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SUMMARY

Results of mechanical tests of macerated phenolic mold-
ar

ing material e reported These tests were carried out
in a room maintained at a constant temperature of 77 F and
relative humidity of 50 percent. The follewing tests were

P
performed: Statie tension, compression, tofelon, and flax-
s; long-time creep tests at different stresses,
for time to fracture under long-continued constant
Izod and Charpy impact tests; bending fatigue tests
ferent range
£
¢

m

of stress; rotating-beam fatigue tests
of testing; rotating beam fatigue tests
cimens; and torsion fatizue tesbs.
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The static tests were all made at the same rate of
rain; and the results of the static tests include values
ylield strength, ultimate strength, and modulus of elag-
city in tension, compression, and shear (tersien).
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sffect of speed of testing on the results of the
test is shown; the effect of "conditioning" om the
ive strength is shown; the effect of stress on
showns and t;e effects of range of stress, speed
ing, notches and different types of loadings on the
e ength are shown.
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L. TNTRODUGRION

l, Purpose of Investigation

in were undertaken hecause of
olic molding materials are

in which the load-resisting
ability of the material of importance. An example of
such an application the use of this material for air-
craft antenna masts. In gsome of the applications in which
this material is msed it may be subjected to static loads,

The tests reported here
the fact that macerated N
being used in applicatio

1-te
1]

Associate in Theoretical and Applied Mechanics, College of
Bngineering, University of T1ldnoeis, "Urbana, Hl17




to repeated loads, and to impact. Static loads of long
duration may result in distortion or fracture as a result
of creep (references 1 to 7); repeated loads (vidbration)

nay result in a progrcsslve fractuwe (fatigue) (references
~ . \ o by n
g, 9, 0. 1mpaut may result in fracture if the en-

’ ?

rgy-2bsorbing capacity of the material is too low. Thus
it is evident that a knowledge o+ the ability of the mate-
rial to withstand these varisus types of loading 1s neces
sary Tor a rational design of members and for proper se-

lection of material for a specific application,

To te the volume of significant data en mechanical
tests of p astics is relatively small. A bibliography of
come of the more imporitant worlz that has come to the atten-
tion of the author is given at the end of this report (pp.
31-32). Considerable data are available on static nroper-
ties and impact properties, and some data are available on
creep. However, part of the data which are awailab]e cover
results of tests which were not carried out under controlled
laboratory conditions. No data have come to the attentian
8
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of the author on fatigue or creep tests of macerated mold-
ing material. TFew data are available on torsional proper-
ties of plastics, and only one investigation of the effect
of range of stress on fatigue properties of plastics (ref-
erence 3) has come to the attention of the aunthor.
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LI, PXPRS OF TEST

The following tests were performed on the phenolic

molding meterial under conditions of constant temperature

ant consbtant relative humiditys short-time "estatic" tests
in tensien, compression, and tersion were cenducted to de-
termine the ultimate strength, yield strength, and modulus
of elasticity under the three conditions of loading; tor-
sion tests of hollow and solid specimons were conducted at
several speeds of tcsting to determinc the effect of speed
on the results of static tests; cempression tests of spec-
imens subjecved t0 threc different "conditioning" proce-
dures were conducted to study the effect of conditioning
on . the results of tests; Charpy and Izod impact tests were
conducted; creep tests and tests for time to fracture under
a censtant locad woere conducted a2t different stresses; bend-
ing fatigue tests were conducted to determine the effect
of different ranges of strese on the fatiguo strength; ro-
tating-beam fatigue teosts were conducted e ~tudy the ef-
fect of specd of testing and the effect of notches on the
fatigue strength; and fatigue tests in tor31on WeIre Copn-
ducted to determine the fatigue strength uader this type
Q5 oatinig, .

II1. MATERIAL AND SPECIMENS

1, Material

The "macerated" phenslic molding material for these
tests was supplied by the Plastics Divisien of the Monsento
Chemical Company. It was meds in the Mensanto laboratories
especially for these tests and wss a special formulation as
described below. The cemposition and treatment, however,




similar to Monsanto Resinox 6542 and Resinox 6754. It
also equivalcnt to U.S. Navy type CFI-20 Bursau of Ships
nterim Specifications 1724 (INT)

The molding composition contained 50 percent of a one-
stagze phenol-formaldehyde resin and 50 percent of cotton
denim and twill rag, cut in 3/4-inch pieces. The "cabinet
closing time" (a measure of plasticity) was 70 to 80 seconds.
The material was preformed at 25° C and 7000 pounds per
square inch. Twe separate preforms were used per molded
slab in order to obdtain the required thicknesses.

Sheets, 5- by 7-inch, were molded of this material in

two thicknesses, namely, 0.3 inch and 0.5 ianch. The dif-
ferent thicknesses were used in crder to accommcdate the
specimens mentloned below. The C.5-inch slabs were molded

35 minutes at 170° C and 7000 pounds per eauaze ineh. The
0.3-inch slabs were molded 15 minutes at 170° C and 7000
pounds per square incli. These molding conditicns were es-
tablished by preliminary experimentation at the Monsanto
Laboratory.

2. Specimens

The specimens used in these tests were machined from

5- by 7-inch sheets of the macerated melding material de-
scribed above All tension, compression, flexure, cxeep,
time to Lracuurc, bending fatigue, and torsion fatigue
specimens were made from sheets appreximately 0.3 inch
thick., The torsion, impact, and rotating-beam fatigue
tests werc made on spccimens cut from sheete 0.5 inch thick.
Tension, compression, torsion, flexure, time to fracture
and creep specimens were cut from the sheet with the axis
of the specimen DaralWCL to the 7-inchk dimension of the
sheet. All fatigue and impact specimens were cut with
their axes parallel to the B5-inch dimension. Insofar as
possible all specimens for one group of tests were cut

from one sheet. Where this was not possible the sheet num-
bers were indicated on the curves

The specimens were machincd to the dimensions shown
figures 1, 2, and 3 by milling or turning, as required,
ng sharp tools and such combinations of tocol shape,
ed, and feed as gave goocd finish and a minimum of Le
> of the specimen, After machining, all machined cdge

rc smoothed with emery paper. A high polish was not
sible because of the cloth filler in the material.
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3. Preconditioning of Specimens

A1l gspecimens were allowed to remain in the air-
conditioned laboratory for at least two weeks after ma-
chining before the tests were started. All tests were
carried out in a laboratory which was maintained at a con-
stant temperature of 77° x1° F, and 50 =2 percent rela-
tive humidity continuously throughout the duration of the
tests. This was necessary because of the gsensitivity of
the material to small changes in temperature and relative
humidity.

IV. APPARATUS AND TEST PROCEDURE

1, Static Tension Tests

The tension tests were made on specimens shown in
figure la. These specimens were held in Templin wedge
grips and tested in a Riehle 1500-pound single-screw ma-
chine modified to provids pendulum weighing and equipped
with a device for scmiautographic recording, shown in fig-
ure 4. All spccimens were tested at a hcad speed of C.04
inch per minute. This speed resulted in a rate of strain
cf 0.0015 inch per minute. A Mpore-Hayes 2-inch exten-
someter was attached to the specimen and readings of load,
extensometer division, and time were taken during the
tests.

