NANUIN U

d
NsmsfSinssan

79



Hailatla anling an www sciencedinecLosm
Ill:l'llﬂ:l-@nmll:-'lr-

Pulymer Testing 25 (1006) 585577 =

POLYMER
TESTING

e
www chevienom Incalnipalyied

Product Performance fig

|'| alill

80

Final product testmg of rotational moulded natura]
fibre-reinforced polyethylene

F.G. Torres”, C.L. Aragon

Padyaiers asd Cowpeains Groap - POL YOO, ool Usiversir af Pera, Lima 17, Frow
Receivad ¥ February 2006 aocepled 24 March 204

Mbstract

Tee process of rowtional meoaking of metural fbre-reinforocd polymers (MFREP<) has bren developod rooemtly EY
POLYCOM. This process allows for the use of discrete navaral fibres a5 as efficient reinforcing agent for thesmoplastic
neateiees. In 1hes way, holaw obgecss with accepozhle properises can be produced. The results from didferent experimental
tests carried o on samples daken from relomoolded cviimders ane prosented in (Bds paper. Mecharscal tets, such ax
tensile. compresson, impad, dorp drawing dnd resevery were performed in order o cherscterise unreinforced asvd
reanfareed netarzl fibre samples. Ocher properiies, such as environmental stress cracking resistance (ESCR) amd shrinkage
were also nssesmed. The resuhs abtzined imdicate thal, in most cises, the propertics of narnural fibme-reinforeed composine
are superior b thoss af the anreinfapeed eaes, L some cass, however, lower mechanical propenies have beon reported for
the remnfareed specimens. The esting methedology described here can be used to assess 1be properies of both reinforos
and unreinforced rotomoulded produscts.
i1 2 Elsuvier Ll All mghits reserved,

Kevwards Malural fibres; Reaforrement; Rotanonal mealding: Mechanizal propenies; Physical progeriics

I. Introdection

Rotational moulding is a fechnigue wsed mainly
For the manufactore of hallow plastic paris, Tyvpical
rotational mouolding products are toys, balls and
slorage tanks. More receatly, the rotatienal mould-
ing of high-deasity pelyethylene has pained con-
siderable importance, due o ils proven advanlages
in the manofaciare of hollow plastic products.

“Comsparnding sathor. Depanmoni of Mechanical Engmoer-
g, Peanfica Univerddad Cavclica del Pers. Avw, Lniversilazi
Cdra 8. /n. Lma 22, Pero
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There bave boen only a fow wehnclogial develops
mients in rotationnl moubding and the knowledge of the
provess has esenially been based oo trial and error,
Mot many studies have been carried cut to understand
the underdying princples that govern this process [1-8],
In that sense, powder processng of metals mﬂ
cermics has been the sabgiel of more detailed studies
and several models have been proposed 1o explain thi

different types’ of sindering procsses that cofar 1A
industrial operations. In the palymer fisld, Brvwever,
there i still discwision whether sntérng or coalescence
iz the governing processs in fhe  retomoudding
bechmique. Moreowver, no consisient nsdels have been
produced o explan be processes of multcompongnt
or mulliphase sintering with polymirs.
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In order to understand the snlenng process,
Gao and Mackley [8] and latec Wu et al, [9] studicd
the different stages that occur during sintering
of UHMWPE. Two main stages have been differ
entinted in the process. The first stage consists

of the “sccommodation” of the irregular particles : .

under pressure and above the melting temperature,

50 that all lirge’ voids are removed, The isecond: !
stage consists of the self diffusion over t.hethl_c 1
molecular length—and not just over the Jength of -

chain-ends {9], The smlcnng behaviour and the
bubble formation process in rotomoulding have
also been studied by Crawford et al. [10,11).

