
J O U R N A L  OF MATERIALS SCIENCE 24 (1989) 2165 2176 

Mechanisms of energy dissipation during 
impact in toughened polyamides: 
a SEM analysis 
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The development of dissipative mechanisms during the fracture of toughened polyamides is 
investigated by SEM. 

A preliminary fractographic analysis is carried out on the ductile fracture surfaces of water 
conditioned PA 6 specimens. Extensive yielding gives rise to a wide development of shear 
bands and rumples, depending on the local stress conditions. Then, the stress whitened 
regions under the ductile fracture surfaces of rubber toughened HI-PA 6 specimens are 
analysed by SEM. This is made possible by means of a simple technique for the cryogenic 
dissection of ductile fracture surfaces: sections are cut both transversally and longitudinally 
with respect to the ductile crack growth direction. Under the ductile fracture surfaces exten- 
sive cavitation occurs around the rubbery particles, following preferential and definite shear 
directions. The presence of cavitation is correlated with the distance below the ductile 
surfaces. The rumpled morphologies can be directly correlated with cavitation and shear bands 
occurring inside the whitened regions below ductile fractures. Both the orientation of shear 
bands on the fracture surfaces of water conditioned PA6 and the cavitation-shear yielding 
morphologies developed inside the fractured PA-rubber blends comply with an octahedral 
shear model, common to other polymers (rubber toughened epoxies, for instance) and to 
ductile metals. 

1. I n t r o d u c t i o n  
As is well known, the toughness of polyamides (PA) 6 
and 6.6 can be considerably increased by water 
absorption or by blending with elastomers finely dis- 
persed into the matrix [1-3]. 

However, much still needs to be clarified about the 
nature of the dissipative mechanisms in toughened 
polymers, and about the correlations between such 
mechanisms - crazing, shear yielding or cavitation - 
and the microstructures of the materials. 

Suitable models, fit for each material tested in such 
conditions that ay < ~rb, should be elaborated as 
functions of the observed dissipative phenomena. 

In rubber toughened polyamides 6 and 6.6, for 
instance, the fracture surfaces of sharply notched 
specimens broken at 23°C show a typical "rumpled" 
morphology, previously described by Flexman [4] and 
Hahn et al. [5, 6]. The rumples lie parallel to the notch, 
causing discontinuities on surfaces characterized by 
tufts of highly drawn material. 

In the present work the nature of rumples is inter- 
preted as an effect of an octahedral shear mechanism 
[7] associated with extensive cavitation: this should be 
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due to both the concentration of active stresses inside 
the matrix (at the "equator" of the rubbery particles) 
and to shear yielding of the matrix itself. Such a kind 
of mechanism is described by Yee and Pearson [7, 8] 
with regard to epoxies toughened with polybutadienic 
liquid rubbers: the authors experimentally show that 
matrix shear yielding and cavitation around the 
rubbery particles are the dissipative mechanisms 
involved in the ductile fracture processes. The 
dispersed particles act as stress concentrators and 
promote a localized shear inside the matrix; as a 
consequence, shear planes (or shear bands) originate 
in agreement with the octahedral shear model. 

At the same time the bulk strain energy is dissipated 
by cavitation [9]. 

A seemingly more complex morphology was 
observed by Hahn et aL [6] on the ductile fracture 
surfaces of high impact PA-rubber blends subjected 
to fatigue tests; either "patchy" or "rumpled" surfaces 
appeared on specimens tested at low or high stress 
intensity, respectively. Moreover, the patch surfaces 
show signs of voiding. The authors prove that the 
rumple spacing is not related to the growth rate 
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(da/dN) of the fatigue crack; this suggests that fatigue 
damage occurs by microvoid nucleation around the 
rubber particles and by the subsequent growth and 
coalescence of these voids. A model based on mech- 
anisms of cavitation by shear in PA 6.6-rubber blends 
is graphically outlined to explain the rumpled mor- 
phology; it goes back to previous studies [10] about 
cavitation mechanisms occurring in metals. 

Finally, the authors show that rumpled morph- 
ologies are also present on the fatigue fracture surfaces 
of water conditioned PA 6.6 homopolymers, if the test 
temperature exceeds the actual Tg of the water con- 
ditioned polymer. It is concluded that the fracture 
surface micromorphology of PA 6.6 and its blends 
depends strongly on the viscoelastic state of the 
polymer. 

As reported by Hobbs, Bopp and Watkins [11] the 
SEM analysis of high impact PA 6.6-Polyethylene-g- 
maleic anhydride blends shows evidence of extensive 
plastic deformation on the whole notched fracture 
surface, coupled with the presence of numerous cavi- 
ties. This suggests that substantial interfacial debond- 
ing and voiding, as well as plastic flow on both PA and 
PE occur during the fracture. 

