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Sub critical crack advance vs. impact fracture on
high impact polystyrene with different second
phase volume contents and structures
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E-mail: Claudio_Maestrini@HQ.enichem.geis.com

Also for polymers, many fractures in service occurs after a period in which an existing crack
has propagated in a sub-critical manner, while the laboratory tests are mainly concentrated
on impact fractures. Aim of this paper is then to investigate the sub critical fracture in some
high impact polystyrene (HIPS) materials with different second phase volume fraction and
particle size and to compare it with the outcomes of impact Fracture Mechanics
experiments. Large differences in the results of the two mechanical test procedures are
evidenced: the materials behaviour is then examined from the structural point of view and
an interesting case of interfacial failure, which disappears at high strain rate, is attested on
some HIPSs by means of different techniques, i.e. electron microscopy, nuclear magnetic
resonance spectroscopy and dynamic mechanical spectroscopy, indicating that the slow
crack fracture behaviour can be influenced by parameters that do not affect ordinary
mechanical tests. © 7999 Kluwer Academic Publishers

1. Introduction da AAKMT 1)
Probably the majority of the catastrophic fractures that dN” T ’ (1)

occurs in service for engineering parts devel_ops aﬁe\r/vhereAK represents the variation between the max-
a period in which the crack has propagated isué-

g o . e imum and the minimum stress intensity factafs,
critical manner, i.e. in stress-strain conditions that can- y ax

. o . andKmin, during a loading cycle, and andm are con-
not be considered critical if reproduced in short term )
; T X stants which depend on the tests parameters and on the
experiments. This issue has now a great practical rele- o .
material’s nature. Remarkable is the fact that khguy
vance also for polymers, due to the fact that they pro- . S
in the Paris-Erdogan equation is generally well below

gressively tend to be used in more sophisticated e critical stress intensity factaKc, that the Irwin’s

plications: sub-critical fractures are, for example, an. iarion [5, 6] introduces for the corresponding mate-

insidious problem in refrigerators, in which the failure . . ) .
. : . rial. The Paris equation holds also in case of monotonic
of some polymeric part, whose cost is a very minor part

) o solicitations if the crack speed replaces the crack ad-
of the total cost, can result in the rejection of the whole | h i . itV §
appliance [1]. vance over a cycle and the applied stress intensity factor

. . the stress intensity factor variation over a cycle. This
A large amount of theoretical and experimental work is of imoler than fati d free f
has been dedicated to the sub-critical fracture (SC ase Is of course simpier than fatigue and iree from
. . - side-phenomena like adiabatic heating: in the follow-
problem, the attention of the researchers being malnIY

focused onfatigue. Animportant basis of the work done;t?é&?%rél\:'ve will always consider it when we will talk

has been the phenomenological law proposed by Paris e
and Erdogan [2, 3]: a cracked body is considered, the On the other hand the everyday lab practice in in

crack is assumed to be reqular and lanar. then Weﬁiustry tends to concentrate on impact fracture experi-
. ) reg P AT ments (Izod, Charpy, etc.) in order to characterise the
characterised simply by its leng&y and the solicita-

: S cPreak-down behaviour of the materials: impact fracture
tions are supposed to be regularly cyclic, i.e. the loa

or the nominal strain are supposed to vary from a min-

|mL!m \_/alue_to a maximum value in a pe_”0dlc way. tn general the Paris-Erdogan law holds only for a limited range of
Indicating with N the number of cycles, witda/dN values ofAK , contained from a threshold valu& K¢, occuring when
the crack veIocity, normalised over the period of the the crack-growth rate equals a value of approximately a few atomic

cycle and withK the stress intensity factor at the crack distances per loading cycle, and a maximum vahi., for which the
tip a simple equation holds: crack-growth rate increases catastrophically. Furthermore, McEvily [4]

has presented data, both his own and from the literature, that show that a
well defined linear region of constant slap€in alog-log plot ofda/d N

vs. AK) is not always found, giving a basis to the idea that the Paris-
Erdogan behaviour is somewhat a limit condition or an approximation

* Author to whom all correspondence should be addressed. of a more complex law.
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experiments in fact are much more easy to perform, lesslectronic microscopy and nuclear magnetic resonance
time consuming and were considered up to the recenlNMR) spectroscopy.

times strictly correlated to the real fractures occurring

for polymeric parts. Also if the ordinary impact fracture E . tal

tests have been largely criticised because of the depei1* Xperimenta

dence of their results on the tests conditions (see below r{:ﬁeM?;ggnilsa er we chose to analvse three different
what cannot be denied is the fact that impact fracture P pap Y

continue to have an enormous practical relevance an IPSs, that we will indicate in the following with the

that their characterisation is still extremely importantin etters.from Ato C, charactens_ed t.)y the presence of
order to understand the material behaviour and to givgery diverse rubber particles with different dimension

to the customers necessary data for the applications. an_?a%tlrgcitlégeng;g: ;_galmma of the molecular and
Aim of this work is then to offer an example of com- ry

parison of the two fracture behaviours. The polymericstructural_par_ameters measured_by means of common
material that we have chosen to do that is high im_characterlsatlon methods (described in the Table cap-

. . . ion) for the considered materials. A PS homopolymer,
pactpolystyrene (HIPS): HIPS is a polymeric Subs'[ancindicated with the letter X, having molecular character-

gosrgggﬁg%gpae rr::clin pﬁgiseecgzggﬁgygi%rfpso) sﬁg?uos_tics similar to those of the HIPS matrices is added to

bery particles having an approximately spherical Shapgomplete the data.

and various dimensions and structures. HIPS representsIn order to realise a reall'y pfecise and quantitatively.

