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Summary

A large number ¢f composites has been prepared with sodium chloride
as a filler and polyurethane rubber as a binder. Two filler sizes
vere used, viz. a coarse filler fraction of 200 -~ 300 p m and a fine
fillex fraction ¢f 30 - 40 pr. Furthermore a bimodal filler was
prepared by nixing those fractions :n ratios that were varied between
0,1 and 0,9 in steps of 0,1. Composites were prepared which contained
between | vol % and 58 vol % of coarse filler, betueen 1 vol % and

45 vol & of fine filler, and betveen 40 vol % and 70 vol & of bimodal

filler of different compositions.

The materials wvere investigated in tensile creep under dead loads at
21 °C and 65 % R.H. The creep behaviour (devetting tramsition) vas
measured, the relationship between tensile strength and rupture time

vas determined, and rupture surfaces wvere studied.
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1. INTRODUCTION

b S R Ut M

In the design of solid rocket motors, great importance is attributed

to the mechanical behaviour of solid propellant gresins, because
yresence or occurrence of cracks in the propellant during the igni-
tiol. stage may lead to irregularities in the burning process and to :
malfunction of the rocket motor. Stress cracking in the propellant

may occur during the storage period, as a result of shrinkage or of

thermal stresses, or during the combustion period, because of the

action of the combustion pressure or that of the acceleration

forces.

For the proper understanding of the behavionr of solid propellant
grains wider those circuwstances, detailed knowledge of the machani-~
cal properties of highly filled elastomers is essential. The work
described here was started to investigate the influence of filler
characteristics, such as size, shape, content and surface treatment,

on the mechanical behaviour of the filled elastomers.

To avoid complications in the preparation and h-ndling of samples,
the investigation was performed on inert filled mateiials. The
composite propellant we have ir mind consisis of polyurethsne rubber
filled with ammonium perchlorate. The model materials investigated
consisted of the same type of iubber, which, however, was filled
vith zodium chloride. Of course, it is realized that significant \
differences could exist between live and inert filled materials

with respect to mechanical properties, especially to those influenced
by rubber~filler interaction. It is, therefore, planned to verify
general trends and conclusions found for these polyurethane -~ sodium
chloride composites, by investigating live propellants at a later

stage.

During the investigation under report, model substances were prepared
on a kg-scale. Orly one type of polyurethane rubber was used

throughout. It was filled with various amounts of sodium chloride.
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The sodium chloride filler consisted either of single fractions of

the sizes 30 - 40 um and 200 - 3C0 pm, or of a mixture of these

fractions in various ratios.

The thermo-mechanical properties at small deformations of these
model substances had earlier been investigated in dependence on
temperature ani frequency. A comprehensive discussion of the
infiuence of particle size, particle size distribution and content
of filler cn shear moduli, thermal expansion and bulk moduli was

1) 2) 3) 7)

given in preceding Technical Reports and in publications

8) 9) 10) 11) 13)

The rupture properties of these model substances were inveatigated

by measurements of tensile creep under large stresses at room

temperature 4) 5) a1d by determination of stress strain diagrams

12)

of particle size and filler content on rupture of composites with

at varicus temperatures 6). A discussion was given on the effect

fillers of unimodal size distribution.

The work reported here was undertaken to extend these investigations
to composites with fillers of bimodal sigze distribution. As =z result
of this and earlier work it seems possible now to give a general
discussiocn on the rupture properties of the composite system (poly~
urethane rubber - sodium chloride) at room temperature. This will te
done here. An extensior of this work to uther temperatures is still

in progress.
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2.2.

*)

2. MATERIALS

2.1. Preparation of polyurethane rubbers

A1l samples of filled and unfilled polyurethane rubbers prepared
for tensile creep measurements, were based on a linear (poly—
propylene sther) glycol (Desmophen 3600*)) with a molecular weight
of about 2,000. The molecules of this polyether were lengthened
with toluene diisocyanate and crosslinked by means of trimethylol
propane in the presence of a catalyst. Full details on the chemis-
try of the preparation of these rubbers were given in previous

1) 2) 4),

Technical Reports s they are noet repeated here.

Survey of the materials prepared; routine control measurements

The aim of the tensile creep programme was to determine the
influencz of filler characteristics on the tensile creep properties
of sodium chloride - polyurethane cowposites by systematic varia-

ticen of content, particle size and particle size distribution of
the filler.

A survey of the materials prepared for this tensilie creep programme
is given in Fig. 1 (general) and Table 1 (detailed). Polyurethane
rubbers vere filled with 1, 2, 5, 8, 10, 2C, 30, 40, 45, 50, 55 and
57 percent by volume’ of coarse sodium chloride fraction no. 2 with
particle size 200 - 300 um; furthermore polyurethane rubbers were
filled with 1, 2, 5, 8, 10, 20, 25, 30, 35, 40 and 45 percent by
volume of fine sodium chioride fraction no. 6 with particle size

30 - 40 pm. Finally, a large number of polyurethane rubbers was
filled with a bimodal filler substance. This filler consisted of

a mixture, in different weight —ratios, of coarse fraction no. 2

and fine fraction no. 6. The filler concentration of the bimodal
filled materials ranged from 40 to 70 percent by volume. In Fig.

1 B, sample numbers of the bimodal filled composites are arranged

accorcing to total filler content, ¢, and the mixing ratio of the

Farben Fabriken Bayer, lLeverxusen, Germany.
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both fractions, indicated by f, the weight ratio of the fine filler

ol AR R B

fraction in the bimodal mixture of the filler.

Fig. 1 shovws that some materials were mude in duplicate or tri-

plicate. This was done to invesiigate the batch to batch varia-

bility, or to increase the number of specimens available for the :
tensile cCreep programme. YWhen nccessary, the surfactant Asolectin *) i
was used in the preparation of highly filled materials; a letter A

has then been added to the sample number.

*x
Full details about each sample are given in Table 1 ), PP 39.

Column % gives the sample number. Column 2 indicates the applica-
tion of the surfactart Asolectin . (1 = Asolectin applied;

0 = no Asolectin applied) Colums 3, 4 and 5 indicate the chemical
corposition of the rubbery cinder. Filler composition is given in
columns 9 through 16 by citing the fraction number (columms 9
through 12) and their respective mixing ratios (colummns %3 through
16). Plasticizer content is listed in column 17, whereas in colwmn

18 the type of plastivizer used is indicated: "1" means diiso-
octylazelate.

The total filler concentration, giver in columns 6, 7 and 8, was

calculeted from the ingredients used {column 6), as well as from

the density of the composite at 23 °C (columns 7 and 8) referring

to top and bottom of cured sample respectively. The value:r for

d23 are given in columns 21 and 22. For the calculation we used

the formula 2) 3} 9):
R S NACEE (1)

where:

Asolectin (Associated Concentrztes Inc., New York). Filler substance
treated with a solution of Asolectin in chloroform ~ methanol 2 : 1,
followed by drying in vacuo at 40 ©°C.

PRl

Zero's in this computer composed tsble are used for "not determined”
ocr "does not apply”.
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¢ = volume fraction of filler

23 L . ) )

d ~ = density of the composite at 23 C

23 . o an . . c

dr = density of the unfilled rubber at 23 C = 1.067

2

dfs = density of the NaCl filler at 23 % = 2.160 4) 9).

In general, the differences between the two values for the content
of filler were smuiler than 0.2 to 0.3 percent by volume. In the
interpretation of the results, the values as calculated from the

ingredients were used.

A series of very low filled szmples was preizred (sample nos. 630
to 639). For these samples, optical inspection was assumed to
constitute a better measure for homogeneity than the measurement
of density, and the ingredients used were thought to give a better

indication of the filler content than the values of the density.

The constancy of the crosslinking density of the rubbery binder
over all mzterials prepared, vas checked by measuring the sweiling
at equilibrium in two orgaric lijuids, siz. chloroform and tri-
chloroethylene. Resulis are given in columns i3 and 20. For the
filled rubbers, the maxirmum relative devietions in the swelling
were smaller *han 7 % rel.; the sianiard deviation was about 3 9

rel.

A series of unfilled rubbers was prepzred, in whica the recipe has
been changed systematially to cttain rubbers with Jdifferent cross-
linking density, viz. swelling. These samples, numbered 479, 480,
482, 483 and 454, were used to study the influence of crosslinking
density on rupture properties.

Finelly four snfilled rubbers -rere prepsred, which contained
differeni amounts of plasticizer (sample numbders 4€8, 489, 490
snd 491).
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3. EXPERIKENTAL TECHNIQUE FOR THE DETERMINATION OF TENSILE CREEP

The pripciple of the measurement is explained with reference to Fig.
2. A hanging specimen in the form of a bar-bell, was subjected to a
tensile stress by loading it with a constant weight. The square
cross~section in the prismatic part of the specimen was about

8.0 x 8.0 mmz, and its length about 250 mm. Time-dependent tensile
strain was mweasured by registration of the position of well-defined
marks on the specimen, with regard to a2 precision millimeter-scale,

parallel to it at a distance less than 0.5 mm.

The registration was performed automatically with an electric

14)

camera system triggeredi by a logarithmic clock . Photographs were
k

mostly made at 2, 4, 8, 16 . . . . 2, etc. seconds after the beginn-

ing of the creep experimenw. By using three marks on the specimen,
at a mutual distance of 75 mm, the strain could be measured over
different pieces of its prismatic part. In this way, uniformity of
tensile creep over the gage length was checked. Finally, rupture
time wis measured by switching off a2 time counter by the falling

weight.

