flexural modulus compared to the others.

from dry blending technio display peOmpared to the melt blending

St -’: of the interfacial adhesion
between MDPE and diarylig ¢ |
V.
1S 3

Because the stifings® of g e is mainly due to the filler,

while the flexural strefgth dmafode efit- ’\ \ d By the interfacial adhesion
My, \

between the two phasés iq q;;'.' W during being stretched [61].

AN

Consequently, these resuli§ sugges ‘,w’."‘-f‘_ te \. adhesion between MDPE and
PY83 might be greater than J’I{..‘:&--ﬁ- e oOther two types of pigments. As

described earlier, the suitable padicie-size ¢ ' is needed to acquire the effective

interfacial adhesion. § ;—-,-,-_-u---vu- YeSiam-panimes-resmetiriower tensile strength. As

Cor e i ‘

a result, PY83 which ha JI-. 31 um is more appropriate to

be used in the composi es smce it yields the colored MD Es with the highest flexural

e ﬂﬂﬁl’)‘ﬂﬂ'ﬂ?ﬂﬂ’]ﬂ‘i
QW’]Nﬂ‘iﬂJ UNIINYAY
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Effect of pigment types on the flexural properties of colored MDPEs
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4.2.2.3 Effect of Blending Techniques and Manufacturing Processes

Figure 4.22 through 4.24 present the effect of blending techniques and
manufacturing processes on the flexural properties of the colored MDPEs. The flexural
properties of the MDPE containing 0.4 phr of pigment powder fabricated from the
rotational molding are much lower than those of the samples obtained from compression
molding process in both dry and melt blending techniques. In addition, as shown in
Figure 4.22 (f), the outer surface of the specimen can withstand the bending force more

than the inside.

This result may be e ter surface of the test specimen

was in the pre-tension st S [ ce-- pplied force from bending or
flexural test can be considerge h will then counteract with the
pre-stress in the specime iole u m pressive force onto the inner
side of the specimen, this site mpresswe mode. Therefore,
the applied load acts @s a4prg X ol ances t | ure of the specimen. As a

result, the results reveal #Rat hner-stirface, canftolégate bending force less than the

\

outer surface.
This result appears i .f“ t e ulilization of a hollow product and
can be explained that the outefsurfai ‘“5_ product from rotational molding

process should be - ;" to absorb many forces,
especially bending forc ducts
As defined in th e tensne propertles earlier, the packing of the component

particles of theﬂ)ﬂ'ﬁcﬂgowg Wﬁsiw ﬂﬂtﬂv‘se rotational molding.

Again here, the dqpser packing prowdes the speCImen with small por03|ty that will result

in a greae TT?W rmarg Hechnlque has
more Compatlblllty and better dispersibility of pigment powder in MDPE than the dry

blending technique. Thus, the colored MDPEs produced from the melt blending
technique are able to absorb and endure the bending force higher than the other two

techniques.
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on the flexural properties of colored MDPEs
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on the flexural modulus of colored MDPEs
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4.2.3 Impact Properties

4.2.3.1 Effect of Pigment Contents

The impact strength of the colored MDPEs shows slightly reduction upon
increasing pigment content. This result can be observed in Figure 4.25 and Table 4.8.
However, comparing to colorless MDPE (0.0 phr), the addition of all pigments leads to

an increase in impact strength and then upon increasing the amount of pigment, the

impact values start decreasing, as

Dry élending Tet:;hnique ' ; ‘ - : M;t Blending Tec:hnique
8+ g
£
E 6
2]
]
841
E
31
0 + + + + t +
0.0 0.1 0.2 o 02 03 04
Pigment Content (gh : Pigment Content (phr)
(a) Dry blending teg elt blending technique
Figure 4.25  Effectsef pi “contents a ngs on the impact strength

= -
ﬂ .rﬂ
Generally, the add}ic&of the solid paiiﬂgle, which is brittle, into a tough material

such as a therrﬁyﬂ”‘ﬂ ?ﬂ“ﬂ’ﬂ“@% B’ﬂeﬂo‘}stics Since, impact

properties of pomner directly relate ‘to the toughness [62]. The efore, the gradual

A AT A o1

the pigmefit content.