aninteresting and relatively simple model system of theﬁz(tai];urll f)tfrlt"ﬁéusrzlcguzraf]t:SrS%g?ﬁrhaer}raal%%%rﬁ'[:n%eé?rtrr?é'
rubber toughening of brittle polymeric matrices [7]. PS ; he seconad pi: i

in fact is extremely brittle: its tensile yielding mecha- particle size distribution is necessary. The ordinary way

nismiscrazing(crazes differ from crack by the presence Pf measuring these two key parameters is, in fact, sub-

of many small polymer fibrils with diameter of about jected to some criticism and gives rise to data that can-

6-9 nm and volume fraction of about 0.25. Spanningnot be considered realistic [10]. For this reason, we

) . adopted the stereological approach described in detail
from one craze-polymer interface to the other [8, 9])in the reference [10] and already tested in references

and the increase in toughness (generally intended 11, 12] that consists in analysing transmission elec-
the resistance to impact fracture) of HIPS with respecaF’ - analysing tral .
ron microscopy (TEM) pictures, obtained following

to PS is related to the effects of the rubbery particle . .
on the crazing mechanisms, amply discussed on the Ii?_he standard technique reported in the reference [13],

erature on this subject (see for example reference [7]).rom materigl slices ha"iT‘g di'fferent thickness and then
Furthermore HIPS exhibits a very stable and easily ob[econ_struc.:tlng the bulk situation. We used the following
servable SCF behaviour that can be readily modulategquat'ons'

by changing the structural parameters (second phase 1 7(R?) + 2t(RY)

volume fraction, size, structure, etc.). (ro) = m (2)

Itis clear then that in this case what one is interested

in is the possible different role played by the rubbery (r2) = 4(R®) + 3t(R?) 3)
second phase in the two different fracture conditions: ~ B(RL+3t

in order to assess this role, the present work is com- 3 )

pleted by techniques other than SCF and impact test- Papp = 4(R>+—3t<R>.¢, (4)
ing, ranging form dynamic mechanical spectroscopy to 4(R3)

Figure 1 TEM micrograph of material A.
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Figure 3 TEM micrograph of material C.

where the(r') represents the ith moment of the par- 2.2. SCF experiments
ticle radius distribution in the TEM image$R!) the  SCF experiments were performed in the following way:
jth moment of the real particle distribution in the bulk, single edge notch (SEN) specimens, having width and
t the observed section thicknegsgg,the apparent sec-  thickness of approximately 45 mm and 6.4 mm, respec-
ond phase volume fraction in the TEM images andtively were obtained from compression moulded plates.
¢ the real second phase volume fraction. The EquaA preliminary saw-cut notch was introduced and then
tions 2—4, which produce an over-determined systenthe samples were treated by sputtering on a side surface
when one considers more than one thickness, have beerthin gold grid (mesh size of about 1 mm), aimed to
solved using a simple algorithm, which has been prework as a dimensional reference. The samples were an-
viously discussed in reference 12, and consists in theealed at about 8@ over night in order to achieve the
minimisation of the maximum component of a nor- same physical ageing conditions: this precaution is due
malised linear error function containing all the parame-to the fact that the SCF experiments take a relatively
ters(R!) and¢. Table | contains the outcomes of such along time and that samples produced at the same time
calculation. could be consequently tested in very different moments.
Once thep value was assessed on the materials, wémmediately before the mechanical tests, a razor notch,
produced, by melt mixing with PS X, some dilutions. was tapped at the pre-notch tip with a fresh razor blade
In the rest of this paper the figure that follows the letteron each sample, and at that time each specimen was
in the material indication refers to the percentage oftested in tension (mode | fracture) on a ZWICK servo-
¢ for the considered dilution: e.g. A10 indicates the hydraulic testing machine working under load control
material A with a¢ value of 10%. with a load rate of approximately 0.07 N/s, which was
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TABLE | General parameters The Equations 5 and 6 hold wher0< a/W < 0.8:
data out of this range were never considered.

A B C X 9"
For the determination of the crack speed we adopted

My 157 000 166 000 157 000 160000 the following method: in the reference [1] we ob-
Muw/Mn 1.88 1.95 1.89 1.92 served that the plot of the measuraf) values vs.
EBt(_"/T) et 2-8 ’ %6 ) 8g el log(1/(t; — t)), wheret; is the total fracture time, were
g;r ST oaTE T e well approximated by straight lines. In order to improve
Sw. index 136 135 138 _ the data fit we assumed here that:
¢ 0.33 0.21 0.17 —
(RY 0.37 0.16 0.10 —

4 i
1
at) =3 o - [log(—)], (7)
Mw: Weight average molecular weight of PS (g/mol) determined by gel i—0 tr—t
permeation chromatography (GPC) with a refractive index detector on

THF elution of the soluble part. i ;
Mw/Mp: Polydispersity index of PS, measured as the ratio between theand CompUted the; from the eXpenmental data. Of

weight average molecular weigh¥(,) and the average molecular weight course the value Cda/dt can be easily extracted from

(Mn) by GPC (see above); the Equation 7 by a simple time derivative operation.
PB: Weight fraction of PB (%) measured by titration methods and in- At this point, then, Paris plots afa(t)/dt vs. K (t) are
frared spectroscopy. easily attainable for each sample.

gel Second phase weight fraction measured by phase separation meth-

ods in selective solvent (the samples are dissolved and washed in MEK,

the insoluble part is separated by centrifugation, precipitated by ethanol

and then filtered, dried and weighted). 2.3. Fracture mechanics measurements

Sw. Index: Swelling index as weight ratio between swollen andhety on impact tests

(%). The dry gel is the one measured as in the above point, the S""O”e@rdinary impact tests on notched specimens are con-

tgaetlicl)snwelghted after 5 h from the centrifugation, but before the precipi- ducted according to standardised norms (ISO, ASTM,

