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The three thermal properties that describe the heat transfer in a material were 

determined for a thin, tough, transparent, highly crq-stalline film of poly-monochIoro- 

para-sylylene (PCPX). These three properties, viz. thermal conductivity (K), thermal 

diffusivity (r), and specific heat CC,,) were determined using a transient heating method. 

The experimental method used involved rhe heating of a sample of stacked 
polymer sheets br an ultrathin heatin, u foil. The heating foil, located in the center 
plane of the stack provided a source of constant heat flux when a current of known 
amperage was passed through it. By careful consideration of sample dimensions, the 
sample simulated an infinite solid. The thermal properties were calculated using 
standard solutions of the heat transfer equations of an infinite solid over a temperature 

range of - 192 to 13O=C. The experimental method was repeated to check the reprodu- 

cibility of the results and compared with differential scanning calorimeter results_ 

A data acquisition system u-as developed to facilitate data handling for the 

transient esperiments. The system included hardware capable of punching data on 

paper tape and a software package to analyze these data. 
The conclusions drawn include: (I) the reproducibility of the experiments was 

mTeI1 within the experimental errors; (2) the data acquisition system greatly facilitates 
acquisition of thermal data; (3) an incremental change occurs in C, of PCPX in the 

vicinity of the 7 reIaxation reported by dynamical relaxation measurements and its 

occurrence indicates that this relaxation invoives a cooperative motion of molecules; 

(4) owing to the significant magnitude of the C, jump and the appreciab!e degree of 

crystallinity of PCPX, these internal motions occurring at the 7 transition probably 

involve both amorphous and crys.taIIine regions; (5) a direct relationship between 
thermal expansion and specific heat was indicated in PCPX as well as for poIystyrene 

(PS) at relatively Iow temperatures (- 200 to -20%); (6) the overall :ow values of 

thermal conductivity (I_0 to 2-5 x 1Oms cal set- ’ deg- ‘ cm- ‘) and thermal difiusivity 
(9.5 to 5.3 x 10s4 cm” set- ‘) of PCPX indicate that it is ideally suited for insulation 
applications_ 
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(A) Scope 

The three thermal properties that describe the heat transfer in a material are: 

thermal conductivity (.I\‘). specific heat (C,), and thermal diffusivity (z)_ In this study 

these three thermal properties are determined for a thin, tough, transparent, highly 

crystalline polymer film of poly-monochloro-pasylene (PCPX). A transient heating 

technique is used for simultaneous determination of these thermal properties_ A data 

acquisition system using a paper tape punch was adapted to use with the transient 
heating equipment_ Final results are calculated and plotted using a computer program. 

(B) Specific hear of poi_r-mers 

General description. The heat capacity is defined as the increase in heat content 

if the temperature of the sample is increased * by 1 “C. Most experimental heat capaci- 

ties are measured under the condition of constant pressure (C,>. The parameter which 
is more amenable to theoretical interpretation is C, , heat capacity at constant volume. 
These two quantities are reiated by a universal expression proposed by Nemst and 

Lindermann2. 

In this expression A, is a universal constant (0.0203 cal- 1 deg mol) and T, is the 

melting temperature. As can be seen from eqn. (1) at low temperatures, T4 T, CP N C,, 
and at higher temperatures where 72T,. differences between C, and C, become 

important. 
The units of heat capacities are generally represented by cal deg- ’ g- * or 

cal deg- ’ mol- r_ For polymeric mazerials in this study one mole is considered as that 

number of grams equal to the g-am moIecular weight of one repeat unit of the polymer. 
The heat capacity or the specific heat of a material closely reflect the internal 

structure and contribution arising from various sources such as lattice vibrations, 

lower frequency group vibrations, rotations of portions of the molecule and from the 

presence of defects such as holes, chain defects, and surface defects. It is generally 
thought that the heat capacity, since so many different contributions are involved, is 

not a strongly sensitive property_ In fact, generally only major changes involving the 

entire polymer molecule such as the chain motion occurring at To or T, can be 

observed using heat capacity measurements_ Low temperature relaxations that are 

clearly observed by other techniques, such as torsional pendulum shear modulus 
measurements are generally not detected by specific heat measurements- 

The theory of heat capacity in polymers must take into account all the various 

contributions of the molecular and atom mechanisms mentioned above and it is 
therefore very complicated. Wunderlich and Baur’ have presented an excelient review 

on both the theory and experimental results of heat capacity work of high polymers. 
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Although it is difficult to predict the exact specific heat of a polymer over a 
wide temperature range, some characteristics common to all polymers areevidenced by 
experimental results. For example, consider the results of the specific heat of isotactic 

and atactic polypropylene (PP) reported by Wunderlich and Baur’. First consider the 
results of the atactic or amorphous PP_ The specific heat of atactic PP increases with 

temperature with an anomaly at N 260 K. This anomaly is shown as a jump in the C, 

curve and reflects the secondary transition in the polymer known as the glass transi- 
tion_ All Slassy materials show this anomaly at TE_ Since the TF is a secondary transi- 

tion, no maximum in the C, curve is observed. After r, the specific heat again increases 
with temperature_ Next consider the specific heat of isotactic PP. The isotactic PP in 
this study’ was 60% crystalline. The specific heat of atactic and isotactic PP is super- 

imposabIe up to 7,. At T,, because of the percent crystalhnity of the isotactic PP, 
there is a smaller heat capacity jump and therefore the specific heat above r, is less 

than the atactic sample. The melting range of the isotactic PP is between 370 and 
450 K. The melting, being a first order transition, is shown as a fairly sharp maximum 
After the melting peak the specific heat increases until decomposition occ’urs All other 
polymers reported by Wunderlich and Baur’ exhibited similar behavior, i.e. a jump 
with no maximum at T, and, if crystalline, a melting peak. 

Methods of derenninitrg specific hear. Adiabatic calorimetry is the most widely 

used method for determining heat capacities. There are isothermal and non-isothermal 
measurements. Non-isothermal adiabatic caiorimeters are most useful in the temper- 

ature range up to 600 K, which is the temperature range of most interest for high- 
polymer work. The basic design is given by Wunderlich and Baur’ from work of 

Nernst. In principle, a metal calorimeter containing the sample, a heater, and a 
thermometer is supported in a jacket of large heat capacity of accurately measurable 
and controllable temperature. To reduce heat losses due to convection, jacket and 

calorimeter are contained in an insulated, evacuated container. CooIing can Oe done 

by liquid nitrogen or helium- The heating is done electricahy. Routinely the order of 
magnitude of 0.1% accuracy is achieved. Accuracies as high as 0.01% have been 

cIaimed3. 
There are many more calorimeters described in the literature, all of similar 

design having heating rates of less than I ‘C min- r with large equilibration intervals 

after 1 to 20 degree heating periods. These calorimeters, which are termed “precision 
calorimeters” by Wunderlich and Baur’, all lead to the undesirable feature of long 
equilibration times. Many pol_ymer samples are not thermodynamically stable enough 
to be measured by the classical precision calorimeters_ Only a continuous and fast 
heating mode can, in many cases, prevent irreversible changes of the sample during 
measurements. These requirements led to the development of differential calorimeters; 
early workers in the field include Hoffman4 (1952) and Wunderhch and DoIe (1957)5 

More recently (1964) a dynamic differential calorimeter has been described by 

0’Neil16. The instrument is availabie commercially from the Perkin-Elmer Corpora- 
tion, Norwalk, Corm- Wunderlich? describes a method for determining the specific 
heat of a poIymer using the Perkin-Elmer instrument. A calibration curve is made 



using a standard of Al#, _ The specific heat of polyethylene was determined with a 

standard deviation of +2X. The principle of operation of the dynamic differential 

caIorimeter is that it keeps, at the same temperature, a thermodynamicahy stable 

reference material and a sample material which may undergo some thermal change. 

The zero temperature differential between reference and sample is achieved by 

supplying differentia! electrical power to small pIatinam heating wires located in the 

miniature sample holders. The differentia1 heat input per second necessary to achieve 

this is monitored and recorded on a strip recorder_ Endothermic or exothermic 

processes are directly measurable as a function of time. 

In rev-iew, both adiabatic and dynamic calorimeters have been used to measure 

the heat capacities of polymers. The advantage of the adiabatic caIorimeters is the 

high accuracy of to.01 o;b while such factors as long equilibration times and relative 
expense of equipment detract from their use_ The dynamic calorimeter on the other 

hand gives an accuracy of only &22%, but it has the advantags of high heating rates 

(0_62_SO”C min- I). which avoid changes in structure of the sample during heating, a 

smal1 sample size (1 to 50 mg), and speed of measurement (minutes compared to 

hours)_ 

(c) Thermal conductit-ity of poiyners 

Generaidescriprion. Thermal conductivity (K) of a homogeneous material is the 

time rate of heat flow, under steady-state conditions, through a unit area, per unit 
temperature gradient, perpendicular to an isothermal surface’ or: 

K= on (g-c4 (cm> g-=1 

(T2 - T,) ar = deg(cm)’ set = deg(cm) set 
(2) 

Like the heat capacity, the thermal conductivity is directly related to the chemi- 

cal and physical composition of the polymer molecule. In polymers heat is conducted 

by the interaction of thermal vibrations of molecules and their component atoms. 