For the preparation of the specimens we started from cast plates of
the dimencions of 21,0 x {15C x 250 mm3. From these, strips with a
rectangular cross-section of =zbout 9,0 x 29,0 mm2 and a length of
250 mm, were savn. Bar-bell shaped specimens were obtained ty
grinding these strips. Shape and dimensions of the specimens are

indicated in Fig. 3.

Lateral dimensions did net scatter more than 0,02 mm within the

prismatic part of the specimen. All operations vere performed on a
*

Maximat Standard ) comrined lathe and milling machine. Turing

machining sawdusi was removed with a large model vacuum cleaner.

For the measurement of samples containing 10 vol % of filler or more,

bracs headpieces were glued on voth ends of the svecimen. Suspension

*) Faier & Co., Hallein, hustria.

,
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wires vere fixed on these heads. A universal joint in the stiff upper
wire guaranteed a vertical position of the specimen. The thin lower
wvire supported the load. Contrastful circuler marks were made with

an elastic paini. They were defined within 0.02 mm. Precision milli-

LRIy s e LA

meter-scales were made from "Aristo" rulers, typs No. 1309/2. The
sharpness of the lines turned out to be better than 0,02 mm. The
scale was fixed at the upper part of the specimen by a spring con-~

struction.

then the same method was used for testing specimens of unfilled rubber,
it was observed that rupture wostly occurred near the glued ends of
the specimen, outside the prismetic part. Therefore special clamps vere
developed for testing unfilled rubbers and rubbers with a filler
content lover than 10 vol %. These clamps suppert the specimen over
the circular part between the prismatic part and the dbroader end of
the bar-bell with two pieces of aluminiwm having the same radius as

the circular part. The pieces are fixed between two thin metal plates
in such a way that the non-prismatic part of the specimen is enclosed
on all sides. A schemaiic representation is given in Fig. 3. Using
these clanps for specimens with lower filler content, rupture always

occurred¢ within the gage length.

A1l measurements have been perfermed in a temperature and humicity

conditinned room (21 + & °c, rel. hum. 65 + 1 !). For these creep
experiments, the errors were less than:

I

0.2 % in the strain (absolute strain error);

C.1 % %+ 1 second in the elapsed time;

0.02 hrs in the rupture time, if it exceeded C.1 hrs;

+ 2 sec. in the rupture time, if it was smeller than O,% hrs;

0.5 % in the weight (stress).
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4. MEASUREMENTS

For each of the materials listed in Table 1, s number of tensile
specimens vas prepared snd MeAsureq under various constant loads.
This number varied between 3 as & minimum and 3 as a maximum.
Illustrative for the results cbtained, Figs. 4 and 5 show creep
curves under various constant tfensile loads for polyureihane rubbers
containing 50 vol % of bimojal NaCl faller Fig. 4 refers to a
material wich a bimodal filler which consisted of 90 % of coarse

. 4 . ~ . .
frazction no. 2 aznd 10 ¢ of fine Fraction no. 6.

Five specimens of this material were available; four of tae specimens
ruptured, as indicated by a cross in the figlure. The specimen under
the load of 2.5 kg/cm2 remained still unbreke — fter a loading time
of 1C.000 hrs (longer than 1 year). The effect of the increase of
tensile stress on the creep behaviour is very clearly demonstrated

by Fig. 4. A1l creep curves start with a part of approximalely time
independent, small deformation. After 2 while a strong increase in
the deformation it observed which precedes the occurrence uf rupture.
This increase of deformation vas shown earlier %o be connected to the
transition of the composite from the undevetted state to the dewetted
state 5) 12). The location of this transition, and that of rupture,
in time scale depend strongly on tke value of the load. Higher loading
shifts transition and rupture to shorter times. In earlie. publica-

4) 5) 12)

tions , the positicn of the onset the dewettiang transition

was chosen as a basic characteristic for the discussion of the
strength properties of the materiszls. As tnis treasition becomes
rather vague and ill-defined in time scale for materials with a lowver
filler content, we have chosen nov the valucs of rupture time as 2

basis for the discussion of strength properties.

Pig. 5 refers to a material filled wvith a bimodzal filler, wvhich
consisted of 80 ¢ of coerse fractior no. 2 and 20 % of fine fraction

no. 6. For these measurements, five specimens were available. The
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*)

*%)

one loaded with 3 kg/cm2 ¢id not break after a loading time of 1000
hrs. It was unloaded (2ndicated in the figure by a downward arrcw,
and allowed to recover for another 1000 hrs. After this time, it was
reloaded vith 2 load ui 5 kg/cmz. It is observed that, during the
second period of creep, this specimen shewed deformations which were
clearly too high in the beginnirg of the creep curve. The reascn is
that it was already partially dewetted during the first period of
creep. The rupture point of this specimen, however, was shifted but
little to shorter times and could be used within the complete series,

2s if it had belorged to a virginal specimen.

This procedure, of using a specimen twice, was applied a few times
only. Hith a few exceptions, the values of the dsad loads could be
chosen successfully in advance to obtain rupture points which vere

regularly distributed in logarithmic time.

)

*
The complete set of experimentzal creep curves is given in Appendix I 7.
Bach figure of this Appendix will give creep zurves under various
¥*3%
high stress levels ) for one material. As sympvols for fracture and

unlo~ding recpectively, crosses and arrows were used.

Values of the rupture times under the various siresses are listed in

Tables 2 tc 9:

Table 2 unfilled unplasticized rubbers

Teble 3 unfilled plasticized rubbers

Table 4 composites with coarse filler

Table 5  .omposites with fine filler

Table € composites containing 40 vol § of bimecdal filler

Table 7 composites containing 50 vol % of bimodal filler

Table 8 composites containing 55 vol & of bimodal filler

Table 9 composites cortaining 6C, 65, 67 and 70 vol % of bimodal filler.

fAppendix I will bte distributed on -equest.

In this report, tensile stress is always calculated with regard
to the originzl cross-secticn of the specimen. Further, creep curves
are plotted on a logarithmic time scale.

bt cins SRR SRR N st
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5. DISCUSSION

5.1. Rapture behaviour c¢f unfilled polyurethane rubtber

{le start the discussion with the results obtained for specimens of

the wifilled rubber. Fig. 6 gives creep curves at various values

of the stress level f~r the unfilled sample no. 629. Obviously

there is no consigerable creep, even at stresses hign enough to

produce rupture. The reason for this behaviour is two-fold: the

rubber vas well crosslinked and the tensile creep measurements

were performed at a temperature 70 °¢ above the glass temperature

of the rabber (Tg =z - 50 00)10).

Though creep c¢f the unfilled rubber is small, it is not completely

absent. From the data of Fig. 6 we calculated the value of the

tensile creep compliance, F(t), as defined by the equation:

F = ¢ /<5(1 + g )

(2)

In this formula +~e have corrected for the lateral contraction of

the specimen. Yor &ll values of stress ¢ , compliance curves

calculated from the creep curves in Fig. 6,
compliance may e accurately cdescribed by a
double legarithmic diagrar over six decades

viz by the equation:
log F(t) = & + blogt

. . . 2 / . . -
vhere ¥ is in cm"/kKg, t is in hrs ang

j$Y

= - 1,446 v = 0.005%

coincide. The creep
straight line in

of the time scale,

(3)

Though the compliance curves for ithe gpecimens shom in Fig. 6

agrees very accurately vith one another, the rupture points of

those speciy-ns shov a considerable scatter. From the restricted

nuzber (8) of specimens that cculd be made from one batch it was

impossiblie to obtiain a reasornable impression of the rupture stress-

rupture time behaviour. For this purpose a number of specimens

about ter times us high would be necessary.
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In order to get some information concerning the rupture behaviour

of the unfilled rubber, we have plotted in Figz. 7 the rupture points

v et s T %W%WW

of the specimens of seven unfilled samples with approximately the

same value of the svelling (viz crosslinking density). Pooling all
%\ ;
those data, it was possible to derive by statistical analysis

s . . L 2
the following relationshin betr-cen runture stiress Gb (in :g/cm )

and rupture time t (in hrs):

1,

S = - (5)

log b A - B log tb Y

with A =0,968 + 0,004 (6)
and B =0,0176 + 0,003%9

As the coefficient of variation of the single measurement of rupture
stress we found 7 9. The straight line drawn in Fig. 7 represents
eq. (5). The dependence ¢f rupture stress on rupture time is very

veak. (The course of logg vs log t is nearly horizontal).

The fracture surfaces of the eight specimens of sample no. 629 were
studied under the microscope. From the pattern of lires on the
fracture surface, it was possible to draw, with reasonable confidence,
conclusions coacerning the location of the origin of fracture. In

six out of eight cases ve observed the following fracture pattern.

On the fracture surface, away from its edge, a region was found which
vas smoother than the remainder of the fracture surface. In this .
region one or more inhomogeneities vere observed, very small voids

in the material, from which fracture lines radiated into various
directions. These fracture lines were very fine and formed a figure
like a spiral. At larger distances from this point the fracture lines
changed into coarser steps in the fracture surface and the picture
became more rough. The patiern spreads over the entire fracture
surface; mostly some of the rough sieps converge towards a point
situated at the opposite edge; there they become somevhat smoother
again. Ye believe that the inromogeneiiy in the interior was the

origin of primary fraccure, whilst the inhomogeneity at the edge

*} In the least sguare anzlysis it was zssumed that rupture time
- vas an accurately measured variaole whilst rupture stress wes
a logerithmically rormal “du stochzstic variable.
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acted as an o.igin of a secondary fracture which was initiated
during the propagation of the primary one. We do not give a micro-
graph but, instead a schematic drawing of two of those fracture
surfaces in Figs. 82 and 8b. In one case we found a fracture
source, which was situated at the edge; a drawing of this case is
given in Fig. 8%, In the remaining case no definite conclusions

could be drawn.

