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LAMINATES WITH TEMPERATURE GRADIENTS 1--

By

KENNETH H. BOLLER, Engineer

Forest Products Laboratory, ? Forest Service
U. S. Department of Agriculture

Summary

A simple theoretical method was developed to predict the strength of reinforced plastic
laminates when thermal gradients exist through the thickness. Theoretical values are
compared with experimental data from compression and tension tests. The observed
strength was equal to or slightly greater than what the theory predicts, so it was con-
cluded that the theory is conservative and useful for the solution of thermal gradient
problems.

Theory

It is well known that the tensile or compressive strength values of reinforced plastic
laminates are a function of both temperature and time of exposure when the tempera-
ture is the same across the thickness of the material. However, predicting the tensile
or compressive strength is more complicated when different temperatures exist on the
two faces of the material. Some work has been done on transparent plastics 4 and on
silicone- and phenolic-glass laminates. 1 The report on the reinforced laminates 4—
shows compressive strengths at various temperature gradients, and its theoretical
presentation indicates that, for 1/8-inch-thick laminates, the additional stress due to
thermal gradient is small compared with failure stress.

1
—This report covers work done in cooperation with the Bureau of Naval Weapons, De-

partment of the Navy, under Order Nos. NAer 01967 and 19-61-8019-WEPS. Trade
names are included in the report at the request of BuWeps and with the permission
of the materials suppliers.

?Maintained at Madison, Wis. , in cooperation with the University of Wisconsin.
3—McCracicin, F. L. Prediction of Creep of Transparent Plastics Exposed to Tempera-

ture Gradients, Naval Bureau of Ships Report 5277, 1957.

Kimball, K. E. Effect of Thermal Gradients on the Strength Properties of Phenolic
and Silicone Reinforced Plastic Laminates. Forest Products Laboratory Report
No. 1878, 1960.
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(2)

(3)

•
It may be observed from data 4— that the average failing stress of a glass-reinforced
plastic laminate has a value between the available local strength on the cold face and
that available on the hot face. The term "available local strength" refers to the stress
on the material just before it fails at a specified temperature. The experimental
values, furthermore, are not the summation of the interior available local strengths,

o-
1 + o- 2 

but are some value between 	 and a- (Symbols used are presented in Appendix I. )
2	 2.

Empirically the observed strength could be equated to o- 2
 + K (cr 

1 
+ o-

2
) or calculated

If T is the temperature at any point in the material of thickness t, and if it can be
assumed that the temperature change through the thickness is uniform from hot face,
T2, to cold face, T

1' 
then

	

T = a zt + 13	 (1)

Where a is the temperature gradient, 
T2 - T

1 
t

z is the ratio of the distance from the cold face to the point at T compared with t,
and

is T 1 .

By substituting values for a and

T
2 

T
1 

	T =	 zt	 + T1

and solving for z as a function of T, we have

	

T - T	 T	 - T
1	 1 

or = T 1 - T2T
2
 - T

1

If it can also be assumed as an approximation that the strength of the material a- at
point z within the limits of the thickness and temperature gradient is a straight line
function with temperature, then

	

= aT + b	 (4)

Where a is the rate of change of strength

b is a constant.

according to Simpson' s rule. 3— If all the available strengths of individual fibers were
utilized, they would fail simultaneously. Since they do not, the material presumably
fails progressively. Therefore the following theoretical approach and test data are
offered as a more general solution to the problem of finding strength, as a function of
available local strengths, in a laminate with a temperature gradient.

Z =
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•	 For stress on cold face, cr. and hot face, 0

o-
1 

= a T
1
 +b

o- 2 = a T 2 + b

0- 1 - o2 Hence a is
T

1
 - T

Z

ir 1 T2 - 43-2T1 o- zT I 	0-1T2
or	

T 1 
- 

T
2

and constant b =
T T
2 - 1

Then equation (4) becomes

0- 1 - C 2 	r 2T 1 	 61T2 

	

T 1 - T2 T	
T
1 T 2

From equation (3) T= T 1 	z (T 1 - T2)

Substitution of this T value in equation (5) and solving for z, we have z as a function of
strength on hot and cold faces and at an interior point

Z =
	 1 

- 0'	

(6)

	

1	 02

Now assume that, as the load is applied to the cross section by mechanical or thermal
forces, the stress distribution is constant across the section and that a partial failure
has taken place. The value of z is such that zt is the remaining cross section. The
strength of this remaining cross section is