@
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2. Static Compression Tests

The same machine was used for compression tests as
for tension tests except that a compression tool, shown
in figure 4, wa sed with the former in order to aveid
the possibility of eccentric loading of the compression
specimens, In this instrument the specimen A, figure 4,
was compressed between the upper platten B and the cylin-
der G, The cylinder was guided in the yoke D so that the
face of the cylinder was always parallel to the upper
platten. Thus, if precauticns are taken to machine the
specimen cnds parallel and center the specimen on the cyl-
inder, the amount of eccentric loading should be negligible
Compression tests were made on two sizes of specimen cut
from the same sheet 0.3 inch thick, as shown in figures
22 and 2b. The short specimens, 1l/r of 12, were used to
obtain the compressive strength of the material; whereas
the lenger specimens, 1l/r of 27, were used to determine
the modulus of elasticity of the material and the general
shape of the stress-strain curve. The term l/r indi-~-




cates the ratio of the length of the specimen to the radius
of gvration of the cross section of the specimen. In order
to obtain the modulus of elasticity and shape of the stress-
strain curve a compressometer of l-inch gage length was

ased with the longer specimens. For the long specinens Ll
tests were run at a head speed of 0.0105 inch per minute

(rate of strain of 0.0015 in. per in. per min,

4
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3. Static Torsion Tests

It was necessary to design and duild special apparatus
for this test because machines of low capacity were not
available, The apparatus used is shown in figure 5. The
pendulum weighing system of the tension machine was used
as the measuring device for the torsion machine, This was
accomplished by attaching to the tlension machine a twisting
head A in figurs 5, driven by a double worm drive. A spe-
cial chuck B was attached to the shaft of this twisting
head and another chuck C to the axis of the pendulum D.
Those chucks were cdesigned to anply a torque to the speci-
men with 1ittle danfer cf bending the specimen at the same
time, This was accomplished by meunting the specimen on
centers and applylng the torque as a couple by means of
adjustable screws.

The detrusion gage, used for measuring the shearing
strain, is shown in figure 6. It was designed to accommo=
date materials whose ultimate shearins strain was relative-
1y small and materials which might twist two or three revo~-
lutiens in a leagth of 2 inches., The instrument censist-
ed of two rings A in figure 6, which are slipped over the
specimen and fastened tc it by three adjusting screws in
each ring. & gage lengih of 2 inches was obtained by use
of a vremovable spacer B. To one of the rings was fastsned
a circular scale C for measuring large detrusion. Twu
10-inch arms, * D, fastened to the same ring carried scales
on the end which were used in measuring small detrusion.

Lé justable pointers E were attached to the other ring in
such a way as to indicate the readings on their respective
scaleg,

o+

The procedure in conducting a torsion test was first
to mount the detrusion gage, then affix the torque arms F,
in figure 6, to the specimen, mount the whole between the
centers of the torsicn machine, and adjust the torque
screws. The driving chuck was then rotated at a uniform
speed and readings of detrusion, torque, and time were
taken at intervals of detrusicn until fracture tock place.
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The shearing stress was computed from the equation
T = %% and shearing strain was computed from the relation
y W
1

4, Creep Tests

The equipment nsed for counducting the creep tests
consisted of a steel rack, from which 24 specimens could
be suspended; calibrated weights used for loading the
specimens; measuring eqguipment for determining the strain
in sach specimen; and a clock equipped with a ceunter to
record the elapsed time in hours.

ure 7 shows a portion of the creep rack with appa-
t up for measuring the strain of a specimen, DThe

en A was subjected to an axial tensile load by means
dead weights attached to the rod B. The specimen was
keld by grips C, which contained a hook-and-eye type of
swivel joint. This joint was provided in order to minim-
ize the possibility of bending the specimen.

The extensometer used for measuring the creep con-
sisted of a lsver-type instrument with a traveling micro-
scope (cathetometer) D, figure 7, for measuring the dis-
placement between fixed reference marks on the end of the
lever E and the staticnary arm P. A track was provided
for the microscope so that it could be moved from specimen
to specimen quickly.

The gage length of the extensometer was 4 inches and
the lever ratio was 10 to 1. One end of this lever was
ferked and fastened by pivots to the lower clamp attached
to the specimen, figure 7. The axis of this pivot passed
through the centroid of the cross section of the specimen.
(The pin itself d4id not go through the snecimen.) Thus
the strain measured by this instrument was the average
strain in the specimen and it was not necessary to average
the results of two instruments fastened to opposite sides
of the spzcimen. The fulerum of the lever was pivoted to
a rod whose other end was fastened to the upper clamp on
the specimen. A spring clip G. figure 7, was used to at-
tach this rod to the upper clamp so that the extensometer
could be lecft on the specimen during fracture, if neces-
sary, without damage to the instrument, i

Bach instrument was calibrated against a micrometer
screw before use. Flat clamps were used to attach the




ertonsometers to the specimens instecad of pointed screws
bocanse creep of the material might causc serews to sink
into the specimen, thus cavsing early fracture The dis~
tance between the centers of the flat clamps was consid-
ered to be the gage length of the extensometer. 4 uniform

cage length for each specimen was esgsential for accurate
comparison of tests, This uniformity was obtained bv using
sdantical cxtensometvers and a Jjig to assemble the exten-
someters to the specimnen, T

fheure 8,

Ten specimens milled as shown in figure 1b were test-
ed at various stresses ranging from 14C0 to 3700 pounds
per square inch. The procedure in starting the tests
was as follows:

The weights, weighing from 75 to 150 pounds, were .
first supported on planks, blocked up in such a way that
they could be used as levers to lower the weights quick-
ly but gently until they were aupported by the specimen.
Before lowering the welghts, Lue 1n1J1a' extensoneter
readings were obtaine ith the travelil microsccpe.
Then the weight was lowered cn the specimen, the sxten-
someter was immediately read again, and the time was , -
recorded., The difference between the strain computed from
these two sets of reading elastic strain. Any
funther lnecrease dn. sty result »f creep. Read~-

1gs of strain and tin at intervals of time,
which foxr the high-stae e from 2- to lL2-hour
g
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intervals until fractb: ss specimens were read
about every two days hen every one to two
wveeks.,

5. Fracture Under Lonz-Continued Constant Load

M1

This test was undertaken to determine the time re-
guired to cause fracture as a rasult of creep under a

tension load maintained at a constant vazlue throughout

the test. The specimens used were turned on a lathe to
the dimensions shown in figure 2c. The apparatus for the
tests consisted of a steel rack from which the specimens
were suspended and loaded in tension by ban"inv sufficient
weight from the speciaen to produce the desired stress
This weight remal hanging on the qncCLmen until tle
specimen breke, at which time the falling of the weigat
would release a catch to stop a clock and thus record thé

time of fracture. ; -
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B Impact'

An Olsen 25-inch-pounds impact testing machine was
uced for these tests., It was equipped for either Izod
or Charpy type of test. Specimens for these tests (figss
1c and ld) were machined from two different sheets of
material, with the axes of the specimens parallel to the
5-inch dimension of the sheet. Four Izod specimens were
cut from each shcet with the notch parallel to the sur-
face of the shecet, and four specimens with the notch per-
pendicular to the surrace of the sheet. DLikewise, four
Charpy specimens were cut from cach gsheet with notch par-
511s]l to the surface of the shecet, and throe spcciméns
with notch perpendicular to the sheet. All specimens
were prepared at the same time and tested at the same time
under the usual procedurs. The energy absorbed by the
specimen during the tost was measured.

7. Fatigue Tests

{(a) Bending.- Tatigue tests in bending were conducted
on fixed-cantilever, constant-amplitude fatigue machines.
In this type of machilne (fig. 9) the specimen & was To-
peat edly bent back and forth as a cantilever beam by the
variable eccentric B. Both horizontal and vertical ad-
justment of the relative position of the spindle of the
mechine and the specimen vise was provided to allow a vari-
ety of different tests. The machines were equipped with
a2 V-belt drive to provide variable speed as shown in fig-
ure 9.

The procedure usecd in conducting these tests is de-
serivbed in the A.S.T.M. Tentative Standard for Repeated
Flexural Stress (Fatigue) Test of Plastics.* In all cases
the stress in the specimen (fig. 3a) was computed from

the equation o = ﬁf- The bending moment M was obtained

A .§.T.M. desiguatioa: D671 - 42T, "4.8.T.HM. Standards,
Including Tentative Standards, Part III, 1942, p. 1251,
This method was prspared by the 4.S5.7T.H. section on
Fatigue and Repeated Impact Tests of Plastics, of which
the author was chairman., The method was based on experi-
cnce gained largely during the conduct of the tests re-
ported in this paper and previous work by the author on
cellulose acetate.




rom & calibrated dynamometer C, and the number of cy-
cles to which the specimen was subjected was recorded by
a counter D. ¥or ecach specimen placed in the machine
he stress corresponding to the deflection of the speci-
n during the test was calculated from the bgnding mo-
ent measured while the machine was at rest. The number
of czyecles for fracturo was also obtained, Thesc data
eare then plotted with stress as ordinate and number of
cycles as absciscsa, using semilog plotting.