From those observations we conclude that in the unfilled specimen
fracture is always initiated around the stress concertration field
of an inhomogzaeity. This may be either a flaw or a void in the
interior of the material, or a damage of the surface of the specimen,

as for instance caused by the proces of machining.

The next stage in the fracture process will then te the growth of
the crack until it becomes unstable. This process, which is the
time determining step, is governed by the viscoelastic properties
of the binder. According to a simple theoretical model by Halpin15),
the time dependence of strength should be connected with the creep

properties of the binder by means of the equation:

o = K/F(t /q) (7)
In this equation, cb is the rupture stress, tb the rupture time
and X a parameter which is only weakly dependent - - time. The time
dependence of rupture stress is chiefly due *r ie dependence

of the creep compliance, F, which is to be taken at . time tb/q,

much shorter than the rupture time, t . It is assumed that q is a

large number (vetween 104 and 108). K
By means of equation (7) we can understand that the rupture stress
of the unfilled rubber has a very weak time dependence, because the
rubber shows a very weakly increasing creep curve. A direct compai -
ison between the values of the slopes of rupture stress and creep
with time in double logarithmic diagram seems to be premature. It
may be sufficient to state that the values found for b in eq. (3)

and B in eq. (5) are not in contradiction with the validity of eg.

(7).
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The weak tiume dependence of rupture stress also explains the
large scatter in the tensile creep experiments of the unfilled
samples. By this, even a moderate fluctuation in strength of the

inhomogeneities will cause, a very large scatter in rupture

times.

The series of unfilled rubbers with different crosslinking
densities (samples nos. 479, 480, 482, 485 and 484) has alsc been
investigated. For each of these materials, only a small number of
specimens vas available. Therefore, it was impossible *~ deduce
the rupture siress - rupture time relationship indegpendently for
those samples. Instead, we assumed that also in this case a rela-
vionship of the form of eq. (5) was valid; we further assumed
that only A (the value of the logarithm of strength at 1 hr), but
not B (the slope) was atffected by crosslinking density. Then we
determined, by least square analysis, the dependence of the value
of A on the crosslinking density. Results are given in Table 10.
The sirength is seen to increase with increasing crosslinking

density (decreasing swelling).

A similar procedure was followed with regard to the series of
unfilled rubbers with increasing content of plasticizer; the
strength of those rubbers vas found to decrease strongly with

increasing plasticizer content.
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Table 10 One hour tensile strength of unfilled rubbers
according to ec. (5)
B = 0,0176

unplasticized; conventional value of swelling

(mesn of sample

numbers 423, 441, 460, 478, 482, 487, 629)

s, (chloroform) 419 + 16
(tri) 319 + 11
SV -
A 0,968 + O,
6, 1 hr (kg/cmz) 9,29 + 1%
unplasticized; increasing crosslinking density
| T
sample no. ‘ 479 480 487 484
1
Sy {chloroform) | 467 442 400 385 |
|
s, (tri) 357 335 308 298
i
A 10,923 | 0,942 | 0,998 | 1,012
i :
| s 1 br (kg/en®) 18,37 18,75 9,95 ;10,28
| {
o
plasticized
sample no. i 488 489 | 490 49
* -
plasticizer ', vol. %! 5,1 | 10,0 | 19,9 29,8
{
A 0,957 {0,859 { 0,788 | 0,660
0., 1hr (xg/cm?) | 9,06 { 7,23 : 6,i4 4,57
;

*) diisooctylazelate
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5.2. Rupture behaviour of elestomers filled with coarse scdium chloride

The rupture behaviour of samples filled with coarse¢ sodium chloride
only is summarized in Figs. 9 and i0. In Fig. 9 rupture stress vs

rupture time is plotted for the samples containing about 10, 20, 30,

PR MW&WX'%WWM%% ﬁMW

40, 45, 50 a:d 55 vol % of coarse sodium chloride. Symbels of the
same character are used to indicate rupture of various specimens
prepared from the same batch. We observed that the scatter of the
individual rupture points is not very large. Therefore it was pos-—
sible to draw, with reasonable certainty, curves which represent
the mean « ength as function of rupture time for those materials.
The lines of mean strength vs rupture time show a similar shape.
In double logarithmic plot they all have a significant positive
curvature, vhich increases slightly with increasing filler content.
Therefore, for i .ose materials the rupture time - rupture stress
relationship can not be described by a simple linear equation as
eq. (5). Ue have no% tried at this stage to describe the shape of
the o - tb relationships by other empirical equations. Instead of
that we used the drawn lines of Fig. 9 to read the values of the
rupture stress corresponding with the exact rupture times of 10—1,
1, 10 and 102 hrs. by interpolation. Sometimes, it was even pos-
sible to determire vithout too much extrapolation the values at
the rupture times of 10-'2 and 103 hrs. The corresponding ctress

values were listed in Table 11.

There is a strong influence of time on the rupture stress and

there is a strorg influence of filler content on the strength of

the samples at all rupture times; the higher the filler ccntent,
the weaker the sample. From the lines of Fig. 9 we get the im-

pression, that materials with a higher content of coarse sodium
chleride show a fatigue limit, i.e. that the Gy~ t, relation-

ships bend asymptoticsliy to 2 horizontal level for very long

g e

times. The value oi those Tatigiue lixits decreases strongly with
filler content.
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The strength of the materials containing a very small amount of %
coarse filler, viz betueen 2 and 8 vol %, has been indicated in ?
Fig. 9 by just drawing tne line of mean strength without plottiing ?
i

the actual rupture points. It is seen that those samples shcy a

(I

(rupture - stres =~ (rupture - time) relationship, which has a
smaller curvature and a more aorizontal course than the higher
filled samples. It resembles much more the line of mean strength
vs time for the unfilled rubber which has also been drawn in Fig.
9. However, the materials containing & small amount of coars:

secdium chloride are all much weaker than the unfilled rubber.

In Fig. 10 we have plotted in mrie detail the rupture behaviour
of the materials containing 1, 2, 5. 8 and 10 vol % of coarse
sodium chloride. From the position of the rupture points, wve
conclude that iLhere is no significant difference between the
samples containing 2, S and € vol % of sodium chloride. The
rupture stress - tupture time relationship for those samples is
more flat and lies above the correswonding relaticnship feor the
sample with a filler content of 10 vol §'. The sample which con-
tzinec 1 vol % of coarse sodium chlor.de differed elightly in
strength from those with e filier content betweer 2 and 8 vol %.

The reason for that is unknown.

The most striking feature of these results is the following: A
material vhich contains a very small amount of coarse filler -
in the limit just one coarse filler particle - has a strength

whick ig about ne hzlf of the strength of the mfilled sample.

This points strongly to the conclusion that the initiaticen of the

rupture of a sample containing coarse filler must be located near
the ccarse Tiller particle. The first flaw will occur either in
the vicinity of the filler particle in the binder c¢r at the¢ inter-
face between filler and bincer. In the first case we would have z
cohesive failure of the binder initiated by the stress concentra-
“ion due to the presence of the filler particle; in the latter

case ve would have an adhesive failure.
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A decision between the two possibilities was difficult, not-
withstanding the fact thet we investigated by microscope a large
number of fracture surfaces, especially those of materials con-
taining a small amount of filler. We always found coarse filler

particles partially sticking out of the fracture surface; those

v ke AN &W*WWMWE. IR vﬁwf’/

particles did not seem teo be covered with a layer of rubber; we
also found the replicas of the filler particles which were pulled
out from the fracture surface; these replicas were negatives of the
filler particles and did not show holes from parts of the binder
torn out with the filler simultaneously.In no case was & fracture
through the filler particles observed. The fracture surface always
propagated around the filler particles, vhich remained unbroken.
The fact that no filler particles with remainders of the binder on
their surface have been detected does not prove that rupture was
of the adhesive type. It is even more probable* that the process
starts as a cohesive failure near *he filler particle, then pro-
pagates towards the interface filler rubber, deweiting the filler
prarticle from the binder, and finally propagates into the opposite
directior through the cross-section of the specimen. In any case
the result of the first step of the fracture process will be the
partial dewetting of one filler particle and the occurrence of a

flav in the binder near the filler particle.

Ve tried to find microscopic evidence for the hypothesis that the
initiation step of fracture is the dewetting of a coarse filler
particle. Seven fracture surfaces of material no. 630 (1 vol1 %
coarse filler) were investigated. e found that all fracture

surfaces showed a pattern similar to that of the unfilled specimen,

though it was less easy to analyze due to the disturbing effect of
the -resence of coarse filler particles. Two special regions on the
ﬁ fracture surface could be observed. One was situated in a smooth

part of the fracture surface very near to one of thz edges or

=
*) Compare 5) 12)
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corners of the specimen; it was always related to a filler particle,
its replica or a group of filler particles and replicas. Fine frac-
ture lines oviginated frowm the filler partacles, mostly in the

shape of feathers, which connected the various filler particles

in this region. Ye believe this region to contain the origin of
primary fracture (See P in Fig. 11). At larger distances from this
region the pattern became more rough ané spread over the entire
surface. Finally the lines converged again towards a region at the
opposite edge; in this region (S) no filler particles were observed

generally. Two examples are drawn in Fig. 11 a2 and b.

The eight fracture surfaces of materisl no. 638 (2 vol % of coarse
filler) showed a pattern very similar to that of material 630.

