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otrength of Heat-Resistant Laminated Plastics up to

300°C*
By Benjamin M. Axilrod and Martha A. Sherman

The Aexural properties of samples of glass-fabric laminates were determined for several
conditiong of heating and testing. The laminates tested were bonded with various resins,
including unsaturated-polyester, acrylie, silicone, phenolic, and melamine types. Flexural
tests were made under the following conditions: (1) at 25° C and 50-percent relative humidity
" after 200 houre of heating at a temperature T (2) at a temperature T after 0.5 hour at the
temperature T'; (3) at a temperature T after 200 hours at the temperature T'; and (4) at
25° C and 50-percent relative humidity without heating prior to testing. The temperature
T was 150°, 200°, and 250° C for condition 1; 150°, 200°, 250°, 300°, and 375° C for condi-
tion 2; and 150°, 200°, 250°, and 325° C for condition 3.

The one sample of silicone resin Iaminate tested was superior to the other laminates in
retention of flexural properties at femperatures of 250° C or higher, The single phenolic
Iasminate tested showed good retention of flexural properties when tested at elevated tem-
peratures after 0.5 hour of heating. Affer prolonged heating the behavior of the phenolie
sample was much less satisfactory, the strength being almost negligible at 250° C. The
sample of melamine laminate was superior to the phenolie in retention of flexural strength.
after prolonged heating 8t 200° and 250° C. The polyester laminates lost at least 80 per-
cent of their flexural strength when tested at 250° C. For each laminate and each test con-
dition loss in modulus of elasticity corrélated with loss in flexvral strength, but the former
loss was less than the latter. The results of one test in which duplicate sets of specimens
were heated in still air and in rapidly moving air indieate that the loss of flexural properties
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during prolonged heating may depend on the method of exposing the specimens,

I. Introduction

The mechanical properties of glass-fabric lam-
inates at elevated temperatures are of interest to
aireraft designers, as these materials have prop-
erties that can be used to advantage in certain
applications, such as radomes. Considerable work
had been done prior to 1947 on the mechanical
properties of various laminates at temperatures
in the range of 70° to 100° C [1 to 7],! and a few
tests were reported at temperatures of 200° C [8].
With the development of higher speed aircraft
and guided missiles, there was & demand for infor-

* Thig investigation was condacted under the sponsorship and with the
finaneial assistanece of the National Advisory Committee for Aeronautics
snd the Alr Matérie] Command,

t Figares In brackets Indicate the llteratore references at the end of this
paper, . -
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mation on the mechanical properties of laminated
plastics at temperatures much higher than 100° C,

The present investigation was undertaken to
determine the flexural properties of promising
laminates at temperatures up to 300° C. Com-
mereial resin manufacturers and laminators were
informed of the project and invited to subinit
samples of laminates that could be expected to be
heat - resistant. Glass-fabric laminates bonded
with various resins including silicone, phenolie,
melamine, acrylic, and unsaturated-polyester
types were received and tested. This report sum-
marizes the results of the flexural tests, made at
room temperature after prolonged heating and
also at elevated temperatures after both brief and
prolonged heating.
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As testing at temperatures of 300° C presents
problems not encountered in testing at room tem-
perature or at 70° to 100° C, a considerable part
of the project was devoted to the development
of suitable equipment and procedures. These
are described in detail in this report.

II. Materials

The materials, submitted in sheets approxi-
mately ¥ in. in thickness, are identified in this
report as follows:

Laminate sample | Resin designation
Unsaturated polyester:

Gheoao Laminac PDIL-7-261.

ot | Plaskon 911-11,

e | Thalid X-528-10A. C.

A Paraplex P-43.

Arerylie addition:

ISR : | BCM monomer and poly-
methyl methacry-
late,

Silicone:

B DC 804.
Phenolic: [

7 Redux.
Melamine: |

. Melmae 405,

All the laminates except the sample JJ were made
with Fiberglas 181A fabric; Kiberglas ECC-128
was used in sample /. The materials are de-
seribed in detail, including fabrication conditions,

in table 1.
III. Test Procedures
1. Flexural Specimens and Sampling

It is known that the sheet-to-sheet variability,
especially in experimental laminates, may be large.
A proper sampling plan for the tests at various
conditions could give information both as to the
average behavior of the sheets of a given sample,
and also the variations that might be expected
both at standard test conditions and elevated
temperatures. Since both the number of sheets
and the sizes differed from sample to sample, it
was not practical to study sheet-to-sheet vari-
ability.

The following sampling plan was adopted:
Approximately 80 percent of each sheet of each
sample was cut into specimens, which were
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numbered. The numbered specimens were ar-
ranged in a random order and separated into
groups of seven each. The plan was fo test
five specimens from each group with two speci-
mens for use in ecase of experimental difficulties.
The statistical analysis of the results can be
greatly facilitated by having the same number
of test specimens for each condition.

The flexural specimens were 4 in. long and
were machined to a width of 1.00 in., either by dry
grinding with a surface grinder or milling with a
carbide-tipped cutter.

2. Flexural Test Equipment *

The flexural jig and the heated test enclosure are
shown in figures 1 and 2 in place in the testing
machine. The flexural jig and test enclosure are
both suspended from the upper cross-head of the
testing machine. The flexural jig, partly dis-
assembled, is shown in figure 3. The base of the
flexural jig has slots located so that the support
blocks may be bolted in place to'give a span of 2,

Front view of flexural test enclosure tn place in

Fravee 1.
the testing machine.

The recording defloctometer and selsyn motor are at the loft below the
enclosure,

* Drawings of the flexoral test equipment are available from the Organie
Masties Bection, Notional Bureau of Standards, Washington 25, D. C.
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Tasre 1. Descriplion of malerials
Sample A Sample E Sample F Semaple G
Laminator ef semple_.___________________________________ American Cyanamid Co._.___ Plaskon Division.. | Monsanio Chemical | Rohm & Haas Clg.
Co.
Resin used:
Trade name and number_______________________________ Laminae PDL-7-261, B-11___.| Plaskon 911-11..____ Thalid X-526-10AC_| Paraplex P—43.
Chemieal type. .o L POlFesbeT e e e iamnaa Palyester. . ommeen e Unsaturated polyes- | Unsaturated polyes-
ter; vwinyl type ter-stytrens.
MOonomers.
Ceatalyst used with resin:
N A O P o o oo e Luperco ATCs________________ Lupereoc ATC=______ LupercoATCOs .. Benzoyl peroxide,
Amount, Bp.ow oo G e L R 2 L
Liquid added toresin to prepare it for applicatlon to fabrie:
Neme il Béyrene . __.____ Non#_ e _____ Nome_ _.__________.._ Styrene.
Amount, parts per 100 partsofresin____________________ B0 | imedmmad | arm e mrm e mm————— 15,
Resin eontent (hy welght) of finished pencl:
Manufacturer's data, S ________________ k2 2 P, 1. Z—— 1] - ¥ )
National Bureau of 8tandards date, % - ____. - S 32 - - S 42,
Fgbric used:
Identity __________ Fiberglaz 181-4-14. ... ... Fiberglas 181-A-14__| O, O, C. 181-A-14___| Flberglas 158188,
Finish 114,
. b L. T ) L R, 12,
Parallel..___________________._ Parallel __.__...... [ 1 Cross.
Treatment pricr to application of resin (drylng, ete)...| Nene oo cooeiveecaerrvan.-| Inforeed-draft oven | None  ______________ None,
for 2 hr at 204° C.
Method ofapplylng resing . _ ... o.oeoo . _________ 0237 31T By hand with broad-| Brush_______________ Brush,
blads spatizla.
Drying of impregnaded fabrie | e cic i cwi| e m—— e mmwm——— e e
Molding conditions:
Equipment:
Steam_______________ Bteam________.__.___ Stoam.
Hydraulic press.._.. Platen press........_ Hydraulic press,
MNane _| None
............................................ 104
_____________________________________________ 5.
_____________________________________________ 3.
Cure:
TORPRTBEI, ©Coeroeorrorms oo e —— MOt M 145
Preasure, 1bfin.1. . R ] - . T 1B e e 50,
Time of heating under pressure, min A,
None.
Do,
N - S 12 by 22 2lby22 _______ 122byl2 . _______ B3 o S 10 by 16,
Thicknees, in_____________________________ 01110013 011to 0.13._._. 0.13to 04 ... 0.08 to 0.12_ -| 0.13 to Q.15.
Number of sheets. .. _______ ... ______.___.__.. 1 ) I WL L R 14.