The work presented in this paper is part of a long-
term rescarch project started at POLYCOM-PUCP
that studies natural fibre-reinforced  polymers
(NFRPs) [12-19). It studies the characlensation
of natural fibre-reinforeed and unrcinforeed poly-
mer samples produced with the rotomoulding
technique,

Natural ptant fibres have been used in the past as
a reinforcing material for different types of matrices
{20-23}. In recent years, attention has been paid to
their use as a reinforcing matenal for thermoplas-
ucs. In particular, the automotive industries have
shown interest in the advantages that this type of
fibre-reinforced system can provide [20,21]. The
advantages of biofibres over traditional fibre re-
inforcements, such as 2lass fibres, are: low cost, low
density (good spacilic propertics), reduced wear in
processing equipment. high toughness, biodegrad-
ability and “'ecological friendliness” (sino they can
be produced from rencwable resources).

2. Description of the NFRTP rotomoulding process

In a previous paper we introduced the rotomould-
ing process for NFRP systems [12,13]. Briefly, a
cylindrical two-part staindess-steel mould is loaded
with polymer powder or polymcr and Gbre together.
Then the mould is rowated in two axes at relatively

low speeds (usually 10-30rpen in industrial opera.
tions) while being heated, so that pamdeoonsolida
tion can take part. Then the mould uoooleddnwn
and the product is extracted from it. ‘Before loading
the polymer or polymer composite, a demoulding
ageat is applicd ro the internal susface of the mould,

Heating was achicved i a chamber fitted with
heat-ressstant glass pancls, by means of a Leister hot
air Blower. Rotation i the first axis was achieved
with an ekctric DC motor, so that speed could vary
over the processing cange. Rotation in the secondd

axis was achieved by means of a bight weight gear
box that transmitted the movement from the first
axis with a controlled transmussion rate, The
rotating speed in the first axis was registered with
a tachometer.

3, Experimentsl
10 D=7
3.1, Maerials

Rotomoulded cylinders were made of HDPE
powder with an MFI 2.8 (1%0°C/2.16kg). Powder
morphology was nop-spherical. Cabuya (Furcraca
Cabuya) and sisal (Agave Sisalana) fibres with an
average kngth of about Smm were added as
reinforcement at concentrations varying from 0%
10 7.5% by weight.

3.2. Sample preparation

Previous to the experiments, the fibres were
treated with non-onic soap at a conceatration of
3% v/v at 65 °C for | h with constant agitation. The
soap was then washed out with water and the fibres
weee left for 24h in an oven at 65°C. Next, they
were treated with 0.3 g of stearic acid dissolved in
Oml of acetone for every 10g of fibre used [19).
After the acetone had evaporated, fibres were dried
again for 24h at 70°C, Silicone was used a3 a
demoulding agent. The composite cylinders were
prepared as follows: A first load consisting of the
first layer of HDPE and sll ranforcing fibres was
rotamoulded for 10min at 170 °C. After the process
was completed, a second load of pure HDPE
was added 10 the mould, This second load was
rotomoulded for 10min at 170°C. The mould was
cooled down with a fan for 10 min, At this stage, the
cyvlinder could be demoulded.

Double-layer  cylinders were produced  when
reinforcing fibres were used. Single-layer cylinders
were produced, when only pure HDPE was used. .

. Table | prmnudnhadsofmmmluscdm(he

3.3. Testing methods

Mechanscal and  physical tests were carried
out with the specimens processed at different
conditions. The mechanical 1ests considered were:
tensile  strength, impact, compression, mdeata-
tion and recovery. Other physical properties such
as shrinkage, environmental stress cracking resis-
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fance (ESCER) thekoess and deesity were also
performed. ;

Ore of the advantages of the rotomoulding
procees for MERTP: is that an almost isotropse
caberent fibre mal s formed. I previows works we
have found that for spesimens preparsd using this
fechnigues, the offect of anssotropy on mechanical
properiies was nol oo significant [13,18], For that
reason, in the present work all specimens have boen
taken froen 1he same direction,

