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SUPPLEMENT TO

MECHANICAL PROPERTIES OF PLASTIC LAMINATES 1—

By

FRED WERREN, Engineer

Forest Products Laboratory, —2 Forest Service
U. S. Department of Agriculture

Summary

This report presents the results of tension, compression, bending,
bolt-bearing, and interlaminar shear tests of two parallel-laminated
epoxide laminates. The data supplement those of Forest Products
Laboratory Reports Nos. 1820 and 1820-A of the same title, in which
results of tests of 20 laminates were given.

The laminates were tested after normal conditioning, with some tests
also made after wet conditioning. Tension, compression, and bend-
ing data are presented both in tables and as average curves. Limited
bolt-bearing and interlaminar shear data are presented in a table.

-This progress report is one of a series prepared and distributed by
the Forest Products Laboratory under U. S. Navy, Bureau of
Aeronautics No. NAer 01610, and U. S. Air Force No. D. 0. (33-
616)53-20. Results here reported are preliminary and may be
revised as additional data become available.

2
—Maintained at Madison, Wis. , in cooperation with the University

of Wisconsin.
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Introduction

This study was made to determine the mechanical properties of two
parallel laminates made of 181-Volan A glass fabric and two epoxide
resins. Tests were made parallel to the orthotropic axes, in tension,
compression, and bending, and a few bolt-bearing and interlaminar
shear tests were also made. Previous reports included data from tests
of laminates fabricated of 181 glass fabric and polyester and phenolic
resins. With the introduction of epoxide laminates for certain struc-
tural applications, such as for aircraft, a knowledge of the basic
mechanical properties of the laminates is essential. The properties
presented in this supplementary report may be compared with typical
181 polyester and phenolic laminates that were tested and reported
earlier.

Epon 1001 and Epon 828, the epoxide resins used in these laminates,
were previously coded as resin 15 and resin 16, respectively. Both
resins, which are products of the Shell Chemical Company, conform
to the requirements of Military Specification MIL-R-7575A. They are
two of the materials now commercially available that are being used
for low pressure laminates. The data presented in this report may
therefore be considered as typical of the properties of such laminates.
If other fabrication techniques are used with these particular resins,
however, the laminates may have properties different from the lamin-
ates tested in this program.

This study was made in cooperation with the ANC-17 Panel on Plastics
for Aircraft. Tests were made at the U. S. Forest Products Labora-
tory, Madison, Wis. , during 1954 and 1955.

Description of Material

Two parallel-laminated panels, each 1/8-inch thick and about 38 inches
square, were received at the Laboratory in November 1953 from the
Wright Air Development Center, Wright-Patterson Air Force Base,
Ohio. A description of the laminates, as received from the supplier,
was as follows:

"Panel No. 225 was a dry lay-up, nominally 3 feet square, consisting
of 12 plies 181-Volan A glass fabric impregnated with Epon 1001 con-
taining 4 percent by weight dicyandiamide. The laminate was cured
against stainless steel cauls with two sheets of 0.060 inch alpha-cellulose
as padding between each caul and the adjacent press platen. Contact
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pressure was maintained for 20 minutes, followed by 25 p. s. i. for
30 minutes. The temperature of the press was 345° F. The resin
content of this laminate is 32 percent by weight.

"Panel No. 226 was a wet lay-up, nominally 3 feet square, consisting
of 12 plies of 181-Volan A glass fabric impregnated with Epon 828 con-
taining 8 percent by weight Curing Agent A. Cauls and padding were
identical to that described above. The laminate was cured 30 minutes
at 25 p. s. i. at 240° F. The resin content is 32 percent by weight.

"The Epon 1001 and Epon 828 resins with curing agents are Shell
Chemical Company Products."

Each laminated panel was measured and weighed when received at the
Laboratory, and Barcol hardness readings were taken. Based on the
observations made on each panel, the following values are given:

Panel No.
225 226

Resin Epon 1001 Epon 828

Number of plies of fabric 12 i2

Thickness (inch)- -Minimum 0.109 0.104
Maximum . 118 . 129
Average . 114 . 117

Specific gravity 1.87 1.82

Resin content (percent by weight) 33.1 33.0

Barcol hardness 62 62

Testing

All specimens were conditioned for at least 2 weeks at 73° F. and 50
percent relative humidity. Normally conditioned specimens were then
tested. Wet tests were made after further conditioning of (1) 30 days!
immersion in distilled water at room temperature or (2) 2 hours' im-
mersion in boiling water.
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Tension

Tension tests were made according to the procedures outlined in
Report No. 1820. Specimens were tested after normal conditioning
only.

