
J O U R N A L  OF MATERIALS SCIENCE 27 (1992) 298 306 

M icromechanics and acoustic emission analysis 
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The finite element method (FEM) and acoustic emission technique (AE) were applied to the 
micromechanics analysis of the failure process of composites with thermoplastic matrix 
materials. FEM calculations to local stress-strain distribution and the influence of very different 
intermediate layer properties are interpreted with regard to microscopic failure mechanisms in 
composite materials. The strongly differing AE behaviour of both chalk-filled polyvinylchloride 
and high density polyethylene and short-glass-fibre reinforced polypropylene, polyamide, 
PBTP, SAN and ABS in tensile test experiments is demonstrated. Representative loading limits 
are derived from the nature and extent of the dominating failure mechanisms by comparison of 
theoretical and experimental results. The influence of critical strain, shear strength and fracture 
toughness properties of the modified matrix as well as the composite morphology and phase 
adhesion on significant deformation and failure stages is discussed. Finally some conclusions 
are drawn about a possible critical long-term strain of composites. 

1. I n t r o d u c t i o n  
The development of highly reliable composites re- 
quires knowledge about the influence of different 
structural and morphological parameters determining 
the microscopic deformation and fracture mechanisms 
which determine the strength and toughness of com- 
posites for themselves. ~The complexity of affecting 
parameters, such as maffix characteristics, nature and 

of dispersed/inclusi0ns, as well as different morphology 
phase interactions, make~ - a  complete theoretical de- 
scription of effective composite behaviour nearly im- 
possible. On this occasion the micromechanical 
analysis of the local composite failure process 
opens a way to approach the weakest volume element 
and to design composites with specific mechanical 
properties [1-6]. 

The development of efficient composites and a 
highly developed materials testing for quality valu- 
ation on the basis of evident properties such as critical 
long-term strain or stress and fracture toughness 
values, are inseparably linked.. 

In the last 15 years, acoustic emission (AE) analysis 
has crystallized into the most important technique to 
characterize damage propagations and mechanisms 
also in the case of composites with thermoplastic 
matrices [7-11]. 

Abrupt irreversible changes in the microscopic or 
macroscopic structure state at which elastic stored 
energy is released are reasons for acoustic emissions. 

In the case of polymers and their composites, these 
processes under mechanical loading are micro- 
cracking Or macro-fracture and crack growth in the 
matrix, interface debonding, sliding of debonded 
regions, fibre pull-out and fibre breakage. 

AE measurements permit the detection of signific- 
ant damage propagation but, a priori, not an exact 
assignment of the emission source. Such a classi- 
fication is possible only on the basis of systematic 
variation of structure and morphology parameters 
accompanied by methods to obtain deformation and 
fracture mechanisms directly (SEM, etc.). A new 
quality in the micromechanical discussion of com- 
posite failure is attainable by the combination of 
model calculations and AE results [6, 12-16]. 

2. Model calculations of microscopic 
stress-strain distribution 

The jcombination of a soft matrix with a hard inclu- 
sion will result in a complicated structure- and mor- 
phology-dependent stress-strain state in microranges 
also under macroscopic uniaxial loading conditions. 
Decisive for the first stage of damage process and the 
extension of local plastic matrix deformations in com- 
posites are the size, spatial distribution and  kind of 
stress or strain concentrations which depend on the 
inclusion morphology and external loading, and the 
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nature of the plastic matrix instability in a specific 
local stress-strain field. 

The included phase influences the start and bulk 
more strongly than the nature of local deformation 
and fracture mechanisms in the polymer matrix. The 
latter depends on the modified matrix itself. Under 
strong phase interactions or overcritical filler concen- 
trations, a change in failure mechanism of the com- 
posite matrix is possible. 

Model calculations of local strains and stresses were 
based on a generalized plane strain finite element 
analysis of a typical repeating composite unit volume. 
With this method it was possible to calculate the 
influence of essential geometrical and structural com- 
posite parameters, such as matrix and inclusion prop- 
erties, volume fraction and aspect ratio of inclusions, 
and phase adhesion and respective behaviour of 
interphases. 