¢: Second phase volume fraction calculated from TEM pictures accordPIN’ et_c.) TOI’ Charpy or I.ZOd pendula and the quan-
ing to the stereological approach described in reference [10] and suntity which is determined is the total energy to frac-

marised in the Equations 2-4 of the present paper. ture. These tests, however, have been criticised for sev-

e s e G et svera easons, i G e summarsed smply aying

ztereological ap;r)v;boach described in referer?ce [10] and sumgr]narised itﬁh_at _the Othome of thes_e _measureme_nts _are not in-

the Equations 2—4 of the present paper. trinsic material characteristics, depending instead on

the test conditions. Nonetheless, several attempts have

the same for all the materials. At least three convincind?©€n made in order to apply the Fracture Mechanics

samples were tested for each material. approach to th|§ kind of measurements. The one that
A camera with magnifying objective lenses of aboutN@s Proved to fit well to our case is also the simplest

30x was used in order to follow the fracture advance:°N€: it can easily be described as follows [16].

such a magnification was sufficient to have a good M@ generic ductile material it holds:

resolution of the crack tip position. The camera was

mounted on a positioner device that allowed very small U-Uc=B-(W-2)-Gq (8)

displacements, keeping the images still during the mo- _ _

tion. Thus, the images were recorded on a VCR andvhereU is the total energy absorbed by the specimen

synchronised to the load cell signal by means of a framéluring the fracture processy is the specimen kinetic

code generator. The frames were successively printe@nergy.Ge is the critical energy release rate aBdW

by means of a video printer and the values of the fracanda are the specimen thickness, width and the crack

ture coordinate were simply obtained from the picturesiength, respectively. If specimens having different ini-

it was, at that moment, possible to get sets of data, reldial crack lengths are prepared and tested, all parame-

tive to the position of the fracture on the side surface ofters in the Equation 8 can be measured, with the only

the sample and to the applied load at the same instag&ception ofG¢, which has proved to be an intrinsic

for each fracture. parameter and that can be thus extracted as the slope of
The K value at a given instarttwas given by the aplotofU — U vs.B-(W — a).
formula [14]: In order to obtain similar plots for the mate-
rials considered in the present work, compression
K(t) = Y'P(t)@’ (5) moulded specimen, having the following dimensions:
B-w 60 x 12.8x 6.4 mm, were prepared. The size and spe-

wherea(t) is the crack coordinatd®(t) was the applied cially _the thickness have been chosen according to the
load at the same time W and B the specimen width experimental set-up features (thicker samples were not

by [15]: fracture were not necessarily satisfied. A razor notch

after a machine notch was introduced, having different
initial depth in each sample (the measure of the initial
crack length, corresponding to the razor notch depth,
was obtained by means of optical microscopy on the

3 4 .
a a fractured samples). The fracture experiments were per-
-81r33 (_> +8.3378 (_) - ®) formed on an instrumented pendulum with a hammer

2
a a
Y =2.0113+ 0.1763- — + 3.9365- | —
+ W * (W)
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0.5 TABLE Il Elastic and plastic parameters
0.4 — E " oy
s 03| A30 1560 660 12.8
> i A20 2160 830 151
5 02 Al10 2650 1090 19.0
[ A5 3050 1230 225
01 B20 2060 850 227
[ B10 2635 1100 26.4
007 B5 3050 1235 235
C17 2025 790 20.2
B:(W-a) (mm) c10 2395 980 21.9
. . . C5 2885 1150 23.2
Figure 4 Plot of U — Uk vs. B - (W — a) for material A20. The line
represents a regression (the last two point have been excluded). E: Young modulus (MPa). The experimental procedure is described in

the text.
w: Shear modulus (MPa). The experimental procedure is described in

of 4.195 kg using supports with ratlo/ W =4, where  the text.

L is the support span. The speed of the hammer at the: Yield stress (MPa). The experimental procedure is described in the

impact was of 2 m/s, while the nominal strain rate of ap-*<*

proximately 60 s*. The kinetic energy of the specimen

was simply determined by measuring the throw energy

?géhszzgfmcg?]evc;?gﬁg sence of supports as a function —150°C to matrix Ty (about 100 C), with a scan rate
Fig. 4 is a plot ofU — Uy vs. B - (W — a) for mate- of 1°C/min.

rial A20, which is nonetheless representative also of the

case of all other tested materials. The plot s linear con- . ) .

firming the substantial validity of Equation 8. The fact 2-4.3. Examination of the microscopic

that the plot shows a negative intercept, already noticed plastic deformation features _

in the literature [14, 17], has been explained by the facMicrotomed polymer slices of the materials under in-

that low values oB - (W — a) correspond to conditions Vestigation can_be easily bonded to treated copper grids

in which the plastic zone cannot fully develop. In someby means of simple temperature cycles abdyeas

cases a positive deviation from the linearity was observoutlined in the reference [23], strained after annealing

able in correspondence of high values®f (W —a)  over night at about 80C and c_)bserved by transmission

and these data were not considered for the determin&/€ctron microscopy (TEM) in a way perfectly similar

tion of the energy release rat®, values were obtained 0 that described by Lauterwasser and Kramer [18]. We

from linear regressions from plots like the one in Fig. 4,2dopted two different straining procedure, the first one,
simply as the slope of the linear trend. taking advantage of the almost perfect plasticity of an-

