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Analysis of failure mechanisms in
platelet-reinforced composites
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The short-term mechanical strength of platelet-reinforced polymer composites was
modeled using classical two-dimensional stress-transfer analysis. The stress field in the
platelet and at the platelet/matrix interface was described in the presence of a matrix crack
perpendicular to the interface. Modeling takes into account the tensile strength of the
platelet, its adhesion to the matrix, and also considers the internal stress state resulting
from processing. Platelet rupture and interface delamination were considered to be the two
key failure mechanisms, depending on the ratio of platelet strength to interface strength.
The transition between the two failure events was predicted to occur at a critical platelet
length, the value of which depends on the elastic properties of the platelet and matrix, on
the platelet geometry and strength, on the platelet/matrix adhesion, and on the internal
stress state. The approach was applied to the case of low volume fraction silicon oxide
platelets/poly(ethylene terephthalate) composites, where the size of the platelets was
accurately controlled either below or above the predicted critical length. Compression
molded composites, with perfect alignment of the platelets, and injection molded
composites, were prepared and tested. The toughness of the compression molded
composites was found to be accurately predicted by the strength model, with a 100%
increase in the case of platelets smaller than the critical length compared to larger platelets.
Injection molded composites with platelets larger than the critical length were found to fail
without yielding. By contrast, when the platelets were smaller than the critical length, the
injection molded composites exhibited excellent ductility. The general agreement obtained
between the predicted and observed toughening transition shows the importance of filler
size and stress state on the strength of platelet-reinforced composites.
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1. Introduction for microelectronic devices. In these functional appli-
Platelet-reinforced polymer composites are used ircations, multi-material integration generates complex
a large variety of products, including high-voltage internal stress fields and interface defects which are
electrical insulators where perfect alignment of micalikely to limit the device performance. The identifica-
platelets is required. They also find applications simi-tion of the relevant failure mechanisms at interfaces is
lar to those of fiber-reinforced composites, with the ad-more and more recognized as a key factor for ensuring
vantage of in-plane isotropy over aligned fibers, how-functional durability, particularly when the devices op-
ever with somewhat reduced strength [1-5]. Ceramierate at the micrometer scale (see for instance ref. [6]).
fillers with well defined platelet morphology, such as Whether in structural or functional applications,
mica and A$Os, or flake-like shape, like talc and the development of polymer composites goes along
CaCQ, find widespread use as they often provide thewith the need to predict their mechanical reliability.
advantage of reduced cost while improving stiffness,The mechanics of polymers reinforced with particu-
creep resistance, and reducing the coefficient of therate inclusions have been extensively detailed, and it
mal expansion. The issue of recycled polymers is als@ now established that both the size of the filler and
frequently related to contamination problems with non-stress state affect the elastic properties of this class of
polymeric impurities, which adversely affect the per- materials, as reviewed for instance in reference [7].
formance of the reprocessed material. The planar gedowever, the numerous filler/matrix combinations and
ometry of the platelet/polymer interface is also relevaniprocessing techniques currently available, together
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with the often complex geometry of the manufactured
product, makes it very difficult to accurately predict the
composite strength. The manufacture of any composit
material inevitably generates inhomogeneous stres
fields and gradients in structure, resulting from poly-
mer flow, pressure, and temperature fields. Their effec
on strength and durability & priori unknown. In par-
ticular, a central concernin strength analysisis the stres
transfer between the matrix and the filler. This issue ha
been studied by many authors in the case of fiber rein
forced composites [8-21], and, to a lesser extent, in the
case of particle reinforced composites [22—-32]. Most
of these works are based on the classical shear-lag thEgure 1 Geometry used for the stress transfer analysis (after reference
ory developed by Cox [33] for fiber geometry. The case®
of platelet reinforcement has been examined in detalil
in the field of metal matrix and ceramic matrix com- and the interfacial shear stress, at the same point:
posites, particularly when reinforced by 83, TiB;
or SiC platelets, but to a far less extent in the case of explpy) — expqy)
polymer matrix composites [5, 34]._ _ ™ 34“/"70[ expt) + expol) }
Based on the shear stress acting at the interface,
and on the axial stress acting on the platelet, a mode|here
is proposed in order to analyze the failure mecha-
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nisms of platelet-reinforced composites, taking into ac- 1 3[aE, + (b — a)Ex]
count the platelet length and the process-induced inter- =% 2a(l E ;
nal stresses. The approach is applied to silicon oxide (b—a) L+ vm)Bp

platelet-reinforced poly(ethylene terephthalate) com- i ) ) )
posites (PET/Sig), compression molded or injection Em being tf‘e elastic modulus of the matrix; being
molded, with diluted oxide platelets of different lengths ItS Poisson’s ratiok, the modulus of the platelet, and

and orientation.

