




















level where the ice would not float. A laboratory glass fractionating
column and a distilling flask were used for determining the steam point
and the naphthalene condensing point determination. The distilling
flask and a rubber stopper fitted with a thermomster were used for the
calibration at room temperature.

Sling for Density Measuremsnts, To measure the density of samples
of nylon, a wire sling, shown in Pigure 19, page 78, was attached to
the left-hand side of an analytical balance, The sling was constructed
of No 22 nichrome wire, with copper welights attached to it, The lower
sling, which dipped into a beaker filled with distilled water, was
suspended from the upper one by means of a piece of No 40 bare copper
wire that had been cleaned with hydrochloric acid and distilled water,

¥ethoed of Procedure

The plan of experimentation was carried out according to the
following method of procedure.

Annealing Nylon Samples. The nylon FMIO001 rolled to one-half
thickness was annealed in order to relieve internal stresses and strains
and flatten the individual samples, The original samples were cast by
the Polymer Corporation, Reading, Pa,., using a special transfer mold-
ing process which was intended to produce a finished slab free from
internal stresses and strains,

Samples tested were placed in the pan of the annealing apraratus

and the cover screwsd down, The pan was placed in the muffle furnace,
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the stream of nitrogen turned on, and the nitrogen pressure adjusted
to 1/2-inch of water with the pressure-regulating valve on the cylin-
der. The furnace was turned on and the rheostat adjusted until the
temperature reached 240 plus or minus ten °, The furnace was main-
tained at that temperature for a period of two hours. The electric
current was then shut off and the furnace allowed to cool. Then the
gas stream was turned off,

Determining the Degree of Crystallinity by the Density Method.

The density of nylon samples was determined in order to measure the
degree of crystallinity by the method described by Hemns(w). This
method assumes a linear relationship between degree of crystallization
and density. The standard laboratory buoyancy procedure for density
described by Bauor(l7) was used. The degree of crystallinity was
calculated from the density.

Samples of nylon were weighed first in air and then in water
using an analytical balance and the sling shown in Figure 24, The
tare weight was first determined. The weight of a sample weighing
from one to five grams was taken in air by placing it in the top
sling, and then in water by placing it in the bottom sling, Weighings
were made to0 the nearest tenth milligram, The immersed sample was
inspected for adhering air bubbles, Four samples were tested for each
determination., The true densities of nylon unrolled and unannealed,

annealed, and rolled and annsaled were taken,



Rolling Nylon. The rolling of the nylon samples used in density
determinations and in thermal conductivity determinations was done at
| Radford Arsenal, Radford, Va., under the supervision of ¥r. R. C.
Rhodes, using lé-inch diameter even-speed calér:dars heated with water
at 170 °p, Twenty passes through the calendars were required to
reduce the thickness from 0,260 to 0.121 inch.

Checking Degree of Crystallinity. X-ray diffraction patterns

were made of two samples to check the results of the density determi-~
nations and degree of crystallinity. The work was carried out by
Professor W. Richardson of the Physics Department. A sample of the
original cast nylon and a sample both rolled and annealed at 240 °C
was tested this way (see Figure 20, page 106). Copper KO\ radiation
was used from an x-ray tube using 35 kilovolts plate potential and 15
milliamperes plate current. A plece of film five inches square held in
a flat cassette was used. The sample was mounted directly on the end
of the collimator with wax, The sample~to-film distance was five
centimeters. A hole was punched in the upper right-hand corner of the
film, looking down the beam, to identify the sample oriemtation. The
samples were mounted with the direction of rolling parallel to the
equator of the film, with the plane of the sampls sheet perpendicular
to the x-ray beam. The exposure time was one-half hour. Contact
prints were made from the resulting films on number five contrast
paper. Qualitative deductions were made from the patterns concerning
the effects of rolling and annealing on the degree of crystallinity

and orientation of the molecules in the nylon.




Calibrating Thermocouples. Each thermocouple was calibrated at

the ice point, steam point, at the temperature of condensing naphtha-
lene wvapors, and at the temperature of the room,

For the calibration at the ice point, the thermocouples were held
individually in a beaker and crushed ice was packed around them.
Enough distilled water was added to a level where the ice would not
float. After a period of five minutes had elapsed, the emf as measured
by the potentiometer was constant. The thermocouples were connected to
the potentiometer through the same circuit later used for the temper-
ature measurements in the guarded hot plate. The emf was measured to
the nearest microvelt. Two sets of tests were made on the thermo-
couples, which agreed within four microvolts.

For the calibrations at the steam point and at the naphthalene
condensing point, the thermocouples were inserted into the side arm of
the fractionating column through which the condensing vapors were
passing, The side arm was covered with insulation to prevent errors
due to radiation of heat.

Por the calibrations at room temperature, each thermocouple was
inserted individually into the distilling flask and a rubber stopper,
fitted with the calorimetric thermometer, was used to seal the mouth.
The flask was covered with insulation to prevent radiation errors and
was allowed to stand for two hours before a msasurement was made,

Calibration of Wattmeter. The wattmeter was calibrated in terms

of Btu per rotation of the wattmeter disk by measuring the thermal
ensrgy produced in a resistance wire from the electrical energy which




the wattmeter measured, The thermal energy was measured by determining
the rise in temperature of water in a calorimeter when heated by the
resistance wire. Seven determinations were made with a voltage applied
to the load of 12 volts,

A plece of 0,0063-inch nichrome resistance wire three inches long
was used as a heat generating resistance. The wire was soldered to the
leads connecting the center heater outlet and immsrsed in the water
in the calorimeter. The leads were plugged into the center heater
outlet on the panelboard, so that the power was supplied by the hot
plate heater circult, Pigure 18, page 76,

A plot was made of the temperature of the water in the calorimeter
by reading the calorimetric thermometer at frequent intervals from
five minutes before to five minutes after the period of heating, and
the temperature rise was extrapolated to the mid-time of heating to
correct for losses to the surroundings. The number of rotations of
the disk during heating was counted. Distilled water was used in the
calorimeter, and the weight of water used was measured on a balance of
L5 kilograms capacity.

Determining Calorimeter Constant., The calorimeter constant was
determined by mixing two portions of water at unequal temperatures in
the calorimeter and noting the temperature after mixing,

The can was weighed empty. Into it was placed about one and one-
half liters of distilled water the temperature of which was approximately
that of the laboratory, The weight of the can and water was then taken,
A constant-temperature bath fitted with a syphon and filled with
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distilled water adjusted to a temperature of 100 °F was placed on the
bench so that it was at a higher level than the calorimeter. The
calorimeter cover was put in place and the stirrer was started. PMor
five minutes the temperature in the calorimeter was taken every 15
secords and adJustments in the water bath were made to insure con-
stancy of bath temperature., Then about a half-liter of water was run
out of the constant temperature bath syphon to equalize the tempera-~
ture of the syphon and the water, and one liter of the water from the
bath was run into the calorimeter through a hole in the calorimeter
cover, The temperature of the water in the calorimeter was then taken
every 15 ssconds for five minutes, and finally the filled calorimeter
can was agein weighed. This test was repeated seven times.

Preparation of Samples for Thermal Conductivity Measurement. The

following procedure was used in preparing the various nylon 66 samples
for thermal conductivity tests.

Unrolled Samples. The unrolled samples for use in conducti-
vity measuremsnt in a direction perpendicular to the plane and to
the greatest length of the slab were cut from a cast slab of
nylon 1/4 inch by 4-3/16 inches by 36 inches, Since the original
slab used for this investigation was only 4=3/16 inches wide, and
the guarded hot plate required the test samples to be five inches
square, it was necessary to add on a smaller section of nylon
13/16 inch wide, The added piece was planed flat with a jack

Plane so that it fitted snugly against the main piece. The two



pleces were then cemented together using approximately three
cubic centimeters of 90 per cent formic acid,

In preparing unrolled samples for thermal conductivity
measurement in directions other than perpendicular to the plane
of the sheet, the slab was cut into strips approximately the
same width as the thickness of the slab., The surface of the slab
was marked beforehand with a scratch awl to idenmtify the cut
edges and then cut with a band saw, Cooling water flowed over
the nylon while the cutting operation was performed. This work
was done under the supervision of Mr. M. B. Smith of the Indus-
trial Engineering Machine Shop Laboratory. The cut strips were
then each rotated 90 degrees, fitted together again, and finally
cemented together with 90 per cent formic acid to form a sample
five inches by five inches, Approximately three cubic centi-
meters of the acid were used per strip., The surfaces of the
resulting samples were then smoothed flat by mounting each piece
in a jig and machining with a rotating cutting tool. Cooling
water flowed over the sample during the operation to prevent over-
heating and possible warping. The individual samples for each
thermal conductivity test were machined to the same thickness,
with a tolerance of 0,004 inch,

Rolled Samples, The nylon samples which were rolled to one=-
half their original thickness and annealed two hours at 240 °C
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were prepared for thermal conductivity tests by using the same

method of procedure as previously described for preparing the

unrolled nylon samples,

Determination of the Thermal Conductivity of Nylon, The thermal
conductivity of nylon samples was determined using the guarded hot
plate. Quadruplicate determinations of the conductivity of unrolled
nylon samples and duplicate determinations of the rolled and annealed
samples were made at a mean temperature of 80 °r.

To prepare for a conductivity test, the samples were inserted in
the guarded hot plate with the thermocouples in place, The bolts were
tightened down gradually, making sure that the samples, the parts of
the guarded hot plate, and the thermocouple wires remained in place.
Finally the bolts were uniformly tightened with a torque wrench, A
torque of 20 foot-pounds was applied to each bolt,

The assembled guarded hot plate was next placed on blocks of wood
in the steel box with the thermocouple and heater wires at the top
(see Figure 10), and with the water inlet nipples on the bottom side
and the outlet nipples on the top side. The rubber tubes were connect -
ed to the appropriate nipples, the heater leads were screwed to their
binding posts, and the thermocoupls wires were screwed to their bind-
ing posts, noting the correspondence of position of thermccouples in
the guarded hot plate to the number of the selector switch to which
each was connected, Cardboard baffles were put in place against the

ends of the guarded hot plate, and loose magnesia insulation was poured
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into the space between these baffles so that it covered the sides of
the guarded hot plate about two inches deep,

The water inlet tubes were connected to the valve on the water
main, and the outlet tubes were led to the sink., The water flow rate
was roughly equalized in each cooling block,

The constant-voltage transformer was turned on, and the voltage
across the center heater adjusted to 12 volts, By means of the
variable resistors in the center and guard heater circuits and the
ammeter, the current flowing through the center and guard heaters was
roughly equalized., The storage battery leads were plugged into the
~ potentiomster so that the battery would have time to reach a steady
emf. The guarded hot plate was then allowed to approach steady state
for three hours,

