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SYNOPSIS 

The effects of various filler characteristics on the ductility of filled amorphous copolyester, 
Kodar 6763, have been examined. The five fillers in the study included two calcium tere- 
phthalates with different particle-size distributions and three calcium carbonates, also with 
different particle-size distributions. One of the calcium carbonate fillers had received a 
surface treatment. The increase in Young's modulus with increasing filler content was the 
same for all fillers and was satisfactorily described by Kerner's equation. The only filler to 
affect the yield stress was the surface-treated calcium carbonate; in this case, the decrease 
in yield stress was attributed to cracking and splitting of aggregated particles. A sharp drop 
in fracture strain was observed with increasing filler content. This ductile-to-quasi-brittle 
transition occurred when the fracture mode changed from fracture during strain-hardening 
or neck propagation to fracture during neck formation. The critical filler content of the 
ductile-to-quasi-brittle transition varied from one filler to another. A simple model quali- 
tatively described the decrease in critical filler content with increasing breadth of the particle- 
size distribution and, in particular, with increasing volume percent of large particles in the 
distribution. 0 1994 John Wiley & Sons, Inc. 

INTRODUCTION 

Calcium carbonate is frequently used as a filler in 
polymers to  increase stiffness and decrease cost. 
Particle sizes in the range of 1-50 pm are typical, 
and the particles usually have a low aspect ratio and 
a broad size distribution.'s2 Loss of ductility is a ma- 
jor concern with filled polymers, and it has been 
observed that even a small number of large particles 
may reduce the mechanical properties ~ignificantly.~ 
Good adhesion between particle and matrix is gen- 
erally considered desirable because i t  can result in 
higher values of modulus and ~ t r e n g t h . ~ , ~  Since cal- 
cium carbonate does not exhibit good adhesion to  
most polymers, various surface treatments and cou- 
pling agents have been used to  try to  improve this 
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An alternative strategy involves fillers that  are 
inherently more compatible with polymers. Some 
metal terephthalates have been found to  have ex- 
ceptionally high decomposition temperatures and 
unusually low sol~bi l i t ies .~ These salts can be pre- 
pared in the form of fibers with high aspect ratios 
and also as uniform particles on the micron-size 
scale. With the organic filler, there is the possibility 
for achieving good adhesion by specific interactions 
between filler particle and polymer. This possibility 
is explored in the present study by blending calcium 
terephthalate with a thermoplastic polyester. The 
properties achieved with the organic filler are com- 
pared with properties obtained when calcium car- 
bonate is used as the filler. 

MATERIALS AND METHODS 

The polymer used in this study was an  amorphous 
copolyester with the trade name Kodar 6763 
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(PETG) from Eastman Kodak. The two types of 
fillers were an organic filler, calcium terephthalate 
( CaT) , and an inorganic filler, calcium carbonate 
( CaCO,); the fillers are listed together with the sup- 
pliers in Table I. 

Before blending, the PETG was dried in a vacuum 
oven for 24 h at  60°C and the fillers were dried in 
vacuum for the same time but at 100°C. The polymer 
and the filler were blended in a Brabender mixer a t  
2OOOC for 10 min. The dried polymer without filler 
was subjected to the same mixing conditions in the 
Brabender and served as the control. Blends with 
5, 15, 30, and 50 wt  % filler were prepared. These 
compositions corresponded to 4.5, 13.5, 27, and 45 
vol % for CaT and 2.4, 7.0, 14, and 24 vol % for 
CaC03. 

Particle-size distribution was determined by dis- 
persing the filler particles on the SEM stage, coating 
them with 90 A of gold, and measuring the size of 
more than 400 particles from the micrographs. The 
particle size after blending was determined by dis- 
solving the PETG matrix with phenol-chloro- 
form, collecting the particles, and examining them 
in the JEOL JSM-840A scanning electron micro- 
scope ( SEM ). 