A0, Tensile sieengih

Thi: sansples used for th tests arg shown in Fig, 1.
The specimen dimensions were: a = 2= 107" m,
h=80x 107 m and ¢=3% 10 m. They were
obdnined from the cylinder wills, The tests were
carried gul in oo Hoapsfield tensibk: dester at ropm
condifiens and At o speed of 322 o The
ultimate bensile strength (UTS) was obtained from
this resr,

322 Impact

[mpct steengl tests [24] wers carried oul uhing 2
65] Hounsfield nalanced mmpact maching, Unnortehed
specimens with dimensions a = 132107 m, b=
48 107 m and e 3 107 m (see Fig 1), ob-
tained feoin the cylinder walls, were used in this test.
Fig. 2 shows the comfigaration used m the teste, .,
3335 Compresson et TR T

Compression tests werne carried dul 10 2 aniversal
testing machic: manufactored by MLEF: A feos
moalded  cylinder wos compressed in s axial
direction, s shawn i Fig 1 Magimum Joed atl
Commpression aisl maximam compresseen load with-
out plastic deormmabon were pecorded in thes:
capermenls.

Fig. 1. Spesmen proserry for pemslle pees (eirigs were cul fram
the walsh -

Fig 1 Test dwposition for impest festy

U

%

1

Fig. 1. Cosagesition pan schame,

134 fnedpurasion

Erslenzation pesss were carried pulb wing a “deip
drivwing  machane™  fied  with 8 (steel)  sphone
{9« 10~ in diameter. The specimens wene abiaingd
froms the lids af the rotonsoaldsd cylinders. daximal
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méentation depth was measured belore 1he speoimen
broke. Fig. 4 shaws the arrangement wsed for this test,

J3.3.5. Recovery

The recovery test measures the clastic recovery of
a rotomoulded cylinder. The specimens were cot-
pressed by 20% in the same machine described in
Section 3.3.3 at a speed of Imm/min. Then, the
recovery of the elastic deformation was measured as
a function of time (see Fig. 5).

.

3.3.6. Shrinkage
The dimensions of the cold rotomoulded cylinder
were compired 1o those of the mould. Results were

expressed according to

Sy = P~ ¥m 100%, (1
®m

where S, is the percentage of shrinkage, ¢, is the

diameter of the rotomoulded cylinder measured 1h

after demoukding and ¢, 15 the diameter of the

mould.

3.3.7. ESCR

This test records the “premature” onset of crack
formation and weakeping of a polymenc compo-

o JE

Cyinder 1K

Frz. 4. [ndentation fest scheme,

besphe

200

Frg. 5. Rexvevery 1est schame.

ligte

(e

acnt due to the simultancous action of stress {or
strain) and conlacl with 4 lemsouclive agent.
Samples from the cylinder walls of size 0 =13 x
10°m and b=38x10"m (scc Fig. 1) were
extracted; 10 samples were used for each test,

The samples were conditioned at lsboratory
teeperature (23°C) and atmospheric pressure for
40h before the test actually begun. The samples
were then notched to a depth of 0.5 x 107 m, bent
through 180° and tramsferred 10 @ metallic specimen
holder {26]. The holders were introduced into test
tubes filled with Nonyl-Phenol, a tensoactive sub-
stance, with a concentration of 10% vjv, The test
tubes were closed and submerged i @ heating bath
at a temperature of S0°C. Every 24h, they were
inspected to record any crack in their surface. The
proportion of the toial number of specimens that
failed (presented cracks) was recorded as a function
of tme.

3.3.8 Thickness

The thickness in different parts of the cylinder
was measured using & vernier calliper. Three zones
were considered for the readings: walls (10 measure-
ments), upper lid (five measurements) and lower lid
(five measurements).