In testing the nhenolic moiding material it was found
that the specimen nsver c)mpletely freccurod in the bend-
‘at m - I formed but the cloth

- e
e 6 complcte uopaiatlon of thc two ends of
the specimen. Because of this fact, it was necessary to
special mechanism to shut off the machine when
the specimen became cracked. This mechanism consisted of
a spring dynamometer together with an electrical contact
to close the circuit of a sensitive relay and stop the ma-
chine when a fatigue cracl: caused the maximum load en the
dynamemeter to become smaller thar the criginal section
by a predetermined amount (about 25 percent).

=S

(b) Torsion.- The machine used for torsion fatigue
tests was of the constant-amplitude type and was con-
structed from a machine of the bending tyre by the addi-
tion of certain parts, as shown in figure 10. 4n arm A
was attached to the bending-type machine so as to support
the fixed end of the torsion specimen B and the dynamon-
gter ¢ with its dial D. For the torsion tests, the spec-
imen B was fastened 2t an angle to the lever arm E a%-
tached to the connecting rod F. With the choice of the
proper angle the bending moment at the minimum section
of the specimen could be made zero, so that the only sig-
nificant stress at the minimum section was & torsion
stress. There was a slight horizontal-shear stress which
was negligible compared to the stresses resulting from
torsion. The connecting rod F was fastened to the lever
arm B through a universal joint to allow freecdom of motion.

D}

The dynamometer was calibrated in terms of force at
the wrist pin of the connecting rod as in the case of the
bending tests. Shearing stress was computed from the

m . i
equation T = %ﬁ . Tuye stress was adjustad by means of
the variable eccentric as in the case of the bending tests.

(c) Rotating beam.- The rotating cantilever-beam fa-




tigue testing machines were as shown in figure 150 IR ¢ 7
specimen A was held in the end of the spindle B by means
of a2 split collet. An extension shaft C was fastened to
the other end of the specimen by means of a collet ma-
chined integral with the shaft. A load was applied to
the end of this shaft through s small ball bearing. 4
beam and poise D was used to apply this load. The entir
shaft assembly was rotated by a motor through a belt. A
counter E was attached %o record the number of cycles, and
a microswitch was used %o stop the machine when a crack
had formed in the specimen. Stress at the minimum section

was computed from the squation 0 = &9 in which M was
ek

E

e

obtained from the load applied through the poise. Machines
of this type were found to offer some difficulty due to
vibration with nonhomogeneous material such as phenolic
molding material.
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1. Static Tension Tests

aln curves
al. Fig-
to the

urves the

In figures 124,B,C are shown the stress-
for tenslion tests of the phenolic molding nat
ure 13 shows the strain-time curve correspond
stress-strain curve of figure 12C. From thes
following quantities were measured:  yield st
0.05 percent offset, ultimate strength, ultimat
nodulus of elasticity, and rate of strain. (S
Tor definition of the terms used in this rep
valucs obtained for these quantities are tabul
table I for the five specimens tested.

8
e appendix
rd.) The
ted

The average modulus of elasticity (slope of the ini-
tial porLlon of the curve) was 981,000 pounds per square
inch for the five specimens The average yield strength
for 0.05 percent offset frOW the initial tangent line was
4010 pounds per square inch. An offsct of 0.05 percent
was chosen because specimens occasionally fractured before
any larger offset was reached. The thlkatb strength was
only slightly higher, 4550 pounds per square inch, and the
average ultimate strain (at fracture) was 0.00543 inch

er inch. The average rate of strain was 0.0014 inch per
inch per minute (no load head speed of 0.040 in. per min.).
The rate of strain was obtained as the slope of the strain-
time curve in the region just before the strain for which
strain was no longer proportional to stress, that is, the
slope of the diagonal line in figure 13.



It was noticed that there was not a consbtant rela-
tion between the measured strain and the time (fig. 13).
This curve may be appProximately divided into three por-

tions by the lines representing strains of 0.001 and
0,005 inch per imch. The first portion wae curved, due
probatly to frictionm lag in the exbtensomater or prerhaps
also to slippage of the wedge grips or other readjust-
mente of the machine under load; the second portion was
approximately a straight line corresponding s the straight-
line portien of the stress~strain diagram; the thixpd por-
tion was curvec. This was due to the fact that stress was
not proportional to strain during thi pertion of the
! th

s
strain~time curve. As a result of ig fact the load on
the machine no longer 1nvveased 2t 2 constant rate, so
that the machine no longer deflected as much for the same
amount of motion of the loading screw. Thercfore the
Specimen must stretch more in the same time interval. A
stiffer testing machine would probably give a more nearly
straight strain-time curve. The ratie of load to deflec-
tien under a tension load was 10,170 pounds per inch for d
this machine.
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if wo differenwy 5 yy 7-inch shects. (The figures
before the letter in the specipen number designate the
number of.the sheeb.) An examination of these data and
those for the impact tests in table V shows that there
was no marked difference in properties of different sheets.

The average deviation from the mean 1s also shown in
table I. It is a meastire of the amount of scatter in the
data. ‘ne small scatter evidenat in table I is probably -~ .*
fortuitous since the results of other tests indicate a
greater scatter, as might be expected with such a nonhomo-
gengous material. A typical fractured specimen is shown
in figure 33a.

2. Static mpression Tests

In figures144A,3,C,D are shown the stres
for compression tests of specimens shown in
Specimens 2 inches in length were used for these tests to
parmit the use of a compressometer having a 1-1 nch gage

length. The da*a plotted in *1bvze 144 were taken with a
comprcssometer having a l-to-1 lever ratio dnd 8410, 0061
Last-Word dial. Th1q dial did not have sufficlent travel

to cover the entire range of strains, but was used to ob-
tain data at the foot of the curve far use in determining




the mpdulus of elasticity. The data plotted in figures
2,0,D were obtained with a similar instrument equipped
with a 0.001 dial so that straln readings could be ‘taken

to fracture.,

Table II summarizes the data from all of these curves
and includes average values and uverage deviations from
the mean. The average modulus of elasticity in compres-
sion was 886,000 pounds per square inch., It was noticed

<t

that there was about twice the spread in values of modulus
for the compression tests as for the tension tests, and
that therc is just as much sprcad between results obtained

ith - the 0.0001 dial as with the 0.001 dial. The average
value of modulus obtzined in compression was about 10 per-
cent less than the qv:ra.ge value obtained in tension.

The average value of yield strength at 0.05 percent

offset was 4120 pounds per square inch, which i1s about 3
percent higher than the corresponding value in tension.
The yield strength at 0.2 percent offset was also obtained
for the conpression tests The average value was 6060

pounds per square inch, The average ultimate strength ob-
tained in these tests was 13,200 pounds per square *nch.
This value was not considered representative bhecause the
length of the specimen was such as to permit buckling to
occur before failure. There was, however, not :sufficient
tendency for duckling to affect the values of yield
strength reported above. Because of buckling, another set
of shorter specimens, as shown in figure 2b, was tested.
The results are’ tabulated in table III,  The avieraece value
of ultimate strength for these specimens was 18,960 pounds
per square inch, which was adout four times the ultimate
strength in tension,

Figure 15 shows a .sample strain-time curve with a
diagonal line drawn to indicate thc slope, corresponding

to the elastic region of the stress-strain curve. The
same characteristics are observed in this curve as in the
tension strain-time curve, figure 1l3.