From the flexural testing of colored MDPEs with PR122 shown earlier in Figure
4.23 (c), flexural modulus improves with increasing pigment content while impact
strength decreases. A similar fashion was also observed in the study of Harkin, J.E. and

Crawford, R.J. [63].
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4.2.3.2 Effect of Pigment Types

From Table 4.8 and Figure 4.25, the effect of pigment type can be clearly seen
from the colored MDPEs from melt blending technique. As shown, each pigment
responds to the impact strength differently.  The colored MDPEs containing
phthalocyanine pigment (PB15) have higher impact strength in almost every ratio.
Whereas, the lowest impact strength belongs to the colored MDPEs with PY83. For

rotational molding process, the impact strength of colored MDPEs with PR122 is

however greater among the three c W/

Table 4.8 Impact strengtk ored MC Esd

Pigment Pigment //mm \\ {S0OrEd MDPEs (kJ/m®)
e
Type Content i

MDPE** 0.0 3.91+£0.05

(phr) - ;/ \\\\ ique* Rotational molding
/I AN

0.1

PY 83 0.2

0.3

0.4 3.61+0.09

0.1

PB 15 0.2

03 A& 590 +040 | .

0.4 3.88 +0.17

i
0.1 7.83+ 045 -

PR 122 0.2 ¢ 55 + 0.60 Q) 712+012 -

BT EV WET |

559+036 6.26 + 0.06 3.99 +0.13

'“””"'ef&f"ﬁﬁ“’"iﬁ"e\iff“ﬁmi KINYIAY

ThIS result is in good agreement with the result from the SEM micrographs of the
colored MDPE with PY83, as will be presented in the next section in Figure 4.27.
However, short explanation shall be addressed here. The three figures have illustrated
the fractured surfaces of the colored MDPEs containing (a) PY83, (b) PB15, and (c)
PR122. The fractured surface of (a) is smoother than that of both (b) and (c), implying

the brittle characteristic of colored MDPE with PY83. The results from both experiments
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confirm that colored MDPE with PY83 is somewhat more brittle owing to its smooth
fractured surface. On the contrary, the tougher materials as colored MDPEs containing

PB15 and PR122, are proven by the roughness of their fractured surfaces.

4.2.3.3 Effect of Blending Techniques and Manufacturing Processes
The effect of the blending technique and manufacturing process can be

determined from Figure 4.26 and Table 4.8. Because the melt blending technique can

improve the compatibility and interf between MDPE and pigment powder
hence, the impact strength is Qi ng technique
. . d .
Conventionally, thevshearstre wracnon between component

le th and modulus originates

\\»v. (.. (size and shape) and thus

from the formation of orie € ‘ strength is related to shear

induced phase morph6log c occurring in twin screw

extruder assist in impro¥ing ac \o‘ ween MDPE and pigments
particles, resulting in the gr€ats
At 0.4 phr, the impact’ es from rotational molding process is

much less than that of both dnygad melt echniques. It may be explained in

terms of the packing ‘$f=*emalecules i e DD e S E o
g% v, YT
S | oth dry and melt blending

ponent. The packing of

the molecules from the@o
technique was superior t n the rotational moldlng process

Furthernﬂeu ﬁsfaaaﬂ Efﬂ ?w Hﬂrm inspection that the

external and intéghal surface of the rotatlonal products are dufferent The external

surface anmr@ nf;jl? quw es smoother
comparedqto the internal nlike the external surface, the lnternal surface was

not contacted to the mold. When processing, the internal surface was produced from
the rotational force and also received the heat transfer from mold via its outer surface.