nealed copper, was realised outside the microscope, by
deforming the grids on a motorised microdynamome-
2.4. Other experimental techniques ter with a strain rate of approximately 19571, up to
2.4.1. Elastic and plastic properties the maximum dgformatlon reachable befqre fracture
Table Il contains the experimental data for the sheak?—3%), grid regions were then cutand put in the TEM
modulus,u, and the Young modulusE, for the HIPS (100 KeV) chamber fqr the opservgtlon. The second
considered material& andu were measured on com- Procedure consisted in the utilisation of a PHILIPS
pression moulded specimens adopting a three-poirﬁ_”am_‘ng device mtggrated in the '_I'EM sample holder
bending and a simple torsion geometry, respectivelylin this case very light copper grid have to be used
both in dynamic regime with sinusoidal strain pulses a0 allow deformation inside the specimen holder), the
a frequency of 1 Hz with the maximum strain achiev- achievable strain rate ranged apprommately from“}_Q
able in the linear viscoelastic zone. 10-?s7. Crazes have been photographed in conditions
In Table Il the values of the yielding stresses for ©f Slight under-focus and under-exposure, in order to
the considered materials are also reported: the yieldin§hance the visual quality of the images.
experiments were performed in tension on compres-
sion moulded specimens having dimensions: 45 mm
(gauge lengthx 10 x 2 mm, at a nominal strain rate of 2.4.4. Examination of the fracture surfaces
4-10*s7 1. The yielding pointoy, was considered as Fractured samples from SCF and impact experiments
the average on at least five measurements of the maxivere observed for A and B materials, after the sputter-
mum in the stress-strain curve. ing of a gold thin layer, by means of a scanning electron
microscope (SEM) ZEISS DSM 960 (30 KeV), accord-
ing to standard procedures.

t a frequency of 1 Hz. Test temperature ranged from

2.4.2. Dynamic mechanical measurements

Dynamic mechanical analysis of materials A and B

was carried out on compression moulded specimen?.4.5. NMR characterisation

(size: 12x 2 x 55 mm) in three point bending, with As it will be clear in the following, some of the in-
imposed sinusoidal strain (maximum strai#0.03%)  vestigated materials appear different in terms of PS-PB
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interfacial features. A new and stimulating way to in- 102
vestigate the interfacial properties is given by the solid

state NMR technique. For this reason spectra for some

of the considered materials (A20, A30, B20) were col- 102
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spectrometer at field of 7.05 T in a BRUKER multi-
nuclear X/*H dual-channel probehead for CP/MAS ex-
periments. The spinning rate was 4850 Hz, that allowed
to have spinning side bands outside the polymer signals.
Every spectrum was constituted by 128 experiments of
1024 scans with a dwell time ofiss for each one. Cross
polarisation contact time was 1 ms. The Wideline Sep-
aration (WISE) 2D sequence withotH spin diffusion
was used as described by Schmidt-Rehel. [19] in
order to elucidate the data.
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Crack speed, da/dt (m/sec

10€ 3

107

3. Results and discussion Stress intensity factor, K (MPa-m'?)
Figures from 5-7 contain the Paris plots for the con-

sidered materials: it is immediate to observe that théfigure 6 Pa_ris plote for material B. Dgta are relative to materigls: B20
SCF behaviour is extremely different in different ma- (19t drey triangles), B10 (dark grey triangles) and B5 (black triangles),

. . . ._respectively. The lines are guides for the eye that evidence the regions of
_te”als but that 'n all cases therg is at least a r€gI0Ryis regime (Equation 1 in the text); the line relative to material B5 is
in the plot that fits well the Paris law (Equation 1). dotted due to the fact that in this case very frequent crack jumping was
The case of material B—mainly B5—is complicated by observed.
the phenomenon of discontinuous crack growth (crack
jumping). It is evident here that the particles size and
structure play a relevant role, but, quite surprisingly, L
the second phase volume fraction appears from a first I @
analysis of the Paris plots to have a detrimental effect: ~ 10° ¢ ®
in fact, in correspondence of the same applied stressg .
intensity factor, the fracture velocity is higher when the
second phase volume fraction is higher.

On the other hand, Fig. 8 is a plot of tk& values
for the considered materials: from this plot it is evident
and remarkable that in this case no appreciable differ- & 10+ |- Q
ence exists among the materials and thateems to g %o
be the only parameters affecting the impact toughness [ PY ® ‘. )

108 | ’
- 8

107 | 1 | 1 1 1 |

107

104

Crack speed, da/dt (m/se

102 ¢

108 Stress intensity factor, K (MPa:m'?)

Figure 7 Paris plot for material C. Data are relative to materials: C10
(dark grey circles) and C5 (black circles), respectively. The lines are
guides for the eye that evidence the regions of Paris regime (Equation 1
in the text).

104 F

105 (at least in the examineagl rangej. As expected from

what is known on the toughening, the fracture resis-
tance is greater when the second phase volume fraction
is higher.

= The discrepancy between the two different fracture
- tests requires an explanation: it is in fact quite hard to
107 ' ' E— merely imagine that the effect of the particles could be

Crack speed, da/dt (m/sec)

108

Stress intensity factor, K (MPa-m"?)
*From the data examination it is possible to imagine that in correspon-
Figure 5 Paris plot for material A. Data from left to right are relative dence to high values of the second phase volume fraction the toughness
to materials: A30 (empty squares), A20 (light grey squares), A10 (dark of material C will increase less than in the case of salami HIPS. Unfortu-
grey squares) and A5 (black squares), respectively. The lines are guidesately we do not have access to experimental data that can confirm this
for the eye that evidence the regions of Paris regime (Equation 1 in thehypothesis because materials like C cannot be easily produced having
text). higher second phase volume content.
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10.0 Km=f K. (10)

The Paris plots can be now constructed in termk gf
instead ofK.