(3" = 
P

 zt

Substituting (6) in (7), we have the load P as a function of strengths and original thick-
ness

	

P= 6 u1 	 t	 (8)

	

cr 1	 cr 2

According to this equation, there is a maximum load that the material will sustain. If
the first derivative of P with respect to u v equals zero, we have

dP cr l	 2t 
— =	 t	 o- = 0	 (9)do-	 o-

1
 - o-

2 	
CT 1 - Cr 2

(5)

(7)
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or
	 •

1
7 = -2-71

Substituting this optimum strength value in equation (8), we have the maximum load Pm
as a function of surface strengths and thicknesses

2
O1 

P =
m	 4(o 1 	o-2)

and the strength, o- f , based on the maximum load and the original thickness t equals

a- 
1

2

cr f	 4(tr1 -

2
of — are between ar 

1 
and o•

2
 because the failure must take place within the speci-1

o- 1
mens, equation (6). When -2— <o- 2 , the strength, o f , will be the strength of the mate-

n
rial on the hot face, or

2
. When —1 2 o- 2 , the strength may be calculated from equa-

tion (12).

Experimental Work

,,
Several sets of available data from previous reports4— 5' relating to strength proper-
ties of laminates at elevated temperatures or with thermal gradients were analyzed,
and values of theoretical strength were calculated in accordance with the foregoing
theory. In addition, evaluations were made on a phenyl-silane laminate to supplement
the available data, and experimental and theoretical values were compared. The ex-
perimental data were observed on different types of material, at different directions of
loading, and after different heating and loading procedures. Following is a discussion
of these widely different materials, tests, methods of heating, and other factors relat-
ing to this work.

-Boller, K. H. Tensile and Compressive Strength of Reinforced Plastic Laminates
After Rapid Heating. WADD Technical Report 60-804.

-Boller, K. H. Effect of Infrared Heat on 45° Tensile Strength of Two Reinforced
Phenolic Laminates. Forest Products Laboratory Report No. 1879. 1961.

(10)

(12)

Examination of these equations shows that they are limited to conditions where values
0•

c •
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•	 Materials

Data were obtained on the following parallel laminates:

1. A silicone laminate made of DC 2106 resin and 181 heat-cleaned glass fabric. 4

2. A phenolic laminate made of CTL-91LD resin and 181-A1100 glass fabric.±

3. A phenolic-asbestos laminate, R/M Pyrotex Felt Style 41-RPD.1

4. A phenyl-silane laminate made of CTL 37-9X resin and 181-A1100 glass fabric.
The material is from a lot undergoing a comprehensive evaluation in cooperation with
the Wright Air Development Division; a report will be prepared when all work is com-
pleted. Appendix II presents information on this laminated material.

Type of Test, Direction of Loading 
and Method of Heating 

Compression and tension tests were made as follows:

(1) Compression tests were made of the silicone-glass, phenolic-glass, and phenyl-
silane-glass laminates. Load was applied parallel to the warp direction of the glass
fabric. Specimens were heated with small plate heaters adjacent to and covering the
net reduced section of the specimen. Details of the test procedure are presented in
another report. ±

(2) Tension tests were made of the phenolic-glass and phenolic-asbestos laminates.
Specimens were cut so that load was applied at 45° to the warp direction of the phenolic-
glass material and at 45° to the machine direction of the felt of the phenolic-asbestos
material. Heat was applied with infrared tubular quartz lamps that radiated heat
energy to the reduced section of the specimen. Details of the test procedure are pre-
sented in a previous report.i)

Heating-Loading Modes 

Three basic heating-loading modes were used in these investigations. The modes are
the following succession of heat or load:

(1) Heated to a desired temperature and then loaded to failure while temperature re-
mained constant.

(2) Loaded to a desired load and then heated to failure while the load remained constant.

(3) Loaded to a desired deformation and then heated to failure while the distance
between bearing surfaces remained constant.

-Boller, K. H. Strength Properties of Reinforced Plastic Laminates at Elevated
Temperatures (Phenolic-Asbestos, R/M Pyrotex Felt Style 41-RPD). WADD
Technical Report 60-177, Part I.
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•Test Conditions and Combinations

A variety of combinations of test methods, heating, and heating-loading modes were
employed. The prediction of expected strength was, however, based on test values of
comparable combinations. The specific conditions were as follows:

(1) Compression specimens of the silicone-glass and phenolic-glass materials were
heated to temperature in about 1 minute by the use of plate heaters. The temperature
was held at the desired level for 10 minutes and load was then applied to the specimen.
The time required to load each specimen was about 2 minutes, so the duration of time
at temperature was about 12 minutes. Tests were made at uniform and nonuniform
temperatures through the thickness. Data are presented in tables 1 and 2.