V= aE, + (b— a)En’

2. Strength analysis of platelet-reinforced

composites Th . tensile st d . h
The first two-dimensional elastic stress transfer analy- € maximum tensiié stréss,o, and maximum shear
tressz.., in a platelet of length 2t, appear at the center

sis to model the mechanical properties of platelet fiIIed'S]c h icl datits ed velv. The f
materials was proposed by Tyson and Davis [35], basefl (N€ particle and at its edge, respectively. The former

on the shear lag model developed by Cox [33]. How-'S obtained from Equation 1, taking=0:

ever, the shear stress at the platelet/matrix interface pre- 5

dicted by Tyson and Davis was found to be much lower Ooo = 1/,(70[1 — }

than that measured experimentally. The following ap- exppt) + exp(=gt)

proach is based on a more effective two-dimensional 1

elastic stress transfer model which was derived more = 1#00[1 - m} 3)
recently by Hsueh from the stress equilibrium equation

for platelet reinforcement [5, 34].

and the latter from Equation 2, taking=t:

2.1. Elastic stress transfer analysis at the exppt) — exp(—got)
platelet/matrix interface Too =3‘PWUO[eXp(¢t) n exp(—<pt)} = apyrog tanhfpt)
The stress transfer between the matrix and the platelet (4)

is derived from the equilibrium equation between the
axial stress in the platelet and the shear stress at the
platelet/matrix interface [36]. The geometry used for2_ 2. Failure mechanisms at the
this analysis is shown in Fig. 1. A platelet of length platelet/matrix interface
L =2t and thickness 2a is embedded in a matrix eleThe following analysis considers that the platelets pos-
mentwith Iength 2u and thickness 2b. The tensile Stres%ess a perfect_p|anar orientation in the Composite mate-
oo, is applied in the y direction. Assuming that the endsyja|. The approach used to model the strength of such a
of the platelets are not bonded to the matrix, whichcomposite with transverse isotropy is based on the crit-
implies that all the stress transfer happens through thg.a| element model developed by Reifsnider [37, 38].
interface, the axial stress in the platetetat a distance  The failure of the critical element controls the failure
y from its center, averaged over its thickness, is writterpf the composite part, and is chosen identical to the
as [9]: single-platelet matrix element used for the stress trans-
fer model, shown in Fig. 1. In this geometry, it is clear
5= yo [1 _ explpy) + eXp(—‘PV)} (1) that a crack initiated perpendicular to the surface when
explpt) + exp(—ot) the composite is loaded in flexion will reach a platelet.
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Figure 2 Schematics of the stressfield in the vicinity of a matrix crack tip 8 \ 7

perpendicular to the platelet/matrix interface, when the matrix element
is loaded in tension. 6 2 =

0-cracklo- 0

At this point, and depending on the stress state and or i
the strength of the platelet and of the interface, thecrack  »

moves further, crossing the particle, or deviates, and °
causes delamination at the interface. The stress stat
acting on the platelet at the crack tip, as sketched in \
Fig. 2, not only depends on the platelet length, but also 1 e

2
1

-
N
w
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on the distanc& between the crack tip and the center
of the particle, i.e., on the lengths of the platelet parts
lying to the left and right of the crack tip.

On the one hand, the platelet axial stress at the lo-
cationY of the crackocrack is determined by the ax- 0.8
ial stress state in both parts of the platelet. Due to the
asymmetry of the loading geometry with respect to the
y-axis, an accurate determination @f,cx would re- 0.7
quire numerical methods, which is outside the scope of
the present work. Alternatively, one may consider up- . ‘ , ‘ |
per and lower bounds to the stress state. In the formet 0 1 2 3 4 5
case ocrack IS equal to the sum of the maximum axial Distance between crack tip and platelet center, Y (um)
stresses acting on each part of the particle:

0.9

Terack / Go

Figure 3 Normalized platelet tensile stress (top), and platelet/matrix in-

1 terface shear stress (bottom), at the crack tip as a function of its position
Ocrack = Vog| 2 — with respect to the center of the platelet. The values were calculated for
coshp - (t —Y)/2) a polyethylene terephthalate (PET) matrix and a silicon oxide {SiO
platelet, with properties as indicated in the text. The numbers in the
. 1 (5) figures correspond to the platelet lengthum.
coshp - (t +Y)/2)

ness 2a 100 nm, the ratio b/a being fixed to 10 [5].

. . This material system will be used to test the model pre-
the aver tr ting on h part of th rticle,” . L . .
© average sresses acting on each part o fhe partic iction, and is detailed in the experimental section. As

with the further assumption of a symmetric loading ge_§hown in Fig. 3, it is evident that, in the case of SIO

ometry, i.e., two cracks are present on both sides o . ;
the platelet at the same locatioh It was found in platelets smaller than/gm, the tenS|_Ie_> stress inthe par-
cles strongly depends on the position of the crack tip.

fact that these two bounds lead to differences of Ies% ) o
y contrast, for larger platelets, the crack tip position

han 5% in val for platelets longer than ap- .
prox. 15, Sinoe the efect of such smailifferences 1Y affecs the tensile stress when the crack appears
lose to the edge of the particle. This trend is even

on the calculated composite strength is less than th8I hen looki t the sh ¢ i t th
typical experimental scatter, the following will only clearer when looking at the shear stress acting at the

: interface in the vicinity of the crack tip, which shows
E%Eigg; t5h.e upper bound approach, as expressed E#é dependence on the crack tip position for platelets