An example is sgketched in Fig. 11 c. Fracture surfaces of the
material with 5 vol % of coarse filler still showed ihe same
pattern, however, the differences between smooth znd rough parts
of the fracture surface btecame less pronounced. The origin of
fracture was always connected with a larger number of particles

(10 or more). In all cases it could be traced clearly.

The fracture surfacesof the material with 8 vol ¢ of coarse filler
vere much more unxform. The overall pattern did not shov any longer
a cirection from one edge or corner to the opposite corner. Hovever,
by inspection of the four corners of the fracture surface e found
that one of those cornerc fiffered Irom tnu other thiee. In this
corner, the rubbery surface connecting the {iller particles shoved
fine fracture lines of the shepe as mentioned atove. This corner
contained the region of ITracture initiation, which coulld not aluays

be traced clearly. An examrple i:c drzvn in Fig. 11 @l

Fracture surfaces of materials containing 10 volume percent af coarse
filler or more vere uniform and &id not shov any incdicataon for
the direction of propagation of frocture. Mo fracture lincs could

*)
be detected by light microscopy ‘. ‘e found that the fracture

*) Investigations by electronnicroscopy arce s:t:ll to be performed.
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surface of materials with & volume content higher than 10 vol %
shoved more roughness and irregularities than those of materials

with a lower filler content.

e concludie that for materials containing less than 10 vol % orf
coarse filler direct microscopic evidence could be found that the
initiation of fracture is connected with the precence of coarse
filler particles. However, more than one filler particle seems

to be involved during the stable phase o the fracture process.

The period in the fracture process following after dewetting will
be the growth of the crack until it becomes unstable. A different
mechanism is expected to occur during this period for rubbers with

a lov and a2 high filler content.

Consider first an elastomer with a low content of large particles.
Tne propagatin, crack will ther meet binder material during the
major part of the time before it becomes unstable. Therefore the
veriod of stable crack propagation will be governed by a mechanism
which is similar to that of the propagation of the crack in the
unfilled rubber. The only difference will be that the crack pro-
pagation occurs in a stress field whick is enlarged by the stress
concertration of the filler particles. Ve therefore expect that
the rupture stress - rupture time relationships are identical for
the lowly filled materials, independent of filler content, and

are parzllel to the rupture stress - rupture time relationship
for the unfilled rubber. This is just what we observed in Figs.

8 and 10 for materials betreen - and 8 vol 7.

For an elastomer filled with a higher filler content the propaga-
ting crack will not reach i*s unstable situation. Other filler

particles will have been devetted long before and cracks will pro-
pagate from thcz2 filler particles, some of them being situated in
or near the cross-section of the first dewetted particle. Develop-

ment of this process leads to zn increase of the mean stress over
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the remaining undewetted cross-section and will catalyze also the
devetting of other particles with a higher "dewetting strength".
Finally the different propagating cracks will unite and lead to
failure. It vill be clear that this co~operative process *) will

be much faster than the process of propagation of one single crack
through the binder; it will be the faster and the more cumulative,
the higher tne filler content. We therefore expect the rupture
stress - rupture time curves to decrease stronger with increasing
rupture time, and to be shifted to shorter times and lower siresses
with increasing filler content. This again is exactly the behaviour
observed in Fig. 9. The change in mechanism of the second phase of

fracture seems to occur between the filler contents of 8 vol % and

10 vol %.

Finally, thz existence of an endurance limit for the materials
with higher filler content mey be incerpreted as a z2tress iimit
for devetting of the weakest of the particles of the specimen. For,
in case no particle is dewetted, the process descritsd ebcve will

not be initiated.

*) This is the process which vas described as dewetting of the
material in 12/ and which is reflected in <he deuctting
transition in the creep curves.
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503.

Rupture behaviour of elastomers filled with fine sodium chloride

The rupture behaviour of samples tilled with fine sodium chloride
is summarized in Figs. 12 and 13. In Fig. 12 rupture stress vs

rupture time is plotted for the samples conteining 1, 2, 5, 8,

10 and 20 vol % of sodium chloride of the size of 30 -  ym. ;
The samples containing 1, 2 and 8 vol % of sodium chloride had ‘
about the same strength as the unfilled rubber, apart from the

fact that the ¢ - t relationship seemed to be slightly curved for

the filled samples. The sample containing 5 vol % of filler proved

to be somevhat stronger; however, the rupture points of this

sample showed much more scatter than the others. The sample with

a filler content of 20 vol ¢ was weaker and its ¢ - t relationship

was more horizontal thar that of the lover filled materials.

For the material with 10 vol % of filler, we only had three
specimens available. The corresponding rupture points were com-
pletely out of range if compared with the result of the other
materials containing fine filler. We therefore disregarded the
results of samples no. 428 in the following: this in spite of
the fact that we could not detect any irregularities on the

corresponding fracture surfaces.

In Fig. 13 ve have plotted the o - t relationships for the samples

with a higher filler content. The sample with a filler content .
of 25 vol % shows the maximum strength; then the streagth de-

creases with increasing filler content. However, the semple with

45 vol % of filler seems to be stronger than those with 4C vol %

of filler.

If we compare Tigs. 12 and 13 with the corresponding figures
for the coarse filler (Figs. 9 and 10), it 1s observed that
the influence of filler content on strength is less for the

smaller filler size; further the rupture stress is much less
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dependent on rupture time for the samples with higher content of
tiller. Firally, a material wbich contuines a very small amount
of fine filler - in the limit just one fine filler particle - has
a strength vhich is abcut Egzii to the striangth of the unfilled

material.

Therefrom we conclude that the stress concentration factor of a
small filler particle will be either the same as or smaller than
the stress concentration factor of the inhomogeneities vhich are
already present in the unfilled material. We hasve preference for
the first alternative and beiieve that also a small filler part-
icle acts as a fracture source. The argument for this ststement
1s indirect: A material with e.g. 1 vol % of small filler part-
1cles has zbout the same strength as the unfiiled material, but
the scatter in the values of the strength is much less than for
the unfilled material: the artificially created fracture sources
in the 1 vo: % material are much less fluctuating in strength
than the flaws naturally present in the unfilled rubber. The
difference in scatter of the strength values between a sample
containing 1 vol & of fine filler and an unfilled one can be
seen by comparing the creep curves and fracture points shown

in Figs. 14 and 6.

We tried to find direct evidence for the action 27 =z small filler
particle as a source for fractuce initiation. ncwever, a2 micro-
scopic investigation of the fracture surface of the materizls
with low content of small [iller particles did not suvcceed. Fe-
cause of the opticzl reflection of even the smallest amount of

30 - 4C pm - particles we could not aetect the pattern of the
lines of fracture or the fracture surfaces with the light micrc-

*)

scope ‘.

The second stage in the fracture process of materials with a

*) Investigations with the electromicroscope are still to be performed.
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lov content of small filler particles will be the propagation of
the crack in the binder until it becomes unstable. Ve therefore
understand vwhy the ¢ - t relationship of those materials should

coincide with the ¢ - t relationship of the binder.

Like in the case of large filler nartiicles, there will be a change

in mechanisr of the second stage with an increase of filler con-
tent. For materials with a filler content higher than about 10

vol % considerable dewetting of the entire specimen occurs prior
t5 rupture (ref. 12). This may be clearly seen from the strong

increase of strain with time before rupture occurs. Ve have shown
that again in Fig. 15, in which creep curves are given for mater-
ials containing various amounts of particles of small size, under

a stress of 8 kg/cmz.

Like in the case of large particles, dewetting is accompanied by
a decrease in strength; aowever, there is no strong change of the
shape of the ¢ ~ t relationship with increasing fiiler content.

We do not yel understand the cause of this difference.
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5.4. Rupture behaviour of highl— filled elastomers

Ve stvart the discussicn vith the results obtained on composites

E.
itk bimodal filler ond very high filler content.

In Fig. 16 e have plotted rupture siress vs rupture time in a

double logarithmic diagrair {cr samples containing 60, 65, 67,

and 70 volume percent of bimocal filler, composed of 30 parts of
the fine and 7C parts of ihe coarse sodium chloride (f = 0.3).

e observed that the scatter of the indivicdual rupture points
around the lines of mean strength vas very snall for highly filled
elastomers. For the materials vith a filler conzent of 65, 67 and
T7C percent by volume hardly any ceviation of the rupture points

from the draun lines could be detected.

Two samples with a filler content of approximately 70 vol % have
beer. prepared ancd investigated, viz sample nos. 446 A and 476 A.
There was a small but significant difference in the strength
between these samples. In this case this difference corresponded
with a difference in crosslinking density between these samples.
The stronger one (sample no. 476 4) showed the lower value of the
swelling in chloroform and in trichloroethylene, and therefore

the higher value of crosslinking density (Compare Table 1).

This situation is typical for highly filled elastomers. The
scatter of strength values of specimens from the same batch was
usually very small and 4 to 5 specimens were sufficieni to deter-
mine the time dependence of rupture strength of this baten over
many decades in time scale. Between different batches small but
significant differences in strength were observecd, which could

not always be explained by systematic differerces in either cross-~
linking density, filler content or filler composition. Now and then

we encountered a batch, for which the scatter of the individual

B

specimens was much higher. A possible explanation could be that

these samples have been less homogeneous than the majority of the
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samples of similar composition. An example may be found in sample
no. 443, as shown in PFig. 16.