Variables such as temperature and pressure, moIecuIar orientation and crystallinity 
are some of the factors which have been found’ to affect the thermal conductivity of 

poIymers_ AI1 these factors must therefore be considered if accurate and reproducibIe 

thermal measurements are to be produced. 

Wunderhch and Baur’ point out that polymer materials are often in a meta- 

stabIe state with a structure which is strongly thermal-history dependent. Figure 1 

shows the work reported lo on one polymer, polystyrene. 

Attention is drawn to the wide discrepancy in results. These reflect the varia- 

tions noted by different investigators for but one polymer, viz polystyrene. However, 

the samples tested had variations in molecular wei_@‘, and various degrees of orien- 
tation ’ ’ and crystaIlinity_ These results point out the importance of having a well- 

characterized sampIe before meaningfir thermal properties are reported. 

Merho& for dererminarion of thermal conductiL+y. The guarded hot plate 

method, as described in American Society for Testing MateriaIs Cl77”, is the most 

accurate method for measuring equilibrium thermal conductivities For this method 
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Fig. 1. Thermal conductivity of poIystyrene showing wide variation of reported values (CarwiIe and 
Hoge’ I; for references in this figure see ref. 11). 

sample thickness is, on the average, about 2 in. and the samples must have faces that 
are flat to within 0.003 in. ft.-‘. Two identical sampies in both size and composition 
are needed for the test. The test consists of placing one sample on either side of a 
central heating section. The central heating section consists of a heater and surface 
plates. The heater is guarded against heat losses to the surrounding atmosphere by 
insulating guard plates. A hot junction of a differential thermocouple is placed between 
the heater and the sample. The cold junction of the differential thermocouple is placed 
on the outer side of the sample and a cooling unit is placed over the entire sample. A 
diagram of the apparatus is shown in Fig. 2. 

At the beginning of the test, the temperature difference between the hot and 
cold plates is adjusted to not less than IO or more than 40°F. The central heating unit 
and the cooling units are adjusted until the temperature drop through two sides does 
not differ by more than 1%. After equilibrium has been reached, temperatures at the 
hot (TZ) and cold (TI) junction are noted along with the electrical power (Q) to the 
central heater and the sample dimensions of thickness ((i) and area (a). Equation 2 
can be used to calculate the thermal conductivity (K). 

Kline’ 3 describes a method for the determination of thermal conductivity 
which uses a hollow rod sample. A heating wire is placed in the center of the rod and 
thermocoup!es are pIaced at the inside and outside of the rod. The whoie confi_euration 

is placed in a thermal jacket. The jacket is cooled with liquid nitrogen and heated 
electrically. The accuracy of the method was not compared with that cf the guarded 
hot pIate, but the results obtained were in good agreement with those previously 
reported. The advantages are the less stringent test specimen requirements and speed 



Fig Z Guarded hot plate. ASTM Cl77 I’- 

of measurements. It is pointed out, however, that ahhough any one measurement of 

the thermal conductivity is rapid, measurements of thermal conductivity over wide 
temperature ranges will take several hours. 

Oker methods for the determination of thermal conductivity are reviewed by 
Anderson*_ in general any method that can accurately measure the temperature of a 
material at varying distances away from a heater with a known heat output can be 
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used to determine the therma conductivity_ Caution must be directed, however, to the 

loss of heat to the environment from the surface of the sample during a heat transfer 

measurement. 

(0) Thermal d$jkkity of polymers 

In general terms the thermal conductivity parameter characterizes the ability 

of a material to conduct heat on a time-independent or steady-state b&s; the thermal 

diffusivity parameter characterizes the ability of the material to transmit heat in a 
time-dependent manner_ Thermal diffusivity is associated with heat transfer in the 

unsteady state. It is defined by Carslaw and Jaeger l4 as, 

U . . . it measures the change of temperature which would be produced in unit 

volume of the substance by the quantity of heat which fiows in unit time through unit 

area of a layer of the substance of unit thickness with unit difference of temperature 
between its faces. ” 

The thermal diffusivity is an important engineering parameter. For example, 

to predict the heat transfer properties of a material during rapid heating or cooling, 

it is essential to know the thermal diffusivity. 
The thermal diffusivity (z), thermal conductivity (Kj and specific heat (C,) are 

reIated by eqn (3). 

where p is the density of the material_ 

The units for thermal diffusivity are cm2 set- *. The interesting feature is that 

neither a heat unit nor a temperature unit appears in the expression. 

Compared to the extensive work reported on thermal conductivity and specif;,c 

heat, relativeiy littIe work has been reported on the thermal diffusivity of polymers- 

Frisch and Rogers ls discuss the thermal diffusivity for a number of polymers. In this 

case, the thermal diffusivity was calculated by using eqn (3) Values for thermal 

conductivity (K), specific heat (C,> and density (p) were taken from the literature. The 
obvious difficulty with this technique is that one can never be sure that the polymer 

samples used for the independent studies by various investigators were identical. 
Without using identical samples for the determination of K, C,, and p, eqn (3) has 

little meaning. 

(E) Experimental merhod of present study 

General description. The experimental method of the present study for the 

determination of the thermal properties is the transient heating technique reported 

initially by HarmathyX6 and later by Steere’_ Harmathy’s paper was concerned with 

the thermal properties of buildin g materiais whiie Steere showed how Harmathy’s 

experimental technique could be applied in the field of polymers- 
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The method” involves stacking poIymer films on both sides of uhrathin 

(0.0001 in.) constantan foii. This foil acts as a heating foil when known current is 

passed over it and produces a constant thermal flux. A differential thermocouple with 

the hot junction piaced in the stack of poIymer film at a known distance from the 

heating foil monitors the rise in temperature as a function of time. The thermocouple 
signal is ampiified and recorded on a strip chart recorder_ From this plot the three 
thermal properties are determined simuItaneousIy_ The obvious advantage of this 

method is that oniy one sample need be used for the simultaneous determination of 
the three thermal properties; and unlike the methods described in the earIy sections, 

differences in sample thermal histories need not concern the investigator. The sample 
configuration of stacked sheets is also an advantage in that most polymers can be 
produced commercially in sheet form. 

Eqztations and assunzptions. The transient heating technique described by Har- 
mathyr6 makes use of the fact that the initial temperature rise, due to a constant flux 
plane heat source, at points within a certain region of a finite soIid is essentially the 

same as that in an infinite solid_ The folIowing equation given by Carslaw and Jaeger’” 

represents the heat flow in an infinite solid with constant heat flux in the _. = 0 plane 

and at zero initial temperature 

Noting that the flux f= Fc where f is 

and F, is constant flux per unit time per unit area. 
The soIution of eqn (4) wirhf= F,,, constant, x = 0, t >O is 

f = F, erfc x 
2(#’ 

(4) 

(6) 

Further mathematical manipulation of eqn (6) as shown by Carslaw and 
Jaeger X4 gives: 

Equation (8) has two unknowns. z and K. If t is replaced by 2r, eqn (8) becomes 

(7) 

(9) 
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Dividing eqn (9) by eqn (8) gives 

T (r.2r)= 

7- (XJ) 
(10) 

The value ~~x,2rJL,, can be determined experimentally by taking note from the 
recorder plot of the rise in temperature as the current is passed through the heating 
foil versus time. Equation (10) has only one unknown and solving it gives a value for 

the thermal diffusivity (z). Using the value now known for z, eqn (Sj is used to calcu- 

Iate the thermal conductivity when the heat flux (F) is equal to 

where bfar represents the width and thickness of the heating foil, r is the electric 

resistivity in Q cm, and I is the current in A_ The value of the specific heat (Cp) is 

then obtained from eqn (3) if the density (p) is known. The problem of the assignment 
of the average sample temperature to a transient thermal measurement is a common 

one. Harmathy ’ 6 treated this problem and suggested one take the average temperature 

in space and time between the heater and the first thermocouple junction_ This is 

given by 

where x is the distance between heater and thermocouple junction and T is the tota 

heating time. This is how all temperatures of transient experiments were calculated 
in this study. 

(F) Material used in present study-polyrnonochloro-para-_qYy fene 
PCPX is only one member of a family of polymers which have a generic name 

of Parylene. The parylenes are prepared by vapor phase deposition. The polymers are 
deposited on cold substrates as tough polymer films which are colorless and range from 

being transparent to milky. Development work on the parylenes has been carried out 

by the Union Carbide Corporation and they hold the pertinent patents*. 
The parylenes have found wide application ir! the electronic field * ‘_ In general 

the parylenes exhibit good dielectric properties and very low permeability to moisture 

and other corrosive gases. These properties of parylene plus its good-to-excellent 
adhesion to a wide variety of substrates make it an excellent material for the coating 
of critical electronic assemblies. The film provides both insulation resistance and 

chemical and moisture resistance. 

