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Chain entanglements and fracture energy in interfaces between immiscible
polymers

Abstract

It is a very well-known experimental fact that the toughness of interfaces obtained by joining pairs of
immiscible glassy polymers is strongly correlated to the interfacial width. Several models have been
proposed in the literature to estimate the fracture energy of these interfaces, but the agreement displayed
with the experimental data cannot be considered satisfactory. In this paper a new model is proposed for
polymers with molecular weight higher than the critical value for the onset of entanglements. The model
is based on a precise and realistic calculation of the areal density of entangled strands across the
interface, that is the crucial parameter determining the toughness of the glassy joints. In this paper a new
fracture regime is also introduced, called “partial crazing,” corresponding to a situation where, due to the
fact that some of the load-bearing strands are broken during plastic deformation, the craze can start, but
not fully develop. Model predictions are then compared with a series of literature fracture energy
experimental data, showing excellent agreement.
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It is a very well-known experimental fact that the toughness of interfaces obtained by joining pairs

of immiscible glassy polymers is strongly correlated to the interfacial width. Several models have
been proposed in the literature to estimate the fracture energy of these interfaces, but the agreement
displayed with the experimental data cannot be considered satisfactory. In this paper a new model
is proposed for polymers with molecular weight higher than the critical value for the onset of
entanglements. The model is based on a precise and realistic calculation of the areal density of
entangled strands across the interface, that is the crucial parameter determining the toughness of the
glassy joints. In this paper a new fracture regime is also introduced, called “partial crazing,”
corresponding to a situation where, due to the fact that some of the load-bearing strands are broken
during plastic deformation, the craze can start, but not fully develop. Model predictions are then
compared with a series of literature fracture energy experimental data, showing excellent agreement.
© 2003 American Institute of Physic§DOI: 10.1063/1.1610444

I. INTRODUCTION copolymer of polybromostyrene-styremne(PBrS).°> The
same correlation has been found by Brotwnho measured
Adhesion between pairs of immiscible polymers is athe toughness of the interface between a random copolymer
phenomenon of great importance in many practical applicap(s-r-PMMA) and pure PMMA, for different fractions of PS
tions, as it determines the mechanical properties of polymep, the copolymer.
mixtures often used to make, for example, composites, adhe- The importance of entanglements has been proved by
sives, and coextruded material&ulk glassy polymers are Creton etal’ where an interface between PS and poly
tough materials, the source of toughness being entangle-yinyipiridine (PVP) was reinforced with block copolymers
ments. Similarly, the strength of an interface between twayf ps and PVP. Particularly, in tests in which molecular
immiscible glassy polymers is determined by the density ofyasses were varied, the results showed that for short blocks,
the entanglements that cross it. Experimental work, usuallyhat are not long enough to be entangled with their ho-
performed using a cantilever beam test, has shown that, f%opolymers, only small increases of fracture energy can be
example, interfacial fracture energy between polystyrengptained. Chain coupling across the interface can be de-
(PS and polymethylmethacrylatt®PMMA) has a value of scriped by the areal density of effectively entangled strands,
around 12 J/ ?3 substantially greater than the ideal work of jndicated byS 4. A strand is said to be effectively entangled
adhesion, but much less than bulk4fracture. energy of botl it connects two subsequent entanglements placed on dif-
polymers. More recently, Schnedt al." used bilayers of PS  ferent sides of the interface, and is therefore able to transfer
and polyparamethylstyren@pMS), to obtain a wide range stress across the interface, as shown in Figa. and 1b).
of interfacial widths by_ changing the annealing temperaturgg\gain, block copolymer reinforced interfaces, supplemented
of the samples. By doing so, they were able to demonstralfy, srface analysis to determine on which side the block
that there is a clear correlation between the width, measureggpmymer ends up after failure, showed that different frac-
by neutron reflectivity, and the fracture energy of the inter-, o regimes can occur depending on the valug gf 8
face. The results were confirmed in another work by the  |i is therefore clear that, in any model that aims to de-
same authors on interfaces between PS and the statisticdl e fracture of entangled polymeS.q will play a key
role, since it is proportional to the maximum stress an inter-
dElectronic mail: |.silvestri@sns.it face can withstand. For symmetric interfaces a simple model
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FIG. 1. Schematic representation of an effectf@eand a not effectivéb) entanglement; the planar interface is definedxbky0. (c) Position of then,
entanglements along the chain. Continuous bars represent entangled chains crossings, while dashed ones are just an aid to the eye. Distmseekiare expr
number of monomer units.

