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1.0 TINTRODUCTION AND SUMMARY

1.1 Purpose

The purpose of this study is to measure stress relaxation charac—
teristics and other mechanical properties of two silicone resin sponge
materials over a broad range of cold temperatures well below those an-

ticipated during a space shuttle orbiter mission.

1.2 Scope and Objectives

The overall scope of the activity for this project was to furnish
personnel, facilities, services, equipment and materials necessary to
evaluate fhe stress relaxation and mechanical properties of two, govern-
ment-furnished silicone resin sponge materials. Specific objectives
included:

< Conduct shear stress relaxation tests at four (4) strain levels

and nine (9) temperatures for each material.

» Determine failure properties at nine (9) temperatures and

one (1) strain rate not to exceed 0.005 s !.

* Evaluate initial tangent modulus, ultimate secant modulus,

ultimate strength and strain at failure.

* Determine glass transition temperature, Tg and coefficient of

linear thermal expansion, @, for each material.

° Publish a final report of test results.

s Return tested samples to NASA-Langley upon completion of the'

work,



1.3 Background ) °

L)

The materials evaluated in this program represent candidates proposed

for use as a strain-~isolating layer by which the reusable surféce insula-
tion (RSI) for the space shuttle orbiter is attached to the shuttle pri-
mary structure. The brittle RSI is the baseline thermal protection system
 for the spacecraft and was develbped to withstand severe thermal gradient
of the order of 1400 K including temperatures in the cryogenic range,

Two silicone resins which have been processed into low~density sponges
are under consideration for use as the strain-isolating bond material. At
cryogenic temperatures the materials undergo a transition and become rela-
tively stiff. Since the bondline temperature may remain in the cryogenic
range during reentry when the orbiter is being heated, the possibility
exists that the strain isolation pad may not perform its required function.
To overcome this problem it may become necessary to ﬁlace a sheet of high
.modulus material between the silicone sponge layer and the RSI to further
minimize excessive induced strain. The addition of this strain arresting
plate would increase the weight of the thermal protectidn system and
hence add an additional weight penalty to the entire orbiter and its
mission.

Recent work (ref. 1)} involving the characterization of the mechanical
behavior of silicone elastomers has shown that strain at failure may in-
crease at certain low temperatures. It was also suggested that stiffness
values might dectease as the temperature became colder. These behavioral

characteristics are contrary to those normally expected in which strain

capabilities decrease and modull increase to relatively constant glassy



values. However, if these behavior characteristics can be substantiated
it may be possible to eliminate the strain arresting plate and.its attend-
ant welght. The tests and results discussed in this report were designed
to provide a resolution cf this questiou.

Supportive tests to establish the linear coefficient of thermal
expansion, o, and glass transition temperature, Tg’ were also conducted

on each material to assist in the analysis of experimental results.



2.0 TECHNICAL PROGRAM

2.1 General

I
Stress relaxation tests were conducted by loading specimens in

double-lap shear to a preselected strain level and monitoring the decay
of stress with time. Before performing the test, the specimen tempera-
ture was allowed to stabilize. Time to achieve thermal equilibrium was
determined by monitoring the output of a thermocouple embedded within a
control specimen in the environmental chamber. The selected strain level
was applied at a strain rate of 0.002 s ! and was maintained for at least
one hour while the specimen stress level was recorded. The specimen was
then loaded to failure at 0.002 s !, TInitial tangent modulus, secant
modulus at failure (i.e., at maximum stress), ultimate stress and corre-
sponding strain were determined for each test.

A total of 72 tests on each material were performed as described
above; generally, two replicate tests for each condition. Each material
was subjected to at least 36 test conditions including the temperatures
and strain levels listed below:

Strain levels (4): 1, 3, 5 and 10 percent
Teﬁperatures (9): 100, 125, 150, 175, 200, 225, 250,

275 and 300 K.

2.2 Materials

The two foams studied in this work were silicone based formulations
which the manufacturers considered to be proprietary. The General Electric

material, PD-200-16, is an open-cell RTV-560 with no other additives but



filler and blowing agent. The major constituent is poly(methylphenyl-
siloxane}. The Raybestos Manhattan material, RL-1973, is a closed-cell
foam and was also indicated to be a poly(methylphenylsiloxane)'with vinyl
groués crosslinked with an organic peroxide crossiinking agent. The GE
material also contained crosslinking sites and a crosslinking agent which
were not specified. Thus, it waé impossible to distinguish between these
two materials from the chemical descriptions made available (ref. 2).

The above information was obtained by telephone conversations with repre-

sentatives of both GE and Raybestos.