On the other hand, the largest shear stresses actinglg{ger than fum.
the interface in the presence of a crack, lie on the side
where the crack is farthest from the platelet edge: 2.3. The critical toughening transition in

platelet-reinforced composites
Terack = apyoptanh - (t 4 Y)/2) (6)  For a given platelet length and crack tip position, it is
possible to determine the failure mechanism that will

The profiles of Equations 5 and 6 as a function of crackgovern the rupture of the composite by comparing both
type distance from platelet center are shown for dif-the tensile stress in the platelet derived from Equation 5
ferent particle lengths in Fig. 3. The profiles were cal-to its strengthgmax, and the shear stress calculated from
culated in the case of a poly(ethylene terephthalatefzquation 6 to the interfacial shear strengthWhen
(PET) matrix, of elastic modulugk,,=3.7 GPa and a crack reaches a platelet, four different cases can be
Poisson’s ratiov, =0.3 and a silicon oxide (SiQ identified, depending on the stress and strength states
platelet of elastic modulukp =79.9 GPa, and thick- at the crack tip:

In the latter casegcrack Would be equal to the sum of
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i) Terack< T @Ndocrack < omax- INthis case, the crack platelet aspect ratios ranging from 5 to 1000. The same
does not propagate since the stresses acting on platefgrameter values as those shown in Fig. 3 were used.
and interface are smaller than their respective strength#t. is obvious that the ratio between the tensile stress

i) Terack= T andocrack= omax- IN this case, both in- in the platelet and the interface shear stress decreases
terface shear strength and platelet tensile strength adrastically with decreasing platelet aspect ratio. Con-
reached at the same time. This situation which does natequently, there exists a certain platelet length below
allow for the determination of the failure mechanism, which the condition for platelet rupture is never ful-
is obviously very unlikely and has been disregarded irfilled, and in this case rupture always occurs through
this work. interface delamination. Further, except for very small

iii) Terack< T @andocrack= omax- INthis case, the plate- particles, a strong dependence on the position of the
let strength is reached before the interface shear strerack tip is observed.
ngth, and the crack propagates by rupture of the platelet.

This condition is written asocrack/ Terack™> Omax/T»

which, using Equations 5 and 6, gives: The right hand side of Equations 7 and 8 repre-
sents an intrinsic property of the platelet/matrix sys-
[2 1 1 ] tem. The strengtlryax Of brittle reinforcements has

- - often been modeled as a function of their size, fol-
cosh - (t — ¥)/2) _coshb - (t +Y)/2) lowing Weibull statistics [39], whereas the interface
aptanhp - (t +Y)/2) shear strength is usually derived from adhesion tests

o Omax @) (e.g., reference [40]). Assuming a constant value for
T t and a Weibull dependence of the platelet strength,

) . ~as was determined in a separate work [41], the ra-
V) Terack= 7 @Nd ocrack < omax. IN this last case, in  tig oy,,4,/7 decreases with platelet length, whatever the
contrastto the previous case, the interface shear streng{fjeibull parameters and the value of the interface shear

is reached before the platelet strength, and the crackyength.
propagates through interfacial delamination. This con- For |arger platelets, the position of the crack tip with
dition is written asrcrack/ Terack < omax/ T, Which, Using  respect to the center of the particle will influence the

Equations 5 and 6, gives: failure mechanism, changing from platelet rupture to
interface delamination when moving towards the edge
[2 _ 1 _ 1 ] of the particle. Considering that the crack appears at a
coshfp - (t —Y)/2) coshp-(t+Y)/2) random location, the probabili§ of the failure mech-
aptanh@ - (t +Y)/2) anism occurring through particle rupture is calculated
Omax from Q =t/Y,, whereY; is the crack position that sat-
< = (8) isfies the following implicit equation:
The left hand side of Equations 7 and 8 is plotted in 1 1
Fig. 4 as a function of the distance of the crack tip from [2 - - ]
the particle center, normalized to the platelet length, for coshfp - (t — Yo)/2) coshg - (t + Yo)/2)

aptanhg - (t + Yc)/2)

[of
15 : : : : = = (9)
1000 T

20 This probability is plotted as a function of platelet
100 length in Fig. 5, using the case of SiPlatelets in PET,
1oL for which experimental values of strength and adhesion
had been determined in a separate study [41,42]. It is
30 clear that, up to a length of approx. 2in, the prob-
ability of failure through platelet rupture is zero, i.e.,
delamination of the interface will occur whatever the
position of the crack. At higher lengths, this probabil-

Cycrat:lfl:crack

e 1 R — ity rises very rapidly, to reach 50% below 22n, and
90% below 4Qum. In the case of the PET/SiQystem,
5 the platelet lengths, at which the transition between

platelet rupture and interface delamination occurs is
thus very clearly in the vicinity of 2lum. For com-
0 ' ' ' ' parison, the lower bound approach to the platelet stress
0 01 0.2 0.3 0.4 %5 suackdescribed in the previous section leads to a value
Normalized distance between crack tip and platelet center of & equa| to 22.5um. In case of other material com-