*For example, see British Parenrs SS3,939; 583,940; 883,941 and German Parents I,OS5,673: Chem. 
Absrr., 55 (1961) 22920 d. 
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Gorham 19*20 describes a synthetic method of producing paryIenes which is 

termed pyrolytic polymerization_ This method produces high yieIds (90% or higher) 
and polymers free of Iow molecular weight by-products. Gorham’s method is illus- 
trated below for PCPX. 

CI 

-d- /\ +_ - 
II 

a 1 
’ CHzj 

III 

Fig_ 3_ Polymetition steps of poly-monochloro-porxylylene. 

The di-mtinochIoro-para-xyIyIene (I) is quantitatively cleaved by vacuum vapor phase 
pyrolysis at 600°C to form two moIecuIes of monochloro-para-xylyIene (II). In 
systems maintained at Iess than I mm, monochIoro-para-xylylene spontaneously 
polymerizes on surfaces maintained below 99’C. 

The sampies for this study were supplied by Union Carbide Corp., Bound 
Brook, N.J. The method used for preparation of the films was the one described by 
Gorham. 

Because of the very fact that the patylenes can only be produced as thin polymer 
fiims, the transient heating technique of Steere” was chosen as an ideal method to 
study their thermal properties. Previous thermal measurements over the wide temper- 
ature range of this study have not been made. 

EXPEFtLtmTxL MFl-i-IOD AXD TECHXIQUES 

(A) Descriprion of iransient hearing equiprnenr 
The transient heating measurements were taken using equipment of the same 

basic design as described by Steere” and later by Schuler”. A dia_e;ram and photo- 
ceraph of the experimentai equipment is shown in Figs. 4 and 5. The transient heating 
apparatus was designed using the foliowing commercially availabie equipment: 

1. Temperature chamber, MK 2300, Delta Design Inc. 
2. Potentiometer, 8690, Leeds and Northrup Co_ 
3. Milliamperemeter, Model 91 I, Daystrom Inc. 
4. DC_ power suppiy, Model DCR 4O-IOA, Sorenson. 
5_ DigitaI vohmeter, Digitest 500, Honeywell. 
6_ SingIe charme recorder, Mark 250, Brush, Inc. 
7. Liquid nitrogen tank, 110 1, 50 psi 
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The only change in the equipment used in this study over that used by SchuIer” 
was that of a digital voltmeter. The digital voltmeter was used to calibrate the single 

channel recorder and the automatic data acquisition system- 
The data acquisition system which was designed for this study is also shown in 

Fig. 5. The diagram of the system is shown in Fig. 6. The system uses: 

8. Voltage to frequency converter, Model 2210, Dymec, Hewlett-Packard 
Corp. 

9. Electronic counter, IModel 521 CR, Hewlett-Packard Corp. 
IO. CoupIer, Model 2540, Dymec, Hewlett-Packard Corp. 
I 1. Paper tape punch, Sp2-M23, Friden. 

The data acquisition system* was developed but not used in this study. 

Recorder CU-ccnst diff. therm0ccnJp1e 

&?l!Jiient t!Wrm0CO~Dk 
i 
I 

j’ Potentiometer 

To outorru;tic/ 
doto recorca- 

Fig_ 4 Diagram of transient heating equipment. 

(B) Smn,de charactertitics and prqmation 

General description. Prior to making any transient heating experiments, the 

sample of PCPX was characterized to determine its density_ An infrared spectrogram 
was made of the sample and compared to the reference spectra. Melting and glass 

transition temperatures were determined using a differential scanning calorimeter and 
B thermal mechanical analyzer_ The highly crystalline nature of the film was confirmed 

with an X-ray diffraction pattern. AI1 these techniques were deemed necessary in order 
to better understand the cature of the transient heating results_ Resuits of both the 
preiiminary investigation and the transient heatifig experiment will be discussed in 
detail in a Iater section. 

Samples of PCPX were supplied by Union Carbide Corp., Bound Brook, N-J., 
in the form of 8-in. square films. The thickness of these films ranged between I and 2 

*A detailed account of the system and a computer program which can anaIyze the data punched on 
the paper tape are available from the author. 
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mils. The sampIe to bc tested was cut from these S-in. squares using a standard paper 

cutter. After the pieces were cut to the desired size of 13 x 3 in., the film was washed 
in an ultrasonic cleaner and dried with a lint-free silk cloth to remove dust particIes 

from the surface. Over 500 of these 13 x 3 in. films were then stacked on each side of 
an ultrathin (0_0001 in.) constantan heating foil that was soldered to copper foil 

A 

Fig 5. Photograph of transient heating equipment. 
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trequmcy 
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Fig. 6. Block diagram of data acquisition system. 

contacts with a 25-W solder iron using standard electrical solders. A differential 

thermocouple made of edge welded copper-constantan foil, 0.002 in. thick, was then 

placed in the stack of film. The hot junction of the differential thermocouple was 

placed approximately 0.050 in. above the heating foil. The cold junction of the ther- 
mocouple was placed on top of the stack approximateiy 0.50 in. above the heating foil. 
The sample confi_guration is shown in Fig 7. 

-a_ .- -AL-.-; 
colazer f&l a 
nester ossenciy 

Fig_ 7_ Sample configuration_ 

Sample holder. In order to hold the sample in the temperature chamber and to 

provide a place to secure the delicate heating foil arrangement as well as to protect the 

thin, f?agiIe thermocoupies, Schuler’ * designed a sample holder. This sample holder, 
shown in Fig. 8, was used in this study without modification. 
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Fig. S. Phorograph of sample holder. (a, b) D-c poser Ieads; (c) Omega thermocouple plug; (d) 

thermocoupks; (e) sample. 

With this hoIder, the sample w-ith heater and thermocoupIes attached may be 

assembled outside the temperature chamber. To ready the sample for a transient 

heating run, one need oniy place the sample holder in the temperature chamber and 

connect the heating foil to the d-c_ power leads and chp the differential thermocouple 

to the recorder. The power leads are secured with screws on the sample holder and 

the diffienrial thermocoupie and cable are joined using an Omega plug-in type 

connector. 
Sample dinzerzsiorzs. The sample dimensions were carefuhy considered_ Equa- 

tions (8) and (10) are the solutions to the differential heat transfer equations. The 

assumptions made in soIving these equations were that a finite sample could be used to 

represent a semi-infinite solid_ It is obvious therefore that since the sizes of an actuai 
test specimen are finite, eqns (8) and (IO) cannot be expected to hold for every point 

inside the specimen or for every length of time_ 

Starting with a total heating time (r) of 2M set, which was needed for the 

reiative slow response of the data acquisition system, the following criteria were 

considered: 
(1) Harmathy r 6 analyzed eqns (8) and (10) and shows that it is necessary that 

zr/x2 remains smaller than 1.6. Where x is the distance between the heating foil and 

the first junction of the differential thermocouple, the thermal diffusivity of a poiymer 

can be taken generally to be 0.001 cm2 set- ‘. In this study, x = 0.05 in. or 0.127 cm. 

xr 0.001 cm2 set- ’ - 20 set 
-= 
Xt (0.127 cm)’ 

= 1.25 (13) 

(2) According to the argument presented by Harmathy, the height of the 
sample (a) above and beIow the heating foil shouId be 

a24x (14) 

In the present case, a is 0.50 in., therefore: 

0.50 in. 2 4-0.05 in. 
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(3) Using the argument of Steere *’ that the ratio of thickness (x) to width ( W) 
of the samijle should be l/30, the width was then determined to be 

IY = 0.05 in. x 30 = 1.5 in. (15) 

(4) The final consideration is that the length L of the sample be 1 twice the 
width or 

L12WorL=2W=3in.=2-1_5in. (16) 

To minimize any heat losses at the surface of the polymer sample, the heating 
foil width was cut so that the sample material would extend 0.3 cm beyond each edge 
of the foil. The length of the heating foil was the same as the sample length with the 
solder joint just on the outside of the polymer stack. 

(C) hfellzod of fransietzt heating es-perinzenr 

Procedzzres. The sample was placed in the sample holder with the proper 
placement of the differential thermocouple and the entire sample holder was then 
placed in the temperature chamber. The two leads from the d.c. power supply were 
connected to the heating foil copper contacts. The plug for the differential thermo- 
couple was cleaned with a fine sand paper and then connected to the recorder_ Clean- 
ing of the plug of the differential thermocouple was found to eliminate noise problems 
that were experienced in preliminary tests. The temperature of the chamber was then 
lowered to -200’C by liquid nitrogen under a pressure of 50 psi. It took about 2 h 
for the sample to come to a thermal equilibrium. 

