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THERMOPHYSICAL PROPERTY DETERMINATIONS USING TRANSIENT TECHNIQUES

1.0 INTRODUCTION

1.1 Background

In order to model the complex combustion process of solid rocket

fuels, knowledge of their thermophysical properties and behavior under

transient temperature conditions up to decomposition or melting is

required. Studies of thermophysical properties by transient techniques

is particularly useful for materials involved in rocket propulsion.

This is true for both the energetic materials used as fuel and for the

composite materials used as rocket nozzles and exit cones. The ener-

getic materials are by their very nature unstable so that methods which

utilize small samples and fast measurement times are obviously superior

to the more traditional techniques. Measurements can be made in unstable

regions so that knowledge of the property changes which will occur in

the actual operating environment can be obtained. Of course, enhanced

safety is inherent with the use of smaller samples.

In addition, we have shown previously that transient techniques

can be very powderful tools in studying heat flow through fiber-rein-

forced composites. One can gain information on the relative roles of

the reinforcements and the matrices during transients that simply can-

not be obtained by other techniques.

1.2 Objectives

The primary purposes of this research were to understand thermo-

physical properties of ammonium perchlorate (AP), cyclotetramethylene

tetranitramine (HMX), cyclotrimethylene trinitramine (RDX), and
hydroxy-terminated polybutadiene (HTPB, used as a binder) up to their

destruction/melting temperature and to further the understanding of

of transient heat flow in carbon/carbon materials used as rocket noz-

zles. The research on carbon/carbon materials was funded only for the

first year of the grant.

'.
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The general approach used was to examine the specific heats

(Cp) using a Perkin-Elmer Model DSC II and the thermal diffusivity

(ai) using the laser flash method. From these properties, the behavior

of the thermal conductivity (X) can be calculated since X. ciCpd where

d is the density. This approach has the advantage of separating the

thermal conductivity into a thermodynamic part (Cp and d) and a trans-

port part (cc). Thermodynamic properties are relatively well-behaved

and understood so the present results could be interpreted readily and

extrapolated confidently as required. Thus a major portion of the

program could be devoted to thermal diffusivity studies, which are

inherently simpler experiments than thermal conductivity studies.

In order to accomplish these objectives for the energetic mat-

erials, the following goals had at be attained:

(a) - The modification of present instrumentation to allow the

measurement of the specific heat and the thermal diffusi-

vity of energetic materials.

(b) -The examination of alternate methods for determining the

thermophysical properties.

(cW The examination of the optical properties of the energetic

materials in the infrared region, to determine if an IR

detector can see into the material in its different forms;

e.g. single crystal and pressed powder.

6 (d) -The determination of each material's specific heat in its

different phases.

(e) - The examination of the specific heat measurement's heating

rate sensitivity for the various materials.

Mf An examination of how sensitive the specific heat is to

decomposition products within the sample.

(g) -The determination of each material's thermal diffusivity

up to decomposition, using the best pure samples obtainable.

V .'.x
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(h) - The examination of the sensitivity of the thermal diffu-

sivity to decomposition products and sample changes as a

results of decomposition.

(i) - The determination of the thermophysical properties of a

binder.

(j) - The determination of the thermal diffusivity of mixtures

of oxidizer plus binder and comparison to the results of

computations based on the constituent properties.

In order to accomplish the objective for the carbon/carbon mater-

ials, the following goals had to be accomplished:

(a) - Explore the problems associated with transient temperature

measurements of the rear surface of a fiber-reinforced compo-

site including spot size and use of localized sensors.

(b) - Develop techniques to determine the in-situ diffusivity values

for fibers.

(c) - Examine the overall concept of diffusivity applied to fiber-

reinforced materials.

(d) - Determine the relationship between the diffusivity values for

the constituents and the effective value for the composite.

(e) - Examine the merits of off-axis testing.

2.0 MATERIAL DESCRIPTION

2.1 Energetic Materials

2.1 a Background

Ammonium perchlorate has two solid state phases important to rocket

applications. Phase II exists from -1900C to 2400C. Its crystal lat-

tice is orthorhombic Pnma (a= 0.202X, b=5.816X, c= 7.449X). This phase

has four molecules per unit cell of the lattice, giving it a density of

1.957 g/cm . Phase II exists from 240*C to 450*C (the melting point).