"Hybrid" finite elements were used to obtain more 
accurate information, especially about the stress dis- 
tribution at the inclusion-matrix interface [17]. In the 
model calculations, different adhesion conditions were 
taken into account by thin interphases with realistic 

dimensions and properties. The validity of the calcu- 
lations is restricted to linear visco-elastic deformation 
behaviour of polymeric areas. In the result of model 
analysis local distributions of dilatational strain, nor- 
mal stress and shear stress components in the inclu- 
sion and matrix, as well as the interface region, are 
given. With regard to a critical strain for microscopic 
composite failure by micro-hole or micro-crack 
formation, the comparative strain ev, for a plane strain 
state was determined to evaluate local multiaxial 
loading conditions. From the comparative strain and 
model composite strain, exO, a strain raising factor 

~v 
=, - ( 1 )  

~xO 

results. Figs 1 and 2 demonstrate representative 
results for local stress-strain distribution and their 
change with very different interphase properties in the 
case of a model composite with unidirectional fibre 
orientation. As shown in the figures, the maximum 
values and positions of individual stress components 
are morphologically dependent [15, 17, 18]. In the 
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Figure 1 Strain raising and shear stress distribution in the composite matrix (~,, %y)M and distribution of the main normal stress in the fibre 
(crx)v: P P / G F  composite (15 vol % GF; L/D = 31.5); composite strain axo = 1% (model strain). 
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Figure 2 Influence of interphase (ZS) on local stress-strain distribution: P P / G F  composites without (Var. 1) and with interphases (Var. 2 and 
3); (15 vol % GF; L/D = 31.5); thickness of interphase layer = 10 nm, composite strain axo = 1%. 

case of particulate-filled composites assuming "per- 
fect" adhesion, the maximum radial normal stress acts 
at the poles (angle to macroscopic tensile direction 
is 0 ~ while the maximum shear stress is found at an 
angle of about 45 ~ All matrix maxima in short-fibre- 
reinforced composites are located at the fibre ends. 
The presence of interphases changes the position and 
height of local stress and strain distributions. Volume 
elements with strain or shear stress peaks can be 
considered as weakest points for the beginning of 
damage. Mechanical behaviour of the interphases 
(quality of phase adhesion) is of great importance in 
the process of energy dissipation. A failure of inter- 
facial regions is to be expected if: 

(i) the stored deformation energy induces de- 
bonding in consequence of poor phase adhesion; 

(ii) the shear stress level at the interphase obtains 
the shear strength; 

(iii) the strain raising initiates micro-hole or crack 
formation at a critical strain level (strong phase inter- 
actions and hydrostatic stress states restrict shear 
yielding); or 

(iv) the critical strain of craze formation in crazing 
composite matrices, is exceeded. 

3. Acoust ic  emission analysis of the 
fai lure process 

Acoustic emission (AE) during tensile tests was re- 
corded and analysed using a Briiel and Kjaer system. 
Tensile tests were carried out at constant elongation 
speeds of VT = 10 mm min- 1 (particle composites) and 
VT = 2 mm min- 1 (fibre composites). Fig. 3a-c show 
very different AE activities and distributions of peak 
amplitude for diverse composites. Here the cumulative 
pulse sum is a measure of the damage accumulation. 
The peak amplitude of AE events is correlated with 
the energy release and gives a clue to the primary 
source of acoustic emission. Polyvinyl chloride (PVC), 
Fig. 3a, shows shear-band deformation accompanied 
by the formation of micro-holes of about 0.25-7 lam 
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diameter. The diameter distribution of used chalk filler 
also corresponds with this range. Therefore, the dis- 
tribution width of peak amplitudes generated by par- 
ticles such as composites is similar to the non-filled 
matrix. Larger deviations, especially in the distribu- 
tion itself, are observed when a critical filler volume 
causes a macroscopic ductile-to-brittle transition. This 
became apparent in the rupture strain falling below 
the level of the non-filled matrix material. At a smaller 
filler content than the critical one, the increase in the 
pulse sum indicates a multiplication of local instabil- 
ities. Hence, the raising rupture strain of particulate- 
filled PVC is based on the initiation of additional 
micro-shear bands on the particle-matrix debonding. 
The monitored AE spectrum of high-density poly- 
ethylene (HDPE), Fig. 3b, proves that micro-hole 
formation in amorphous regions takes place before 
the macroscopic necking process occurs. According to 
SEM investigations of fracture surfaces, the void dia- 
meter amounts to more than some 10 nm. The inclu- 
sion of chalk particles will result in a creation of more 
and essentially larger micro-holes connected with 
phase debonding. Dramatic changes in the distribu- 
tion of peak amplitudes were observed. A marked 
localization of the fibrillization processes in highly 
stressed matrix layers was found by means of TEM 
investigations. Strongly reduced macroscopic rupture 
strains at a low particle content are the result. The 
damage behaviour of short-fibre-reinforced thermo- 
plastics is also strongly influenced by the matrix poly- 
mer (Fig. 3c). Here, the interphase behaviour is of 
greater importance than in particulate-filled com- 
posites. The composite polypropylene (PP)/GF (1) did 
not contain a coupling agent. In the case of PP/GF 
(2) a coupling agent of optimum concentration was 
applied. Higher phase interactions cause a brittleness 
of composite with a proportion-exceeding decrease of 
the AE pulse sum. From the example of polyamide 
(PA)/GF composites, a significant influence of matrix 
brittleness is represented (PA/GF (1)-moist, PA/GF 
(2)-dried, PA/GF (3)-condensed). By means of 