(2) Tensile strengths of phenolic-glass and phenolic-asbestos materials were evaluated
by first heating specimens to temperature and then applying the load. The strengths at
uniform temperature distribution through the thickness were obtained after heating with
infrared lamps6 in approximately 4 minutes or after 1/2 hour in an oven. 2-' 5- Approxi-
mately 1 to 3 minutes were required to load specimens to failure once loading was
started. For a temperature gradient evaluation, other tension specimens6 were first
loaded to a predetermined level and then, while load was maintained, were heated on
one face with infrared lamps until failure occurred. The rate of heating was varied
greatly, and the time required to cause failure varied from about 10 seconds to 20 min-
utes. Data are presented in table 3.

(3) Compression specimens of the phenyl-silane laminate were heated to temperature
in about 1 minute by the use of plate heaters the same as for phenolic-glass and silicone-
glass materials. However, with the phenyl-silane material, as soon as the tempera-
ture was reached, load was applied while constant temperatures were maintained. The
period of loading was about 3 to 5 minutes, so the duration of exposure under constant
temperature was this loading period. Tests were made at uniform and nonuniform
temperature distributions through the thickness. Data are presented in tables 4 and 5.

(4) Compression specimens of the phenyl-silane material were also loaded in a creep
machine to a desired load in about 20 seconds. Heat was applied with plate heaters,
and temperature increased until failure occurred. The time of heating varied between
10 and 40 seconds except that one group of specimens with a low load level required
about 5 minutes of heating at 1, 100° F. before failure (table 4). Tests were made by
this method at uniform and nonuniform temperature distributions through the thickness.
Data are presented in tables 4 and 6.

(5) Compression specimens of the phenyl-silane material were also loaded to a desired
deformation. Load was applied at a testing machine head speed of 0.009 inch per min-
ute, and the time required to reach the deformation varied from 47 seconds to 4.5 min-
utes. The crosshead of the testing machine was then maintained in a constant position
and heat was applied on one side of the specimen. Expansion of the specimen due to the
increasing temperature was not possible because of the fixed head, so the loadincreased
to a maximum value while deformation remained constant. Continued heating finally re-
sulted in a decrease in load, an increase in strain between the gages, and then failure.
Data are presented in table 7.

holler, K. H. Strength Properties of Reinforced Plastics at Elevated Temperatures
(CTL-91LD Phenolic Resin and 181-A1100 Glass Fabric). WADC Technical Report
59-569.
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•	 Analysis of Results

One set of data available for analysis were obtained from compression tests of two
types of laminates, silicone glass and phenolic glass. The data were obtained by sub-
jecting specimens to controlled temperatures and temperature gradients and then load-
ing to failure. The observed strengths at specific temperatures are presented in
tables 1 and 2. The strengths that would be expected of these specimens at these con-
ditions were computed from data on these materials tested under similar conditions
but without a temperature gradient. Figure 1 presents such a compressive strength
curve at various temperatures for these two materials; data were obtained from two
sources. I' l From this smooth curve, values of estimated strength for the hot and
cold faces were chosen for substitution in equation (12) for theoretical strength of the
material with that temperature gradient. The calculated strengths for each condition
are presented in tables 1 and 2. The comparison of observed and calculated strengths
is presented in figure 2. It may readily be seen that this theory on temperature gradi-
ent, with the companion knowledge of local available strength at temperature, permits
an accurate prediction of the strength of silicone-glass laminates and a conservative
prediction of the strength of phenolic-glass laminates. Thus variables of temperature
and temperature gradients are grouped in a simple criterion for predicting the strength
of these laminates.