Fractured specimens of b
type are shown in figures 33b
failure suggest that the frac
stress.

th the long and the short
c.. « The diazmonall planes of
ure resuvlted from a shearing

o)

.
T

or pu poses of comparisen the rate of strain was
approximately equal in the tension and compressio
tests. It was 0.0015 inch per inch per minute (head s

of 0.0105 in. per min.) for the "long" compression test.

made




In *“c case of the short specimens the rate of strain was
ermined by comparing the load-time data, taken for these
s (not shown), with load-time data for the "leng® spec-

It will be noticed that the head speed for the com-
pression tests was about one-fourth the head speed for the
tension tests, although the rate of strain was the same
and the machine was the same for both tests. This differ-
ence resulted largely from the difference in shape of the
specimen and mecthod of gripping the specimen. It is thus
evident that care must be exercised in the selection of
testing-machine speeds if results of tension and compres-—

sion tests of plastice are to be comparable. This pre-
cauvtion is;, of course, not necessary with materials for
which the test data are not affected by changes in rate
of strain,

3. Btatie Torsion' Tesis

In figure 16 are SuOsq shearing streses against shear-
ing strain curves as cbtained from torsion tests of "solid"
specimens (fig. 2e¢) of phenolic molding material. The
curves for the torsion teste are similar to those for the
tension tests in that fracture occurred after a relatively
small amount of strain. The last two curves show a straight-

str
line stress-strain relation up to about 9OCO pounds per
square inch; whereas, the first curve in figure 16 indicates
some deviation from linearity at the lower region. This

vas attributed to the fact that a spacing ring used in set-
ting up the detrusion gage was accidentally left on, caus-
ing slight friction. From these curves values of modulus

of elasticity in shear, yield strength at 0.05 percent and
0.2 percent offset, and torsional modulus of rupture were

obtainecd. These valucs are tabulated in table IV. The
average value of yield strength at 0.05 percent offset was
2550 pounds per square inch. This was about 63 percent of

the yield strength at 0,05 percent offset in ternsion and
compression., The average yield strength at 0.2 percent
offset was 3290 pounds per square inch, which was about
the same percentage increase over the 0,05 percent offset
as observed for the compression tests. The average modu-
lus of rupture was only slightly higher than the yield
strength r 0.2 percent offset and was 3330 pounds per
square inch. The ultimate strain was about three times
the ultimgue strain in tension and about one-third the ul-
timate strain in compression. The average modulus of elas-
ticity in shear was 234,000 pounds per square inch, which

Q Hh
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Wem 25 percn-t of the average of tension and compression
i lue. The shear rate of strain as shown in table IV
was obtained from strain-time curves such as the curves
shown in figure 17. It will be noticed that the shearing
strain-time curve does not show the first "stage" observed
in the tension and compression tests; that is, there was

no per old “of adgustmsnt required for the detrusion gage to
overcome friction lag as was the case with the extensom-
eter and compressometer. This was true because of the
construction of the instrument which involved no friction-
sl load on the measuring arms.

The rate of strain in tension which occurred during
the torsion test was obtained from the known relationship
that the maximum tensile stress equals the maxinum shear—
ing stress in a circular member subjected to tomsilion.

From this fact the relationskip between the rate of strain
in tension and the rate of strain in shear was computed

from the formula - = g 30 where — 1is the tensile rate

Y t t B ‘ ] G
of strain; % is the shearing rate of strain; and T the
ratio of shearing modulus to tensile modulus. It will be
noticed that the tensile rate of strain in the torsion
tests was approximately equal to the tensile rate of strain
in both the tension test and the compression test. This

n

was purposely done in order that the three tests would be
on a comparable basis. It was necessary to use the same
rate of strain for comparative purposcs because 1t was
known that the rate of strain affected the values of yield
strenzgth, ultimate strength, modulus of rupture, and so
forth., (See figs. 18, 19, and the next para;ralh.)

~

4, Effect of Speed of Testing on the Results
Obtained from the Torsion Test

Torsion tests werc performed at several speeds of test-
ing to study thec effect of speed of testing on tho proper-

-~

e o)

ies measurcd in the torsion tocsts. During these tests,
rcadlngs of tcrgque, angle of twist, and time were taken.
From these data the shecaring stress and shcearing strain
were computed. The shearing stress was plotted against
shearing strain in figurc 18 for tests of "solid" specimens
at rates of strain from 0.0004 to 0.029 inch per inch peor

ci

Fa

¢

minute. The shearing ratc of strain was obtained in the
same manner as described above,

.

train diagram devi-

It was observed that the stress-s
tienship at a lower valuc of

ated from a straight-line recla
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stress for the slow rates of strain than for the high rates
of strain. This deviation was probably the effect of creep
taking place at the lower rates of strain.

In order to obtain a better picture of the effect of
changing the rate of strain on the results of the torsion
tests, the shearing yield strength at 0.05 percent offset
was obtained for each of the curves shown in figure 18.
(The auxiliary line represents an offset of 0.05 percent . )
The shearing yield strength was plotted against the shear-
ing rate of strain in figure 19, The data reported for
the torsien tests in table IV were also plotted on this
diagram, It was observed that the shearing yield strength
increased rapidly with increase of rate of strain at rela-
tively low rates of strain. Above a rate of strain of
abeut 0.0l inch per inch per minute the shearing yield
strength was relatively little affected by further increase
in rate of strain. This effect of rate of strain was sim-
ilar in trend, but not in degree, to the effect of rate of
strain on the tension test of cellulose acetate (refer-
ence 7).

Tests were alse performed on hollow torsion specimens
(fig. 2f). The shearing stress obtained from tests of the
hollow specimens was plotted against shearing strain in

VY
figure 18, These tests were undertaken in an attempt to
cerrelate the results of the torsion tests with the results
of the tension tests of the same material. 1t was expected
that the hollcow torsion test would correlate much better
than the solid torsion test, because the equation

m

i A2

J

he caszs of
d specimen
e value of

would yield a more.accurate value of stress in
the hollow specimen than in the case of the sol
for values of stress near fracture. The averag
the maximum stress occurring in the hollow specimer was
about 2000 pounds per square inch or about one-half of the
tensile strength. (Sce table I.) This may possibly be

due to the fact that the fracture started 2t a position on
the surface of the specimen which was originally at the in-
terior of the sheet Al1so the tensile stress at the point

t

of fracture was at an angle to the planc of the original
ar

sheet rather than parallel to the sheet as in the case of
-he tension test, so that some difference in strength might

be esxpected.
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The crack progressed along a helix, indicating that
the significant stress causing fracture was probably.a
tension stress, (See figs, 33d,e.) ZIZlementary theory
shows that the maximum tension stress in a member subject-
ed to torsion is equal to the maximum shearing stress, so
that the wvalues of maximum shearing stress obtained from
the torsion test of a hollow specimen should be nearly
equal to the tensile strength of the same material as ob-
tained in a tension test, instead of one-half the ten-
sile strength.

The hollow specimens were tested at several different
rates of strain as were the solid svecimens. Results of
the former, however, do not correlate well -~ probably be-
cause of the fact that the size of the discontinuities in
the material itself were the same order of magnitude as
the wall thickness of the hollow section. '

No measurable variation in shearing modulus of elas-
ticity with change in rate of strain was observed. The
modulus of elasticity in shear as obtained from the aver-
age slope of the curves shown in figure 18 was 290,000
pounds per ‘square inch. The value reported above for the
other set of tests was 23u,OOO pounds per square inch.

The difference between these two values is possibly due to
the fact that the specimens in the two tests were obtained
from different sheets. All specimens used for the solid

tests shown in figure 18 were obtained from the same sheet.