similar to Lake and Thomas theory of elastomers, wouldfield approach. In Sec. Ill we describe the fracture mecha-
predictX .4=pcl /2, Wherep, is the density of entanglements nisms of interest for an entangled interface and introduce a
andL, is the root-mean-square end to end distance betweemew intermediate regime called partial crazing; numerical re-
them?® A more accurate expression was derived by Mikossults are discussed in Sec. IV and compared to available
and Peppa¥ who used a stochastic approach to count theexperimental data. Conclusions are finally presented in Sec.
number of coupling strands across a fracture plane in bulk. Appendixes A and B are devoted to two aspects of the
polymers and included chain end effects in their analysis. method proposed in Sec. Il to calculaigg: in the first we

For weakly immiscible polymer pairs, de Genheggro-  present a long-chain approximation and in the second we
posed a scaling law for the dependencegf on the inter-  describe our method using a stochastic language.
face width through the Flory—Huggins interaction parameter
x- However, his result is based on energetic considerations,
and it does not take into account the effect of inhomogeneous

polymer densities at the interface. CALCULATION OF THE EFEECTIVE

In recent years a new approach has been proposed @NTANGLEMENT DENSITY FOR ASYMMETRIC
Browr’ to relate the interfacial width of an interface to its |NTERFACES

toughness, in whicft . depends only on the concentration

profile of the polymer. In particular, Brown neglected chain  As described in the Introduction, experiments have dem-
end effects and assumed that the probability that a strandnstrated the importance of entanglements in determining the
starting fromx might end inx’ is proportional to the ratio of toughness of interfaces. The crucial point of our fracture
the polymer volume fractions at the two points, obtaining themodel is therefore the calculation Bf. In an asymmetric
density of effective entanglements formed by one species daterface it can be written as the sum of the effective en-

tanglements formed by the two polymers
LetX ) d(x")
Se=2pe] axa0a [ ey s &

2hedx) Se=IW+IE. @

which in the homogeneous casgs=1, gives2 .s=pcLd2, as
predicted by the simple model resembling Lake and Thomas Calculations will be carried out for polymer A, and we
theory. As discussed in Appendix B the probability distribu-will always refer to this species, unless otherwise stated.
tion is in fact roughly proportional to the square root of the Derivations would obviously be the same for polymer B.
volume fractions ratio; as a result, the equation derived by = We assume that the two polymers are in thermodynamic
Brown predicts a variation of the density of effective en-equilibrium at an annealing temperature above tfigir and
tangled chains that is too slow with respect to the changes iwe will use, in our derivation, a mean-field approximation
the interface width. that is suitable for melts. Each polymer chain can therefore
In the present work we propose a rigorous model for thebe viewed as an ideal Gaussian chain, submitted to the mean
calculation of2, .4, avoiding most of the simplifications af- external field created by all the other chains. Consider a
fecting previous works. The paper is organized as follows. Irpolymer chain of molecular weighi¥l, made ofN repeating
Sec. Il we derive an explicit expression to complig;,  units of molecular weighM. In order to account for chain
using the Green function formalism in the context of a meanstiffness, in our derivation we will take into consideration the
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equivalent Gaussian chain of the actual macromolecule. Stanoment we treat the entanglement as fixed along the chain.
tistical units of the equivalent chain have molecular weightThe validity of this assumption will be discussed in Sec. IV.

M, and lengthb, given by Another hypothesis assumed in our derivation is that the mo-
b=1C.] 3 lecular weight of entanglement stays constant throughout the
el whole interface; this approximation will also be discussed.
wherej is the number of backbone bonds of the original In order to solve the problem we introduce the Green
repeating unit,C.. is the chain stiffness, ant the bond function formalism. At thermodynamic equilibrium, the
length, which is 1.54 A for C—C bonds. Green functiorG(r,r’;N) represents the statistical weight of

The equivalent Gaussian chain can be subdivided intehains starting at and ending at’ in N steps, normalized
segments of molecular weigM, containingN.=M,/My  with respect to the value it assumes in the absence of exter-
monomers, and, following Mikos and Peppdsye assume nal fields.
that an entanglement is found at the end of each segment The Green function of a Gaussian chain in the presence
excluding the final one. A chain with molecular weighit ~ of an external fieldU. satisfies the following differential
therefore hasi=M/M, segments and— 1 entanglements. equation'?

