UNCLASSIFIED

AD NUMBER

ADB876334

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 70-118
MONSANTO/WASHINGTON UNIVERSITY @
ONR/ARPA ASSOCIATION

STUDIES OF STRESS-STRAIN BEHAVIOR OF SAN/GLASS BEAD
COMPOSITES ABOVE THE GLASS TRANSITION TEMPERATURE

BY

M. NARKIS
L. NICOLAIS

AD876334

This document is subject te speciol export controls and erich tronsmittel to foreign
. governments or foreign notionols moy be mode only with prior approval of the Director
of Materiel Sciences, Office of Novol Research. W > @ D—C 7 ‘ >
: 5 ; y
L,
€.
[ =Y

PROGRAM MANAGER
ROLF BUCHDAHL

25




BEST
AVAILABLE COPY

p



AD. 798

FOCCSSIO e
WHATE SCCTION

0B
UNARKCUNCED
JUSTIFICATION

ser resganes sovaemnapRarEReseTARS rssacsnaceraerenets

When Government

incus no resn ﬁ;y’““”“msm., toly related Govern-
WWMQWMMHR'W
S o i, s B o e
By iypleation or otherwise as i & SO0 Ghls 4 T B¢ R ns
ofher porson or as in aity ménner Rooneh to ba regerded
related thereto, wmmmérmh
any way be

I L
— = e

| S_—1 Sasnd VR

[ e | Py e

- |




§-amemn o

ke gl e o b s e i i o L e e —

; B e e

HPC 70-118

STUDIES OF STRESS-STRAIN BEHAVIOR OF SAN/GLASS BEAD
COMPOSITES ABOVE THE GLASS TRANSITION TEMPERATURE

BY

M. NARKIS
L. NicoLAls

SEPTEMBER 1970

MONSANTO/WASHINGTON UNIVERSITY ASSOCIATION
HIGH PERFORMANCE COMPOSITES PROGRAM

SPONSORED BY ONR AND ARPA

CONTRACT NO. NOOO1lu4-67-C-0218. ARPA ORDER 876
ROLF BUCHDAHL. PROGRAM MANAGER

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




rom—  —

) e
e d

-

FOREWORD

The research reported herein was conducted by the
staff of Monsanto/Washington University Association under
the sponsorshio of the Advanced Researcin Projects Agency,
Department of Defense, through a contract with the Office
of Naval Research, N00014-67-C-0218 (formerly N00014-66-C-0045),
ARPA Order No. £76, ONR contract authority NR 356-484/4-13-66,
entitled "Develbpment of High Performance Cowmposites."”
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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B ABSTRACT
L Relaxation and stress-strain behavior of SAN/glass bead

composites is studied above the glass transition temperature.
£ The strain imposed on the polymeric matrix of the composite

| is defined as ey = e/ (1 - ¢96). Stress relaxation data for
the filled polymer which is independent of strain can be

8 calculated by multiplying the relaxation modulus (at a certain
% 7 strain) by (1 + ep). Stress-strain curves at constant strain
rate and for different concentrations of the filler can be
shifted to form a master curve independent of filler content

E if the tensile stress is plotted versus ep. The relaxation

g modulus increases with increasing the filler concentration and

can be predicted by a modified Kerner equation at 110°cC.
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STUDIES OF STRESS-STRAIN BEHAVIOR OF SAN/GLASS BEAD

COMPOSITES ABOVE THE GLASS TRANSITION TEMPERATURE

M. Narkis and L. Nicolais
Materials Research Laboratory

Washington University
St. Louis, Missouri 63130

Introduction

"In a recent publication (1] the behavior of SAN(styrene-
acrylonitrile copolymer)/glass bead composites in the glassy
region was described. The behavior of similar composites in
the region above the glass transition temperature is discussed
here. The quantitative analysis of stress-strain daata for even
unfilled polymers at high extensions is not straightforward.
Obviously, it is much more complicated to analyze similar data
for filled polymers. Smith [2] suggested a simple equation
for calculation of strain in the continuous polymeric
matrix as a function of the composite strain and the filler
content. Essentially the same equation is used in this work
and the significance of the strain in the polymer is shown by
using 2 sami-empirical quantitative analysis.

Comﬁosites of a thermoplastic matrix and particulace fillers
have been studied by several researchers above the glass
transition temperature. Landel [3] studied the dynamic mechanical
properties of PIB/glass bead composites. In his work, the

temperature shift factors for the composites were nearly identical

to those for the unfilled polymer. The Guth-Smallwood equation (4,5]

was found appropriate for the prediction of the stiffness in

the long-time region. The dewetting time in stress relaxation



experiments for vlasticized PVC/CaCO3 composites has been shown
to depend on the filler concentration, decreasing as the filler
content is increased [6]. The effect of filler concentration

on tensile properties of highly filled, cross-linked polyurethane
rubber was also studied [7]). In this work the mechanical
behavior at low extensions can be represented by a generalized
Maxwell model and the modulus increase with increasing the

filler content is satisfactorily described by an empirical

modification of the Eilers equation [8].