In addition, the lowering in the impact strength of the rotational sample is due to
the rough surface which may be the crack initiation or the defect of a product. The total
energy which is absorbed into a crack by a material can be disintegrated into the

energy of crack initiation and crack propagation [62]. More precisely, the warpage and
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global shrinkage in the rotationally molded parts are associated with the level of residual

stresses. They are compressive on the outer surface and zero on the inner surface.

This profile is obviously associated with the anisotropic quench of the parts [6].

Impact Strength

R S
o Eren r -3
g —3

a4

21

0 + + +
0.2 03 04
Pigment Content (gia Pigment Content (phr)
(a) PY'8 b) PB 15

QS
W Dry Blending Technique*

Melt Blending Technique*
B Rotational Molding

*Compression Molding

PY83 PB15 PR122
(d) 0.4 phr

Figure 4.26 Effect of blending techniques and manufacturing processes

on the impact strength (kJ m'z) of colored MDPEs
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4.3 Physical Properties Characterization

4.3.1 Scanning Electron Microscopy (SEM)

The SEM micrographs have been used to compare the dispersibility of pigment
in MDPE from dry and melt blending technigues. Sample sheets from compression
molding process were produced from both blending techniques while sample sheets

from rotational molding process were produced from dry blending technique.

significantly influenced ) e extrudate, as the SEM

micrographs of sample sheg , u ‘\: through 4.30.
For the colored \ crew extruder, the SEM
micrographs of the fraetlreg \' \ ow 'good dispersion of pigment

powder in MDPE. In cg ‘ agl, | '-_a.- ;;_ u\

B

undistinguished appearang€ ogithe fract -:-;; urfa x re 4.28 through 4.30).

\DPE/pigments sheets show

From the SEM microgfapheiatextru an'be concluded that the dispersion
of pigment powder in MDPE is_aim ' | every pigment types (PY83, PB15,
PR122). In addition,\he fractured surfaces reves S Jractured surface of colored

7 )
MDPE with PY83 is Smoo PR122, implying the brittle

r"
characteristic of colored DPE with PY83. As ment:oned section 4.2.3.2, the results

from both exp ﬂ iﬁ,omewhat more brittle
owing to its smﬂu g!rg m ﬂwmﬂiugher materials as colored
MDPEs r‘ﬁ a Qaﬁ ﬁm %% QT E]menr fractured
surfaceg P1 ﬁ Wﬁi E] ﬁ

As explained earlier, the observation of SEM micrographs on dispersibility from
fractured surface of colored MDPEs sheet is rather difficult. Nevertheless, Figure 4.28
through 4.30 displayed quite good dispersibility of pigment powder in MDPE for every
pigment types. Consequently, this result confirms that the process optimization chosen
in section 4.1 is suitable to prepare the colored MDPE. More investigation is needed to

be able to explain the dispersibility of pigment powder in MDPE.
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Figure 4.27 SEM micrograp s'-.bf;’tﬁ“ejﬁ es of the colored extrudates
F &r -+
from melt ble ;

Uisku x1a,des b irn 28071

" (a) Diarylide p Qent(PYss) -

AR

(c) Quinacridone pigment (PR122)
Figure 4.28 SEM micrographs of the fractured surfaces of the compressionally molded

colored MDPE sheets via dry blending technique
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(a) Diarylide pigment (PY83)

- -
Ligs ™, g‘QQQ._ e

2 "' &2‘2
face ‘bihe compressionally molded

(c) Quinacridone pigment (PR122)
Figure 4.30 SEM micrographs of the fractured surfaces of the rotationally molded

colored MDPE sheets via dry blending technique
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However, there is a summary of guideline to obtain better dispersion from
different blending techniques [15]. The foregoing discussion of dispersion principles
can be summarized by offering some guidelines for achieving improved quality or more
rapid dispersion by the three basic dispersion processes used in the plastics industry.

These are listed in the following Tables.