Due to the mean-field approximation, in our derivation we
. . . 9 b2 {92

will solve a single chain problem, and, to perform the calcu- -
. o " —— — —+——=Uq(r) |G(r’,r;N)

lations, it is necessary to assume that the exact position ofdN 6 52  KgT

the entanglements along the chain is known. We will there- )

fore consider an integer number of entanglements[n] =o(r—=r")8(N), (4)

—1, where{x] denotes the integer part af Moreover, since  \yhere the right-hand side term is set so that it can satisfy the
the two ends of a chain are completely equivalent, it can b%roper boundary conditions. Fd,=0, Green function

safely assumed that, on the average, entanglements are Sy§ives the well-known Gaussian distribution function
metrically distributed with respect to the chain center. En-
2wa2)3’2 p( 3(r—r")2
exp ————].

tanglements are therefore located at positiosskNg+ A

along the chain, whera = (N— N[ n])/2 andk=1,...n,, as GO(”,;N):( 3 N
shown in Fig. 1c). Rigorously, every physical quantity that
depends on the entanglement positions should be obtained &ke mean values of any physical quantity depending on the
a mean over all the possible configuratidng, but for the  positionr,, of the nth monomer are given by

©)

<'A\(rn»:fdrodrndr,\, G(ro,rn;n)G(rn,rN;N—n)A(rn).
JdrodryG(ro,ry;N)
If a quantity depends on the position of two monomers, the corresponding expression for its mean value is
Jdrodr,dr,dryG(ro,ra;m)G(ry,rm;m=—n)G(rm,ry;N=m)A(r,,rm)
JdrodryG(ro,ry;N) ’

(6)

(A(rn,rm))= 7

with m>n.*? number of chains. The operator that counts the total number
Since in the case of a plane interface the external poternf the coupling strands across the interface per unit area is

tial depends only on one coordinate, that we identifx,ase

can integrate on the other two and work in one dimension.

ne—1
. ~ 14
The Green functiofG, becomes S f drf dr’ 8(r. —1)8(r, —r')
A1 | Jx<o Jx=o0 k K+t
IBN 2
Go(x,x";N)=—=exd — BR(x—x")?], 8
of ) Jr i Al )l ® +f drj dr’ &(ri, —r)é(ri, _ —r')|, (10
x>0 x<0 *
with
3 where the sum ovek counts entanglements along the chain,
Bn= _ (99  Aisthe system area, ands the total number of chains. The
NY2p density of effective entanglements per unit area can be ex-

o pressed as the mean value of the above-defined operator
To compute. o it is necessary to count every strand that

connects two subsequent entanglements placed on different -

sides of the interface, that we assume to be=a0. Working e =(Zet)- (1)
in a mean-field approximation, it is sufficient to consider the

single chain problem and then multiply the result by the  From Eq.(7) we then obtain
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v 1
A J[drodryG(ro,ry;N)

ne—1
X > U er dr'JJdrOdrN
=1 x<0 x>0

3

XG(rg,r;i)G(r,r";No)G(r',ry;N—=iys1)
+f dr’f drffdrodrNG(ro,r;ik)
x<0 x>0
XG(r,r";Ne)G(r',ry;N—=ig11) |- (12)
Integrating overy andz we obtain
s v 1
A [ q(x;N)dx
ne—1
0 ©
X E j dxf dx" q(x;i ) G(x,X";Ng)
k=1 —® 0
0 ©
Xq(X’;N—ik+1)+J dX’J dx a(x;i)
— % 0
XG(X,X";Ne)d(X";N=iy41) |, (13
where the notation
q(x;n)Ef G(x,x";n)dx’, (14

has been introduced.

Expression (13) can be simplified by noting that
G(x,x";m)=G(x’,x;m) and that, since we assumed en-
tanglements symmetrically distributed with respect to the
ik+l:ine—k- Using these relationships it is

chain centerN—
possible to write

f dxf de q(X;i ) G(X,X ;N q(X ;N =iy 1)

J de de g(x";ik) G(X",x;Ng)

XA N=lys1), (15

and finally

n—
v 2 &

1
0 P
e~ a JLa(x;N)dx k§=:1 [deXJo dx alxi

XG(X,X";Ne)a(X";N=iy41) |, (16)

wherelL is the dimension of the system in thxedirection.

The total number of chains can be written as

. l . PbA
v—ﬁfvpu)dr—wﬁwx)dx, (17
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where p(r) is the total density of monomersg(x)
=[p(x)1/py, is the polymer volume fractiory,, is the bulk
monomer density, an¥ is the system volume. Substituting
Eq. (17) into Eq. (16), one derives

2y Jue(dx S0 e
SN TanaNax ) J x|, ax oo
XG(X,X" Ne)d(X"sN=iy1) |- (18
Finally, observe that in the homogeneous phases

¢d(*+o)=q(xx;N), as demonstrated in Appendix A, so that
for a system where is much greater than the interface width
we have

. Jip(xdx
M FacNdx (19

The final expression fok .4 is therefore

0 o
f dxf dx’ q(x;iy)
— 0

XG(X,X";Ne)q(x";N—

s Zpb ne—1
eff— N &

ike1) |- (20

This equation gives the density of effective entangle-
ments formed by one polymer across the interface. The total
density is the sum of the contributions by both species. Ex-
pression(20) is the main result of this section.