This has been done in Fig. 9 (where a matrix crazing
stress of 25 MPa was assumed according to Kramer
[8]): from the analysis of the figure it is evident that the
50 behaviour of materials A and C (squares and circles) be-

3 comes now comprehensible: the effect of the rubbery
particle size and concentration is simply accounted by
i the stress concentration factor: approximately in fact
25 the same stress intensity factor on the matrix produces
i the same crack speed. Using this approach we can ar-
rive, then, to a congruency with the impact fracture be-
0.0 , | , ] , haviour: in fact if the fracture is governed by the stress

0.0 0.1 0.2 0.3 on the matrix, it is clear that materials containing more
dispersed phase, which can henceforth develop more
efficiently plastically yielded zones, dissipates more en-
Figure 8 Plot of the criticle energy release rag, vs. the second phase ergY’ asin f_aCt itis I,”usn_‘atEd In Fig. 8_' ) .
volume fractiong. Squares are relative to material A, trianglestoBand ~ Different is the situation for materiaB, which in
circles to C. The line is a regression on all the data. Fig. 9 appears moré&agile (triangles), having crack
speed values much higher if compared with the other
positive on impact tests and negative on slow fracture;) nes inﬁorresppnolleﬂce of tge sa(r;lehstressr]interr:.sitylfac-
experiments. c(;rp(t)l;]résewn;flittrrll);r;gilftl; l'EgeIi(rigS ﬁlat viéehtac? tdtu:isng .
A possible solution comes from the recognition thatthe SCF experiments on the B materials, enhanced also

Fig. 8 and Paris plots contain different informations.b th fthe di i K th ph
If we want to understand the SCF behaviour in micro->Y -\ Pr€Sence othe discontinuous crack growth pne-
nomenon (crack jumping). For this reason, the Fig. 9

scopic terms we have then to remember that in a ma- . L X .
E,\vndences to our opinion areal difference that exists be-

terial like HIPS, containing a dispersed phase, beside : ) ]
the stress intensification due to the crack itself, anothe een _the Impact fracture 'and the SCF k_)ehawour i
distortion of the stress field is present, originated from" the first case (impact) Bis as tough as its counterparts

the mismatch in the elastic constants between the mé’yith the same amou_nt of dispersed phase, while "? the
trix and the second phase. The stress intensification dLFeecond case (SCF) it appears re_ma_rkably more brittle.
We will come back later on this difference between

tothe rubbery particle is in fact the basis of the toughen-

ing mechanism, being the reason of the multiple crazin%?;?jgftﬂz i%%gﬁfg%rfhzef?;viﬁu rél}/gti:]etsgzce?(nc;e:—
nucleation [7]. In order to have an idea of the real stres gty P

distribution in HIPS, it could be then very interesting to Iments. In ort_:ler to l_Jnd_erstand It, itis useful to examineé
try to estimate a value of the stress intensity factor refmorein detail the yielding behaviour of the considered
ferred to the matrix, taking into account also the stress
concentration effect due to the rubbery particles. 102
The calculation of the stress concentration around t
a single particle has been obtained in a mathematical
way by Goodier in a classic paper [20]. This calculation 102
however cannot be applied to real cases: in substances g
the Goodier model appears too schematic because ev-g
idence exists that the second phase stress concentrag 10+ }
tion depends both on the particle size and concentration €
[11]. Nonetheless we can use an indirect way to estimate 3
the concentration capability of the rubbery particles:
if we assume that the matrix crazing stress stays un-
changed, the reduction with respect to this value man- I
ifested by the HIPS yield stress in tensile tests should ;6|
provide a reliable measure of the stress concentration g
ability of the particles: we can then estimate for each

75L 0

Critical energy release rate, G, (kJ/m?)

Second phase volume fraction, ¢

105 |

Crack spe

material an intensification factor due to the presence of - | A , , ,
the second phasé, defined as: 1 2 3 4 5
Oc Stress intensity factor on the matrix, K | (MPa-m”z)
f= B (9)
Oy Figure 9 Plot of the crack speeda/dt vs. the stress intensity factor on

. . . . the matrix,Kmn. The symbols are connected to the considered materials
whereoy is the yield stress and, the Matrix Crazing  asfollows: black squares: A5; dark grey squares: A10, light grey squares:
stress, and then assume that the stress intensity factazo; empty squares: A30; dark grey triangles: B10; light grey triangles:

on the matrix,Kn, could be given by: B20; black circles: C5; dark grey circles: C10.

6051



materials. We recently found, in a study dedicated to 40
core- shell HIPS [21], that the yield stress is easily de-
rived from the equation:
oy =oc¢-(1—9). (12) _
©
o -
The equation is a simple modification of the wellknown < % A ry
Ishai and Cohen equation [22]: ﬁ
9 A
o 9 2 -s_l')
m=o- (15 #). @ ¢ o
22 \g\ﬁ\%\ﬂ\L
in which the specimen effective section is computed, 7
instead that in the hypothesis of a particle cubic lattice
arrangement (Equation 12), assuming a more realistic
random distribution and referring to the stereological
Delesse-Rosiwal principle (Equation 11) [10]. ke o = o

Fig. 10 is a plot of the normalised yield stress, in

Second phase volume fraction, ¢

which both the Ishai-Cohen and Delesse-Rosiwal nor-
malisations are can|dered VB_‘.Of C a_nd SOME COMPa-  Figure 11 Plot of the normalised stress at yield vs. the second phase
rable other materials that we investigated in a previousolume fractiong, for composite (salami) particle HIPS materials: the
papers of ours (see Figure captions for details): straigkfonsidered stress normalisation is according to the Delesse and Rosiwal
horizontal lines in this kind of pIot mean that the relative stereological principle (Equation 11 in the text); grey squares and tri-