= Luperce ATO conslsts of 509 benzoy! peroxide and 50°% tricresy] phosphate,
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TasLE 1.

Description of materials—Continued

Sample C Bample B Sample H Sample T
Laminator of samaple. o E. L. du Pont de Nemours & | Dow Corning Corp.| Rohm & Haas Co._.| Formica Co.
Co.
Realn used:
Trade name and number____ ... BCM monomer, 60%: poly- | DC 804 .. _....... Redux_ ___........__ Melmae 405.
methylmethacrylate HG4,
40%. :
Chemical typeo.. e emmmmmmmmmm e ———————— Actylic addition type; thermo- | Siiecne .. ooo.o.. Phenclic......._.___ Melamine-formalde
setfing. hyde.
Catalyst used with resin:
Name or type EResidoal benzeyl peroxdde in | ... None_________.......| None.
polymethylmethacrylate.
AMOINE, P c e e i meeameeameeseamsmmesammmemme|e— s iamameee—srmm——— s soo]emmee e m— e mamaaamo oo e m—————————— o oo oo
Lignid added to resin to prepare 1t for application to fabric: |
Name..._ Mathyl ethyl ketons..________ Tolucne None_ ... ___________ Water, 95%; buiyl
alechol, 5%,
Amount, parts pet 100 parts of resin 135 ...l 67 .| 6%
Resin content (by weight) of finished panel:
Manufacturer’s data, % B, JEO - - A0tods ... 12to 4T,
National Barean of Standards data, - aee.on 42, 44 48,
Faberio used:
Tdentity oo Fiberglas 181-A-13___________. Fiberglas 181-A-12._| Fiberglas 181-38, | Fiberplas ECC-128;
Finish 114. sizing pyrolyzed to
light, brown.
HNumber of plies._ [ T |1 12 | .
Ply a1 t L) 1 L o A Cross._..___________ Farallal.
Trastment prior to applleation of resin (drying, oto)...] None. - None . o.oooe
Method of applying resin Continuous dip and sgqueeze | Dipping. —___| Dipping Dipping.
roll.
Drying of impregnated fabrle_ . _______ Solvent evaporated In forced- |ocmcmom e ea Alr dried for 30 min
draft oven at 43° C. at room tempera-
ture, 156 to 18 min
8t 104° 3 In forced-
: draft oven.
Molding conditions: .
Equipment:
Haat - Bteam Steam St Steam.
Hydraulle press. .ocooaaeaaee.. Hydranlic press..... Hydraullo press. ... Hydraulic press,
None None.
................ b L 145 ... R
Pressure, Jbiin.2_ N Atmospheric. 15
Time, min. . _| 10 11
Cure:
Temparature, °C 110 | 175 145 {ﬁ;‘t’olf:;’%‘fn"‘i‘;_
Pregsure, 1bfin.2_ B e e e mmm—ram————— 000, ..o 60, 1,100.
Time of heating under pressare, min__ . 15 75, 15 Ahout 40 min.
Time of coaling under pressure, min____ .- 3 . | None, 15,
90° C,15heb________
130°C,4br .. _____
Aftercuve. . ______ . ____________ ... | OO e e 160° O, &by oo S [ IO Neme.
1°C,18hr . ___
W0 C,dhr .|
Bample:
Area, f0. oo oo e 14by10._. 1l byl2 12 by 12 |wbyo.__ . 21 by 36.
Thickners, ... oo i aaa 0.10 to 0.13 0.1Gto 013 .. 013to 04 .. 013to 016, ... (.12 to 0.13.
Number of sheets. ... 3 2 3 14 - L
b Mechanieal convection oven.
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Figure 2.

Interior view of test enclosure.

A, Loading stirrap; B, londing edge In loading stirrup; € contact edges in support bloek; D, loading port; E, hole for push rod; F, specimen In Jig; G, speci-

mén in tray; H, stem of dial-type thermometer,

3, 4, or 5 in. The loading stirrup, attached to
the lower cross-head of the testing machine
(fig. 1), 18 centered by having the ends of the drill

rod used for the loading edge extend into slots

Fraune 3.

Flezural jig partly disassembled,

The left support block and clamp and the londing stirrup have been re-
moved and rototed through W07,

Strength of Laminates up to 300" C.

in the flexural jig suspension (see figs. 2 and 3).
The flexural jig is made of steel, nickel-plated to
avoid corrosion.

The deflection of the specimen is measured by
a Southwark-Peters deflectometer, model PD-1,
coupled to a recorder on the testing machine (o
produce load-deflection graphs. The deflectom-
eter, located below the test enclosure (fig. 1), is
supported by a platform attached to the flexural
jig base. A glass push rod touching the lower
side of the specimen operates the deflectometer;
this rod ig centered by a guide in the loading
stirrup (fig. 3).

The test
exterior, a sheet aluminum interior, and Fiberglas
imsulation about 1.75 in. thick. The interior is
divided into two compartments by an aluminum
partition; the front compariment is the test
chamber and the rear compartment contains a
A fan operating
continuously draws air past the heaters and blows
After a number of tests

enclosure has an asbestos board

bank of five 250-w strip heaters.

it into the test chamber.
had been made, it was found desirable to place
two layers of Y-in.-thick asbestos board in front
of the partition (fig, 2) to improve the temperature
digtribution within the test chamber.

The specimens are inserted with a spatula-like
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holder through a loading port and then placed side
by side on an aluminum specimen tray, visible at
the right of figure 2. This tray holds five 1-in.-wide
specimens. The specimens are manipulated into
place in the flexural jig by push rods inserted into
holes in the front and right side of the enclosure.
In figure 2 one specimen is shown in place in the
flexural jig and one in the specimen tray. After a
test the specimen is removed from the flexural jig
with a pair of tongs inserted through a port in the
left side of the enclosure. The operation of the
equipment is aided by a double-paned Pyrex glass
window and a projection bulb located inside the
enclosure. To avoid failure of the phenolic plastic
socket or the bulb, the latter is operated at lower
than rated voltage by means of a variable auto
transformer, and the socket is attached to the
outer wall of the enclosure.

Preliminary temperature mmeasurements were
meade with thermocouples located inside and on the
surface of specimens in both the specimen tray and
in the flexural jig. It was found that a specimen
came to temperature equilibrium within 10 te 15
min after insertion in the enclesure. Before the
asbestos board was added to the partition, the
temperature of a specimen in the tray was appre-
ciably less than that of & specimen in the flexural
jig, the differences amounting to 3 deg and 7 deg C
at enclosure temperatures of 150° and 250° C,
respectively. The difference was reduced to 3 deg
C at 250° C by ingertion of the asbestos board.

A fine mesh screen (fig. 2) was wrapped around
the upper part of the flexural jig to keep particles
of Fiberglas or resin out of the guides for the
loading stirrup,

In testing at elevated temperatures the gaseous
products given off by some of the specimens were
a source of trouble, as the testing machine was
located in a controlled atmosphere room in which
the air was recirculated. The problem became
more serious as the test temperature was increased.
An exhaust pipe equipped with a blower was finally
attached to the box; it was necessary to control
the amount of air drawn from the enclosure by
means of a valve in the exhaust pipe, as otherwise
the temperature of the enclosure could not be
maintained constant.
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3. Flexural Test Procedure
{a) Temperature Conditions

Sets of specimens of the samples were tested at
25° C after heating at temperatures of 150°, 200°,
and 250° C for 200 hr. Other sets of specimens
were tested at an elevated temperature T after
0.5 hr.or 200 hr at the temperature T. The tem-
peratures ranged up to 375° C in the 0.5-hr tests
and 325° C in the 200-hr tests. Each sample was
not tested at sach set of conditions; in some in-
stances the samples were badly weakened at mod-
erate test conditions, and in other instances suffi-
cient material was not available,

Two control sets of specimens of each sample
were tested at 25° C and 50-percent relative
humidity. One set was tested at the beginning
of the testing program, the other set about 7 mo
later, near the end of the tests.