Cavitation phenomena around the rubber particles 
and the consequent development of shear bands due 
to matrix plastic deformation are also described by 
Ramsteiner [12] and coworkers [13] on PA 6-rubber 
blends: TEM images of deformed sections suggest that 
the voids preferentially lie on lines approximately 
inclined 55 ° to the tensile direction, in agreement with 
the assumption for cavitation and shear yielding to be 
concommitant phenomena. According to the authors, 
crazing must be excluded as a dissipative mechanism. 

On the other hand, Ftexman [4] observes extensive 
shear bands associated with fibrils on the external 
faces of rubber toughened PA 6.6 specimens, close 
to the fracture surfaces. By means of a sequence 
of energy balances, Wu [14] estimates that in such 
materials about 25% of the impact energy is dissi- 
pated by crazing and about 75% by yielding of the PA 
matrix. 

1.1. Aims of the present work 
The present work aims to increase the knowledge 
about the correlations between chemical composition, 
morphology and mechanical properties in high impact 
PA-rubber blends. 

In fact the current theories about this topic do not 
fully explain the behaviour of such materials: see for 
instance the different opinions about the nature of the 
involved dissipative mechanisms [4, 11, 13-14], or the 
hypotheses about parameters governing the ductile 
fracture process-namely the dimensions of rubbery 
particles, rubber-matrix adhesion, or the interparticle 
distance [11, 14-1@ On the other hand, a full under- 
standing of such phenomena can be very useful both 
for an optimization of the mechanical properties of 
industrial products and for the design and application 
of articles made with these materials. 

This work describes the SEM morphological analy- 
sis of specimens of tough PA 6-rubber blends, broken 
at 23 ° C by sharply notched Charpy impact test. In the 
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adopted testing conditions ductile fractures developed 
and stress whitening was observed on the whole frac- 
ture surfaces and in a volume of materials below 
them. In agreement with similar considerations by 
Hahn et al. [6] it is reasonable to postulate a close 
relationship between a high impact strength and the 
formation of a stress whitened region. 

Thus, internal sections of the fractured specimens 
were obtained perpendicularly to the ductile fracture 
surfaces, in order to observe the internal morphol- 
ogies of the whitened zones and to recognize possible 
traces of material deform~ttions, directly by SEM 
analysis. 

Such sections were cut both longitudinally and 
transversally to the ductile fracture surfaces (see 
section 2.3); thus it was possible to correlate the 
external morphologies of the ductile fracture surfaces 
with the stress whitened regions and to study the 
nature of the principal dissipative mechanisms. 

The technique adopted to obtain internal sections, 
described in detail in section 2.3 (and partly already 
adopted by Polato [17]) is so simple as to appear even 
banal: a cryogenic fracture guided by a sharp notch 
is obtained perpendicularly to the ductile fracture 
surface. Therefore, the new brittle surfaces show 
the internal morphology of the previously deformed 
material. If correctly applied, (the perpendicular frac- 
ture propagation must be strictly brittle) this tech- 
nique allows the unambiguous observation of the 
inner morphology of the stress whitened regions, with- 
out any risk of secondary alterations. 

Moreover, it probably can be applied simply to the 
fractographic study of further heterophase tough 
blends and, with some precautions, to the failure 
analysis of reinforced or filled thermoplastics. 

2. Experimental detai ls  
2.1. Materials 
Two different polyamide-based materials were con- 
sidered in the present work. 

(a) Polyamide 6 (PA 6) with the following main 
characteristics: t/re~ = 3.2; 2tim = 25000 g mol-1 ; 
[NH2] = 35meqkg-l; [COOH] --41 meqkg -~, pro- 
duced by SNIA TECNOPOLIMERI under the trade 
name SNIAMID AES 34. 

(b) High Impact Polyamide 6 (HI-PA 6), rubber 
toughened; produced by SNIA TECNOPOLIMERI 
under the trade name SNIAMID ASN 27 ET. 
3PB impact 3.2 x 12.6 x 127mm 3 specimens were 
injection moulded from materials a and b. 

The test bars composed of the pure PA 6 (a) were 
water conditioned at 90°C for 3h; then they were 
stored for ten days in a sealed polyethylene bag 
to allow homogeneous diffusion of water molecules 
before testing. Water absorption caused a 4.74% 
weight increase (measured immediately before testing). 