Experimental

Preparation techniques for SAN(LUSTRAN A, Monsanto Co.)/glass
bead composites were described in a previous paper [l1]. Test
specimens were 6 inch long strips, 1/2 inch wide and 0.1 inches

thick. A gage of 2" was used in all tests.

Results and Discussion

It has been shown that the relaxation mndulus of an unfilled
polysulfone is time and strain dependent [9]. !lowever, if
strain is defined as ln(l/lo) and a correction is made for the
decrease of ¢ oss-sectional area, then the relaxation modulus
is only time dependent at any given temperature. Other
definitions must be used for filled polymers.

Smith [2] has shown by a simple theoretical analysis that

e = €y (L - 1.1056%%) (1)

where ¢ is the volume fraction of filler, cp is the strain in

the polymer and e, is the strain imposed on the composite. The

g S —




data obtained in the present work were analyzed by using the
equation e = €p (1 - K¢43) and the best fit was obtained for
K equal to unity, thus the definition of strain in the polymer
in the present work is as follows:

€

c .
€, = (2)
P ] = ¢1/3

The relaxation modulus for filled polymers depends on time
and strain at a constant temperature. Analysis of experimental
data shows that the ratio of two relaxation moduli (for a
certain composite) at a common time but at different strains is
Practically independent of time within the-range of strain and time
that were studied. Therefore, stress relaxation curves for a filled

polymer at different strains €. can be shifted along the

modulus axis to a reference curve at a reference strain. This

procedure has been used in the past for unfilled polymers {[10].
Further analysis of the experimental data has shown that

the above mentioned modular ratio is a function of the strains

imposed on the polymer. This function cun be described as follows

(3)

The term (1 + sp) apparently accounts for the reduction in
cross-sectional area of the polymer that is "isolated" from

the composite.
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In Table 1 calculated ep values, according to Equation (2),
and (1 + ep) values, to be used in Equation (3), are shown
for two filler concentraticns and for several levels of
composite strain.

In Table 2 relaxation data for ¢ = 0.213 and for three
different strains are shown. The modular ratios are practically
independent of time. The average experimental ratios are in
good agreement with the predicted ratios as calculated with
Equation (3). A similar conclusion can be drawn from Table 3
which summarizes experimental and calculated results for
¢ = 0.427.

In light of this conclusion the relaxation modulus of
the composite Ec(t) independent of strain is defined as follows
Et) =(1+—<_ )& (t)=(1+e)E (t) (4)

c 1 - ¢1p ce pJ] “ce .

In Table 4 the stress relaxation modulus, independent of strain,
is tabulated for experimental data at three different strains.
For linearly viscoelastic bodies, stress-strain curves at a
constant strain rate can be calculated from relaxation data

[9,11] by using the following equation [12,13]:

: int
£(t) = ¢ [ tE(t)asnt (5)

- 00



Equation (5) was found appropriate for unfilled polysulfone and
polycarbonate above their glass transition temperature if proper
definitions of strain and strain rate are used [9]. 1In the
present case, the relaxation data given in Table 4 is believed

to be strain independent and one can try to use it for calculation
of stress-strain curves. 1In order to extend the relaxation data
given in Table 4 to the region cf shorter times, which is necessary
for the integration of Equation (5), stress relaxation data at
118°C were shifted to the reference curve at 127°C. The strain
independent stress relaxation moduli in the time range from

0.025 to 1 min.is given in Table 5. By using the data given in
Tables 4 and 5, the integral in Equation (5) can be evaluated.
Calculated stress-strain curves at two strain rates are shown in
Figure 1 along witﬁ.the experimental curves. The calculated

and experimental curves have similar shapes, however the agreement
is not entirely satisfactory. Undoubtedly, additional comparison
of calculated stress-strain curves according to Equation (5) with
experimental curves is required for filled polymers.

In Figure 2 stress-strain curves for different concentrations
of glass beads at a constant strain rate are shown. At a given
strain, €.+ the stress increases with increasing filler concentration.
This is typical for filled polymners above their glass transition
temperature. In Figure 3 the data of Figure 2 are replotted as
the stress versus strain in the polymer. Analysis of these curves
shows that the ratio of two stresses for different glass bead

concentrations, but at a common ep, is independent of ep. According
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to this result the curves can be shifted along the stress axis -
to prcduce h master curve. In Figure 3 the stress-strain curves
are also shifted to the curve for the unfilled SAN and are in a
gcod agreement with the experimental points for the unfilled
polymer. The shift factors a, are 1.0, 1.3, 1.95 and 4.5 for 0.0,
0.213, 0.427 and 0.536 volume fraction of glass beads respectively.
Attemp’s to predirt the values of a, have been unsuccessful sd far.
The effect of glass bead concentrution on the relaxation
modulus was studied at 110°C, which is close to the transition
temperature of the filled polymer . 1In Figure 4 the relaxation