Compression 

An attempt was made to test the 1/8-inch epoxide laminates by using
the supporting device that had been used with the 1/4-inch laminates
of previous studies. Results were not satisfactory, however, because
the lateral support was inadequate at the higher loads. Therefore, a
supporting jig of the type described in method 1021. 1 of Federal Speci-
fication L-P-406b-- was used in these tests. Specimens were 1/2 inch
wide, 3-1/16 inches long, and the thickness of the laminate. The ends
of each specimen were ground flat and square with a surface grinder
prior to testing.

Specimens were loaded in a testing machine at a head speed of 0.009
inch per minute, and load-deformation readings were taken to failure.
Strains were measured on each edge of the specimen over a 1-inch
gage length with a pair of Marten! s mirror gages reading to 0. 00001
inch. Failure was a combination of transverse shear and crushing of
fibers that usually occurred at the top end. Specimens were tested
after both normal conditioning and after 30 days ! immersion in water
at room temperature.

Bending 

Bending specimens were 1 inch wide, 4 inches long, and of the thick-
ness of the laminate. They were tested over a span of 2 inches in a
mechanical testing machine at a head speed of 0. 025 inch per minute.
The radius of the center loading piece and the radius of each end sup-
port was 1/8 inch. Load was applied at the center of the span, and
deflection was measured with a dial gage (reading to 0. 001 inch) hav-
ing its spindle in contact with the bottom of the specimen at the center.
Load-deflection readings were taken until the maximum load was

-Plastics, Organic: General Specifications, Test Methods. Sept.
1951.
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reached. The load dropped appreciably at the maximum load, and
failure appeared to be a tensile failure of the outer fibers. Specimens
were tested after both normal conditioning and after 30 days' immer-
sion in water at room temperature.

Bolt-Bearing 

Bolt-bearing specimens were 1 inch wide and 6 inches long by the
thickness of the laminate. The 1/8-inch bearing hole was drilled and
reamed about 1 inch from one end. Tests were made by techniques
similar to those used in a previous study on the bolt-bearing proper-
ties of polyester laminates. 4 However, side and edge distances were
selected to preclude failure to the side or edge so that all failures
would be in bearing. Tensile loads were applied to the specimens by
a method similar to that shown in figure 50, except that the specimen
was gripped with a self-alining Templin5 grip. The jig that supported
the loading pin is described elsewhere.— It was designed so as to not
interfere with lateral extrusion of the laminate under the bolt hole.
A 1/8-inch hardened-steel bearing pin was used in each test, and the
D/t ratio was therefore approximately 1.

Load was applied to the specimen at a head speed of about 0. 012 inch
per minute. Deformation was read with a dial gage reading to 0. 0001
inch, whose stem was in contact with the end of the specimen. Load-
deformation readings were taken to failure. The specimen failed
suddenly at the maximum load by crushing and delamination under the
bolt hole. The deformation at maximum load was, on the average,
slightly less than 0.01 inch and approximately the same for each lam-
inate. Specimens were tested after normal conditioning only.

Interlaminar Shear

The interlaminar shear specimens were similar to those used in test-
ing the shear strength of glue joints in blocks of wood. Three thick-
nesses of laminate were glued together and loaded as shown in figure 51.

-Bolt-bearing Properties of Glass-Fabric-Base Plastic Laminates.
Forest Products Laboratory Report No. 1824, June 1951.

5
Bolt-bearing Strength of Wood and Modified Wood. Forest Products

Laboratory Report No. 1523-C, Nov. 1946.
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The bearing edges of the specimens were carefully machined to insure
flat and parallel loading surfaces. The specimens were then mounted
in the glue-line shear apparatus (fig. 52), and load was applied at a
head speed of 0. 01 inch per minute. Tests were made at 0° and at 45°
to the warp direction of the laminations. Specimens were tested after
normal conditioning and after a 2-hour immersion in boiling water.
Specimens were loaded to failure and the maximum load determined.
Failure was a delamination of the specimen between two adjacent layers
of glass fabric.