In contrast, the HI-PA 6 injection moulded samples 
were sealed in polyethylene bags immediately after 
cooling; they were stored in a dessicator prior to 
impact testing in the dry state according to the tech- 
niques described in the following section. The main 
standard mechanical properties evaluated for the two 
materials are summarized in Table I. 



T A B L E I Main mechanical properties of the considered materials (tested at T = 23 ° C) 

Properties Units PA 6 
SNIAMID 
AES 34 

dry cond. 

HI-PA 6 
SNIAMID 
ASN 27 ET 

dry 

Water content % 0.05 
Flexural modulus N mm -2 2626 
Izod impact strength J m ~ 47.1 
ER (rebound modulus) N mm -2 2645 
ay (tensile impact) N mm -z 125 
Charpy impact strength b kJ m-t 3.71 
Ki c (c) MN m ~5 3.71 
Glc (KZc/E) kJ m- z 5.20 

4.74 
637 

1454 (a) 
635 
115 
75 

0.10 
1570 
991 

1575 
60.5 
48 

aSpecimens bended without complete breakage 
b3PB impact with sharp notch 
c3PB specimen: 3.2 x 12.7 x 100ram; a/w = 0,5; impact speed = lmsec -~ 

2.2. Fracture technique at 23°C 
Sharp notches were machined into the specimens, 
according to the following procedure: firstly a pre- 
notch (6 mm depth; 0.5 mm width) was cut by means 
of a small circular saw, half length of each test bar; 
then a sharp notch (0.3 mm length) was microtomed at 
the bottom of the pre-notch with a razor blade. Thus 
the notched 3PB specimens were characterized by 
the following parameters: a/w 0.5; L/w = 8 (where 
a = notch depth; b = specimen thickness; L = span; 
see also Fig. 1). 

Charpy impact tests were performed on a CEAST 
instrumented pendulum (impact speed = 1 msec- ] ;  
T = 23 ° C). Figs. 2a to c show some examples of  
experimental force-deflection curves obtained from 
different specimens. 

2.3. Cold-dissection of the fracture surfaces 
HI-PA 6 specimens, previously fractured at room tem- 
perature, were horizontally sawn about 1.5 cm below 
the ductile fracture surfaces; a second sharp notch 
was machined from the sawn side, perpendicularly 
to the ductile fracture surface, either transversally or 
longitudinally oriented as to the ductile crack growth 
direction. 

As previously described (Section 2.2) sharp notches 
(0.3 mm length) were cut by means of a razor blade at 
the bottom of a pre-notch (0.5 mm width) cut by a 
circular saw. 

Care was taken in order to avoid any penetration of 
the notch inside the stress whitened volume caused by 
impact at 23 ° C. A 4 m m  distance between the sharp 
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Figure 1 Dimensions of 3PB impact test specimens (a = 6.3 mm, 
b = 3.2mm, w = 12.6mm, c = 0.5mm, L = 100mm, a/w = 0.5, 
L/w = 8). 

notch tip and the ductile fracture surface is a sufficient 
safety margin to avoid damage to the stress whitened 
volume. 

Then, the specimens were frozen in liquid nitrogen 
and cryogenically broken: as shown in Fig. 3a, they 
were placed vertically on the edges of a square hole 
(9 mm side) cut into a metallic base. Maximum care 
was taken to limit damages on the ductile fracture 
surfaces: only the extremity opposite to the notch 
leaned on the metallic base. 

Brittle fractures were obtained by tapping a wedge 
inserted into the pre-notches by means of  a small ham- 
mer (see Fig. 3b). 

It is very important to be sure that fractures 
occurred in rigorously brittle conditions; in fact plastic 
deformations caused by insufficient cooling would 
change the primary internal morphology caused by 
the ductile fracture. 

A correct use of this simple technique gives rise to 
longitudinal or transversal brittle fracture surfaces. 

For better evidence, Fig. 4 shows the reciprocal 
orientations of  the ductile and brittle fracture planes 
(indicated by D and B respectively) in correlation with 
a tern of cartesian axes (x, y, z). Hence, the D surfaces 
are parallel to the (x, y) plane; the B surfaces are 
parallel to the (x, z) plane, when transverse to D and 
to the (y, z) plane when longitudinal to D, respectively. 

2.4. F r a c t o g r a p h y  
The D and B surfaces were observed by means of  an 
SEM 515 Philips scanning electron microscope. Every 
image reports the relative datum-lengths (black and 
white lines), the applied electric potential (kV) and 
the magnification. Subsequent numbers are data for 
the internal catalogue. 