While the sample was reaching thermal equilibrium, the recorder was cali- 
brated. The calibration procedures followed were those outlined in the operator’s 
manual of the recorderz2. A differential voltmeter and the d-c. power supply (used 
to supply the heating foil current) were used for calibration. It was found that due to 
recorder drift, it was necessary to check the calibration before each experimental run 
Since the differential voltmeter was connected to the recorder throughout the transient 
experiment, recorder calibration checks presented little problem. 

The recorder amplified the signal of the differential thermocouple to values 
ranging betw-een +2.50 V or a total voitage difference of 500 V_ This voltage was 
shown on the recording chart by a full scale deflection. This means that if, at thermal 
equilibrium, the pen of the recorder was resting at any other place on the chart except 
at the extreme right division when a value of 2.500 V was being applied to the recorder, 
the calibration was off and recalibration procedures were undertaken_ This quick 
check was made before each experimental run 

Thermal equilibrium was determined when the recorder showed a zero e.m.f_ 
e_xisting between the hot and cold junction of the differential thermocouple. When the 
sample reached thermal equilibrium, the temperature of the cabinet and sample was 
determined using a second copper-constantan differential thermocouple. One junction 
of this thermocouple was placed between the sample and the sample holder and the 
reference junction was p!aced in an ice-bath outside the temperature chamber. A 
Leeds and Northrup potentiometer was used to determine the ambient temperature. 
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The sample and equipment were now ready for the transient heating measure- 
ment. The experiment was initiated by passins a current of 3.50 A through the heating 
foil, producing a uniform planar heat flux. The current needed was previously deter- 
mined by running some preliminary esperiments at room temperature. A heatins time 

of 20 set was chosen as a desirable test period; the current was adjusted until this 
hearing time was realized for ambient conditions. This current was kept constant 
throughout the entire temperature ranse of interest (-2OO’C to 12O.C). At the lower 
temperature (-ZlO’C) heating times decreased to ‘u 13 set; and at the high temper- 
atures (IOO’C) the heatins times increased to ~25 sec. In all cases the heatins was 

continued until the recorder showed full pen defiection- 
Prior to closing the heating foil power suppIy switch. the recorder was set for 

a chart speed of 0.1 division per second and a sensitivity of 5 pV per division_ This 

means that a full scale deflection of the pen during a transient heatins run represents 
a temperature rise of 4-5X corresponding to 250 pV_ 

One transient heating curve is represented by a recorder plot (see Fis- 9) of 
the rise in e.m_f_ at rhe hot junction of the differential thermocouple with time. The 
data from this one plot were used to caIculate C,, K, and Z. To determine the thermal 

Fig. 9_ Transient heating CUI-VC 

properties as a function of temperature. the temperature of the environmental cham- 
ber was raised by five degrees and the entire procedure repeated. The complete temper- 
ature range of -200 to 12O’C was covered at S-degee intervals in the manner just 
described. One experiment took approximately 78 h. 

Cahr1atiorr.s oJ‘ the therma/ properties_ A typical recorder pIot of e.m.f. versus 
time for one transient heating experiment is shown in Fig. 9. Table 1 &es the values 
of e-m-f_ taken from this recorder plot. 

In order to obtain the thermal properties from this plot, eqn (S) is used. It is 

rewritten here: 

(S) 
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TABLE I 

VALUES OF e_m.f_ (E) AKD TIMES (I) TAKEN FROM TRANSIENT 
HEATING CURVE SHOWN AS FIG. 9 

Total heating time = 19.4 set; ambient tempcraturc = - 35.O”C. 

S.0 
13.0 
IS.0 
24.5 
30.0 
37.5 
44-O 
51.0 
s-0 
65.5 

44.0 3-o 
55.0 3-6 
73.0 4.0 
8S.5 4.5 

104.0 5.0 
120.0 5.5 
135.0 6-O 
152.3 6.5 
167.5 7.0 
Is.5 7.5 

The flux F is determined by the current passing through the heater (in .4), by 
the area of the heater and by the electrical resistivity of the heating material. The flux 

is represented by eqn (1 I). Since the heatin, m foiI for both this study and the study of 

Steere” was obtained from the same source*, the value of the resistiviry of the 

heating foil was taken to be that found by Steere”. He determined. experimentally, 

the resistivity-to-thickness ratio of the constantan foil to be 0.2207 to 022040 in 

the temperature range of 24 to - 185°C. 

Equation (IO) is also used and is rewritten: 

T (X.20 

T (x.0 

= 

By referring to the recorder plot shown in Fig. 9, the vaiue of the temperature (I) 

rise at a certain time (t) at the first junction of the differential thermocouple Iocated at 

a known distance (x) can be directly determined_ Likewise, the value of the temper- 

ature (r) at twice that time (21) is also easily determined_ The only unknown then in 
eqn (10) is the thermal diffusivity (z)_ A total of IO sets of points, thermal e.m.f_ at 

time I, thermal em-f_ at time 22 and the time t, were read from exh recorder plot and 

eqn (10) solved for each set and the results averaged for that particular run. 

Knowing z, eqn (8) was used to find the thermal conductivity K. The reported 
value is also the average of 10 calculations_ Finally, specific heat uas found by 

where p is the density of the polymer film. 

*Hamilton Watch Co., Lancaster, Pa. 
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Equations (3), (8), and (I 0) were solved for each set of points by a computer 

program originally written by Schuler ‘I This program employed the trial-and-error _ 

method of intenxl bisection in the calculation of the thermal diffusivity- An approsi- 

mation for the integra1 of the complement of the error function ierfic(~~) was usedz3. 

Modifications of this basic program wyere made in order that the results of thermal 

diffusivity (z), thermal conductivity (K), and specific heat (CJ be plotted by the com- 

puter* as a function of temperature. 

E_rperinzcnral rzuzs. Two experiments were performed using a sample of PCPX. 
The temperature range was -200 to 120°C. The first experiment consisted of 60 runs 

ranging in temperature from - I70 to 120 “C The experiment was conducted over a 
four-day period, each day covering a specific temperature ran_ge_ The first day the 
temperature range covered was - I70 to - 5O’C; second day, -50 to 25’C; third 

day, 25 to 9G’C; and fourth day, 90 to I2O’C. After each day of experimental runs, 

the sample was allowed to return to room temperature overnight and the experiment 

resumed the next day. 

The second experiment consisted of testing the identical sample and sample 
configuration tested in the first experiment, the difference being that the experiment 

was continuous_ The total time of this esperiment was 68 h during which time the 
sample was always in a controlted temperature environment_ 

Preliminary runs were performed on the sample at room temperature to 

determine what current should be used to produce a heating time of 20 sec. The 

20-set heating time exceeded the heatins times reported by Steere17 and Schu!er” 

who both used a heating time of 4-6 set It was therefore necessary to insure this 

increased heating time would not adversely affect the accuracy of the transient heating 
results The first precaution taken was the careful consideration of sample size as 
discussed in Sample dimensions on p_ 183. 

Two additional experimental tests were performed to insure the increased 
heating time would not affect the transient results. The first was to vary the current 
supplied to the heatin s foil and thereby vary the heating time required to have full 

pen deflection- The current was varied between 3-5 and 4.5 A which produced heating 
times of 213 and 15-5 set, respectively. The results of the thermal properties agreed 

within the accuracy of the experimental method. A second experiment consisted of 

monitor-me the temperature at the differential thermocouple farthest from the heating 
foil- If the sample behaves as a semi-infinite solid, no temperature rise should be 
detected at this position in the sample. Indeed, no temperature rise was measured at 
the cold junction of the differential thermocoupte even after I-min heating time, which 

is far in excess of any heatin g time seen in an actual experimental run. 

(D) Method of diflerentiat scanning calorimerer experiment 

. Procedure. -4 Perkin-Elmer (NonvaIkt Corm) differential scanning calorimeter 

(DSC) was used to determine the specific heat of PCPX for comparison with transient 

WC computer program used is avaiiable from the author. 
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heating results. Wunderlich’ describes in detai! the method used_ A sapphire (A1,03) 

sample-was used for calibration of the DSC. The specific heat values of the standard 

were taken as those of Ginning and FurukawazJ. The following procedure was 
followed: first, preliminary adjustment of all controls was made_ The 4 x scale (about 

13 meal set- * for full scale deflection) and a heating rate of 1O’C min- ’ was used. 