Two beakers were filled with crushed ice and the two copper=con-
stantan junctions were inserted into the ice for a depth of three
inches. Water was poured into each beaker to a depth of two inches.,
As the ice melted during the test it was replaced and enough water
poured out so that the lce could not float and leave water in the
bottom which might rise above 32 °®, The emf values of the thermo-
couples were measured and recorded, standardizing the potentiometer
against the standard cell as necessary,

Adjustments were made in the current flowing through the center
and guard heaters by means of the variable resistors as necessary to

equalize the temperatures of the center and guard heaters. The center




heater applied voltage was adjusted to 12 volts each time the resistors
were adjusted. The apparatus was allowed to appreach steady state
again for another half-hour, when the adjustment wes repeated as neces-
sary. When the guard and center heater thermocouple emf values agreed
to within 0.005 millivelt, the water flow rates were adjusted if neces-
sary to equalize the temperature drop through the two samples as ine
dicated by the thermocouple emf values. Since the samples varied in
thickness by a few thousandths of an inch, it was not possible to
obtain identical temperature drops across both samples, but the emf
values of the thermocouples on the two sides of the heaters were
adjusted to within 0.01 millivolt, The system was considered to be in
steady state when the heater thermocouple emf values agreed to within
0.005 millivolt and remained constant within 0,005 millivolt over a
period of one hour. During this steady-state period the wattmeter was
read ten times by observing the period of tims required for the watt-
meter disk to complete ten revolutions,

The thickness of the sample was msasured before and after each
test by applying a micrometer in twenty places and averaging the
measurements,

The conductivity was calculated from the temperature drop across
the samples measured by the thermocouples during the steady-state
period, the heat flow as measured by the wattmeter, the area of the
center heater measured with a rule, and the average thickness of the

two samples measured with a micrometer,




-88=

Data and Results

The following paragraphs describe the data and results obtained
from the thermal conductivity etudieﬁ of nylon 66,

Thermocouple System Calibration. The thermocouple system cali-
brations at fixed points are summarized in Table II, The average
calibrations are included for uﬁo in computations, and the individual
values to indicate precision of measurement.

Wattmeter Calibration., Table III is a summary of the intermed-
iate quantities used to calculate the individual wattmeter calibration
factors at a voltage of 12 volts. The average calibration is included
for use in computations, while the individual values serve to indicate
precision of measurement,

Nylon Density. Table IV shows the densities of nylon samples
determined by the method of buoyancy in water, together with the weigh-
ings made to determine the densities,

The effect of physical treatment on the density and degree of
crystallinity of nylon 66 is summarized in Table V. Quadruplicate
determinations were made on samples of the original unrolled cast slab
of nylon, unrolled samples which had been dried for one hour at 180 °C
and ten hours at 130 °C, and samples which had been annealed two hours
at 240 °. Duplicate determinations were made on nylon samples which
had been rolled from 0.260 inch to 0,121 inch and annsaled two hours
at 240 °C. Only the original cast nylon samples and the rolled-annealed
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TABLE III

Wattmeter Calibrations

Applied Emf, Weight of Wattmeter Disc Net Temperature Heat

Hater, Revolutions, Rise, Power,
volts 1b No Op Btu/rev
12.0 5.602 50 2.06 0.2391
12.0 6.085 50 1.92 0.2407
12.0 5.941 50 1.95 0.23%
12.0 5.941 50 1.94 0.2395
12.0 6.121 50 1.89 0.,23%
12,0 64542 50 1.7 0.2389
12.0 C AN 50 1.79 0.23%

Average = = -——-—- - —— 0.2395




TABLE IV

Quantities Measured in Determining the Effect of Physical Treatment

on the Densitv of 'ylon Samples

Sample Treatment Wt in air, W& in water, Temp, Water density?, Densityb of
referred to Sample at
L °C
No gm om °c 25 °/1, °C
1 Untreated 5.0584 0.6571 27.8 0.99629 1.1450
2 Untreated 3.8561 0.4999 28.0 0.99623 1.1446
3 Untreated 3.2220 0.,4173 26.5 0499665 1.1449
4  Untreated 3.1871 0.4104 25,0 0499704 1.1444
Average —— . —_— ——— 1.1447
5 Annealed 2 hours
at 240 °C 5.0537 0.6669 25.0 0.99704 1.1486
6 Annealed 2 hours
at 240 °C 3. 8600 0.5056 25.0 0.99704 1.1473
7  Annealed 2 hours
at 240 oC 2.1852 0.4183 25.0 0.99704 1.1478
8 Annealed 2 hours
at 240 <C 3.2145 0.4256 25,0 0.99704 1.1492
Average ————— —————— — — 1.1482

9 Heated 1 hour at

180 ©C, 10 hours

at 130 °C Lok134 0.5361 25,0 0.99704 1.1349
10 Heated 1 hour at

180 °C, 10 hours

at 130 °C L,2755 045204 25.0 0499704 1.1352
11 Heated 1 hour at

180 °C, 10 hours

at 130 342660 0,3971 25.8 0.99684 1.1348
12 Heated 1 hour st

180 °C, 10 hours

at 130 % 3,8002 0.4619 26,0 0,99678 1.1347
Average ——— ————— —— ———— 1.1349
13 Rolled to half

trickness,

annealed 2 hours

at 240 °C 1.7869 0.2389 26.0 0.99678 1.1506
14 Rolled to half

thickness,

annealed 2 hours

at 240 °C 1.5859 0.2122 25.7 0.99686 1.1509
Average == cce—e- ———— -— ———— 1.1508

8Densities of water from "Handbook of Chemistry and Physics*
(C. D. Hodgman, Editor), p.1788., Chemical Rubber Publishing
Co., Cleveland, Ohio., 1950-1. 32 ed.

bDetermined by the buovancy method using water.
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TABIE V

Effect of Thysical Treatment on the Density

Treatment

None, ori
0.260 inc
None, ori
0.260 inc
None, ori

and Degree of Crystallinity of Nylon 66

giral cast slab
hes thick
ginal cast slab
hes thick
ginal cast slab

0,250 incres thick
None, original cast slab

04260 inc

Heated 1
10 hours
Heated 1
10 hours
Heated 1
10 hours
Heated 1
10 hours

Annealed
Annealed
Annealed
Annealed

hes thick
Average

hour at 180 °C,
at 130 °C
hour at 180 °C,
at 130
hour at 180 °C,
at 130 °C
hour at 180 °C,
at 130 °C

Average
2 hours at 240 °C
2 hours at 240 °C
2 hours at 240 °C
2 hours at 240 °C

Average

Rolled to 0.121 inches
thick. annealed 2 hours

at 240 °C

Rolled to 0.121 inches
thick, annealed 2 hours

at 240 °C

Average

Density

at 25 °/ °C
1.1454
11446
1.1449
RS TANA
1.L447

1.1349
1.1352
1.1348
1.1347
1.1349
1.1486
1.1473
1.1478
1.1492

1.1482

1.1506

1.1509
1.1508

Degree of
Crystallinity,

18.5
18.8
18,5
18.4
18.6
29.2
28.2 -
28,5
29.5

28.8

30.7

30.9
30.8

8Degree of crvstallinity was indeterminate since the sample
contained moisture.




samples were used for thermal conductivity tests. By drying, the
density of nylon as received was reduced from 1.1447 to 1.1349 at

25 °/L °C. This table also shows that annealing unrolled samples two
hours at 240 °C increased the density and degree of crvstallinity to
1.1482 at 25 °/4 °C and 28.8 per cent, and that annealing rolled
samples increased the density and degree of crystallinity to 1.1508
at 25 °/4 °%C and 30.8 per cent.

Nylon Thermal Conductivity Steady State Conditions. Tables VI
to XI contain the nylon thermal conductivity test conditions of the
guarded hot plate at steady state. These tables are a record of the
enf values of the ten thermocouples on the surfaces of the nylon
samples for a steady-state period of at least one hour during the con-
ductivity tests. The averages of the emf values of the thermocouples
on the hot and on the cold sides of the samples were used to determine
the temperature drop across the samples in the conductivity tests,

The individual emf values are given to indicate to what extent uni-
formity of temperature was attained in the guarded hot plate. The
positions of the thermocouples are indicated in Figure 15. The average
reciprocal wattmeter disk speed is included for each test.

Table VI contains data for the tests on unrolled nylon 66 samples
with the heat flux in a direction perpendicular to the plane and to the
greatest length of the slab. Thermal conductivity test data for unroll~
ed nylon samples with heat flux in a direction perpendicular to the
greatest length, but in the plane of the sheet are presented in Table
VII, while test data for unrolled nylon with heat flux in the plane and



TABLE VI

Steady State Test Conditions for Thermal Conductivitv of Unrolled

Nylon with Heat Flow Terrendicular to the Plane and to

the Jreatest Length of the Sample

Test Elapsed Emf of Emf of Emf of Emf of Enf of Emf of Emf of - Enf of Emf of Enf of Average Wattmeter

Time, Couple 1, Couple 2, Couple 3, Couple 4, Couple 5, Courle 6, Couple 7, Couple 8, Couple 9, Couple 10, Disk Speed-1,

\o hr v x 103 v x 103 v x 107 v x 103 v x 103 v x 103 v x 103 v x 103 v x 103 v x 103 sec/rev
1 0.0 1.541 1.550 1,550 1.541 0.672 1.54L1 1.550 1.550 1.541 0.673 —
0.5 ° 1.549 1.560 1.560 1.5L9 0.672 1,549 1.560 1.561 1.549 0.673 ——

1.0 1.563 1.563 1.563 1.563 0,670 1.563 1.561 1.563 1.563 0,673 ——

1.5 1.557 1.557 1.557 1,557 0,673 1.557 1.557 1.558 1.557 0.677 ——

2.0 1.557 1.557 1.557 1.557 0.673 1.557 1.557 1.558 1.557 C.677 —

2.5 1.557 1.557 1.557 1.557 0.673 1.557 1.557 1.558 1.557 0.677 15,69

2 0.0 1.515 1,533 1.533 1.515 0.671 1.515 1.533 1.534 1,515 0.671 ———
0.5 1,541 1.551 1.551 1.5 0.680 1.541 1,551 1.553 1.541 0.680 —

100 10566 10566 10566 10566 00683 10566 10566 1.566 11566 0067A A -

10 5 lo 566 10 566 lc 566 ]-o 566 C 0676 lo 566 10 566 1. 566 1. 566 0.6&) Eaeeane

2.0 1,566 1.566 1.566 1,566 C.675 1.566 1.566 1.566 1,566 0.680 15,75

3 0.0 1.546. 1.553 1.553 1,546 0.656 1.546 1.553 1.554 1.547 0,686 ——
0.5 1.593 1.581 1.581 1,593 0.653 1.593 1,581 1.583 1,591 0,693 ——

1.0 1.569 1.568 1.568 1.569 C.663 1.569 1.569 1.571 1.568 0.684 —
1.5 1.568 1.568 . 1,568 1.568 0.678 1,568 1.568 1,571 1.568 0,680 ———
200 10)62 1.563 10563 . 10562 00675 1.562 1.56‘4 10570 10567 0.680 ———