3. Experimental results 
3.1, Fractographic analysis of water 

conditioned PA 6 
A preliminary analysis was carried out on the ductile 
fracture surface of a sharply notched PA 6 specimen, 
toughened by water absorption (see material (a), 
Section 2.1), in order to collect information about the 
dissipative mechanisms occurring during crack 
propagation in polyamides. 
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Figure 2 Experimental force (F) against displacement (5) diagrams obtained by 3PB Charpy impact on sharply notched specimens: (a) Pure 
PA 6 - dry (H20 = 0.05%). (b) Pure PA 6 - water conditioned (H20 = 4.74%). (c) HI-PA 6 --- dry (H 20 = 0.10%). (T = 23 ° C; impact 
speed = 1 m sec- l ; 6i and 8p are induction and propagation displacements, respectively. 
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Figure 3 Technique for the trans- 
versal cold-dissection of  the 
ductile fracture surfaces. (a) 
Specimen and base dimensions. 
(b) Placement of  the specimen. 
(A, wedge, B, specimen, C, Met- 
allic base). 
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Figure 4 Scheme for the trans- 
versal and longitudinal cold- 
dissection of ductile fracture 
surfaces of HI-PA 6 (D(x, y) = 
ductile fracture surfaces at 23 ° C; 
B(x, z), B(y, z) = brittle crio- 
genic fracture surfaces). 

Fig. 2b shows a force-displacement diagram 
obtained in accordance with the fracture technique 
explained in Section 2.2. It indicates a total impact 
energy dissipation without reaching a complete 
separation of  the fracture surfaces. 

A general view of  the sample (Fig. 5) shows three 
distinct zones: 

(I) Razor blade notch front and initial crack 
propagation (in other terms the crack propagation 
roughly begins when the applied load reaches Fmax, 
and the displacement corresponds to 6*, see Fig. 2b). 

(II) Fracture surface showing slow propagation 
guided by the hammer (corresponding to 6p in 
Fig. 2b); 

(III) Area of manual separation. 
The increasing necking from zone (I) to (II) is a 
characteristic feature of  this fracture propagation sur- 
face: in zone (I) a state of plane strain is still consider- 
able due to the effect of the sharp notch; vice versa, in 
zone (II) a state of  plane stress prevails. 

Higher magnifications show the presence of further 
morphologically different areas, which can be dis- 
tinguished proceeding from the notch tip towards the 
end of  the fracture. The exact location of  the details 
shown in Figs 6 to 9 is indicated by the cor respond-  
ing numbers in Fig. 5 and in the following images 
taken at low magnifications. The arrows at the foot of  
each picture show the direction of  crack growth. 

Fig. 6 reports a detail of the fracture induction area; 
it is characterized by the razor notch tip and by lines 
starting from irregularities situated at the notch tip 
itself. Higher magnifications show neither further 
microstructures (cavitations, shear planes etc.) nor 
significant morphological differences from the central 
part of  the induction area to the external sides. 

Fig. 7 shows a magnified detail taken along the 
central axis of the fracture surface, about 0.8 mm from 
the notch tip. Its main feature is the appearance 
of slight shear bands intersecting at an angle of  

approximately 76 °. They are superimposed on a sys- 
tem of  lines parallel to the direction of  crack growth. 

Fig. 8a is taken at lower magnification in the central 
part of the fracture surface, at 1.5 mm from the notch 
tip. It points out a marked increase of shear bands, 
appearing no more rectilinear but set into a "fish- 
bone" appearance: the shear bands lie parallel to each 
other, slightly arched and converging from the sides 
towards the centre of  the specimen, where they 
intersect. 

Such an appearance must somehow reflect a con- 
tinuous variation of  the stress tensor from the outer 
side to the central axis of  the fracture surface: any- 
how this requires that constraint phenomena may 
occur, having varying intensities from the edges 
towards the inner part of the fracture surface. 

Fig. 8b shows a magnified detail taken from Fig. 8a, 
at the intersection between shear bands with an angle 
of about 71 ° . 

Figure 5 Water conditioned PA6 - comprehensive view of the (D) 
surface. The numbers show the loci of the following images - Figs 
6 to 9. The arrow indicates the direction of crack growth. 

* Fundamentally, crack propagation always begins before F~,,~ has been attained. In the present case the degree of advancement is a secondary 
aspect if compared with the morphological evidence. 
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Figure 6 Water conditioned PA 6 - fracture induction. Razor 
blade notch tip, left. 