3.3.9. Densiry

The displacement method was used n order to
assess the density of the rotomoukded specimens
[27], A circular sample (20 x 10~ m in diameter)
was extracted from the walls of the rotomoukled
¢ylinder, In order 1o avowd the absorption of
water, the sampks were completely covered with
Teflon™ Blm. Density was calculated. according 1o

Eq. (2) [27):

Q
Da ([@+w)y—2&
where a is the apparent mass of specimen, without
wire or sinker, in air, b the apparent mass of
specimen  (and “of sinker, i used) completely
immersed and of the wire partially immersed in
liquid and w the apparent mass of totally immersed
sinker (if used) and of partially immersed ware.

0.99756 (kgm™ x 107%), (2)

4. Resalts and discusxion
4.5, Tensile strength

As it can be seen in Fig. 6. sssal and cabuya fibres
merease the UTS of the composite materials
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compared to unreinforeed HOPE, This eadency is
in aprecment with peevious sesulis reporied for
natural fhre-reinforced compesites [16,350-23.25)
and for long glass fibee composites [28,29] In
general terms, the increase in UTS i modest for
both types of retnforcing fibres. As Fig. 6 shows, the
bntp:ftﬂmmmnbumdfwﬂbm fibres at
a concentration of 2.5%, dropping sharply at 5%,
even below that ufmqinl'un::ﬂ HODPE. On the
other hand, gisal fibses deceeased the performance
of the materizl at & concentration of 2.3% bui
enhanosd it ai 5%.

Low mechanical properties at Iugh fibre contents
are modtly assoctated with the presence of fibee
clumps and  voids, Reinfercing  discrete  Gibres
increase the viscosty of tbe polymer matrix, This
phenomenen las besn reported for glass fikres (]
as well ps for matural ':El:mb (3], An ipcreased
viscosily might abso contribute ta the Formation of

13

fibre contend (5% wiw)

wi reitfonsal aid

g, & Ulomain tepsile deenplh (LTS
urrzinfceeed specimens

clumps dunng melt processing of natwral Ghee
compesites. With an adeguate fibre treatment, this
problem is redoced in the sotational moulding
p{mquFRTF:.

4.2 Iempaei

Fig. 7 presests the resubts for this fest. As fibre
comient increases, the matnx becomes more brittle
and the ability of the matesial fo absorb impact
eneTgy decreases whatever the fibre used. Cabuyn-
remforsed HDPE absorbs more impact ¢nergy than
sital-reinforced HDPE at the same Ghre content, A
reduction of 53% In the ability to absorb energy is
observed for siml-reinforced HDPE at 7.5% fibee
conteat selative to warcinforced HDPE. Fig &
shows an SEM photograph of 3 sample of 2,5%
asal-reinlorced HDPE at the bmpsct Tracture 2one.
The twodpyered strocture already described in
Sectron 3.3 [sample preparation) is visibie hese. In
the unreinforeed region, whers bubhles are present,
the marpholagy af a dectle fraclure can be
observed, On the other hand, the reinforcing fibres
induce heattle fracture behaviour, as abown ia Fig 9.
The same fractare patterns are shown in Fig. 10 for
cabuya-remfarced HDPE.

4.3, Compression

A typical compression graph (stress v, sl
sirain} showing the maumam compression load
(the highest point in the curve) ard the maximum
elastic compresivon load 14 presented in Fig 11, The
maximam clastic compression Innd cormesponds Lo

% fikre conberd

Fig. 7 Akaoreal impa eacrgy [ peirdorced and unrginforced specimens
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weinfurced brver Unreinforced layer

Fig. K. SEM fractegraphy for 3 sisal-reinforced spocimes

Fig. % SEM Faclogmephy lor 3 sselroaleced specimen
shiwing Bbee Frasiure,

the paint in the curve in which the increass in strain
15 no longer propartienal o the increass in st