. . . . angles are for material A and B, respectively, considered in the present
nor_mallsatlon works well, _Ilnes or CU!‘VGS which are n_Otpaper, empty squares are from reference [10]. The solid line and curve
horizontal mean that the yield behaviour cannot be simzye simply guides for the eye.

ply understood in term of a reduction of the specimen

cross-section. Fig. 10 plainly confirms, then, that fortatively comprehensible: in materials like material A the
core-shell HIPSs the Equation 11 is a good descriptionress intensification due to the particles cannot be ne-
of the yield phenomenon. glected and it has to be added to the cross section reduc-
On the other hand, Fig. 11 depicts a different situ-tion. Thus fact that the Delesse-Rosiwal normalisation
ation: the yield stress of large salami HIPS (materialsyroduces a negative slope plot indicates that the factual
A and B in the present work and materials from refer-stress intensification due to the particles increases with
ence 10) cannot be corrected by the Delesse-Rosiwghcreasing the second phase content.
normalisation. What we observe instead for B is the very reason
In the case of A one obtains a line with slope defi-of its anomalous behaviour in the Paris plots Ks;
nitely negative. This situation, however, is atleast quali{as it is clear from the mathematical definition of this
last parameter). We do not consider really relevant the
40 dependence of the yield stress on the second phase vol-
ume fraction for this material because of some scatter in
the data, nonetheless what in our opinion is significant
0. is the fact that the yield stress is very high (Table II),
close to values that can be assimilated to the crazing

g 30 D_._--""':” stress of the matrix. This means that the rubbery phase
2 O capability to produce and stabilise multiple crazes,
£ L o which is the very reason of yield stresses lower than
3 6—@—9—0—@82 the crazing of the matrix, is extremely poor in B, even
3 O poorer than in the case of C.

§ oo L If in the case of materials like C the explanation for

high yield stress values has already be found in the
fact that small particles cannot efficiently nucleate the
crazes[23], the same way of reasoning is hard to sustain
for B: particles in B, in fact, have a size and a structure
such that craze nucleation should be enhanced as in the
case of material A

10 ) | L | L
0.0 0.1 0.2 0.3

Second phase volume fraction, ¢

Figure 10 Plot of the normalised stress at yield vs. the second phase§lt has to be noticed here that, as far as the elastic properties of the
volume fractiong, for core-shell HIPS materials: squares are relative materials are concerned, no relevant anomaly is evident. In a previous
to the stress normalisation according to the Ishai and Cohen formulpaper we demonstrated that, knowing the structural characteristics of the
(Equation 12 in the text); circles to the stress normalisation accordingsecond phase, it is possible to compute on the basis of a solid model, the
to the Delesse and Rosiwal stereological principle (Equation 11 in theelastic properties of the whole materials [11]. The materials considered

text); filled symbols are for material C considered in the present paperhere are no exception to this principle: they in fact have been used (and
empty symbols are from references [10] and [21]. The solid and dashedre easily recognizable), together with others, in order to test the model

lines are simply guides for the eye. in the very same reference [11].
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Figure 12 TEM picture of crazes in material A5. Multiple crazes nucleated and stopped at the particle-matrix interface are clearly visible.

Figure 13 TEM picture of the plastic deformation in material B5: the two arrows evidence the failed craze stopping and the subsequent particle
breakdown (left)and the particle-matrix failure (right).

A possible solution to this problem can be found by particles is also visible. This situation is really general:
means of the TEM investigation of the plastic defor-it has been observed in wide regions of the deformed
mation mechanisms. Figures from 12—-14 are picturespecimens without significant limitations in the strain
of plastically deformed zones for materials from A to rate range applicable with the TEM straining sample
C. In the case of the first and last materials (A and Cholder. Furthermore the use of this tool cancelled the
nothing unusual is visible: large salami particles nucle-doubts about the possible production of the interface
ate and stop the crazes, which form in dense bundlefilure during the cutting process during the specimen
(Fig. 12), while small core shell particles are trapped in-preparation: the interface debonding was in fact directly
side the crazes (Fig. 14). Both mechanisms have beavbserved to occur during the deformation.
already observed and discussed in the literature. Fur- Clearly craze bundles cannot easily develop in this
thermore, the micromechanics of the plastic deformamaterial: when crazes propagate they do not find obsta-
tion is congruent with the different yield behaviour in cle in the particles, having a higher probability to de-
the two materials, confirming the fact that in material generate into catastrophic cracks. The situation is made
A the particles provide an appreciable source of streseven worse by the fact that the particle-matrix interface
intensification, while in C they do not. fails providing crack nuclei inside the material. In other

For material B the situation is different: the particles words, material B is brittle in SCF experiments simply
do nucleate crazes but they appear not good in stoppingecause the damage induced by the particles prevents
them (a particle cut by a craze is visible and put inthe mature development of the crazes. This microscopic
evidence in the Fig. 13), moreover debonding of theevidence explains at least qualitatively the yield stress
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Figure 14 (a) TEM picture of the plastic deformation in material C5; and (b) in material C10. The white arrows indicate the strain directions.

behaviour for B and then also its anomaly in the Paris  0.15
plots vs. the stress intensity factor on the matrix.

We can at this point try to understand the mi-
cromechanical behaviour of B in terms of its struc-
tural features. Let us consider first the particle-matrix
debonding phenomenon. In order to do that it is useful  g.10
here to introduce and discuss the results of the dynamic
mechanical measurements. Figs 15 and 16 contain the,
plot of tans vs. temperature for A and B, respectively, &
in a region in which the PB glass transition is visible.
Taking into account that all materials contain PB with .. |
exactly the same isomeric composition, no appreciable
Tg shift should be observable. However this is not the
case for our materials, as shown in Fig. 17 in which the
PB Ty values (computed ad the abscissas of the tan
peaks) are plotted vg. L

In order to explain this situation we propose the fol- 0'091 20 100 .80 60 40 20
lowing idea: due to the thermal expansion mismatch
between PS and PB, thermal stress can arise in two
phases materials [24]. Thermal stresses have been C%bure 15 Plot of tan§ vs. the temperaturel, for material A. The
culated by Pavan and Riad25] for a model system  cyrves correspond to A5, A10, A20 and A30, going from the lowest to
in which a composite particle containing a sphericalthe highest.