In Fig. 17 we have plotted rupture stress vs rupture time for
samples containing 40, 50, 55 and 60 volume percent of the same
bimodal filler (f = 0.%). Three major differences zre observed

between the results presented in Fies. 16 and 17:

1. The scatter of the individual strength values of specimens

of one batch is larger for the lower filled materials (Fig. 17);

2. The course of the rupture stress vs rupturs time relationship is
different for .he iower filled and the higher filled elastomers.
In the former case it is more horizontal and less curved. This
is the best observed Yy comparing the location of the rupture
points of sample .s. 443 (60 vol %) with the o -~ t, relation—
ship as drawn for ihe other samples in Fig. 16. Though the

scatter for sample no. 443 was larger than for the other samples

shown in this figure, its o - tb relationship was significantly
different.

3. The most important difference between Figs. 16 and 17 concerns
the influence of filler content on strengih. In the region of
f*1ler content between 40 vol % and 60 vol %, the strength of
the filled elastomers decreases with increasing filler content,

whilst from 60 vol % onwards it increases with in increasing

filler confent. We vill return to this important question in
Section 5.5.

We next discuss the influence of filler composition on the strength

of the bimodal filled elasiomers. For this purpose we have plotted
in Figs. 18, 19

79

20, 21 and 22 the rupture stress vs rupture time

relationships for samples containing respectively 40, 50, 55, 60
and 65 volume percent of bimodal filler of different compositions.

Consider first Fig. 18, where the rupture properties of materials

with 40 vel % of filler are compared. The filler composition is
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*) Sample no. 424 snd 47/ contained a somewnat smaller amount of

indicated by the value ¢f f, the fracticn of fine particles in
the

f
f

mixture of the filler. Materials shown in Tig. 18 range from

it

0.0 (only coarse sodium chloride) in steps of 0.1 antil

U

1.0 (only fine sodium chloride}. For a number ot compositions

more than one sample was prepared and investigated. Three samples
have been prepared filled with 40 vol % of coarse sodiun chloride,
viz the samples numbered 424, 477 and 555. Those samples differed
in strength. Sample no. 555 was the weakest, sample no. 424 the
strongest of tne three; thece differences may be partiglly under-
stood from minor changes in the composition and ownsslinking
density%”. The rupture points and the line o: azsn strength are
shown for sample no. 555 only, which was als¢ the ons prepared
must recently. Differences wnere also fouvud between duplicate
batches with the compositions f = 0.1, 7 = 0.2 and f = 0.2, In
those cases it was not easy to understand the differences by
minor changes in composition or swelling. The samples with com-
positions f = 0.5, £ = 0.6 and ¥ = 1.0 were prepared in duplicate

as well; here the duplicates showed gnod agreement in strength.

Apart from these mincr fluctuaticns a strong influence of filler

composition on strength is observed. The larger the amount of

iine particles in the mixture of the filler, the bigher the

strength, Simultancovsly, there is & systematic change of the )

time dependence of the strength. For

JoRRw—

the materials containing
only coarse filler, the rupture stress - rupture time curves are

low and show a large positive curvaiure; for materials containing
only fine filler, the curves are higher, more hor:izontal and re-
semble much more straight lines in the double logarithmic diagraum.

There is a greduzl change from tho one shape to the other wiih
increase of the value of f.

Similar conclusions - though less pronounced ~ may be drawn from

the resulis concercing materials f@lled with 50 vol % (Fig. 19)

1iller then sampie no- 595, whilst sampie no. 424 showed the
lovesy value of the swelling.
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and 55 veol ¢ (Fig. 20) of bimodal filler.

In order tc understand the rupture behaviour of bimodal filled
elastomers it is of great advantage to recall a viewpoint which
has been successfully used 7) 13) to explain the elastic proper-
ies of the same systems. In this coucept , the bimodal filled
i1usber is considered as a dispersion of the coarse filler part-
‘tes in a hyvpctheticel continuous natriz. This matrix then con-
sizts of the rubbery binder and the fine particles. YVe find for
concentration, ¢ , of the coarse particles in the total system

(coarse particles + continuous matrix):
et = (1 - fe (8)

Fer the concentration, c¢™, of the fine varticles in the contin-

uous matrix, i.e. in the (fine particles + unfilled rubber)

system, we have
e" = fc /{1 -c') (9)

We now will discuss the strength properties of the bimodal filled

rubbers in terms of the concentrations c'and c".

In Fig. 23 we compare the 0 - t relationships for two samples
which both contain the same low amount (8 vol %) of coarse part-
icles. One of them is the sample no. 633, which does not contain
any <ine pszrticles in the binder; the other is sample no. 547,
vhich is a bimoda: filled rubber with a total filler content of
40 vol % and a mixing ratio of f = 0.8. From egs. (8) and {9} we
find that this sample also contains 8 vol % of coarse particles
vhicl. are nov distributed in a matrix which itself contains 32
vol & of fine particles. The influence of the presence of fine
particles in the binder on the strength is evident. The presence

of the small vparticles has increased the strength Yy about 25 e,

After the discussion in the foregoing sections, the qualitative

explanation of the effect of smell y rticles is obvious. Small

-
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particles might irfluence toth phases of the process of frecture

in the same direction. The step of initiation might he retarded:

o~

(23

coarse particle which is surrounded by fine particles will show

a higher dewetting strength than a coarse particle in the unfilled

rubber. During the second phase, i.e., the propagation cf the
crack through the composite binder, the fine particles will act
as crack stopping inhomogeneities. Therefore also the phase of

propagation of the crack is expected to be retarded by the pre-
sence of fine particles.

Fig. 23 concerned materials with a spall amount of coarse particles;
an even stronger effect is observed for materials with a large
amount of coarse particles, as is shown in Fig. 24. In thiz figure
we compare the o - t relationships for three materials which all
contain the same high amount (49 - 50 vo1 %) ¢f coarse particles.
Sample no. 425 does not contain any fine varticle in the binder.
Sample no. 453 is a bimodzal sample of a total filler content of

55 vol % and a mixing retic of f = 0,1. This amounts to a content

of 49 vel % of coarse particles, distributed in a matrix which
contains 11 vol % of fine particles. As third .ype of material,
two samples are shown of the highest filled rubber (c¢ = 70 vol %;

f = 0,3); This amounts to s

<

content of 43 vol ¢ of coarse particles
distributed in a matrix which contzins itself 41 vol % of fine
particles. The lezrge effect of the presence of fine particles in

the binder is evident; the strength of the material is doubled by
the presence of 41 vol % of fine particles.

It is possible tc use tke -ffect demonstrated in Fig. 24 for the
prediction of the strength of highly filled rubbers containing
bimodal filler from the knowledge of the strength of a composite
filled with the corresponding amount (¢') of coarse filler. Tnis,
howerer, has to be done with caution, because:

1. the curves shown in Fig. 24 do no*

originate oae from the

other bty a purely vertical shift; 2130 & small horizontal shift

is involved.
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) 2. the effect of adlitien of small particles to the binder depends
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strongly on the content of coarse particles.

This is shown in Fig. 25, where the 1 hour-strength is plotted

i J»wAy.Azﬁgz,,ﬁE“«,‘EE;.::V g

for a number of unimodal and bimodal filled composites, using

the value of c" as abscissa ~nd the value of c¢' as a parameter.

We observed that the presence of fine particles has no reinforcing

effect, if no coarse particles are present (the strength decreases

o

vith increase of c" for the curve with ¢' = 0). The reinforc-
ing erfect of fine particles is largest for a content of 5C vol %
of coarse particles. In the intermediate region. (e.g. for ¢! =
30 vol %) the strength first increases with addition of fine

particles, then decreases and finally increases again.
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5.5. Depence of setrengih on filler composition and filler content

The lines of mean sirength as sheim in Figs. 9, 10, 12, 1%, 16,

17, 18, 13, 20, 21 and 22 vere used to read by interpolation the

values of strength of the composites at the rupture times of 10

2

?

-1 2 . .
10 ', 1, 10, iC and 103 hrs., Thece values are listed in Table 11.

A systemztic discussion of the strength of the sysiem polyurethane

rubber - sodium chleride ic given viin reference to Fig. 26. In

this figure ve nave pletted th2 values of strength belonging to

the rurture tize cf one hour, vs the total filler content, c,

+ith the mixing ratic of both filler fractions, f, as a parareter.

Though the pictiure shovs some disturbing scatter, e believe tec be

able to drav the folloving gererel
The wnfilled rubber hzd & one hour
;2
9, * 0,6 kg/en .

A composite vhich contains ¢ small
has about the same strength as the

25

2

fine filler is increcsed beyen

composite (acreases.

£ composite vhich contains z 53211

=

conclusions:

streongth of

amount of fire filler only,
pure binder. If the ameount of

vol ;, the strength of the

amount of coarse filler ouly,

as a ctrergth vhich is zboui 60 necrcent of the sirength of the

pure hinder. An increase 2f the amount of coarsc filler beyonc

10 vol = strongly dccreases the strength of the conposite.

4 "imodal filler composed of wariicles of the tizes 30 - 40 un
. o . ~ ; o
and 200 =~ 50C ym is mont appropriate for the vremarat.un of com-

posites °r

‘.J
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=
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if the mixing rzatic is chosen

es £ = 9,3. For those compusites, the strongin Aecreases witn

-~

increasing filler content if the total filier content is belcow

60 vol 7: ané increas

h increasing filler content beyond 6C

e
vel 7:. Composites filled wath a bimodal filler +ith different

mixing ratio sho 2 sigilar behaviour; cheir stirength zlso goes
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through a minimum at o filler content vhich is somevhazt belov the

maxioum attainable loading.