A detail taken at about 2.9 mm from the notch tip 
is shown at different magnifications in Figs 9a and b; 
it represents the fracture morphology close to the limit 
of crack propagation (see also Fig. 5). An overlap is 
evident between the just mentioned "fish-bone" shear 
bands and the characteristic rumples set parallel to the 
crack advancement front. The appearance of rumples 
is probably caused by the changed stress conditions 
(strain speed tending to zero). Fig. 9b (which reports 
a central detail of Fig. 9a) clearly shows the additional 
presence of  small secondary bands oriented both par- 
allel and perpendicularly as to the front of crack 
growth. The whole system of shear bands and rumples 
fits for the construction of a deformation model based 
on shear planes, in agreement with the orientations of  
the edges of a regular octahedron. 

In conclusion, Figs 5 to 9 tend to show that in 
water conditioned PA 6 the high impact energy 
dissipation is due to plastics shear; the presence of 
rumples, connected with particular tensile conditions, 
is an evidence of it. 

3.2. Fractographic analysis of transversally 
cold-dissected HI-PA 6 

Moulded test bars in HI-PA 6 were sharply notched 
and fractured at T = 23°C by 3PB impact, in con- 

Figure 7 Water conditioned PA 6 - shear band appearance 0.8 mm 
from the notch tip. Shear bands intersect at about 76 ° . 

formity with the details reported in Section 2.2. Then, 
transverse sections of the ductile fracture surfaces 
were obtained parallel to the (x, z) plane, by means of 
the technique described in Section 2.3. Fig. 2c shows 
the force-deflection curve referred to the impact test at 
room temperature. This behaviour is associated with 
high rate of plastic deformation and hence high energy 
dissipation developed during fracture. The resulting 
fracture surfaces showed both signs of necking (not 
so remarkable as in water conditioned PA 6) and 
stress whitening below the surface. Both witness the 
development of dissipative processes deeply inside the 
material. 

In order to evaluate the nature of  such processes 
and to quantify them, the secondary cryogenic fracture 
surface (parallel to the (x, z) plane) was scanned by 
SEM at various depths below the ductile fracture 
surface (parallel to the (x, y) plane). A comprehensive 
view of the fractured specimen is reported in Fig. 10. 
The ductile fracture surface D, is affected by necking; 
moreover also at low magnifications the rumples are 
visible and similar to those observed by Hahn et al. [6]. 
A detail is shown in Fig. 1 l a. Their regularity and 
periodicity (rumples always lie parallel to the crack 
advancement front) suggests they reflect somehow the 
fronts of shear bands. At greater magnifications 

Figure 8 (a) Water conditioned PA 6 - "Fish-bone" shear bands at 1.5 mm from the notch tip. (b) higher magnification of the central area 
of (a). 
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Figure 9 (a) Water conditioned PA 6 - morphology in proximity of the limit of crack propagation. Note the overlapped rumples and 
fish-bone bands. (b) Higher magnification of the central area of (a). Note the rumples developing both parallel and perpendicularly to the 
direction of crack growth. 

(Fig. l lb) the surface morphology between rumples 
appear to be made by thin tufts of  drawn material. 

The cryogenic fracture surface is marked by B in 
Fig. 10. The figure shows the loci of four micrographs 
respectively taken at 1.2, 0.7, 0.35 and 0.1 m respect- 
ively from the DB edge formed by the intersection 
between the planes D and B. The corresponding 
images, taken at equal magnification (5000 x )  are 
shown in Figs 12a to d. They reflect the morphology 
of the stressed material behind the D surface. At least 
three remarks must be made 

(a) A widest cavitation is present in the whitened 
volume. 

(b) The intensity of cavitation varies depending on 
the depth under the D surface. 

(c) Cavities show a tendency to grow along 
preferential fronts. 
In fact the image taken at 1.2mm depth (Fig. 12a) 
shows no signs of plastic deformation; the fast 
fracture only reveals undeformed rubbery particles, 
some of which (indicated with arrows) broke during 
fracture. 

At 0.7 mm depth (see Fig. 12b) cavities are already 

Figure 10 Transversally cold-dissected HI-PA 6 (TCD HI-PA 6) - 
comprehensive view ((D)= (x, y) ductile fracture surface; 
(B) = (x, z) brittle fracture surface; DB = D and B intersection). 

evident. They concern only a part of the whole 
particles, and tend to develop along a preferential 
direction. 

The fractograph taken at 0.35 mm from the D sur- 
face (Fig. 12c) shows general cavitation and the total 
absence of visible rubbery particles. In this case, 
too, a certain alignment among cavities can be seen 
suggesting the presence of a system of shear bands. 

The intensity of cavitation at 0.1 mm from the 
D surface is really remarkable (Fig. 12d). The 
structure of the material prevalently consists of 
voids surrounded by walls of drawn material. The 
huge dimension of some voids might be caused, at 
least partly, by coalescence between neighbouring 
cavities. 