The filled polymers were compression-molded 
into 2 mm-thick plaques in a press at 2OOOC and 
450 psi for 5 min, followed by water cooling in the 
mold. Before compression molding, all samples were 
dried in vacuum for 12 h at  60°C. To measure the 
tensile properties, dog-bone specimens were cut to 
the ASTM D1708 geometry and tested in an Instron 
testing machine at  a crosshead speed of 2 mm/min, 
which corresponded. to a strain rate of 9% /min. 

Electronic strain gauges were attached for the mod- 
ulus measurement. Four specimens were tested for 
each composition and average values of the tensile 
properties are reported. The necking process was 
photographed during tensile testing. 

The necked region was subsequently fractured in 
liquid nitrogen parallel to the draw direction in order 
to reveal the internal morphology. The cryogenic 
fracture surfaces were coated with 90 A of gold and 
examined in the SEM. 

RESULTS AND DISCUSSION 

Fillers 

The calcium terephthalate ( CaT) particles as-re- 
ceived were rod-shaped with an aspect ratio of 1-30 
and a length up to 35 pm [Fig. 1 ( a )  1. It was found 
that these particles were broken down into smaller 
sizes during the compounding with PETG. When 
the CaT particles (CaT-2) were collected and ex- 
amined after the PETG matrix was dissolved with 
phenol-chloroform, the aspect ratio had decreased 
to 1-9 and the maximum length had decreased to 
16 pm [Fig. l ( b ) ] .  In another preparation (CaT- 
1 ) , the CaT particles were reduced in size in a jet 
attrition mill before compounding with the PETG. 
Milling reduced the aspect ratio to 1-8 and the 
length to a maximum of 8 pm [Fig. 1 (c)  1. There 
was no further change in the particle size during 
processing with PETG. 

Two of the calcium carbonate fillers were cubic- 
shaped particles that differed in terms of the particle 

Table I Characteristics of the Fillers 

Particle Size (pm) 

Filler Description Average Manufacturer 

CaT As-received d = 0.5-15 1.9 Synthetic Products Co., Cleveland, OH 
1 = 0.5-35 6.3 Synthetic Products Co., Cleveland, OH 

CaT-2 CaT after mixing d = 0.5-10 2.0 Synthetic Products Co., Cleveland, OH 
1 = 0.5-16 4.2 Synthetic Products Co., Cleveland, OH 

CaT-1 CaT milled d = 0.5-4 1.5 Synthetic Products Co., Cleveland, OH 
1 = 0.5-8 2.1 Synthetic Products Co., Cleveland, OH 

CaC03-1 Camel- WITE' 0.5-13 2.2 Genstar Stone Products Co., Hunt Valley, MD 

CaC03-2 Camel-CARB" 0.5-33 4.1 Genstar Stone Products Co., Hunt Valley, MD 

CaC03-3 Hakuenka CC 0.5-37 6.1 Shiraishi Kogyo Kaisha Ltd., Hyogo, Japan 

d = diameter; 1 = length. 
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Figure 1 Particle-size distributions for CaT fillers: ( a )  CaT as received; (b) CaT after 
compounding with PETG, identified as CaT-2; ( c )  CaT after milling, identified as CaT-1. 

size and particle-size distribution. The average par- 
ticle size of CaC03-1 was about 2 pm and the par- 
ticle-size distribution was fairly narrow with no par- 
ticles larger than 13 pm [ Fig. 2 ( a )  ]. The average 
particle size of CaC03-2 was 4 pm and the broad 
size distribution contained some particles as large 
as 33 pm [Fig. 2 (b) ] .  The CaC03-3 particles were 
coated with a fatty acid to promote dispersion during 
processing. The coating was apparent in micro- 
graphs of the particles that had an average size of 6 
pm. Aggregation of small particles into larger ones 
created the broad size distribution [Fig. 2 (c )  1. The 
aggregates did not break up during processing. 