Temperature, T (°C)
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Figure 18 WISE 2D NMR spectra for materials A30 (above) and B20 (below). The rectangles evidence the PB peaks.
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Figure 19 WISE 2D NMR spectra for materials A20 (above) and B20 (below). The rectangles evidence the PB peaks.

rigid sub-inclusion is surrounded by a rigid matrix. It
was shown that the thermal stress, which is maximu
for a pure rubbery particle with no sub-inclusions, is
strongly decreased as the amount of the rigid compo
nent increases inside the particles. A qualitative indi-
cation of the degree of rigid (PS) sub-inclusion for the
HIPS particles can be given by the ratio betweemd
the rubber content (Table I): this gives values of about,
5 and 3 for materials A and B, respectively. The degree
of thermal stress then should be higher in B thanin A
And the existence of a difference in the two materials
also regarding this issue is confirmed by the Fig. 17, in
which the PBTy results in fact lower for B than for A.
However it is easy to demonstrate that the thermal

stress is higher when the second phase content is lowe
while we observe that the PR, difference between the
two materials tend to disappear in correspondence dfigure 20 TEM picture representing the intra-particle craze fibrillation
low ¢ values. This apparent contradiction can nonethein material A.
less be explained if we take into account the PS-PB in-

terface debonding evidenced in Fig. 13: it has already

been observed that the thermal stress can reach values
TFor materials with particles with the same degree of sub-inclusion offor which cavitation or interfacial failure of the parti-
A, ithas been demonstrated that the thermal stress is almost absent [12}le manifest [12]. We can assume then that the thermal
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Figure 21 SEM micrograph of a SCF surface in material A20. Circles evidence bonded, broken particles.

stress values in B materials with lggvcould be suffi-  mobility between the two components exists: the WISE
cient to produce some interface failure, with the sub-spectrum, which provides inllimension informations
sequent release of the stress and the alignment of thebout the chemical structure B3C chemical shift, and
PB Ty values to those for A. If this is true, interface in F; dimension data about the molecular mobility by
debonding in material B is indirectly confirmed also by the proton wide line spectrum, can evidence mobility
dynamic mechanical experiments. We have now to trydifference for different components [19]. Our materi-
to explain its origin. als, in which PS and PB are at room temperature well
Up to now it has ordinarily been assumed that, be-below and above theifgs, respectively, and a relevant
cause of the polymerisation reaction involved [7], theamount of interfacial matter is supposed to be present,
guantity of the interfacial matter in HIPS (PS-PB graft appear particularly suitable for this approach.
copolymer) is high and then sufficient to grant a good In the aliphatic region of3C spectrum (0-60 ppm
adhesion between the matrix and the rubbery particleseferred to tetramethylsilane scale) at about 40 ppm the
Furthermore, at a first sight one could also concludesignal of PS chain€CH— and—CH, groups) is ob-
that, because of the fact that particles in B are smalleservable and at 32 and 27 ppm the signals of trans- and
thanin A, B should posses an equally efficient (or evercis-methylene groups of PB, respectively, are evident.
better) interface between matrix and second phase. THa general the proton spectrum for PS shows a very
only particle size, however, is nota good indicator of thebroad line, with a width of several tens of kHz, while
interfacial properties in HIPS, being governed by fac-the equivalent for PB exhibits a sharp line with a width
tors other than the interfacial tension, namely the sheasf some kHZ. On the other hand, if we analyse the
stress during the polymerisation process and the visco8VISE spectra of the considered HIPS materials we can
ity ratio between the phases [7]. In addiction the quansee for all samples along Bimension a broadening at
tity of interfacial matter alone, which can efficiently the base of PB signals, and a sharp line superimposed
reduce the particle size, can in principle be not directlyon the PS signal clearly indicating the presence of a
related to the mechanical adhesion. Molecular weightnixing phase with an intermediate mobility.
of branches in the graft copolymers, for example, is Fig. 18 shows the spectra for A30 and B20: the com-
likely to play a key role on the mechanical characteris-parison is sound because the two materials have approx-
tics of the interface [26, 27]. imately the same chemical composition (PB amount
Thus it would be necessary at this point to obtain di-is 6.1% and 6.3% for A30 and B20, respectively, as
rectinformation on the interfacial properties in Aand B computed from the polymerisation composition data
materials. Nevertheless, to accurately characterise thend confirmed from ordinary infrared spectroscopy and
PS-PB interfacial matter in HIPS and to refer its fea-iodometric measurements). From the figure itis evident
tures to the mechanical adhesion properties is not athat the shapes of PB signals are clearly different in the
easy task. Recently NMR spectroscopy has been apiwo materials: B20 signals are higher than A30. Tak-
plied in a way that can be useful here [28]. WISE 2Ding in account that PB content is the same and then the
spectra have in fact been used to investigate the micro-
mqrphology a_nd interface properties of polymeric ma- *The proton NMR line is wide in solids because of the strong dipolar
terials, especially of blends or copolymers that have acouplings, while it sharpens in liquids because the coupling mechanism
softand a hard phase. In these cases a large difference isiless efficient.
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Figure 22 SEM overview of a SCF surface in material B5. The picture above (i) shows that there are different fracture zones: (A) Very slow propagation:
da/dt < 10~% m/s, (B) stable propagation: 18m/s< da/dt < 10~3 m/s, (C) catastrophic propagatiaha/dt > 10-2 m/s. The picture below (ii)
evidences that the zone (A) has a narrow sub-zone (A1), relative to the very start of the fracture.