Table 4.9 Guide to quality dispersion by dry blending

Resin Selection

® Small particle si

® Hard surface in préference to g ,v&xists

Chemically cempatiblesith pigment Under proeessing conditions

® Rheologi oajif : \\ e \ in concentrate preparation) to
m- . . a - o ca 2 J N . o o BS ~
inimize |gt@o rJ{ A\ R It flow

Select pigment and additive |g W I

?\.\’k"‘ erating conditions

Use short, intensive mix cycle (g I l >

Encourage subsequent meltpre f these

Table 4.10 Guide to quality dispgision by bar processing

® High cokeésiv ’
]

® Small viscmty change with temperature “J

® Chemically c‘rﬁtible with pigmentainder processing conditions

: %;umpwmm A1 o I —

minimize letdown difﬁculti@ due to differemas in melt flow o/

".o om s:‘i 5h'sh :. .: ati :

-

Flux resin by shear rather than by application of external heat where possible (e.g., Banbury)
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Table 4.11 Guide to quality dispersion in liquid systems

Vehicle selection
® (Good wetting of both pigment and grind surfaces
® “Tack” to suit method, i.e., low tack in processes dependent on impact between
particles, high tack in those dependent on shear through liquid layer

® Chemically compatible with pigment under processing conditions

Select pigment and additive loadings to provide proper flow for equipment used

Select letdown procedure to avoid seeding, gslling, or poor mix-in (e.g., viscosity adjustment with

4.3.2.1 Effect

Table 4.12 and hoW the 16 m.index of colored MDPEs. From

the results it can be co red MDPEs with PB15 is quite

higher than colored MD 122 These results maybe

attributed to the effect of theepsityof .0 G;iiw; hown in Chapter Il in Table 3.2,

the density of PB15, PY83, ;5,!3; Lare, 49, and 1.47 g cm”, respectively.

Since PB15 has u_.-_'-,;_m-_m_;_ﬂ____,_._-_-. wients, therefore, the MDPE
h’:_i

containing PB15 -V g appéars in the same trend as

I T

those previously reportee “J

by Liu, S.J. et al that the incremeéft of the density has an effect

:L”;;i."l:iii'ﬂﬂﬁﬁ YL T ot
AR ﬂ“ﬁef_ﬂ imin NN Y

Extrudate Pellets

F
&

Melt Flow Index (g/10 min)
> N
] 8

—e— PY83
.0 PBIS
420 T| —9— PR122

0.1 02 03 04
Pigment Content (phr)

Figure 4.31 Melt flow index of pelletized extrudate of colored MDPE



Table 4.12 Melt flow index of colored MDPEs
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Pigment Type Pigment Melt Flow Index of colored MDPEs (g / 10 min)
Content (phr) Dry Mixture Extrudate Pellets
MDPE* 0.0 4.26 +0.03 <
0.1 4.23 +0.02 4.30 +0.02
PY 83 02 4.26 +0.02 4.30 +0.01
0.3 4.29 +0.01 4.29 +0.01
0.4 4.32 +0.01 4.28 +0.01
0.1 4.34 +0.02
PB 15 02 4.37 +0.02
0.3 433 +0.03
0.4 4.31 +0.02
0.1 4.33+£0.00
PR 122 0. 4.31+0.02
0.3 4 4.29 +0.01
0.4 4.28 +0.02

* Colorless MDPE

4.3.2.2 Effegt of Colore
Table 4.12 &

with MFI.

7R

AE SISl O VARG NS ISV msiCmaSirsitiainnaid

02 o?a
Pigment Content (phr)

Figure 4.32 Melt flow index of colored MDPEs with PR122

{ the colored MDPE forms
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For different forms of both dry mixture and palletized extrudate, it can be
addressed that the pellets have slightly higher in MFI values. Conventionally, the results
were correlated with rheological properties via melt flow index measurement [65] and
might be attributed to the compatibility between components of MDPE and pigment
powder. Liang, J.Z. and Ness, J.N. reported that the flow properties of melted
polyblend mainly depend on the compatibility between components [66]. These

properties are closely related to mixing conditions and blending ratios, which affect the

effect of dispersion and distribution of thé €oginénent particles.