These observations give rise to two main conclusions. 
(a) Cavitation around the rubbery particles is 

primarily an important dissipative mechanism during 
the ductile fracture of HI-PA 6. This is in agreement 
with the observations by Yee and Pearson [7, 8] 
according to which each dispersed rubber particle act 
as a nucleating agent for cavitation. 

(b) Such an extensive void formation must necess- 
arily require high deformation of the polyamide 
matrix by drawing or shear yielding. 
Fig. 13 refers to unpublished work about the 
morphology of a HI-PA 66 sample having the same 
rubber type, content and morphology as the present 
HI-PA 6 samples, and transversally cold dissected 
with the present technique (see Fig. 4 - trans (x, z)). 
It shows the length distribution of the major axes for 
the elongated cavities, as a function of their distance 
from the DB edge. The values taken at 795/~m from 
DB coincide with the real mean diameters of the 
elastomeric domains and in fact traces of cavitation 
could not be detected at this depth, as  the particles 
were undeformed. 

Thus, in the proximity of the D surface, the material 
surrounding the rubbery particles undergoes 500 to 
600% elongation by cavitation. The average diameter 
of the undeformed domains is about 0.6/zm (between 
0.2 and 1.0 pm), whilethe major axis of cavities, con- 
sidered is approximately elliptical, reaches on average 
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Figure 11 (a) TCD HI-PA 6 - D fracture surface, with extensive rumple development. (b) TCD HI-PA 6 - Higher magnification of rumples 
on the D surface. Tufts of drawn material are evident. 

3/~m (from 1.6 to 5 .5#m)  near  DB, where d raw-  
ing is max imum.  Similar  ra tes  o f  e longa t ion  also 
occur  in the t ransversa l ly  cold-dissected  H I - P A  
6 samples  (see the par t ic le  and  cavi ty  size in F igs  12a 
to d). 

On  the o ther  hand,  s imilar  cav i ta t ion  p h e n o m e n a  
a round  sites o f  d iscont inui ty ,  in assoc ia t ion  with 
extensive plas t ic  de fo rma t ion ,  are well known  in 

meta l lurgy  [10, 18-21]. Some theories pos tu la t ed  
years  ago a b o u t  ducti le  al loys reveal  some i m p o r t a n t  
analogies  with the present ly  descr ibed results.  

In par t icu lar ,  one mode l  der ived by  Backhofen  [18] 
for meta ls  agrees well with hypothes is  tha t  the d rawn  
mater ia l  tufts (clearly visible in Fig.  l l b  a m o n g  the 
rumples)  are  the walls o f  the cavities,  local ly subjected 
to tensile stress beyond  the b reak  point .  

Figure 12 (a) TCD ttI-PA 6 - morphology on the B surface 1.2 mm far from the DB edge. The arrows show some rubbery particles broken 
in a brittle way. (b) TCD HI-PA 6 - B surface 0.7 mm from DB. Note the orientation of the cavitation front. (c) TCD HI-PA 6 -- B surface 
0.35 mm from DB. Note the preferential orientations of cavitation fronts. (d) TCD HI-PA 6 - B surface 0.1 mm from DB. 
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Figure 13 Size distribution of the elongated 
cavities (measured along their major axes) 
plotted against distance from D in a TCD 
HI-PA 6.6 sample. 

3.3. Fractographic analysis of longitudinally 
cold-dissected HI-PA 6 

Specimens consisting of HI-PA 6 were firstly impact 
tested at 23 ° C, the ductile fracture lying parallel to the 
(x, y) plane (see Section 2.2); then the fracture surface 
was cold-dissected parallel to the (y, z) plane, as 
described in Section 2.3 and shown in Fig. 4. The 
resulting brittle fracture was perpendicular to the 
rumples and parallel to the ductile crack growth 
direction. 

A picture of the resulting specimens is reported in 
Fig. 14, where D and B are the ductile and brittle 
fracture surfaces, respectively, and the DB edge is 
their intersection. Figs 15 to 16 are fractographs 
taken on the B surface along a line normal to D, 
0.8 mm from the limit of the razor blade sharp notch 
(see in Figs 14 and 15a the loci of such micrographs). 

The morphology 0.4 mm below the DB edge is shown 
in Fig. 15b and only underformed rubber particles 
(or their prints) are present. In contrast a complex 
morphology appears closer to the DB edge. Fig. 15c, 

Figure 14 Longitudinally cold-dissected HI-PA 6 (LCD HI-PA 6): 
comprehensive view of the sp~ecimen. 

taken at about 0.2mm from it (2100x) clearly 
shows the occurrence of generalized cavitations. 