Its lattice is cubic F43m (a =7.53X). This phase also has four molecules

per unit cell. Its density is 1.756 g/cm3 [1-3]. Significant decompo-
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sition of AP begins around 2020C [4-5].

RDX is a relatively unstable material. It beings to decompose

and melt around 2040C. It has only one stable solid phase, the a-phase,

in which the hexagonal ring molecule is in a "chair" configuration.

The crystal lattice is orthorhombic Pbca (a= 13.18X, b= 11.57X,
0

c=10.71A). There are eight molecules per unit cell and the density is

1.806 g/cm 3 . The B-phase can only be made to exist for short times at

elevated temperatures [6-7].

HMX exists in two stable solid phases that are of importance to

propellant studies [8-10]. The S-phase is stable from room temperature

to 145 0C. In this phase the octogonal ring molecule is in a "chair"

shape and the crystal lattice is monoclinic P21/c (a=6.54K, b=11.05),

c=8.70&, 5=124.30). There are two molecules per unit cell, and the

density is 1.90 g/cm 3 . The 6-phase normally exists from 156°C to the

melting point at 279*C, however, decomposition begins to occur around

220*C. The 6-phase is of the hexagonal P61 structure (a= 7.71k,

c= 32.55A), and the molecule is in a "boat" configuration. There are

six molecules per unit cell in the 6-phase, and the density is 1.78 g/cm 3.

Sample materials were acquired from several sources. AP and RDX

pressed powders were obtained from Morton-Thiokol, Huntsville. The AP

powder was 17.1jm grains, and RDX powder was a blend of 50% 16.011m

(Holston-lot #5775) 30% 6 .0jim (Holston-lot #7017) and 20% 2.6pm (Holston-

lot #5789) grains. HMX powder was from Morton-Thiokol, Huntsville

and from Naval Weapons Center. Morton-Thiokol-supplied HMX was a blend

of 50% 18.91im (Holston-lot #5486), 30% 6.Oim (Holston-lot #7016), and

20% 3.3pm (Holston-lot #7016) grains. AP single crystals were from Naval

Weapons Center. Premixed AP/HTPB binder materials were from Rocket

Engineering, Seymore, IN. Samples were made from pure HTPB binder and

several mixtures of binder and 200pm AP particles.

To make a diffusivity sample of one of the powdered materials, the

powder was pressed into a stainless steel cup. The bottom of this cup

was to serve as the sample front layer. However, finite element anal-

yses of this cup design showed that the cup side wall would act as a heat
sink, creating highly two-dimensional heat flow in the powder. Figure 1

shows a plot of finite-element-generated isotherms in the cup model after

* ..............................
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the laser has flashed the cup bottom. To reduce the heat sink pre-

", sence of the cup walls a new cup design was analyzed. The bottom sur-

face of this new cup was stainless steel, but the walls were made of

teflon, which has a diffusivity comparable to those of the powders being

measured. A finite element analysis of the teflon cup model is included

in Figure 1. The isotherms shown here represent a heat flow that is

very nearly one dimensional throughout the measurement duration. Based

on this analysis, it was decided that the teflon cup samples would be

made and used.

2.1b Sample Description

Several single crystals of 99.999% pure AP were donated by T. Boggs

of Naval Weapons Center. Since all of the large AP crystals were of
* the same shape, and they appeared similar to crystals studied by

Kraeutle [11], all of the crystals were expected to have the same Ltice

orientation in relation to their observed shape. One of the larg

crystals was used for x-ray diffraction measurements to verify the

* crystal lattice orientation within the specimen. The diffraction sample

could not be used for diffusivity measurements, as AP is very susceptible

to x-ray induced lattice defects [12]. Therefore, the other crystals

were used to make diffusivity samples. The crystals were large enough

to allow cleavage of several diffusivity samples from each. Since

cleavage of an AP crystal along planes perpendicular to each of its cry-

stallographic axes is not easily accomplished, the cleavage planes used

were those parallel to the natural growth surfaces of the crystals- these

are the Miller planes <002>, <210> and <210>. In the diffusivity samples

* these planes were made parallel to the sample faces. Therefore, diffu-

sivities were measured perpendicular to the indicated Miller planes.