In the case of an A/A interfaceU,=0, ¢(x)=1,
G(X,X";Ng) =Go(x,x";Ng), andq(x;i)=1Vi, so that from

Eq. (20) it is
_ 2pp o 1
Eeﬂ—W(”e_ 1) J_wdx§[1+ Erf(Bnx)] |- (21)

If the total number of entanglements is the real number
n.=n-—1, then the final result in the symmetric case reads

_p(n=2)
Ny T

That is exactly the same result that was obtained by Mi-
kos and Peppa¥.

2 (22

lll. FRACTURE ENERGY

In this section we describe how fracture energy of en-
tangled interfaces can be calculated frany.

As previously pointed out, here we are taking into con-
sideration entangled chains, havilg>2M,. For these mo-
lecular weights, it has been demonstrated by simulations that
the force needed to disentangle a chain is higher than the
breaking force of covalent C—C bonds, so that the main mi-
croscopic failure mechanism is chain scisstort low en-
tangled strands densitieZ <2, this is the only process
dissipating energy, and therefore it is completely responsible
for fracture energy. We can say that, in order to propagate the
crack, chains entangled across the interface need to be bro-
ken. Following the classical Lake and Thomas apprdéch,
we assume that, when pulling a strand between two subse-
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guent entanglement, the supplied energy is shared betwedés growth stops when the interface cannot sustain the crazing
all bonds and, after breaking, it is dissipated. Under thesstress anymore, that is Wheli—2pokeri=2c- From Eq.

assumptions the fracture energy is calculated as (25) the craze width is therefore
Ge=Up(XGNGY | A+ 3G NG| ®), (29 (S5 Yol -
e c _ ’
whereUy, is the energy needed to break a C—C bond, and all WO crazd 1= v1)
other quantities have already been defined. and consequently
If the interface is strong enough to sustain crazing stress (50 (50
O craze then a plastic deformation occurs, capable of dissipat-  G&™” =G¢ ™ (20) + 0crazd (1 —0v5), (27)

ng a huge amount of energy before_the_mterfa}ce fails. Th%vhereG(CSC)(Ec) indicates the fracture energy calculated for
critical density for the onset of crazing is easily found as

s - Jf, . wheref, is the maximum force that a C—C the scission mechanism at the critical density. This term is
¢~ Tcraze Tb, b added because when tBgg at the interface decreasese

bond can sustain. The crazing regime was described b e interface fails by chain scission. The derived expression

Brown® who developed a model accounting for the stres . . . A
AP . . ~“7Jor the fracture energy in the regime of partial crazing is

transferred by cross-tie fibrils. This model was later refined. . : . : ;
inear in 2.4 and is steeper than that obtained in the chain

by Sha and co-workerS, who obtained the following ex- scission regime. The model also predicts that the critical

pression for the fracture energy width L., at which cross-tie fibrils start to transfer load and
(1= 07) Tgrand a craze can fully develop, is obtained ®gs=2./q, and is

, (24)  therefore given by
—alog[1— (0 ¢razd A2 efifb) 2]

wherev; is the volume fraction of the fibrillated material in L.= (E—l)&. (28)
the crazed is the main fibril's spacing, and is a dimen- q Wis(1=vy)

sionless material constant, that depends on the effective

Young modulus of the fibrils and on the angle between them!V: NUMERICAL RESULTS AND COMPARISON

In Eq. (24) the effective density is corrected by a factpr WITH LITERATURE EXPERIMENTAL DATA

<1, defined as the fraction of strands that survive the craze

H 17 (cn ; . .
forzmauon. It follows that G¢™ is defined only if g2 been obtained using the self-consistent mean-fisildMP
e . . . ) calculations, combined with the modified diffusion equation
It is therefore advisable to introduce an intermediate re'(MDE) 4)
glmlz, EOt ye”t ?lﬁen 'T‘tf con_5|de“rat|orr1]_|n the Iltezratur;, that The approach can be briefly described. First we perform
could be called "partial crazing.” In this regima2er<2c 5 gtandard SCMF calculation, following the method de-