volume of the peaks must also be the same, this shapeis definitely possible to say that the NMR confirms
variation indicates that B20 signals are less broad athe hypothesis that the PS-PB interface has itel-
the base than A30, which means that thixingbe-  cient characteristicsvith respect to its counterpart in
tween PS and PB is worse in B20 than in A30. In ordemmaterial A, causing the debonding of particles under
to make this conclusion stronger it is also possible tahe action of thermal and/or mechanical stress.
compare spectra in constant second phase conditions: Coming now to the poor capability of B particles in
Fig. 19 displays A20 and B20 spectra. In this case thetopping the crazes, we notice that the observation that
difference between the two materials is analogue an@ particles are poor in PS sub-inclusions is useful also
even enhanced. here. When we consider craze arrest on a rubbery par-
Despite the fact that the NMR information regardsticle we use a language not exactly correct. In general,
the molecular mobility and it is difficult to transform in fact, the craze is not properly arrested: it tends to
it in terms of quantity of interfacial matter and/or of propagatehroughthe particle originating somiatra-
molecular weight and structure of the graft copolymer,particle fibrillation (Fig. 20). Probably it is during this
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Figure 23 SEM micrographs of a SCF surface in material B5: (a) zone Al, (b) zone A, (c) zone B, (d) zone C. Particle debonding is evident in zones
Al and A (white circles). In zones B and C no debonding is evident (white circles indicate adherent particles). The zones are those indicated in Fig. 22.

intra-particle fibrillation, because of the stress relax-and pulled particles, while the phenomenon is much
ation of the rubber, that the crazes looses its drivindess relevant at higher speed (Fig. 23) and almost ab-
force. If this intra-particle relaxation mechanism is in- sent in impact fracture surfaces, where, on the contrary,
hibited due to an high PS content, like in B, the particlebroken, adherent particles similar to those observed for
does not represent an obstacle to the craze propagati@nare visible (Fig. 24). Holes and debonded patrticles in
and can fracture as well. SCF surfaces are less frequent when the second phase
If these ideas can explain well the brittle SCF be-volume fraction is increased.
haviour of B, we have now to understand why, when These evidences, while it substantially confirms the
impact fracture is concerned the same material does natebonding phenomenon (seen in TEM pictures and ev-
show remarkable differences with respect to A. Unfor-idenced in dynamic mechanical measurements for B
tunately the TEMin situ deformation cannot be per- materials) and straightens the hypothesis of a thermal
formed at high speed: we do not have then a direct evistress contribution, due to the massive holes presence
dence of the fracture micromechanisms during impacin low ¢ samples, offers also the possibility to under-
tests. Nonetheless the SEM investigation of the fracturstand the fracture behaviour difference when different
surfaces is extremely useful in this case. When fracturstrain rates are involved. In fact we have to assume that
surfaces from both SCF and Impact experiments ar¢he particle-matrix debonding for material B is gov-
observed for material A, one finds that the rubbery parerned by some chain pull-out of the grafted molecules
ticles always appear adherent to the matrix and brokeat the interface. We know then that this phenomenon
on the crack path (Fig. 21). The situation, on the condis greatly dependent on the pull-out rate, and then on
trary, is much more complicated for material B. The the crack velocity: experimental and theoretical studies
SCF surface for material B5 presents several differenhave demonstrated indeed that the fracture toughness of
zones, corresponding to different crack speeds (Figs 2@n interface greatly increases with increasing the crack
and 23): itis possible to observe that in the zones correspeed [29-35]. In the material B, then, a considerable
sponding to very slow crack speeds the fracture surfaceumber of particle-matrix interfaces can fail, besides
is characterised by holes which coincide to debondedhose already opened by thermal stresses, when the
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Figure 24 SEM micrographs of an impact fracture surface in material B5. The surface has two distinct zone: a first one (a) quite ductile, and a second

one (b) more brittle. In both zones bonded, broken particles are visible (white circles).

crack speed is slow, as in SCF experiments, while theyng the straining holder device has been done by CM
will probably resist in high crack speed conditions. Theat the Institut Interdepartemental de Microscopie Elec-
debonding phenomenon, which is obviously a dramatid¢ronique of the Ecole Polytechniquedrale de Lau-
source of damage and detrimental to the fracture persanne, whose staff is gratefully acknowledged for their
formance, will be possibly absent in impact fracturekind support.

conditions, giving to materiaB a performance very
similar to A.

The SCF behaviour of HIPS puts then in evidenc
structural characteristics, like the particle-matrix adhe-
sion, which rarely affect the standard mechanical mea-

surements (elastic properties, impact toughness). Thus.
the analysis of HIPS only in pure morphological terms 3.

(second phase volume fraction and size), which is quite
simple and consolidated, could in principle not be suf-

ficient in order to completely predict the mechanical s

behaviour in service.

6.
7.

4. Conclusions 8.
The main conclusion of the present paper is that SCF®.
and impact fractures can exhibit very different features1%

for instance the SCF behaviour in HIPS evidences th
the particle-matrix interfacial features, which in general

do not affect ordinary mechanical tests (elastic propera2.

ties, impact toughness, etc.), can play instead a relevant

role in slow fractures. In this case in fact some chainlj-
pull-out at the interface can cause particle debondincjL '

15.

and premature fracture as a consequence.
Furthermore, from the investigation here presented,

we consider promising the development of the NMR to16.

explore interfacial properties in real multiphase poly-
meric materials, of which we presented an example.
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