modulus at 110°C is pPlotted versus time for different concentrations

- of glass beads. The modulus at a certain time increases with

increasing the filler content as predicted by Kerner [14]. A
good agreement Letween the experimental and calculated relative
moduli was obtained by a modified Kerner equation which was
recently suggested by Lewis and Nielsen [15]. The modified
Kerner equation was confirmed for the relative storage modulus
in shear of epoxy/glass bead composites by these authors.
Assuming that EC/Ep = Gc/Gp' the modified Kerner equation

can be written as follows

% - 2408 (6)

where 7 - 5y e/ - i
A= o1 = 1.5 B = =1
P P




b

v =

1+(1-¢m)] (7
—— ¢ )

or

Vv = 1 - exP(rfr:%7$-) (8)
m

The function Yy is the modification of Lewis and Nielsen which
accounts for tﬁe maximum packing fraction ¢m' Poisson's ratio
for the polymer Vp above its glass transition is equal to 0.5,
The ratio of the modulus of glasé beads Gg to the modulus of the
rubbery polymer Gp is very large compared to unity, thus B=2l.
¢m is equal to 0.64. . .
Equation (8) was used for the epoxy/glass bead composites
while for ghe SAN/glass bead composites Equation (7) is founa to:
be moré satisfactory. Tn Ficure 4 calculated Ep(t).Values from
data on filled SAN is shown tc be in a good agreement with the
ékperimantal relaxation modulus for the unfilled polymer. At

127°C the modular ratio is found to be time dependent which cannot

: bé predicted by any of the theoretical reinforcement equationé.
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Table 1: Calculated ¢_ values for two filler concentrations and
different composite strains, €oe

ﬁ = 0.213 C o= 0.427
1 - ¢'F = 0.403 1 - = 0.247
€ €. l+c¢ € \ 1l +¢

b p i, e il
0.05 s " 0.202 1.202
0.10 0.248 °  1.248 0.404 1.404
0.20 0.496 1.496 0.808 1.808
0.30 0.744 1.744 - .

Table 2: The effect of strain on relaxation modulus, E (t) at 127°C.
Modulue units are (dynes/cm2)10~°%. ¢ = 0. 213.

Min. Eq j(t) Eg ,(t) Ey 3(t) Ej j(t) By () E, ,(t)
By (&) By T8 TE; STE)

1 7.10  6.05 5.75 1.17 1.23 1.05

2 5.50  4.65 4.15 1.18 1.32 1.12

3 4.60  3.90 3.30 1.18 1.40 1.18

5 3.65  3.10 2.65 1.18 1.37 1.17

10 2.55  2.15 1.80 1.19 1.41 1.19
20 1.60  1.40 1.15 1.14 1.39 1.22
40 1.07  0.90 0.77 1.19 ©  1.39 1.17
Average 1.18 1.36 1.16

Predicted (Egq. 3) 1.20 1.40 1.17
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Table 3: The effect of strain on relaxation modulus E (t) at 127°cC.
Modulus units are (dynes/cm2) x 10 6. ¢ = 0, 427
Min. Eg gs(t! Ep y(t) Eg ,(¢) o 0s(t) Bp o5(t) Ej ,(t)
' Eg.a (8] Ep oT&) Ej 1€)
1 17.9 15.6 11.0 1.15 1.62 1.42
2 11.7 10.0 7.50 1.17 1.55 1.33
3 '9.60 8.06 5.95 1.19 1.62 1.36
5 7.20 6.03 4.55 1.19 1.58 1.32
10 4.40 3.74 2.83 1.17 1.55 1.32
20 2.60 2.24 1.76 1.16 1.48 1.28
40 1.45 1.2% 1.00 1.13 1.45 1.28
Predicted (2.3 147 1ai 133
Table 4: Strain independent modulus calculated from relaxation data
at different 5trains_gt 127°C. ¢ = 0.217. Modulus units=
are (dynes/cm<4) x 10
Eii. 1.248 x EO.l(t, 1.496E0.2(t) l.744EO.3(t)
1 8.85 9.05 10.9
2 6.85 6.95 7.2
3 5.75 5.85 5.75
5 4.55 4.65 4.62
10 3.18 3.21 3.14
20 2.00 2.10 2.00
40 1.33 1.35 1.34
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Table 5: Ec(t) as a function of time at 127°C. ¢ = 0.213.
Units are (dynes/cm?) x 10~°

Min. I 0.025 0.05 0.1 0.15 0.25 0.5 0.75 1

Ec(t) ,22.4 18.8 15.8 14.2 12.5 10.3 9.13 8.85
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