<Zerr, Meaning that the craze starts, but it cannot fully de-g . iped in detail by Shull and co-workefto obtain the

velop. What happens is that the plastic deformation take terface width, probability functions(x;i), and polymer
place, but cross-tie fibrils are not yet created, so that later ean fields. Then mean. fields can be inserted in the MDE

stress cannot be transferred. This partial crazing regime c&hich is solved numerically to obtain the needed Green

be descriped as follows. Whgn acraze d'evelops,'som.e O_f t}}Enctions. Finally, expressiof20) is calculated and the result
load-bearing strands at the interface fail by chain scissio or 3 . is multiplied by (1—2)/([n]—2) in order to obtain a
e

We assume that_ they are a constant _fractmnf the total smoother dependence on the molecular weight and to take
broken strands, including also those in the craze but awa:

. X thto account the fact that real polymers are not monodis-
from the interface. The work per unit area needed to create Berse Numerical results showed that rigidly shifting en-
craze of widthL is o¢a.d (1—v5). Assuming that the work '

. . ) tanglement positions along the chain has no appreciable ef-
is entirely spent to break entangled strands, which seemg s on the calculated ., so that an average over all the

reasonable for the small craze W'dt_hs we are Cons'd_e”n%ossible positions of the first entanglement is not necessary.
then the number of broken load-bearing strands per unit area In order to show the general dependenceSgf on the

(e _

An accurate numerical evaluation of expressia@) has

IS interfacial width, we applied the method to a simple illustra-
Terazd-(1—v+) tive system, simulating an interface between two materials
Ebroken:WW- (25  with bulk parameters equal to those of PS and the same
€.

molecular weight 30K; the interfacial width is then changed

It is important to be careful in choosing, andj. For by varying the interaction parameteydrom 0 to 0.05. The
large widthsL the majority of the broken strands probably calculated values of ., obtained for this system with Eq.
belongs to the crazed material, while for small crazes theré20), are showed in Fig. 2 by joined full circles. For com-
will be a consistent amount of strands of the other polymerparison, in the same figure we also show the results obtained
So, it would be correct to writdl, andj as functions ofL, by applying Brown’s equatioridashed ling and those ob-
but as a first approximation it is reasonable to take valuetained with a simple approximation we will introduce in Ap-
relative to the material in which the craze grows. The frac-pendix A. Noticing that the scale length over whikl; var-
tion of broken load-bearing strands is probably a function ofies is given by the distance between entanglemepisour
L too, but for the moment this complication will be ne- model predicts a very quick saturation, if compared with
glected. The craze width can be calculated by imposing thaBrown’s.
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FIG. 2. Areal density of effective entanglements as a function of the inter-g1g 3 Areal density of effective entanglements as a function of the mo-

facial width a,, for the illustrative system described in the text. Joined |gcylar weight of the two polymers, calculated for the illustrative symmetric
circles are obtained from Ec’j20), dotted line from approximate EGAG),  system described in the text with=0.005 (full circles). Areal density is
and dashed line from Brown’s formu(®ef. 6. = ¢ is scaled with respectto g 51ed with respect th%,=0.134 nm2, that is the value oF « calculated

its bulk valueX %"=0.150 nm 2, anda, with respect to the entanglement o, M/M.=100. For comparison we plotted in solid line the function
length of the systen,=7.6 nm. (1-1.5M./M).

In Fig. 3 variations o ¢ with the molecular weight, for
the same illustrative system, are shown, assunyin@®.005 to use two almost compatible materials and anneal them at
constant andN,=Njg. Increasing the molecular weight af- different temperatures, as in the case of PS/P3Nally,
fectsX o in two opposite ways: through the interface width for strongly immiscible polymers, a wide range of interfacial
by lowering it and through chain end effects by increasing itwidths can be obtained by using a random copolymer; inter-
From the figure it is clear that chain end effects, that roughlffaces PMMA/RS-r-MMA) have been studied by Brovin,
contribute to3 ¢4 with a factor 1- 2M /M, dominate, while  PS/PB(S by Schnellet al,® and PS/PS-r-PVP by Benkoski
the changes in width produce only a small correction. Teet al!® In this section we apply our model to two of the
demonstrate quantitatively that the chain end effects domiabove systems, namely PMMA&r-MMA) and PS/PpMS.
nate, we fitted the calculated data with a function of the type  Brown used a layer of a random copolymé&sR-MMA)
1-pM,/M, and obtainegp~1.5. The corresponding func- placed between two sheets of PMMA. In a system like this it
tion is plotted in Fig. 3 as the solid line. This result is notis possible to change the interface width by varying the PS
surprising, since the dependence of the interfacial width oifraction in the copolymer, while keeping the craze in
the molecular weight is weak. In fact, only close to miscibil- PMMA. We decided to study this system because it explored
ity can a large change in the width be obtained by varyinga wide range of interfacial widths, compared with the en-
the molecular weight, but we have seen in Fig. 2 that, fotanglement lengths of the two materials. Furthermore, PS
such large interfaceg, . has already reached saturation. and PMMA are widely studied and there are many measure-