. . . binations, the critical length at which this transition
Figure 4 Ratio between tensile stress and shear stress at the crack tl{l’\lOUld ocecur should be determined from Equation 9
shown in Fig. 3, as a function of the crack tip position with respect to . oL . ’
particle center, normalized to the platelet length. The numbers in thel NiS marked transitiong, will be referred to as the
figure correspond to the platelet aspect ratio. critical toughening transition.
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100 ' ' , crease of interface shear strength. It is obvious that the
critical toughening length is highly dependent on inter-
nal stress. Such process-induced stresses are therefore
80 7 likely to change the failure mechanism acting on the
composite.

sor i 2.5. Tensile strength of platelet-reinforced

composites. The case of platelets
smaller than the critical
toughening length
The composite strength when the platelets are smaller
than the critical toughening length is derived from
Equations 6 and 9. In this case, which always corre-
sponds to the interface delamination mechanism as was
shown in Fig. 5, the interface stress depends to a large
| 1 \ | extent on the position of the crack along the platelet
0 20 40 80 80 100 length. Assuming a random situation, the strength of
Platelet length (um) the composite is calculated as the average over platelet
Figure 5 Probability of platelet rupture as a function of platelet length length of the shear stress generated at the crack tip:
in the case of a polyethylene terephthalate (PET) matrix and a silicon

40 1

20 1

Probability of platelet rupture, Q (%)

oxide (SiQ;) platelet, with properties as indicated in the text. T4+ 7 t _
ool < &) =250 [ Tranhly - -+ )20y
aLoy Jo
2.4. Effect of process-induced internal T+ 7 _
stresses on failure mechanisms =4 2w[|09 sinh(pL /2)
The internal stresses which develop in the different (p
phases when processing the composite material act in — logsinhpL /4)] (10)

compression on the platelets, and in tension in the ma-
trix, in the vicinity of the interface. In the presence of a
crack, the stress relaxation in the matrix locally induce?-6. Tensile strength of platelet-reinforced
tensile stresses in the particle, which add to the applied ~ composites. The case of platelets larger
stress. The increase of interfacial shear strength, result- ~ than the critical toughening length
ing from higher compressive internal stress [43], will Similarly to the above case, the strength of the com-
obviously affect the value of the transitignTo investi- ~ Posite with platelets larger than the critical toughening
gate the relation between internal stress@rtie RHS  length is derived from Equations 5 and 9. However, this
of Equation (9) is rewrittermay/(t + 1), where thein-  Situation is more complicated since the probability of
ternal shear stresswas found to be proportional to the platelet delamination is not nil, as indicated in Fig. 5.
platelet compressive stress[43]. For the PET/SiQ ~ Assuming a random situation, the composite strength
system introduced earlier, the result of the computatiorts then written as:
is shown in Fig. 6, as a function of the normalized in-
oL >§)=(1-9)-0c(L <)+ QoL >§)
25 . : , 11)

where the probability of platelet ruptui®, and the crit-

ical length,&, depend on the internal stress. The first
term of the RHS in Equation 11 represents the contribu-
tion of platelets when the crack comes close to an edge,
which corresponds to the case of small platelets treated
by Equation 10. The second term of the RHS represents
the contribution of platelets which fail without delam-
ination, and the strength(L > &) is integrated over
platelet length:

Critical toughening length, &(um)

oc(L >§)=2

O'max(l—)_(Tit

!
dy

0 | L | I x 1 1

g [2_cosh(o-(t—y)/zfcosh(o-(t+y)/2)}

(12)

Normalized interface internal stress, (t+1;)/7

Figure 6 Evolution of the critical toughening length as a function of
the interface internal stress normalized to the value of the interface shear

strength. Dots were computed from Equation (9), at five IevelsofinternaIWhereCTmax(L_) represents_the _dependence of platelet
stresses, and the line is a guide for the eye. strength on its length, which, in the present case, was
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modeled assuming a two-parameter Weibull distribu-

tion. Further details on the strength distribution of the [ ﬂ 4%
oxide platelets can be found in ref. [41]. When the
platelets are significantly larger than the critical tough-
ening length, typically for aspect ratios larger than sev-Figure 7 Layered PET/SiQ composites compression molded from
eral thousands, the probability that a crack will appeafptacks of 100 films.

at the platelet edge becomes negligible, and the com- . .
posite strength simplifies to: Platelets with lengths larger thanwere obtained

during the heating stage of the compression molding
1 process described in the following. During this treat-
oo(L > £) = oma(L) — i [ _ 1 } ment, the continuous oxide layers failed due to the mis-
2v coshfL /4) match in the coefficients of thermal expansion between
(13)  the polymer and the oxide, resulting in large platelets
of length of the order of several 1Qdm, which is sig-
To verify the accuracy of the model, platelet-reinforcednificantly greater thag whatever the level of internal
composites were manufactured with well-controlledstress.
platelet lengths, as described in the following. As depicted in Fig. 7, the composites in which
the particle size is controlled will be referred to as
“fragmented compression molded” and the composites