Step 2 consisted of placin, e a 0.13196-g sampIe of sapphire in an aluminum capsule 

and putting it into the sample holder of the DSC. An empty aluminum capsule vvas 

used as a reference and was placed into the reference holder of the DSC_ Both the 

sapphire calibration standard and the reference sample hoIder were then covered with 

domed aluminum covers. A dewar flask was placed over the entire head assembly and 

then cooled with liquid nitrogen to - IOO’C. 
After establishing a basehne at a 1072 chart reading. heating was started at a 

rate of IO’C min- ’ for 3 min. Heating was stopped and the pen was allowed to 

return to baseline without stopping the chart movement_ if the pen did not return to 

within four divisions of baseline, the slope control was readjusted and the procedure 

described was repeated until the pen did return to baseline after a heating run. 
Without changing any settings on the DSC the sapphire was replaced with 

0.04484 g of polymer, making sure the same aluminum capsule and cover dome were 

used. The heating was started for the same time and rate used in the calibration run. 
The final run involved removal of the polymer and running only the aluminum 

capsule and dome over the same temperature range and heating rate. This established 

a baseline value which was needed in the final calculation_ 
When these three different measurements (calibration standard, polymer 

sample, and blank) were run, the whole temperature range of - 100 to 130°C was 
covered in 30°C steps. 

Calculalions of specific hear from DSC experinrenrs. The amplitudes of the 

three measurements were read from the recording chart with a finely divided ruler. 
The blank run was subtracted from both polymer and standard amplitudes. The 

following calculation was made at 5°C intervals over the entire temperature range. 

C, (polymer) = 
A 

IWYmcr) _ "t-(,aPPhirc) _ c,(sapphire) (17) 
A (sapphire) wt ‘!pOlj-.r.crj 

(E) Merhod of density measurements 

The density of the thin polymer fiIm was determined with the use of a density 

,ordient column. The procedure followed was that described in Ref. 25. The method 
is based on observing the level to which a test specimen sinks in a liquid column 
exhibiting a density gradient, in comparison with standards of known density_ 

The density of the film was measured to ascertain if any physical changes 
occurred as a result of the transient heating experiment. The density was also needed 
for the calculation of the specific heat of the polymer film. 

An ethanol-carbon tetrachloride density gradient column was prepared and 
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calibrated with &ss floats pufchased from Scientific GIass Apparatus Co_ (Bloom- 

field, NJ.). The column had a density range of 0.79 to 1.59 g crne3. The sensitivity of 
the density gradient column was 0.0s g cm- 3 mm- ‘. Three sampIes were tested for 

each measurement. Measurements were taken at the start of the transient heating 
experiments, between the first and second transient heating experiments, and at the 
end of both experiments- 

Graphical calculation ‘was used. The glass float position versus float density 

was plotted which resulted in a straight line. The positions of the unknown specimens 

were plotted on the same chart and corresponding densities determined. 

RESULTS 

(A) Specijic heat 
The results of the specific heat studies are presented in Figs. IO-12 Figures 10 

and I I show the results of the first and second transient heating experiment, while 

Fig. I2 represents the rest&s of the DSC study. Esperiment I incIuded 60 runs in a 

temperature range of - 172 to I IS’C. Fifty runs were made during the second 
experiment during which a temperature range of - 192 to 70°C was covered. The 

specific heat study made usin, c the differential scanning caiorimeter was made in the 

temperature ran&w of - 100°C (the 10~ er limit of the instrument) to 13O’C and calcu- 

lations were made at 5’C intervals. 

(B) T~mmal co,lductirity 
The resuhs of the thermal conductivity measurements of PCPX are shown in 

Figs. I3 and 14. The number of runs and temperature ranges for both the first and 

second set of experiments are the same as those described for the specific heat studies. 

CL75 

i 

C.60~ 

i 
i 

O.CSr 

TemtX?MtrPe. 'C 

Fig_ IO_ Transient heating. Specific heat of PCPX. First set of experimental N~S_ 
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Fig_ I I _ Transient heating. Specific heat of PCPX. Second set of experimr-ntal runs. 
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Fig. 12. E)iffercntiaI scanning calorimeter. Specific heat of PCPX. 
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Fig. 13. Transient heating. Thermal conductivity of PCPX. First set of esperimental NN. 
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Fig. 13. Transient heating. Themal conductivity of PCPX. Second set of experimental runs. 

t- * I 1 r I 
-200 -760 -120 -80 -40 0 40 a0 120 

Terrpercture.aC 

Fig_ 15. Transient heating. Thermal diffusivity of PCPX. First set of experimental runs. 

Fig 16_ Transient heating- Thermal diffusivity of PCPX_ Second set of experimental ~LIUILS. 
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TABLE 2 

TRANSIENT HEATWG RESULTS 

First set of experimental runs. 

THE3”AL CIFF. Th!ZQPAi Ci;r;o. SPEC. XFAT INITIAL TErP. AVEPACF T=rP. 
(CV-C”/SfCl I CaLISkC-C-cr 1 (CAL/t-Cl ICE'~TIGPUOEI ICFhTtGQAOE) 

n.ccc95e7 
O;ccO8e93 
Q.CGG8ti8 
O.CCOlCSR 
O.COO9C52 
0.c0077ii1 
O.CCGB551 
O.COOE677 
G.Ct-Wb?Eb 
O.COOSCLe 

u.cocJa4s4 

C.COOE513 
r~.cGG8L?c. 
O.COO83C2 
G.CCObtC9 
o.cocss53 
O-CC06727 
O.CO07lE4 
0.C006125 
C.COO742C 
G.CGC?L.!ZG 
O-CC05452 
0.cc07ce0 
O.CCC54SS 
n.CCCXeSb 
o.ccct559 
O.COOt746 
n.CCCC4t7 
3.COOb757 

O.COOC254 
O.coo625? 
O.COC5BC6 
O.COO72CZ 
0.C0071E4 
(\.CC37C46 

O.CGOL749 
O.COO65E3 
O-CC06513 
o.ccGecIl 
O.COOb7SV 

O.COOE213 
0.cc05t1e 
3.CCCZSS4 
n.co05775 
o.cco5s75 
~.CCctCCl 
O.CCC6128 
0.C005EC3 
C.C0057SE? 
O.CCOtC29 
O.CGC5545 
O.CPW6t!3 
O.CO05et2 
O.CCC574C 
O.CtG57ES 
o.co05557 
o.coosce7 

O.CCC5534 
0.cc0551t 
G.COG535c1 

C.0001013 
0.0000957 
C.OCCC9F'-Y 
c.00007c0 
c.0n01117 
c.oouo9r12 
c-.GGOiLW 
n.00011 i'J 
C.OOGGS?Z 
G.OIlGZ'~r5 
c.oocl1;77 
c.oc01371 
C'.OS6133Ir 
O.OCJ01346 
O.Or)@lO-.6 
C.COclC955 
c.Orrul2l~l 
C.COO1334 
C.00(5101~.~ 
C.COir15i2 
c!.O:POL4r;4 
C.OOO?Ii5S 
~.091’1546 

C.QOr11110 

c),oo(?c947 
f-..OOir15r.3 
C.GOOL6~3 
c.oot:1514 
O.OOOLhZ> 
c.mn143-i 
c.3ooi5z'c‘ 
c.00313=> 
0.tJ00200'5 
C.OCO2~:s~ 
c.031J233V 

C.CjPL;ir(. 
o.oot.1.7+c 
C.(?Ot~19'i~> 
“.t,O:Jl J ii 

C.OGL'21'~ 
O.‘OOOI97b 
C.OOiIL757 
0.0C0153J 
C.Olul'i3H 
C.COO2077 
C.00~12155 
C.0002144 
c.00!:2070 
c.ooG21cc 
C.OOis2271 
0.00622~4 
C.0062342 
t.0002304 
C.OOJZ?YC 
O.OOt235? 
0.0002322 
O.OCC~2530 
C.0002324 
C.0002342 
6.0002299 

0.081-3 
0.0812 
0.0550 
O.ORCZ 
0.0330 
0.0943 
0.101; 
0.1050 
0.0962 
f-0763 
0.1144 
C.1124 
0.1743 
0.1267 
0.1272 
O.Ilhl. 
(1.1347 
0.14oq 
0.1331 
5.1571 
0.157: 
0.1427 
t'.16hl 
C.14fA 
0.13hl 
0.1741 
0.17-=3 

'J.1775 
O.lY24 
0.1525 
O.lDSii 
G-1775 
0.2103 
0.2173 
3.2205 

-180.C9 -172.67 
-173.50 -166.10 
-167.20 -160.04 
-161.40 -153.71 
--155-c', -14e.37 
-148.60 -141.as 
-142.50 -136.29 
-137.40 -131.43 
-131.4') -124.54 
-125.70 -117.21 
-119.49 -113.97 
-114.23 -108.6C 
-1Oil.60 -103.43 
-103.20 -99.16 
-37.W -Q1.46 
-32.c3 -36.18 
-lzh.ZJ -31.07 
-dC.20 -75.37 
-74.4n --h9.07 
-6il.73 -64.2R 
-A3.60 -59.12 
-5R.C9 -52.as 
-52.4.; -4g.11 
-46.4-l -41.46 

