UNCLASSIFIED

AD NUMBER

AD876335

LIMITATION CHANGES

TO:

Approved for public release; distribution is
unlimted.

FROM:

Distribution authorized to U S. Gov't. agencies
and their contractors; Critical Technol ogy; SEP
1970. O her requests shall be referred to

O fice of Naval Research, 875 North Randol ph
Street, Arlington VA 22203-1995. Thi s docunent
contai ns export-controlled technical data.

AUTHORITY

ONR Itr, 13 Jan 1972

THISPAGE ISUNCLASSIFIED




HPC 70-120 @

MONSANTO/WASHINGTON UNIVERSITY
ONR/ARPA ASSOCIATION

STUDIES OF STRESS-STRAIN BEHAVIOR OF SAN/GLASS BEAD
COMPOSITES IN THE GLASSY REGION

BY
L. NicoLais
M. Narkis

AD876335

TVhis document is subject to special expoi¢ controls and each transmittal to foreign

governments or foreign nationals may be made only with prior opproval of the Director

.

_ of Material Sciences, Office of Naval Research.
| . W, Y., 20417

i ety

BB Fu copy

.H’

= . . PROGRAM MANAGER
£} ROLF BUCHDAHL
i MONSANTO RESEARCH CORPORATION
- Ammo'uonmocouum
800 N. LINDSERGH BOULEVARD ST. LOUIS, MISSGUR! 2164




i

BisT.

5

® .,

WLITE SECTION D;
B SECIION c‘/

......................................

DL/ 8. TN/ RILABILTYY conel
AYAIL ot o SPEQIAL

-

-~

NOTICES

When Government drawings, specifications, or other data are used for
any purpose other than in connection with a definitely related Govern.
ment procurment ~eration, the United States Government thereby
incurs no responsit..'y nor any obligation whatsoever; and the fact that
mewmfmljhww.hw.whnymw
the said drawings, specifications, or other data, is not to be re

byhﬁeﬂmnMuuhmeMﬁuﬂumum
ohmwem,wmﬁugnyﬁﬁhwp&mﬁﬂbnh
manufacture, m.orhlmyp&nhdiﬁviﬂﬁmfﬁ#myhmywnyh

DDC rolaass to CFST] is not authorizcd.

——



[

+ 4

HPC 70-120

STUDIES OF STRESS-STRAIN BEHAVIOR OF SAN/GLASS BEAD
COMPOSITES IN THE GLASSY REGION

BY

L. NICOLAIS
M. NARKIS
MATERIALS RESEARCH LABORATORY
WASHINGTON UNIVERSITY

SEPTEMBER 1970

MONSANTO/WASHINGTON UNIVERSITY ASSOCIATION
HIGH PERFORMANCE COMPOSITES PROGRAM
SPONSORED BY ONR AND ARPA

CONTRACT NO. NOOO14-67-C-0218, ARPA ORDER 876
ROLF BUCHDAHL. PROGRAM MANAGER

MONSANTO RESEARCH CORPORATION
800 NORTH LINDBERGH BOULEVARD
ST. LOUIS, MISSOURI 63166




- gl et §

FOREWORD

The research reported herein was conducted Ly tre scaff
of the Monsanto/Washington University Association under the
sponsorship of the Advanced Research Projects Agency, Depart-
ment of Defense, through a contract with the Ct ice of Naval
Research, N00014-67-C-0218 (formerly N00014-66-C-0045),

ARPA Order No. 876, ONR contract authority NR 356-484/4-13-66,
entitled "Development of High Performance Composites."

The prime contractor is Monsanto Research Corporation.
The Program Manager is Dr. Rolf Buchdahl (phone 314-694-4721).

The contract is funded for $6,000,000 and expires

30 April 1971.
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STUDIES OF STRESS-STRAIN BEHAVIOR OF SAN/GLASS BEAD
COMPOSITES IN THE GLASSY REGION

L. Nicolais* and M. Narkis**
Materials Research Laboratory

Washington University
St. Louis, Missouri 63130

ABSTRACT

The effects of temperature, strain rate and filler content on tensile properties
of SAN/glass bead composites are studied. A point of discontinuity on the stress-
strain curves for unannealed composites is investigated, annealing resuifs in smooth
curves with no break points. A simple model for the filler effect on yield stress
is suggested and shown to be in a good agreement with experimental data. A
double shifting procedure to account for the temperature and filler effects on
yield stress as a function of strain rate is proposed. A single master curve that

can be represented by the following equation:

TEmgs = AtBl o

relates composite yield stress to strain rate, temperature and filler volume fraction.