2.3 Experimental Program

2.3.1 Sample Preparation

The double-lap shear specimen consists of identical pieces of the
silicone sponge material (12.7 x 25.4 x 127.0 mm) sandwiched between
three aluminum platens (4.8 x 25.4 x 177.8 mm) as shown in Figure 1.

The PD-200-16 and RL—1973 samples were bonded iﬁ blocks of seven or eight
as needed in order to preclude the possibility of a bonding irregularity
‘permeating the entire sample group. Before bonding, the aluminum bars
were roughened by sandblasting and degreased with acetone. The bars were
coated with SS5«400 Primer and allowed to dry for one hour or longer. The
RTV-560 adhesive was prepared in accordance with General Eiectric specifi-
cations (ref. 3) using dibutyl tin dilurate as a catalyst.

The aluminum bars were separated with glass slides on a clean paper

sheet, and coated with a thin layer of the prepared RTV compound. Ini-

tially, dry sheets of the silicone resin foam were attached to this wet
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layer and set aside to dry. It was found that the PD-200-16 material
bonded well in this manner.because of its great porosity. In contrast,
the RL-1973 méterial frequently failed to become thoroughly wetted and,
consequently, formed poor bonds., It became necessary.to add RTV 560 to
both the RL-1973 sponge and the aluminum platen to achieve a secure bond.
After the bars and materiallwere properly positioned and aligned,
they were taped to the table to avoid slippage during curing of the adhe-

sive. 1In accordance with General Electric specifications for the RTIV

- bonding material, the samples were allowed tb set for 48 hours at room
temperature. They were then taken to an enﬁironmental chamber and kept
at a constant temperature of 333 K and 257 R.H. for at least 72 hours

to ensure complete curing of the hond. The blocks of sample were removed
from the envirommental chamber and the protruding RTV and silicone foam
trimmed from the sides of each sample with razor blades. After the sam-—
ples had cooled to room temperature, those that were to be tested at
temperatures less than 275 K were individually wrapped in dessicated
plastic bags to avoid moisture and placed in a freezer at 258 K. Samples

used for the warmer temperatures were kept at 296 K and 55% R.H.

2.3.2 Apparatus

The primary piece of equipment used to perform the relaxation and
failure tests was the Instron Universal Testing Machine. Forces en-
countered ranged 'from less than 4.0 N at the warmer test temperatures
to more than 20 x 10° N at the colder temperatures. At the warmer

temperatures, two load cells with maximum ranges 0 to 900 N and 0 to



450 N reépectively were used, while at the temperatures below the
glassy transition, a 9 MN maximum load cell with a O toe 225 N full
scale maximum sensitivity was used. All loads were recorded on the
254 mm wide motor driven chart of the Instron console.

Linear variable differential transformers (LVDT's) were the primary
instruments used to'meaSure sample deformation. The LVDT's employed had
a 5 mm total travel with a sensitivity of 1.27 x 10 3 mm per microvolt
(uv). The LVDT's were calibrated such that 0.127 mm of deformation
(1% strain) produced 1000 uv of output. The output of the LVDT's was
fed into a signal conditioner and was converted to a digital readoﬁt
and printed on paper tape. When low temperature conditions caused the
LVDI's to malfunction, displacement dials (with total travel of 5 mm)
were substituted in their place. The deformations readings were then
taken manually.,

Thermocouples. All temperatures were determined and monitored by

the use of copper-constantan thermocouples. The range of measurable
temperatures with this type of thermocouple far exceed the 100 K to
300 K range of this testing program. By coupling the thermocouples
into the same signal conditioner mentioned above, it was possible to
measure a change in teﬁperature of 0.5 K. Inherent asymmetries in
the thermocouple wire allowed an absclute calibration only as close
as *3 K.

Cold Chamber. To provide a stable thermal environment necessary

to test the properties of the silicone sponge material, a low tempera-~
ture cryostat was constructed (see Figure 2). The side walls of the

chamber were constructed of polystyrene foam and phenolic plates formed
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the base and cover. The inner chamber was constructed using thin sheets
of copper shiﬁstock which served three purposes: (1) to add high thermal
conductivity in the vertical direction, (2) to avold the formation of
thermal layers within the chamber and (3) to form a reservoir surrounding
the sample for the addition of liquid nitrogen into the chamber. In
order to precondition-the chamber, nitrogen gas, which had been pre-
cooled in a liquid nitrogen bath, was introduced into the inner chamber
surrounding the sample. The vapor pressure of this cool, dry gas pre-
" vented moisture from entering the apparatus and contaminating the
specimen. The gas flow rate was kept low enough so as not to disturb
the sample, but yet adequate to maintain a continuous circulation. To
bring the chamber down to the desired test temperatures, liquid nitrogen
was added as needed through a fill tube through the phenolic cover plate.
To provide greater stability to the cooling process, a 4 m length of
TYGON tubing, through which the liquid nitrogen was fed,was attached to
the fill tube and fitted into a coil within the annular space between
the chamber wall and the shimstock. Since both open ends of the tube
extended outside the chamber, the liquid nitrogen did not come in con-
tact with either the copper or the sample. The low thermal conductivity
of the TYGON tubing provided a slow, stable temperature control within
the cryostat.