2.5 1.562 1.563 1.563 1.562 0.670 1.562 1.564 1.570 1.568 0.680 15.72

005 10592 10581 1.580 1.593 OoéM . 1.592 1.581 10576 10572 00675 ———————

100 10557 1.562 1.562 10555 00673 10557 10562 1.559 10559 00676 -

105 10566 10562 10566 10566 00676 ' 10566 10566 10567 10566 00673 ———

2,0 1.559 1,562 1.559 1.559 0.676 1.559 1.559 1.558 1.559 0.673 . ——

2.5 1,555 1.559 1.555 1.555 0.676 1.555 1,555 1,561 1.555 0.670 15.73



TABLE VII

Steadv State Test Co~ditiors for Thermal Conductivitv of !'nrolled

Nylon with Heat Flow in the Plane and Perpendicular

Yo the “reatest Length of the Sample

Test Elapsed Emf of Emf of- Emf of Emf of Emf of Emf of Emf of Emf of Emf of Emf of Average ‘Nattmiter
' Time, Couple 1, Couple 2, Couple 3, Couple 4, Couple 5, Couple 6, Couple 7, Couple 8, Couple 9, Couple 10, Disk Speed™t,
No hr v X 103 v x 103 v x 103 v x 103 vxlo3 v X 103 vXx 103 v X 103 v X ].03 v X 103 se¢/rev

b 0.0 1.391 1.39%0 1,389 1,391 0.726 1.390 1.390 1.390 1,390 0.726
0.5 1.405 1.402 1.403 1.405 0.724 1.405 1.402 - 1.402 1.405 0.724 ———
1.0 10w5 10“05 10’06 10w5 ) 00727 l.hOS lol&os 1.&05 1.&05 0.72h m———
! 1.5 1.&06 1.1006 1-1406 1.‘006 00727 l.lsOL 1.‘006 | 1.1506 1.&0& 0'7216 - ———
2,0 1.404 1,406 1.404 1.404 0,723 1.406 1.404 1.404 1.406 0.716 15.5§
2 0.0 1.774 1.768 1,768 1. 774 0.823 1.774 1.768 1.774 1,768 1.470 ——
0.5 1.420 1.417 1.417 1.434 0.7T74 1.434 1.417 1.420 1.417 0.755 ———
1.0 1,417 1.417 1.420 1.420 0,759 1.7 1.420 1.417 1.420 0,756 ——
105 1-1411 lom 10‘020 10‘617 00759 lgm lom l.hll 1.‘&17 00751& TR
2.0 1.411 1.411 1.417 1.411 0.752 . - 14420 1,417 1.411 1,411 0.754 ——
2.5 1.411 *l.411 1.417 1.411 0,752 _ lak20 1.411 1.411 1.411 0.750 15.82
3 0.0 1.392 1,392 1,392 1.392 0.739 1,392 1.392 1.392 1,392 0.751 r——
005 10397 10397 10397 10397 00751 10397 10397 10397 1039’7 0.7b0 e o d
1.0 1.3% 1.39% 1,39 1,396 0.737 1.3% 1,396 1.396 1,396 O 741 ——
1.5 1.388 1.388 1.388 1.388 0.732 1,388 1.388 1.388 1,388 0.740 15,93
3 0.0 L4547 1.412 1.412 1447 0.727 1.447 1,412 1,412 1447 0.717 ~———
1.0 1.324 1.332 1.332 1,324 0.710 1,324 1.332 1.333 1.324 00729 ———
1.5 1,352 1.352 1,353 1,353 . 0,707 1,352 1.353 1.353 1,352 0,707 ——
200 10352 : 10356 1.356 10353 00710 10352 1.356 10356 10352 0.715 S t——
2.5 - 10367 10367 1. 367 10367 00715 10367 10367 10367 1.368 0,715 L
3.0 1,367 1.364 1.367 1,367 0.710 1,367 1,367 1,367 1,367 0.715 15,7

A



TABLE VIII

Steady State Test Conditions for Thermal Conductivity of Unrolled

Nylon with Heat Flow in the Plane and Parallel

to the Sreatest Tength of the Sample

Test Elapsed Emf of Emf of Emf of Emf of Emf of Bmf of Emf of Emf of Emf of Emf of Average Hhttmiter
Time, Couple 1, Couple 2, Couple 3, Couple 4, Couple 5, Couple 6, Couple 7, Couple 8, Couple 9, Couple 10, Disk Speed™,
No hr v x 103 v x 103 v x 103 v x 103 v x 103 v x 103 v x 10° v x 10° v x 103 v x 163 sec/rev
1 0.0 1.296 1.323 1.323 1,296 0.719 1.296 1.323 1.323 1,296 0,733 ———
0.5 1.369 1.369 1.369 1.369 0.729 1.369 1.369 1.369 1,369 0,729 ————
1.0 1.1386 1.386 1,286 1.386 0.736 1.386 1.386 1.386 1.386 0.736 ——
1.5 1.386 1.386 1.386 1.386 0.736 1.386 1.386 1.386 1,386 0.736 ————
2,0 1.386 1.386 1.386 1,386 0.736 1.386 1.326 1.296 1.386 0,736 15.63
0.5 1,376 1.764 1.367 1.376 0.718 1.376 1.1367 1.367 1.376 0,720 ——
1.0 1.319 1.1326 1.326 1.319 0.713 1.719 - 14326 1.326 1.319 0,715 ——
1.5 1.366 1,33 1,763 1.1366 0.718 1.366 1.363 1.363 1.366 c.718 ——
2.0 1.366 1.6 1.366 1,366 0.718 1,366 1.366 1.366 1,366 0.718 ————-
205 10 339 10339 1. 339 1. 339 Oome 10339 lo 339 10 339 16 339 0-708 ——————
3.0 1.339 1.339 1.339 1.339 0.708 1.339 1.339 1.339 1.339 0.708 15.87
3 0.0 1.373 1,373 1.373 1.373 0.709 1.373 - 1.373 1,373 1.373 0.735 —
005 10 369 10369 10 369 la 369 00702 1. 369 lo 369 lo 369 10369 00702 a—————
1.0 1.373 1.373 1.373 1.373 0,709 1.373 1.373 1.373 1.373 0.709 15.55
‘t Ooo 103ub ltjud& 103“& 1.3‘61} 0.711 1.3&1; 1. 3[010 1.3“ loBM 00711 ——————
0.5 10 361 10 361 lo 361 10 361 0071“ 1. 361 . 1. 361 lo 361 10361 oom e——
1.0 10 361 lo 361 10361 lo 361 007]"‘ 1. 361 10 361 1.361 10 361 Oom am——
1.5 1.361 1.361 1.361 1,361 0.712 1,361 1.3%1 1.361 © 1,361 0.714 —

2.0 1,361 1.361 1.361 1.361 0.712 1.361 1.361 1.361 1.361 0.712 ° 15.89



Test

No
1

Elapsed
Tire,

-

O NN HHFOO
L ]
O WwMOwnowmo~R

1]

]

]

H:—‘O
v O W

Emf of
Couple 1,

v x 103
1.437
1,389
1l.414
1.384
1.38h
1.384

1.342
1.346
1.366
.1.366

TABLE IX

Nylon with Hest Flow Perpend culsar to the Plane and

to the Direstion of Rolling of the 3ample

Emf of Emf of Emf of Emf of Emf of Emf of Emf of
Counle 2, Couple 3, Couple 4, Couple 5, Couple 6, Couple 7, Couple 8,
v x 103 v x 103 v x 103 v X 103 v x 103 v X 103 v X 103
1.399 1,399 1.437 0.695 1.437 1.405 1.399
1.376 1.376 1.389 0.692 . 1.1389 1.376 1.376
10389 10389 lchlh 0.698 - ﬂlehlh 1.389 1.?39
1.376 1.376 1.384 0.696 1.7384 1.387 1,376
1.380 1.380 1.384 0,699 1.384 1.387 1,380
1’380 10380 1038h 0.699 4 1038h '10387 10380
1.336 1.336 1,342 0.689 1,342 1.339 1.338
1.341 1.341 1.346 0,692 1,346 1,343 1.340
1.361 1.361 1.366 0.697 1.1366 1.361 1.361

1.362 1,361 1,366 0.697 1.366 1.363 1.361

Steady State Test ~"orditions for Thermal Jonductivity of qo0lled-:nnealed

Emf of
Couple 9,

v X 103
1.437
1.389
1.414
1.384
1,384
1.384

1.342
1.346

1.366 .

1.366

Emf of
Couple 10,

v X 103
0.695
0.692
00698
0.696
0.702
0,702

0.689
0.697
0.697
0.692

Average Watt er
Disk Speed™,

sec/rev



TABLE X

Steady State Test Conditions for Thermal Conductivity of Rolled-Annealed

Nylon with Heat Flow in the Plane and Perpendicular to

the Direction of Rolling of the Sample

Test Elapsed Emf of Emf of Emf of Enf of Emf of Emf of Emf of Emf of Emf of Emf of Average Wattmeter
Time, Couple 1, Couple 2, Couple 3, Couple 4, Couple 5, Couple 6, Couple 7, Couple 8, Couple 9, Couple 10, Disk Speed™*,
No hr v x10° vx100 v x,lO3 vx10°0 vx 10° v x 10° v x10° v x 10° v x 10° v x10° -sec/rev
1 0.0 1,264 1,294 1,294 1,264 0779 1,264 1,294 14,294 1,264 0,774
0.5 1,289 1,298 1,298 1,289 0e779 1,289 1,298 1,298 1,289 0Tk ———
loo 10308 10309 10309 10308 0078‘§ 1:308 10309 10309 10308 0-773 ——
105 10308 10309 10309 10308 007816 10308 . 10309 10309 10308 00785 om——
2,0 1.308 1,311 1.311 1,308 0.784 1,308 1,311 1,311 1,308 0.784 —
2.5 1,309 1.310 1,310 1,309 0,783 1.309 1,310 1,310 1.309 0,785 15,67
2 0,0 1,184 1,236 1,236 1,180 0,758 1.179 1,236 1,237 1,184 0,753 ——
0.5 1,332 1,337 1,337 1,332 0,828 "14332 1,337 1,337 1,332 0,823 —
loo 103L}6 10367 10367 1031‘>6 09856 103‘&6 10367 10367 1.3&6 0. 852 ———m e
1.5 1,384 1,384 1,384 1,38l 04859 1,384 1,384 1.384 1,384 0.854 —
2,0 1.397 1,397 1.397 1,397 0,883 1.397 1,397 1.397 1,397 0.883 ——
© 265 1,296 1,296 1,296 1,296 0,782 1,296 1,296 1,296 1,296 0.782 ————
3.0 1,295 1,295 1,295 1,295 0,782 1,295 1,295 1,295 1.295 0.780 ——
3.5 1,296 1,296 1,296 1,296 0,782 1,296 1,296 1,296 1,296 0,780 , 15,70