Presentation of Data

Table 13 presents the results of tension tests of the two laminates.
Compression results are given in table 14, bending results in table 15,
and bolt-bearing and interlaminar shear results in table 16.

Average stress-strain curves in tension and compression and average
load-deflection curves in bending are shown for each laminate in figures
53 and 54. The relationship between tangent modulus and stress in com-
pression, based on the average curves of figure 53 and 54, is shown in
figure 55.

Discussion of Results

It was mentioned in the Introduction that the data presented in this
report may be compared with typical 181 polyester and phenolic lam-
inates that were tested and reported earlier. This is so for the epoxide
laminates tested after normal conditioning, but wet-test data are not
directly comparable for two reasons: First, the earlier reports pre-
sented data on laminates reinforced with glass fabric that had 114
finish or its equivalent while the glass fabric used with the two epoxide
laminates had Volan A finish. Volan A is one of the newer finishes,
and it is capable of producing laminates with higher wet-to-dry strength
ratios than the 114 finish. Secondly, wet-compression and wet-bending
tests of the epoxide laminates were made after 30 days' immersion in
water at 73° F. ; whereas, earlier tests were made after at least 2
months' conditioning at a temperature of 100° F. and a relative humidity
of about 100 percent. The 2-month conditioning period was probably
more severe than the 30-day water immersion used with the epoxide
laminates.
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Wet tests of the epoxide laminates were not included in the original
plan of work. After dry tests were completed, however, the ANC-17
Panel considered it desirable that certain wet tests be made on the
remaining material of the laminates. Thus, wet specimens were cut
from different sections of the laminate than were their dry counter-
parts, and the dry and wet specimens were not as well matched as
were the dry and wet specimens of the earlier studies. The reader
should consider this factor when reviewing the tables of data and the
typical curves.

The dry mechanical properties in tension, compression, and bending
of the two epoxide laminates can be readily compared with the dry
properties of the 181 laminates tested earlier. Five 181 laminates
made with four different resins were tested under items 1-8, 1-14,
1-15, 1-17, and 1-20 (Forest Products Laboratory Reports 1820,
1820-A). In general, the mechanical properties of the 181 laminates
made with the epoxide resins were higher than those of the laminates
made with the polyester or phenolic resins. Compressive and bending
strengths, in particular, were substantially higher for the epoxide
laminates. Although no panel shear tests were made in this study, it
is believed that reasonable shear value along the orthotropic axes
can be predicted from the tensile data. — Theoretical values of ulti-
mate shear stress, based on tension-strength values, have agreed
very well with the shear-strength values obtained from tests of a
variety of laminates (Forest Products Laboratory Reports 1820, 1820-A).

The shape of the tensile curves of the two epoxide laminates differed
somewhat in that the laminate made with Epon 1001 had (1) a smaller
difference between the slope of the initial and secondary straight por-
tions of stress-strain curve and (2) a lower secondary proportional
limit. Ultimate tensile strength at 0° and at 90° was about the same
for the two laminates, but the laminate with Epon 1001 was appreciably
stronger at 45°. This indicates that somewhat higher shear strength
might be expected from the laminate made with Epon 1001 than from
the laminate made with Epon 828 or any of the resins tested earlier.

Compressive strength of the epoxide laminates was markedly higher
than the compressive strength of comparable polyester or phenolic
laminates. The compressive strength, of panel 226 was about the

6Directional Properties of Glass-Fabric-Base Plastic Laminates of
Sizes That Do Not Buckle. Forest Products Laboratory Reports
Nos. 1803 (April 1949) and 1803-A (April 1950).
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same at 0° and at 90°. Earlier tests of 181 laminates have usually
shown slightly higher strength parallel to the warp direction (0°).
Table 14 shows that the average thickness of the dry specimens that
were loaded at 0° was about 8 or 9 percent less than the thickness of
the dry specimens loaded at 90°. The thinner specimens also had a
lower resin content. This difference in thickness and the accompany-
ing difference in resin content may account in part for the values being
about the same.