Special walk-in environmental chambers located in the laboratory
building were ﬁé;d to perform tests at temperatures of 250 K, 275 K and
300 K. These rooms were large enough to hold the entire test setup and

thelr controlled temperature and humidity made the use of the cryostat

described above unnecessary.

1o



2.3.3 Test Methods

Before testing, all lcad cells, LVDT's and thermocouples were
calibrated. Liquid nitrogen was poured into the thermal chamber to

prepare it for the sample. An aluminum brace was affixed te the top of
the sample while in the freezer in its ﬁlastic bag. After a wait of
20 to 20 minutes to allow the chamber to cool, the sample was removed
from the freezer and transported to the testing apparatus. It was
quickly removed from its plastic cover and set into the chamber. Three
thermocouples were then inserted into the chamber, two in the space
around the sample and one in a dummy sample of the material té'be tested.
The chamber lid was quickly set in place and the flow of nitrogen gas
was initiated. The Instron crosshead was lowered until the load cell
push-rod was just touching the center platen of the sample. The apparafus
so assembled was allowed to sit for one to two hours to reach the testing
temperature and stabilize, Ligquid nitrogen was then added to the chamber
reservoir as needed to lower the temperatgre. After approximately 40
minutes, the three thermocouples showed a stable test environment, but
at least 20 minutes additional soak time was allowed for each sampie.
At the end of this waiting period, the LVDT's or displacement dials were
attached and zerced and the crosshead was brought down slightly to cause
a slight preloéd on the sample (no more than one or two percent of the
testing load).

To start the test, the crosshead was set in downward motion at a
rate of 0.02 mm);‘and halted when the desired strain level as indicated
by the LVDT's was reached. Deformation, temperature and time were printed
out at two minute Intervals during the test while loads on the sample were

recorded continuously. One of the two thermocouples hanging free in the

1



chamber was chosen as the reference. The use of the thermocouple in the
dummy specimen was discontinued early in the program because it responded
too slowly to'temperature transients to permit adequate control to be
maintained. Liquid nitrogen was added to the reservoir and/or the gas
flow to the inner chamber adjusted as necessary to maintain a constant
temperature within the chamber throughout the test.

At the end of 60 minutes of test time, the load scale on the Instron
was changed and once again the crosshead was set in downward motion at a
‘rate of 0.02 mm/s until the sample failed. Simulated Instron readouts
showing typical traces of the relaxation and constant strain rate-to-failure

tests are shown in Figures 3 and 4, respectively.

2.3.4 Data Reduction Procedures

The calculations of shear stress, T, shear strain, Yy, and shear
relaxation modulus, Grel(t)’ for the test specimen shown in Figure 1

were based on the following relationships:

- B
T =% (L
_A
Y5 (2)
where:
P = applied force, N
A = ghear area = W x L

1/2 (25.4 mm x 127.0 mm)
1.6 x 10° mm?
A = sample deformation, mm
. h = thickness of silicone resin
sponge material,
= 12.7 mm

= Ut
Grel(t) Y
¢

- In addition to the shear relaxation modulus, Grel(t)’ mechanical
behavior parameters evaluated for each test included (1) initial tangent

12
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modulus, Gi; (2) stress at failure, T (3) strain at failure, Yo and
(4) secant mo&ulus at failure, Gs' The location of these parameters on
a typical test curve is shown in Figure 5.

A computer program was generated to calculate these parameters. The
format is given in Appendix A and tabulated values are shown in Appendix
B. This program also used the Compudyne plotter which generated the
stress—-strain curves for each test also given in Appendix B. At least
15 points were used to generate each of these curves.

The initial tangent modulus reported herein is the average slope
exhibited by the stress-strain curve prior to relaxation (as indicated
by the vertical off-set in Figure 5). This was used to minimize any
inconsistencies which would have been introduced by employing the slope
of the stress-strain curve through the origin because of the frequent
existence of a toe or positive curvature in the initial portion of the
traces.