Stress-Strain Behavior 

The stress-strain behavior of unfilled PETG was 
typical of a ductile polymer. After reaching the yield 
point, two intersecting shearbands formed across the 
width of the specimen as the stress dropped to the 
lower yield stress or draw stress. Local thinning de- 
veloped from the shearbands with stress-whitening 
of the thinned region. Subsequently, the neck prop- 
agated with a constant stress through the entire 
gauge section. A region of strain-hardening followed 

where the stress gradually increased as the necked 
material extended uniformly until it fractured. Typ- 
ical engineering stress-strain curves are shown in 
Figure 3 for PETG filled with CaT-1 and in Figure 
4 for PETG filled with CaC03-2. In general, the yield 
stress remained constant while the yield strain 
gradually decreased and the modulus increased with 
increasing filler content. The feature of the stress- 
strain curve most strongly affected by the filler was 
the fracture strain that decreased as the filler con- 
tent increased. 

The increase in Young’s modulus of filled PETG 
with increasing filler content was the same for all 
the fillers (Fig. 5). The dependence of modulus on 
filler content was satisfactorily described by Ker- 
ner’s equation assuming good adhesion between the 
polymer and the rigid, spherical particle 

(1) 
- =  15(1 - u,)V~ 

( 8  - ~OV, )  V, Ec 1 +  
E m  

where E, and Em are the moduli of filled and unfilled 
PETG; V, and V, , the volume fractions of filler and 
PETG and u,, Poisson’s ratio of PETG ( Y, = 0.35). 
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Figure 2 
CaC03-3. 

Particle-size distributions for CaC03 fillers: ( a )  CaC03-1; (b) CaC03-2; ( c )  

The dependence of modulus on filler volume fraction 
calculated from eq. ( 1) is included in Figure 5 to 
demonstrate the good agreement between prediction 
and experiment. 

The yield stress of filled PETG was the same as 
the yield stress of unfilled PETG; this is generally 
the case when there is good adhesion between the 
polymer and the rigid filler!s'3-'5 The yield stress 
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Engineering stress-strain curves of PETG with CaT-1. The filler volume percent 

did not vary with filler content up to 30 wt % filler 
or with filler type except for CaC03-3 (Fig. 6).  In 
this one instance, the yield stress decreased with 
increasing filler content, which is often indicative 
of poor adhesion between polymer and filler.3.'6*'7 
The dependence of yield stress on filler content for 
the case of debonded particles that are not load- 
bearing is described by Nielsen's equation '': 

where uYc and u,, are the yield stresses of filled and 
unfilled PETG, respectively. Comparison with the 
data in Figure 6 shows that eq. ( 2 )  satisfactorily 
described the decreasing yield stress of CaC03-3. 

Examination of a fracture surface of PETG with 
14 vol % CaC03-3 showed that debonding of the 
filler particle from PETG was not the cause of the 
decreasing yield stress. Instead, internal cracking 
and splitting of the aggregate particles of CaC03-3 
was observed (Fig. 7 ) .  Apparently, before the yield 

CaC03 -2 

0 5 10 15 50 100 150 200 250 300 
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Figure 4 
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Engineering stress-strain curves of PETG with CaC03-2. The filler volume 



260 LIETAL. 

I! 
s 20 a, 

10 

0 -  

Z I  

1 o c ~ c o , - ~  j 
0 I 1 I I I 1 I I I I I 

0 5 10 15 20 25 30 35 40 45 50 55 60 
Filler Volume Fraction (%) 

Figure 5 
culated from eq. ( 1 ) . 

Dependence of the modulus on filler volume percent. The solid curve was cal- 

stress was achieved, the stresses on the aggregate 
particles were s a c i e n t  to cause them to crack. This 
created a situation, similar to that of debonded par- 
ticles, where the particles were no longer load-bear- 

ing. Consequently, the yield stress was describable 
by an approach such as Nielsen's that considers only 
the contribution of the matrix. 

The decrease in the engineering fracture stress 

- - ... - . . _. . . -. , , -. . .... , ~ 

FJ CaT-1 

CaT-2 

0 CaCo3-1 

A C ~ C O ~ - 2  

0 c ~ c o , - ~  

Equation (2) 

I I I I I I I I I I I I I I 
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Figure 6 Dependence of the yield stress of filler volume percent. The solid curve was 
calculated from eq. ( 2) .  
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Figure 7 The fracture surface of PETG with 14 vol % CaC03-3 as viewed in the scanning 
electron microscope: ( a )  low magnification showing cracking and splitting of the aggregate 
particles; (b )  higher magnification of one of the split particles. 

at  lower filler contents reflected the gradual decrease 
in the strain-hardening region until fracture oc- 
curred at  a stress equal to the draw stress of PETG. 
A minimum in the engineering fracture stress was 
observed at intermediate fillers contents and was 
equal to the draw stress of PETG. The increase in 
fracture stress a t  higher filler contents occurred as 
a result of fracture during neck formation or just 
prior to neck formation. 