-4l.CD -35.b9 
-3e.7;1 -34.43 
-a&.3> -30.20 
-31.43 -27.21 
-2V.50 -25.54 
-27.53 -73.77 
-24.50 -2c.3c. 
-22.c: -17.67 
-14.sl -11.29 
--I(r.cn -6.44 
-4.45 -0..92 

d-2741 O.C? 3.54 
0.2297 c-20 e-70 
3.29335 10.70 14.16 
0.2?36 12.c3 15.49 
b-2 3G.2 17.30 2G.64 
0.2367 23.CQ 26.47 
S,.?3P2 33.cn 36.58 
0.2355 39.C1-4 42.78 
G-2555 4l.CO 44.39 
0.7649 45.42 48.7J 
0.2707 46.79 5X.89 
3.2645 54.111 57.33 
@.7719 59.20 b2.41 
0.2644 64.C" ~7.15 
0.2870 69.40 77.46 
0.1913 74.30 77.34 
3.29b7 79.20 92.20 
0.2993 85.20 8P.19 
0.3029 VO.3-r) V3.27 
0.3103 95.30 98.23 
0.3160 99.70 102.64 
0.3352 105.4n 108.15 
0.3199 105.60 108.51 
3.3236 110.90 113.79 
0.3247 lli.CO 118.89 

PUN 

: 
3 
4 
S 
6 
? 
e 

1: 
11 

l'f 
14 
15 
16 

:: 

:'o 
21 
22 
23 
74 
25 
26 

56 
29 
30 

z: 
33 
35 
35 

5; 
3h 
3v 
40 
41 

r; 
CC 
45 
46 
47 
48 
49 

53 
41 
57 
53 
54 
55 
96 
51 
$8 
59 
60 
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TABLE 3 

TRANSIENT HEATIKG RESULTS 

Second set of experimental runs_ 

THFRPAL CIFF. 
ICr-CP/SEC) 

fl.cc1a525 
o.col74e5 
O~cOL?CS2 
o.coLbco1 
o.co15e33 
Dn,COLSEC5 
O.C315Cll 
U.CGL5052 
o,ixl45eL 
o.co14542 
0,COf4556 
oxol43ao 
0,c013ss5 
O.COI372C 
O,COL3e7L 
O~G0132CO 
O.CO11722 
O.CO12454 
O.cOll74b 
O.COIL5C9 
o~colc954 
O_COLO9S4 
O.CO:GeC4 
0.c01c7c0 
O.COIOcC9 
0,c01cc34 
O,COO97bb 
O.COG5674 
o.cooesse 
O~Cci05cl9 
O.C009c47 
o.cmram 
O.CaOeE59 
O.C007tCe 
O.COOb772 

0~c008136 
o_coo744e 
o-coo7533 
O.COO7536 
I)~CCO7CC9 
3.COCbE77 
9.COO7536 
O.COL4531 
9.c007c7a 

o_coo5se4 
n_coo51sL 
l).COG5729 
0_c0053.64 

IhERrAL COW. SPEC. HEAT INITIAL TEW'. 
(CAL/G -Cl iCENTtCQAOE1 

O.OOOLb30 
C.oOi)i649 
C_OOOLbSb 
C.0001677 
o.aGoL7b5 
c.oaolab0 
C.OOG191ir 
c.Gool437 
C.OC3L9C~ 
C.OOfl2Old 
C_O.J32322 
0~0002160 
O-0002115 
0.0~02141 
0.0002233 
C~OOO2212 
c.0002069 
C.OOJ2311 
0.0002235 
C~GOO2262 
C,OOO2247 
C~OOO2747 
0.0002298 
C.0002393 
C-0002293 
O.GGO2344 
0.0002321 
C-0002368 
C.0002224 
C.0002299 
C.0002412 
0.0002309 
i.0002604 
G.0002320 
C,OOO2156 

C.COO23E4 
0~0002156 
C-0062276 
c.ooo2317r 
C-0002411 
G.0002195 
C,OO024?3 
c.00013tf1 
C.0002370 
O-0002332 
O~OOG23:3 
C~GOO253b 
C-0002740 

O-0654 -2oo~co -192.62 
0.0716 -196,CO -189.09 
O-0735 -192-CO -1es.17 
0.0790 -184.CO -177.55 
0.0849 -177.GO -170.R9 
0.0896 -170.20 -164.41 
0.0932 -165.C3 -x59.39 
0.0979 -x53.70 -153.26 
O-0997 -152.bO -147.19 
0.1057 -l4a.c9 -142.87 
0_1057 -147.20 -142.10 
O.llll -l41.50 -136.57 
0.1151 -135.10 -130.30 
0.1165 -130.zn -125.51 
3.1254 -124.co -119.52 
0.1275 -1La.20 -113-73 
0,134S -106,&O -LOl_96 
0.14oe -101.30 -97.11 
0.1448 -94.80 -90.63 
0_149? -89,CO -94-93 
0.155b -79.cr) -74-99 
0,155h -79.co -74-99 
O-1651 -67.40 -63-56 
0.1702 -62.Cn -58-27 
o-1743 -57_13 -53-35 
0.1779 -5l.CO -47.31 
0.1810 -46.00 -42.32 
O-1863 -40,70 -37.11 
0.1894 -35,co -31.35 
0.1942 -30.29 -26.61 
0.2030 -24.60 -21.13 
0.7065 -2o.co -1bs4S 
0.2239 -16,CO -12-70 
0.2321 -IO.10 -6.66 
0,239s -4_7G -1.42 

0.2232 l-Cc) 
0.2204 6.20 
O-2302 lL,30 
0.2342 lb-30 
O-2424 20,90 
'3.2431 25.80 
0.24‘78 3x-40 
0.2276 34.50 
0.2500 39.40 
0.2533 44,CO 
0~2558 49.70 
O-1452 54-80 
0.3592 59.00 
O-3732 65-50 
0.4054 71.30 

AVERAGE TEWP, 
ICExTlGRAJEB 

4-32 
9.ee 

14-64 
19-60 
24-10 
29.12 
34.52 
39.93 
42.57 
47-16 

Z% 
61:73 
68.19 
73.93 

RUM 

1 
2 
i 
4 

5 
. 6 

7 

6 
9- 

10 

t: 
13 
I4 
is 
I6 

:B' 
19 

5: 

z 

$2 
26 
27 

1: 
30 
31 
32 
33 
34 
35 

38 
39 
40 
41 

4'5 
44 
45 
46 
47 
48 
49 
50 

TABLE 4 

DENXIY OF PCPX (g cm-‘) 

initial density 

After first set of runs 

After second set of runs 

I.312 

I.312 

1.297 
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(C) i’liermai d~k_~it_v 

The results of the thermal diffusivity studies of PCPX are shown in Figs- 15 
and 16. The number of runs and the temperature ranges for both the first and second 
set of experimental runs are the same as those described for the specific heat and 
thermal conductivity studies_ 

(D) Tables 

The results of both the transient heating experiments showing the three thermal 
properties, the run number, the initial and average temperature are shown in Tables 2 
and 3_ 

The results of the density measurements are shown in Table 4. 

DISCUSSIOS OF RESULTS 

(A) Specifc heat measurements 

By referring to Figs. 10-12, it can be seen that the specific heat (CJ curves 
exhibit the following characteristics: (1) specific heat increases monotcnically in the 
temperature region of -200 to -30°C between a value of 0.0810 to 0.1779 cal g- I 
deg’ ’ ; (2) in the vicinity of -20°C there is a marked increase in C,, of 4.4 cai deg- * 
moi- r ; (3) the C, increases again in a linear fashion until approximately 50% at 
which time another marked increase is observed; (4) the reproducibility of the results 
of the two transient heating curves is excellent until the 50% transition is reached; 
(5) agreement of transient heating results and the differential scanning caIorimeter are 
well within the reported accuracies7*z I of the methods. 

