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Heterogeneous nucleation of crazes below 
notches in glassy polymers 

R. P. K A M B O U R ,  M. A. V A L L A N C E ,  E. A. FARRAYE,  L. A. G R I M A L D I *  
Polymer Physics and Engineering Branch and *Materials Characterization Operation, Corporate 
Research and Development, General Electric Company, Schenectady, New York 12301, USA 

A slip-line field study of craze initiation at plastic zone tips below notches in polycarbonate 
has been carried out over a wide temperature range. Combination of the critical values of 
hydrostatic tension with Yee's temperature data for bulk modulus leads to a calculated critical 
elastic dilation in the region beyond the zone tip that is nearly temperature-independent. Micro- 
scopic investigation, however, shows strong evidence that crazes in polycarbonate and other 
glassy resins initiate at micrometre-size foreign particles. Assuming that the foreign particle is a 
rigid adherent sphere, a stress analysis for the particle situated on the elastic side of the elasto- 
plastic boundary has been effected; the particle is found to raise the hydrostatic tension over 
the value in the homogeneous field by 104%. In view of this analysis the polycarbonate exper- 
imental results suggest a temperature-independent, critical local elastic dilation of greater than 
2% as a crazing criterion. Based on these results it may be suspected that all crazes - surface 
or internal - in glassy polymers, except at crack tips, are heterogeneously nucleated at impurity 
sites. 

1. Introduction 
Deformation of notched specimens of so-called ductile 
glassy polymers causes plane-strain shear flow from 
the notch. Eventually, a craze forms at the tip of  the 
shear zone. On further loading the craze breaks and 
brittle fracture ensues. Assuming ideal plastic-rigid 
behaviour the stresses at the point of  craze nucleation 
have been calculated using slip-line plasticity theory 
[1 7]. For  a wide range of plastics these stresses (speci- 
fically, the major principal stress ayy and the hydrostatic 
tension p) have been correlated with the same com- 
pound parameter that serves to correlate the critical 
applied stress for surface crazing, namely A T-  CED [8], 
where A T = Tg - T, es t and CED is the resin cohesive 
energy density. 

This paper reports further studies of internal craz- 
ing that have now been carried out in the hope of 
laying a basis for a comprehensive model of the initi- 
ation process. 

2. Results 
2.1. Temperature dependence of initiation 

resistance 
Notched bars of Lexan* BPA polycarbonate extruded 
sheet each containing a machined notch 2 mm deep of 
root radius Q = 0.50 mm were tested in a three-point 
bend test with a 6 cm span as before [8]. Tests were 
conducted from below - 110 ~ C (where brittle failure 
from the notch surface intervened) to above 80~ 
(where plastic collapse of the specimen began) at a 
crosshead rate of  0.02 in. rain ~ (0.5 mm min 1). 
Specimens were removed after craze initiation, sec- 
tioned and polished as before. The position of  craze 

* Registered trademark of the General Electric Company. 
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initiation, assumed to be the source of  the curved 
growth lines [8] (Fig. 1), was determined in each case 
and its distance x to the notch base recorded. From 
the dependence of  the yield stress on temperature (Fig. 
2), x and O, values of  ayy and p for initiation were 
calculated (Figs 2 and 3). In Fig. 4 values of the 
dynamic bulk modulus K'  at 1 Hz, calculated from the 
dynamic Poisson's ratio [10, t 1], are displayed against 
temperature over the same temperature range. The 
temperature dependence of the nominal elastic dila- 
tion A at initiation has been calculated by dividing the 
smoothed p(T) data in Fig. 3 by the smoothed K'(T) 
data o f  Fig. 2; the resulting A is displayed against 
temperature in Fig. 3. 

2.2. Microscopy of the initiation site 
Notched three-point bend specimens of  several of the 
resins employed in the previous study [8] were 
deformed to the point of  fracture. Examination of  the 
fracture surface revealed a "mirror"  area having the 
shape and size of the craze formed prior to fracture. A 
pattern of  curved lines, each meeting the border of  the 
mirror area at right angles and all radiating from a 
common origin in the mirror area, were seen in the 
surface topography. These lines are believed to be the 
remnants of  the growth lines seen in the unbroken 
craze. After metallizing this pattern of lines was still 
evident upon scanning electron microscope (SEM) 
examination. The radiating lines were thus used as a 
map that enabled identification of  the craze nucleation 
site by SEM. 