As shown in Figure 5, failure for the calculation of T Ym and Gs
was assumed to occur at the point of maximum load. The rupture point
was not used because there was no way of determining how or exactly when
the sample first began to tear while it was In the test chamber. To cal-
culate the secant modulus, GS, the final loading trace (i.e., after
relaxation) was extrapolated to the strain axis with a curve drawn parallel
to the original trace as shown in Figure 5. The maximum stresses and
strains were tﬁéﬁ measured from that peint. This procedure would not
be expected to effect the failure properties since the strain levels at

failure were usually large compared to those imposed during relaxation.

15
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In keeping with kinetic theory for rubbers (ref. 4) the stress and
stiffness values are presented in their temperature reduced form, e.g.
Grel(To/f), where T0 and T afe the absolute values of the reference and
test temperatures, respectively. This correction becomes more signifi-

cant the greater the difference between 'I‘o and T. The reference temp-

erature, To’ used for this correction was 300 K.

17



3.0 DISCUSSION OF RESULTS

For discussion purposes the test data for each of the two materials,
FD-200-16 and RL-1973, were divided into four convenient categories:
(1) tangent and secant moduli, (2) relaxation moduli, (3) thermal

properties and (4) failure properties.

3.1 Tangent and Secant Moduli

The values measured for the tangent modulus, Gi’ and the secant
modulus, Gs’ are shown in Tables I and II for the PD-200-16 and RL-1973
materials, respectively. The values shown at each temperature represent
the arithmetic average of the three to eight tests run at that tempera-
ture. As stated earlier, the initial tangent modulus represents the
average slope exhibited by a given stress-strain curve prior to the
relaxation test.

The data points plotted in the graphs of Figures 6 and 7 represent
the individual test values of the tangent moduli. The tangent modulus
values shown in Tables I and II, which as stated above, are averages of
the measured values, served as guides for drawing the broken liﬁes shown
on the graphs. Both the tables and the figures illustrate a phenomenon
that was demonstrated by nearly all the data for both materials. As the
‘samples were cooled below rbom temperature they tended to remain quite
more compliant (indeed PD-200-16 became more compliant). The modulus of
the PD-200-16 6a;eria1 decreased somewhat below the room temperature

values as the temperature decreased to about 175 K. With further decrease

in temperature the modulus rapldly increased about two orders of magnitude.

18
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TABLE I. Tangent and Secant Shear Moduli for PD-200-16 Foam.
These Moduli Represent the Averages for All Tests Run at the
' Specified Temperature.

Test Tangent ' Secant
Temperature Modulus Modulus
( X) G, c
i, 8y
(N/m™) (¥/m")
300 110,000 209,000
275 74,000 120,000
250 89,000 203,000
225 88,000 138,000
200% 141,000 175,000
175 74,000 242,000
163% 54,000 1, 840,000
150 1,520,000 3,630,000
138%* 3,000,000 10,600,000
125 7,350,000 12,900,000
100% 2,860,000 11,500,000

*The average of three tests only.

21



TABLE II. Tangent and Secant Shear Moduli for RL-1973 Foam.
These Moduli Represent the Averages for All Tests Run at the
Specified Temperature.

Test Tangent : Secant
Temperature Modulus : Modulus
( K) Giz GS2
(N/m™) (N/m™)
300 141,000 - 209,000
275% 137,000 111,000
250 192,000 227,000
225 280,000 . 150,000
200% 256,000 418,000
188 570,000 918,000
175 1,300,000 1,910,000
163%* 2,460,000 1,310,000
150 4,240,000 11,300,000
125 6,640,000 18,200,000
100 15,000, 600 18,200,000

*The average of three tests only.

22



At temperatures lower than 125, the stiffness of PD-200-16 decreased
with further decrease in temperature as shown in Figure 6 by the curve
representing the best fit of the data. The modulus of RL-1973, in
contrast changed only slightly at temperatufes as low as 250 K. But
below 250 K the stiffness increased gradually with decreasing temperature

until it reached values as high as PD-200-16.

3.2 Relaxation Moduli

Shear relaxation modulus is plotten versus time in Figures 8 through
11 for PD-200-16 and in Figures 12 through 15 for RL-1973. Each figure
represents one imposed strailn level so that four graphs are shown for
each material, one for 1, 3, 5 and 10% strain. Data for at least nine
temperatures ranging from 100 to 300 K are shown in each figure. 1In
most instances two Intermediate temperatures in the neighborhood of the
transition temperature are also included.

As can be seen, both materials are very compliant in shear. Here
as‘in all test the PD-200-16 could be characterized as having aboqt half
the stiffness of the RL-1973 at most temperatures. Both materials show
only slight relaxation through the 60 min. test duration at both the
cold and warm extremes. Only at the intermediate temperatures is there
an indication of a greater slope to the log-log relaxation curve. These
intermediate temperatures, interestingly enough, are near the transition
temperatures identified by thermal expansion tests as described in Section
3.3 below.