Plain PET Non-fragmented PET/SiOx Fragmented PET/SIO,

3. Short-term strength of platelet-reinforced prepared without this treatment as “non-fragmented
composites. The case of compression compression molded”. For comparative purposes, aref-
molded materials erence, plain PET compression molded material was

3.1. Materials, processing and manufactured from stacks of 100 non-coated PET films,

testing methods following strictly the same conditions as for the coated

Two types of platelet-reinforced composites were manfilms. The corresponding material will be referred to as
ufactured by compression molding stacks of 100 in-“plain compression molded” material.
dividual SiQ, coated PET films, in order to obtain  The film stacks were compression molded on a servo-
composite materials with a perfect planar orientationhydraulic machine (Interlaken Inc.). A matched die
of the ceramic platelets [44]. The thickness of the ox-mold with built in heating and cooling systems was
ide coating was 100 nm, and that of the PET substratenounted on this frame. The mold dimensions were
12 um. The ratio of coating to substrate thicknesses?0 x 20 mn¥. The upper and lower surfaces of the mold
corresponds to the volume fraction of the platelets inwere covered with Kaptéhtape to prevent the polymer
the composite, equal to 0.83 vol%. In the first com-sticking to the metal. The film stacks were placed in the
posite type, the length of all the platelets is larger tharcold mold, and submitted to a pressure of 1.8 MPa. The
the critical toughening length. In the second type, on molds were then heated to a temperature of “Z50
the contrary, the length of all the platelets is smallerat which point the pressure was raised to 8 MPa,
than&. It should be pointed out that the perfect par-and held at this value for 60 seconds. The system
allel orientation of the oxide platelets mimics that of was then cooled under pressure to room temperature
other platelets such as mica found in e.g., high-voltagend the parts demolded. The thickness of the result-
electrical insulators. As was mentioned earlier, suching compression molded specimens was approximately
well-defined planar geometry is also relevant for mi-1.14+ 0.05 mm for the plain and non-fragmented spec-
croelectronic assemblies, and it is therefore expectetmens, and 0.95: 0.06 mm for the fragmented ones.
that the conclusions drawn from the study will be of Using a slow diamond circular saw (approx. 60 rpm),
widespread interest. the samples were finally cut in two parts along their
Stacking of the films was performed on a filament-length, in order to obtain a width of 10 mm suitable
winder on which a flat mandrel was mounted. Thefor mechanical testing. After processing, the specimens
stacks were subsequently cut to fit into the moldwere stored in afreezeratl8°C until testing, to avoid
(70 x 20 mn?), with the length parallel to the machine structural changes in the materials. The structural state
direction of the film. The cut film stacks were dried of the PET in the plain material and the two types of
overnight in a vacuum oven at 8D prior to further composites was analyzed by means of differential scan-
processing. To avoid curling of the films, the stacksning calorimetry (DSC) at heating and cooling rates of
were submitted to slight pressure by covering themlO K/min. The results reported in Table | show that
with glass sheets on which a light weight (approx.
10 g) was placed. TABLE | Structural state of the PET in the compression molded
In order to obtain platelets with a length smaller materials
than§’ fragmentation of the oxide co_atlng pm.)r to pro- Compression  Glass transition Melting Initial Crystallisation
cessing was performed by stretching the film stacks,, qeqd temperature  peak  crystallinity temperature

to 254 0.5% nominal strain. This procedure for accu- material C) CC) (%) cC)

rately controlling of plateletlength has been extensively—

detailed in recent works [41, 42], and yields plateletsP!ain 75.5 2586 335 206.6

of lengths ranging from approx.;Am to 4xm, with an :;'O”'fragme”ted 6.7 261.236.4 206.1
. . ragmented 73.9 256.4 324 207.0

average value of 2.am, which is much smaller than

the smaller value fof as shown in Fig. 6. (*) upon cooling from the melt at 10 K/min.
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the plain, fragmented, and non-fragmented compres: B Modulus

sion molded materials possess similar glass transitior 14 [ O Strain at rupture

temperature and crystallinity. In other words, any dif- E Prodiciod strength —
ference in mechanical behavior between the two types

of composites with the same volume fraction of oxide
platelets should be attributed to differences in platelet
size and stress state.

The compression molded composite specimens werig
tested at room temperature by means of a 3-point-&
bending test on a screw-driven tensile testing machineg
(UTS). The rods used were 5 mm in diameter and the2
span width was set to 25 mm. The crosshead speed we
0.5 mm/min, corresponding to a strain rate on the outer
layers of approx. 8107° s,

ed values

3.2. Validity of the stress transfer model

A first step in the analysis of the theoretical derivation
presented in the previous section is to verify the validityFigure 9 Mechanical properties of the compression molded PET/SIO
of the stress transfer equations. To this end, the stresgmposites normalized to the plain reference PET properties.