Five fracture modes were observed As shown 
schematically in Figure 8, the most ductile compo- 
sitions fractured during strain-hardening (Mode A )  
or during neck propagation (Mode B ) . As the filler 
content increased, quasi-brittle fracture occurred 
during neck formation while the stress dropped from 
the upper yield stress to the draw stress (Modes C 
and D).  Mode C fracture occurred through the 
thinned region at the site of incipient neck formation 
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Figure 8 
fracture modes. 

Schematic representation of the five tensile 

when the stress had dropped almost to the draw 
stress. In Mode D, specimens fractured shortly after 
the yield maximum on the stress-strain curve and 
fracture occurred through the macro-shearband that 
formed across the specimen in the beginning of the 
necking process. In Mode E, specimens fractured in 
a brittle manner perpendicular to the loading direc- 
tion before reaching the yield point. 

The fracture mode gradually changed from ductile 
Mode A to brittle Mode E as the filler content in- 
creased. However, the fracture mode also depended 
on the filler, as shown in Figure 9. The influence of 
filler type was apparent when the effect of 14 ~ 0 1 5 %  
on the fracture mode was examined PETG filled 
with CaT-1 fractured in the strain-hardening region 
by Mode A; with CaT-2 and CaC03-1, fracture oc- 
curred during neck propagation by Mode B; and with 
CaC03-2 and CaC03-3, fracture happened during 
neck formation by Modes C and D, respectively. 

Ductile-to-Quasi-brittle Transition 

The engineering strain a t  fracture is plotted as a 
function of the vol 5% filler in Figure 10. As the filler 
content increased, the fracture strain initially de- 
creased only slightly, then decreased sharply at a 

composition that depended on the filler. This tran- 
sitional behavior correlated with changes in fracture 
mode as the filler content increased. The transition 
corresponded to the change from Modes A and B, 
when specimens fractured during strain-hardening 
or neck propagation, to Modes C and D, when frac- 
ture occurred during neck formation. A ductile-to- 
quasi-brittle transition was always observed with 
increasing filler content. However, the filler content 
required to achieve the transition varied from one 
filler to another. 

The transition from propagation of a stable neck 
through the entire gauge length to fracture in the 
neck without propagation has been described and 
modeled previou~ly.’~ The model requires debonding 
during neck formation in order for the matrix poly- 
mer to undergo the large local strain required in the 
necking process. In all the filled polymers, profuse 
stress-whitening accompanied formation and prop- 
agation of the neck. To observe the voids, the necked 
region was cryogenically fractured parallel to the 
draw direction. The micrograph of PETG filled with 
CaC03-2 in Figure 11 ( a )  shows numerous elongated 
voids that contain filler particles. The voids have 
the shape that would be expected if the polymer de- 
bonded and drew out around the particles. The mi- 
crograph in Figure l l ( b )  shows similar elongated 
voids in PETG filled with CaC03-3. In the largest 
void seen in the micrograph, a large aggregated 
CaC03-3 particle broke up into smaller particles. 
Slightly above, some smaller elongated holes that 
formed when the PETG drew out around small non- 
aggregated CaC03-3 particles are visible. 

The model uses a microscopic failure condition 
to predict macroscopic mechanical behavior. The 
condition for quasi-brittle fracture is obtained at a 
critical filler volume fraction when the local stress 

1: 
I ModeA 1 

Figure 9 
fillers as a function of filler volume percent. 