The second set of qta used in this comparison were obtained in tension on two different
types of laminates,=' 1 , f-3- phenolic-glass and phenolic-asbestos. Tension tests were
made of specimens machined at 45° to the natural axes; strength in this direction is
related largely to the shear strength of the material along the natural axes. The tem-
perature gradient data were obtained by subjecting tension specimens to controlled con-
stant loads arid then applying heat energy from infrared lamps to only one face until
failure occurred. The failing temperatures observed on hot and cold faces are presented
in table 3. The strengths that would be expected from these materials (neglecting
short-time stress-rupture characteristics) at constant temperature across the thick-
ness are presented in figure 3. A limited amount of data are available in this direction
of loading for short periods of soak and with infrared heating. —6 However, these limited
data, combined with data from oven heating,?' A have been used to establish a tentative
strength-temperature curve. From this curve, values of estimated strength for the hot
and cold face were chosen for substitution in equation (12) for theoretical strength of
the material with a temperature gradient. The calculated strengths for each condition
are presented in table 3.

Comparison of calculated and observed strength is presented in figure 4. The agree-
ment is fair considering the fact that the exact strength-temperature-time relation is
not known for those materials loaded in this direction. The phenolic-asbestos material
deviates the most from the observed-calculated line, possibly because of the limited
data on this material' s strength-temperature relationship. Most of the observed values
are greater than calculated, so the predictions are considered conservative. This con-
servative tendency could also be due to the theoretical assumption made prior to equa-
tion (7) that the stress distribution is constant across the remaining cross section.
This assumption may not be entirely true for this construction and loading direction of
the laminate. It is possible that another stress distribution exists that utilizes more of
the available local strength and would then yield higher theoretical values.
A third set of data used in this analysis for comparing thermal gradient effects was ob-
tained specifically for this work. Compression tests were made on a phenyl-silane
laminate using the three modes of heating and loading.

Report No. 1881	 -7-



•The compressive strength of this material without a temperature gradient is presented
in table 4 and figure 5. Values from two test modes are presented. In addition to
strength-temperature data, table 4 presents pertinent strain information such as mod-
ulus of elasticity, strain at maximum stress, and the elongation due to thermal expan-
sion. The latter is the expansion observed as soon as the temperature was reached and
before loading was started. It should be noted that the thermal expansion may be con-
sidered linear up to 600° F. (fig. 6), but beyond 600° F. it is concave downward.
Additional data were obtained in this work in which specimens were rapidly heated and
held at temperature for up to 30 minutes. Data plotted on figure 6 show that the mate-
rial shrinks with increasing time at elevated temperatures. Two curves show the
change in expansion at 6- and 30-minute soak periods. The magnitude of this shrinkage
may nullify and complicate the thermal stresses.

Figure 5 presents two curves, one from each mode of heating and loading. They differ
slightly, which may be attributed to the time factor involved. The lower curve was ob-
tained in about 4 minutes, whereas the upper curve was obtained in about 1 minute ex-
cept for the group of specimens heated to 1, 100° F. From these curves, values of the
estimated strength for hot and cold faces were chosen for comparison with the respec-
tive observed experimental data on temperature gradients.

The observed data for the three modes of heating and loading are presented in tables 5,
6, and 7, along with the results of computations for the calculated strength. It should
be noted that table 7 presents data at both maximum load and failing load. In previous
tables, the maximum load was equal to the failing load, but both existed with this mode
of loading and heating. It was observed during the experiment that: (1) The load in-
creased with the application of preload strain; (2) then when the preload strain was held
constant between heads of the test machine and the heat applied, the strain in the gage
length of the specimen remained constant, but the load increased to a maximum value;
(3) then with continued application of heat, compressive deformation between gage
lengths increased but the load decreased to a failing load. This final failing load appears
to be a product of the test method, so that only the maximum load values are compared
with the theory in figure 7.

It may readily be seen on figure 7 that the agreement between observed and expected
values is fair. The agreement is again such that the observed values are slightly higher
than the calculated ones, and thus the predictions are considered conservative.

Conclusions

A simple theoretical prediction of the strength of plastic laminates with temperature
gradients across their thickness has been presented. A formula was derived by
assuming a knowledge of the available strength of the material at elevated temperatures
and by assuming a definite stress distribution prior to the progressive failure. Results
of the derivation show that:

If one-half the strength of the material on the cold face is less than the
strength on the hot face, a rapid progressive failure would result. The
strength of the laminate would thus be expected to equal the strength of
the material on the hot face; for example, complete failure occurs when
the hot face ruptures (o-f = 2) .