In heating the specimens for 200 hr, a ecircu-
lating-air oven was used with each specimen in
an open wide-mouthed glass bottle of 2-in. diam-
eter and 4-in. height. In one experiment speci-
mens were also placed on asbestos board laid on
the oven shelf in order to compare the effect of
heating in still air with heating in rapidly moving
air. For convenience, the 200-hr heating period
was interrupted at about 96 hr, and the speci-
mens were allowed to cool in the glass containers
for about 18 hr; the heating was then continued

“for about 103 hr. The specimens were trans-

ferred to the heated test enclosure 1 hr prior to
testing; in making the transfer the specimens
were transported to the immediate vicinity of the
test enclosure in their containers to minimize
cooling; transfer from the container into the test
enclosure took a few seconds. During all the
200-br heating periods the oven temperature was
recorded with a Brown recording potentiometer
and a thermocouple.

In the tests at elevated temperatures after the
specimens were heated 0.5 hr, it was considered
that the thermal shock when & cold specimen
was placed on the hot metal specimen tray might
weaken the specimens, Accordingly, in some
tests the specimen tray was covered with a sheet
of Ye-in.-thick asbestos paper.
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In tests at 25° C and 50-percent relative
bhumidity, the specimens were normally con-
ditioned for 7 days prior to test in a rcom whose
atmosphere was controlled at the above values.

{b) Flexural Test Conditions

The flexural jig span was set for 2 in. The
actual spen was determined at 25° C with screw
micrometer calipers. The contact edges of the
supporting and loading pieces were all of Y-in.-
diameter drill rod. The rate of loading was
maintained at 0.04 in./min in all tests,

{¢} Calculalion of Flexural Data

In calculations of tests at elevated temperatures
the specimen dimensions obtained at 25° C and
50-percent relative humidity wers used ; however,
the span was corrected for change with tempera-
ture, assuming a thermal expansivity of 12X10
per deg C for the metal in the jig. The stress
range chosen for calculating the flexural secant
maodulus of elasticity values was about one-half
to two-thirds of the flexural strength at the test
condition concerned.

{d) Resin Conient and Loss of Weight on Healing

The resin content was determined for three
sets of flexural specimens, except for the laminate
made with the silicone resin which could not be
completely burned off. The initial weights were
determined after the specimens were conditioned
for at least 7 days at 25° C and 50-percent relative

Stength of Leminates up to 300° C.
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humidity. The resing were removed from the
specimens by heating in a muffle furnace.

The weight loss after 200 hr of heating was
determined by weighing some of the sets of speci-
mens prior to heating and reweighing after the
specimens were reconditioned 7 days at 25° C
and 50-percent relative humidity.

(e) Tolerances on Temperatures and Times of_ Heating

The temperature in the circulating-air oven was
controlled at the nominal value to within £5° C
during the 200-hr heating period. In the heating
at 325° C in a muffle furnace, the temperature
fluctuations were 4 10 deg C relative to 325° C.

In the test chamber the average temperature
for each set of five specimens noted at the speci-
men at the start of the flexural test was within
43 deg C of the test temperature reported in
tables 2 and 3 with only one exception. The
latter occurred in testing sample B at approx-
mately 375° C after heating for 0.5 hr, the average
test temperature being 368° C. In more than 90
percent of the tests the average test teraperature
was within 2 deg C of the desired value. The
individual test temperatures were within —5 deg
and +3 deg C of the nominal values except for
the tests at 375° C for which the range was 367°
to 381° C.

In the tests at a temperature T after 0.5 hr at
the temperature T, the actual time of heating at
the start of the flexural tests was 30 to 35 min.
In the 200-hr tests, the total time of heating was
20041 hr.

71




Tanue 2. Flexural strength datu for specimens of glass-fabric laminales tested under various conditions of temperature and

heating ®
TUngatursted polyester resin laminates
Tem- Laminate A Laminate E Laminate ¥ Laminate G
pera-
tare of Hpecial conditions Per- Por- Per- Per-
heating] tent- cant- cent- cent-
Mean Range age of |Mean| Rangs aga of |Mean Range age of |Mean! Range ago of
conirol eottrol conirol control
mean mean mean mean
FLEXURAL BTRENGTH OF CONTROL SPECIMENS AT 8° O (AFTER AT LEAST 7 DAYS AT 25° C ANT 0% RELATIVE
HUMIDITY)
100 Ihyf 104 thiin.2 100 By 108 IBfing 100 25| 108 Bfina 100 2hf| 108 Wfima
A4 inA in? in? ing
None___| A, First set (Oct, 1148} | 271 | 24 6t020.9 6. B[ D6.§1odl.B8 45.8 ) AT 1to B2 & |_woeeen . 63.7| 47 ltodd. 4| ...
Do_| B. Second set (Apr. 1940)_| 27.0 | 25 0te8l.2 | _____. §8.2 | 58.21t066.6 4. 50.8 | 48. 480 52,0 | _____. 6L3 | 40.68053.4 |- .-
Do, Control mesn b2 0 | 8.0 50,8 |l 52.5 [ I

FLEXURAL STRENGTH OF SPECIMENS AT 25° ¢ AFTER 200 HR OF HEATING b (RECONDITIONED 7 DAYS AT 25° C AND
#% RELATIVE HUMIDITY, UNLES8 OTHERWISBE NOTED}

25,8 B.ito28.1 M| 57.7 | SLDtoB31 08 [ 40.8 | 4B.1t0 517 D0 | 43.6 | 40.1t040.3 a3
Not. reconditioned =....___ 28.4 | 26.0to30.9 103 | 60.2 | 56.5to 644 W2 | 521 | 40.7to 5.7 104 | 41.1 | 37.6t046.9 k]
- 2.4 19.9t0 223 74 [ 40.8 | 3570 44.9 . R Y RN 26,6 | 24,41t030.3 51
Not heated In bottlesad____| 17.8 | 16T to 18,4 65 (37.0 | 34.4t040.5 |15 3 I o] 2L4 | 18.3to 243 41
............................ 3.6 3.3tc 41 13| 0.8 7.3 to 10.6 61 3.8 29t 4.2 7] &0 23t0 3.4 6

FLEXURAL 8TRENGTH OF SFECIMENS AT A TEMPERATURE T AFTER 0.5 HR AT THE TEMPERATURE T

0.2 B.4to0 9.6 33 ] 20.1 | 180%02L2 34 (120 | 11.0ip12.8 24| 62 40to 7.4 12
61 5.8t06.3 22)10.7 | 9.9%toil4 181 T4 6.4t0 8.9 15| 49 4.3t086.3 la
5.4 471062 20| L7 T.1to 8.0 13 A8 5E3to 6.6 12| 3.8 3.3to41 7
[ 7t 5.4 5] 78| T.dio 84 ) & I Y 4.0 3.6t04.8 8
3.6 3.21t03.9 13 &4 5.2to b8 Dif44 | t3.1to &1 L8 T PRV RN P
3.2 31t03.4 12| 55 5.%to L9 8| a3 4.7t 57 1

FLEXURAL STRENGTH OF EPECIMENS AT A TEMPERATURE T AFTER 200 HE AT THE TEMPERATURE TV

b1 14.7 | 14, 5to I4.8 53 (8.9 | 27.20030. 6 49 | 241 | B.Gto25.90 48 T.1 8.2to 7.0 14
0 et |amm e 6.4 6.2t0 B.7 23 (182 17.1to18. 4 81)17.4 | 16.8t018.3 35! 3.4 3.3to 3.5 6
250 .. 21 Lito 2.3 5| 04 8.6to10.1 T 22 Z1lto 2.4 . J (USSR ) (e
325 ... ®._ SRSy VUpRVEPUPRREY PRVSpEpuvn PSSR OSSN (RSSO IS ORI ISpS) EOS

Bee footnotes at end of table.