At least partially, they seem to develop along fronts 
about 20 ° inclined with the plane of the D surface. 
Such a structure is even more evident in Fig. 15d, the 
picture being taken at 0.1 mm from DB where cavities 
are more marked (consider however that Fig. 15d is 
twice the magnification - 4200 x - as Fig. 15c). One 
can also observe both a preferential stretching direc- 
tion for voids and their tendency to align along fronts 
inclined about 20 ° to the D surface. Such preferential 
directions (void stretching and void alignment) nearly 
intersect with an angle of 76 ° . 

The morphology of the cavitated material 30#m 
below the ductile surface is shown in Fig. 15e. Voids 
are highly stretched and oriented (mean sizes: 2.7 #m 
length; 0.4 #m width). This latest value is comparable 
with the mean diameters of the undeformed particles). 

Finally, the structure of the B surface at the bound- 
ary with the DB edge is shown in Fig. 15f. The cavities 
are extremely oriented and inclined and also con- 
nected with the rumples lying on the D surface. 

From these pictures it is evident that an association 
exists between cavitation around the rubber particles 
and an extensive shear of the PA matrix, occurring 
shortly before the separation of the ductile fracture 
surface. The oblique orientation of the voids to D 
surface cannot be explained otherwise. Furthermore, 
the angle included between the void stretching and 
void alignment directions - about 76 ° (see Figs 15d 
and e) - compares well with the angle at the inter- 
section of shear bands already observed on the frac- 
ture surface of pure, water conditioned PA 6 (Figs 7 
and 8). 

It is also interesting to notice some long horizontal 
discontinuities clearly visible along the B surface in 
the present sample (see Fig. 15a). At higher magnifi- 
cations (Figs. 15c, 16a, b) they are revealed as long 
slits marked by an evident drawing-to-break of the 
matrix around the cavities. The orientation of threads 
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Figure 15 (a) LCD HI-PA 6 - Morphology of the B ( y, z) surface near the D (x, y) surface: comprehensive view. (b) 0.4 mm from DB, (c) 
0.2 mm from DB. Note the cavitation fronts and the long horizontal discontinuity. (d) 0.1 mm from DB. The angle is marked between the 
alignment direction of cavitation fronts and the draw direction of voids. (e) 30 #m from DB. (f) close to DB. The D surface is visible at the 
top of the picture. 

also seems to be totally different if compared with that 
of  the neighbouring cavitated particles outside the 
discontinuities (Fig. 16a). Such a morphology can 
be regarded as being caused by shear along oblique 
planes to the D surface and parallel to the x axis. 

In conclusion, the SEM analysis of  a longitudinally 
cold-dissected sample shows shear deformations 
developed along several preferential planes, caused by 
impact testing in ductile conditions. Such orientations 

are sketched in Fig. 17. The e plane represents the 
orientation of  the cavitation fronts. The fi plane 
presumably represents the longitudinal shear bands 
(discontinuities) shown in Figs 15c and 16a, b. The 7 
plane corresponds to the drawing orientation of the 
voids. 

Further preferential shear and cavitation direction 
could be revealed by a comprehensive fractographic 
analysis. As already stated, they should be consistent 

2174 



Figure 16 LCD HI-PA 6 (a) Horizontal discontinuity. Note the different draw direction of voids in comparison with the neighbouring 
material. (b) Higher magnification of a discontinuity band (70 #m from DB). 

with the theoretical considerations regarding defor- 
mations along the octahedral shear planes. 

4.  D i s c u s s i o n  
In our opinion the present fractographic analysis 
univocally defines, even if not quantitatively, the 
dissipative mechanisms involved during the ductile 
fracture propagation in rubber toughened polyam- 
ides. A particular aim of this work consisted in deter- 
mining if the rumpled fracture surface morphology 
[4-6] was caused by matrix shear yielding and/or if 
evidence of further dissipative mechanisms could be 
recognized by fractography. 

A preliminary SEM analysis was performed on 
water conditioned PA 6 ductile fracture surfaces, 
obtained by Charpy impact testing with a sharp notch. 
In such conditions shear yielding resulted as the pre- 
vailing dissipative mechanism during crack growth. 
Moreover, rumples were associated with shear band 
spacing. 