The compressive strength of panel 225, when loaded at 90° and tested
after 30 days' immersion in water, was lower than expected. A re-
view of the test data, however, indicates that the six individual values
were reasonably consistent, varying from a minimum of 37, 630 to a
maximum of 40, 250 pounds per square inch.

All mechanical properties in bending of the epoxide laminates were
appreciably higher than comparable properties of the 181 laminates
made with polyester or phenolic resins.

The compression and bending specimens to be tested after 30 days!
water immersion were carefully weighed immediately before and
after the immersion period. The increase in weight resulting from
this immersion was about 0. 1 percent for both of the laminates.

Bolt-bearing tests of the epoxide laminates were made by using a 1/8-
inch loading pin; that is, at a D/t ratio of about 1. Previous bolt-
bearing tests± of 181 polyester laminates were also made at a D/t
ratio of about 1, except that 1/4-inch laminates and loading pins
were used. It is not known whether the results are directly compar-
able, but the bearing strength, bearing stress at proportional limit,
and bearing stress at maximum load were consistently higher for the
epoxide laminates. The percentage of difference, however, varied
from only a few percent to more than 30.

The interlaminar shear strength of the epoxide laminates (table 16)
varied from about 5, 000 to 6, 800 pounds per square inch, with the
highest values obtained from panel 225. Direction of loading and
conditioning of specimen did not appear to have any significant effect
on the interlaminar shear strength of panel 225. For panel 226, how-
ever, higher strength values were obtained at the 45° direction of
loading than at 0°, and boiling in water appeared to increase strength
slightly in both directions.
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Epoxide laminates are reputed to have higher interlaminar shear
strength than polyester laminates made from the same type of glass
fabric. A study of interlaminar shear properties of several types
of laminates is now underway at the Laboratory, in cooperation with
the ANC-17 Panel on Plastics for Aircraft, but complete data are not
yet available for publication. However, tests of a 181-Volan A poly-
ester laminate fabricated by the usual low-pressure techniques have
been completed. For comparative purposes, it appears desirable to
present these test results herein. Testing methods and number of
specimens were similar to those used for the epoxide laminates, as
described in this report. The average interlaminar shear strength
(in pounds per square inch) at 0° and 45° loading were, respectively,
4, 780 and 6, 230 when tested dry and 4, 900 and 5, 620 when tested
after the 2-hour boil cycle.
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Table 13. --Results of tension tests of laminated plastic
specimens after normal conditioning. Each 
laminated panel  was made of 181-Volan A glass
fabric and an epoxide resin. Six specimens of
each laminate were tested in each direction.

Panel : Angle : Modulus of elasticity :Proportional limit : Ultimate
No. :	 of	 : 	  :	 stress	 : stress

: loading : Initial : Secondary : 	 :
:	 : Initial :Secondary:

225

226

:Degrees :
:

:

:

1, 000
:

: 0

90

45

0

90

45

p. s. i.

3, 640

3, 520

3, 660

3, 130

:
:

1, 000 :
:

P. s. i.	 : P. s. i. :
:

P. s. i.
p. s. i.

1001Epon

: 3, 160 : 14, 020 : 29, 860 : 56, 660

:

:

2,

2,

920

410

: 12, 090 :

:

25,

4,

090

510

:

:

53,

33,

400

450

Epon 828

: 2, 720 : 17, 240 : 52, 990 : 57, 470

:

•

2,

1,

300

980

: 14, 960 :

:

45,

3,

860

980

:

:

49,

24,

080

170
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Table 14. --Results of compression tests of laminated plastic speci-
mens after normal conditioning and 30 days ! immer-
sion in water. Each laminated panel was made of 
181-Volan A glass fabric and an epoxide resin. Values
given are an average of six specimens.

Panel : Resin : Angle : Thickness :Modulus of :Proportional:0.2 percent:Ultimate

	

No. :	 :	 of	 :	 : elasticity :limit stress : offset 	 : stress
:loading :	 :	 .	 . stress .

	

:	 :Degrees:	 In.	 :	 1, 000	 :	 P. s. i.	 : P. s. i.	 : P. si i.
.

	

.	 :	 :	 :	 p. s. i.	 :	 :	 :

Normal Conditioning

225 : Epon :
:	 1001:

226 : Epon

0	 :	 0.
90	 :	 .