Report No. 1881	 -8-



• If one-half the strength of the material on the cold face is greater than
the strength on the hot face, the strength of the laminate would be the
result of a slower progressive failure and would be expected to equal
one-fourth of the strength available on the cold face squared, divided
by strength on the cold face minus strength on the hot side

2
o-

Experimental verification of this theory is presented with four types of plastic lami-
nates, two mechanical tests (tension and compression), two types of heat source, three
modes of heating-loading procedures, and numerable temperature gradients and periods
and rates of heating. This variety of materials and test conditions provides both flat
and steep strength-temperature curves and a wide range of temperature gradients.

A comparison of the results of computations and experimental observations shows that
agreement between the two is fairly good. The observed strength is equal to or slightly
greater than what is predicted by theory so it may be concluded that the application of
the theory is conservative and useful to the solution of thermal gradient problems.

1	
(Of = 4(o-	 - o- ) ).

1
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APPENDIX I
	 •

Symbols 

s
a = rate of change of strength with respect to temperature, pounds per F. quare inch 

b = constant, pounds per square inch.

P = load, pounds per unit width.

P = maximum load, pounds per unit width.

t = thickness of laminate, inches.

T = temperature, ° F.

T
1
 = temperature of cold face, °F.

T
2
 = temperature of hot face, °F.

z = ratio of distance from cold face to temperature, T, to the total thickness.

°F.
= temperature gradient across thickness of laminate, inch •

= constant, usually T,, °F.

cr = strength of the material at temperature, T, pounds per square inch.

cr
l
 = strength of material at temperature, T 1' 

pounds per square inch.

Cr 2 = strength of material at temperature, T 2, pounds per square inch.

P
m

II f	 t
= strength of laminate having face temperatures of T 1 and T 2 , pounds per

square inch.
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•	 APPENDIX II

Details of Fabrication of Phenyl-Silane Resin

(CTL 37-9X) with 181-A1100 Glass Fabric

The following fabrication data were submitted by the fabricator of this material:

Resin

Catalyst

Fabric

Number of piles

Method of impregnation

Initial resin content

Precure

Gauls and parting film

Curing cycle

Removal from press

Postcure

Resin content

Barcol hardness

Specific gravity

Nominal size of panels

CTL 37-9X

None

181-A1100 glass fabric parallel laminated back to back

14

"B" stage "prepreg" cloth used; material from standard pro-
duction run which is impregnated on a Waldron-type heater,
using dip pan, metered squeeze rolls, drying oven, cooling
zone, and wind up

37 ±2 percent including volatile

2-1/2 minutes at 270° F.

Steel cauls with No. 8 mirror finish; 600 PT cellophane as
releasing film

200 pounds per square inch at 270° to 280° F. for 35 minutes

Cooled under pressure

24 hours each at 250°, 300°, 350°, and 400° F.

26 percent (from burnoff)

78

1.97

1/8 by 36 by 36 inches.

Report No. 1881	 -11-	 2. -26



•Table 1. --Com•ressive strength at various tem•erature radients of a silicone- lass
laminate made of DC 2106 resin and 181 heat-cleaned glass fabric;
specimens were heated to test temperature, then loaded 

Temperature	 : Observed :	 Estimated strength	 : Calculated

' strength,
	 	-cstrength, cr f

Hot face	 :	 Cold face	 :strength, cr
f :Hot face, o- 2 :Cold face, o 1 : :

	 4	 .4 	 :•
:1,000 p. s. i.:1:, 000 p. s.i.  :1,000 p. s.i. :1,000 p. s.i. 

Room	 :Room	 :	 :	 :
temperature : temperature : 	 20.9

	

300	 300	 12.6

	

400	 200	 11.5	 :	 11.0	 15.5	 ••:	 111.0

	

500	 100	 9.5	 9.7	 19.4	 :	 -9. 7

	

:	 •

	400	 400	 11.3	 	  • 	 •• 	
	500	 :	 300	 :	 8.6	 :	 9.7	 :	 12.8	 •9.7

	

600	 200	 :	 8.3	 :	 8.6	 •	 15.5	 :	 28.6

	

700	 :	 100	 8.0	 :	 7.6	 .	 19.4	 18.0
:	 •

	500	 500	 :	 9. 1

	

600	 :	 400	 :	 8.0	 8.6	 •	 11.0	 :	 28.6

	700	 300	 7.1	 :	 7.6	 :	 12.8	 27.6

	

800	 :	 200	 6.8	 :	 6.7	 :	 15.5	 4.8
	900	 :	 100	 6.4	 :	 5.9	 19.4	 34.0

•

600	 :	 600	 9.1	

	