Fig, |2 pives the maximum compression lead far
sisal- amd cobuyieranlorond HDPE, Dt can be
ahaerved (Fig. 121 thod higher libre conbents
correspond 1o lower conspression kpads for both
Ly ol reaforcmg Hbies

revaloued laver

Fig. I SEM fractography for o cebayareinforesd specinses

Mugarraire baad g
COETprEET

Sdastmur compreizion lmed witewt
shice e Fedoniiio

L Typical Jead ve deformaton graph obizmed w0
Ipes=on Lo,

Sigel-reinforesd HDPE specimens have shown
wier  performance in the compressoen modc
compared 1o the cabuva-reinforced ones. This
serddency was not found in tensile and impact LeLs
Fig. 13 shows the maximism compression clasti
foad. For a fibre content of 2.5%, siml-reinforced
HIOPE shows no decriase in ths valiwe asd cabuya-
reanforced HDOPFE only a 4% decreass with regand Lo
the unreinforoed specimens. In Fig. 14, the diffarzn
iepddencies in the  stress-straim graphs can be
eerved For different fibre contents. By mcreasing
Gbre content, the vicld zone can be found at lower
sads, This mesns that fibres actually modify the
mechamieal properies of the polymer matrix
coucing the elastic region and indusing the forma.
lion ol longer plastie regicn.
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i

Fig. 14. Comprossion vs delormalbion grapls oblsised for
dafTereni fbre types asd conlenls

F4, Tmdonyirion

As shown o Fie 15, sislnanfosced HDPE
spegimens show preater adentation depths com-

pared 10 the cabaya-relaforced enes. 11 is shown
that by increasing fibre comtent, reinforeed speci-
mens tend to produce lawer mdeatation depths.
This irdicates thet the coherent fibre network
increases the slfness of the composie. The
abserved iepdencies are in agreement with dafs
from Fig. 12, which shows that sisil-reinforoed
specimens withstand hipher compression bpads ai
twer deformation levels.

4.5 Recovery

It can he observed (Fig. 16) that far most Gbee
contteats, the rotomeounlded cylinders recovered their
onginal dimension affer 14&lmin, with cabuyi-
reinforced spectimens showing the fastest response
Howewer, for a fbre coment of 7.5%, sl
reinforced HOPE specimens showed a lower recov-
ery response comparsd bto the unreinforosd gacs
This might be due to postible fbse breakage during
compression. In peneral, the Gbre-reinforoed spoc-
mens showed 3 more consistent elasic behaviour
than 1k unreinforced ones. This might be due 1o the
formation of n cobereot Bbre mat durmg the
retomoulding process. Fibre mat morphology for
this process has been reported . previously in the
Titerature [13,18). Dynamde- mechanical bnalyss of
long glass fitre-reinforcesd polypropyleas shesis has
shoan that the Eormation. of coherent mats en-
hances the elastic behavicur of the composite [29],

L Shriufage
Fiz. 17 shows the percentage shankage, derived

froan B {10, s a Tunetion of Gbre content 10can b
pisrved that with increasing fibee content the
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Fig. 15 Madmum indeatation depth for eeinforced and unremforced specimens.

Ny

Time (minutes)
0.1 1 10 100 1000 10000
500 . -
- '---- --.‘j
g ®
% —
B =
# ~>= HOPE
o 2.5%sisal
0 58 sisal
o |7, % 7.5% sisal o
3 o 2.5%cabuys
~e= 5% cabuya
m i

Fig. 16 Perceatage of racovery measured for ranforsed azd sarcisforcnd specimens.

peroentage of shrinkage decreascs, whatever the
fibre used. However, there is a slight difference for a
fibre content of 2.5%, where sisal-reinforced HDPE
specimens showed Jess shrinkage than cabuya-
reinforced ones.

"—4—5:{3!’ = cabuya |
4.7 ESCR o mpa—y
0 1 2 3 4 5 S 7 g
% Nore confent

In Table 2, it can be observed that as fibre content
wereases, the rate of appearance of crucks nses for
the first 48 h, This observation applied for both

Fig. 17. Shrinkege measered for ranforced and unreinforced
spocens.
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types of fibres, Mo sgnificant difference was
ohserved between asal- and  cabuva-reinforced
spocimens.