I7 ve comparc the strength of the composite with £ = 0,3 and
c = 70 vol {5, rith the strength of composites -7ith slightly

different values of f and ¢, e arrive at an important conclu-

]
3
i
:
f

sion:

P

The naterial vhick hal been prepared to contain a solid loading

as high ac possible, simultaneously shows the highest value of

the 1 hour sirength, if comwzrecd vith meterials of slightly

different composition,

Concerning the system pclyuretinans rubber - sodium chloride, ve

have the folloving data:

1. nost appropriste filler composition (30 - ACun / 200 - 300 um):

2. meximum solids lcading: 70 vol :.;
3. one hour stirength: €2 nercent of the sirength of the binder;

4. modulus of elosticity: 38 tires the modulus of elasticity of
the binder .
From thLose conclusions, only the one concerning the mocdulus of
elasticity car be readily generalized to composites with different
chemical components. The other conclusions are restricted sofar to
the systex polyurethazne rubber -~ sodium chloride. The conclusion
about the strength is evenr more restrictea. hAs the time dependence
of the strength diffors for matverials vith dilicrent filler
characteristics, ihe victure concerning the 10C0-hr s.rength will
be slightly @iffcrent from that of Fig. 26. The 100C-hr strensgth

of the coxpusizes is plotted vs ¢ in Fig. 27.

*) This conclusion uvas clready c¢ravm in 7>.
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6. Future work

The time depencence of the sitrength of the comwosites has been dis-
cussed in this rcport irathoul makang usc of the data available from
the creep measurements during the devetting process. As an iu_..tant
part of the time dependence of sirergth till be due to the time
dependence of the devetiing transition in the creep curves, the
relationship betucen both phenomena should be carefully investigated.
This will be done in a subsequenti technical eport. For this purpose
some more information is needed on the long time fatigue limits of

the compesites.

The conclusions draim in this report are all restricted to room
terperature. Some experimental evidence should bo obtained vhether
the general picture of the strength of the composites remains valid
at lover temperatures, where the strength of the binde:r will ocecone

higher with respect to the adhesion betveen filler and binder.

In order to apply the conclusions, obtained for the system poly-
urethane rubber - sodium chlorice, to real propellants, some experi-
ments are necessary to investigate the influence of the larger
adhesive strength bet:een ammoniun perchlorate and binder, on the
strength of the compositez. In particular ve intend to prepare and
neasure rubbers containing a veryv smezll amount of coarse and fine
amponiun perchlorate narticles. A similer remark holds for dummy
propellants and propellants containing aluminium as a third com-

ponent.
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Conclusions

I3

Rubbers {illed with less than 10 vol |. of filler do not shoirr any
creen or dewetting vrior to ruvturc: the time devermining phase
ir. the fracture process is the propagetion of the primary crack
through the binder; the rclationshin betueen rupture stress and

rupture time resembles that of thc binder.

The strength of samples containing 2 small amount of fine filler

is equal to the strength of the binder.

The strength of samples containing a small amount of coarse filler
is about half the strength of the binder. The initiation of the
primary crack wuas found to occur in the vicinity of coarse filler

particles.

Composites vith more then 10 voti ¢ and less than 55 vol & of filler
show & homogeneous devetiing of the material over the gage length
and a devetting iransition in the creep curve prior to rupture.This
devetting is the time determining nhase in the fracture process.

For composiies with a content betreen 1C vol 5 ané 55 vol & of
coarse filler, the strength decrezses strongly ith increasing
filler ccntent; the relationship betreen the logarithm of tensile

strength and the logarithm of rupture tize becomes more curved and

B
[o]
L]
4%
[y

ime sensitive with increasing filler conicnt.

For composites with & content beiveen 25 vol ., and 40 vol ;. of fine
filler, the strength decreases with increasing filler content; the
relationship betreen ihe logarithn of tensile strength and the
logarithm of ruptu~e tinme remains clmost linear and 1is veakly tinpe

depencdent for higher filler content.
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7. Composites vith morc than 55 vol y: of filler show inhomogereous

devetting before runtuvre; only the naterizl in thc vicinii, of
the fracture surfacc is devetted; deveiting can hardly be detected
in the creep curve. The r-lationship betiveen the logarithm of

tensile streugth and the logarithm of rupture time shous a large

3
i
§
i
:

curvature ard is sitrongly time cdependent.

8. /\ bimodal fillecd composite may be considered as a dispersion of

..;

coarse filler particles in a hynothetical matrix, vhich itself
consiste of the binder and the fine particles. If this model is
applied to ithe interpretation of the results, it is found that

the fine particles in the bincer have a sirvong reinforcing influ~
ence on the composite. The armouni of reinforcins cction, houever,
depends on the filler corncentration of the coarse particles. There-~
fore, it vas not vossible to prodict, in e simple manner, the
strength of a2 binodal filled commosaite from the strength of com-

posites contelning only coarse filler.

9. A bimodal filler composed of particles with sizes 50 - 40 uym and
200 - 300 un is most appropriate Tor the preparztion of highly
filled elastomers, if the mixing ratio of coarse to fine material
is T7C to 30. For those corposizes the strength de2creases vith in-

creasing filler conient, if the total filler content is below 60

voi $, ond increases beyond this value.

10. A& material vhich hacd beer prepared for meximun solid loading,
simultancously has the hijhest value of sirength, if compared

uith materials of only slightly cifferent compositions.
11. The maximum loading reacned uas 7C vol ¢; the nodulus of eclasticity
of this material ias 38 times the modulus of the tinder; the one-

hour strength of this materizl vas cgual to 62, of the one-hour

gtrengrh of the bvinder
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mixing ratio
(by weight)

FILLER FRACTIONS

fraction
numbers

GRS E e ST LU St £ A

density

FILLER
vol.percent
calculated from

ingr.

PRI R

DB
4.0 2.0
4.0 2,0
4.0 2.0
2.0

Composition and Properties of samples investigated
3.0

COMPOSITICN
g/100g D3600

DI
19.6
19.7
19.6

0

TABLE 1
SAMPLE
NUMBER
423 0
441

460 0
478 9
487 0
629 O
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28 investigated P. 39.