acoustic emission, individual deformation levels can 
be indicated where failure mechanisms change in 
nature and/or extension significantly (Fig. 4). By 
means of a distinct AE signature in connection with 
results of model calculation, the following representat- 
ive loading limits can be distinguished: see Table I. AE 
activity expresses the essential difference in micro- 
mechanical damage behaviour between particle-filled 
and fibre-reinforced composites. Spherical as well as 

fibre-like inclusions release additional damage inside 
the composite matrix, respectively, by inclusion-ma- 
trix debonding, which reduces the critical composite 
strain. 

Based on their shape, fibres are more efficient than 
spherical inclusions here. 

In particle composites the following damage beha- 
viour is determined by deformation and fracture 
processes of the modified matrix only. Fibre-like 
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Figure 3 Strain dependence of cumulative AE activity and total amplitude distribution of AE signals for chalk-filled thermoplastics (up to 
composite yield stress) and glass fibre-reinforced thermoplastics (up to ultimate composite fracture). 
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Figure 4 AE characteristic of significant deformation states in the case of glass fibre-reinforced PBTP. 

inclusions, however, stabilize the micro-crack network 
by the occurrence of further mechanisms of energy 
dissipation at the interface, such as sliding of de- 
bonded regions, fibre pull-out or fibre fracture, and 
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they increase the ultimate composite strength. The AE 
behaviour of short-fibre-reinforced thermoplastics de- 
tect the mechanisms by high pulse sums and events 
with higher energies. Under very good adhesion 



TAB L E I Loading limits for the initiation of characteristic deformation stages and damage mechanisms of thermoplastic composites 

e~i/ocl AE characteristic Damage mechanisms 

First stage 

~cl/O'cl 
~;c2/Oc2 

Second stage 

~c3/O'c3 

Third stage 

gc4/~e4 

AE begin 
First relative maximum of pulse rate (A > 20 dB) 

(a) Decreasing emission in ductile composites or at 
weak adhesion (existence of a macroscopic yield point) 

(b) Strongly progressive increase of emissions at brittle 
matrix or good adhesion 

Occurrence of signals with higher energy release in 
fibre composites (A > 30 dB) 

(A > 40 dB) 

In areas of local loading maxima: 
(i) debonding at the interface (weak phase adhesion) 
(ii) first damage of the interfacial region or matrix 
(micro-hole formation) 

Composite damage in large matrix areas by: 
(i) macroscopic shear flow owing to yielding of matrix 
bridges 
(ii) continued inclusion-matrix debonding 
(iii) formation of micro-shear bands 
(iv) crazing 
(v) micro-crack formation 
(vi) stable micro-crack growth 
(vii) fibre sliding 

Coalescence of micro-cracks 
Formation of macro-fracture surface 
(under fibre pull-out) 

(Fibre breaking) 

conditions the stored deformation energy can induce 
fracture of overcritical long fibres. Particle fracture as 
a dissipation mechanism in thermoplastic composites 
can be excluded. 