Specimens of  several resins were enclosed in poly- 
ethylene bags (for cleanliness), loaded to fracture and 
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Figure 3 Temperature dependence of hydrostatic tension p at craze 
initiation (data) and the smoothed elastic dilation p/K' (line) for 
polycarbonate. 

Figure 1 Craze at tip of plastic zone showing curved growth lines 
emanating from initiation site. Reflected colimated monochromatic 
light [8]. 

then removed from the bags just prior to metallization 
and inspection. Scanning micrographs of several of 
the initiation sites are shown in Figs 5 to 9. The 
initiation sites either contain what appear to be 
"foreign" particles of the order of a micrometre in size 
or else display a filamentary morphology suggestive of 
resin being ripped away from the surface of a foreign 
particle. 

Energy-dispersive X-ray scans of these particles fre-  
quently indicated the presence of the element silicon 
(e.g. perhaps as silicates) in greater concentration than 
in the surrounding resin. In another case (Fig. 9) the 
particle was found to contain high levels of copper, 
iron and sulphur. 

The presence of rigid foreign particles - actually 
found or inferred from resin damage - at many of 
these initiation sites suggests that nucleation may occur 
via (a) cavitation in the resin near the particle, (b) 
debonding from the particle surface followed perhaps 
by expansion of the hole all around the particle, or (c) 
fracture of the foreign particle itself. For the moment 
we term all these possibilities "heterogeneous nucle- 
ation mechanisms". 

3. T h e o r y  
3.1. Model l ing stress distributions at rigid 

foreign particles beyond the plastic zone 
tip: the adherent sphere 

Dekkers and Heikens [12] have recently shown that in 
tensile bars crazing will initiate at the pole of an 
embedded sphere if the sphere is well bonded to the 
matrix and shear flow does not occur first. If the sphere 
is not bonded to the matrix a "cap" of resin/bead 
separation starts at the pole and spreads along the 
interface. At about 60 ~ away from the pole the radial 
stress at the cap edge is no longer tensile, a so-called 
Poisson effect; further loading produces a craze radiat- 
ing outwards from this position. The elastic analysis of 
stresses in the neighbourhood of an adhered rigid 
sphere in a linear elastic matrix subjected to remote 
uniaxial tension is well known [13]. This analysis cal- 
culates the hydrostatic tension to be maximum at the 
pole of the spherical inclusion, suggesting a correla- 
tion between volume dilation and craze nucleation 
[12]. 

Any triaxial stress state that is remote from the 
inclusion can be referenced to the principal stress 
coordinate system. In this case the state of stress 
appears as three orthogonal normal stresses. The state 
of stress in the elastic region beyond the elastic- 
plastic boundary of the plastic zone below a notch is 
such a case. For the case of linear elasticity, the local 
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Figure 2 Temperature dependence of the major principal stress ayy 
at craze initiation (data) and tensile yield stress Y [9] (line) in 
polycarbonate; dY/dT scaled empirically to fit r data. 
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Figure 4 Temperature dependence of the dynamic bulk modulus K' 
for polycarbonate. Data of Yee [10]. 



Figure 5 Craze initiation site in a specimen of BPA polycarbonate 
extrudate. Scanning electron micrograph. 

stresses at a spherical  inclusion are expressed by 
super impos ing  Good ie r ' s  solut ion [13] three times. 

A nota t ion  is adop ted  wherein O~ = 0 is aligned 
with the first principal  stress; �9 1 = 7z/2, 01 = 0 is 
aligned with the second; and  O1 = ~/2, 01 = z~/2 with 
the third. Three  local coord ina te  systems are defined: 
@i, 0i with i = 1, 2 or  3. The  second principal  stress 
direction cor responds  to 02 = 0 and the third to 
�9 3 = 0. Inspect ion  o f  the geomet ry  leads to the 
following relationships:  

(cos 2 O 1 + sin 2 O 1 sin 2 0l) 1/2 
tan 02 = 

sin O1 cos 01 

cos �9 1 
tan 02 - 

sin O1 sin 01 

(cos 2 �9 1 + sin 2 �9 1 cos 2 0j) 1/2 
tan 03 = 

sin O1 sin 01) 

sin �9 I cos 01 
tan 03 - 

cos �9 1 

with 0 .G< O1, 01 ~< ~/2. The  G o o d i e r  solut ion for  
stress can be represented tensorial ly or  as a 3 x 3 
matr ix  [~r(r/a, 0,  S, G2/G1, vl, Va)] where r/a is the 
radial  distance to the point  o f  interest normal ized  by 