FILLER FRACTIOKS PLASTICIZER SWELLING DENSITY
at equil. at 23 degr.C
fraciicn mixing ratio vol, pct.volume (g/cc)
numbers (by veight) pct.  type increase
23 degr.C
chl trau
0O ¢ 0 ¢ 6 2 0 0 .0 0 424 334 1.0666 0000
0O 0 0 9 0O ¢ 0 ¢ .0 0 433 313 1.0672 0000
¢ o0 O o0 0 ¢ 0 ¢ 0 0 419 322 1.0672 .000C
O o0 ¢ 0 ¢ ¢ 0 ¢ .C 0 413 318 1.0648 .0000
¢ 0 o 0 o 0 0 0 .0 0 412 312 1.0652 0000
¢ 0 ¢ ¢ ¢ 0 0 ¢ .0 0 413 316  1.0652 » 000G
O 0 ¢ o 0O ¢ © o .0 0 467 357 1.0619  .0000
o 0 O ¢ ¢ 0 0 0 .0 c 442 335 1.,0652 .0G00
¢ 0 0 0 0 0 0 ¢ .0 C 418 317  1,0684 . 000U
g 0 © ¢ 0 0 0 0 .0 0 400 308 1.0705 .CO00
0O 0 0 o 0 0 0 9 .0 0 385 2858 1.0737 .0000
0 0 ¢ ¢ ¢ 0 o 5.1 1 410 308 1.0583 .0000
0 0 0 o 6 O 0 90 in.0 1 400 300 1.0510 ,0000
o 0 o0 0o 0 O O o© 13.9 1 3058 295  1.0364 . 0000
6 0 O ¢ 0O 0 o0 ¢ 29.8 1 384 284 41,0229 .0000
2 0 ¢ ¢ 3 9 ¢ 9O .C 0 404 312  1.0732 1.0760
6 O 0 0 0 ¢ 00 .0 0 370 291 1.0770  .0000
2 ¢ ¢ 0 0O ¢ 0 ¢ 0 0 365 283 1.0783 1.0857
6 0 0 0 0O ¢ o0 ¢ .0 Q 374 2388 1.0858 .0000
2 0 O ¢ 0 0 ¢ 0 .0 ¢} 375 29 1.1101  1.1167
€ ¢ 0 O© 2 0 0 ¢C 0 0 374 282 1.1198 L0000
2 0 ¢ o c 0 0 O° .C 0 375 294  1.1494 0000
5 0 ¢ 0 6 ¢ O Q Y] 0 374 289 1.1524 .0000
2 C C C ¢ 0.9 .C G 428 333 1.17%3 1.1770
6 ¢ © 0 6 O 0 v .0 0 410 333 1.1752 . 0000
2 6 0O 0 0 ¢ ¢ ¢ G 0 417 319 1.2812 1.285%4
€& ¢ O O ¢ ¢ 0 0 W0 0 406 323 1.2843 .0000
6 0O 0 © 5 0 0 0 .0 G 395 306 1.3390 .0000
2 0 0 ¢ 6 ¢ ¢ 0 .C Q 422 313 1.3908 11,3927
{ 6 0 0 0 0 0 ¢ ¢ .0 G 41z 325 1.2950  .2000
& 90 06 0 0 0 0 0 O 0 #13 315 1.4469 .00NC
2 0 0 o© 0 ¢ 0 ¢ .0 0 377 299  1.5010 1.5029
2 0 0 ¢ C 0 0O ¢ .0 0 400 309 ©.5026 1.5037
2 0 0 ¢ 0O ¢ ¢ 0 .0 0 389 303 1.5006 .000C
' 2 6 0 0 9 10 C 0 0 0 416 331 1.4985 1.5011
f 2 6 ¢ ¢ g9 1C © © .C 0 399 314 1.5074 .0000
2 & 0 ¢ 8 20 92 © .C C 40C 314 1.4986 1.5020
2 ° 0 0 8 20 0 © 0 0 445 35  1.5050 ,0000
2 o C 2 170 3 0 0 .0 C 411 305 1.4998 1.5031%
2 6 0 0O 7 30 0 ¢ .C 0 389 302 1.5058  .0000
} 2 6 0 0 60 40 0 O .0 0 4C1 305 1.5062 .0000 ~
2 6 0 9 5 5 0 0 .0 0 391 305 1.5058 .020C ;CJ
)
—
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! TABLE 1 (corntinued)
. I SAMPLE COMPOSITION FPILLL K FILLER FRACTICNS
£ g/100g D3600 vol,.percent
. NUMBER calculated from fraction mixing ratio
! TDI 7T™MP DB ingr, density nuzmbers (by we*’.ght)
] 559 O 1.6 4.0 2,0 40,0 40,2 .0 2 6 O ¢ 5 % 0
558 0 19.6 4.0 2,0 40.0  40.1 .0 2 6 0O O 406 60 O
548 0 19.2 4.0 2.0 40,0 39,8 40,0 2 6 0 0o 3 0 0
l 547 O i2.6 4.0 2.0 40.0 39.8 40.0C 2 6 O 0 20 8 0
546 0 1.6 4.0 2.0 40,0 40,0 43,2 2 6 0 0 10 90 ¢
} 550 C  19.6 4.0 2.0 20.0 401 . 6 0 0 O T ¢ O
426 " 19.6 4.0 1.0 44,8 44,3 44.6 2 0 0 0 0 0 D
444 {9.6 4.0 1.C 44,3 44,6 .0 6 ©C & O 0O 0 0
i 425 19.6 4.0 1.C 49.7 48.9 49.4 2 0 0 o0 0 0 O
45: 2 i9.. 4,0 2,0 49.5 49.0 49.6 2 6 ¢ 0O 9 1C O
i 440 O 19.6 4.C 1.9 49,7 49.5 49.6 2 €6 ¢ 0 170 3 O
455 0O 19.5 4,0 1.0 49.7 49.7 .0 2 6 0O 0O 60 40 O
458 O 19.6 4.0 + O 49,7 49.4 49,5 2 6 0 0 5 5 o0
1 465 0 19,6 4.0 1.0  49.7 49.6 457 2 6 0 O 40 60 0
i 463 0 19.6 4.C 1.0 49.7 49.4 49.6 2 6 0 0 30 7w O
473 1 19.6 4.0 2.0 49,5 48.9 49.4 2 6 ©0 O 20 8 O
l 427 O 19.6 4.0 .5 54.9 54.5 .0 2 0 0 © ¢ 0 O
453 0 19,6 4.0 1,0 54.8 54.5 55.3 2 6 0 0O 9 10 O
449 O 18.6 4.0 1.0 54.8 t1.1 54.5 2 6 O 0 80 20 0O
l 442 0 19.6 4.0 1.0 54.8 54.5 54,6 2 6 0 0 70 3 0
456 0 19.6 4.0 1.0 54,8 54.5 54,6 2 6 0O 0O 60 40 O
459 0O 19.¢6 4.0 .9 84.8 S4.2 54,5 2 6 0 ¢ ©O0 5 ¢o©
H 475 1 19.6 4.0 2.1 54.5 541 54.2 2 6 O O 40 60 O
474 1 19,6 4.0 2,0 54.5 53.6 54.3 2 6 0O 0 30 70 O
] 43" 9 19.6 4,0 .9 56.9 56.8 53.8 2 0 0 ¢ 0 ¢ ¢
469 1 19.6 4.0 2.0 59,6 58,9 59.5 2 6 O 0 9 10 0O
450 O 19.6 4.0 2.0 59.6 59.5 59.7 2 6 C 0O 80 20 G
I 443 0 19.7 4.0 1.1 59.8 59.2 7.5 2 6 © 0 170 3 O
: LAANE ig.,6 4.0 2.C 59,6 59.4 549.6 2 6 G © 60 40 ¢
I 467 1 19.6 4.0 2.C 64,6 64.4 €4,5 2 6 0O O 8 20 O
445 1 6.6 4.0 1.0 64.8 64,3 64.7 2 6 0 0 170 30 9
472 14 19.6 4.0 2.1 64.5 64.2 64.4 2 6 C ¢ 60 40 O
{ ATO 1 19.6 4.0 2.1 67.1 66,6 66,9 2 6 0 O 170 30 O
. 445 1 19.6 4.0 2.0 9,6 68,7 69.5 2 6 0 ¢C 70 3G O
i 476 1 19.8 4.0 2.0 62.6 £9.2 69.5 2 6 ¢ O 70 30 O
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PLASTIC”ZER

vol.

pct. type
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©O O O DO Oo0oO0OOOC o [eNeReNeNoNoNoNe (>ReleoleNeoNoNeReNel [eleloNoRNeoNeNoNeNeo!

SWELLING
at equil.
pct,volure

increase
23 degr.C
chl tri

38% 305

388 303

40t 312

401 316

375 290

403 322

378 298

420 326

428 311

419 323

408 316

405 318

412 324

412 327

417 332

421 315

414 309

397 303

421 334

416 370

422 335

405 216

411 322

£19 322

398 308

295 307

408 300

375 299

394 315

410 309

390 303

413 327

387 305

405 308

388 298

41 317

408 299

377 290

DENSITY
at 23 degr.C

(g/ce)

1.5082
1.4049
1.5015
1.5022
1.5042
1.5024
1.5050
1.5553
1.5580

1.5058
1,6074
1.6095
i.6124
1.6150
1.6113
1.6137
1.6110
1.6056

1.5665
1.6674
1.€634
1.6675
1.6669
1.6643
1.6634
1.6582

1.6924

1.7147
1.7228
1.7120
1.7209
1.719%

1.7753
1.7752
1.7736

1.7995
1.8194
1.8278

00%0
.0000
1.5040
1,5032
1.5057
. 0000
» 000
1.5562
. 0000

1.6117
1.6135
1.6125
1.6134

.0C00
1.6131
1.6145
1.6136
1.6105

. 0000
1.6764
1.6672
1,66€3
1.6690
1.6279
1.664
1.66" )

1.7148

1.7239
1.7243
1.7232
1.7225
1.7203

1.7774
1.7786
1.7762

1.8033
1.8322
1.8317
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p. 49.

Tabie 11 Tensiie strength, in kg/cmg, of compcsites as function of rupture
time, in hrs.
Sample no. | filler filler tensile strength, o after (hrs)
contgnt* composition 2 -1 C 1 o 3
vol 5 |f 10 10 10 10 10 10
636 1,0 0,0 - 16,05 | 5,3 4,8 | 4,5 | 4,27
634 1,0 1,0 16,9 19,85 | 9,1 8,6 | 8,25 8,0
638 2,0 00 6,9 |6,1 5,5 5,0 | 4,7 | 4,6
635 | 2,0 1,0 10, 5,85 | 9,1 8,5 | 8,25] 8,0
659 i 5,0 0,0 6,9 16,1 5,5 5,0 | 4,7 | 4,6
63 | 5,0 1,0 - he,s (9,8 | 925| 885 8,55
655 | 8,0 0,0 6,9 |61 | 55 {50 | 47 | 4,6
637 8,0 1,0 10,5 |9,85 | 9,1 8,6 | 8,25 ] 8,0
421 9,8 0,0 6,8 [5,65 | 4.85 | 4,25 3,9 | 3,65
428 9,8 1,0 - - - - - -
420 19,7 C,0 5, 5,4 4,65 1 4,1 3,65 | 3,5
454 19,7 1,0 c,2 le,a | 7,9 7,75 | 7,65 ] 17,6
433 24,6 1,0 1¢,2 19,55 | 9,0 | 8,45| 7,951 17,5
422 29,6 0,0 - |47 |40 '35 | 32 3,0
431 29,8 1,0 9,65 19,05 | 8,55 | 8,05 | 7,6 7,15 .
432 34,8 1,0 9,2 |8,6 8,1 : 7,651 7,2 6,75
424 39,5 i 0,0 - 45 | 3,9 2 5,4 1 3,1 2,96
477 39,5 0,0 - 4,2 3,55 ; 3,1 2,85 | 2,72
555 40,0 0,0 69 |40 134 {2951 2,7 | 2,6
451 39,5 0,1 - 5.2 | 45 | 4,0 | 3,6 3,45
554 0,6 | o 5,6 [4,65 | 40 135 | 325! 3,05
447 39,5 0,2 - 5,4 | 4,6 4,4 3,75 | 3,6
553 40,0 0,2 7,15 15,9 5,10 | 4,55 | 4,15 | 3,95
439 39,5 0,3 - 153 | 4,55 ; 4,05 | 3,7 | 3,5
560 40,0 0,3 - 5,8 4,9 i 4,4 4,0 3,8
557 40,0 0,4 6,9 157 | 4,85 | 4,35 | 4,1 3,9
550 40,0 L 0,5 7,6 16,6 5,9 5,4 5,05 | 4,85
559 | 40,0 0,5 7,5 16,35 |56 |515] 4,750 4,5
558 40,7 0,6 7,45 | 6,5 5,8 5,355 1 5,0 4,77
548 40,0 0,7 8,05 |7,6 | 6,3 5,8 5,5 5,3
547 90,6 | 0,8 8,65 |7,55 | 5,75 | 6,15 | 58 | 5,55
s | 40,0 | 0,9 8,7 17,65 |69 63 | 59 i 5,7

1

*) As calculated from ingredients
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Sample nc.