The orientation of shear bands is affected by the 
local stress conditions (state of plane stress or plane 
strain; local crack speed distance from the notch 
or from the borders). For this reason shear bands 
can result either spaced and oblique ("fish-bone" 
structure) or dense and parallel or perpendicular 
to the crack growth front, according to the local 
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Figure 17 Schematic picture of the main observed orientations 
caused by ductile deformation in HI-PA specimens (e = cavitation 
fronts: fl = horizontal separation planes; 7 = draw fronts). 

geometry and stress conditions of the specimen. Their 
typology well fits the models for shear yielding along 
octahedral planes, typical of ductile materials and well 
known by metallurgists [9, 10, 18-21]. 

From these results we supposed that also in rubber 
toughened polyamides the ductile fracture propa- 
gation could be due to matrix shear yielding induced 
by the presence of finely dispersed rubber particles. A 
SEM investigation about the state of deformation in 
the region below the fracture surface was necessary in 
order to verify these assumptions and to correlate 
rumples with viscous shear phenomena, according to 
the octahedral shear theory. The simple technique 
used to cold-dissect the specimens normally to the 
ductile fracture surface allowed the analysis of their 
internal morphologies to be achieved. The stress 
whitened regions are largely ruled by shear yielding of 
the polyamide matrix and by an extensive cavitation 
around the discrete elastomeric phase. From the 
reported pictures a tendency is evident to develop 
cavitation fronts involving neighbouring and aligned 
particles. Around them the matrix undergoes remark- 
able drawing, the closer the matrix to the ductile, D, 
fracture surface, the higher the drawing. 

Furthermore, the drawing direction of cavities and 
the growth direction of cavitation fronts intersect 
according to angles comparable with the ones formed 
by shear bands intersecting on the fracture surfaces of 
water conditioned PA 6. 

We can believe that shear yielding and cavitation 
are mutually correlated and the presence of rubbery 
particles acting as stress concentrators lowers the local 
ar (nominal) of the matrix [22-24]. Rumples are a 
consequence of yielding mechanisms along shear 
bands. The SEM fractography of longitudinal and 
transversal, B surfaces, taken immediately beneath the 
D fracture surfaces (see Fig. 15f) shows rumples 
connected with shear planes developing inside the 
stress whitened volume. Shear planes appear inclined 
as to the (x, y) plane of the ductile fracture surfaces, 
but also parallel to the front of crack growth. Their 
orientation coincides with the orientation of cavities 
occurring beneath the ductile surfaces (see Fig. 15e). 

On the other hand the presence of shear planes with 
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further orientations, not necessarily coinciding with 
rumples, is suggested by a deeper observation of the 
inner morphology of specimens (see Figs 15c, e and 
16a). This hypothesis is strengthened by analysis of 
the fracture surface of water conditioned PA 6. The 
development of preferential orientations for octa- 
hedral shear bands and shear planes strongly depends 
on the local geometry and stress conditions. 

The combination between shear yielding and cavi- 
tation as dissipative mechanisms during impact quite 
well agrees with the model proposed by Hahn et al. [6] 
to explain the nature of the rumples. Furthermore, it 
almost coincides with Yee's arguments [7, 8] about the 
dissipative mechanisms in epoxy-rubber blends where 
an analysis by SEM and by polarized optical micro- 
scopy revealed the presence of both shear bands 
and cavitations around rubber particles. Yee also 
suggested that toughening is mainly due to notch 
blunting caused both by shear yielding and cavitation 
of the material immediately surrounding the crack tip. 
The phenomenon would take place before the crack 
opening and would keep nearly steady during 
propagation, as also evidenced by the regularity in 
rumple spacing on the ductile fracture surfaces. 

Moreover, some SEM fractographs of longitudi- 
nally cold-dissected HI-PA 6 samples - not reported 
in the present work - showed the development of 
extensive cavitation and shear fronts immediately 
around the notch tip. The cold-dissection technique 
described in this work would easily allow a morpho- 
logical analysis of specimens stressed below the break 
limit. Thus, it could be possible to verify the state of 
a partially deformed material in proximity of the stress 
concentrator. 

The observed extensive cavitation also strengthens 
Wu's theory [15] considering the interparticle distance 
between the rubbery domains as the critical parameter 
for the establishment of a ductile behaviour within a 
wide range of testing conditions. In fact a strong 
interaction between the stress fields surrounding 
neighbouring particles [11] promotes the growth of 
cavitation fronts and of shear bands inside the con- 
tinuous polyamide phase. Finally, it is worth emphasiz- 
ing that for the first time the morphology of the 
deformed material below the "natural" fracture 
surface is systematically shown. By induction, this 

state reflects the state of plastic deformation existing 
inside the material immediately before the local frac- 
ture propagation. The significance of the present 
analysis is based upon the assumption that the state of 
the deformed specimen after ductile fracture is not 
altered by the following cold-dissection. 
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