.
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TasLe 2. Flesural strength dota for apecimens of glass-fabric laminales tested under various conditions of lemperalure and

heating »—Continued
Acrylic laminate C 8flicona Iaminate B Phenolic Iaminate H Melaming Isminate F
Per- Per- Per- Per-
Tem- Hpecial conditions centage centage cantage centage
pera- Mean Range of eon- | Mean Range of con- | Mean| Ranpe of cont- | Mean Range of eon=
ture of trol trol trol . trol
heating mean b mean mean mean
FLEXURAL RTRENGTH OF CONTROL SPECIMENS AT 25° C {(AFTER AT EAST 7 DAYS AT 25° C AND 50% RELATIVE
HUMIDITY)
102 i 102 10%
ow Thfin.t 1M Bfint hfin2 108 Bfint hiin.t 102 Mfin 2 Ihiin Y 108 bfina
None_._| A, First set (Oct, 1948).___ 24.3) 8B.Tto26.1 |________ 280 BB 2t020.7 | _—eenn 449 | 350tob60.6 |........ 51.6
Do___| B. Becond set {Apr. 1048)_ | 25,8 | 25.1t028.4 | oceeee 28| 2nT7ta3L3 ... 48,2 | Q0to 56 |- 1.5
Do___ Control mean. .. 280 || 8.5 || Bl &
FLEXURAL STRENGTH OF SPECIMENS AT 25° C AFTER 200 HR OF HEATING * (RECONDITIONED 7 DAYS3 AT 25° O
AND 5% RELATIVE HUMIDITY, UNLESS QTHERWISE NOTED)
B0 e 932 | 28.81t020.4 | L1B{AY| 27.7 | 26.21030,23 §5 | 40.1 | 36.4t042. 6 84 | 83.8 | 318103580 68
3L7| 27.6to340 | 130{A)| 28.0 | 26.6tc20.1 96 | 40.53 | 36.3t043.3 87 | 31.6 | 3L3to321 61
U SR PRSP PSSR P 150} 13,26 16,8 321264 | 26.7to28. 4 51
200 ... Notheated imbottlea . __( . _____ | . __________ | | | 9.5 8.6to10.4 026.0 25.1t026.8 50
2| O OOV (RVRVRpRVIVRUVEY PRVROUPYEVIOUPOREpRRS PO 25.2t0 20,7 1 1 2 OO PRI 17.6 | 16, 8to18.4 M4
FLEXURAL STRENGTH OF BPECIMENS AT A TEMPERATURE T AFTER (.5 HR AT THE TEMPERATURE T
i 3.4 29t0d2 I4(A)] 12,6 | 11,.3to13.7 43 | 41.9 | 30.7to 44. 4 90| 37.2 ) 36.4t038.1 2
200 S RS B . RN VSRR (RS 36.3 | 28.2t040.6 76 | 26,5 | 24810274 61
250, || L 10.9 | 10.1to 119 37 | 23,9 | 21.5t028,7 5l | 221 | 2L.4to227 443
250.____ Asbestos-covered tray e___ G470 0.42to0 51 | 1L&BY|__.__ | . . | ___ 248 | 26l026.4 53] 224 21.8%023,5 43
300. RSSO SRS S, 110.1 | 4.6 to 10.9 135 (19.8 | 17.4t021.. 7 43 [ 20.5 ] 15.2t022.6 40
300____. Asbestos-covered tray e _ 10,5 | 10,3 to 10,8 38| 206 I7.0t0 253 44 (19.0 | 18.4to 19.4 7
375. do [V PR PR, t9 8| 18 8t010.6 t34 | 147 | 123tol6. 4 32§20 | 1140 2.5 14
FLEXURAL S8TRENGTH OF SPECIMENS AT A TEMPERATURE T AFTER 200 HR AT THE TEMFERATURE T b
1 R 4.2 2.9to 5,4 13,4t0 15.7 40 | 30.1 (36.21t042.4 84 30.3 | 29.4{032.3 ]
-3 R Y (Y (NSRS IR ESSIUNS EORRsRR MU, 10.9 [10.4to 11,9 2 23,3 | 28.0t024.2 45
B0 o] e e e 12.7to 14,0 46 | 0.55 0.51 to 0,59 1.2} 156| 14.7to1V. 4 30
325..... ® || 921010, 4 34 1L,5) iL5t0 L8 i3

s Bpecimens approximately 34 in. thick and 1 in. wide tested st 0.04 in.fmin Tnless otherwise noted, all tests at elevated tempersture were made with
relative head motion with 6 span: of 2.0 in. Each value ig the average for five the normal tray.

specimeng, unless otherwise noted. Sp taken at random from the 1 8pecimens not rendomly selected but taken from at least three sheets,

pheots, unless otharwise noted. & A muffe furnace controlled at 325° 210° C was ased for eonditioning these
b Unless otherwise noted, all specimens that were heated for 200 hr were specimens,

heated in open wide-motthed bottles placed in & circulating-air oven. b The flexural strengths for the first and second controls differ significantly

o After removal {rom the oven, specimens kept over caleium chloride for for this sample. The test results for varioas conditions were referred to the
dats far the control teated st nearly the same tlme; this is indicated by (A)

24 hr prior to testing,
4 gpecimens lald on asbestos board on oven ghelf, or (B) following the percentage,
4 The normsl tray I8 an sluminum tray. 'The asbestos-covered tray is 1 Four specimens.

the same alominom tray covered with asbestos paper about Ma in. thick. i Two specimens,

Strength of La:minabes up to 300° C.
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TaBLE 3. Secant modulus of elasticity for apecimens of glass-fabric laminates lested under various conditions of lemperaiure and heating *

Bpecial condltions

Jegant modulus of elasticity in flaxore

Unsaturated polyester resin laminates

Arcylicéamf.nato Silicone, ]laaminate. Phenolitgamimtas Melamin}a laminata
Laminste A Laminate E Laminate F Laminste G
Mean; Range Mean Range Mean Range Mean| . Range Mean Range Maan Range Mean Range Mean Range

MODULUB OF ELASTICITY OF CONTROL 8PECIMENS AT 25° O (AFTER AT LEAST 7 DAY AT 25° C AND 5% RELATIVE HUMIDITY)

qomessy Jo owmof

A. First set (Oct.
1548).
B, Second set {Apr.
1640).
Control mesn_._.
. S
B__ ..
Control mean_________
.
B

Control mean___...___

0to2,5001bfins | 0to10,0001bfin? | Oto10,0001bfin? | 0to 4,000 1bfins 0t62,7001b/ind | 01o30001bflnt | 0to7,5001b/ins | ©to 10,000 Ibfins
108 100 1 100 10t 0 106 108
Wfinz 10 ibjiad  tofind| 108Ibfing  [dbjind) 108 fbjint  (ffin, | 10%Ibfm.  |fofina| 10635find  [bfing| 10°Dbjin:  |Ifina]  108Ibjina |bfing| 108 3bfin3
2.72 |2.52t0 2.85 | 2,43 | 3.3¢ t0 3.48 | 8.57 [8.77 t0 8.97 | 268 | 234 t0 5.24 | 1.40 | 135 to 164 | 2.11 | L.9§ to 2.21 | 2.55 | 2.19 to 2.54 | 3.81 | 3.26 to 3.38
2,80 | 261103.19 | 2.38 | 3.20 t0 3.56 | 3.80 [ 2.76 10 3.06 | 2.54 | 241 0 2.60 | 1.41 | 1.58 0 1.49 | 2.04 | 1.0y t0 2,12 | 2.64 | 220 to 3.01 | 3.26 | 8.14 0 3.39
26 | B4l | 387 | eeeene 2,61 1. 140 | . 2.08 |- LX) S X 3 I
0to 4,0001bfin | Dto150001bfin? | 01t020,0001h/in2 | 0to150001b/n? | 0to10,0001b/in? | 0te7,501bfina | 0to 10,0001bjin? | 0 to 15,000 1b/int
270 | 2.62t0 265 | 2.43 | 5.84t0 5,48 | 3.85 |37 to .91 | 268 | 284 t0 5.20 | 120 | 1.35to 1564 | 210 | 1.98 40 2.20 | 255 | 219 to 2.84 | 8.20 | 3.21 to 3.37
280 | 2.61t0 3.19 | 3.34 | 3.25 10 3.60 | 3.83 | 3.72t0 5.96 | 251 {24140 2.60 | 141 | 1.33 to 1.49 | 2.08 [ L.O6 0 212 | 2.62 | 220 to 5,00 | 321 { 3.13 to 3.31
275 b 330 | BB ... 280 | 140 |oeeo . 2,07 |eeeeecemees X I - ¥ I
Dto50001bfin2 | 0fo20,0001b/In2 | 0tod00001bfna | 01o20,0001b/in3 | Oto 20,000 bfint | 0%o10,0001/in2 | O to150001b/ns | 0 %o 20,000 ib/in?
2,70 | 2.52 to 2.85 [ 3.49 [ 2.94 0 3.48 | 3.09 | 2.58 0 3.82 | 2.67 [ 235 t0 3.24 [ 1.30 | 125 to L34 | 2.08 | 1,88 t0 2.16 | 2.55 | 219 to 2.84 | 3.26 | 3.18 to 3.32
280 [ 261 £03.19 1 3.30 { 3.20 10 3.49 | 3.70 | 3.64 to 2.83 | 2.50 | 2.40 to 2.60 |01.32 [¢1.26 to 1.44 | 2.0% | 1.84 %0 2.11 | Z.58 | 2.25 10 2.99 | 8.20 | 3.13 0 3.29
275 oo 337 | EIY: N R N I LBL | e 2,05 | oo 256 | L1 I
G t0 8,000 ib/in.2 | 0 to 40,000 Ibfin,s 0 to 20,000 1bfin 3 0o 20,000 1b/in.? | ©0to20,000 Ibfinz | 0 £o 30,000 bfin.2
3.25 to 3.40 2.32 to 3.19 1.87 to 2.07 | 2.51 | 216 to 2.82 | 3.15 3.00 to 3.8
3.07 to 8.44 2.57 to 2.67 |- 18460201 | 266 | 224 t0 2.04 | 312 3.07 to 3.21
P I - ™ N A MO 3 N I — Les ). 253 |- Bld | oo
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0 to 10,000 Ib/in,2