in every platelet is calculated as a function of its length

using Equation 1, and, knowing the platelet length dis- lated at diff . di E ion 15
tribution, the contribution of the platelets to the total ©U'ated at difierent strains according to Equation 15,

stress is calculated. The platelet length distribution wad/ iththe Stagq.e eISastlt_c cor215t1:_arr]1ts Ofth(ﬁ PEtT andthe 0>t<|ge,
carefully measured during the fragmentation procesg?S F€POread In Section 2. The excellient agreement be-

as detailed elsewhere [41, 42]. Adding this stress to thiween experimental and calculated values shows the rel-

tensile stress measured during the 3-point-bending tegvance of the elastic approach to stress transfer adopted

of the plain materialgpiain, the tensile stress of frag- " the study.
mented compression molded materiglag, is molded
following:

Plain Non-fragmented = Fragmented

3.3. The critical toughening transition
The elastic moduli, strain at rupture, and strength of
Oiragle) = (1= ®)opiain(e) + @ ) (PLoe. L)) (14) e plain PET, non-fragmented and fragmented com-
- pression molded platelet-reinforced PET are reported
in Table Il. None of the samples presents ductile be-
. . havior. This is primarily due to the high crystallinity
8; Eﬁ;ﬁs andby_ is the volume fraction of platelets of the polymer, and to the large size of the crystals in-
. ' . duced by the low cooling rate, which has been shown to
Fig. 8 compares the experimental stress of a frage brittle PET significantly [45]. Nevertheless, the ben-
mented compression molded sample, to the stress cap o - sl9 Y199l N€ o '
efit of reducing the platelet size is striking, as shown
in Fig. 9, which presents the mechanical properties of
the three materials normalized to the values obtained for
plain PET. In fact, the fragmented compression molded
material is stronger than plain PET, whereas the non-
fragmented compression molded material fails at lower
stress and strain values. The toughness of the compos-
ite materials was calculated as a first approximation
as half the product of strain at rupture times strength.
The increase in toughness of the fragmented material,
compared with the non-fragmented material, achieved
through platelet size control, is found to be as high as
approx. 100%. Furthermore, the scatter in the experi-
mental data obtained for the fragmented compression

wheree is the applied straind is the volume fraction

100 T T

Stress (MPa)
(=]
[=1
T
1

S

o
T
1

20 7 TABLE |l Mechanical properties of the compression molded
Experimental materials
--------- Predicted

| | | | Compression Modulus Strength Strain at rupture
0 molded material (GPa) (MPa) (%)
0 0.005 0.01 0.015 0.02 0.025

Strain Plain 3.5+04 60.0£11.9 1.73:0.26

) ] ] Non-fragmented 2903 46.0:10.0 1.40+0.30
Figure 8 Experimental (line) and modeled (dots) flexural stress VersUsEragmented 3502 65.9- 4.5 1.93-0.14

strain curves of the fragmented compression molded composite.
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molded material is the lowest of all three materials,phology and stress state of the platelets on the strength
indicating a higher reliability of the composite rein- of the injection molded composites is expected to pro-
forced with platelets smaller than the critical toughen-vide tools to tailor the reprocessing of polymers, as, for
ing length. instance, the design of melt filtration during extrusion.
Fig. 9 also compares the experimental and predicted The films were fed into an extruder to obtain pel-
strengths (Equations 10 and 13), calculated with thdets, which were subsequently injection molded into
same PET/SiQparameters as indicated previously. Intest specimens. An in-line drying tower in which dry
the case of the non-fragmented compression moldedir was blown at 120C was builtand directly connected
composite, the internal stress was calculated as a thete the extruder to prevent hydrolysis of the PET [43].
moelastic stress, neglecting stress relaxation effects: By means of Karl-Fischer titration (Mettler DL18), the
water content of the polymer when entering the extru-
oi =Aa-(Ts—Tg) - Ep (15)  sion hopper was measured to be equal te=BD ppm,
which is close to the limit value given in the litera-
ture [48]. Extrusion was carried out at 50 rpm on a
table-top co-rotating twin screw extruder with a screw
diameter of 16 mm, and length to diameter ratio equal
. to 16 (PRISM TSE16-TC). The respective feed, melt-

8ng and nozzle temperatures were set to 31 245°C
stress equal te-160 MPa, with the coefficient of ther- ar?d 2350sz peratures w 2

mal expansion of the PET equal to 31®°°C! and

whereAc is the difference between the coefficients of
thermal expansion of the platelet and the polymer ma
trix, Ty is the glass transition temperature of the poly-
mer, Ts is the service temperature, akg is the elastic

lecting that of th de 143 The extrudate was pelletized into 2 mm diameter and

neg e(_:tlng that of the oxide [43]. 4 mm long pellets, which were dried overnight in a vac-
Taking the strengthma, Of very large platelets equal 1, oven at 80C prior to injection molding on a But-

to 80(.) M_Pa [43]’ the strength of the non—fragmentedtler 10/90V miniinjection molder. The feed zone was

material is predicted to equal 45.3 MPa, whereas th%et at 260C and melting zone at 28%. Injection was

average experimental strength is found to be equal tBerformed at 90 MPa. in a mold tem
. . : , perature controlled
46.0 MPa. This remarkable agreement, with a dn‘fer-,[0 30°C, in which the pressure was kept for 18.5 s at

ence of less than 2%, shows the importance of PrOCESHE Mpa. The tensile test injection molded specimens

induced internal stresses on the failure mechanisms iy, .« 55 mm long and 3 mm thick. The gauge dimen-
pl?te:ﬁt-relnforc]??hcofmposnets.d . Id 3ions were 10 mm in length and 3 mm in width.