5. The Effect of Initial Conditioning on
the Compressive Strength and the Specific Weight

Three groups of 25 compression specimens each (fig. 2b)
were prepared from the same sheet of material. ZEach group
of 25 was subjected to a different conditioning procedure.
One group was immersed in water for ULg hours, the second
group was placed in a desiccator over anhydrous calcium
chloride, and the third group was placed in an oven at a
temperature of 1220 F for 48 hours, then removed to a
calcium-chloride desiccator for 24 hours. Immediately af-
ter the specified conditioning time, 2ll of these speci-
mens were placed in a room maintained at a constant tem-—
perature of 77° F and constant relative humidity of 50 per-
cent for the duration of the tests. Two specimens from
each group were set aside as control specimens and were
weighed and measured at intervals of time. Immediastely
after the specimens were removed from the conditioning
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medium, one of each group was tested in compression and
the ultimate strength recorded. Specimens from each grouv
were then tested at succeeding intervals of time there-
after for a period of about 8000 hours. Thke control
specimens were weighed and measured at the same time that
compression tests were performed.

This study was undertaken in order to obtain a quan-
titative knowledge of the duration of time required for
the strength and weight of phenolic molding material to
comé to equilibrium when the specimens were maintained
continucusly in an atmosphére of constant temperature and
constant relative humidity. Such information was needed
in order to determine the conditioning procedure necessary
to obtain reproducible results from mechanical tests of
plastics,

The change in specific weight with time is shown in
figure 20 for the control specimens from each group. It
was observed that the specific weight decreased for smeci-
mens initially immersed in water; whereas the specific
wveight increased for specimens initially placed over cal-
cium chloride and also for those initially heated. M
was observed that a time of about 1000 hours (L1 days) was
required to return the specific weight approximately to
its initial value (within 5 percent of the change in spe-
cific weight caused by immersion for 4g nr).

A similar series of tests of cellulose acetate (refer-
ence 8) was carried out simultaneously with this series
of Nt esitisy The acetate was subjected to two different con-
ditions - immersion and drying over calcium chloride. A
comparison of the curves showing change in specific weight
with time shows that the behavior of the two materials was
almost identical up to a time of 1000 hours. Beyond 1CO0O0
hours the specific weight of specimens of both materials
which were immersed in water remained substantially con-
stant, but the specific weight of the dried acetate de-
creased again after 1000 hours while the specific weight
of the molding material continued to increase even beyond
the weight before drying.

The variation in ultimate strength with the elapse of
time after conditioning is.shown in figure 21. The strength
of the initially wet specimens was observed to increase
with time. The strength of the heated specimens decreased
with time and the strength of the dried specimens decreased
with time. More conclusive results might have been obtained
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by the use of a larger number of specimens to overcome
the effect of the scatter observed in the data.

6. Static Bending Tests (Flexure)

Flexure tests were performed on specimens shown in
figure 24, using the machine shown in figures 4 and &5 for
applying tbhe load. A four-point loading system was em-
ployed by means of & beam-and-linksge arrangement so as to
produce a constant bending moment in the center portion of
the specimens. The average result of five specimens showed
a modulus of rupture in bending of 8000 pounds per square
inch., These tests were performed in such a way that the
rate of strain of the extreme fiber was about the same as
in the tension and compression test reported in tables I
and Il < that ds, the .rate of strain was about. 0. 0015 dnech
per inch per minute, The rate of strain for the bdending
tests was obtained by plotting a stress~-time curve. From
this curve and the known value of mcdulus of elasticity
the rate of strain was ccmputed. A sample stress-time
curve for the bending test is shown in figure 22. These
tests show that the modulus of rupture in filiexure was
about twice the static tensile strength, and about two-
thirds the static compressive strength.

7. Impact Tests

Impact tests were made on specimens of both the
Charpy and Izod type on specimens (figs. lc,d) machined
from two different slabs. The results of these tests are
tabulated in table V. TFour specimens of each type from
each slab were tested with the V-notch parallel to the
molded surface of the sheet, and four specimens of the Izod
type and three of the Charpy type were machined with the
V-notch perpendicular to the molded surface. The values
cf energy absorbed by each specimen are given in table V
together with ths averages and the average deviation from
the mean. Very little difference was observed between
values obtained from the two different sheets. It is per-
haps worthy of note that the differences between tests
with notch perpendicular and notch parallel to the origi-~
nal surface are not consistent between the Charpy and Izod
tests, indicating that the impact strength of the material
was substantially independent of the position of the notch.

Thelaverage of all the Igzod tests was 20,0 inch-pounds
for the g-inch specimen, which was about 20 percent greater
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than the average of all Charpy tests. The average of all
Charpy tests was 15,6 inch-~pounds. The difference is per-
haps due to the fact that in the Izod tests an appreciable
amount of energy was absorbed in a scraping action between
the striking edge of the tup and the specimen.

8, Creep Tests

Creep tests in tension were performed at stresses
ranging from 1400 to 3700 peunds per square inch, using.
apparatus as shown in figures 7 and 8, Strain readings
were taken at intervals of time over a period of as much
as 8000 hours for some of the tests, and shorter periods
for other tests. The results of the creep tests are shown
in figures 23 and 24, .In figure 23 creep in percent was
rlotted against the elapsed time in hours for a total of
3000 heurs. A egimilar diagram for a time of 8000 hours is
shown in figure 24. Oreep, as usually defined, is the to-
tal change in length (including elastic stretch) between
gage points located in the cylindrical portion of the
specimen expressed as & percentsge of the original dis-
tance between gzage points.

A rapid rate of creep was observed during the first
interval of time., During this period the rate of creep
decreased and was followed by a leng period of creep at a
relatively uniform rate, This larter period is referred-
to here as the "first stage" of ereep. The initial por-
tion of decreasing rate of creep is referred to as the
"first transition region." The scatter in the pletted
proints for some of the tests is prebably due in part tn
the difficulty of measuring changes in length of such
small magnitudes and in part to the effect of intermittent
vibrations of the bdbuilding or to occasional short-time
interruption of the air-conditioning equipment. It was ob-
served that the rate of creep after about 3000 hours de-
creased appreciably, so that the curves appreached nearly
to a horizontal line for all values of stress (fig. 24),
This tendency was similar to that cbserved for relatively
high stresses in the case of cellulose acetate (reference 7).

It was found that the creep at any time within the
limits of the test and at a given stress could be approx-
imately represented by a straight line of slope R and
intercept €3 thus, e = e, + Rt where e, 1is the .
"initial" creep, R the rate of creep, and e the total
creep at time +t. The values of e, and B were ob-




tained by dérawing a straight line through the points rep-
resenting the first stage of creep (fig. 23). The slope
of this line was the rate of creep R during the first
stage of creep, and the intercep?t of this line with the
sero~-time axis was the initial creep ¢€,. When the rate
of creep was plotted as a funcvion of the stress on a
log-log diagram (fig., 25), it was found that the data thus
plotted could be represented reasonably well by a straight
line, so that the rate of creep could be expressed as a
vower function of the stress. Similarly, the log-log plot
of stress against initial creep was nearly a straight line,
s0 that the initial creep could also be gxpressed as a
power function of the stress b . 26) .

Thus it was possible Lo express creep at any time b

and any stress o, by the following relationships (The
numbers "4600" and "9500" are dimensional coefficients.)

3/2 5/2
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7 <4600/ \9500

This equation is, of course, an appreximation to the creep
curve. It represents a family of straight lines having
slopes equal to the slope of the creep curve in the first
stage and passing through the creep curves in the Ebbgt
stage, The family of straight lines represented by the
above equation is shown, for the values of stress used in
the tests, as dash lines in figure 23. Exact agreemoent
between these lines and the plotted data is not to be ex-
pected because of the scatter of the plotted points shown
in figure 25. The dash lines shown in figure 23 obviously
will not accurately represent creep in the first transi-
tion region nor during the "second stage" of creep. In
these cascs, however, the actual creep is less than that
predicted by the equation, so that use of the equation
would be on the safe side.

9, Fracture Under Long-Continued Constant Load

These tests were supplemental to creep tests. The tim-
required to cause fracture under a constant tension load is
shown in figure 26, in which the tenslon stress lewplobted
against time for fracture on a log-log scale. It was ob-
served that above a stress of about 3200 pounds per squaré
inch, fracture almost always occurred within a relatively
shert time (less than 100 hr), but below this stress no
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fracture occurred in less than 2000 hours. Figure 26 indi-~
catcs that the time required for fracture to take place
under a2 censtant stress inereases with decrease in stress
and that in the neighborhood of 3200 pounds per square
~inch a relatively small change in stress may make a very
large change in time for the fracture to take place.