2.88
2.7
27

2.53 0 2.85
2.56 to 3.17

0 to 20,000 1bfin.a

2. b8
2.60
2.59

2,45 to 2.80
2.32 to 2.84

0 to 40,000 1bfin.2

258
2,42
2.5

227 to 3.15
2.2 ta 2.5

0 to 30,000 1b{ln.2

248
2.53
2. 50

2.13 to 278
2,19 to 2.4

MODULUZ OF ELABTICITY OF SPECIMENSH AT 25° C AFTER 200 HR OF HEATING 4 (RECONDITIONED ¥ DAYS AT 25° C AND 509 RELATIVE HUMIDITY,
UNLES32 OTHERWISE NOTED) .

160.cae Not reconditioned o_..
150 oo ]-aaes doe . .
WW__.....| Not heated in boitlest.
250, i camammmmea—an

0 1o 10,000 1bfin.? | ©fo 20,000 1bfin.* | Oto20,0001bfind | Cto20,000Infin? | 0to10,0001bfind | O to10,00010/in? | Oto150001h/ins | 0 to 15,000 Ibfin,?
2.60 | 238t028 |3.14| 311to3.08 |3 56| 3.50t03.67 | 2.40 | 233t02.47 [ 187 | 142t0140 | 2.03 | 1.97%0206 | 250 | 230to 271 | 2.42 | 235¢to 247
2.70 | 254102.67 |3.30 | 3.13t03.40 |3.70 | 3.50to 386 | 2.06 | 228 to 250 | 1.48 | 1.26t01.60 [LUB | L67to2.16 {242 | 233to 261 | 2,44 | 237 to 2.51

0 t0 20,000 1bfina | ©to 40,000 )b/Ind j 0tc 40,000 jb/in2 | 0tp30,0001b/in.t | ©to 20,000 h/int | 0to20,0001b/int | 0to30,0001b/ind | O to 30,000 1hfin?
2.5 | 231t0284 | 3.08| 3.02t03.17 {3.20 | 32310330 |2.37 | 22810246 | 134 1.20t0145 | 1.1 | 187t0o1.08 [ 244 | 22710270 | 214 | 2.04t0219
2.67 | 251 t0 287 | 3.23 | 3.08t03.35 | 3.46 | 3.38t03.50 [ 229 | 217¢t0 245 | L.48 | 1.22¢01.58 | 1.88 | 1.77t02.06 (4235 (+2.24 to 247 | 1.97 | 1.59t02.04

0 t0 10,000 Ibfind | 0 to 20,000 Ibfind 0 to 15,000 Ibfin.? 0t 7,500 1bfin.2 0 to 15,000 Ibfin 2

43 | 2.22t02066 | 282 | 2785t0202 |l 2.12 | 1.75 to 2,65 172 | L50to1B8 | 2.06 | 2.00 to 2,10
2.21 | 20210238 | 272 | 2.60 to 2.98 L55 | 1.84t01.85 1,28 | t08to157 | 200 | Lot 2n1

0 to 2,500 Ibfin 1 0 to 5,000 tbfin .y 0 to 2,500 Ib/in.2 © to 2,500 1bjin.* 0 to 20,000 Ibfin 2 0 to 10,000 Lbfin
1,38 | L10401,35 {1.62 | 1.30to 1890 | 216 | L72to2.54 {0.01 | 0&7tel2s | .| _____________ 1.84 | 1.78 to 187 ® 1.89 | 1.80to 1.95

%o footnotes at end of table,
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TaBLE 3. Secant modulus of elasticily for specimens of glass-fabric laminates tested under various conditions of temperature and heating *—Continued,

Becant modulus of elastieliy in flexare
Temper- Unsaturated polyester resin latninates . ]
ature of { Specisl conditions Areylicéammat.e Sﬂinonellsam[mte Phenollgamjmte Melamin?_ laminate
heating Laminate A Laminate E Laminste F Laminate G
Mean Range Mean Range Mean Range Mean Range Mean Range Mean| Range Mean Range Mean Range
MODULTUR OF ELASTICITY OF SPECIMENS AT A TEMPERATURE T AFTER 0.5 HR AT THE TEMPERATURE T
Oto 5,0001bfin.2 | O to 7,500 Jbfind 0 to 5,000 1bfin.y Uto 2,000 1b/lna | 0 to 1,000 1b/n.e 0 to 5,000 1hfin. 0to 15,000 1bfin.t | 0 to 15,000 Ibfin
1 1% 1 108 1% 100 1% 1@
¢ thfind| 108 Mhfint  (Ibrind| 108 Ibfind  |Mbfind| 100 bfna [Bbfind 108 IBfina  ({bfind] 100 2bfims  |Mbfind| 100 Mbfins  |MBfn| 108 I6fint  |Ibfind| 108 Hhind
150 1.48 | 1L.24t01.66 (50 | 234t02.59 | 2.84 | 274102590 | 0.88 | G68t01.07 | 0.20 | 0.20to 082 | 1.30 | 131t0148 | 2.44 | 280¢to2.84 | 2.33 | 21040 2,42
0 to 8,000 1bfint | 0 to 15,000 bin.a t0 10,000 1bfina | O to 4,000 1b/in.} 010 2,000 1b/int | Oto10,0001bfina | 610 30,00010find | O to 30,000 lbfin.
150 --] 127 ) I0dtol 40 | 244 ) 282t0252 | 246 | 215t0o268 | 0.80 | 06lto0.97 |0.26 | 0250020 | 1.26 | 1.19t0 133 | 240 | 227 to 2,50 | 2.05 | 1.88t0 216
0 {0 4,000 1bfin.2 0 to 7,500 1bfin.2 0 ta 4,000 Ihfin A 0 to 2,500 1bfin,2 0 to 20,000 1bfin.? 0 to 15,000 1bfin.?
L Y S, 123 | 1L.09t0L.37 |1.72 | 16210181 | 1.88 | 1.6060235 | 0.84 | 063t01.32 (... ___. 2.28 | 187 to3.07 | 2023 | 1.591102.10
0 fo 4,000 Ibfin,a 0 to 5,000 Ibfin,? 0 1o 4,000 1k{in.2 0 to 2,500 1bfin 2 0 to 7,500 Ibfin.a ¢ to 15,000 1bfin.2 0 to 15,000 1bfin A
1.20 | 098to1,34 | 1.26 | 1.06t01.30 | 1.18 | 1.02¢tc1.37 [ 0.4% | 03940065 | ..ol o vemenmmnnn 1.36 | 1.27to1d4l ;1.52 | 142t01.79 | 1.68 | 1.60to 173
260, - Asbestos covered tray b. {1. 07| 084t01.82 | 127 | LIOt0 180 |oumeeo|oveee e, 0.66 | 0.65t00.88 | || L77 | LeztoLso | 1.78 | 1.68to 170
0 to 2,500 1bfin.? 0 to 4,000 Ibfin 8 O to 2,500 Ib/in.2 0 to 7,800 Ihfin.¥ 0 to 10,000 1bfin 3 0 to 15,000 1bfin.2
800 o {0. 78| 0.74to0.81 | 0.80 } 07440080 1113 | MOB6 60 139 | ||| rmmrrecaeaaa- ¢l.36 (21 30to1.44 | 1. 6% | 12710211 | L.60 | 1.56to1.65
- 0.68 | D6Lto 073 | 0.78 ] 06810090 | 1.4 | 1L 2WEG 105 |ocomn-|ammmcmmmuao oo 1.30 | 132t01.52 |1.66 | 13686179 | 172 | 1.65t01.78
0 to 7,800 Ibfind | 0to 10,000 1bfin,?
78 i IR, PRSI OSSR (EEENY USRI pUoysY SpSuirs) R ROV SR RN I 1125141.11to 1,4k | 009 | 084 t01.08 (5
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MODULUS OF ELASTICITY OF SPEQCIMENS AT A TEMPERATURE 7 AFTER 200 HR AT THE TEMPERATURE T4