The <002> measurements were parallel to the crystallographic

c-axis. The <210> and <210> measurements were in directions which lay

-* in the a-b plane (See Figure 2). Due to the symmetry of these two

directions through the crystal structure, the set of two equations

needed to resolve the diffusivities along the a- and b-axes became
singular and could not be solved. Therefore, results are reported as

Ve °
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diffusivities perpendicular to these planes, rather than parallel to

the a- and b-axes. AP crystal samples are described in Table 1. In

the sample designation, the first number indicates the large crystal

from which a sample was cleaved. The second number identifies the
actual sample.

ri

b
Fl

.,,:. Figure 2. Crystal Structure of AP

0

"7



K .- 8

Table 1. AP Crystal Diffusivity Samples

Miller Graphite Crystal

Sample Plane Thickness (cm) Thickness (cm)

2-5 <210> 0.0540 0.164

2-8 <210> 0.0557 0.152

3-2 <210> 0.0483 0.168

2-12 <210> 0.0529 0.151

3-3 <210> 0.0465 0.221

3-4 <210> 0.0479 0.214

3-5 <002> 0.0466 0.225

3-6 <002> 0.0483 0.277

To further characterize the AP, and allow comparison to RDX and HMX

results, AP was also measured in pressed powder form. In addition, vari-

ous mixtures of AP granules and HTPB binder were measured. Table 2 con-

tains information about the AP powder samples and Table 3 describes the

AP/HTPB diffusivity samples.

Table 2. AP Powder Diffusivity Samples

Powder Density Front Layer Rear Layer
Sample (g/cm3 ) Thickness (cm) Thickness (cm)

24A 1.839 0.0780 0.1198

27A 1.839 0.0782 0.1196

Table 3. AP/HTPB Diffusivity Samples

AP Percent AP Percent Front Layer Rear Layer
Sample by Weight by Volume Thickness (cm) Thickness (cm)

1-1 0 0 0.0543 0.142

3-1 70 51.8 0.0543 0.149

3-2 70 51.8 0.0524 0.116

4-2 80 64.8 0.0529 0.147

5-1 85 72.3 0.0557 0.144
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HNX diffusivity samples are described in Table 4 and RDX diffusivi-

ty samples are described in Table 5.

Table 4. HMX Diffusivity Samples

Front Front Layer Powder Powder
Layer Thickness Thickness Density

Sample Material (cm) (cm) (g/cm3)

HMX-l SS 304 0.0782 0.1712 1.631

Hmx-2 SS 304 0.0775 0.1312 1.655

3A SS 304 0.0794 0.1208 1.608

9A SS 304 0.0785 0.2077 1.630

11 Graphite 0.1809 0.1040 1.746

Table 5. RDX Diffusivity Samples

Powder Front Layer Powder
Sample Density (g/cm 3) Thickness (cm) Thickness (cm)

16A 1.540 0.0777 0.1425

19A 1.632 0.0787 0.2052

20A 1.572 0.0770 0.2085

l7.-
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2.2 Carbon/Carbon Material

A piece of carbon/carbon from billet F-li, from the 7-inch

Mantech program [13] was used as the sample material. The piece

was from Ring No. 17 near the outside diameter in the forward part

of the billet [14]. The dimensions were 5.8 cm in the axial dir-

ection, 1.8 in the radial direction and 2.3 cm in the circumferen-

tial direction. Thermal diffusivity samples were machined in the

axial (z), radial (r) and circumferential (0) directions. In ad-

dition, samples were machined at 450 between the radial and axial

direction (rz) and at 450 between the axial and circumferential

directions (z). The nomenclature and directions tested are shown

in Figure 3. The sample dimensions, masses and bulk density values

are listed in Table 6. Measured unit cell dimensions and calcu-

lated yarn bundle fractions for the principal axes are given in

Table 7. Thus the actual yarn bundle fractions in the axial,

radial and circumferential directions for these samples are 0.196,

0.067 and 0.277, respectively.