*On leave from the Laboratorio di Ricer¢a su Tecnologia dei Polimeri e

Reologia del C.N.R. Napoli, Italy.
**Presently with the Center for Industrial Research, POB 311, Haifa, Israel.

(Contribution HPC 70-120 from the Monsanto/Washington University
Association sponsored by the Advanced Research Projects Agency,
Department of Defense, under Office of Naval Research Contract
No. N00014-67-C-0218.)




STUDIES OF STRESS - STRAIN BEHAVIOR OF SAN/GLASS
BEAL' COMPOSITES IN THE GLASSY REGION

L. Nicolais and M. Narkis
Materials Research Laboratory
Washington University
St. Louis, Missouri 63130

Introduction

The mechanical behavior of unfilled plastics in the temperature range below
their glass transition has been extensively studied. It is well known that the yield
stress depends on temperature and strain rate [1] and that yield stress data at
different temperatures and strain rates can be shifted to form a master curve [2].
Lohr [2] has shown that the yield stress of an unfilled polymer oyp plotted versus
strain rate € at different temperatures can be shifted along the e axis and the master
curve obtained may be represented by the following equation

ayP = K] + K2 fn (('/t'])a.r

where K, and K2 are constants which depend on the reference temperature chosen
and on the specific polymer, and :‘1 is equal to 1 in/in/min. The shift procedure
has been recently confirmed by Ishai [3] for epoxy~versamid systems. Ishai has
found that the yield strain is practically independent of strain rate and slightly
dependent on temperature. The epoxy-versamid system was further studied [4]
and the yielding phenomenon was interpreted by using Eyring's theory of non-
Newtonian viscoplastic flow. Results on yield stress of PVC, polycarbonate and

PMMA were presented by Zitek and Zelinger [5]. In their work o, _is plotted

yp

versus temperature over a wide temperature range and different regions that can be

(1)
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described by straight lines are obtained. The transitions between two adjacent
regions are sharp and can be related to dynamic dispersions, which exhibit the glass
transition temperature or other secondary transitions. A detailed description of the
temperature and strain rate dependence of the tensile yield strain of PMMA was
recently published by Rusch and Beck [4].

A literature survey shows that only a few experimental data are available
on the stress=strain behavior and yielding phenomenon of particulate systems in
the glassy state. The stress-strain behavior of elastomeric/glass bead composites
was studied by Smith [7]. Yield stress and yield strain were found to decrease with
increasing glass bead concentration. The yield strain was found to depend strongly
on temperature. Smith has also given a detailed description of stress-strain
curves for the filled elastomers. Yield stress was also shown to decrease with
filler concentration for PPO/glass beads composites [8]. Youngs modulus of these
composites is known fo.inarease with incréasing the filler concentration and can be

predicted [9, 10].

In the present work the stress-strain behavior of SAN (styrene-acrylonitrile
copolymer)/glass b ads composites is studied at several different strain rates,
temperatures and filler concentrations.

Experimental

Composites of styrene-acrylonitrile copolymer [11] (Lustran A, Monsanto Co.)
and glass beads (Cataphote Corp. type 2740, diameter range 0.0005 to 0.0015")
were prepared by milling and compression molding. The crude sheets from the
two roll mill were cut and then molded in a * x 8 in. compression mold at 185°C under

a pressure of 800 psi. The molded sheets were found to be very homogeneous by
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buming small samples and calculating the content of glass beads. Typical variation

was less than 0.2%. Specimens containing the following concentrations by volume

of glass beads were prepared: 11.2, 21.3, 42.7 and 62.5%. In the present paper filler
concentration is always expressed as volume concentrution. The composite containing

62.5% glass beads had very low tensile or flexural strengths and was therefore discarced.

Tensile specimens (ASTM D638-84T) about 0.1 in. thick were cut from the
molded sheets. These specimens were tested with constant rates of strain and
constant temperatures with an Instron universal testing machine by using a strain

gage extensometer (G-51-11).

Specimens were tested at 24, 48, 65 and 85°C and at strain rates of 0.00526,

0.0262, 0.131 and 0.526 min_l.

Results and Discussion

Preliminary studies on the SAN/glass beads composites were carried out by
using the Clash-Berg torsional stiff .ess tester. In Figure ! shear modulus after
10 sec., G(10), is plotted versus temperature for different concentrations of aluss
beads. The modulus-temperature curves exhibit the significant effects of the glass
beads on G(10) below and above the glass transition. Glass transition temperatures
determined by DTA were 99, 102.5, 105 and 106°C for 0, 7.6, 20 and 43% g'ass
beads respectively. Results on the behavior of the SAN/glass beads composites
above their glass transition will be published elsewhere.