150

0 0 10,000 1h/in.d

0to 5,000 Ibfins | 0t010,0001b/in | 0to10,0001b/in1 | 0t%02,0001bfin? | 0t020001bfint | 0to5000ibfin? | ©¢1015000Ibln.2

2.02 | 18710210 | 272 | 2.66t0284 | 313 | 296t03.32 | 0.52 | 0.64100.08 | 0.37 | 0.16t00.60 | 1.54 | 14210165 | 246 | 2.3¢t0262 | 2.41 | 228 10249
01010000 1b/in. | Oto 20,0001b/ind | 0to20,0001bfin: | Gto4,0001b/n? | Gto2,7001b/ns | ©to10,0001bfint | Oto30,0001bfins | O to 20,000 Iblna
167 | 185t02.10 | 265 | 258t0274 | 2.63 | 27210324 | 0.98 | 0.56t00.05 | 0.50 | 0.13t0 0.48 | 151 | 1.35t01.63 | 2.87 | 2.20t0 260 | 2.23 | 2.11t02.35
0t04,0001b/in3 | 0t0150001b/ing | 0t010,0001bfine | Otes,5001bfina || .|| ... 0to%,5001b/in3 | 0 ta150001bfind
1.03 | 0.97t01.08 | 2.02| 193¢t 215 [ 263 | 27610268 |0 44 | 040t0 047 || .|| L64| 14710175 | .99 | L87to 196
0to 1,500 Ibfimt | 0 to 5,000 Ibfin.s _(H.o 1,800 1608 |oeoooo| e eevieein..| Dt07,5001bfina 1 . © to 10,000 1bjin,2
0.91 | 0.42t01.21 [1.82 | Le5to2.02 | 182 | 148t0200 || . .. S 168 | 1820173 (=) 121 | L15t0 1.28
080 7,500 DN | oo 0 to 1,000 Thyln.2

____________________________________________________________ eeefmemmmem | eemm | LB | 1BO O L6 |eeeeeeeee | X0.64| kD52 L0 078

& Specimens approximately 14 in, thick and 1 in. wide tested at 0.04 In.fmin relative hesd motion
‘with aspan of 2.0in. Each value is the average for § specimens, unless otherwise noted. Specimens
taken at random from the sheets, unless otherwise noted. The stress range for the secant modulus

g shown above each set of valnes,

‘b
L]

d Tnless otherwise noted, all specimens that were heated for 200 ir were heated In open wide-

Interpolated.
Four specimens,

mouthed bottles placed In & clreulating-air oven.
& After removal from the oven, specimens kept over ealelum chloride for 24 hr prior to testing.

! Bpecimens lald ob asbestos board on oven shelf.

¢ The load-Geflaction records were too small to permit determination of the modulus.

b The normal tray is an aluminum tray. The ashestos-covered tray is the same aluminum tray
caveredd with abeestos paper about Ms in, thick,

temperature were made with the normal tray.
L Speclmens not randomly selected but taken from at loast 3 sheets.

k Two specimens.

Unless otherwise noted, all tests at elevated

i A muffla tornaoe controlled at 325°10° C was used for conditioning these spocimens,



IV. Results and Discussion

The flexural strength data for the various
samples tested under different conditions of tem-
perature and heating are shown in table 2. Some
of the data in table 2 are shown graphically in
figures 4 to 6; the data that are plotted are for
normal conditioning and testing, except when the
only tests made were with the tray covered with
asbestos. The corresponding date for flexural
secant modulus of elasticity are shown in table
3 and figures 7 to 9. The secant moduli selected
for graphing are for a stress range from zero to one-
half to two-thirds of the flexural strength; these
secant modull are expressed as percentages of the
values for the controls for the corresponding stress
range. The loss-of-weight data for the samples
after heating for 200 hr at various temperatures
are given in table 4. The precision of the data
and other statistical points are discussed in the
next gection of this report.

In the detailed discussion of the results that
follows, it must be noted that, except for the
polyester laminates, only one sample of a given
type laminate was tested. Hence only tentative

&0

FLEXURAL STRENGTH, 10% L8/ N2
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25 150 200 250 375

TEMPERATURE, °C

Ficure 4. Flerural strength of the laminales al 26° C after
200 hours of heating af various lemperatures.

A, E, F, G, Unsaturated polyester; B, silicone; O, acrylic addition; &,
phenolic; J, melamine,
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FiGURE §. Flexural strength of glass-fabric laminales ot a

temperature T after 0.5 hour of heating at T.

A, E, F, &, Unsaturated polyester; B, silicone; O, acrylle addition; H,
phenoiic; J, melamine.
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25 150 200 250

. 325 375
TEMPERATURE, °C.

FraurE 6. Flesural strength of glassfabric laminatesiot a
temperature T after 200 hours of heating al T.

A, E, F, @ Unsatursted polyester; B, silicons; C, scrylic additfon; F,
phenolic; JJ, melamine,
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FLEXURAL MODULUS OF ELASTICITY.
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Ficure 7. Flexural secant modulus of elasticity of the
laminates ot 25° C after 200 hours at various temperaiures,

A, B, F, &, Unsaturated polyester; B, silicone; C, aerylic addition; H,
phenelle; 7, melamine,
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Figure 9. Flevural secant modulus of elasticity -of the
lamingtes at a lemperature T after 200 hours of heating
at T,

A, E, F, 3, Unsaturated polyester; B, silicone, ¢, aerylie additlon; H,
henolig; J, melamine.
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Froure 8. Flerural secant modulus of elasticily of the
laminates at a temperature T after 0.6 hour of heating
at T,

4, E, F, @, Unsaturated polyester; B, silicone; €, serylic addition; H,
phenolic; J, melaraine.

inferences may be drawn regarding the behavior
of the various types of materials.

1. Flexural Strength

The four polyester samples (figs. 4 to 6) show
less than 20-percent loss in strength when tested at
25° C after 200 hr of heating at 150° C, When
tested at 25° C after 200 hr of heating at tem-

Strength of Laminates up to 300° C.
88633450 —4

Tasue 4. Losz of weight and loss of resin by glass-fabric
laminates after heating 200 hours at various lemperotures®

150° C 200° C 250° ¢ 325°
NES sample
Gesignation | yyoiontl Resin] Weight| Resin| Weight| Resin| Weight| Resin
Joss |lossP| loss |lossb| losg |lossb| loss |lossb
Unzatureted-
polyester
resin: % % % %o %
A .21 | oG 7|20 26.2
S 0.9 |28 48150 | 253
Foo 1.2 | &0 46 (192 181
[ S . 2.1 | 50 14 | 248 | 313
Acrylic addi
tion resin;
L+ USSP S I U [ I I N S
Bilicone resin:
B ___ 0.13 | 033 || 0. 51 1.3 21 6.4
FPhenolleresin:
f # S 21 | LB 8.0 [20.2| 47 £ 1 (R
Melamineres-
ia!
| 3.5 | 7.6 49| 167 R4 | 188 | on|immen

& The initial weights were determined alter at lesst 7 days’ conditioning
at 257 C' and 50% relatlva humidity; the Anal weights wore obtained after tha
specimens had been reconditioned 7 days at 26° C and 60% relative humidity
following the 200 hr of heating, Eaeh value i3 the average for 5 specimens.