As described in secheg . (Ble ".fv,.-l dition Characterization), the dry
mixture which was obtaineE From THe dry f""-nxagl_n.-;O has poorer dispersibility of
pigment powder in MDPE,_gcefMparfed with the pelletiz ed-extrudate which was received
from the melt blending te : ./ \ |

More precisely, thgfmg gndi que truder which has a shearing

force during processing cogfrib elt viscosity. This is owing to

the reduction of polymef c o weight-aye \g‘ molecular weight (Mw) that

then make the MFI increases /s Alang, Q. et al reported that the

: T . :
data showed a decrease in visc of’rﬁm. /E 2ne with the several processing cycle

i
numbers [65]. The greate 'ﬁ?’“" hihe lower the viscosity of colored

MDPE:; therefore, the 6os

aS hcreased, as a result, the
Y |

MFI value increased.

ﬂ‘lJEl’J'VIH'VﬁWEI']ﬂ‘i
QWWNT’]?W&JM’TMH’W&IB
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4.4 Thermal Characterization : Differential Scanning Calorimetry (DSC)
Figure 4.33 presents the DSC thermograms of the colorless and colored MDPEs.
The results of the thermal properties including the melting temperature, enthalpy of

fusion, and percent of crystallinity are summarized in Table 4.13.

441 Melting Temperature

The effect of pigment type and pigment concentration on the melting

temperature of the colored MDPEs prep? n dry and melt blending techniques are

presented in Figure 4.34 and 4
Aexo .

:
|
%

mW 1

Pakin_MDPE_Comp_PYO1, 21.07 0:33, " 1

Pakin_MDPE_Comp_PY01. 4 0800 ﬁf m
;-*LA' :

Pakin_MDPE_Comp| Fultly
Pakin_MDPE_CompiRireSnew, ¢ 0800'mg

ala

12811°C
13288 °C

Endset

......

13 min

““““ﬂ ANV WY ="
SRNSRSERTIN ii’i"ﬁ’@f*s

Co paring to colorless MDPE, the addition of all pigments has no effect on the

DSC thermograms. Melting temperature remains unchanged at approximately 130°C.
There is no sign of the melting endotherm of the pigment used due to its small quantity.
In addition, an increase in the pigment content does not affect the melting temperature.

There is also no effect from blending techniques on the melting temperature of the

colored MDPEs as well.
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Table 4.13 Thermal properties of colored MDPEs

Pigment Thermal Properties of colored MDPEs
Pigment Blending Content Melting Temperature (°C) Enthalpy of Fusion

Type Technique (phr) Onent Peak Endset (J/g) %Crytallinity

MDPE* dry 0.0 121.84 129.11 132,68 386.23 131.56

0.1 121.28 130.25 133.81 356.16 121.31

dry 0.2 122.79 130.40 133.88 372.26 126.79

0.3 122.14 129.01 132.67 358.63 122.15

oy 8 0.4 122.10 29.79 133.80 356.62 121.46

0.1 122 133.27 363.91 123.95

melt 0.2 "134 20 371.33 126.47

03 130. P 364.33 124.09

0.4 305 w34 O 366.89 124.96

01 Lo 4 12 ' 376.66 128.29

dry : 128 1 360.93 122.93

‘ L] 120 379.46 129.24

o5 15 0.4 ; . 384.80 131.06

| 3 359.87 12257

meit 0. 2 Ml 8 375.81 128.00

0.3 - 350.62 119.42

04 ¥ 19.5 g 1 350.11 119.25

0.1 1 S | 13453 367.07 125.02

dry 0.2 1228371 | b 134,37 377.52 128,58

3 370.76 126.28

oR 122 354.89 120.88

381.92 130.08

melt GW 125.14 130.62 134.00 370.20 126.09

03 f Jem, 12195 129490 | 13422 357.35 121.71

.g 120. 2? : 49 Leo.94 122.94

L]