Figure 7 Craze initiation site in a specimen of BPA phthalate/ 
carbonate copolymer injection moulding. 

the radius o f  the spherical inclusion, S is the mag-  
nitude of  the remote ly  applied uniaxial stress, G2/@ is 
the rat io of  the matr ix  shear modu lus  to that  o f  the 
inclusion, and Vl and v 2 are Poisson 's  ratios for  the 
inclusion and matr ix ,  respectively. The  exact fo rm of  
that  solut ion is not  repor ted  here. I f  the inclusion is 
rigid, this reduces to [a(r/a, O, S, v2) ]. The  stress 
solution for  the triaxial state of  remote  stress is 

(r/a, O1, 01, S,, $2, $3, v2) = [C1] 

{ i=1~2,3 [Ci]T[r~(r/a' 0i, Si, v2)][Ci]} [CI] T 

where $I, $2 and $3 are the principal  stresses remote  
f rom the inclusion and T designates matr ix  t ransposi-  
tion. Let  el, e2 and  e 3 be unit  vectors  in the $1, $2 and 
$3 directions, respectively, and let ii, ji and  k i be unit  
vectors  directed a long the or thogonal ,  curvil inear 
coordinates  cor responding  to r, Oi and 0~. Then  [G] is 
defined as [ii I Lel Ji = [Ci] e2 

ki e3 

Figure 6 Craze initiation site in a specimen of polyetherimide extru- 
date. 

Figure 8 Craze initiation site in a specimen of polyetherimide com- 
pression moulding. 
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Figure 9 Craze initiation size in a specimen of poly(2,6-dimethyl- 
1,4-phenylene oxide) compression moulding. 

For  instance 

cos ~1 

[Cl] = - sin (I) 1 

0 

"1 
sin (I) 1 COS 01 sin ~1 sin 01 ! 

J COS (I) 1 COS 01 COS (I) 1 COS 01 

- sin 01 cos 01 

Once the sum has been calculated at a point (r/a, ~1, 
01), the principal stresses at that point are the three 
solutions to the polynomial equation 

= I, + I 2 ~ - - I 3  = 0 
i 

where/~ are the scaler invariants of  the stress state at 
that point. Maximum shear stress, octahedral shear 
stress and hydrostatic tension are calculated in a 
straightforward manner. This mathematical develop- 
ment forms the basis of  an algorithm programmed in 
BASIC 3.0 for use on a Hewlett-Packard 220 personal 
computer. 

To use the algorithm in the present case, it has been 
assumed that the inclusion is embedded in the elastic 
region just beyond the elastic-plastic boundary directly 
beneath the notch tip. It is from this region that the 
craze is seen to initiate. The stresses in the plastic zone 
are calculated according to the statically determinate, 
incompressible, ideal plastic-rigid, plane-strain Hill 
[1.4] solution. It is assumed that no characteristic lines 
cross the elastic-plastic boundary more than once. 
The rigid assumption asserts that elastic strains must 
be negligible relative to the plastic strains in the sys- 
tem. The Hill solution gives the stresses directly beneath 
the notch as 

$1 : 2 k [ 1  + l n ( 1  + ~ ) ]  

$2 = 2 k [ l + l n (  1 + ~ ) 1  

where k is related to the yield stress in tension Y by 
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Figure 10 Normalized stress profiles at the pole (O = 0) against 
normalized distance from the centre of a rigid adherent sphere 
embedded on the elastic side of the elastoplastic boundary of the 
sub-notch plastic zone. a = sphere radius. (o) z/z~, (A) p/pn, (n) 
~r/~r.~, (0)  zml~m.~. 

k = Y/31/2, Q is the notch radius and x is the distance 
beneath the notch. In the present analysis x is taken as 
the distance to the craze nucleus. In order that the 
state of stress be equal across the elastic-plastic 
boundary, the elastic material must be incompressible, 
an automatic corollary of  the rigid assumption. For  
consistency the value of  v 2 in the Goodier analysis will 
be taken as 0.5. The authors realize that this is an 
imprecise value for v2, which is to a degree contradic- 
tory to the small-strain dilation data presented earlier. 
The Goodier solution is not particularly sensitive to 
changes in v2 over the range 0.35 to 0.5. This assump- 
tion of  incompressibility is probably minor when com- 
pared to the assumption of  linear elastic response 
implicit in the Goodier solution. 