.'p . ..
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9.Figure 3. Nomenclature for 3-D Cylindrical Unit Cell and Sketch
* Showing Five Directions in Which Diffusivity was Measured.
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Table 6. Sample Geometries and Bulk Density Values of
of C/C Samples

Thick Width Width Mass Density
Sample (in.) (in.) (in.) (gins) (gins cm- °)

Axial 0.3008 0.4728 0.5000 2.2308 1.914

Radial 0.2628 0.4990 0.5004 2.0430 1.900

Circumferential 0.2998 0.4906 0.5009 2.3017 1.907

Axial-Circumferential 0.3010 0.4993* -- 1.8672 1.934

Axial-Radial 0.2990 0.5000* -- 1.8590 1.932

Diameter

Table 7. Measured Unit Cell Dimensions (mm) and Calculated Yarn
Bundle Fractions for On-Yarn Diffusivity Specimens

from O.D. Region of Billet F-11

Radial Axial Circ
Sample Sample Sample

r z  .41

.r. r0  .81 -

z - .84
r

-0 1.67 -

C- 1.07r

C .97
z

r 2.18 2.29r

6z 1.63 1.63

3.05 3.30

Vi .067 .195 .277

1 1. Dimensions listed are averages of several measurements made
on polished surface of the specimen with a calibrated-eyepiece

. microscope at 20X magnification.

2. Yarn bundle fractions calculated using relations of this type:

Vr = rz re

666
.7
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3.0 RESULTS

3.1 Energetic Materials

3.1la Modifications of Existing Apparatuses

Due to the presence of volatile decomposition products it was

necessary to modify the DSC apparatus for measuring Cp, by adding a

flow-through cover to remove contaminants. It was also necessary

to modify the software program to allow the experimenter to change

* . the end point to what it would have been in the absence of reaction!

* - contamination when those processes are obviously going on at the

end of the experiment. Since the beginning and end points are used

to determine a reference line used in the calculations, the use of

an erroneous end point negates the entire experiment. Erroneous

end points are obtained when the conditions at the end of the

heating cycle are not stable, i.e. decomposition is continuing at

an appreciable rate or volatile contaminants are depositing on

sensitive areas within the heating chamber. In this situation we

have shown that it is still possible to salvage most of the data

by adjusting the end point. The combined use of the flow-through

cover and software modification has made possible the accurate

determination of the specific heat of the energetic materials into

the decomposition regions.

It was soon evident that the sharing of the existing laser

flash diffusivity apparatus for both normal service activities and

research on energetic materials was not very practical. The re-

* quirements for special sample holders, explosion containment, etc.

dictated that a separate unit devoted to research be built.

Fortunately, a second laser had been obtained from AFML. Thus it

was necessary to build the containment system and a detector sys-

tem consisting of a liquid-nitrogen cooled IR detector, appropriate

lenses, biasing circuit, amplifiers, filters and A-to-D converter.

* . With these components and the general up-grading of the laboratory

* data acquisition system, a separate flash diffusivity apparatus

devoted to the study of energetic materials became available.
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In order to obtain compacted powder samples of HMX, RDX and AP

it was necessary to design cups suitable for pressing and transporting

the samples. Our on-line capabilities for finite-element methods

using in-house minicomputers for modeling heat flow through the cup-

sample arrangement, was convenient.

In the case of free-standing samples, such as AP single crystals,

binder, and binder plus AP powder, it was necessary to attach a graphite

disk onto the front surface of the sample. The rear temperature tran-

sient was measured in the usual fashion and the diffusivity of the

sample was calculated from our TWOLAYER program. These techniques were

available at the start of the present research. However, the existing

programs for heat-loss corrections were based on a single layer, so it

was necessary to develop the mathematics for heat-loss corrections

from composites consisting of two layers with grossly different pro-

perties.