4. Morphology and microscopic failure 
mechanisms 

The comparison between theoretical and experimental 
failure analysis permits the identification of probable 
mechanisms as a primary source of acoustic emissions. 
The comparison also gives information about the 
nature of interphase failure. This is deduced from 
theoretically calculated comparisons of strain or shear 
stress components in the matrix near the interface. 
These calculations are based on composite loads at 
the onset of micro-failure processes detected by means 
of acoustic emission. By means of the correspondence 
between a comparison of theoretical and experimental 
data in Fig. 5, the assumption is checked whether 
damage a t the first deformation stage is a consequence 
of a "medium" strain raising in the matrix bulk region. 
Obviously the above assumption is incorrect in such 
composites which possess matrices with craze defor- 
mation (PS, SAN, ABS) or when the matrix failure 
changes from a shear mechanism in a craze-like mech- 
anism at higher filled composites (e.g. chalk-filled 
HDPE with chalk contents > 20 vol %). As expected 
in the case of the craze mechanism, the absolute strain 
peak at the interface induces the first composite dam- 
age. Add to this that the fibre orientation in injection 
moulded specimens diverges from perfect unidirec- 
tional position, and the fibre distribution is irregular. 
However, the model with unidirectional short-fibre 
orientation in the loading direction describes the mor- 
phology of the by far greatest section in the specimen 
and submits the lowest limit of critical composite 
strain. The nature of the local composite failure at the 
first deformation stage can be derived from results of a 
model calculation by the application of critical corn- 

posite strains from AE analysis (Table II). A valuation 
of phase interactions on the basis of local composite 
damage is problematic in this damage state. Different 
adhesion qualities will have a significant effect only in 
the case of higher deformations in the process of 
micro-crack growth. A theoretical description of the 
second and third deformation stage requires a fracture 
mechanics analysis of microscopic composite failure. 
It presupposes a knowledge of fracture toughness data 
of the matrix and interphase against stable crack 
initiation and crack growth, as well as unstable crack 
initiation. At present, the experimental determination 
of effective values for interphase fracture toughness is 
most difficult I-2, 19, 20]. Fig. 6 indicates such a 
relationship between the onset of the second damage 
stage and the stable crack initiation toughness of the 
composite matrix. 

This correlation confirms the assumption that rel- 
evant parameters relating to loading limit (~c3/~3) in 
addition to composite morphology are stable crack 
initiation resistances of polymer regions. 

In the theoretical analysis, however, interactions 
between neighbouring micro-cracks, as well as struc- 
tural matrix modifications, were neglected for the first 
approximation. The value scattering points to this 
circumstance. In the case of crazing matrices (ABS, 
SAN) the loading limit Oc3 at fibre composites is not 
connected with a micro-crack initiation but with the 
craze formation obviously. 

The critical micro-crack density (critical filler con- 
tent) for a ductile-to-brittle transition of matrix frac- 
ture is reached, if the crack distance drops under a 
critical value, L* 

)~* ~ 2 \ ~ 2  ] (2) 

where Z is the mean particle distance, 13 is a mech- 
anism-dependent factor ~< n/8, J~c is the critical 
J-integral, E is the Young's modulus and o~ is the 
stress for micro-hole formation of the polymer matrix. 
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Figure 5 Relationship between structure and morphology dependent "medium" strain raising (%)M in the matrix bulk (Section 5 in Fig. 1) and 
relative critical composite strain. (@) PE, (�9 PS, ( • ) PVC, with CaCO3; ($) PE, (A) PP, (D) PA, ( + ) ABS, (*) SAN, (A) PBTP, with GF. 

TABLE II Results of model calculations in connection with experimental data of AE for composites with 30wt % inclusions, and 
conclusions upon the nature of interphase failure in real composites (model calculations on the base of experimental composite strain ~2) 

Composite Model AE AE/Model Failure of interphase 
region 

(~~ ('~0)~ a02 "~c~ (%,,)zs (av)zs ,~o (~0)M 
(%) (MPa) (%) (MPa) (MPa) (%) (MPa) (%) 

PE/CaCO a 1.20 18 1.50 17 18 1.9 18 2.4 Shear instability 
PVC/CaCO3 0.36 14 0.45 17 38 1.4 36 0.8 Shear instability 
PS/CaCO3 0.13 6 0.10 4 6 0.2 (40) 0.3 Crazing 
SAN/GF 0.24 25 0.15 15 10 0.6 (50) 1.0 Crazing 
ABS/GF 0.29 21 0.19 15 12 0.8 (24) 1.3 Crazing 
PP/GF 0.39 27 0.26 19 15 2.4 20 2.3 Shear instability/ 

micro-crack formation 
PBTP/GF 0.43 40 0.40- 37 23 2.0 37 1.8 Micro-crack formation 
PA/GF 0.46 41 0.43 38 22 2.2 39 2.0 Micro-crack formation 

(~c)c/(Crc)c: critical composite strain/stress from model calculations for the criteria that a "medium" ev in the matrix bulk exceed (ec)M. 
(Zxy)ZS/(ev)ZS: maximum values of shear stress/comparative strain at the interphase region (ZS). 
xo: shear strength of the matrix. 
(at)M: critical strain of unfilled matrix for the initiation of micro-hole formation or crazing (data from AE measurements). 