No correlation between the strain level of the relaxation tes£ and

the measured relaxation modulus was observed.
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The trends of the shear relaxation moduli with temperature appear
to correlate exactly with those indicated by the initial tangent modulil
as discussed in Section 3.1 above. Initial tangent and relaxation modu-
lus data for the PD-200-16 exhibit the same decreasing stiffness with
decreasing temperature to well below 200 K. Similarly the RL-1973 shows
only a slight tendency to stiffen as temperature decreases to about
_225 K. |

Further, three out of four strain levels give an Indication that
the PD-200-16 stiffness might be decreasing at the lowest temperature
(100 K)Y. However, the great scatter inherent in the data continues to
cloud this conclusion. It might be noted that two of the four figures

indicate the same phenomena for the RL-1973.

3.3 Measurement of Glassy Transition Tempergture

To measure the linear coefficients of thermal expansion, o, and the
glassy transition temperature, Tg, a dilatometer quite similar to that
described in ASTM D 696-44 was constructed. (See Figure 16.) The appa-
ratus is very nearly identical to that described in the JANNAF Solid
Propellant Mechanical Behavior Manual (ref. 5).

The device consists of a large styrofoam solid with an oversized
cavity into which a 6 x 10 * m® stainless steel beaker is placed. The

space surroundiﬁé the beaker serves as a liquid nitrogen bath which is
i

used to cool the beaker and its contents. The beaker contains a massive
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Figure 16. Schematic drawing of dilatometer.
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aluminum block heavily insulated from the beaker, thus isolating the
block from rapid or erratic temperature fluctuations caused by the
nitrogen. To prevent nitrogen vapor from spilling over the top of the
beaker and disturbing the even temperature distributions in the core,
a cover plate, sealed with a Quad-ring, was used. Three holes were
drilled through the 1id, through the insulation and well into the alumi-
num core. Quartz tubes containing the test samples were inserted into
these cavities. A Neoprene foam sheet was laid on top of the beaker
cover with undersized holes for the quartz tubes to form a seal against
the amblent air. A center hole provided the cavity for the thgrmocouples
required to control and meonitor the temperature.

Specimens of the material to be tested were machined to 13 mm x 13 mm
x 51 mm long and placed in the bottom of the quartz tubes. Then small,
light quartz rods with flat bakelite feet were inserted in the tubes
over the specimen as indicated in Figﬁre 16. The vertical movement of
these rods, reflecting the expansion and contraction of the specimen,
ﬁere measured with small linear variable differential transformers mounted
at the top of the tube.

Once the apparatus was assembled and readied, a test cycle was
performed to determine whether or mot the cooling and heating rates
would be satisfactory (<1 ¥/min). Turther, one of the quartz rods was
positioned against the bottom of a quartz tube without a sample in
place. The reéﬁiting output gave a system error characteristic of the

device for which a correction could subsequently be made when reducing

data.
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A plot of temperatures versus time for this trial run is shown in
Figure 17. The device inherently cools at a faster rate than it warms,
but in both instances the rates were well below 1 K/min. The lowest
temperature recorded during the trial run wés 160 K while the test plans
were to go as low as 123 K. Therefore, the cooling portion of the cycle
was continued for a longer duration to extend the lower excursion.

The conduct of the actual tests were performed with two specimens,
one of each material. Two such tests were conducted. The outputs of
both the thermocouples and LVDT's were sensed and recorded on paper tape
at 900 second intervals.

Figures 18 and 19 indicate the results of the tests for the RL-1973,
and Figures 20 and 21 for the PD-200-16 silicone resin sponges. The
thermal strains, defined as the change in length divided by the original
length, are plotted versus temperature. The data were collected both
during the cooling and warming portion of tests so hysteresis accounts
for a significant portion of the apparent scatter.

Two straight lines were drawn through the data points for each
méterial and their slopes were calculated to give the linear (as opposed
to volumetric) coefficients of the;mal expansions. It is evident that
the straight lines fit the test data for the PD-200-16 sponge better
than for the RL-1973. The intersection of the two lines on each graph
indicates the vaiue of the glassy transition temperature, These results

are summarized in Table ITI.

35



Temperature, K

280

260

240

220

200

180

160

Added Liquid Nitrogen

| 1 1 1 ]

200 400 600 800 1000
Elapsed Time , min.