TABLE XI

Steady State Test Conditions for Thermal Conductivity of Rolled-Annealed

Nylon with Heat Flow in the Plane and Parallel to the

Direction of Rolling of the Sample

Test Elapsed Emf of Emf of Emf of Emf of Emf of Emf of Emf of Emf of Emf of Emf of Average Wattmeter
Time, Couple 1, Couple 2, Couple 3, Couple 4, Couple 5, Couple 6, Couple 7, Couple 8, Couple 9, Couple 10, Disk Speed-l,

"No hr VX 103 vV x 103 v X 103 vXx 10° v x 10° v x 10° vV X 10° v x 103 v x10° v x 10° sec/rev
1 0.0 1,229 1,229 1,229 1,229 0,841 1,229 1,24 1,229 1,229 0,810
0,5 1,227 1,227 1,227 1,227 0,842 1,227 1,211 1,227 1,227 0,810
1,0 1,231 1,231 1,231 1,231 0842 1,231 1246 1,231 1,231 0,818 —
1.5 1,231 1,231 1.231 1,231 04842 1,231 1,246 1,231 1,231 0.829 —
2,0 1,236 1,236 1,236 1,236 0,842 1,236 1,245 1,236 1,236 0,829 —
295 10236 10236 10236 10236 . 008[02 10236 102‘05 10236 10236 Oo 8‘01 e——
3.0 1,235 1.235 1,235 1,235 0.842 1,235 1,245 - 1,236 1,235 0.841 15.79
2 0.0 1,242 - 1,222 1,222 1.242 04743 1,242 1,249 1,222 1,242 0.704 ———
0.5 1,192 1,196 1,196 1,192 0.734 1,192 1,228 1,196 1,192 0.703 ——
1.0 1,196 1,196 1,196 1,196 0,731 1,196 1,232 1.196 1,196 0,719 —
1.5 1,191 1,191 1,191 1.191 0,719 1,191 1,227 1,191 1.191 0,721 —
2.0 1.178 1,178 1,178 1.178 0,707 1,178 1,219 1,178 1,178 0,711 —
2,5 1.187 1,187 1,187 1,187 0,718 1,187 1,238 1,187 1,187 0,721 —
300 10139 10139 10 139 10139 00718 19139 1023‘¥ 10139 10139 00727 m——
365 1.139 1,139 1,139 1,139 0,728 1,139 1,238 1.139 1,139 0,728 —
40 1,139 1,139 1,139 1,139 - 0,728 1,139 1,232 1,139 1,139 0,728 15,42



in the direction of the greatest length of the slab are presented
in Table VIII.

Table IX contains the steady-state thermal conduetivity test
data for nylon samples rolled to one-half their original thickness
and annealed two hours at 240 °C. The heat flux was in a direction
perpendicular to the plane and to the direction of rolling of the
slab, Table X shows the steady-state conductivity data for the
rolled-annsaled nylon samples with the dirsction of heat flux in the
plane, but perpendicular to the direction of rolling of the slab,
Thermal conductivity test data for rolled-annealed nylon samples
with heat flux in a direction in the plane and parallel to the
direction of rolling of the slab are given in Table XI,

The average values of the thermal conductivity test conditions
together with measured conductivities for the individual tests ape
presented in Table XII, so that the individual and average results
may be compared for precision, The results of this table were calcu-
lated from the test data found in Tables VI to XI.

The relation between physical treatment, direction of heat flux,
degree of corystallinity, and thermal conductivity of nylon 66 is
summarized in Table XIIIX.

Table XIV presents the "direction average" thermal sonductivities
of the unrolled and rolled-annealed nylon é6 samples, showing the
relationship of degree of crystallinity and thermal conductivity free
from the anisotropic effects dus to rolling and annealing. The valuss
indicate that the thermsl conductivity of nylon 66 decreased from
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TABLE XII

Average Values of Thermal Conductivity Test Conditions

Together with Measured Conductivities for Individual Tests

9C

11¢
12¢

134
144

15¢
16¢®

17f
18f

aAs
bag

CAs

d,

Btu/hr
54,95
5L 74
54,85
54.81

55434
54450
54,19
54.91

55,16
54,32
55045
54,25

54492
54450

54492
55.02

54,60
55,91

emf,

millivolts
0,894
0,889
0.887
0,882

0.679
0.662
0.652
0.653

0. 650
0.631
0.664
0.649

0,682
0,668

°F

40, L4
40,22
40,12
39.%0

Average

30,65
29,89
29,49
29455

Average

29.41
28,55
30,03
29.35

Average

30.85
30,15

Average

23,25
23,75

Average

17.69
18.59

Average

k,y

Btu/hr-sq £t-"F/ft
0,172
0,180
0.173
0,174

0,175
0,168
0.170
0.171
0.173
0.171
0,170
0.173
0,168
0,168
0.170

0.125
0,127

Og 126

0.172
0.169

0.171

0,191
0.188

0.189

Mean t,
op

IBER B RBIE

B

received nylon with heat flow perpendicular to plane of slab,
and perpendicular to greatest length of slab,

received nylon with neat flow perpendicular to plane of slab,
but in plane of slab,

received nylon with heat flow parallel to greatest length of
slab and plane of slab,

dNylon sample rolled to half thickness, annealed two hours at 240

OF, and heat flow perpendicular to direction of rolling and
perpendicular to plane of sample,

®Nylon sample rolled to half thickness, annealed two hours at 240
OF, and heat flow perpendicular to direction of rolling but in
plane of sample.

fNylon sample rolled to half thickness, annealed two hours at 240
OF, and heat flow in direction of rolling and plane of sample,



TABLE XIII

Relation Between Rhysical Treatment, Degree of Crystallinity,

Direction of Heat Flux, and Thermal Conductivity of Nylon 66

Tr;atment

None?

None®

None®

Rolled to 0,121 inch,
annealed two hours
at 240 °C

Rolled to 0,121 inch,
annealed two hours
~at 24,0 °C

Rolled to 0.121 inch,
annealed two hours
~at 240 oc

80riginal sample was a cast slab 0,260 inch thick,

Direction of Heat Flow

Perpendicular to plane
and to greatest
length of sample

Perpendicular to
greatest length but .

in plane of sample

Parallel to greatest
length and in plane
of sample

Perpendicular to plane
and to direction of .
rolling of sample

Perpendicular to
direction of rolling
but in plane of
sample

Parallel to direction
of rolling and in

plane of sample

 Degree of
Crystallinity

4

18,6

Average

1896

Average

18,6

Average

30.8

Average

30.8

Average

30.8

Average

Thermal Conductivity

Btu/hr-sq £t-SF/ft

0,172
0,180
0,173
0,174

0,175

0.168
0,170
0.171
0.173

0,171

04170
00173
0,168
0,168

0,170

00125
0.127

0.126

0.172
0.169

0.171

0,191
0.188

0.189

Mean
Temperature

F

8l

8RA

8

B 3BEB

3338

79

79
79

79
75
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TABLE XIV

Relation Between Physical Treatment, Degree of Crystallinity,

and Thermal Conductivity of Nylon 66 Separate

from the Anisotropic Effect

Fhysical Treatment, Degree of . k,
Crystallinity,
% Btu/hr-sq ft- F/ft
None? 18,6 0,172

Rolled to 0,121 inch,
annealed two hours
at 21+0 oC 3008 09157

3Sample as received, average thickness 0,260 inch.
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0.172 to 0.157 Btu per hour - square foot - °F/ft when the degree
of crystallinity of the samples was increased, by rolling and
annealing, from 18.6 to 30.8 per cent.

Finally, the relationships of the direction of heat flux,
average thermal conductivity, chemical bond strength, and unit cell
dimensions of nylon 66 are indicated in Table XV. These relation-
ships pertain to the samples which were rolled to one-half their
original thickness and annealed two hours at 240 °C, and which ex-
hibited a degree of crystallinity of 30.8 per cent. The original
slab was 0.260 inch thick with variations in thickness of 0.004 inch.

Physical Changes Caused by Rolling and Annealing. One further

test was made to determine the nature of the physical changes caused
by rolling and annealing. A comparison of Figure 20a and 20b, page
106 , shows that for the unrolled nylon sample as received, the
diffraction rings are complete circles. They are somewhat diffuse,
indicating the sample contained a large percentage of amorphous
material. The diffraction rings for the rolled-annealed nylon are
arcs of circles, thicker at the top and bottom than on the sides.
These observations were interpreted as an indication that the
molecules in the rolled samples were considerably oriented in the
direction of rolling, whereas the unrolled nylon apparently showed

almost complete random orientation of its molecules,



TABLE XV

Relation Between Direction of Heat Flux, Average Thermal Conductivity, Relative

Chemical Bond Strengths, and Unit Cell Dimensions of Rolled-Annealed

- Nylon 66 Having & Degree of Crystallinity of 30.8 Fer Cent,

Direction of Heat Flux Thermal Conductivity Chemical Bond Strengthb Unit Cell Dimensions®

Btu/hr-sq ft-°F/ft cal/gm-mol 2
Perpendicular to
direction of rolling
and to plane of -
sample® 0,126 500~ 5,000 504

Perpendicular to
direction of rolling
but in plane of
sample? 0,171 5,000~ 10,000 4.8

Parallel to direction
of rolling and in plane

of sample 0.189 50, 000=-200, 000 | 17.2

Sample was rolled from 0.260 to 0,121 inches and annealed at 240 °C for two hours,

bSchmidt, A, T, and C, A, Marlies: "Principles of High-Polymer Theory and Practice," p, 3k..
Me Graw—Hill BOOk CO., Inco, New YOI‘k, No Y. 19L8° 1 edl

CBunn, C, W, and E, V, Garner: The Crystal Structures of Two Folyamides (Nylons), Proc. Roy.
Soc. Lond., A189, 44(1949). :
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Sample Calculations

The sample calculations illustrated in the following paragraphs
were used to determine the results of the data obtained from the
thermal condustivity studies of nylon 66,

Density of Nylon. The calculation of the density of nylon
samples is illustrated for sample 5 from Table IV:

d = Vadw
Wy = Wiy

where
d = density of sample at 25 °/4 °C
Wy = weight of sample in air, gm
Wy = weight of sample in water, gm
dy = relative density of water(8L) at the temperature of the test
compared to the density of water at 4.0 %.

d = 5,0537 gm x 0,99704 / (5.0537 = 0,6669) gm
= 1.1486 at 25 °/4

The corrections for the buoyant effect of air and for the
thermal expansion of nylon for determinations at temperatures a few
degrees different from 25 % were negligible.