Map of the fracture modes for the various 
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Figure 10 Fracture strain of PETG as a function of filler volume percent showing the 
ductile-to-quasi-brittle transition. 

on the ligaments between the debonded filler par- 
ticles reaches the tensile strength of the polymer 
and the ligaments can no longer sustain the engi- 
neering draw stress. If it is assumed that the particles 
are spherical of uniform size and arrayed in a cubic 
lattice, the critical filler volume fraction is given by 

where V ;  is the critical filler volume fraction for 
quasi-brittle fracture; ad  and cr*, the draw stress and 
tensile strength of the matrix, respectively; and 8, 
a geometric parameter that for spherical particles 
is equal to 1.209. Using values of b d  = 32.6 MPa and 
o* = 48.0 MPa for PETG, eq. (3) predicts a critical 
filler content of about 14 vol %. This compares to 
the observed values that were in the range of 10-20 
vol 9%. For two of the fillers, CaT-2 and CaC03-1, 
the critical filler content was close to the predicted 
value; it was slightly lower than predicted for CaC03- 
2 and was significantly lower than predicted for the 
filler with aggregated particles, CaC03-3. 

The critical filler content was higher than pre- 
dicted for CaT-1. This filler had the narrowest par- 
ticle-size distribution and thus most closely met the 
condition of uniform particle size. The stress-strain 
curves, particularly for the key transitional com- 
positions of 18 and 27 vol 9% filler, also revealed a 

feature that differentiated this filler from the others. 
In the neck formation region, as the engineering 
stress dropped from the upper yield stress to the 
draw stress, the stress drop was more gradual, pos- 
sibly because the particles were not completely de- 
bonded and remained at  least partially load-bearing 
during necking. 

Effect of Particle-size Distribution 

To obtain eq. ( 3 ) ,  it is assumed that the critical 
filler volume fraction depends only on the strain- 
hardening characteristics of the polymer and does 
not depend on the properties of the filler as long as 
the filler particles can be assumed to be spherical 
and of uniform size. The particle-size distributions 
of the five fillers are compared by volume fraction 
in Figure 12. The condition of uniform particle size 
was most closely met by CaT-1, where the largest 
particles were about 4 pm in diameter. The distri- 
bution was very similar for CaT-2 and CaC03-1, and 
broader than for CaT-1, with the largest particles 
in the 10-15 pm range. Both CaC03-2 and CaC03- 
3 contained some very large particles in the 30-40 
pm range. Although the number of large particles 
was small, the contribution on a volume basis was 
significant. For example, the large particles with di- 
ameters in the 30-35 pm range constituted about 
40% of CaC03-2 by volume. Although CaC03-3 had 
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Figure 11 The necked region of tensile specimens that were cryogenically fractured 
parallel to the draw direction and viewed in the scanning electron microscope: (a )  PETG 
with 2.4 vol % CaC03-2; (b )  PETG with 2.4 vol % CaC03-3. 

an even broader distribution than did CaC03-2, this 
filler was not included in the discussion of size-dis- 
tribution effects because internal cracking and 
splitting of the aggregate particles produced a dif- 
ferent deformation mechanism. 

The effect of particle-size dispersion can be easily 
estimated by assuming that the distribution is bi- 
modal and the difference between the two particle 

sizes is large. Following the approach used to obtain 
eq. (3  ) , it is further assumed that the two popula- 
tions are arrayed in separate, superimposed cubic 
lattices. The cross-sectional plane that contains the 
least amount of load-bearing matrix material is the 
plane that contains the centers of debonded particles 
of both sizes. If the volume fractions of small and 
large particles are, respectively, V,, and VfZ, the 
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Figure 12 
CaT-2; ( c )  CaCOs-l; (d)  CaC03-2; (e)  CaC03-3. 