'HEI. ]'J!Hd:.'rm

I mhﬁmmmaﬁu&m
walls were-always-thinper than the lide (F% Jes
compared “to the mean valoe for unreinforced
HOFPE and beéraeen 4% and % for reinforeed
HDWPE). For gisal- (5% and 7.5% ww) and cabuya
(5% and 3%  wfedasinforced speclmens, an
incremment in thickness with increasing fikre content
can be observed,

4.5 Density

Fig. 18 presents the resalts from the density tests
for sisal- and ceboyasreinforeed HDPE specimens.
IL can be obssrwed that density actially decreases
with increasing fibre content, whalever the fibre
used. This might be duc to the fact that natural
fibres ‘sct 85 a nucheating agent for bubbles and

Tahk 2
Reesuhs (numteer of cracks) from ESCR caperimenl

Time (b} Flomber of cracks
HOPE = 184 5% Ti%  1.5% e
dsal  sel  wmal cbuya o clbeya
[ <] 1 1 i ! F
24 1] 1 ] ] K] 4
45 5 4 ¥ B ] 5
P E . ¥ L] L] &
] 1 In L3 9 a ¥
120 19 1] m L]
Takie 3

Hﬁumd,ﬂ-ﬂilﬂll-ﬁﬁ.mtpnhﬂm of 1he nesomoulded

Sl CTaE e oty

e P L LL ~ Mdin

I mm) " ) fmm} )
HOFE L) % 34T 1.1
2.5 el 184 k28 aa 3
4% sizal k1 H L3 ERY 1at
1.5% sial 4% 1id 1% Lig
154, cabuya £k 13 140 138
i cabuya kXD ks 154 L

W= wall; UL = uppes Bd; LL = lower (1

L]
= =
-
7]

o

E

E

= kAR

Eﬂ-

= .

£ ome '

oy 1 - . g Litig
% fibre comlent

Fip 1E Densiies measwed Fr ceinfonsed and uresinfoned

specimers, st

pores [32], accounting for the increass in parasity
with sintering time,

3. Coadsdons

The mechanical propertics of MFRPs processed
by rotationnl moulding were characlerised using
severa] mechanical wegts, Some selovant physical
properies were also investigated.

The mechanical and physical properiies of fibre-
reiaforesd composites vary considerably with fbee
content. Tensibe streagih results indicated thai,
depending on the fibre fype, there &5 an oplimal
fibre content For which Gbre-reinforesd composites
show the best properties, Beyond this aptimal filire
contenl, tensibe stiengih  decresses due to the
imcreassd presence of hubhbles and veids o the
Cimpses.

Impact behaviowr wus influznced by fbse ype
and cantend. Cabuyva-reinforced composites showed
higher impact strengths than the sisal-renforced
ones. In all saees, mpact strenpth decreased with
increasing fibre confent,

Recovery tests showed that the coherent fibre
mats formed during the rotomoulding  procsss
madify the elastic propertis of the polymeric
auateix. The resulting composite products show kss
plastic deformation and higher elasticity, accompis
nved by shorier pecovery timas,

El:ﬁlhlg:m:m'ﬂm:dmahﬂnhmh'glﬂ
the nataral fibre composites stodied bere decreases
ak fibre content incTeEage.

At higher fibre contents, lower densitics. were
ohigined, mainly dee o the formation of more
voids and bubbles during the rotemaulding process.
The testing methodaboey deseribed here can be wed
b assess The propertics of both reinforced and
unreinforced rotomoubded products, A set of these
tests may be suitable for mechanical wsting of final
potomoukded pro<ucts, or they could be combined
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with specific physical testing such as ESCR, thick-

ness measwrement 2nd dersily,
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