Typical stress-strain curves for the unfilled SAN under a constant strain rate

and at different temperatures are shown in Figure 2. Young's modulus and the

stress at break are shown to decrease with increasing the temperature. In the present
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work yield stress is defined as fh\e first point at which the tangent of the force-
deformation curve becomes zero. With this definition the failure of the unfilled
polymer is brittle (Figure 2).

This can also be seen by visual examination of the broken surfaces. However
from the curvature of the stress=strain curves one can expect that the stresses at
break of the unfillad polymer are not too far from the corresponding yield stresses.

The stress=strain urves are markedly changed by adding a filler even at rather
low concentrations. In F igure 3 stress=strain curves foi 11.2% glass-beads composites
are shown. These curves show a definite yleld point at all temperatures. The vield
stress depends strongly on temperature but yield strain decreases only slightly with
increasing the temperature. This is in agreement with literature data on unfilied
epoxy=versamid systems [3]. Comparison of Figures 2 an< 3 shows that at a given
temperature, the composite yield stress is lower than the ultimate stress of the
uafilled polymer. In Figure 3 a sharp break in the stress-strain curves at around 0.35%
strain can be seen. This break has been found to be typical for all the composites
studied in the present work, however, no break point can be found in the curves
for the unfilled polymer (Figure 2). The stress at the point of discontinuity, Oy
is temperature dependent and decreases as the temperature inereases. The strajn
at the discontinuity, ery is Practicaily independent of temperature.

In Figure 4 are shown stress-strain curves for different concentrations of glass
beads at a constant temperature and strain rate. The yield stress is shown to decrease
significantly with increasing the bead concentration [8]. The yield strain is also

dependent on the bead concentration and decreases with increasing volume fraction,

in agreeme nt with Smith'g resy It [7] on elastomeric PVC composites. The stress

P—
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and strain at the disctoninuities are shown to be prac:fi;:ally independent of the

filler concentration, while the slope of the stress-strain curve above the discontinuity
is strongly dependent on the bead concentration. Young's modulus increases with
the filier concentration in agreement with Kerner's well known reinforcement
theory [9].

In Figure 5, % is plotted versus temperature for different concentrations
of glass beads. ° is shown to be practically independent of the filler concentra-
tion and to decrease with increasing the ternperature. Further analysis of additional
stress-strain curves (not given here} for the SAN/glass beads compasites has shown
that for all practical purposes °p is temperature dependent but independent of strain
rate and volume fraction of filler, while ‘s is independent of temperature, strain
rate and volume fraction of filler.

A detailed qualitative description of stress-strain curves for filled elastomers
was given by Smith [7]. His description of the shape of these curves also fits the
stress=strain curves that were obtained with glassy composites in the present work.
To further verify the generality of the discontinuity in the stress-strain curves, a
few more experiments were carried out. PPO/glass bead and polystyrene/glass
bead composites (20% beads) were tested at room temperature and similar dis-
continuities in the stress=strain curves were found for both materiels, therefore, the
break point is not a phenomenon typical only of SAN/ glass bead composites.

A few loading -unleading experiments, on the SAN composites, whers samples
were loaded to stresses well above the break point but below the yield point and
then released have shown almost total recovery of strain with only a smail hysteissis.

In other experiments involving loading-unloading-reloading it has been found that
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the break point shows up again at practically the same stress and strain values.
With these r.-esulfs it seems that no significant dewetting or other irreversible processes
occur at the break point. This conclusion led to a few annealing experiments and

" completely smooth room temperature stress=strain curves were obtained
for samples with 21.3% glass beads after 6 hrs. annealing at 95°C. The break
point is undoubtedly an exhibitions of the state of internal siresses in the c;mposife,
hcwever, a satisfactery physical explaination of the d’scontinuity phenomenon
is not known at present. Young's modulus is affected by annealing and for samples
of 21.3% beads the modulus is about 20% higher after annealing. Extremely careful
annealing procedures are necessary if experimental moduli of composites are com-
pared with predicted moduli obtained by different equations [9, 10, 12] since the
differences be‘ween the equatiors. are similar to the effect of annealing.

In Figure 6 a typical plot of yield stress versus strain rate at various temperatures
is shown for 42.7% glass beads. The straight lines are F;arallel and can be easily
shifted to produce a master curve, The shift parameter, ap is dependent on tem-
perature. Figure 6 shows that the yield' stress—str..in rate-temperature relations are
in agreement with Equation (1), verifying that the shift procedure for unfilled polymers
{2, 3, 5, 8] applies also for th2 composites studied in the present work.