The analysis just described has been used to cal- 
culate the local matrix stresses in the region of an 
adhered, rigid, spherical inclusion subjected to the 
three-dimensional stress field existing beneath the 
notch at the craze nucleation site in BPA polycarbonate 
at 23 ~ C. For  that case, the remote principal stresses 
are all tensile in the ratios 2.45 : 1.73 : 1. It is found that 
octahedral shear stress �9 is maximum for values of (I)l 
from 40 to 50 ~ depending on 01. For  uniaxial tension 

is maximum at 45 ~ For  uniaxial tension and for the 
stress field beneath the notch, hydrostatic tension P is 
maximum and z is minimum at �9 = 0 at the interface 
between the rigid sphere and the matrix. The stress 
profiles as functions of  distance from the interface are 
given for q~ = 0 in Fig. 10, which shows p, ~, maxi- 
mum shear stress Zm = (Ol -- a3)/2 and adhesive or 
radial normal stress O'r. All are normalized by their 
far-field values. Of the four stresses only p is maxi- 
mum at the interface. The shear stresses and the radial 
stress show maxima some distance away. 

The highest level o fz  occurs for (I) 1 = 45 ~ 01 = 90 ~ 
A similar plot is shown for stress drop-off in that 
direction in Fig. 11. The hydrostatic tension p has an 
unusually flat profile in that direction while the initial 
gradient of  z for r/a < 1.2 is the same as in Fig. 11, 
but opposite in sign. The high values of  z (and of  %)  
observed here suggest another difficulty with the 
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Figure 11 Normalized stress profiles 45 ~ from pole at 0~ = 90 ~ for 
same sphere as in Fig. 10. (O) z/zff, (zx) p/pg. 

analysis. The far-field stresses used in the analysis are 
those predicted at the elastic-plastic boundary where 
r is at the yield limit (2Y/3) i/2. There the shear-stress 
concentrations caused by the spherical inclusion would 
cause local yielding to occur at certain locations near 
the inclusion. For  this reason, the elastic analysis must 
be considered as a rough approximation of  the stresses 
near the embedded inclusion. The analysis, none the 
less, is very useful for discussing certain observed 
phenomena. 

When the far-field value ofz  reaches the yield stress, 
a large region surrounding the embedded sphere under- 
goes yielding. In most circumstances, depending upon 
the nature of  the constraint, regional yielding leads to 
shear flow, a very effective mechanism for stress relief 
and strain-energy dissipation. The inclusion is essenti- 
ally disarmed as a nucleation site for crazing. 

On the other hand, when stress concentration (such 
as that at an embedded rigid sphere) results in yielding 
over a very small region which is surrounded and 
constrained by elastic material, minimal plastic defor- 
mation occurs. Although stress redistribution may 
occur, the inclusion may still be a concentrator of  
dilational stress. Since cavitation must be a strong 
function of  hydrostatic tension, it is of  interest to 
compare the values of  plm/'Cf~ for the different geo- 
metries being discussed, where the subscript lm indi- 
cates local maximum and ff indicates far field. This 
ratio is of  more interest than Plm/qm for the reasons 
cited. Presumably, large ratios correspond to increased 
probabilities of  cavitation preceding gross shear flow. 
Results of the analysis for a rigid spherical inclusion 
embedded in a uniaxial tensile field and in the triaxial 
tensile field of interest are summarized in Table I. The 
ratio P~m/rr is 0.707 for uniaxial tension with no inclu- 
sion, 2.92 in the triaxial tension yield beneath the 
notch, 4.24 at the interface of  an embedded sphere in 
a uniaxial tensile bar, and 5.97 at the interface of  an 
embedded sphere in the triaxial tensile field beneath 
the notch. 