b Caleulated on basis of WBS valuas for resin content except for laminate B;
the assumption {3 made that total weight loss is resin,

peratures above 150° C, the loss in strength
increages rapidly, reaching about 90 percent at
250° C, These four pelyester samples show losses
in strength ranging from 50 to 90 percent when
tested -at 150° C after either 0.5 or 200 hr of

it




heating at 150° C. TFor similar treatment at
250° C the loss in strength is at least 80 percent,
‘even for samples tested after only 0.5 hr of
heating,

The acrylic laminate €, when tested at 150° C
after either 0.5 or 200 hr of heating, retained
only about 15 percent of its initial strength,

The flexural strength at 25° C of silicone
laminate B was reduced only 10 percent after
heating 200 hr at 250° C; this was the least change
observed for any sample for this test condition.
In tests at elevated ternperatures, after heating
the samples for either 0.5 or 200 hr, the flexural
strength dropped considerably between 25° and
150° C. The flexural strength at 150° C was
about 13,000 lb/in? compared to a walue of
29,000 lb/in.? for the controls. Above 150° C the
strength diminished very slowly with increase in
temperature up to 250° C for the 200-hr and up to
375° C for the 0.5-hr heating period, respectively.
It is of interest to compare the results obtained in
this laboratory with data obtained by the New
York Naval Shipyard [9] on two samples of 0.5-in.
thick glass-fabric silicone laminate from two
gources. Some of these results, as well as data for
sample B, are shown in table 5.

TasLE 5. Comparison of resulls for sample B with other
JRexural dala on silicone laminales

Flexural strength at T after heating at T

Temper-

atare of Hample 7 [6] Bample IT [9] Sample B
condltion-
ing and teat
Heated | Heated | Heated | Heated | Heated | Heated
1 hr 192 hr 1hr 192 hr 0.5 hr 200 hr

¢ 10%b/in.2) 102 10fin.2| 108 ibfin.2] 10% Ifin.2| 103 2fin.2 102 Bbfin.2

I50 .. _____ 7.2 17.8 0.8 12.0 12 6 14.3
860 ____.___ 3.6 12.8 5.0 4.2 14.9 13. 4
Control val-

Tes__ . 2.9 20.0 20.2

Sample I was reported to be softened at 250° C
when heated only a short time at that tempera-
ture; in view of the improvement on further heat-
ing, this behavior was believed to be caused by
further cure [9]. To test this idea they report [9]
that specimens of sample I were heated for 72 hr
at 250° C, reconditioned for 72 hr at 25° C and
50-percent relative humidity, and then tested at
250° C after 1 to 4 hr at 250° C; flexural strengths
of 11,000 Ibfin.? were obtained., These results

80

give some indication of the variability in behavior
of different silicone laminates and also show the
poksibility with such laminates of having an under-
cured material.

Tha sample of phenolic laminate H was out-
standing in retention of flexural strength at ele-
vated temperatures when heated only 0.5 hr at
the test temperature. For example, the flexural
strength at 375° C for this test condition was
15,000 lb/in.? compared to 46,000 lb/in2 for the
control (fig. 5). The same sample, however, was
seriously degradod by prolonged heating at 250° C;
after such treatment it exhibited a flexural strength
much less than 1,000 1b/in.? when tested either at
250° or 25° C.

The melamine laminate J shows a nearly steady
decline in strength from 25° to 250° C or more for
the three heating and testing conditions. The
flexural strength is reduced to about two-thirds,
one-half, and one-third for heating at 150°, 200°,
and 250° C, respectively. At a given temperature
7, the strength at 7 after 0.5 hr of heating is
slightly greater than that for tests at 25° C after
200 hr of heating, and the latter strength is
slightly greater than that at a temperature 7
after 200 hr of heating. These flexural strength
values were compared with data obtained by the
New York Naval Shipyard [9]. The latter

. laboratory made tests similar to those described

in this report on a 0.5-in.-thick melamine laminate.
The general trend of the strength-temperature
data given in [9] is similar to that shown in figures
4 to 6 for sample .J,

2. Flexural Modulus of Elasticity

For a given sample the trend shown by the
flexural secant modulus of elasticity versus tem-
perature graph is quite similar to the plot of flex-
ural strength versus temperature for the same
condition of heating and testing. However, for
each laminate the percentage loss mm flexural
modulus of elasticity for a given test condition is
always less than the loss in flexural strength for
that test condition.?

3. Correlation Between Changes in Flexural
Strength and Modulus of Elasticity

In figure 10 the flexural strength in percentage
of control is plotted against the flexural modulus of
elasticity in percentage of control for all the lami-

# Thers were exceptlens to this statement when the losa in the flexaral prop-
erty was 5% or lese. Such losaea are not consldered significant.
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nates except . Data for all conditions in tables
2 and 3 were used, except that the values for
“Special conditions” were not plotted unless no
other data at a given temperature were available,
The modulus of elasticity data for the lowest

stress range was used in the case of tests at 150° C. -

It is evident that a correlation exists between these
two quantities; furthermore, it appears that the
correlation equation is probably different for the
polyester laminates 23 compared to the melamine
laminate J. A detailed analysis of the correlation
was not made, as only in the case of the polyester
laminates was there more than one sample of a
given type of laminate,
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FLEXURAL MOOULUS OF ELASTICITY, PERGENT OF CONTROL

Correlalion between flesural strength and
Rexural secant modulus of elasiicily.

Data taken from tables2 and 3, Ssmple A, C; E, O F, @; 0, @; B, A}
I, 0; H, 4.

4. Relative Heot Resistance of the Laminates

Ficure 10,

To give a concise comparison of the laminates as
regards their retention of flexural properties at
elevated temperatures, 8 table was prepared in the
following manner: For each sample the tempera-
tures in fizures 4 to 6 were noted for which the
flexural strength was 30 percent or more of the
flexural strength for the control for all three con-
ditions of heating and testing. The same pro-
cedure was followed for the corresponding secant
modulus of elasticity values, except that the per-
centage was 50 instead of 30. These temperature
limits are shown in table 6. Since it was often
necessary to interpolate the stress range as well as
the modulus of elasticity, the temperatures given
in table 6 for the modulus data are less accurate

Strength of Laminates up fo 300° C.

TABLE B. Relative heat resistance of glass-fabric laminales,
based on flexural properlies

Temperature T at | Temperature T at which floxuarsl
which flexursl gecant modulus of elasiicity is
NBSsaumpls | SHER L | s Copes ol eSO
designation va]ﬁe far the three Ype S
types of testz »
Teamperatura Biress range
Uneafuraied-
polyester resin: a "C Ihfin. 2
A . Ui R, L D to 8,000,
) S 80 200 . 0 to 7,500
R 140 (estimated)______ - 1 | 0 to 4,000,
¢ S 130 (estimated) .. ... Less than 150. ... O to 4,000.
Aecrglic  addition
resin:
G Much less than 150..| Much less than 150._| O to 5,000,
Silicone resin: .
B ! 326 (for 65%, esti- | O to T,500.
mated),
Phenolic resin:
Ho oo 200 220 (estimated).. .__ 0 1o 5,000.
Metamine resin:
¥y 2RO 220 (estimated) _____ 0 to 10,060,

= Tests at 25° C after 200 br of heating at tamperature T, and tests ab tem-
perature T after 0.5 ar 200 br of conditioning at temperature T.

than the temperatures for the flexural strength.
It must be emphasized in addition, that for the
modulus of elasticity data, temperatures different
from those given in table 8 would apply for other
stress ranges; when the stress-strain diagram is
nearly linear for the ranges considered, the effect.
of differing stress range is slight.

It iz of interest to compare the values in table 6
with data obtained by Sieffert and Schoenborn [10].
The latter authors determined the weight loss as a
funetion of time for a number of laminates at
various temperatures; from these data curves were
plotted of weight loss versus temperature. It was
found that for each material the weight loss as a
function of temperature began to increase rapidly
beyond a certain temperature. By using an
arbitrary criterion, a “critical thermal instability
temperature’”’ was determined from the plotted
data. The values Sieffert and Schoenborn re-
ported for several laminates are shown in table 7,

It is evident that there is close agreement be-
tween the critical thermal instability temperature
and the temperatures given in table 5 for retention
of 30 percent of original flexural strength.