First let us consider the linear portion of the C, curve at the lower temperature 
region (- 200 to - 2O’C). It was found that the dependence of C, with temperature in 
this lower temperatur, * range can be represented by the following linear equation: 

c, = O.O654t/?,(2OOtT) (18) 

where T is the temperature in this lower region and & is the sIope of the C, curve 
which for PCPX is 7.7 x lo-* cal g- ’ deg- 2_ Using the data given by Wunderiich 
and Baurl of the heat capacity of PS, it can be seen that a similar equation could be 
used to represent the heat capacity of PS over this same temperature range and would 
have the form; 

CP = 0.083 +j$(200+ T) 

where /3, for PS is 9.8 x 10e4 cal g- ’ degB2_ 

(19) 

The incrm in specific heat at low temperature reflects the therma: expansion 
of the material_ As thermal ener_gy is absorbed into the polymer network, molecular 
vibrations in both amorphous and to a lesser extent in crystalline regions increase 

causing an expansion of the network_ As the network expands, more and more thermal 

ener_q is required_ Therefore by comparing the values of 8, in eqns (18) and (19) one 
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cou!d predict the expansion coefficient for PS to be greater than PCPX. This is indeed 

the case: the thermai expansion value for I5 ” is 6.0-8.0 x 10-5cC-1, whereas the 
expansion value for PCPX as measured in this study with a DuPont thermomechanical 

anaIyzer was 3.5-5 x IO- “C- I_ It would seem. therefore, that the vaIue of & (the 

sIope of the C, curve) and the thermal expansion are directIy related in this lower 
temperature range_ 

It is now of interest to consider the relatively marked increase of C, at 

2~ -20°C. Chung and Sauerzc studied the mechanical relaxation of PCPX and their 

resuits are shown in Fig_ 17_ The data show a broad Ioss peak with a maximum at 

- 19% (0.4 cps) accompanied by a 40% decrease in moduIus_ Chung and Sauer 

Fig. 17. Dynamical mechanical rekation of PCPX (Chung and Sauer’“). 

attribute this 7 Ioss peak to torsional motions of the monochlorophenyl groups 

and associated CH2 groups in the main chain. This observation is further substantiated 
by Hiltner and Baer” who report both a Iower temperature 6 relaxation in poly- 

para-xylylene (PPX) at 50’K (-223°C) which they attribute to just pheny1 ring 

oscillation and a 7 relaxation which is attributed to pheny1 ring and associated CH, 

torsionai motion. Hiltner and Baer” go on to show that the magnitude of the 6 

relaxation is affected by the de,sree of crystaIIinity in that the magnitude of the 6 
reIaxation peak decreases with crystallinity and they therefore conclude that the phenyl 

ring osciIfation causing this peak occurs mainfy in the amorphous regions of the 

poiymer network.. The data comparing the magnitude of the ^J peak as a function of 
crystailinity are not avaiIable and no such assignment can be made for the 7 relaxation- 

At first it was surprising that this 7 relaxation could be detected with C,, 

measurements via the transient heating method in that for most low temperature 
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relaxations, although the molecular motions responsibie for the relaxations contribute 
to C,, the processes are not sufficiently cooperative to occur over a narrow temper- 
ature range. O’ReilIy and KaraszZs state in a review article which included the great 
majority of available data, &There are no abrupt changes in C, from near 0 K to Tg 
similar to the mechanical or dielectric relaxations observed below To**_ In fact little 
work has been published to disclaim this observation. Work of Steerez9 and Schuler’ ‘? 
however, both report the ability to measure polymer transitions other than r. and 7’,‘, 
using C, measurements. Both Steere and Schuler used the transient heating technique 
described earlier in this study- One of the materials studied by Steere was polytetra- 
fhroroethylene (Teflon). His data show a sharp discontinuity at 19’C and evidence of 
a small maximum near 30cC_ These peaks represent the two transitions in Teflon 
that are known3’ to exist in the region of room temperature. The first is first order and 
involves a rearrangement of the helical structure of the main chain. The transition at 
30°C is thought to be a minor change in the crystalline structure_ Schuler’ 1 in his 
study of low and high density G’E was abIe to discern /3 and 7 relaxations at -30 and 
- 125 =C. These internal frictioc peaks at comparable temperatures were reported 
earlier by Sauer and Woodward3’ using dynamic mechanical test methods. 

Considering the above evidence it is concluded that C’, measurements can in 
some cases show temperature relaxations below T,_ Figure I8 is a thermomechanical 

!5a+e he+= 0011 in 
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Fig 18. TMA of PCPX showing expansion and softening. 

analysis curve showing the expansion and softening of PCPX. The major softening 
point is shown at -2O’C which agrees with the loss peak in Chung and Sauer’sZ6 
data and the abrupt jump in the Cp curve in this study. Since all three methods are 
abie to show this relaxation, it would seem that the 7 relaxation in PCPX, as described 
by Chung and Sauerz6 as torsional motions of the monochlorophenyl groups and 
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associated CH, groups, involves cooperative movements in the main chain of the 

molecule. And although conclusive evidence is not available, this cooperative move- 
ment, owing to the magnitude of the jump in the CP curve, would most probably he 

occurring in both the amorphous and crystalline regions of the polymer network. 

One more point must be mentioned concerning the jump in the C,, curve at 

-2O=C. The results of the two experiments show a slight discrepancy in this temper- 

ature region The first experiment results show the 7 relaxation manifested as a jump 

in the C, curve with no maximum, while the results of the second experiment show a 
simiIar jump in the C, curve accompanied by a slight maximum_ The presence of this 
maximum cannot be explained in that the transition is generahy thought to be of the 
second order type and would therefore not show a maximum as would a first order 
transition_ 

To continue with the analysis of the C, curve above the -20°C jump, it can 
be seen that the C,, increases linearly again until it reaches ~50°C. This jump of 
65 cal deg- * mol - I is attributed to onset of the glass transition (7,) of PCPX. The 
T8 transition appears some IO to 3O’C lower than the value reported in the literature”. 
The difference is attributed to the experimental methods used for T, determination. 
Secant modulus data were used to determine the 7-r in the earlier study Is_ These data 
were taken at I cps whereas the C, measurements were clearly taken at a much lower 
rate_ It is also of interest to note that in the TMA curve (Fig_ IS), there is no apparent 
softening at 5O’C or in the SO to IOO’C range. Therefore there is some confusion in 
the assignment of To_ 

The magnitude of the jump at r, in Fig. 10 is 6.5 TaI deg- ’ mol- ’ which is in 
good agreement with values reported for other polymers_ Wunderiich and Baur’ 
state that for many glasses, polymeric and non-polymeric, AC, at r, calculated per 
mol of &beads” is about 2.7 cal deg- ’ mol - I. These &beads” are the smallest sec- 

tions of the solid that can move as a unit in internal rotation_ For the case of PCPX 
there would be three “beads” per monomer unit and a AC, at T, of 2.25 cal deg- * 
mol- ’ bead- ‘_ This lower value of 2.25 compared to 2.7 cal deg- ’ mol- 1 probably 
reflects the highly cvstalline nature of PCPX_ The magnitsde at r, in Fig. 11 is 
126 cal deg- 1 mol- I or 42 cal deg- ’ mol- ’ bead- I and represents a marked 

increase over the accepted value. It was found by both density measurements and 

visual inspection that sampIe de_mdation occurring in the 7. temperature region 

caused this greater than expected increase in C,. A photo,-raph (Fig. 19) shows the 
sample before and after the second experiment_ Sample degradation is clearly shown 
in the upper portion of the photograph_ Density measurements (Table 4) show a 
decrease in density after the second experiment which is also an indication of sampIe 
degradation_ It is noted that after the first esperiment no density changes were 

observed indicating no sample degradation d&n, Q the first experiment_ It is probable 

that some sample degradation occurred durin, 0 the first experiment. It is felt, however, 

that by taking account of the reproducibility of the C, data and the density data, the 

small de,mdation that might have occurred in the first experiment did not appreciably 
all&t the results of the second experiment_ 
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The region of the C, curve above T, is again linear up to 120% which was 
the upper limit of the experiment. No comparison between the two transient heating 

results can be made above the 5O’C range because samp!e degradation experienced 
durin,a the second experiment forced its termination at 70°C. 

The results of the DSC study and of the first transient heating experiment are in 
good agreement. The magnitude of the jumps in the C,, curve at the 7 rekation and 
at T, is Iess bur this is not surprisin, 0 when one considers the fast heating rate and 
sample size of a DSC experiment. 

Fig_ 19. Photograph of PCPX sample. Upper portion shows sample degradation that occurred during 
the se: ond set of experimental runs. 

(I?) Tilernzal conducridy 

The general features of the thermal conductivity curves are not as reproducible 
as the CP curves; however, some general characteristics can be cited: (1) K increases 
slightly in a linear manner between -200 and 12O’C with possible discontinuities 

seen at -20 and 5O’C; (2) the values of K show considerable scatter particularly in 
the result of the first experiment (Fig. 13); (3) values of K shown as results of the 
second experiment show considerably less scatter; (4) the range of values of K falls 
between O-9 x lOmA and 2-5 x IOeJ cal set- ’ deg- ’ cm- ’ for the first experiment and 
I .6 to 2.8 x IO-* cal see- ’ deg- * cm-’ for the second experiment_ 
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The cause of the poor reproducibility and scatter (in the first experiment) is 

attributed to the manner in which the polymer films were held in the sampIe holder. 

When referring to the photograph (-Fig. 8) it can be seen that the films were compressed 
between the top and bottom of the holder by tightening the bolts at the four comers of 
the holder_ In the first experiment the sample configuration was constructed at room 
temperature and then placed in the temperature chamber and cooled to -200°C. It 

is therefore reasoned that thermal contraction lessened the surface contact of the 
polymer fiims thereby introducing air between the sheets of PCPX in the sample stack. 
The results of this thermal contraction resulted in lower than expected values of K 
and considerable scatter at the lower temperature regions. As the temperature of the 
chamber increased causing thermal expansion both the absolute value of K increased 
and scatter decreased- 

The probIem of therma contraction and the resulting poor film contact was 
eliminated in the second experiment by retightening the four bolts after the sample 
was cooIed to -BJO’C_ This technique greatly decreased the scatter at the lower 

temperature range but created the probIem of excessively high pressures in the upper 
temperature regions This combination of high pressure and temperature could have 
been the cause of the sampIe de&gradation that was experienced during the second 

experiment. A modification of the sampIe holder is therefore recommended in that it 
be designed in such a manner that it keep a constant pressure on the stack of polymer 
throughout the temperature range of interest. 