Figure 17. Curve showing the temperature measured in the
dilatometer during a trial test cycle.
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TABLE III. Measured Thermal Properties of the Silicone
Resin Sponge (SRS} Materials

PN-200-16 RL-1973
Glassy Transition Temperature, Tg (K) 154 ‘ 174
Average Linear Coefficient of Thermal - -
Expansion above Tg (mm/mm/K) 28 x 10 33 x 10
Averapge Linear Coefficient of Thermal _ -
Expansion below Tg (rm /mm/ K) 6.1 x 10 ° 4.8 x 10

The experimentally determined glass transition temperatures given
above are consistent with those for silicone rubbers as found in the
literature (ref. 1). On the other hand, the results reflected in
Figures 6 and 7 would indicate a significant amount of stiffening at
temperatures well below these glassy temperatures. This characteristic,
often observed for silicones, is not consistent with that experienced
with other organic polymers which typically exhibit a maximum stiffness
at the Tg' The reasons for this behavior have not yet been established.

One possible explanation for this behavior is that the temperature
related property changes may lag, in time, the actual temperature
change in the sample. Such delays have been observed by measuring'
volumetric changes in a material while undergoing temperature excur—
sions. In carefully controlled tests significant volumetric shrinkage
will continue well after a steady-state lower temperature has been
reached. If such phenomena are also characteristic of stiffnesses and
other properties (e.g. Poisson's ratio) then a read§ explanation is
available for the observations described above.

This hypothgsis can be verified by conducting an additional series

of selective stress.relaxation tests utilizing a number of different
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conditioning times at temperatures below Tg' The time at which the
modulus ceases to change with storage time will be the recommended

conditioning time.

3.4 Failure Data

Following the relaxation tests the specimens were strained to
failure at a constant-rate strain of 0{002 s 1,

Failure was defined simply as the point of maximum force (See
Figure 5). It was noted during the 300 K (room temperature) tests that
specimen tearing or other signs of failure were always present prior to
reaching maximum load. However, since the majority of the tests were
performed with the specimen concealed within a conditioning chamber 1t
was not always possible toc observe and record these earlier indications
of failure. In order to be consistent the point of failure was taken
to be where the load attained its largest value.

Flgures 22 and 23 show the maximum stresses and the corresponding
strains for the PD-200-16 and RL-1973, respectively. These stresses and
strains are plotted in their unreduced form; i.e., without the TO/T
correction factor.

Note should be taken of the fact that the constant displacement
rate tests were interrupted at varlous strain levels (1, 3, 5 or 10%)
to perform the relaxation teéts. These strain levels are low compared
to subsequent st;q;ns at failure., Therefore, it seems reasocnable to
assume that the failure data was not significantly influenced by the

intervening relaxation.
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Finally, Figures 24 and 25 show the maximum stresses plotted againat
the maximum s;tains. Such plots are often used to show failure data ob-
tained from uniaxlial tests and are referred to as fallure envelopes (ref.
6). Such curves imply that failure is independent of the loading his-
tory, often a convenient but also often an invalid assumption.

The stresses used in these plots were adjusted by the factor To/T
where TO was arbitrarily selected to be 300 K. Therefore, the failure
stresses at the lower temperatures were considerably magnified.

Several points are shown plotted with a diagonal arrow peinting
upward and teo the right. For one reason or another these failures were
believed to be invalid and prem;ture. For example, a specimen which
failed by debonding the adhesive from the aluminum bar would be so

labeled. As a result, such points were considered to give, at best, only

a lower limit for the true failure stress and strain.
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4.0 CONCLUSIONS AND RECOMMENDATIONS

4.1 Conclusibns

i

The stress relaxation response characteristics of PD-200-16 and
RL-1973 silicone resin foams were measured over a temperature range of
100 to 300 K and four strain levels (1, 3, 5 and 10%). Initial tangent,
secant moduli and failure properties were also determined for each ma-
terial at these test conditions. The following répresent the conclusions
reached:

1. The two silicone foams studied, PD-200-16 and RL-1973, were
both extremely compliant at room temperature (i.e., respectively less
than 100 and 200 N/m?®) over a range of temperatures from 300 K down to
near their respective transition temperatures. Almost inevitably the
Ph stiffness was 100 N/m2 or below and the RL was 200 N/m? or below over
this range.

2. Only a slight amount of stress relaxation was observed in both
materials during the 60 minute test periods except at intermediate tem-
peratures. The slope of the log~log relaxation curve never exceeded 0.1
except in this locale.