5. Effect of Speed of Heated Air on Changes in
. Flexural Properties

The data in tables 2 and 3 for tests at 25° C
after heating the specimens at 200° C either on
the oven shelf or in open bottles were examined

8l




TaBLE 7., Critical thermal instability lemperaiure and resin
loss dala reported by Sicffert and Schoenborn [10] for glass-
fabric laminales

Criticeal
thermal | Temper-
Resi instabil- | ature for
(Giass-fabric lJaminate eon- ity tem- | 5% resin
tent | perature | loss (72

M=4,72h h
¢ d.s:,a) d v

’ Percend “C L
Polyester__.__.___._____. n 140 140
Blligone A_______________. 52 350 a7rh
Bilicone B._______________ 40 355 250
Low-pressare phenolie. .| 28 210 220

Melamine-formaldehyde

A 40 235 115
Melamine -forma[dehyds
B oo 45 240 1)

statistically (see section V). It was found that
both the flexural strengths and flexural moduli of
elasticity for the polyester laminates and the
phenolic laminate were significantly lower for the
cage of heating on the oven shelf, i. e., in rapidly
moving air, as compared to heating in the open
bottles. However, for the melamine laminate J
the differences were not significant.

These results indicate that information on the
effect of prolonged heating on the glass-fabric
laminates under different atmospherie conditions
is needed. The degradation of the resin may
depend on the rate of removal of degradation
producte as well as the rate at which heated air
containing oxygen, an important agent for some
degradation reactions, is swept over the surface of
the material. It follows that the use of data of
the type presented in this report on the properties
of laminates after prolonged heating should be
used for design purposes with csution, since in
practice the conditions of heating may differ
widely from those that apply to the data given
here, Likewise, interlaboratory comparisons of a
given laminate may give discordant results if the
heating conditions are not duplicated.

6. Loss of Weight on Heating

After 200 br of heating at only 150° C, all the
samples except the silicone exhibited logses in resin

of 2 to 8 percent of the initial amount, with the -
melamine laminate showing the greatest loss. As
the temperature of heating was raised, the loss in
amount of resin increased very rapidly for all the
polyester laminates and the one phenolie laminate.
For these samples the resin loss is roughly four-
fold at 200° C and twelve- to thirty-fold at 250° C,
compared to the losses at 150° C. In contrast to
this behavior the melamine laminate showed muech
less rapid inereases in resin loss (see table 4).

V. Statistical Analysis
1. Precision of Results

The standard deviation was determined for the
data in tables 2 and 3 for tests at various con-
ditions. For & given sample it was observed that
the standard deviation tended to be proportional
to the mean value. For this reason, further
analysis was made with the coefficient of variation
instead of the standard deviation. The coefficient
of variation is defined as 100 times the ratio of the
standard deviation to the mean value.

The coefficient of variation was not reported for
each flexural strength value in table 2 or each
modulus of elasticity value in table 3 because such
statistics, based on only five observations, are
gubjoct to wide variability. It was decided to
analyze the individual coefficient of variation with
respect, to its variation from sample to sample and
between the different temperatures. This was
done to determine in what manner these data
could best be combined for more reliable estimates
of precision. The analyses are discussed in the
following paragraphs.

{a) Flexural Strength

The coefficient. of variation {(,) was determined
for all the values in table 2. A statistical analysis
of some of these data indicates some variation of
the value of (, between samples. No consistent
trend for the effect of conditioning or test tem-
perature on the value of , for the samples was
noted. Therefore, the estimates of (, within
each sample were pooled with the following
results:

Journal of Research




Laminate C,
Unsa}lurated polyester: P%rcent
E oL 51
F . 7.3
__________________ 5 4
Acrylic addition:
__________________ 88
Bilicone:
_________________ 5.2
Phenolic:
................. 10
Melamine:
S e 2.9

In a few instances, usually for the highest testing
or conditioning temperature and when the flexural
strength was a small fraction of the initial value,
a very large value of C, was obtained; such values
were omitted in obtaining the ahove estimates
of .

{b) Flexutal Mcdulus of Elasticity

The coefficient of variation was determined for
the modulus wvalues in table 3. A statistical
analysis was carried out for the tests made either
at 25° C or at a temperature T after 200 hr of
heating at 7. It was found that (1) the effect of
conditioning temperature on C, varies significantly
from sample to sample; (2) G, cannot be assumed
to be the same for all samples; and (3} the effect
of testing temperature, i, e., 25° C compared to
T, on (, varies significantly from sample to
sample. The sbove effects do not seem to be
important except the sample-to-sample variability.
It was therefore decided to combine the estimates
of , for the wvarious samples. The estimated
values of O, for the modulus of elasticity are:

Laminate c,

Unsaturated polyester: Percent

A ___ 7.5

B ... 51

o ___ 88

G L 14
Acrylie addition:

C . 7
Silicone:

B 4. 5
Phenolic:

I 7 S 10
Melamine:

R 3.0

Strength of Laminates up to 300° C.

In a few instances, usually for the highest testing
or conditioning temperature and when the mod-
ulus of elasticity was a small fraction of the
initial value, a very large value of (, was ob-
tained; such values were omitted in obtaining the

above estimates of (. '

2. Thermal Shock in Tests After 0.5 Hour of
Heating

A statistical analysis was made of the flexural
data for the tests after 0.5 hr of heating in which
duplicate sets of specimens were tested, one set
with and one set without asbestos paper on the
metal specimen tray, All the samples do not
behave alike with respect to differences in flexural
strength or modulus of elasticity for the two tray
conditions, Although in some cases there appears
to be a significant effect, the data as a whole do
not support the assumption that the thermal
shock is scrious.

3. Effect of Heating in Still Air Compared to
Heating in Rapidly Moving Air

A statistical analysis was made of the flexural
data for the tests at 25° C after 200 hr of heating
at 200° C with the specimens exposed (1} in open
bottles, and (2) on the oven shelf. It was found
that flexural strength and flexural modulus of
elasticity were similarly affected for specimens
contained in open bottles compared to those
placed direcily on the oven shelf during the heating
period. The data for each sample were tested
separately. Samples A, @ and H all show
significantly greater losses in flexural strength and
modulus of elasticity for shelf heating compared
to bottle heating. For sample E the effect was
significant for flexural strength but not for modulus
of elasticity. For sample J no significant effect
was noted.

VI. Conclusions

The silicone laminate is superior to the other
Iaminates tested in retention of flexural properties
at temperatures of 250° to 300° C. When tested
at about 325° C after cither 0.5 or 200 hr of
heating at that temperature, this laminate retained
at least 30 percent of its initial flexural strength
and over 50 percent of its initial flexural modulus of
elasticity.




The phenolic laminate showed good retention of
its flexural properties when tested at elevated
temperatures after heating for 0.5 hr at the test
temperature. When tested in this way at 375°
C, the flexural strength was 15,000 lb/in.2, and
the modulus of elasticity was 1.0XX10° lb/in.2,
values roughly one-third of the ecorresponding
values for the controls. The behavior of the
phenolic laminate after prolonged heating was
much lesz satisfactory; at 25° or 250° C after
200 hr of heating at 250° C the flexural strength
was much less than 1,000 1b/in.2

The melamine laminate, although much inferior
to the phenolic laminate when tested at a tem-
perature of 375° C after 0.5 hr of heating, was
superior to the phenolic in retention of flexural
strength after 200 hr of heating at 250° C.

The four polyester laminates lost at least 80
percent of their flexural strengths when tested at
250° C after either 0.5 or 200 hr of heating.

The arcylie addition laminate lost at least 80
percent of its flexural strength when tested at
150° C after either 0.5 or 200 hr of heating.

For each laminate and each test condition, loss
in flexural modulus of elasticity correlates with
loss in flexural strength; the former loss is less
than the latter.

The loss in flexural properties during prolonged
heating may depend on the method of exposing
the specimens in the oven. For specimens of the
polyester and phenolic laminates, heating in a
circulating-gir oven in open bottles caused signifi-
cantly less loss in flexural properties than did
heating on the shelves of the oven.

These conclusions, except for the polyester
laminates, are based on data for only one sample
of each type of glassfabric laminate and hence
can be coonsidered only tentatively as being
representative of the various types of material.
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