700	 500	 :	 7.0	 7.6	 9.7	 :	 -7.2 6
	800	 :	 400	 :	 7.0	 6.7	 ..	 11.0	 :	 4.7

	900	 :	 300	 :	 6.6	 :	 5. 9	 •.	 12.8	 :	 5.93

	1,000	 :	 200	 :	 6.7	 :	 5.1	 :	 15.5	 :	 25.8

	

700	 700	 7.3•	 • . . • • 1 ..•••••

	

900	 500	 6.4	 5. 9 	:	 9.7	 :	 • -5.9
	1,000	 400	 6. 7 	 5.1	 :	 11.0	 :	 15. 1

800	 800	 7.4	 '	 �
	1,000	 600	 7.0	 5. 1 	8. 6 	-5. 1

F.	 0 F.

'Average of 5 specimens from table 4 of Forest Products Laboratory Report No. 1878.

cr 1
If -

2	 2' 6 f "2'
3	 2

7 ,	 cr 1 
H -21 ) 2' f 407 I

Report No. 1881



S Table 2. --Compressive strength at various temperature gradients of a phenolic-glass 
laminate made of CTL-91LD resin and 181-A1100 glass fabric; specimens 
were heated to test temperature, then loaded 

Temperature	 : Observed :	 Estimated strength	 : Calculated
	 -: str ength, o

Hot face	 :	 Cold face	 . 
strength, a-

f :Hot face, o-
2
:Cold face, 

(r 1 :

° F.	 ° F.	 :1,000 p. s.  :  1, 000 p. a.  :  1, 000 p. s.i. :1,000 p. s.i.

Room	 :Room
temperature : temperature :	 66.6

300	 300	 48.8
400	 200	 44.3	 37.5	 59.0	 2-37.5

3
500	 100	 30.1	 25.5	 64.5	 -26.7

400	 400	 36.2	 	  .	 • . 	
• • 

-
z 
25.5500	 300	 27.0	 25.5	 :	 50.5

3600	 200	 25.7	 20.5	 :	 59.0	 -22.6
3700	 100	 25.8	 16.5	 :	 64.5	 -21.7

500	 500	 23.6	 	  • 	
600	 400	 24.2	 20.5	 :	 37.5	 120.5
700	 300	 :	 21.0	 16.5	 50.5	 -l8. 8

600	 600	 19.5
700	 500	 19.0	 16.5	 :	 25.5	 218.1

'Average of 5 specimens from table 3 of Forest Products Laboratory Report No. 1878.
2
	 61- 1
If -2-4 w z , o- f = o-2.

2 ..	 2
Cr

	

1	 1 
2' T f = 4( cr

1
 - Cr

2
)•
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Table 3. --Tensile strength (45°) at various temperature gradients of two phenolic 
laminates; specimens were loaded to a constant load, then heated to 

failure

••

Temperature	 : Observed 1:	 Estimated strength	 : Calculated

	 :strength, CT 	 -tstrength, o-f

Hot face	 :	 Cold face	 :Hot face, a- :Cold face, 0" :,	 2	 1
	 -c 	

F. ° F.	 ;1,000 p. s. i. :1,000 p. s. i. :1,000 p. s.i.	 :1,000 p. s. i. 

PHENOLIC-GLASS (CTL-91LD AND 181-A1100)
2

1,134 734 5.09	 . 0	 : 11.0 -2.7
2

1,162
1,250

699	 ;
734

5.09
5.09	 :

0	 :
0	 :

11.7	 :
11.0	 :

-2.9
-12.7

855 562	 : 10.18 8.0 14.8 -8.0

810 529	 : 10.18 9.0 15.7 i.9.0
929 508 10.18	 : 5.8 16.0 kt. 3

3

562 371 15.27	 : 14.8 19.0 -14.8
3

526 343 15.27 15.6 19.6 -15.6
3

592 279 15.27 14.1 21.0 -14.1

3
318 238 20.36	 : 20.1 21.8 -20.1

3
354 242 20.36	 : 19.3 21.9 -19.3

3
373 189 20.36	 : 19.0 23.0 -19.0

PHENOLIC-ASBESTOS (R/M PYROTEX FELT STYLE 41-RPD)
2

1,246 825 7.45 0 19.5 -4.9
2

1,212 775 7.45	 : 0 20.7 Z-5.2

1,238 793	 : 7.45	 : 0 20.3 5. 1

1,001 668	 : 14.90	 : 12.0 23.7	 : 212.