Degree of Crystallinity of Nylon. The degree of erystallinity

of nylon was calculated from Hormna'(l"a) relation., Sample 5 of
Table IV is used as an example:
D. C. = .a_:_:_.g_:_ x 100
where
D. C, = percentage crystalline material present in sample
d = density of sample at 25 °/4 %
de = density of crystal, reported by Bunn and Garnsr(23) as

calculated from x-ray diffraction data, 1.2} at 25 °/ g

dy = density of amorphous nylon, assumed to be the density

of the least dense sample of nylon 66 ever obtained by the du Pomt

(57)

Company research laboratory, 1.111 at 25 ©/4 ©g,

D. C. = (1.1486 - 1.111) / (L.24 - 1.111) x 100
= 29.2 per cent
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Wattmeter Calibration. The wattmeter calibration calculation
18 illustrated with the data from Table I1I, line one, The net
temperature rise of the calorimeter due to electric power input
measured by the wattmeter was determined by extrapolating the
temperature rise during the actual pericd of heating to the midtime
of heating in order to correct for cooling losses, The calibration

factor R was calculated from the following relation:

Rae gc £ Wl @&l
n
where
R = calibration factor, Btu/wattmeter disk revolution

W = weight of water used in calorimeter, lb

«Q
"

water equivalent of calorimeter, 0,202 1b

net rise in temperature of calorimeter during heating, °r

At
n = number of revolutions of wattmeter disk during test,

R = (0,202 £ 5.602)1b x 2,06 °F / 50 rev
= 0.,2395 Btu/rev
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Thermal Conductivity of Nylon. The thermal conductivity of

nylon samples was determined from the relation:

where
= thermal conductivity, Btu/hr - sq ft - °p/ft
q = heat flux, Btu/hr
L = thickness of sample, ft
A

heat transfer area, sq ft
At = temperature drop across sample, °p,
Data from Test 1, Table VI, are used in the following illus-
tration,
Heat Flux. The heat flux was calculated from the measured

average watimeter disk speed according to the relation:

q = Rx 3600

S
where

e}
L

calibration factor, Btu/rev

:

conversion factor, sec/hr

7]
]

average reciprocal wattmeter disk speed, sec/rev.

q=_0.2 rev x sec/hr
7.A9 sec/rev

= 54.95 Btu/hr



The thickness of the sample was measured with a micrometer,
taking the average of twenty readings on each of the two samples
before being placed in the guarded hot plate and after they were
removed at the end of the test. The thickness was 0.0233 foot.
The maximum variation in thickness of the samples was 0.0003 foot.

Temperature Drop. The temperature drop through the sample

was calculated from the emf values of the thermocouples shown
in Table VI. The average emf of all the readings for Test 1
of all the thermocouples on the hot side of the sample was
taken, and the average of those on the cold side. The tempera-

ture drop was calculated from the relation:

AB?
where
At = temperature drop across sample, °Of
AE = difference between average emf of the thermocouples on

hot and cold sides of samples, millivolts
AE' = difference between average emf of thermocouples at

32.00 and 80.00 Op from Table 11

ot' = temperature difference corresponding to IJE', 80.00 -

32.00 °p,

Ot = 0.882 mv x 48.00 %P / 1.061 mv

= 40.44 O



The heat transfer area A was the area of the center heater
measured to the midpoint of the separation between it and the guard
heater. It was 0.1760 square foot, counting both sides.

Inserting these quantities into the equation for thermal
conductivity we have:

k = 54.95 Btu/hr x 0.0233 ft
0.1760 8q ft x LO.L4 “p
= 0.172 Btu/hr - sq % - %F/1t |
4 summary of the intermediate quantities found in the calcu-

lation of k for each test is given in Table XII.




"Direction-average" Thermal Conductivity. The "direction~

average'" thermal conductivity of the original unrolled samples and
the samples rolled to half thickness and annsaled two hours at
240 °C was calculated using the following relation:

‘: 3
o T e e

where
kja = “direction average" thermal conductivity of the sample,
Btu/hr = sq ft - °F/ft
kg = arithmetic average thermal sonductivity of the sample
measured in a direction perpendicular to the plane and tc the
greatest length of the sheet, Btu/hr - sq ft - O°/ft
ky = arithmetic average thermal conductivity of the sample
measured in a direction perpendicular to the greatest length of the
sample, but in the plane of the sheet, Btu/hr - sq £t - %F/ft
kn = arithmetic average thermal conductivity of the sample
measured in a direction parallel to the greatest length and in the
plane of the sheet, Btu/hr - sq ft - °F/ft,
The average results for the unrolled samples, Table XIII, are
used in the following illustration:

3
Kda 1/0.175 £ 1/0.171 £ 1/0.170
0,172 Btu/hr - sq £t - ¢/t

"



Iv. DISCUSSION

A discussion of the results, technique of thermal conductivity
measurement, actual and possible errors incurred, presentation of
recommendations, and the limitations imposed upon the investigation
are given in the accompanying sections.

Discussion of Results

The following discussion is presented as an attempt to clarify
and interpret the experimental results of this investigation,

Effect of Cold-rolling and Annealing on the Density and Degree of
Crystallinity of Nylon 66. The results of the determination of the

effect of cold-rolling and annsaling on the density and degree of
crystallinity of nylon 66 were in agreemsnt with the results of previous
investigators., Black and Dolo(z“) showed that drawing and annealing ine-
creased the density of nylon filaments from 1.1339 to 1l.1564 at

25 °/, °c. (See Table I.) In this investigation the density of nylon
66 was increased by cold-rolling and annesling from 1.1349 to 1.1508 at
25 %/ ©. Snow(®®) increased the density of nylon 66 by cold-rolling
and annealing from 1.1387 to L.1449 at 25 %4 %. Apparently the cast
nylon used in this investigation was somewhat more crystalline than the
undrawn filament, This would be expected since the larger sample would
cool more slowly in the molding process and thus crystallize to a great-

er extent, The effect of drawing was more pronounced than cold-rolling,




—115‘

This would be expected since the sample was smaller and minimized the
internal stresses which would cause the larger slab to crack before
advanced alignment of the molecules could take place.

Clark, Musller, and Stott(2>) ghowsd that amnealing without
mechanical working increased the density of nylon slabs, Snw(éa) ob=
tained a density increase from 1.1387 to L.1449 at 25 °/4 °C for nylon
which had been annealed two days at 230 %, The degree of crystallinity
was increased from 21,2 to 26.2 per cent, A similar test was made for
this investigation, in which nylon samples were annealed two hours at
240 °C. The density was increased from 1.1349 to 1.1482 at 25 o/h %
with an accompanying increase in degree of crystallinity from 18,6 to
28.8 per cent,

Bunn and Garmr(23) showed by inspection of x-ray diffraction
patterns, that rolling and annealing increased the degree of crystal-
linity of nylon filamemts. The present results based on density
measurements indicate that cold-rolling and annealing nylon slabs in-
creased the degree of crystallinity from 18.6 to 30.8 per cent, These
values are in agreement with Snw((’s) » who treated nylon samples in the
same manner as was dones for this investigation, He found that the

degree of crystallinity increased from 21,2 to 30.8 per cent,

Thermal Conductivity of Nylon 66, The values of thermal conduct-
ivity of nylon 66 determined in this investigation are in agreement
with those obtained by Snow(”z) for the same testing equipment., He

reported a conductivity of 0.172 Btu per hour - square foot - °F per
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foot when measured in a direstion perpendicular to the plane of the
slab. The cast slab had a density of 1.1387 at 25 o/h ° and a degree
of crystallinity of 21.2 per cent. After having been cold-rolled from
a thickness of 0.260 inch to 0.122 inch and annealed two hours at 240
%, the conductivity was found to be 0.130 Btu per hour - square foot =
p per foot.

A unique phase of the present investigation was the mesasurement of
thermal conductivity of nylon 66 not only in a direction perpendicular
to the plans of the sample sheet, but also in a direction in which the
heat flow was in the plane of the shest, perpendicular to the greatest
length of the sample sheet, and in the plane of the sample sheet, in
the direction of the greatest length of the sample sheet. In this inves-
tigation the thermal conductivities of six samples of nylon 66 were
determined. A slab of cast nylon having a density of 1,1349 at
25 o/h. % and a degree of crystallinity of 18.6 per cent had a thermal
conductivity of 0.175 Btu per hour - square foot - °F psr foot when the
direction of heat flux was perpendicular to the plane and to the
greatest length of the slab, After cold-rolling from a thickness of
0,260 inch to 0.121 inch and subsequent annealing for two hours at 240
©C, the conductivity was found to be 0,126 Btu per hour - square foot -
OF per foot. Values for the thermal conductivity of nylon with heat
flux in other directions are discussed in subsequent paragraphs.

Effect of Variables cn Thermal Conductivity of Nylon 66, Variables

which were considered to affect the thermal conductivity of nylon in
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this investipgation were the previous phvsical treatment, pressure on
the sarples in the guarded hot plate, the effect on the thermal con-
ductivity of the 90 per cent formic acid used in cementing the nvlon

samples, and the moisture content.

Pressure on Samples. During the investigation, it was believed

that the pressure on the samples in the guarded hot plate would
have 2 decided effect on the calculation of thermal conductivity.
Grirfiths and Kaye(ho) studied the effect of pressure on thermal
conductivity and found that, for certain materials, the sample
thickness changed under different pressures. Obviously this would
affect the calculated result for the conductivity. They proposed
that the thickness of samples be measured while under pressure in
the apparatus and that the pressure be reported along with the
conductivity. Although facilities were not available for accom-
plishing this during the present investigation, one particular
precaution was taken to insure constancy of sample pressure from
test to test. The four tightening bolts on the guarded hot plate
were carefully tightened down sradually and then a torque of 20
foot,-pounds was applied to each bolt with a torque wrench.