S 2 . - .
Teble 11 (continued) Tensile strength, in kg/cm™, of composites as funciion of
rupture time, in hrs.

fillev
*)
content

vol §

filler
composi.tion

f

tensile strength, o after (nrs)

-2

10

100

102

.

-) ks caicalated

39,7
40,0
44,8
44,8

49,7
49,5
49,5

49,7
49,7
49,7
49,1
49,7
49,5
54,9
54,8
54,8
54,8
54,8
54,8

54,5
54,5
56,9
59,6

1,0
1,0
0,0
1,0
0,0

0,1
0,2
0,3
0,4
0,5
0,6

0,7
0,8

n.n
Y

0,1
5,2

0,3
0,4

0,5
0,6

0,7

0,0

C,1
G,2

4,95
6,0
6,2

5,85 |
6,15
7,45

o -3
DWW

\O
N

7,05

2,95
7,3
2,65
3,6
4,5
4,65
4,75
4,9
5,1
5,55
6,35
2,45
3,25
3,70
4,65
4,50
5,0
5,35
5,85
2,9
3,40
4,2
4,15
4,7
5,15

4,5

S Wl

5,9

6,1

2,35
6,15
2,08
2,96
3,65
3,75
3,85
3,95
4,2

4,65
5,05
1,85
2,55
2,85
3,70
3,60
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Legend to figures

?ig. 1. Survey of the materials prepared and investigated for tensile

creep properties.,

Fig. 2. Schematic illustration of the iensi.e creep measurement for

B =S LbU s

specimens from filled materials.

7Y

Fig. 3. Clamping of specimen from unfilled rubber and dimensions of

the tensile crecp specimer.

Fig. 4. Tensile crecp curves for various stress ievels for bimodal

filled polyurethane rubber ro. 452 containing 49,5 vol 5 of
bimodal filler with a filler composition £ = 0,1; temp.21 OL;
R.H. 65 &,

Fig. 5. Tensile creep curves for various siress levels for bimodal
filled polyurethane rubver no. 448 containing 49,5 vol % cof
bimodal filler vith a filior composition f = 0,2; temp. 21 C;
R.H. 65 5.

Fiz. 6. Tensile creep curve for various stress levels for unfilled

W

polyurethane rubber 629; teap. 21 ~C; k.E. 65 %.

Fig. 7. Tensile siress vs rupture time for various unfilled poly-
urethane rubbers as indicated. The 2ra'm line revnresents »

eq. (5).

¥ig. 8. Schematic drzwingsof the rupture surface of three specipens

dr
fror unfilled rubber 629, broken in tensile creep.

Fiz. S. Tensile strecs vs rupture time for various rabbers filled with
¢ifferent cmounts of coarse sodiur chloride fractiom no. 2
(200 - 300 i n) a5 indicat~d; also shoun arc the lines of mean
strength for whe unfilled rubber ané for sampies containing 2

- o - . 0 £
smail apount of filler frocition no. 2; temp. 21 C; R.H. 65 -

Wwwuﬁm, b T M A
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Fig. 10.

Fig. 11.

Fig.

Rig.

Fig.

12.

T4,

16.

Tensile stress vs rupture time for various ribbers filled
vith a small amount of filler fraction no. 2 (20C - 300 pm)
as ianlicated; aiso shoim are the lines of meen strength for
the vnfilled rubber and for thc sample containing 10 vol % of

~$1ler fraction no. 2; 21 °C: DN.H. 65 ;..

Schematic dravings of rupture surfaces of specimen from poly-
urethans rubber containing small amounis of coarse sodium
chloride fraction no. 2 (200 - 300 um).
11a and 11b rupture surface of tensile specimen from poly-
urethane rubber no. 630, containing 1 vol . of coarse filler.
11c rupture surface of tensile specimen rrom pulyurethane
rubber no. 638, containing 2 vol & of coarse filier.

11d rupture surface of tensile specimen from polyurethane
rubber no. 633, containing & vol ¢ of coarse filler; drawing
shous & magnification of a part of the surface vhers, probably,

the primery crigin of rupturc vas situated.

Tensile stress vs rupture time for vzrious rubbers filled with
jifferent amounts of €iller fraction no. 6 (30 - 40 um), as

indicated.

Tensile stress vs rupiure time for various rubbers filled with
different amounts of filler fraction no.6 (30 — 4C um), as

ndicated.

Tensile creep curves for waricus siress ievels for polyurethane
rubber no. 634, filled with 1 vel /> of filler fraction no. 6

(3C - 40 pa): tcayn. 21 €; T.H. 65 .

A . 2 .
Tensile creep curves, under 2 siress of 8 kg/cm” for polyure-
thane rubbers filled witn édifferent ancuris of filler fraction

- - . O, o -
ro. 6 (30 = 25 um); tonp. 217 C; ROH. 65 G-l

Tensile siress vs rupiurce time for verious rubbers filied wiih
high zpounts of birodal sodiur chloride filler uitk composition

f=0,5: temp. 21 C; D.H. 65 ,.
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CENTRAAL LABORATORTUM TNO - DELFT (Holland) ~ Repecrt No. 69/197 - p. 53.

Fig. 17.

Fig. 20.

Fig. 21.

Rig. 22.

Fig. 23.

Tensile stress vs rupture time for varicus rubbers filled
vith different amournts of bimodal sodium chloride filler

vith composition f = C,3; tenmn. 21 °c; R.L. 65 %.

Tonsile stress vs rupture time for rubbers filled with
approximately 40 vol & of bimcdal sodium chluride filler

of various compositions; tenmp. 21 oC; R.H. 65 %,

Tensile stress vs rupture time for rubbeirs filled vith
approximately 50 vol 7> of bimodzl sodium chloride filler

. - o, - .
of various composition: temp. 21 C; K.H. 65 %,

Tensile siress vs rup‘ure time ror rubbers filled with
approximately 55 vo? & of bimodal sodivm chloride filler

. . o /
of various compositions; temp. 21 C; R.H. 65 %,

Tensile stress vs rupture tine for rubbers filled with
aporoximately 50 vol % of bimodal sodium chloride filler

. ‘s o .
of verious compositions; temp. 21 C; R.H. 65 %.

Tensile stress vs rupture time for rubbers filled with
approximately 55 vol % of bimodal sodium chloride filler

. . Ay o
of variour compositions; temp. 21 C; R.H. €5 %.

Tensile siress vs rupture time for twe rubbers containing
approximetely 8 vol ¢ of coarse particles, with s different

. . /s o - T
content of fine pacticles; temp. &1 C; R.H. €5 /..

Tensile stress vs rupture time for three materials
containing approximately 5C vol & of coarse particles,
with a2 different content of fine particles; temp. 21 oC;
R.E. 65 <.

One-hour sirerngth »lo.ted vs c¢”, the volume content of fine
varticles in the binder, with ¢'. the volume content of

coarse particles as a perameter.
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CENTRAAL LABORATORIUM TNO - DELFT (Holland) - Report No. 69/iY7 - p. 54.

Fig. 26,

Fig. 27.

One-hour strength nlotted ve c, the total filler content,
vith £, the mixing ratio of the bimodal filler, as a

parazeter. Also shovm is the one-hour strength of the
binder.

1000-hrs strength plotted vs ¢, the total filler coatent,
vith f, the mixing ratio of the bimcdal filler, as a

parareter. Also shoun is8 the 1000-hrs strength of the
binder.
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(a) specimen 629/5

stress 85 kg/cm2
rupture time 7,9 hrs

(c) specimen 629/6

stress 10,5 kcglcm"2
rupture time 0,38 hrs

(b) specimen 629/2
stress 775 kg/cm®
‘rupture time 1,75 hrs

Fig. 8 Fracture surfaces
of unfilled rubber 3600/829

P = origin of primary fracture
S = origin of secondary fracture
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Fig.9 tensile creep
200-300 um  NacCi
sample no VvOI.%
e 3500/421 98
o 3600/420 19,7 ~
a 3600/422 29,6
o v 3600/424 395
A 3600477 395
v 3600/555 40,0
P o 360C/426 44,8
‘ 8 3600/425 49,7
8 s 3600/427 54,9
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Fig.10tensile creep
200-300um NaCi
4% sample no. voI.%
a 3600/630 1
4 3600/638 2
e 36C0/639 5
0 3600/633 e
3t
2 = 2 2 a2 sagps 2 2 2 2 822 3 .44.-10 :11
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Fig.1? Fracture surfaces of rubbers filled w:th
coarse sodzum chlomde -

(@) specimen 630/6 (b) specimen 6307

, 2
stress 60 kg/cm2 stress 50 kg/cm
rupture time 0,11 hrs rupture time 48 hrs

¢ =1 vol% o ' ¢ =1vol%

(c) specimen 638/8 (d) specimen 633/2

stress 55 kg/cri® . stress 6,0 kg/cm?
rupture time 038 hrs rupture time 0,2 hrs
= 2VO0l. %Y, : c=8vol%

enlarged section of the
fracture surface
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Fig.12 tensile creep

30-40 um NacCl
sample no. vol.%

St »3600/634 1
43600/635 2
43600/636 5
0 3600/637 8
4l » 3600/428 98
03600/434 197
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- Fig.18 tensile creep b
40 vol.%, NaCl bimodal
sample no.
* 555 =00 4 558 f=06
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F1g.19 tensile creep
50 vol.% bimodal
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