1-0	 .

114
114

111

:
:

:

3,
3,

3,

600
440

750

:
:

:

28,
25,

27,

660
000

770

:
:

:

60,
48,

45,

690
890

850

:
:

:

62,
53,

45,

740
240

850
828 90	 . 121 : 3, 250 : 25, 280 : 45, 890 : 45, 890

30 Days' Immersion in Distilled Water at 73° F.

225

226

: Epon
:	 1001:

Epon :
:	 828	 :

0	 .
90	 .

0	 .
90	 .

118
118

110
113

:
:

:
:

3,
3,

3,
3,

260
020

590
380

:

:
:

25,
18,

25,
24,

710
610

700
220

:
:

:
:

55,
38,

45,
43,

880
650

060
770

:
:

:
:

55,
39,

45,
43,

880
050

060

770

1
-Only 5 specimens in this group.
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Table 15. --Results of bending tests of laminated plastic 
specimens after normal conditioning and 30

days ! immersion in water. Each laminated
panel was made of 18I-VoIan A glass fabric
and an epoxide resin. Values given are an
average of six specimens.

Panel : Resin : Span :Depth :Modulus of : 0. 2 percent : Modulus of
	No. :	 :	 direction:	 : elasticity :offset yield : rupture

	

:	 :	 :	 stress

	

:	 : Degrees : In.	 :1,000 p.s.i. :	 P. s. i.	 :	 P. s. i.

Normal Conditioning

	

225 : Epon :	 0	 : 0. 115 : 3, 510	 : 80, 600	 : 80, 600

	

: 1001 :
	

90	 : . 114:	 3, 330	 :	 69, 900	 : 70, 800

	

226 : Epon •	 0	 . 110: 3, 440	 : 72, 700	 : 81, 000

	

: 828 :	 90	 • . 119 : 3, 020	 : 68, 000	 : 68, 000

30 Days' Immersion in Distilled Water at 73° F.

	

225 : Epon :	 0	 . 116 : 3, 480	 : 80, 000	 : 80, 000

	

1001:	 90	 . 117: 3, 050	 : 61, 000	 : 65, 800

	

226 : Epon :
	

0	 . 108 : 3, 380	 : 64, 200	 : 72, 800

	

: 828 :
	

90	 :	 109 : 3, 290	 : 61, 700	 : 62, 200

Report No. 1820-B



Table 16. --Results of bolt-bearing and interlaminar shear tests of
laminated plastic specimens. Bolt-bearing tests were
made after normal  conditioning of specimens. Inter-
laminar shear tests were made after normal conditioning
and after immersion of specimens for 2 hours in boiling
water. Each laminated panel was made of 181-Volan A
fabric and an epoxide resin.

Panel : Angle :
No. :	 of

Bolt bearing! : Interlamina r
shear 

: loading : Thick-: Bearing,2 : Proportional limit :Stress at : 	

	

ness :strength-: 	  :maximum: Strength!
:Deformation :Stress : load

:	 :	 •

	

.	 :	 :Normal : 2-hr.
:boil

:Degrees: In.	 : P. s. i.	 :	 :P. s. i. :	 P. s. i. :P. s. i. :P.s.i.

	

45	 : . 116: 44, 240 :	 . 0041	 :37,200: 58, 020 : 6,770 :6,670

Epon 828 

226 :	 0	 : . 114: 43, 390 :	 . 0044	 :39,010 : 51, 930	 : 5,010	 :5,600

	

45	 : . 117 : 41, 940 :	 . 0044	 :37,900 : 51, 460	 : 5,710	 :5,840

!A11 specimens tested with a 1/8-inch bolt and failed by crushing under the
bolt hole. Six specimens of each laminate were tested in each direction.

2
Bearing stress at a deformation of 0. 005 inch.

3
-'-Each value given is an average of seven specimens.
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Epon 1001 

: 0. 114 : 42, 400 : 0. 0041225 :	 0	 :35,870: 56, 920 : 6,820 :6,790



Figure 50. --Test setup used for bolt-
bearing tests of plastic laminates.
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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 Manufacturers,
Woodworkers and Teachers of
Woodshop Practice

Nate: Since Forest Products Laboratory publications are so varied in subject
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 sub-
ject lists.
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