10, Fatigue Tests

(a) The effeoct of range of stress on the fatigue
strength in bending.- In this paper "range of stress" is
defined in terms of two quantities, the mean stress and the
alternating stress of the stress cycle; that is, the ecycle
of stress is resolved into two componentis: a constant or
hean value of bending stress T and an glternating
stress 0,, which is superimposed on the mean stress.

When the mean stress is zero, the maximum aliternating
stress which will cause fracture after a given number of
cycles of stress is called the fatigue strédngth at the
given number of cycles, When the mean strésd is not zerd,
the corresponding value of maximum algerinating stress gy
which will produce fracture after a given number of cy~
cles of stress is defined as the fatigue strength for that
value of mean stress and the given number .of cycles of,
stress.

Fatigue tests of phenolic molding material were run
on specimens as shown in figure 3a for four different
ranges of stress. The ¢ - N diagram for the four differ-
ent values of mean stress is shown in figure 27. In this
figure the alternating component of stress was plotted
against the number of cycles for fracture on a semilog di-
agram. An appreciable scatter of data was observed in
these tests, so that a2 definite o0 - N curve could not be
drawn. For purposes of analysis, a straight line was
drawn through the pletted points representing the trend of
the curve. The greatest emphasis was placed on tests at
large numbers of cycles in drawing this line. In order
better to illustrate the effect on the fatigue strength of
a change in the mean stress, the fatigue strength at
100,000,000 cycles was plotted against the mean stress of
the cycles in figure 28. It was. observed that the fatigue
strength decreased with increasing mean stress from 3130
pounds per square inch at zero mean stress to 1610 pounds
per square inch at a mean stress of 7000 pounds per square
inch, (See table VI.) (The speed of testing used in all
of these tests was 1720 cpn.) '




During the conduct of the tests in which the mean
stress was not gzcro, it was observed that the mean stress
continuously decreased even though the deflections of the
specimen were maintained the same. This decrease. in mean
stress (relaxation) was the result of creep of the mate-
rial. In order to show the effect of relaxation oa the
alternating-stress against mean-stress diagram CEig. 28 5
the fatigue strength was plotted against the value of mean
stress which obtained at 100,000,000 cycles. These data
are shown by the open circles in figure 28, The average
value of the "static" ultimate strength in flexure (modulus
of rupture), obtained in tests reported above, was plotted
on the diagram in figure 28. A straight line drawn between
the fatigue strength at zero mean stress and the "static"
bending strength represents the "theoretical" effect of
mean stress (reference 11). It was observed that the data
adjusted to the mean stress at 100,000,000 cycles fell very
nearly on this straight line. '

{(b) Relaxzat?

i
relaxation was fu
test conducted un

y during fatigue tests.- The effect of
r studied by means of a relaxation

er static conditions in which the initial

value of the bending stress was 7000 pounds per square inch
This test was conducted by using a dynamometer and specimen
exactly the same as that used in the fatigue test. A de-

flection was given to the specimen sufficient to produce
7000 pounds per square inch. Readings of stress were re-
corded at intervals of time for a periocd of 800 hours.
These data were plotted in figure 29 in which stress was
plotted against time in hours. The value of the mean
stress which obtained during fatigue tests at three differ-
ent ranges of stress is also plotted in figure 29. These
data were taken from the specimen which failed most nearly
at 100,000,000 cycles. It was observed that relaxation of
stress was quite rapid during the first 100 hours. There-
after the stress decreased nearly as & linear function of
time. It was also observed that the rate of decrease of
mean stress increased with the value of the mean stress.
(¢) Fatigue strength in torsion and bending.- In or-
der to determine the behavior of the molding material in
fatigue under a different state of stress, the material
was tested in torsional fatigue, using the machine shown
in figure 10. The 0 - N diagram for fatigue tests in
torsion of round specimens (fig. 3b) is shown in figure
30, For comparison, a fatigue curve was also obtained in
bending with the same circular cross-sectional specimen as
used in torsion and with specimens taken from the same
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sheet . The ¢ . N diagram for these tests is also shown
in figure 30. The fatigue strength for torsion tests
was found to be 1800-pounds-per-square-inch shearing stress.
Sse table VI.) The corresponding fatigue strength in
bending was found to be 3820-pounds-per-square-inch tensile
stress. Tﬁe fracture of the torgion specimen progressed
along a 45 helix, indicating that the crack progressed
along a plane of maximum tensile stress, (See fig. 33h.)
However, the tensile stress in the torsion specimen was
the same as the shearing stress, namely, 1800 pounds per
square inch at the fatigue stre ngth, whercas the tensile
fatigue strength in bending was found to be 3820 pounds
ber square inch. This indicates that the start of the
fatigue crack nrobably was the result of a shearing stress
rather than a tension stress, because the maximum shearing
stress in the bending specimen was ore-half the maximum
tensile stress, or 1910 pounds per square inch, which con-
pares favorably with the shearing fatigue strength found

in the torsion test, 1800 pounds per gquare inch. Thus
it would appear that the failure is governed by the shearing
stress rather than by the tension stress.

(&) The effect of speed of testing on the fatigue

sbrength.- The effect of speed of testing on the fatigue

strength of the phenolic molding material was studied by
use of rotating-cantilever-beam machines, as shown in fig-
ure 11 (spocimen, fig. 3¢c). Thece machines were provided
with a V-belt drive, so that different speeds could be
obtained. The o - ¥ diagrams obtained from tests at three
different speeds -~ 1720, 4200, 6150 eycles per minube -
are shown in figure 31, The effect of speed of testing
was found by plotting the fatigue strength at 100,000,000
cycles against the speed in cycles per minute, as shown in
figure 32. It was found that the fatigue strength de-
creassd as the speed was increased over the range of speed
studied. The fatigue strength at a speed of 1720 cycles
rer minute, as obtained in these tests, was 2630 pounds
per square inch. (See table VI.) It may be that the ef-
fect of speed on the fatigue strength was in part due .to
rise in temperature of the specimen due to the internal
frictien in the material, Since the specimen was rotating
during the tests it was not found possible to megsure the
tempnrﬁuure; however, observations indicated that the tem-
perature rise was not excessive.

\ -
(e) The effect of a potch on the fatisue gtrenstih.-
The effect of a notch of shape as shown in figure 34 was
obtained by tests on a rotating-beam machine at a -speed of
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6150 cycles per minute. The o - N diagram for this test
is shown in figure 3i. The fatigue strength at 100,000,000
cycles was found to be 2300 pounds per square inch., Com-
paring this with the test of smooth specimens at the same
speed, it was found that the fatigue strength was about 15
percent higher for the notched test than for the unnotched
test., (Bee table VI.) It is difficult to explain an in-
crease in fatigue strength as a result of notching the
specimen. It may be, however, that this apparent increase
is due largely to variations in the material between sheets
or scatter in the data. However, the conclusion that this
raterial is relatively insensitive to notches scems justi-
fied. This is in opposition to results of tests of cellu-
lose acetate (reference 6), inasmuch as the fatigue
strength of a notched specimen for cellulose acetate was
found to be about one-half the fatigue strength of the un-
notched specimen.