1,001 650 14.90	 : 12.0 24.3	 : -12.0
17.7

1,105 636 14.90	 : 5.0	 : 24.5	 :

3
756
654 :

524
425

22.35	 :
22.35	 :

21.3
24.0

27.3
29.6

-21.3
-24.0
33

741 : 358 22.35	 ; 21.7 31.0 -21.7

: 3
195 150	 : 29.80	 : 34.7 35.5 -34.7

3
267 159 29.80	 : 33.0 35.2 -33.0

3
349 139 29.80 31.3 35.7 -31.3

-Average of 5 specimens from table 2 of Forest Products Laboratory Report No. 1879.

2	 2

	

Q 1	 a' 1

	

If 
2	 2' 

o- 
f 

=

4(Q- 1
 - cr 

2
)

If -2-<0- 2, cr f = cre
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• Table 4. --Compressive properties' of a phenyl-silane laminate 
made of CTL 37-9X resin and 181-A1100 glass 
fabric; tests were made without a temperature 
gradient and using two modes of test 

•

Temperature : Modulus of : Stress at : Maximum : Strain at : Elongation

	

: elasticity :proportional: stress 	 maximum :	 due to

	

limit	 stress	 : temperature

	

F.	 : 1 million p. s.  :  1,000 p. s.  : 1,000 p. s. i.:Inch per inch :Inch per inch 

	

X 100	 :	 X 100 

	

Room	 3.66	 27.8	 53.Z	 1.564	 0

	

?300	 3.52	 22.6	 37.7	 1.174	 0.092

	

?500	 3.03	 8.8	 15.6	 .576	 .164

	

—700	 2.85	 8.6	 13.9	 .531	 .228

	

22900	 2.17	 8.0	 10.3	 .498	 .256

?1, 	 1.41	 6.6	 8.0	 .640	 .261

	

31 ,100	 5.3	 • ........ • • . •: 	

	

3650	 : 	 	 	  :	 15.9	 : 	 : 	
:	 .

	

1515	 26.6	 	 : 	

3	
:

	

—440	 37.2	 	 	

	

3250	 	  :	 47.8	 	 : . 	

'Each value is an average of 5 specimens.
2
—Unstressed specimens heated from room temperature to test temperature in about

55 seconds, then loaded to failure at constant temperature. Period of loading was
between 3 and 5 minutes.

--Specimens loaded with dead weights in creep machine in about 20 seconds; then heat
was applied, increasing the temperature until failure occurred. Time of heating was
between 10 and 40 seconds, except for the group of specimens heatedto and maintained
at 1, 100° F. until failure occurred in about 5 minutes.
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•

Temperature	 : Observed	 Estimated strength	 : Calculated
	 :strength, cr f 	 -c strength, o- f

Hot face	 : Cold face	 :Hot face, 0-
2

:Cold face, o-•
1 •

	 -c 	
• F.	 0F. :1,000 p.s.i.:1,000 p.s.i.:1,000 13. s.i. :1,000 p.s.i.

	

500	 200	 25.0

	

700	 400	 18.9

	

900	 600	 14.6

	

1,100	 800	 13.6

2
17.0 45.5 —18.1

2
13.0 26.2 —13.0

10.0 14.4 •10.0

7.7 11.4 27.7

•Table 5. --Compressive strength at various temperature gradients of a
phenyl-silane laminate made of CTL 37-9X resin and 
181-A1100 glass fabric; specimens were heated to test 
temperature, then loaded 

1Each value is an average of 3 specimens.

2. 0-1
X12

If —i- >0- 2, of - 	 4(0- 1 - 0-2)

If 14.
f 

=
2'
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Table 6. --Compressive strenpthi at various temperature gradients 
of a phenyl-silane laminate made of CTL 37-9X resin
and 181-A1100 glass fabric; specimens were loaded to 
a constant dead load, then heated

.Preload2.	Temperature	 :	 Estimated strength	 : Calculated

	

: 	  	  : strength, o-
f

Hot face	 : Cold face :Hot face / o• 2:Coldface, 
cr l :

	1,000 p.s.i.:	 ° F.	 :	 ° F.	 :1,000 p. s. i.  : 1,000 p. s. i. : 1,000 p. s. i. 