O n  the basis  of  exper imenta l  d a t a  for par t icula te-f i l led  
P V C  with a cri t ical  filler vo lume fib* = 0.05 (part icle 
d iamete r  2 rtm), the fol lowing ~* values for s tat ic  
load ing  condi t ions  and  a c rack  size of  2 txm were 
calculated:  2.4 pm (PVC), 9.2 ~tm ( H D P E )  and  1.2 pm 
(PS). 

A compl i ca t ed  d a m a g e  state a l r eady  exists at  the 
beginning  of  the th i rd  de fo rma t ion  stage. The  tough-  
ness behav iou r  of  po lymer  regions agains t  s table  c rack  
g rowth  and  their  uns tab le  c rack  in i t ia t ion  toughness  
are  cons idered  to be re levant  f racture mechanics  val- 

3 0 4  

ues Ior the a m o u n t  of energy diss ipated  at  this load ing  
level. 

The  above  discussions leave open to ques t ion which 
of the load ing  l imits mus t  no t  be exceeded in o rde r  to 
guaran tee  a long life-time. Inves t iga t ions  of r e laxa t ion  
and r e t a rda t ion  behav iou r  of the compos i tes  under  
app l i ca t ion  of AE, lead to the conclus ion tha t  a safe 
cri t ical  long- te rm s t ra in  should  be in the range of 
~c2 ~< (~c)c ~< ~3 [11, 16]. This  result  is in agreement  
with the long- te rm tests of  Menges  et al. [21]. I t  is 
essential  tha t  the long- te rm re laxa t ion  behav iou r  of 
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crack-affected polymer areas is of decisive importance 
for the long-term strength of particulate-filled and 
short-fibre-reinforced thermoplastics. The existence of 
interphases improves the strength and toughness of 
composites the stronger values, the more low-ener- 
getic damage (absolute and relative) being favoured in 
the direction of a maximum shear band or craze 
multiplication. The effectiveness of phase adhesion of 
interphases for a high long-term stability and reli- 
ability of composites, results decisively from the suc- 
cess in obtaining a rest life-time after initiation of the 
damage process, which is as high as possible. For this 
reason it must contribute, together with a high frac- 
ture toughness, to limiting the size of the arising 
micro-cracks and to hindering crack growth. 

Taking these processes into account, the critical 
long-term strength can be extrapolated theoretically 
with the help of continuum damage mechanics [22]. 

5. Conc lus ions  
l. The micromechanical analysis of macroscopic 

deformation behaviour of composites opens the pos- 
sibility to determine long-term strains or stresses from 
the local damage state and to recognize structurally or 
morphologically weak areas. 

2. The acoustic emission analysis detects the dam- 
age process as well as local failure mechanisms in 
composites in a highly sensitive manner. Therefore, 
this technique is suitable to elucidate real structural 
and morphological conditions. 

3. The deformation process of thermoplastic com- 
posites can be classified by means of AE in connection 
with results of theoretical stress-strain calculations 

into three significant deformation stages characterized 
by different dominating damage mechanisms. 

4. Critical composite strains and stresses for initi- 
ation of each deformation stage can be attributed 
theoretically to the local strain-raising factor, the 
shear stress level or the stress intensity factor depend- 
ing on structural and morphological composite para- 
meters. In practice they correlate with (i) critical 
strains or shear strength, and (ii) fracture toughness 
values faced with stable crack initiation and crack 
growth, as well as unstable crack initiation of the 
interface and modified composite matrix. 

5. By comparing model and experimental results, it 
is possible to analyse the nature of interphase failure 
and to obtain quantitative results about the phase 
adhesion. 

6. The composite strain where stable micro-crack 
initiation beings should be considered to be the limit- 
ing value of critical long-term strain. 
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