The procedure for determining thermal diffusivity has been to

allow the sample to come to thermal equilibrium at some temperature,

then fire the laser and record the rear face temperature rise (nor-

mally one to two degrees), compute the diffusivity, increase the temper-

ature to a new temperature and repeat the process. Since data could

be obtained over a shorter time span if we did not equilibrate the

sample temperature before each measurement, a technique was developed

to increase the temperature at a constant rate and superimpose the
laser firing on this ramp. Data analysis could be performed later.

Using this technique, it was possible to obtain data over a temperature

range of several hundred degrees in one-half to one-third the time

required here-to-fore.

3.1b Examination of Alternate Techniques for Determining Thermal Diffusivity

While is was recognized that the flash technique is capable of

yielding the most accurate diffusivity values, it does suffer from the

fact that even with ramping, many minutes are required for measuring

values over a several hundred degree range. During this time period,

samples of energetic materials will undergo docomposition. Thus, the

• "-lei
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use of alternate techniques which are capable of much larger heating

rates was explored. One obvious choice is placing the sample on thin

ribbons of metal. The metal ribbons can be Joulean heated at very

high rates. A simple apparatus was constructed and tested. The

results are discussed in Report TPRL 300 (see List of Reports,

6Appendix I). The conclusion was that high accuracy could not be

obtained in the case of very good thermal insulating materials since

heat losses were comparable to heat entering the sample. Also, sample

decomposition or melting would occur at the ribbon/sample interface

in preference to heat flow through the sample, resulting in significant

uncontrolled radiant heat from the sample's front surface. Thus, the

choice seems to be between high accuracy, lower speed experiments and

very low accuracy, high speed experiments. For reasons that will

become obvious in the Discussion Section, we chose the high accuracy

route.

3.1 c Influence of Optical Properties on Diffusivity Measurements

A cursory examination of the absorption coefficients as a function

of wavelength for the energetic materials was made. This examination

revealed the probability of significant radiant energy transmission

into a unshielded sample from the laser (1.06 1m) and of significant

internal viewing of the sample by the IR detector. Therefore, only

shielded samples were used; that is either samples left in the cups

used to press them, or samples with a graphite disk attached to their

front surfaces. The rear surfaces of all samples were spray-painted

with a thin layer of black enamel to prevent the IR detector from

viewing into the samples' interiors. Tests were conducted which showed

that the spray-painting did not adversely affect the results. For these

techniques a detailed study of the optical properties was not required.

However, if we had pursued the strip-heating method, we would have

had to account for radiation effects from the heater and this would

have added formidably to the problems associated with this technique.

o
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3.1d Specific Heat

Specific heat measurements were made on single crystals of

HMX and AP and on compacted samples of HMX, RDX and HTPB. The

results are described in detail in a special report (TPRL 314),

a publication and a thesis (see Appendix I). Values were obtained

on pure and partially decomposed samples using several differ

heating rates. It was found that measured specific heat values

were not significantly influenced by phase changes, the presence of

decomposition products or heating rates. These results were expected

from thermodynamic considerations (Law of DuLong and Petit and the

Kopp-Neumann relationship). Typical results are plotted in Figure

4 and are tabulated in Appendix II. The present specific heat results

for Beta HMX are in good agreement with Krien [15], Rylance [16],

Velicky [6] and Wilcox [17]. The present values for Delta HMX are

in good agreement with Rylance [16], but are in poor agreement with

Krein [15]. Our values for RDX are in good agreement with Baytos

[18] and Wilcox [17], but are somewhat lower than those for Velicky

[6], at higher temperatures. Tht present values for AP are in good

agreement with the JANNAF tables and Westrum [19]. A word of

caution is in order. The specific heat values given here are useful

for converting thermal diffusivity values to conductivity values.

Of coirse, one will not obtain the correct total enthalpy of the

system by integrating these specific heat values since the heats of

tranformations and decompositions are not included.