n e'caseho PEeT/rSa'gmen ? 'ccl)m?]ressmn mo he Similarly to the compression molded materials, the
composite, the F ;O!nter aclal shear strength ;o o the oxide platelets in the injection molded spec-
which intervenes in Equation 10 was taken to_be_e_qu g‘nens was controlled by stretching the film to 25%
'[F?E?SISQ M::'Ia, a;Bha}thbe_en melas;lred on an |nd|vf|du train prior to feeding into the drying tower of the ex-

IQ film [43]. The Internal shear stress was fur- 4, qer "1 this case all the platelets were smaller than
ther assumed to be negligible, since all the platelets ar

€a. 4 um. The corresponding materials will be re-
smaller than the critical stress transfer length [41]. Thqﬁerredu,[0 as “fragment?ed inje%tion-molded” Without

strength of the fragmented compression molded mat hi o
o . s treatment, the length of the platelets is in the range
rial is predicted to equal 76.7 MPa, whereas the ex- g P J

. i of 10-100um, due to attrition during the extrusion
perimental strength is found to be equal to 65.9 Mpastep, and the resulting materials will be referred to as

The model overestimates the experimental value by N " :
A . non-fragmented injection-molded”. Reference speci-
14%, which is slightly beyond the typical error of 12% mens wgre also plrojceslsed out of plain PET pect

found in the measurement of PET/SiBterfacial ad- The structural state ofthe PET inthe injection molded

hesion [41]. Nevertheless, the _toughening effec_t of thq‘naterials was analyzed by means of DSC under the
small platelets obtained experimentally, which is pre- ame conditions as those indicated in the preceding

dicted by :[[he dn:odel', d?monfs'irhatesl t[]el |tr}1pc|>rtance((j) ection. The samples were systematically cut from a
an accurate aetermination ot the plateleUpolymer ady,,q1e section of the specimens in the gauge section.

hesion in modeling the strength of the composite. A exothermic cold-crystallization event was observed
on all three material types at a temperature of ap-
prox. 128°C. This feature was due to the low de-

4. Short-term strength of platelet-reinforced gree of crystallinity induced by the cooling rate higher
composites. The case of injection than 20 K/s involved in the injection molding process
molded materials [49, 50]. The initial crystallinity of the injection molded

4.1. Materials, processing and materials was calculated by deducing the area of the

testing methods cold-crystallization peak from the area of the melting

Injection molded composites were processed from th@eak. The salient values for the three types of injection
same PET/SIQ films as described in the preced- molded materials are reported in Table lll. These values
ing section. The oxide platelets generated during thare close enough to each other so that any difference in
processing operation described thereafter present a simeechanical properties would result from the different
distribution, and a range of orientations in the moldedmorphologies of the platelets.

specimens which is typical of foreign particles diluted The injection molded specimens were tested at
in recycled polymers. These contaminants act as streseom temperature under uniaxial tension at a strain
concentrators that often embrittle the recycled materiatate of 1.25- 1072 s! on a screw-driven tensile
[46, 47]. Knowledge about the influence of the mor-testing machine (Zwick) under displacement contraol,
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TABLE Ill Structural state of the PET in the injection molded materials

Injection molded Glass Cold Melting Initial Crystallisation
material transition9C) crystallization {C) peak (C) crystallinity (%) temperatuie(°C)
Plain 72.6 128.9 258.9 18.2 203.4
Non-fragmented 72.2 127.4 259.8 16.7 205.0
Fragmented 72.5 127.6 258.2 16.9 204.3

(*) upon cooling from the melt at 10 K/min.

and equipped wit a 1 kNload cell. An extensometer 250 ' ' w
was used to measure the deformation of the material
in the gauge region. Due to the high deformations in-
volved and the development of a neck, true stress anc 200
strain were computed from the nominal values follow-
ing: erue= IN(1 + ¢) andoyrue = 0 €XPEtrue)-

T
plain PET

fragmented

4.2. The brittle-to-ductile transition in
platelet-reinforced composites

During its residence time in the extruder, the partially

molten PET/SIQ material undergoes intense shear

rates that break the oxide layer into flake-like platelets, 50 1

which are dispersed into the PET through the mixing

effect of the co-rotating screws. The material then so-

lidifies prior to being cut into pellets. This pelletizing 0 : : : :

does not further reduce the size of the platelets, as they 0 0z 04 06 08 1 12 14 18

are already considerably smaller than the pellet size. Strain

During subsequent injection molding, the PET/SIO Figure 10 Tensile behavior of the injection molded PET and PET/SIO

composite is remelted and injected into a cold mold.composites.