Not many experimental data are available in the litera-ments available in the literature of their bulk properties. The
ture to validate our method, because it is difficult to devise gparameters used in the calculations are reported in Table I.
system in which interfacial width can be changed over a The random copolymer is treated as a homopolymer
wide range of values, while keeping all other experimentawith preaveraged parameters, and an empirical interaction
conditions constant. The experimental possibilities argparameter between PMMA and $r-MMA) is introduced.
mainly three. It is possible to anneal two beams of the sam@&his is simply an extension of Flory—Huggins theory and it
material for different times, as it has been done fo*®&t is a widely used approach, that, even if it lacks a solid the-
in this case the sample is not in thermodynamic equilibriumoretical basis, could explain in many cases the enhanced mis-
and it cannot be described by our method. It is also possibleibility of blends involving random copolymef8?! Since

TABLE I. Parameters used in the calculations. Other parameftgrsi.115 nN,U,=5x 10 °J.

P Mea O craze o
Polymer (gem ) C.. (x1079) (MPa) @ o (nm) vC
PMMA 1.15 9.F 10 100 0.015 0.63 17.7 0.25
PS 1.05 9.8 13.3 48 0.6 19.0 0.25
PpMS 1.015 17.6 1313 31° 0.027 0.6 19.0 0.25
3From Ref. 24. dFrom Ref. 29.

From Ref. 17.
°From Ref. 16.

®From Ref. 5.
PS values.
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FIG. 4. Areal density of effective entanglements as a function of the bar

%1G. 5. Fracture energy as a function of the bare interfacial width for
interfacial width, calculated with our modfEq. (20)] for the PMMA/RS- A DS . — )
-MMA ) samples investigated by BrowRef. 6. PMMA/P(S-r-MMA), calculated from theS o given in Fig. 4 (circles.

Crosses represent experimental data by BréRef. 6).

we are working in a mean-field approximation, the same ap-
proach is suitable for our calculation &f.;, provided that
the copolymer is |dea!, meaning that all cor'relatlons a'€ fracture energy calculations are reported in Table I. The val-
lost between the chemical identity of successive MONOMETs, < toro v:, d, andq have been found in the literature
craze, Vs '

When it is possible the effective parameters for the COpOIyi/vhile the other parameters have been chosen to fit the data.

mer are extracted from experimental results, but this is no, particular, the value fof, was chosen such that it would
the case and we have to choose appropriate interpolations. e /q%(’) 142 nn 2 antt)j correspondingly a transition to
our calculations, therefore, we assume that the correspondi mpI(Cate cra-zing for V\,/idthS around 9 nm. whitevas cho-
homopolymer has the same degree of polymerization of th‘gen to fit the experimental fracture energy of the largest in-

copolymer, and is made of identical monomers ; -
=>?M¥S+(1—X)MPMMA wherex is the PS fraction in the terface.. The resultlng. fracture energy, calculated Wth our
0 0 ’ model, is compared with the experimental data by Brdiun
copolymer. In a dense melt we can also assume that the mass, g
. . . . : h_ PS T
density is given by the linear equatiop™=Xxp ™+ (1 The fracture mechanisms predicted by the model are

_ PMMA .
X)p - For the Kuhn segment lengti the most widely cd1ain scission for the first pair, partial crazing for the follow-

used approach is the Gaussian mterpola_’uon. I IS assumg g three samples, and complete crazing for the others. In the
that the copolymer behaves as a Gau53|an_ chain with Wl rtial crazing regime we usetl=2/3, that gives a critical
d|fferen(;c segn;gnt Ieng:cths for the two s%ezties,béso thlat t ength of about 120 nm, at which the cross-tie fibrils start to
square radius - -0 gyration is Ry=(xbpst ( transfer load. This last result is compatible with the analysis

—x)b%MMA)NIG. It follows that the correct expression for the of Sha and co-worker¥, predicting that crazes with width
less than three times the fibril lengtk60 nm are not fully