3.1 e Thermal Diffusivity

Thermal diffusivity values measured on AP single crystals are

plotted in Figure 5. These results are for three samples in the

<210> direction and two samples in each of the <210> and <002> dir-

ections. These results show that the diffusivity in all three dir-

ections are essentially the same. These data also show the decrease

in diffusivity values which occurs during the phase change and de-

composition.
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Thermal diffusivity results for HTPB binder and for various

mixtures of HTPB and AP are plotted in Figure 6. These data show

the relatively low values for HTPB and the increase in diffusivity

values resulting from increasing percentages of AP. Included in

Figure 6 are diffusivity values measured on two pressed powder

samples. These samples were quite fragile. In fact, measurements

could only be made on two specimens as the others did not survive

transportation and handling. It is obv.'ous that the values for

the pressed powder samples are much lower than those for single

crystals and that values measured on different samples vary signi-

ficantly. Also shown in Figure 6 are the data on pressed powder

by Parr and Parr [20] and Rosser, et al. [21].

Measurements on HMX were limited to pressed powder. Most

measurements were made in SS/teflon cups, but some measurements

were made on samples by gluing a graphite layer onto the front

surface. The diffusivity values for HM!X-2 are shown in Figure 7.

While the sample was held at 187*C for about 40 minutes the diffu-

04 sivity values decreased linearly with time and remained near the

lower values during cooling. The behavior of the diffusivity values

were similar for all the HMX samples but the magnitude of the

* values in the Beta phase varied from sample to sample, typical for

pressed samples, especially those which have been transported large

distances and subjected to mechanical vibrations. Values in the

* Delta phase for reacted samples were normally close together and

were essentially temperature independent. Typical results are

* shown in Figure 8. Also included in the figure are the results of

Parr and Parr [20].

Thermal diffusivity results on three pressed powder samples of

RDX are shown in Figure 9. Also shown are the averaged, smoothed

* results of Faubion [22]. While the present values are significantly

larger than those of Faubion, it is probable that the diffusivity

* values of single crystal RDX would be much larger than the values

measured on pressed powder.
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3.l f Thermal Conductivity

Thermal conductivity values for single crystal AP are calcu-

lated from the diffusivity data of Figure 5 and are shown in

Figure 10.

Figure 11 shows the bulk conductivity values for the AP binder

samples calculated using the diffusivities from Figure 6. Since

the AP granules were much smaller than the sample thickness, the

mixture can be treated as macroscopically homogeneous to enable

calculation of these effective bulk conductivities, which represent

only the precise mixtures measured.

To obtain conductivity values for pure AP from the mixture

data available, an equation was required which relates the conduc-

tivities of each of the two strictly homogeneous phases in a

- mixture to the bulk conductivity of the mixture. Many relationships

are available for this purpose [23]. The Russell equation was

." shown by Cheng and Vachon [24] to predict well the measurements of

.° * mixtures similar to the AP binder samples studied here. This

model assumes that one of the two phases present is continuous, and

the other is made up of discrete particles dispersed throughout

the continuous medium. The Russell equation is

Ic

• 1'... 2 / 3 )

k k d

k k C [ d>

: """~ C =2 pp/3 k Pd + ' P ' l P 2 / 3 )

where km is the mixture bulk conductivity, kc is the conductivity

of the continuous phase, kd is the conductivity of the discontinu-

ous phase and Pd is the volume fraction of the discontinuous phase.

.A."

Siii

- -A .A A N% ..... * % ° -'..
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In applying equation (1) to the AP/binder samples, km was the

measured values (from Figure 11), kc was the binder conductivity

(assumed to be constant at 0.00202 W/cm-0 K), and kd was the unknown

AP crystal conductivity. An iterative solution was implemented

which provided the results shown in Figure 12 as pure crystal con-

ductivities (average values for random directions through the

crystal). Notice that samples with AP mass fractions between 70%

and 85% provided essentially the same curve of calculated pure AP

conductivity. The conductivity results for AP are summarized in

Figure 13 which shows the average values for single crystals, the

average values obtained from AP/HTPB mixture measurements and the

results of Rosser, et al. [21] and Parr and Parr [20]. The results

for the large single crystals are lower than those for small grain

0 powders and this is through to be due to lattice plane dislocations.