Again, high shear rates are involved and the size of the

platelets is likely to be further reduced, whereas theihe exception of the non-fragmented composites which
orientation in the flow direction is increased. __are all brittle. This difference is due to the different
By contrast, in the case of fragmented films, the,SiO ¢rystalline structures of the PET matrix induced upon
platelets are initially extremely small prior to process-¢qging in the two processing techniques.
ing and their size will not be significantly modified  The theoretical treatment developed in this study is
during the different processing stages. o only valid in the elastic range, and is therefore lim-
The orientation distribution of platelets within both jiaq 19 the non-fragmented injection molded material,
fragmented and non-fragmented injection molded SpeGy hjch fails without extensive yield. Furthermore, to be
imens is far from the perfect-planar orientation of appiicable, the model geometry should account for the
the compression molded composites. Nevertheless, thgatelet orientation distribution resulting from injection
very different size of platelets between the two typesmo|ding. The experimental results nevertheless indi-
of injection molded specimens is expected to influenc:ate the considerable importance of particle size regard-
their mechanical properties. Fig. 10 compares the tefipg the mechanical properties of polymers, specifically
sile behavior of the two types of materials with that of 5 gjlyte fractions of platelets, such as contaminants
plain PET. Up to yield, the different material types be- yresent in recycled materials.
have similarly, with elastic moduli and yield stresses’ ongoing work is devoted to refining the stress trans-
being equal within experimental scatter. The initial fer modeling, and accounting for the radial-dependence
SiOx layer forms individual platelets, with aspect ra- of the matrix axial stress [51]. This approach avoids
tios of the order of several 100 in the case of the noNtpe introduction of the adjustable size of the matrix
fragmented material, and close to 25 in the case of thgjement, b, which was set arbitrarily to a value of
fragmented material. Acting in a similar way to short 19 . 5 in the model. Further research is currently
fibers in reinforced composites, but in addition beingjnyestigating the influence of time-dependent effects
diluted to less than 1 vol% in the polymer, this plateletgych as viscoelastic relaxation and structural recovery
structure have limited effect on the stiffness of the ma{52 on the internal stress state, which were reported
terial. Nevertheless, a spectacular difference is eviden, profoundly affect the overall long-term failure re-

in the strain at rupture and strength of the differentsponse of PET/SiQcomposites [44] and epoxy/glass
injection molded material types. Plain PET and frag-composites [53].

mented materials present a very ductile behavior while

the non-fragmented material exhibits a brittle rupture

at less than 4% strain. Also noticeable was the facb. Conclusions

that the compression molded and injection molded maThe short-term mechanical strength of platelet-
terials possess considerably different ductilities, withreinforced polymer composites, which are of interest

Stress (MPa)

non-fragmented
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for structural components, electrical insulators or 4.

recycled plastics, was modeled using classic two-

dimensional elastic stress transfer analysis. The ap> _
6. H. KAHN andA. H. HEUER, Materials Today2 (1999) 3.

proach assumes that the failure of the composite iscon-, <",/ \\iep andr. r. JONES, J. Mater. Sci25 (1990) 4933.

trolled by the failure of a critical element containing g
a single platelet embedded in a matrix element, with 9.
a matrix crack perpendicular to the platelet/matrix in-10.
terface. Two key failure mechanisms were defined aél'

12. Idem, ibid. A125 (1990) 67.
platelet rupture or interface delamination. The stres§; em, > (1990)

. Idem, ibid. A145 (1991) 135.
state in the platelet, and at the platelet/matrix interfacg 4,
in the vicinity of the crack tip, were calculated account- 15.
ing for the tensile strength and adhesion of the plateleté.

to the matrix, as well as process-induced mternaf”- 1ol
8. Idem, ibid. A161(1993) L1.

9. A. KELLY andw. R. TYSON, J. Mech. Phys. Sol3 (1965)

stresses.
The model predicts the existence of a platelet Iength

below which interface delamination will always oc- 20.

cur, thus toughening the composite, and above which
the dominant failure mechanism will on the contrary
be the rupture of the platelet. The platelet length aﬁ
which the critical toughening transition occurs depends

on the ratio of platelet strength and platelet/matrix24.

interfacial strength, on the elastic properties of the

platelet and matrix, and on the internal stress state?®

all of which can be determined by means of separatg
experiments.

The approach was applied to 0.83% vol silicon ox-27.

ide platelets/poly(ethylene terephthalate) composites,
where the size of the platelets was accurately con?
trolled either below or above the predicted critical ,4

insulation and microengineering applications, and in-

jection molded composites, representative of recycled?
J P P y 3. H. L. COX,Br.J. Appl. Phys3(1952) 72.

. : . C. H. HSUEH, Acta Mater 46 (1998) 2131.
of the compression molded composites was found tas,

polymers, were manufactured and tested. The streng

be accurately predicted by the strength model, and a

100% increase in toughness in the case of platelets

smaller than the critical length was measured, com-
pared to that of larger platelets. Injection molded com-
posites with platelets larger than the critical length

were found to fail without yielding. By contrast, when 3s.

the platelets were smaller than the critical length,
the injection molded composites exhibited excel-
lent ductility. The general agreement obtained be-

tion shows the importance of filler size and internal
stress state on the strength of platelet-reinforced
composites.
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