Particle-size distributions on the basis of volume fraction: ( a )  CaT-1; (b) 

L 4 

critical condition when the strain-hardening To determine V ;  for a bimodal distribution 
strength of the polymer is not sufficient to sustain [where V ;  is equal to the sum of the V,, and V,, 
the engineering draw stress is given by values that satisfy eq. (4 )  1, it is necessary to express 

V,, in terms of V,, . The critical filler content is larg- 
( V 3 i 3 +  V74')* = (1//3)(1 - u d / u * )  ( 4 )  estwhenVflorV,2iszeroandeq.(4)reducestoeq. 
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( 3 ) .  Increasing the fraction of the second particle 
size causes the critical filler content to decrease to 
a minimum when Vfl = Vf, .  Only small amounts of 
the second particle size are required to reduce the 
critical volume fraction significantly. If the second 
particle size constitutes 5% of the filler by volume, 
the critical volume fraction V ; for PETG is reduced 
from 14 to 12%; if the second particle size is 20% of 
the filler, the critical volume fraction is further re- 
duced to 10%. A further increase in the percent of 
the second particle size to 50% only changes the 
critical volume fraction slightly. 

The decrease in V ;  from about 14% for CaT-2 
and CaC03-1 to about 10% for CaC03-2 was pre- 
dicted surprisingly well by this approximate model. 
The particle-size distribution of CaT-2 and CaC03- 
1 was approximated by a single particle size and the 
observed value of 14% for V f was obtained with eq. 
( 3 ) .  The much broader distribution of CaC03-2 was 
approximated by a combination of two particle sizes. 
Particles of 20 pm or less that were in the same size 
range as the particles of CaC03-1 constituted about 
60% of CaC03-2 by volume, whereas the large par- 
ticles in the 30-35 pm range constituted about 40% 
by volume. Using values of 0.6 and 0.4 for Vfl and 
Vf2 in eq. (4 ) ,  the calculated critical volume fraction 
decreased from 14 to 10%. 

Draw Strain 

Since the engineering draw stress does not depend 
on the filler content and is the same as the draw 
stress of the unfilled polymer, the true stress sus- 
tained by the polymer ligaments in the neck during 
neck propagation is higher in cross sections that 
contain particles than in cross sections that do not. 
Due to the higher stress, the strain is higher in cross 
sections that contain particles. This leads to a net 
increase in the draw strain, i.e., the strain in the 
necked material while the neck is propagating. The 
draw strain is predicted for the cubic array of uni- 
form spherical particles as l9 

where &d is the draw strain of the filled polymer; 
~ 2 ,  the draw strain of the unfilled polymer; and Ed,  
the slope of the strain-hardening region of the 
stress-strain curve. 

Two methods were used to estimate the draw 
strain. In the first, the draw strain was taken from 
the engineering stress-strain curve as the point 
where the draw region of constant stress ended and 
the work-hardening region of gradually increasing 
stress began. Most of the data points in Figure 13 
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line was calculated from eq. (5 ) .  

The draw strain of PETG as a function of filler volume percent. The solid 
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were obtained by this method. Alternatively, the 
draw strain was measured from the change in sep- 
aration of marks on the gauge section of the tensile 
specimens. Figure 13 includes values of the draw 
strain obtained by both methods for PETG filled 
with CaC03-1. Comparison with the curve predicted 
from eq. (5)  shows the gradual increase in draw 
strain with increasing filler content. 

CONCLUSIONS 

The influence of various filler characteristics on the 
ductility of PETG was examined. The five fillers 
chosen permitted comparisons to be made between 
an organic filler and an inorganic filler and also re- 
vealed the effects of particle size, particle-size dis- 
tribution, and surface treatment. The observations 
were compared with predictions made from a simple 
model. The study led to the following conclusions: 

The increase in Young’s modulus with in- 
creasing filler content was the same for all 
fillers and was satisfactorily described by 
Kerner’s equation. 
The yield stress was not affected by four of 
the five fillers. The decrease in yield stress 
observed with the fifth filler was attributed 
to breakup of aggregated particles and was 
described by Nielsen’s equation. 
A ductile-to-quasi-brittle transition charac- 
terized by a sharp drop in fracture strain was 
observed with increasing filler content. The 
transition occurred when the fracture mode 
changed from fracture during strain-hard- 
ening or neck propagation to fracture during 
neck formation. 
The critical filler content of the ductile-to- 
quasi-brittle transition varied from one filler 
to another. A simple model was used to es- 
timate the dependence of the critical filler 
content on particle-size distribution. 
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