Thermal Conductivity of Formic Acid. During the investigation,

90 per cent formic acid solution was used to cement the cut strips
of nylon used for preparing samples for conductivity measurement in
directions other than in a direction perpendicular to the plane of
the sample sheet. The formic acid had only a solvent action on the

nylon. No chemical reaction takes place between formic acid and
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nylon 66. The effect on sample thermal conductivity of the
cemsnted sides, where formic acid was used, could not be determin-
ed, However, a maximum of three cubic centimeters of the acid was
used for each strip. Since the acid evaporated within 15 mimtes
after an application on a strip, it is believed that this effesct
was negligible, Evidence supporting this belief can be shown from
the results in Table XIII, The unrolled nylon thermal conductivi-
ties in the three directions of measuremsnt were essentially the
same. It should be noted that the conductivities in the two
directions other than perpendicular to the plane of the sheet
differed by only 0.001 Btu per hour - square foot - °F per foot.
The samples for conductivity msasurement in these two directions
were prepared by cemsnting cut strips of nylon, yhoreas the sample
used for measurement perpsndicular to the plane of the sheet was
cut from the original cast slab of nylon., The conductivity perpen-
dicular to the plane of the sheet was 0,175 Btu per hour - square
foot - %F per foot, a difference of 0,004 to 0,005 Btu per hour -
square foot = SF per foot higher than the cther two values. If it
is granted that the conductivities in the three directions were the
sams for the unrolled nylon, as is shown within experimental error
by the results, this difference represents the apparent effect of
formic acid on the thermal corductivity of the individual samples.
Therefore, 1f the cemented sides were of importance, the valus of the

results would be still valid since the samples were each prepared in




the sams way, the only effect being to give relative values for the
thermal conductivity and not absolute values.
Moisture Content. Vierweg and Gottwald(77) stated that mois-

ture content may have an important effect on thermsl conductivity
of some non-metals., Moisture content determinations were not made
on the nylon samples., Under exposure to air(3° ) at 50 per cent
relative humidity, nylon will contain only 1.5 per cent moisture
by weight. Since this amount is only a small portion of the total
weight of any particular sample, the effect of moisture content in
nylon on its thermal conductivity would probably be negligible.
Physical Treatmsnt. The results of this investigation show
that previous treatment has a significant effect on the thermal
conductivity of nylon, This effect will be discussed in the next
section dealing with the theory of thermal conduction in nylon 66,
Theory of Thermal Condustion in Nylon 66, The principal results of

this investigation show that the thermal conductivity of nylon 66 in the

three directions for which it was msasured was essentially the same for

the cast samples as received (See Table XIII,) Also the results show

that the measured conductivities for the nylon samples which had been

rolled to one~half thickness and annealed two hours at 240 °C were not

the sams in the three directions of measurement. It would be worthwhile

to reconsider the theory of thermal conduction in order to understand

and interpret these results,

The Debye Equation. The Debye equation(28) predicts that the
thermal conductivity of substances is proportional to their
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density, other things being equal, but there is no experimental
evidence to prove this prediction, Examination of Table V indi-
cates that the density of the rolled-annealed nylon samples was
higher than the density of the original cast samples. According
to the Debye equation then, the thermal conductivity of the rolled-
annealed nylon would have been increased. This was found to be
trus only for the measurement made when the heat flux was in the
plane and in the direction of rolling of the sample. It seems
then that the Debye equation can not be applied to the thermal
conductivity of nylon 66 or any other material which exhibits an-
isotropy of thermal conductivity.

(20)

Degree of Crystallinity, According to Bragg » the more

orderly the array of molecules the less interferences there should
be between the thermal waves, and thus the conductivity should be
greater for substances with higher crystallinity. Eucken(33)
showed this to be true for silica, Apparently Bragg's idea does
not apply to nylon 66 since the conductivity was different along
the three mjor axes of the rolled-annealed samples. This was
trus even though the degree of crystallinity was increased from
18,6 to 30.8 per cent.

A method for relating degree of crystallinity and thermal
conductivity of nylon 66 was tried in which the "direction-average"
thermal conductivity of the nylon samples was calculated. This
was done as an attempt to eliminate the anisotropic effect due to

cold-rolling and annealing of the samples. As shown in Table XIV,




the "direction-average" thermal conductivity was decreased from
0.172 Btu per hour - square foot - °F per foot for the cast nylon
as received to 0.157 Btu per hour - square foot = °F per foot for
the rolled-annealed samples. This change in conductivity accom-
panied a change in degree of crystallinity from 18.6 to 30.8 per
cent. According to this correlation, the higher the degree of
erystallinity in nylon 66, the lower should be the "direction-
average" thermal conductivity, This result is not in accordance
with the statements of Debye and Bragg, and raises a question of
the validity of this type of correlation for predicting thermal
conductivity of anisotropic materials,

Chemical Forces and Anisotropy of Thermal Conductivity. The re-

sults of Table XIII show that the rolled-annealed samples of nylon
had different average therml conductivities in the three directions of
measurement, whereas the values for the unrolled nylon were nearly the
same. The "direction-average" conductivity for the unrolled samples
was 0,172 Btu per hour - square foot - °F per foot and the greatest
deviation of the individual conductivities from this value was 0,003
Btu per hour - square foot - °F per foot, within experimental error.
That the conductivities of the rolled-annsaled nylon in the three di-
rections of measurement were different exemplifies the fact that rolled-
annsaled nylon exhibits anisotropy of thermal conductivity.
Orientation Produced by Cold~Rolling. In order for a sub-
stance to be anisotropic, it must differ in physical character




in different directions. The x-ray diffraction patterns of rig-
ure 20a and 20b show that the rolled samples exhiblit considerabls
preferential orientation of the crystallites, while the unrolled
samples indicate a completely random orientation of the ecrystal-
lites. The evidence for this fact is that the diffraction rings
for the unrolled samples are complete circles., They are somewhat
diffuse, indicating the sample contained a large percentage of
amorphous material, The diffraction rings for the rolled-annealed
nylon are arcs of circles, slightly less diffuse, and thicker at
the top and bottom than on the sides, indicating preferential
orientation of the crystallites in the direction of rolling of the
samples. The two kinds of orlentation that take place on rolling
of nylon have been described by Bumn and Garmr(23): the long
crystal axes, which contain the polymer molecule chains, line up
in the direction of rolling and one crystal plane tends to lie
flat in the plane of the rolled sheet.

It is of significance to note that the apparently constant
values for the thermal conductivity of the unrolled nylon in the
three directions of measurement would predict that the nylon
crystallites were randomly oriented as indicated by the x-ray
diffraction pattern and vice versa., Also the different values of
conductivity for the rolled-annealed nylon, for the three direc-
tions of measurement, tend to verify the fact that the nylon

crystallites were preferentially oriented.



Orientation of Chemical Bonds. The significant thing about

the orientation of nylon crystallites is that it results in dif-
ferent kinds of chemical bonds being oriented in different direc-
tions to the extent that the crystals are so oriented. Bahor(l5)
stated that there are three kinds of bonds in nylon: the primary
valence bonds between the atoms along the moleculs chain, the
hydrogen bords between the peptide linkages on adjacent chains,
and the other secondary valence forces between the paraffinic parts
of the chains, During this investigation thermal conductivity of
the samples was measured with respect to the orientation of these
chemical bonds in the rolled-annealed samples., No quantitative
msasure of the degree of orientation was made however. Since the
molecules in the unrolled nylon were not oriented, obviously
measurement of thermal conductivity with respect to chemical bonds
was not possible,

By measuring the thermal conductivity of the rolled-annealed
nylon samples with heat flux perpendicular to the plane of the
sheet, it was possible to determine the influence of the secondary
valence forces between the paraffinic chains. Conductivity meas-
urements with heat flux in the plane and perpendicular to the di-
rection of rolling of the sheet determined the influence of the
hydrogen bonds, while the conductivity through the primary valence
bords was measured when the samples were tested with heat flux in
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the plane and in the direction of rolling of the sheet. The
results of this investigation indicate that chemical bond strength
is related to the thermal conductivity of nylon 66,

Strength of Chemical Bonding and Thermal Conductivity. Austin(®)

showed by a study of the thermal conductivity eof inorganic compounds
that those with the strongest bond forces have the highest conductivi-
ties., Schmidt and Ma.rlies(”) have stated the approximate strengths of
these bonds in polymers in terms of calories of energy required to
rupture one gram-mol of such bonds. An attempted correlation between
the thermal conductivity, in the three directions of measurement, and
the strengths of such chemical bonds was made (See Table XV.) The
results seem to indicate that the higher the chemlical bond strength the
higher the thermal conductivity. Bunn and Garnsr(zs) showed by x-ray
diffraction patterns that the strongest bonds (primary valenve bonds)
tend to lie in a direction perpendicular to the direction of rolling,
and in the plane of the sheet. These conclusions have been confirmed
by Clatt(38) by infra-red absorption studies. Thus, to the extent that
orientation occurs, only the weakest bonds (secondary valence bridges)
remain in a direction perpendicular to the plane of the sheet., Accord-
ing to Anstin(é) the thermal conductivity should be lowest in the di=-
rection in which the weakest bonds lie, through the sheet. The con-
ductivity should be higher in the direction in which the hydrogen bonds
lie, and the highest in the direction of the primary bonds, the diree-

tion of rolling, These facts are verified by the results of this inves-



tigation for the rolled-annealed nylon samples having a degree of crys-
tallinity of 30.8 per cent. An explanation of these facts can be made
partly from a general knowledge of the behavior of metallic and non=-
metallic crystals, In a typical metallic crystal there is a cloud of
gas or highly mobile electrons. When heat passes through the metallic
crystal a large part of it is reflected due to the presence of the
cloud of electrons, Moreover, according to Debye(zg), some of the heat
is absorbed, distorted, and scattered, In polymeric crystals where the
primry bonding is other than metallic, that it, covalent or coordinate,
the electrons are far less mobile, Heat waves can not cause electron
flow, but can cause transfer of energy only about mean equilibrium posi-
tions. For this reason, the thermal conductivity of polymers such as
nylon 66 could be expected to be less than that of metals.

This argument is in agreement with Rahner(56), who postulated that
the conductivity of polymers is mainly due to the primary bonds along the
molecular chain, For the same reason anisotropy of conductivity in
polymers should be greater than for non-polymers because of the greater
difference in bond strength in different directions.

Relation Betwaen Unit Cell Dimensions and Interatomic Distances. An

attempt was made to correlate the unit cell dimensions of nylon 66(23 )

with respect to the observed conductivities along these dimensions (See
Figure 5 and Table XV.) There was no particular relation between the two
variables, The dimension in which the secondary valence forces were
oriented was 5.4 Angstroms long and the thermal conductivity in this di-
rection was 0,126 Btu per hour = square foot = °F per foot, The thermal




conductivity in the direction in which the hydrogen bonds were oriented
was 0,171 Btu per hour = square foot - % per foot and corresponded to
a length of the unit cell in this direction of 4.8 Angstroms. The
conductivity was highest in the direction of the longest length, the
direction in which the paraffinic chains were oriented, which was the
direction of rolling.

Schmidt and Marlios(59) have stated the interatomie or intermolec-
ular distances associated with the bond force values ordinarily encoune

tered in high polymers. The values are:

Bond Distance
4
Primary bonds lto2
Hydrogen bonds 2¢t03
Secondary Valence bonds 3to5

When these values of the bond lengths are now compared with the respec-
tive observed thermal conductivities obtained in this investigation, it
will be seen that there is an excellent correlation between the two (See
Table XIII for conductivity values,) It will be noted that the conduc-
tivities are related inversely to the bond distances and related directly
to the chemical bond strengths. Since the attractive forces are greater
along the paraffinic chains, the bond distances would be expected to be
less than those for the weaker hydrogen bonds and secorndary bridges in
nylon. It would seem then from the analysis that the relative proximity
of the atoms or chains in the different directions in nylon is a govern-
ing factor in prediction of conductivity, Obviously, if the molacular




chains or individual atoms are closer to each other, the chances for
transfer of heat by conduction will be increased.