3. The experimentally determined transition temperatures of 154 K
for the PD and 177 K for the RL were consistent with those fouﬁd in the
literature (ref. 1) for similar chemically structured materials. It
should be noted. that these transitions while reflecting a change in the
rate of thermal expansion did not fit the classical definition of glassy
transition because the shear modulus at this temperature (and below) was

in no sense "glassy" or elastic. However, the transition temperature -
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did indicate the onszset, with cooling, of an extremely rapid increase in
the stiffness.

4. The stiffness increased approximately two .orders of magnitude
over the range of temperatures of the tests.

5. The data were extremely scattered. This scatter can possible be
explained by an apparent change of the properties as a function of the
duration of the thermal conditioning time. The possibility of this
phenomenon, suggested by I. K. Spiker of NASA's Johnson Space Center led
to several exploratory side tests which seemed to indicate its validity.

6. No decisive evidence was found relating the measured stiffness
values to the test strain levels.

7. Both stress and strain values measured at failure may be uncon-
servative for design purposes because of the inability to observe specimen

behavior in the cryostat.

4.2 Recommendations for Future Work

Figu?es 6 and 7 indicate that both PD=-200-16 and RL-1973 experience
the greatest degree of viscoelasticity at temperatures below their respec-
tive glass transition temperatures. This is contrary to that normally
expected in rate dependent materials; If this represents the true char-
acteristic of silicone rubbers such behavior would be unique. If it is
not, any modelling of this behavior and consequently any analysis which

~ incorporates this model would be suspect.

One possible reason for this behavior can be attributed to insuf-

ficient sample conditioning. If a test were run prematurely the results
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produced would tend to be shifted to the shorter times .(i.e., to the left)
as shown in Figures 6 and 7. As the test temperature assumes lower values
the conditioning times required to reach thermal equilibrium iﬁc;eases.
it is therefore recommended that a more in-depth study of the transition
zones of the two materials be undertaken, with initiai consideration being
devoted toward establishing the-necessary pre-test conditioning time to
achieve thermal equilibrium in the samples.

This can be accomplished by extending the one hour conditioning time
used throughout this program and rerunning selective relaxation tests.
In addition to temperature, volumetric contraction during conditioning
should also be monitored. The time required for the thermal contractions
to cease will establish the desired conditioning time. Stress relaxation
tests at this conditioning time should verify or refute the existence of
the high degree of viscoelasticity in the two materials below their Tg'
These results would also bé extremely beneficial to future characteriza-

tions of polymers for use at crydgenic temperatures.
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APPENDIX A

This appendix contains a listing of the FORTRAN Code used to reduce

the test data to the format shown in Appendix B.
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LISTING OF PROGRAM USED TO REDUCYE DATA

IMPLICIT REAL * 8 (A-H, $-2)
DIMENSI@N STRESS(100), STRAIN(100), ET(lOO), ES(100)
100  C@NTINUE
READ IN DATA
STRAN@= 0.0
STRES@= 0.0
READ(5,10) SAM1, SAM2, SAM3, SAM4, SAMS5, SAM6, SAM7
10 FORMAT(7A8)
READ(5,20) P@INTS,ST@P
20 FPRMAT (2F10.5)
N = PPINTS
DG 30 1T = 1,N
30 READ(5,40) STRESS(I), STRAIN(I)
40 F@RMAT (2F10.5)
. CALIBRATE DATA
D 50 I = 1,N
STRESS(I) = STRESS(I) * 6895.
STRAIN(I) = STRAIN(I) * 100.
IF(STRAIN(I).EQ.0.0) G$ T§ 110
ADD = STRESS(5) - STRESS(6)
IF(I.GT.5) STRESS(I) = STRESS(I) + ADD
ES(L) = STRESS(I) / STRAIN(I) * 100.
ET(I) =(STRESS(I) - STRES@) / (STRAIN(I) - STRAN@) * 100,
110  C@NTINUE
STRES# = STRESS(I)
STRAN@G = STRAIN(I)
IF(I1.GT.5) STRESS(I) = STRESS{I) - ADD
50 CONTINUE
WRITE ¢UT DATA
WRITE(6,60) SAMI1, SAM2, SAM3, SAM4, SAM5, SAM6, SAM7
60 FORMAT('1', ////, 10X, 7A8)
WRITE(6, 70)
70 F@RMAT(///, 13X, ' STRESS ',12X ' STRAIN ',14X, ' GT M@DULUS ',
*]10X, 'GS M@DULUS')
D@ 80 I = 1,N
80 ' WRITE(6,90) STRESS(I), STRAIN(I), ET(I), ES(I)
90  F@RMAT( 10X, Fl0.l, 10X, F10.4, 10X, F12.0, 10X, F12.0)
- DRAW THE STRESS-STRAIN CURVE
CALL CURVE(STRESS, STRAIN, SAM1, SAM2, SAM3, SAM&4, SAM5, SAM6, SAM
*7, N)
IF(ST@P.EQ.0.) GP T® 100
CALL LINE4
WRITE(6,120)
120 F@RMAT('1'")
ST@P
END

t

(CONTINUED)
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10

20

40

35

30

55

50

SUBROUTINE CURVE (STRESS, STRAIN, SAM1, SAMZ, SAM3, SAM4, SAMS, SAM
%6, SAM7, N)

REAL*8 STRESS(100), STRAIN(100), SAM1, SAM2, SAM3, SAM4, SAMS,
C SAM6, SAM?