The craze parameters for PMMA that we used in the

Kuhn segment length of the equivalent homopolymebﬁs
=xb3s+ (1—x)b3yma. The molecular weight of entangle- ey eloped.
ment can be related to the above quantities using the packing We notice that the agreement is good over the whole

model of Fetteret al,”” predicting range of interfacial widths, agreement that is even more sig-
Mo pp2, (29)  nificant considering that we used literature values for most of
the parameters.
The other system we studied is PS/PpMS. For PpMS we
Mo could find only the values of the density and of the crazing
= (30)  stress in the literature, while for most of the other parameters
P we simply used PS values, as shown in Table I. PpMS stiff-
Considerable theoretical work has been done to derivéaess,C,,, was chosen to obtain the proper value for the
an expression for the effective interaction parameter irKuhn segment length of the blend, bpg/pyms
blends involving random copolymet$2* but we prefer an =\/(bzps+ bzppMS)/2=0.8 nm, as found experimentally by
empirical y chosen so that the SCMF calculations wouldJung and Fishér The interaction parametey=—0.011
give experimental bare interfacial widths. +6.8/T was chosen equal to that fitted by Schretlal* and
In Fig. 4 we report the calculatell¢ as a function of in agreement with the experimental resdfsSince f,, was
the bare interfacial width for the PMMA(B-r-MMA) joints  fixed by the previous fit, the only free parameter leftais
experimentally studied by BrowhThe reason why the curve Again, we used it to fit the highest experimental fracture
is not smooth is that in the experiments the molecular weighenergy. The results foE .4 are displayed in Fig. 6 for the
of the random copolymer was different for each sample. pairs PS 1.25M/PpMS 570k and PS 139k/PpMS 157k. We

wherep is the packing length
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0.16 — T A our model by the entanglements distance, that for this system
° ] is around 8 nm; in the experiments, instead, fracture energy
o saturates much more quickly. Such a behavidgggtould be
0.15 1 o® 1 explained if the onset of crazing would arise for widths
o above 8.5 nm, but using the set of parameters discussed
° above we predict a much smaller value for the critical width.
0.14 4 1 In fact, for these samples crazing is the only predicted failure
o ] mechanism at all investigated temperatures. A more accurate
o estimate of PpMS parameters, would be needed to clarify
0.134 o 1 this point.
° Another possible explanation for the observed discrep-
ancies between theory and experiments can be the fact that
0.12 T R A the molecular weight of entanglement at an interface is not
the same as in the bulk. As already discussed by Brown and
Interface width (nm) RusselP® the entanglement density in the presence of an
FIG. 6. Areal density of effective entanglements as a function of the bareIEnterface ShOUI_d be significantly reduced.’ leading to a smaller
interfacial width, calculated with our modgEq. (20)] for two series of et for sharp interfaces than that predicted by our model.
PS/PpMS interfaces: PS 1.25M/PpMS 57@kuares and PS 139k/PpMS  Ganesan and Pryamits%]rhave described this effect quanti-
157k (circles, at annealing temperatures ranging respectively from 120 totatively, and found that, for the systems they studied, an up-
210°C and from 100 to 180 °C. per limit for N, at the interface is twice its bulk value. Future
work will involve the inclusion of this correction in our

note that for the investigated widths we are already in anodel.

saturation regime and that, fixing either width or tempera-

ture, the higher molecular weight sample shows the highey. CONCLUSIONS
value of X .

2
Z . (hm™)

In Fig. 7 we show the corresponding calculated fracture In this paper ahew model to describe fracture of en-
Pngled asymmetric interfaces was proposed.

energies, compared with the experimental data b Schneﬁ .
9 P P y The core of the work is a new method to calculate the

et al* Since in the experiments the interfacial width was not . . :
directly measured, we derived it by using the measured ten{3umber of effectively entangled chain across an asymmetric

perature and the fitteg in the SCMF calculations; this is the mterfacg, based on a ngorous_mean—ﬂeld approach, that has
reason why the experimental data in Fig. 7 look diﬁ‘erentbeen widely used and tested in the past for dense polymer

from those in the original paper by Schnell and co-worKers. melts. c’ﬁn :);cel:ent a;;proxm:ati fclnlrmula |fs a}[Iso c?lvgn :n
Notice that even if the ratio of the predicted saturation valueéo‘ppl_en t!x fotrh ong g ;’;uns, at aflows a fast and simple
for the two molecular weights seems to be correct, the exappiication of the mode.

perimental data show a rapid increase of the fracture energ l;ra%ture (;anler?y hﬁs beer;] cqlculatehd frﬁgﬁbapl)_plylngl
for the two samples, respectively, around 9 and 11 nm, that i tandard models for the mechanisms that we believe play a

not reproduced by our model. As already discussed, the sca[gle in these systems. In addition, we also introduced a new

length over which saturation & .¢ is reached, is given in regime called “partial crazing,” that describes in a very
© simple way the fracture of an incomplete craze.

Theoretical predictions have been compared with experi-
' T ' T mental data for two different systems: the interface between

5004 _ N PMMA and a random copolymer PS-r-PMMA, and the ho-
. e 1 mopolymer blend PS/PpMS. For the former system the
400 oo . agreement was very good, while for the latter only the gen-

eral trends could be reproduced. A possible explanation for
the discrepancies has also been formulated.