In considering the results of the second experiment (Fig. 14) the thermal 
conductivity increases from 0.9 x IO- 5 cal set- ’ deg- 1 cm- 1 at - 17O’C to 1.2 x IO-’ 
at - 120cC. The curve is then linear with a low value of slope between - I20 and 
5O’C At *50cC there is a marked increase_ There are some data points at -2O’C 
that could be considered as a discontinuity, but because of the scatter of the data it 
wouid be a presumptuous observation. 

The problem of thermal contraction as discussed in the section Tizermal 

conducri@- also adversely affected the results of the first transient experiment. Due 
to the scatter of data experienced durin, 0 the first experiment, most of the discussion 
of the thermal diffusivity (z) will be taken from the data of the second experiment. The 
general features of the thermal diffusivity curve shown in Fig. 16 are: (1) there is over 
a 100% decrease in z within the temperature range of the experiment; (2) the values 
of 2 range between 1-9x 10e3 cm2 set-r at -200°C to 0.5x 10m3 cm2 set- r at 
70°C; (3) anomaiies in the J curve are shown at -20 and 50°C; (4) by referring to 
Fig. 15 an almost constant diffusivity is shown between T. and 120 “C. 

The decrease in 3: with temperature curve of PCPX is in general agreement with 
the resuhs of Steere” who studied polytetratluoroethylene, poly(ethyleneterephaiate) 
(Mylar), polypropylene, poly(viny1 chloride), and polycarbonate- All these polymers 

showed a dxrease of r with temperature_ The value of z closeIy agrees with those of 
PETP in that both PCPX and PETP show an increase of thermal diffusivity of about 
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100% between room temperature and near liquid nitrogen temperatures_ Both show 
a change in siope at 7” and both have a region at high temperatures with almost 

constant diGsivity_ The lower and upper value of 01 arc also very close. The other 
polymers studied by Steere did not exhibit as steep a decrease or as low a value for z 
at the upper temperature regions. 

(0) Practical application of data 

Such properties as high dielectric strength, low permeability to moisture, and 
the method of application makes PCPX an ideal material to be used in the coating of 
critical electronic assemblies. While these properties are cIearly important factors to 
consider in choosing a material for electronic assembly coating, it is of interest to 

also consider the thermal properties of PCPX and compare these properties to the 
thermal properties of other materials that might be considered. Epoxies, silicones, 
urethanes, and acrylics are some of the polymeric materials that have been widely 
used in the coating field and could be considered for use. 

The thermal conductivity of PCPX at the operating temperature range of most 

electronic equipment in which circuit boards are used is much lower than the other 
polymeric materials mentioned above. The thermal conductivity of PCPX is 
-2x 10S4 cal set-’ deg-’ cm- ’ whereas for epoxies, silicones, urethanes, and 

acrylics, the thermal conductivities3’ are4.5,3.5-T-5,5, and4-6calsec-1deg-‘cm-1, 
respectively. 

a is the important thermal property to consider when the circuit is under non- 
steady-state or transient conditions. The circuit would of course experience transient 

conditions during the initial warm-up period. To provide a good insulation material 
in this transient case, a material with low a is desired. PCPX exhibits the lowest value 
of a of any polymeric material mentioned above. Although accurate measurements of 
a for epoxies, silicones, ure*,hanes, and acrylics have not been made, a calculation 
using values of K, C,, and p given in the Modem Plastics Encyclopedia32 gives values 
of 1.6x lo- 3 for epoxies, 0.9 x lo- 3 for silicones, O,9 x 10s3 for urethanes, and 
1.2x IOV3 cm set- ’ for acrylics. PCPX had a value of 0.5 to 0.6 x lo-’ cm2 set- ‘. 

(A) Experimental apparatus 

The transient heating apparatus used in this study is highly recommended for 
future research on the thermal properties of polymer films. The computer software 
package developed for the interpretation of transient results can easily be used with 
transient data of any polymer. The automatic data acquisition system developed 
during this study will greatly decrease the burden of data handling in future studies. 
The data acquisition system could also be used for other types of research projects 
with only a slight modification of software package_ 

The reproducibility of the apparatus has been demonstrated. To improve 

reproducibility to an even greater degree, it is recommended that the sample holder 
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be redesigned so that a constant pressure can be applied on the sampIe throughout a 

heating run. One design that is suggested is a second class lever arrangement; with 

this design a known amount of pressure couId be applied to the sample by simply 

hanging a weight on the end of the lever arm. The whole configuration could then be 

placed in the temperature chamber eliminating pressure change caused by thermal 

expansion and contraction_ 
Reemphasis is made to the importance of maintaining accurate calibration of 

the recorder and data acquisition equipment throughout the experiment. Cahbration 

checks using an accurate- digitt voltmeter should be made before each transient 

heating run. 

The accura cy of the method depends greatly upon the expertise of the experi- 
menter and the electronic test equipment available. For example, the heat flux is 

determined by measuring the current passing through the heating foil of a determined 

area. It is therefore important that great care be taken in cutting and measuring the 

heating foil and in measuring of the current_ The sample thickness between the heating 

foil and thermocouples is also a critical measurement. If a micrometer is used, how- 
ever, the thermal expansion and compression durin, Q the experiment will cause some 

variations in thickness_ Density changes with temperature are another possible 

source of error. Even with alI these possible sources of error, it can be noted that the 
transient resuhs agree well with the differential scanning calorimeter results which have 

the reported’ accuracies of 2%. 

Conclusions drawn from the thermal data of PCPX are as foliows: 

(1) One can detect a significant change in the specific heat of PCPX in the 

vicinity of the 7 relaxation at -2O”C, indicating that this relaxation involves a 

cooperative motion of molecules. This supports the observation of Chung and Sauerz6 

who attribute this relaxation to torsional motion of the monochlorophenyl groups 

and associated CH, groups in the main chain. Further evidence points to the fact that 

these motions are manifested in both amorphous and crystalline regions of the net- 

work. 

(2) The glass transition was shown at 50°C as (a) a jump in the C, curve of 

6.5 cal deg- ’ mol- ’ ; (b) a discontinuity in the thermal conductivity curve; and (c) a 

marked decrease in the thermal diffusivity curve_ 

(3) A direct reIation between thermal expansion and specific heat increase was 
indicated in PCPX as well as PS at relatively low temperatures. 

(4) The overall values of the thermal conductivity an4 thermai diffusivity of 

PCPX as compared to other polymer films indicate that this material is ideally suited 
for insulation applications_ 

(c) Future studits 

In future thermal work it would be of interest to examine other polymers in the 

parylene famiIy_ Gorham” reported the synthetic method of the preparation of seven 
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different paryIenes and Chow et aI.33 discussed another parylene. Chung34 describes 
the mechanical relaxation of three parylenes, viz. PCPX, PDCPX, and PPX, and 
shows y relaxations at -20, - 117, and - I I4”C, respectively_ It would be of interest 
if these relaxations could be detected with transient heat measurement. 

Although a AC,, was seen at the 7 relaxation of PCPX, there is some question 

as to the capability of C, measurements to detect !ower temperature ‘J transitions in 
PDCPX and PPX. The reason is that the decrease in modu!us at the y relaxation is 

only about 25% in PDCPX and PPX as compared to some 40% in PCPX. 
To substantiate the assignment of phenyl motion and associated CH2 motion 

occurring in both amorphous and crystalline regions, both n.m.r. data and additionai 

d-m-r. data would be very helpful. 
Niegisch 35 shows the existence of an alpha and beta modification of the 

crystal structure of PPX. Under most polymerization conditions, the alpha form is 
the preferred state and upon heating above 220°C transformation to the beta form 
takes place. It would be of interest to see the effect of this poIymorphic phase change 
on the thermal properties. It is possible that due to the high crystallinity of ‘the film 
(SO% in some cases) the polymorphic phase change couId be detected. 

Effects of orientation on the thermal properties of PCPX need to be investi- 
gated. During this study it is very possible that during the second experiment, when the 
material experienced both temperatures above To and relatively high pressures, a smaI1 
increase in orientation of the polymer chains may have occurred. It is thought, 

however, that the small amount of orientation caused by the pressure due to thermal 
expansion would not appreciably affect the thermal properties_ It would be of interest, 
however, to see what effect would be caused by stretching or pressing the film under 
high pressures. 
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