	

5.3	 :	 1,100	 :	 590	 :	 5.5	 :	 19.5	 /6.8

15.9

	

775	 :	 300	 11.2	 45.7	 115.1

3

	

26.6	 590	 :	 210	 19.5	 :	 49.2	 —ZO. 5

	

37.2	 :	 475	 165	 32.5	 50.7	 132.5

	

47.8	 333	 120	 44.0	 :	 52.0	 444.0
:	 .

--Each value Is an average of 5 specimens.

"Preload applied in about 20 seconds in a creep machine. At the indicated constant
load, heat was applied to hot face, causing the temperature to rise until failure
occurred.

3
o-

If —2
1

o- 2 , crf

4 	 6'1
If	 o-2, frf Cr

2
P1 

4(o- 1 -	 z)
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Table 7, --Compressive strength at various temperature gradients 
of a phenyl-silane laminate made of CTL 37-9X resin 
and 181-A1100 glass fabric; specimens were loaded to 
a constant strain and then heated on one side until fail-

ure occurred

•

Preload:
strain 1— :

Maximum load data Failing load data      

:Calculated :
strength :

cr
f

: Temperature :Observed: Estimated
: 	 -c strength :	 strength
: Hot : Cold : o-t
: face : face :	 : Hot : Cold

Temperature :Observed
	 -c strength
Hot : Cold :

. face : face :

:face, o-iface, cri:

Inch. per :. ° F. :

	

	 : 1,000 : 1,000 :° F. : 1,000
inch	 :	 :	 :	 : p. s. 

X 100 :

	

735 : 370 :	 9.55 :	 12.2 :	 30.5

	

600 : 220 : 14.60 :	 14.4 : 44.0 :

	

560 : 200 : 20.58 :	 15.0 : 45.4 : '317.0

	

390 : 110 :	 31.70 :	 27.5 :	 51.0 :	
4

4
280 : 110 : 54.48 : 39.0 : 51.0 : —39.0

1—Preload strain applied at a crosshead speed of 0.009 inch per minute. Time to pre-
load ranged from 47 seconds to 4.5 minutes. At this preload strain, the crosshead
position remained fixed and heat was applied to the hot face. The load increased to
a maximum value at constant strain, then decreased to a failing point with some in-
crease in compressive deformation.

-Each value is an average of 5 specimens.

3 wlIf 
2 ".°-2'

If 1 < crz,

2
1 

then trf	 o•i	 a2)

then cr	 o- 2 .

1,000	 : ° F. : ° F. : 1,000
:	 i. 

0.157

.314

.471

.785

1.100

-112.7

-116.3

: 735 : 370 :	 9.55

: 970 : 420 :	 7.43

: 850 : 310 :	 15.51

: 560 7 180 : 26.96

: 280 ; 110 :	 52.62
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SUBJECT LISTS OF PUBLICATIONS ISSUED BY THE 

FOREST PRODUCTS LABORATORY

The following are obtainable free on request from the Director, Forest Products
Laboratory, Madison 5, Wisconsin:

•

List of publications on
Box and Crate Construction
and Packaging Data

List of publications on
Chemistry of Wood and
Derived Products

List of publications on
Fungus Defects in Forest
Products and Decay in Trees

List of publications on
Glue, Glued Products,
and Veneer

List of publications on
Growth, Structure, and
Identification of Wood

List of publications on
Mechanical Properties and
Structural Uses of Wood
and Wood Products

Partial list of publications for
Architects, Builders,
Engineers, and Retail
Lumbermen

List of publications on
Fire Protection

List of publications on
Logging, Milling, and
Utilization of Timber
Products

List of publications on
Pulp and Paper

List of publications on
Seasoning of Wood

List of publications on
Structural Sandwich,
Plastic Laminates, and
Wood-Base Aircraft
Components

List of publications on
Wood Finishing

List of publications on
Wood Preservation

Partial list of publications
for Furniture Manufac-
turers, Woodworkers
and Teachers of Wood-
shop Practice

Note: Since Forest Products Laboratory publications are so varied in sub-
ject, no single list is issued. Instead a list is made up for each
Laboratory division. Twice a year, December 31 and June 30, a
list is made up showing new reports for the previous six months.
This is the only item sent regularly to the Laboratory' s mailing list.
Anyone who has asked for and received the proper subject lists and
who has had his name placed on the mailing list can keep up to date
on Forest Products Laboratory publications. Each subject list
carries descriptions of all other subject lists. •
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