DIMENSI@N STRES(100), STRAN(100)

S1 = 500000.

82 = 1000000.

S3 = 2000000.

S$4 = 4000000.

El = 50.

E2 = 200.

$1DX=$1/10.

S2DX = §2/10.

S3DX¥=53/10.

S4DX=S4/10.

E1DX=E1/10.

E2DX=E2/10.

DP 10 I = 1,8

STRES(I) = STRESS(I)

STRAN(I) = STRAIN(I)

IF(STRESS(N).LE.S1) CALL AXIS1(0.0,0.0,' STRESS (N/MS)',

c 14, 10., 90., 0.0, S1DX, 20.)

IF(STRESS(N).LE.S1) G@ T¢ 20

IF(STRESS(N) .LE.S2) CALL AXIS1{0.0, 0.0, ' STRESS (N/MS)',
c14, 10., 90., 0.0, S$2DX, 20.) :
IF(STRESS(N).LE.S2) G@ T§ 20

IF(STRESS(N) .LE.S3) CALL AXIS1(0.0, 0.0, ' STRESS (N/MS)',
Cc 14, 10., 90., 0.0, S$3DX, 20.)

IF(STRESS(N).LE.S3) G@ T¢ 20

CALL AXIS1(0.0, 0.0, ' STRESS (N/MS)',

C 14, 10., 90., 0.0, S4DX, 20.)

C@NTINUE

IF(STRAIN(N) .LE.E1l) CALL AXIS1(0.0,0.0, 'STRAIN (PERCENT)',-16,
cio., 0.0, 0.0, E1DX, 20.)

IF (STRAIN(N).LE.E1) G@ T@ 40

CAL? AXIS1( 0.0, 0.0, 'STRAIN (PERCENT)',-16, 10., 0.0, 0.0,E2DX,
C20.

C@NTINUE

IF(STRESS(N) .GT.51) G@# T@ 30

IF (STRAIN(N) .GT.E1) G¢ T@ 35

CALL LINE1(El, 0.0, S1, 0.0,E1DX,S1DX) '
Go T¢ 75

CALL LINE1(E2, 0.0, S1, 0.0,E2DX,S1DX)

G T@ 75

IF(STRESS (N) .GT.S2) G@ T@ 50

IF{STRAIN(N) .GT.E1) G@ T@ 55

CALL LINE1(El, 0.0, S§2, 0.0, E1DX,S2DX)

G¢ T® 75

CALL LINE1(E2, 0.0, S2, 0.0, E2DX,S2DX)

Go T¢ 75 .

IF (STRESS(N).GT.S3) G@ T¢ 60
IF(STRAIN(N).GT.E1) G@ T@ 65

CALL LINE1(El, 0.0, S3, 0.0, E1DX,S3DX)

Gp T@ 75

[}

(CONTINUED)

4 I



65

60

70
75

CALL LINE1(E2, 0,0, S3, 0.0, E2DX,S3DX)
Gd T@ 75

IF (STRAIN(N).GT.E1)
CALL LINELl(El1l, 0.0,

GO T¢ 75

CALL LINE1(E2, 9.0,

C@NTINUE

CALL

" CALL

CALL
CALL
CALL
CALL
CALL
CALL
CALL

SYMB@L(1., lO.,.
SYMB@L(2.4,10.
SYMB@L(3.7,10.,.2
SYMB@L(4.95,

SYMB@L(6.35,

10.,
10.,

Gd T$ 70
S4, 0.0, E1DX,S4DX)

» SAM1, 0.0, 8)
» SAMZ2, 0.0, 8)
»

SAM3, 0.0, 8)

S4, 0.0, E2DX,S4DX)

.2, SAM4, 0.0, 8)

.2, SAM5, 0.0,

SYMB@L(7.75,10.,.2,5AM6,0.0,8)
SYMB@L(9.15,10.,.2,54M7,0.0,8)
LINE2(STRAN, STRES, N, 2,1,1)

LINE3(15.)

RETURN

END

(END)

8)
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