Summary. The thermsl conductivity of cast nylon as received was
the same for the three directions of measurement, indicating random
orientation of the nylon molecules. This was verified by observation of
an x-ray diffraction pattern of a sample of the unrolled nylon,

The thermal conductivity of rolled-annealed nylon 66 was aniso-
tropic with the highest value in the direstion of the primary valence
forces; the next highest valus was in the direction of the hydrogen
bonds, and the lowest value was in the direction of the socoxﬂary
valence forces. Besause nylon 66 is anisotropic with respect to thermal
conductivity, the Debye oquation(za) can not be applied in predicting
thermal conductivity of nylon 66,

The thermal conductivity of nylon 66 is directly related to the
chemical bond strengths of and between its molecular chaing. The con-
ductivity is also related inversely to the interatomic bond distances
between the atoms and chains. There is no apparent correlation between
the unit crystal cell dimensions and anisotropy of thermal conductivity
of nylon 66,

The "direction-average" thermal conductivity of nylon 66 apperently
decreased with an increase in degree of crystallinity, but it is believ-
ed that the greatest changes in conductivity were brought about by a
preferential orlentation of the crystallites due to the rolling-anneal-
ing treatment. It has not been decided to what extent the degree of

crystallinity affects the thermal conductivity in this respect. A way
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to determine more specifically the effect of degree of crystallinity

would be to make tests on cast nylon (unrolled) samples which had been

annsaled at varied temperatures and for varied periods of time,
Practical Applications of the Results. One practical result of

this work is an indieation of the amount of variation which may ocecur
between the conductivitlies of individual polymer samples which are
measured in different directions and which have received different phy-
sical treatment. Although only one condition of rolling and annealing
treatment was performed on the samples, all of the results indicate that
further rolling and annealing treatment may cause even more variations
in thermal conductivity. Also the results are an indication of the re-
liability of the published values of conductivity of polymers.

This investigation, in pointing out the importance of the primary
bonds in determining thermal conductivity supports Rehner's belief that
conduction in polymers is meinly molecular conduction, rather than con-
duction by whole crystal lattices, and hence most polymers, which have
similar bonds between the atoms in the chain molecules, should have con-
ductivities of about the same magnitude, provided they are not aniso-
tropic,

Practical Observations Conserning Rolling and Annealing, While

handling the rolled nylon samples, it was observed that they were not
completely flat, but were concave in shape. The concavity was approx-
imately 3/4~inch for a sheet five inches square. This concavity was

attributed to a difference in the speed of the calendaring rolls during
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the rolling operation., After amnealing the concavity was reduced con-
gsiderably; however the sample was still not completely flattened.
Annealing also caused some shrinkage in the rolled samples. One
particular sample which measured approximately five by five inches was
annealed two hours at 240 °C, whereupon it measured approximately 4-3/L
by 4=5/8 inches. These changes were also accompanied by an increase in
thickness from 0.121 to 0.148 inch, The direction of greatest shrink-

age was in the direction of rolling,

Technique of Thermal Conductivity Measurement

Details of the technique of measuring thermal conductivity which
were not explained in the ASTM Method Cl77-45 or in the method of
procedure will be discussed.

Preliminary Remarks., A few preliminary remarks will be made con-
cerning the therml conductivity apparatus. It was of the guarded hot
plate design recommended by the American Soclety for Testing Materials
and constructed by Snow(63) for a previous investigation,

Panelboard. Most of the controlling apparatus was mounted on

a panelboard which accomplished two purposes: It provided a

compact unit for the measurement of thermal conductivity and

allowed the measurements to be taken quickly and efficiently,
Electric Circuits, The particular electric circuits and con-
trols were almost completely automatic once they had been adjusted.




This meant that while the apparstus was approaching steady state,
the operator would not have to concentrate his efforts on any
disrupting vagaries of the equiprent.

Thermocoupls Shield. The thermocouple lead wires were

shielded by wrapping them with aluminum foil which was grounded

to the water pipe. By doing this they were protected from stray
magnetic fields arising from current fluctuations in the electrical
eircults. If this were not done, the induced currents would have
interfered with the measurement of thermocouple emf values.

Assembly of Guarded Hot Plate Apparatus. Nothing is said in the

ASTM Method C177-45 concerning the method of assembling the guarded
hot plate apparaus. The following assembly methods proved advantageous.

By placing the guarded hot plate on its edge instead of on its
end, any air bubbles in the cooling weter stream were aple to pass
up through the cooling blocks and out the exit tubes at the top. There
were enough air bubbles in the water so that if they had remainsd in
the cooling blocks they would have prevented maximum heat transfer
between the water and the cooling blocks.

By assembling the guarded hot plate outside the box instead of
inside the box, the insertion of thermocouples and alignment of the
samples with the heater were facilitated. It was possible to tighten
the bolts slowly, stopping occasionally to adjust the position of the

samples and to make sure that the thermocouples were in the slots in

the heater.



«131-

With the guarded hot plate bolted firmly together it cculd be
handled without fear of the component parts slipping out of place. At
the same time it could be readily taken apart to insert a different
set of samples to be tested.

Insulation of Thermocouples. The thermocouples had to be ine

sulated both within the guarded hot plate and along the length where
they passed from the guarded hot plate to the binding posts in the zone
box.

The portions of the thermocouple wires outside the guarded hot
plate were insulated by wrapping them with narrow strips of friction
tape. The portions immediately next to the hot plate was insulated
with porcelain spacers.

The portions of the thermocouple wires inside the hot plate
were insulated by wrapping them with narrow lengths of asbestos papsr
and then wedged into the milled slots. This wethod proved satisfactory
for the majoritvy of the tests until constant usage of the hot plate
caused the wires to pull out of the slots. ihe thermocouples on the
cold side of the samples were insulated by inserting two pieces of
asbestos paper 0.0l5 inch thick against the surfaces of the cooling
blocks and the thermocoupies squeezed between the paper and the nylon
sample. The thermocouple sank mainly into the paper and vary little
into the sample. The two wires leading to each thermocouple bead
were insulated from each otiier simply by keeping them separated.

Guard Resistor too Coarse. It was found that the guard resistor

was too coarse to allow close adjustment of the temperature of the



guard heater relative to the center heater. This difficulty was
eliminated by replacing the guard resistor with a 230=ohm variable
resistor with rore turns.

Center Voltage AdJustment too Rough. It was found that the volte

meter was too inaccurate for adjusting the voltage to the center
heater. The wattmeter was calibrated at 12 volts for use in calcue
l~ting the heat flow through the center heater. The scale on the volte
meter had a smell range and did not allow as fine an adjustment to this
voltage as would have been desired. The voltmeter should be replaced

with one having finer gradustions.

Actual and Possible Errors

Snowcez) has made a complste analysis of actual and possible errors
asgociated with the use o the guarded hot plate apparatus used for
this investigation. He recognized two classes of errors: accidental
and systematic. These errors will be compared in magnitude with those
estimated for this investigation.

Air Pilm Resistance. Nylon is elastic enough so that although the
thickness of the samples varied by 0.003 inch, the sample conformed to
the shape of the face plates. The relative resistance of an air film
0.0002 inch thick was estimated to contribute 1.5 per cent of the total
sample resistance.

Uncertainty in Thickness of Sample. The rolled sample in Snow's

investigation and the rolled and fabricated samples in this investiga-

tion varied in thickness by 0.003 inch. The measurements of sample
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thickness at individual points were accurate to within a few tenw
thousandths of an ineh., The average deviation of the measurements of

sample thickness from the mean was 1.0 per cent,

(82)

Yattmeter Calibratlon ard Heat Flow. According to Snow the

total uncertainty in the wattmeter calibration was 0.5 per cent, taking
into account the deviatious in the thermometer, uncertainty in weighing
the water in the calorimeter, ard the systematic error in determining
the calorineter constant. The same method of calibration of the watt-
meter vms used for this investigation and it is believed that the une
certainty in the calibration was about the same.

Zdge Losses. Edge losses were minimized by use of a guard edge
heater and by use of two inches of loose insulation packed against the
outside of the guard heater. The difference between the guard and
center heater temperatures at steady state was too small to be measured
so this error was neglected.

Thermocouple Calibration Lrror. The probable accidental error

in measuring the thermocouple emf values was two microvolts, or 0.06
°F, based on reproducibility of the tests. The potentiometer was
sensitive to 0.5 microvolts, but the galvanometer was not as sensitive.
The probable error in the thermocouple calibrations, including these
effects, was 0,3 %F maximum.

Possible Temperature Fluctuations. The thermocouple readings

were taken at intervals of 30 minutes. There was no guarantee that
fluctuations did not occur between the times these measurements were

taken, although all the observations agreed.
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Area of Sample. The heat transfer linear dimensions were measured
with a rule to within 0,05 inch. Since the center.heator was not a
perfect square, several measurements were taken and averaged. The
resulting error in length of a side was 1.5 per cent.

Error in Thermal Conductivity Values. Snow(sz) determined the
effect of individual errors on the thermal conductivity by differenti-
ating the definition of thermal conduetivity and substituting the
probable errors in the terms. The estimated actual error was 4.5 per
cent, including systematic errors and assuming that errors did not
cancel out., The average deviation of his values was 1,0 per cemt. In
this investigation the maximum deviation of the series of tests made was
2.9 per cent, The average deviation of all the tests was l.4 per cent,

Nylon Density. The density of nylon was determined by weighing
one to five-gram samples in air and in water. The weights for the
balance were calibrated against the balance rider so that the error in
weighing was the personal error in making the weighings. This error was
0,0003 grams, the reproducibility of the weighings.

The samples were inspected for cracks and bubbles, and none were
found. The edges were trimmed with a knife to remove saw burrs., Pre-
cautions were taken in the method of procedure to insure that no air
bubbles clung to the surface of the samples.

The weights in air and in water were both taken with the lower
eling in water, so that the effect of surface tension was the same in

both weighings and in the tare weighing,



Recommendations

The following recommendations are presented as suggestions for
further investigations and improvements in the present work on thermal
conductivity of nylon,

l. It is recommended that tests be made to attempt to further
increase the degree of crystallinity and orientation of nylon by
subjecting the rolled-annealed nylon sheet to further rolling and
annealing operations, The thermal conductivity should be measured
after each rolling and annealing operation, in three directions of
heat flux, in order to obtain further data on anisotropy of thermal
conductivity of nylon and its relation to bond strength.