* Colorless MDPE l{l
/s

PIAATUAMINYAE
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r Dry Blending Technique
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Figure 4.34 Melting temperature of colored MDPEs from dry blending technique
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Melt Blending Technique
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g
2 124 +
o
®
o 12F
3
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E
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T 116 %
= ] N 0.1 phr
114 1 0.2 phr
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] 3 04 phr
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o -
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o
.g .
2
€ 128 +
(] -
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> %
£
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Figure 4.35 Melting temperature of colored MDPEs from melt blending technique
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4.4.2 Percent Crystallinity

One of the most important properties of semi-crystalline thermoplastics is the
percent crystallinity of polymer. This refers to the overall level of crystalline component
in relationship to its amorphous component. The percent crystallinity is directly related
to many of the key properties exhibited by a semi-crystalline polymer, i.e., brittleness,
toughness, stiffness or modulus, optical clarity, creep or cold flow, barrier resistance

(ability to prevent gas transfer in or out), and long term stability [56]. The effects of

iques on the degree of crystallinity of

Y

The use of pigme t crystallinity of colored MDPE

pigment content, pigment type, and

colored MDPEs are also liste

compared with the colorles [ease of pigment content (0.1 to

0.4 phr) seems to have n eg %c! \ S e %crystallinity of all colored
MDPEs was approximately. A \ ‘ From these results, it can be

NN

concluded that these Pig n he crystalline formation in

medium density polyethyleng or T i f \\\\ properties of colored MDPE

same trend as the values of the .""f Stred aximum load that the tensile stress at

containing PR122 (quinacidoj ), these results appear in the
) . < ik -

maximum load decreases w ‘—1_'“5-';..-1_f;11£”\_lf:‘--.-j rystallinity compared to colorless

MDPE. As illustrated "-' LS 2ol St ittt G S 12|l Nity Of cOlored MDPE

¥
i}

| ,r,,o while quite less (in the
melt blending technique compared to both PY83 and PR122. These results suggest

4
that the three (ﬂau mtw W Wﬁ’?rﬂﬁm?; phthalocyanine

blue (PB15), andjguinacridone red plgment PR122 have no sngnmcant influence on

- RANT W‘IIWI"J jT“Ei"’T&QETt cene
a good nlq: eator of the a—form ereas the quinacridone pigment as one of the best

nucleators of the B—form in polypropylene (PP) [59 - 60]. While the efficiency of B-

with PB15 is slightly quite

crystal nucleator decreases if the y—Quinacridone level is increased above an optimum
level of 10° wt-%. Also, increasing the concentration of red pigment then appears to
inhibit the formation of B-crystals. Likewise in quinacridone pigment, young's

modulus and yield stress increased with increasing crystallinity and increasing o.—crystal
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content, in contrast, elongation at break increased with increasing B content. These

results have been observed by previous research [70].

Dry Blending Technique
130 +
f 120 +
8
1’4
S
= Mot
. 0.0 phr
100 + + 0.1 phr
B 0.2 phr
C—3 0.3 phr
N 0.4 phr
90 4
130
120 +
Z
S
§ 1o+ 4
= L
- i
1007, i T | w01 phr
- 0.2 phr
.' B 0.3 phr
g . 3 0.4 phr
0 L

Figure 4.36 %Crystamity of colored MDPEs from dry am! melt blending techniques

The %cﬂt%n&ioﬁc?ﬂeﬂmg M&QQ@ and melt blending

techniques was e%ibited in Table 4.1¢'and Figure 433 and 4.36. Thegrresults show that
e AHARAIRUNATNEG

Co pression forces among compression molding process in sample sheets
may induce the packing enhancement of the molecules between plastic and pigment,
better than the pellets. As prior discussed in tensile testing (the effect of blending
technique and manufacturing process) [59], the denser packing has a small porosity
that might be resulted in the reduction of the spherulite size. It can be influenced to
improve the %crystallinity of colored MDPEs. However, further investigation is

necessary to explain the result obtained in this area.
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