A limited number of  three-point bend tests of  
notched polycarbonate specimens containing isolated 
glass beads 0.1 mm in diameter bonded to the resin 
with ,/-aminopropyl triethoxy silane produced craze 

T A B L E  I Calculated stress ratios 

Material Ratio Uniaxial Plastic zone below 
calculated* tension root of  notch 

No inclusion p/z 0.707 2 .92(+313%)  

Embedded,  p~m/zfr 4.24(+ 500%) 5.97(+ 745%) 
rigid, Plm/'rim 1.96(+ 177%) 2 .39(+228%)  
adherent  Zlm/Zfr 2.16(+ 116%) 2.50(+ 150%) 
sphere 

*p = hydrostatic tension, z = octahedral shear stress, subscript 
lm = local max imum value found on sphere interface, subscript 
ff = far field value. Figures in brackets are percentage increases in 
ratio above value for uniaxial tension with no inclusion. 

initiation at �9 I = 0 on the beads. Notched bending 
tests of  neat polycarbonate produce crazes from 
interior nucleation sites which for the most part seem 
to be inorganic inclusions. Tensile tests of smooth bars 
of polycarbonate in air at similar strain rates result in 
failure by necking. Inclusion of  adhered glass beads in 
these tensile tests [15] has also resulted in failure by 
necking although shear flow is first seen emanating 
from the spherical interface at �9 1 = 45 ~ These obser- 
vations agree with the trends predicted analytically. 

4. Discussion 
That foreign particles embedded in the matrix may 
nucleate crazes has been recognized for nearly forty 
years [16]. It has apparently not been widely appreci- 
ated that almost all bulk plastic specimens fabricated 
to date have very likely contained a sufficient concen- 
tration of foreign particles of  the size discussed in 
Section 2.2 to provide a craze nucleating site for at 
least every cubic millimetre of resin. (For  example 
10 -7  VO1% of  particles each of  linear dimension 1/~m 
is sufficient.) The exceptions may be certain ultraclean 
specimens produced in a vacuum system by bulk poly- 
merization of  distillable monomers using distillable 
initiators [17]. 

Moreover, the fact that the same materials corre- 
lation serves to unify both the crazing resistance below 
notches and the surface-craze initiation resistance for 
all glassy polymers [8] suggests the possibility that 
so-called surface-craze initiation in smooth surfaces 
may be heterogeneously nucleated by embedded 
foreign particles as well. 

Major details of  the nucleation mechanism remain 
obscure at present. That  A for polycarbonate is nearly 
independent of temperature (Fig. 3) lends appeal to a 
critical dilation criterion. 

Moreover, P~m at the pole of a rigid adherent spheri- 
cal particle beyond the plastic zone tip at the notch is 
of the order of 100% greater than Pfr in the same 
region (Table I: 5.97/2.92 = 2.04). This suggests that 
Alm is 2.04 Aft, that is, A for polycarbonate (Fig. 3) is 
greater than 2%. It does not seem very likely that this 
level of  dilation is great enough to bring about  a 
spontaneous void nucleation in the resin adjacent to 
the interface (i.e. a mechanism that might be called a 
localized but homogeneous one). It is more likely that 
crazes nucleate by a true heterogeneous mechanism, 
with elastic dilation acting to produce debonding from 
the particle and the resultant interfacial microcrack 
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then producing craze growth into the resin by the 
menicus instability mechanism [18]. 

If cavitation occurs predominantly in the adjacent 
resin then the CED dependence is immediately obvious. 
However, a case can be made for a CED-correlated 
debonding mechanism as well: the work of adhesion 
of a liquid of  low surface tension 7L on a solid of  high 
surface tension (e.g. most inorganic dirt) is propor- 
tional to 7L. In turn 7L is linearly dependent on the 
CED for most organic liquids. 

Pinpointing the most promising directions for further 
study of  the nucleation mechanism is uncertain for 
several reasons. Foremost is the problem of choosing 
for deliberate incorporation a particle representative 
in all important  respects of  the foreign particles that 
most often produce craze nucleation in commercial 
plastics - respects such as size, shape, internal 
strength and degree of adhesion to the matrix. Second 
is the lack of sufficient knowledge about shear defor- 
mation in a patch of resin bonded to the particle 
surface. Third is the lack of knowledge about the 
hydrostatic stress-dilation behaviour of resins at high 
stresses: can a homogeneous cavitational instability 
occur at stresses of  the magnitude realized at foreign 
particles? Or as a practical matter, does all nucleation 
occur by true interracial failure? 

Whatever the future course of  understanding at 
present it appears possible that all crazes produced to 
date, in uncracked, homogeneous glassy thermoplastics 
- both "surface" and interior crazes - may have 
initiated at impurity sites. If  true, this likelihood will 
probably require to some degree the reinterpretation 
of all previous experimental studies of  craze initiation 
- especially stress-state studies. 
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