A simple theoretical analysis for the yield strain of elastomeric compusites

is given by Smith [7] as follows:

€= ¢ (1-1.105¢% ) (2)
where ¢ is the volume fraction of filler, ¢ is the strain in the polynier and ¢ is the

strain imposed on the composite. Nielsen [13] suggests the following equation
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in the case of perfect adhesion between polymer and filler parﬁcles’
. ) 4
‘s (Filled)/ ‘g (unfilled) = 1 -¢73 (3)
and, the following equation for the yield stress in the case of no adhesion between

polymer and filler

aB(filled)/ g (unfilled) = (1 -qS%)S (4)
In these equations B stands for "Break” and § is a stress concentration function which
rmay have a maximum value of 1.0 when there is no concentration. Generally
S, according to Nielsen, is expected to have a value of the order of one-half.
Equation (4) has not been checked with experimental data to the best know ledge
of the authors probably due to the lack of experimental yield stresses as a function
of @ and since S cannot be evaluated theoretically.
A simple model for the dependence of yield stress on the volume fraction
of filler is presented in this work. This riodel for the yield stress is similar to the
model used by Smith [7] for his analysis of the yield strain. In the case of "no
adhesion"” between filler and polymer the particles cannot carry any of the load.
The load is carried only by the continuous phase, i.e. the polymer. A unit cube
filled with n3 uniformerly dispersed spherical particles is considered. Yielding
is assumed to occur in the minimum cross section of the continuous phase which
is perpendicular to the applied load, that is the cross seci;ion where the stress is
at its maximum.
The minimum cross section Ap is given by
Ap=1-wlo) )

and the volume fraction of spheres ¢ is equal to

E ___--__—-_—-__mﬂr*'
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Substitution of (n:')2 from Equation (6) in Equation (5) gives
\2
- 314 _
AP—]"‘II’(A—R"') ¢% * ]-].2]¢%

and the yield stress of the composite ‘v is equal to

- - 2
by = 5y € 1.216%)

where e is the yield stress of the unfilled polymer. In Equation (8) ‘e

(8)

=0 .

for zero concentration of filler and ®is equal to 0.75 for ayc= 0 which is the maximum

theoretical packing where direct contacts are made between the particles. In

practice the maximum packing that can be achieved by ncrmal mixing tech.iques is

about 0.64 while theoretically for hexagonal close ~packed systems the maxiriwm packing

is 0.74.

In Figure 7 yield siress is plotted versus strain rate for three different con-

centrations of glass beads. Each curve was obtained by shifting data along the strain

rate axis to the reference curve for 24°C. The upper curve in Figure 7 is obtained

2
by diviaing each experimental e value by (1 - 1.21¢8 ) according to Equation

(8) and shifting to the curve for 24°C. The upper curve is shown fo be practically

independent of the glass bead concentration, and can be represented by the following

equation:

g

- : = 102 + €.3/n(¢a,)
1-55(1-1,219535) e

(9)

o, is expressed in psi and €in min-l. The shifting factors a; were found to be

practically independent of the filler concentration and [na.l. values at 24,

48, 65

and 85°C are 0, -1.65, -3.46 and -6.13 respectively. Equation (9) describes all

the experimental data that were obtained in this work, recalculated ¢  values are
. ye
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in a good agreement with the experimental values. The upper curve in Figure 7 ;
and the right hand side of Equation (9) are both believed to describe the yield stress

of th unfilled SAN. Obviously, since the unfilled polymer fails before reaching its

yield stress, experimental values of ayp are not known. However the good agreement

between calculsted “» values from data of different concentrations shown in

Table 1, which summarizes typical calculated ayp values at 48°C for three rates

of strain, supports this assumption. Fortunately, a few literature data on PPO/glass

bead compasites are available [8]. Unfilled PPO yialds in tensile experiments

therefore its experimental yield stress is knov'r, and can be compared with predicted

o values calculated according to Equation (8). This comparison is shown in Table 2.

In this toble the experimental yield stress of unfilled PPO is 780 kg/cm2 which is |
in a good agreemernt with calculated oyp values from data for three different
concentrations of glass beads. The applicability of Equation (8) has also been confirmed
for data on polyester/glass bead composites [14].

In summary, in the case of no adhesion between filler and polymer, data on
yield stress as a function of strain rate can be shifted along the yield stress axis
to compensate for the filler effect and also along the strain rate axis to compensate

for the temperature effect. A single master curve, that can be expressed analytically,

describes the composite yield stress as a function of strain rate, temperature and
filler contant. The double shift procedure suggested in this work calls for addifional

confirmation with experimental data on other filler/polymer systerrs.
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