2. It is recommended that tests be performsd in order that it msy
be determined more specifically whether degree of crystallinity or
molecular orientation is the factor which governs the thermal condus-
tivity of nylon. This should be done by attempting to increase the
degree of crystallinity of cast nylon (unrolled) in incresmental amounts
by successive annealing treatments under varied conditions of time and
temperature of annealing, The conductivity should be measured in the
three directions of heat flux,

3. It is recommended that the density of amorphous nylon be
determined in order to standardize the measurements of degree of
crystallinity by the density method. Since it may not be possible

to prepare pure amorphous nylon, it is recommended that the degree
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of crystallinity of one sample of nylon be determined by photometer
measurements of an x-ray diffraction pattern of nylon according to
the method described by Hermanu(“). The density of the sample
should then be measured and the density of amorphous nylon as defined

by the following relation should be calculated:

_ 4= 4D, C./100)
% 1 - (D, C,/100)

where
dy = density of amorphous nylon at 25 °/4 °C
de = density of nylon crystal at 25 ©/} °C

d = density of sample at 25 °/4 °C

D, C, = degree of crystallinity of sample as determined by x=ray
diffraction, per cent,

e It is recommended that larger rolled samples be used in
measuring the thermal conductivity sc that it will not be necessary to
plece them, Sheets six inches square would be large enough so that
after the shrinking process which accompanies annealing they would

still be larger than five inches square,

5 It is recommended that the degree of orieatation of the nylon
samples used in this investigation be determined by use of a photo-
meter on the x-ray diffraction patterns in order to deftgrmine more
specifically the relatiog between molecular orientation, bond strength,

and thermal conductivity,
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6, It 1s recommended that a more sensitive ammeter and voltmeter
be used to control the energy input to the center and guard heaters,

7. It is recommended that the following precautions be followed
in the use of the Standard Method of Test for Thermal Conductivity of
¥aterials by Means of the Guarded Hot Flate, ASTM Designation Cl77-45:

a, An additional thermocouple should be provided on the
cold face of each sample to check the temperature and comply with
the ASTM requirements,

b, Two additional thermocouples should be provided on the
hot side of each sample in order to measure the sample surface
temperature independently of the heater surface temperatures, It
is further recommended that these thermocouples be insulated from
the heater face plates by use of two sheets of asbestos payper

0,015 inches thick,
¢. The thickness of the sample should be measured while beirg

compressed at the pressure used in the guarded hot plate by the

method deseribed by Griffiths(40),
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Limitations

The following limitations applied to the investigations of the
thermal anisotropic property of nylon 66,

1. Nylon slabs of sufficient size to provide all the necessary
samples for test from one slab were not obtainable, Test samples were
cut from two slabs separately molded by the producer, with consequent
opportunity for variation in properties.

2, Nylon slabs were limited to a width of 4-3/16 inches by the
manufacturer's molding process.

3. The nylon slabs were rolled in the direction of their great-
est length only.

4. The rolling operation on samples could not be personally
supervised.

5. The rolled samples were tested for thermal conductivity only
after subsequent annealing.

6. X-ray diffraction patterns taken were qualitative measures
of orientation of the rolled-annealed nylon samples., No quantitative
studies of orientation of nylon molecules were made,

7. One original and three check tests of the thermal conduct-
ivity were made on each sample of unrolled nylon 66.

8. One original and one check test of the thermal conductivity

was made on each sample of rolled-annealed nylon 66.
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9. The thermal conductivity of the samples was measured in three
directions:
a. perpendicular to the plane of the sheet
b. in the plane of the sheet, but perpendicular to the
greatest length of the slab
¢. in the plane of the sheet and in the direction of the
greatest length of the slab,

10. It was necessary to use cemented portions of samples for
thermal conductivity tests made other than in the direction perpendi-
cular to the plane of the sheet,

11. The thermal conductivity of the samples was measured at one

mean temperature of 80 °F plus or minus three °F,




V. CONCLUSIOND

The following conclusions were reached from tests made on nylon
slabs to determine the relationships among degree of crystallinity,
molecular orientation, bond strength, and thermal anisotropy of

conductivity, resulting from rolling-annealing treatment,

Microcrystalline Properties of Nylon Slab

Samples of nylon were annealed for two hours at 240 °C and rolled
from a thickness of 0,260 to 0.121 inches. The density of amorphous
nylon was assumed to be 1,111 at 25 °/4 °C and that of crystalline
nylon to be 1,24 at 25 °/4 ©C,

1. By annealing, the density of nylon was increased from
1.1349 to 1.1482 at 25 °/4 °c,

2, By amnealing, the degree of crystallinity of nylon was in-
creased from 18,6 to 28,8 per cent,

3. By rolling and annealing, the density of nylon was increased
from 1.1349 to 1.1509 at 25 °/} °C,

4. By rolling and annealing, the degree of crystallinity of
nylon was increased from 18.6 to 30,8 per cent,

5. The nylon crystallites were preferentially oriented in the
direction of rolling by the rolling operation.




The thermal conductivities of cast nylon and of nylon rolled
from 0,260 to 0,121 inch thickness and annealed two hours at 240 °C
were determined by using ASTM Method C177-45, the Guarded Hot Flate
Method, Anisotropy of thermal conductivity was determined by
measuring the conductivity in three directions of heat flow through
the samples,

1, The thermal conductivity of nylon measured in a direction
perpendicular to the plane of the sheet was decreased by rolling and
annealing from 0,175 to 0,126 Btu per hour - square foot = °F per foot,

2., The thermal conductivity of nylon measured in a direction
in the plane of the sheet and perpendicular to the direction of roll-
ing was the same as the conductivity before rolling and annealing,
the value being 0,171 Btu per hour - square foot - °F per foot.

3. The thermal conductivity of nylon measured in a direction
in the plane of the sheet and in the direction of rolling was in-
creased from 0,170 to 0.189 Btu per hour - square foot - °F per foot,

4, The thermal conductivity of the unrolled nylon was
essentially the same when measured in the three different directions
of heat flux,

5. The nylon crystallites were in a completely random state of

orientation in the unrolled and unannealed state,
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VI, SUMMARY

Massive nylon lends itself to many applications because of its
outstanding toughness, abrasion-resistance, and chemicel resistance,
These properties make it a satisfactory bearing material, and in some
aprlications it is superior to metallic bearings, However, the dis-
advantages of low melting point and low thermal conductivity prevent
nylon from being used more extensively,

A previous investigation of the effect on thermal conductivity
of change in crystallinity brough about by rolling and annealing
nylon 66 indicated that it exhibits anisotropy of conductivity and
that its thermsl conductivity depends on primary physical factors
related to its molecular structure,

The purpose of this investigation was to determine the relation-
ships of anisotropy of thermal conductivity, bond strength, degree of
crystallinity, molecular orientation, and the changes resulting from
the rolling-annealing treatment of nylon 66,

A survey was made of the literature on the thermal conductivity
of nylon in particular and non-metallic solids in general, of aniso-
tropy of thermal conductivity, of the internal structure of nylon, of
the effect of physical treatment on the internal structure and physical
properties of nylon, and on test methods.

The experimental part of the work consisted of measuring the

thermal conductivity of nylon along three directions of heat flux, and




the changes in internal structure and thermal conductivity in the
three directions of heat flux resulting from rolling and annealing
treatment.

The thermal conductivity of six samples of nylon 66 was deter-
mined., The first three samples were cut from a slab of cast nylon
1/k inch thick. The conductivity was measured in a direction perpen-
dicular to the plane of the sample and to the greatest length of the
slab, in the plane of the sample, but perpendicular to the greatest
length of the slab, and in the plane and in the direction of the
greatest length of the slab, The other three samples were prepared
from a 1/4-inch thick cast slab which had been cold-rolled to half the
original thickness and then annealed for two hours at 240 °C.

'fo determine the effect of physical treatment on the internal
structure and thermsl conductivity, the density and degree of crys-
tallinity were determined and x-ray diffraction patterns of the samples
were mde.,

Standard laboratory procedures were used in all of the tests, The
thermal conductivity was measured using the ASTM method C177-45, the
guarded hot plate msthod. In this method two sheets of nylon five inches
square were sandwiched between an electrical heater and two brass
cooling blocks. The quantity of heat which flowed through the samples
was measured by measuring the electric power input to the heater., The
temperature drop across the samples was measured by means of thermo-
couples, The sample thickness and area were measured, and from these
quantities the thermal conductivity was calculated,




=14y

The density was determined by weighing one to six=gram samples
in air and in water, according to the standard method.

The degree of crystallinity was calculated from the density of
dried samples by assuming a linear relationship between density and
degree of crystallinity., This method of calculation was worked out by
Hermans for cellulose and used by Snow for nylon.

The results of this investigation showed that when nylon slabs
were rolled and annealed, the degree of crystallinity was increased,
confirming the conclusions of previous investigators, The thermal
conductivity was affected mainly by an orientation of the molecule
rroduced by rolling rather than by the change in degree of crystal-
linity, Because of a preferential orientation of the molecules in
the direction of rolling, the nylon thermal conductivity became
anisotropic. These results suprort Rehnert's hypothesis that the
thermal conductivity of polymers is mainly dependent on the strength
of the bonds in the molecular chain, and that thermal conduction in
rolymers is mainly molecular conduction, not lattice conduction,

The following conclusions were reached from tests made on the

nylon slabs,

Microcrystalline Properties of Nylon Slab

Samples of nylon were annealed for two hours at 240 °C and

rolled from a thickness of 0.260 to 0,121 inch, The density of
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amorphous nylon was assumed to be 1,111 at 25 °/4 °C and that of
crystalline nylon to be 1.2} at 25 °/4 °C,

1, By amnealing, the density of nylon was increased from 1,1349
to 1.1482 at 25 °/4 °C,

2, By annealing, the degree of crystallinity of nylon was ine
creased from 18,6 to 28,8 per cent,

3. By rolling and annealing, the density of nylon was increased
from 1.1349 to 1.1509 at 25 O/A °c,

L, By rolling and annealing, the degree of crystallinity of
nylon was increased from 18.6 to 30.8 per cent,

5. The nylon crystallites were preferentially oriented in the

direction of rolling by the rolling operation,

Effect of Rolling and Annealing on the Thermal

Conductivity of Nylon 66

Tre thermal conductivities of cast nylon and of nylon rolled
from 0,260 to 0,121 inch thickness and annealed two hours at 240 °C
were determined by using ASTH method Cl77-45, the Guarded Hot Flate
Method, 4nisotropy of thermal conductivity was determined by
measuring the conductivity in three directions of heat flow through
the samples,

1. The thermal conductivity of nylon measured in a direction

perpendicular to the plane of the sheet and pervendicular to the




direction of rolling was decreased by rolling and annealing from
0.175 to 0.126 Btu per hour - square foot = °F per foot.

2. The thermal conductivity of nylon measured in a direstion in
the plane of the sheet and perpendicular to the direction of rolling
was the same as the conductivity before rolling and annealing, the value
being 0.171 Btu per hour = square foot - Op per foot.

3. The thermal conductivity of nylon measured in a direction in
the élane of the sheet and in the direction of rolling was increased
from 0.170 to 0.189 Btu per hour - square foot - °F per foot,

L. The thermal conductivity of the unrolled nylon was essentially
the same when measured in the three different directions of heat flux.

5. The nylon crystallites were in a completely random state of

orientation in the unrolled and unannealed state.
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