G, (Jim?
!
]

&
\0

] n general, we believe that the limitations of the presen
i ¢ | I, we believe that the limitat f th t
200 4 i i work are mostly due to the scarce knowledge of the nature of
{ ] the entanglement and this is the aspect that we are currently
100 | investigating.
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FIG. 7. Fracture energy of PS/PpMS interfaces, calculated fronk theof
Fig. 6 (joined empty symbo)s Experimental data from Schnet al. (Ref. APPENDIX A: LONG CHAINS APPROXIMATION

4) are also showrtfull symbolg. Two different pairs of molecular weights . .
have been considered as in Fig. 6: PS 1.25M/PpMS %3@Qkaresand PS In a v chains system, the density of timéh monomers

139k/PpMS 157Kcircles. along the chains is given by
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B _ Pb _ _ p(Xn,Xm;m—n) the probability of finding thenth monomer
pn(X)=1(8(x=%n))= 1AM YN =N). AD iy Xm given that thenth is in x,. In terms of the Green

. function defined above, we have
For chain end monomers the above formula reduces to

Q(Xm , N-— m)
q(xn ;N_ n) ,
(B2

po(X)=pN(X)=%q(x;N), (A2) P(Xn Xm3M=N)=G(Xn, Xm;M=1)

as it is easily obtained by noticing that from definiti®)  fom which expressiori20) can be recovered.

and Eq.(4) the boundary conditioy(x;0)=1 follows. In the approximation of very long chains we can rewrite
In the two homogeneous phases far from the interface gq (ag) as

po(£®)  pn(E£®)  P(Ex) 2py, 0
- (A3) Eeﬁ:W(n_z)f_de¢(X)
from which follows ¢(*=»)=q(x=;N). -
In general, the density profilgs,(x) are not uniform and % J%dx’ [P(X) Go(X,x':Ny) (B3)
are a function ofn, that indicates the position along the 0 #(x) e

chain, throughqg(x;n). For infinite chains, we can neglect
chain end effects and we can imagine that all the monomerﬁroximation forp(x,x":N,)
1 L] e/

are infinitely diStant from the chain ends., so théx.n) wil In order to clarify the comparison with our model, and in
approach a functiom(x;>) not depending om. For the .%articular with Eq.(B3), we also rewrite Brown’s formula

and identify the expression in the second integral as an ap-

same reason all the monomers will have the same densi

distribution ) as
0 = (X") O(Le—|x"—x])
X X — ’
pn( )Ed)l(\l)’ (Ad) S et ZpQJﬂCdXd)(X)JO dx 50X T ,
Pb (B4)
leading to where 6(x) is the usual step function. Recalling that
a(X;%) = Vep(X). (A5) 2pp Me
. — . : —2(n—-2)=2pal 12—, (B5)
Notice that approximatiofA5) is the same used in the N € M

classical work of Helfand and TagaRfi.
Substituting eveng(x;n) with q(x;«) in Eq. (20) and
considering a reah,=n—1, we finally obtain

a comparison between the two expression is even clearer. In

Brown’s approach chain end effects are neglected, which is

correct in the long chain limit, and chain connectivity is

taken into account with a step functigfL.—|x’ —x|)/2L,

that approximates the usual Gaussi@g(x,x";Ng). The

. main difference, producing the bigger discrepancies in the
P ryomy . Y numerical results, is that for long chains the probability

ffxdxfo XN PO)Golx.X"Ne) V(X' | scales asyb(x')/4(x), while in his model it is linear in

volume fractions ratio.

2p
Eef'f:Wb(n_z)

X

(A6)
where we also use, as a rough approximation of the

complgte Greer_' funCtlon' ExpressnﬁAG) IS surprlsmgly . IR.A L. Jones and R. W. RichardBplymers at Surfaces and Interfaces
good in approximating the accurate results for the entire (campridge University Press, Cambridge, 1999
range of interfacial width, as shown in Fig. 2. We also 2H. R. Brown, K. Char, V. R. Deline, and P. F. Green, MacromolecRs
checked it for all the samples we studied, finding a compa—34155(19|93- « and ) |
rable agreement. (PZ.OJO.aCo e, R. F. Cook, and C. W. Macosko, Macromolec3&s2808
4R. Schnell, M. Stamm, and C. Creton, Macromolec@&s2284(1998.
APPENDIX B: AN ALTERNATIVE POINT OF VIEW 5R. Schnell, M. Stamm, and C. Creton, Macromolect#2s3420(1999.
8H. R. Brown, Macromolecule84, 3720(2001).
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