(£) The effect of type of test and shape of specimen.-
Comparison of the fatigue strength obtained at a speed of
1720 cycles per minute and a mean stress of gzero, but dif-
ferent types of machine and different shapes of specimen,
showed the following results. The fatigue strength of a
square specimen in the bending machine was 3130 pounds per
square inch, while for a circular cross-sectional specimen
the fatigue strength was 3820 pounds per square inch - an
increase of about 21 percent. A circular cross-sectional
specimen of the same shape but tested in a rotating-beam
testing machine was found to give a fatigue strength of
2630 pounds per square inch, or a decrease of 31 percent of
;ﬁz ie?ylts_obtained o the c?rcular bending sPecim?n.
thesc differences may be due in part to variations in the
material, particularly in the case of the latter since the
rotating-beam specimens were obtained from material 0.5
?nch thick and the bending specimens from materials 0.3
inch thick, Difference in surface finish may also con-
tribute to the variation between results obtained on dif-
ferent machines. The original molded surface remained on
all square cross~-sectional specimens, whereas the surface
of circular cecross-sectional specimens was machined and
then sanded. 4 similar increase of fatiguc strength of
circular as compared to sguare specimens was found for cel-
lulosc acetate as well as for the phenolic molding material

(See reference 8.)

Fractured fatigue speocimens of all types used are
shown in figures 33f...k

.
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VI. CONCLUSIQNS

The following conclusions may be drawn from the above
tests of macerated phenolic molding material performed at a
constant temperature of 77 F and relative humidity of 50
percent.

1. Static short-time tension and compression tests
periormed at the same rate of strain indicate about equal
values of yield strength in tension and compression -
4010 and 4120 pounds per square inch, respectively (at
0.05 percent offset). (8ee tadbles I, II, III.)

2, The ultimate strength in compression is, however,
about four times the ultimate strength in tension - 18,960
and 4550 pounds per square ianch, respectively.

3. The moduli of elas
nd compression -~ 981,0
inch, respectively.

.eity are nearly equal in ten-
)0 and 886,000 pounds per

ck
TN 1.]-

4, Torsion tests at a rate of strain corresponding
to that uscd for the tension and compression tests showed
a yield strength (at 0.05 pércent offset) about 60 per-
cent of the corresponding value in tension and compres-
sion - 2550 pounds per square inch (tabdble IV).

5. The modulus of elasticity in shear was about one-
fourth of that in tension and compression - 234,000 pounds
per square inch in one group of specimens; 290,000 pounds
per sguare inch in another sroupk

6. Torsion.tests at different rates of strain sbowed
that the shearing yield strength increased with increcs-
ing rate of strain up to a rate of strain of about 0.01
inch per inch per minute. (See fig. 19.)

7. It was found that a time of about 40 days was re-
quired for the specific weight to approach equilibrium in
an atmosphere of constant temperature and humidity (flg.
20). The change in specific weight was attributed to
change in moisture content.

8., The compressive strength of the material changed
during the time that the m01stu“e content was not in equi-
librium with the humidity of the atmosphere. The ‘strength




increased during the time that the moisture content of
the material was greater than that required for equilibd-
rium with the atmosphere, and decreased when the moisture
content was less than that required for equilibrium with
the atmosphere (fig. 21),

9. The modulus of rupture in flexure was found to be
8000 pounds per square inch. :

10. The averags energy absorbed in breaking a %— by

2-inch Izod impact specimen was 20 inch-pounds; whereas,
1 g

the average energy absorbed by a 5- by 5-inch Charpy spec-
imen was 15.6 inch-pounds. There was no apprec 1ablb dif-
ference in impact strength of specimens with notch cut
parallel to the surface of the sheet and specimens with
notech cut perpendicular to this surface (tabdle V).

11, Creep tests at several different stresses showed
that the amount of crcep and rate of creep are increased by

&
an increase in stress. It was also observed that the larg-
est proportion of the creep recorded occurred during the
early part of the test (flo. 23) .

2n It was obssrved that the creep against time curve
approached 2 horizontal line after a time of about 3000
hours for a2ll values of stress (fig. 24).

13. It was found that the creep cccurring during a
time of about 3000 hours could be represented approximate~
ly by the following equation:

5/2
/(O
( - 4 e t
45600 \9500

14, Tension tests conducted at a constant load for
long periods of time showed a critical stress of 3200
pounds per square inch, above which fracture occurred
within less than 100 hours, and below which fracture did
not occur for a long period of time.

15. The fatigue strength for completely reversed bend-
ing stress was found tc be 3130 pounds per square inch at
100,000,000 cycles.

16. Tests at other raqges of stress showed that the
fa tlgue strength decrcased with increasing mean stress

from 3130 pounds per squaro inch at zero mean stress to
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1610 vounds per square inch at a mean stress of 7000 pounds
per square inch (table VI).

17. Relaxation of stress occurred during fatigue tests
in which the range of stress was not zeéro. The relaxation
rate was found to be affected not only by the value of the
mean stress but also by the presence of an alternating
stress (fig. 29).

18. The fatigue strength in torsion was 1800-pounds-
pér-square-inch shearing stress at 100,000,000 cycles (ta-
ble VI).

19. The fatigue strength of a circular cross-sectional
spécimen in bending was found to be 3820 pounds per square
inch, which was about twice the fatigue strength of iden-
tical specinmens in torsion., This indicates that shearing
stress may be the governing stress which initiates the fa-
tigue crack (table VI).

20, Rotating-beam fatigue tests at different speeds
of testing showed that the fatigue strength decreased as
the speed of testing increased (fig. 32).

21, Tests of notched rotating-beam specimens indicated
very little notch sensitivity, There was some indication
that the presence of a notch increased the fatigue strength
(table VI),

22. Differences of 20 to 30 percent in fatigue strength
were found for different shapes of specimens and different
types of testing machines (table VI).

VII, APPENDIX

Definition of Terng

1. Modulus of elasticity. Tn this report modulus of
elasticity is understood to refer to the tangent mcdulus
at the initial vortion of the stress-strain curve; that Jeas
the modulus was obtained by measuring the slope of a line
drawn tangent to the curve through the lower portion of
the curve, It is important to note that friction lag or
backlash in the strain-measuring instrument may result in
some irregularity in position of the first two or three
readings and, because of this lag, the stress-strain curve
will not necessarily pass through the origin of coordinates.
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2., Yield strength.- Yield strength is designated as
the stress corresponding to an arbitrarily selected per-
cent deviation from the straight-line portion of the

curve (or "modulus line"). It is obtained.from a plotted
stress-strain curve by drawing a line parallel to the. mod-
ulus line and at a distance from this line equal. to:the
specified offset measured along the strain axis. The yield
strength is the stress corresponding to the point of in-
terdcction of the stress-strain curve and the auxiliary
line mentioned above. ' :

3., BRate of gstrain.- The rate of strain as used inp
this report refers "to the ‘time rate of ‘straining of ths
specimen in thé elastic (or straight line) portion of the
stregss~-strdain curve. In"the case of the tension and com-
pression tests, the value of the rate of strain was ob- '
tained from the slope of a strain-time diagram nlottcd
from data taken during the tests In the case of the ten- |
sion and compression tests, vt_uln—*

time dlaﬁrams such as
figures 13 and 15 are obtained. The rate of strain as
interpreted for these diagrams was the slope of the curve
at the portion just beélow the value of strain corrésnonde
ing to the maximum strain for which stre was directl
proportional to strain. ‘

4.  Modulus of rupture.- The modulus of rupture is a
fictitious stress obtained, in the case of the torsion
test, by substituting the maximum valve of twisting moment

_ 5 . e il

; L
into the eguation T = T - The value of stress obtained

Q

does not represent the actual maximum stress in the mate-
rial at the fracture, because the equation used is correct
only when stress is directly proportional to the strain,
which is not the case at rupture. Modulus of rupturc in
flexure is a fictitious stress obtained by substituting
the maximum bending moment obtained in the flexure test

Me

inte the esguation G = T This docs net reprfesent the

actual maximum stress at fracture because this equation
also ie correct only when stress is directly proportional
to strain - a condition which is not true at rupture of a
flexural member. .

5. Creep.- Creep is designated as the total exten-—
sion in a tension member which has occurred up to a given
time as result of a constant load; it is expressed in
percent. It should be noticed that creep includes both
the elastic stretch and the stretch which occurs progres-
sively during the time of loading.

o
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6. Rate of creep.- The rate of creep represents a
time rate of extension of the tension member under a con-
stant load. It is determined by measuring the slope of
the straight-line portion of the creep-time curve. UNote
that the rate of creep times the time does not give the
total creep.

7. PFYatigue strength.- In this paper a cycle of re-
peated stress is resolved into two components - steady or
mean stress upon which is superimposed an alternating
stress. The maximum amplitude of an alternating stress

cycle, expressed in pounds per square inch, which will

not cause fracture of thé material for a given number of
cycles of alternating stress is called the fatigue strength.
The number of cycles used in this paper was. 100,000,000,

If the stress cycle does not produce complete reversal of
stress, the mean stress of the cycle must be stated when
specifying the fatigue strength because in general the fa-
tigue strength changes with different values of mean stress.

==
Ft

8. Mean stress.- The algebraic mean betwecen the maxi-
mum and minimun strecs roduced in a material during 'an
alternatlng cycle of st1 ess. ¥hen used in conjunction
with the fatigue strength, the term "mean stress" denotes
the mean stress for which the stated fatigue strength was
determined. ’

.J

9. Average deviation from the mean.- This guantity
is used as a measure of the scatter in experimental data
and is obtained by forming the difference between each
reading and the average of readings, then averaging these
differences. ;

Department of Theoretical and Applied Mechanics,
College of Engineering,
University of Illinois, :
Urbana, “T30., Aprill 15, 1943,
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TABLE I. STATIC TENSILE TESTS OF PHENOLIC MOLDING MATERIAL
(Specimen as Shown in Fig. la )
(Terms Defined in Appendix )
Specimen Yield Strength | Ultimate | Ultimate |Modulus of | Rate of Strain
Number 0.05 per cent | Strength Strain Elasticity | in. per in. per
offset, psi psi in. per in.§ 1000 psi min,
25-B-5 3900 4790 0.00597 960 0.0015
25=B=6 3850 L320 0.00515 954 0,0015
25-B=10 3850 4550 0.00556 960 0,0015
26=B-11 4380 L4430 0.00464 1050 0.0013
26-B-17 4050 Lé70 0.00577 980 0.0014
Average Lo10 L4550 0.00543 981 0.001
Average Deviation
from the Mean 170 140 0.00042 28

Average No-Load Head Speed -- 0,040 in. per min.

TABLE II. STATIC COMPRESSION TESTS OF PHENOLIC MOLDING MATERIAL
(Specimen as Shown in Fig. 2a )
(Terms Defined in Appendix )
Specimen | Yield Strength | Ultimate| Ultimate Modulus of | Rate of Strain
Number | 0.05% [ 0.2%/0 |Strength| Strain elasticity | 4in./in./min.
offset | offset psi in. per in.| 1000 psi
psi psi
203-A=10 | 3400 5500 12,700 ——— 970 0.0014
203-A-11 | L4700 6700 13,000 ———- 830 0.0015
203-A=9 4,200 5900 13,200 | 0.0497 850 0.0016
203-A-12 | L4400 6400 13,800 | 0.0508 830 0.0015
203-A-13 | 3900 5800 13,200 | 0.0508 950 0.0016
Average L120 6060 13,200 | 0.0504 886 0.0015
Average Deviation
from the Meen 380 390 260 | 0.0005 59

Average No — Load Heed Speed =- 0,0105 in. per min,
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TABLE III. STATIC COMPRESSION TESTS FOR ULTIMATE STRENGTH
OF PHENOLIC MOLDING MATERIAL
(Specimen as shown in Fig. 2b)
Specimen Ultimate Approximate
Number Strength Rate of Strain
psi in./in, /min.
203=-A=5 18,560 0.0008
203-A-3 19,640 0.0008
203=A=2 19,640 0.0009
203-A=l 18,370 0.0015
203-A=6 18,610 0.0015
Average 18,960
Average Deviation
from the Mean 540
TABLE IV. STATIC TORSION TESTS OF PHENOLIC MOLDING MATERIAL
(Specimen as Shown in Fig. 2e)
(Terms Defined in Appendix)
Specimen | Yield Strength | Modulus of | Ultimate | Shearing Rate of Strain
Number |0.05°/0( 0.2% | Rupture Strain  |Modulus, G, | in./in./min.
psi in. per in.| 1000 psi Tensile Shearing
305=T=11 | 2500 3180 3180 0,0155 232 .0012 .0050
305-T=13 | 2,20 3130 3160 0.0158 236 .0012  .0050
305-T-15 | 2730 | 3560 3640 0.0173 235 .00l  .0058
Average 2550 | 3290 | 3330 0.0162 23
Average Deviation
from the Mean 120 180 210 ‘ 0,0007 2

Average No-Load Head Speed -~ 0,024 revolutions per

min,
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TABLE V. IMPACT TESTS OF PHENOLIC MOLDING MATERIAL
(Specimens as shown in Fig. lo and 1d)
(Terms defined in Appendix)
Type of Test Sheet 311 Sheet 31L, Average
Specimen | Absorbed | Specimen | Absorbed | for both
Energy Energy sheets
in-1b in-1b in-1b
Tzod-- 1-1 22.0 I.L 18.0
Notch Parallel to I3 20.0 13 21.3
Original Surface I-2 19.0 I-2 20.8
Tal 18.0 I-1 15.0
Average 19.3 18.3 18.8
Average deviation
from the Mean 1.2 2.8
lzoQ=- I-8 2l.5 I-8 v
Notch Perpendicular I-7 2 T I-7 21.8
to Original Surface I-6 22.0 1-6 20.8
I-5 20,0 I-5 20.8
Average 2l.3 21.2 2l.2
Average Deviation
from the Mean 0.6 0.4
Average of All 1zod Tests 20.0
Charpy-- 10-4 1.8 1C-L -3 i,
Notch Parallel to IC=3 .2 I1C-3 17.8
Original Surface IC-2 18.7 IC-2 1.5
IC-1 19,9 IC-1 l7.g
Average I5.9 17. 17.3
Average Deviation
from the Mean Kt 2. 1.8
Cherpy-- 1C-7 4.4 1C=7 13.L
Notch Perpendicular IC=6 11.8 Ic-6 .6
to Original Surface IC=5 13.5 IC-5 15,8
Average i%.2 1.6 13,9
Average Deviation
from the Mean 1.0 0.8

Average of All Charpy Tests 15.0
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Sheet” | Specimen | Type of Test | Machine Speed of Initial | Mean Stress At | Fatigue Strength
Number Testing Mean 100,000,000 at 100,000,000
r p m. Stress cycles cycles
psi psi psi
22,23, Square "Range" of Bending 1720 0 0 3130 Tension Stress
29 Fig. 3a Stress in Fig. 9
Bending
31, 33, " " " 1720 2000 1330 2580 "
3l
33,34 s » . 1720 4000 2320 2280 "
3,35 . ! . 1720 7000 31,0 1610 "
L7 Circular | Bending of = 1720 0 - 3820 “
Fig. 3b | Circular
Specimen
L7 L Torsion of Torsion 1720 0 - 1800 Shearing or
Circular Fig. 10 Tension Stress
Specimen
301, Circular | Effect of Rotating 1720 0 - 2630 Tension Stress
302 Fig. 3c | Speed Beam
Fige. 11
302, " o " L4200 0 =2 2300 "
303
303 L » " 6150 0 - 2050 s
30l Notched | Effect of " 6150 (o} - 2300 ¥
Fig. 3d | Notch
TABLE VI. FATIGUE TESTS OF PHENOLIC MOLDING MATERIAL

9g
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Flgure 4.- Universal testing machine
with compression tool.
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Figure 5.- Universal testing machine
with torsion attachment

and detrusion gage.
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Figs. 8,9

. Figure 8.~ Jig for assembling creep extensometer.

g Figure 9.- Fixed-cantilever, constant-amplitude fatigue
machine arranged for bending tests.
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Figure 10.- Fixed-cantilever, constant-amplitude fatigue
machine arranged for torsion tests.

Figure 11l.- Rotating-cantilever-beam fatigue machine.
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NACA Figs. 20,2l
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