4-. The diffusivity values of Figure 8 for HNX-2 in the Beta phase

and for other samples in the Delta phase have been converted to con-

ductivity values in Figure 14. Also shown in Figure 14 are the

results of Parr and Parr [20]. All of these results, unfortunately,

are for pressed powders. Single crystals of suitable HMX are not

likely to be available in the near future. It is likely that the

conductivity of HMX crystals in the Beta phase are significantly

larger (up to 20% larger than HMX-2 Beta phase data). In retro-

spect, better values for the Beta phase material could be obtained by

the method of miltures as we applied to AP. In fact, a value for

Beta HMX obtained by this method by Cornell and Johnson [25], is

included in Figure 14. The method of mixtures would be very diffi-

cult to use for the Delta phase. Fortunately, the conductivity

values in the Delta phase and molten region are not likely to be

e very different from the values obtained during the present work.

Thermal conductivity values for compacted powder for RDX are

shown in Figure 15 and are compared to those of Faubion [22].

Remarks similar to those made for HMIX apply to the RDX results.
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3.2 Carbon/Carbon Materials

The results of the research on transient heat flow in c/c

materials have been extensively reported (see Appendix) so only

the highlights will be summarized here. These highlights include

- the first demonstration of techniques to obtain in-situ diffusi-

vity/conductivity values of carbon fibers in c/c and the first demon-

stration of the value of off-axis testing for unambiguous on-axis

diffusivity/conductivity values. The computer output for the

fiber-bundle experiment is given as Table 8. This output shows

the thermal diffusivity of the in-situ fibers to be 2.79 ±0.05

cm2 secT at 230C. The on-line comparison between theory and ex-

periment of the rear face temperature rise of a sample machined at

450 to the axial and circumferential directions is shown as Figure

16. This remarkable agreement demonstrates the advantages of

off-axis testing since such agreement cannot be obtained during

on-axis tests. From the unambiguous off-axis results, the ef-

fective diffusivity values on-axis can be calculated. In addition,

on-axis tests reveal the relative roles of the fibers and matrix

subject to transient heat fluxes. Surface areas near fiber bundles

running perpendicular to the surface receiving the heat flux remain

cooler than the surrounding matrix, whereas the reverse is true

at the opposite surface on moderate size specimens. The existence

of hot and cold spots on the surface will effect localized erosion

during rocket firing.

4.0 DISCUSSION

4.1 Energetic Materials

4.1a AP

The specific heat of AP can be considered to be reasonably

well known. Thermal diffusivity experiments have been performed

on relatively large single crystals, samples composed of small

grains combined with various percents of HTPB binder and on pressed

K
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TABLE 8

THERMAL DIFFUSIVITY VALUES FOR A FIBER BUNDLE EXPERIMENT

THERMAL DIFFUSIYITY

23C

VALUE 7]HECSEC)

BASELINE: 0.94000 0.020680

HRLFlRX: 3.46995 0.02033

MRXIIMUM: 5.99990 0.0731 0

ALPHA PERCENT VRLUE TIE(SEC)

2. 68307 10.0 ±" 44599 8. 009761L

2. 74091 20. I 1. 95198 0. 012177

2. 75494 25. 0 2. 20498 0. 013333

2. 7428? 30. 0 2. 45797 0. 0:14618

2. 72871 33.3 2. 62663 0. 0215530

2. 71593 40. 0 2. 96396 0.017351

2. 74435 50. 0 3. 46995 0. 020033

2.71226 6.0 3.97594 0. 023696

2. 74445 66. 7 4. 31327 0. 126136

2. 79052 70. 0 4. 48d93 0. 027239

2. 82674 75. 0 4. 73493 8. 029499

2. 78000 80. 0 4. 98792 0. 03323J

2. 82117 90. 0 5. 49391 8. 042620

L FINITE PULSE TIME CORRECTION

2. 909385S" 25. 0

2. 776830 .50. 0

2. 94823. .5. 0

-0 ," ,". ," r / ' " '. " . " .,. " " . " " ," a " . " ," Z q ," , " ," " . ' " " "" " " " ° "" '" " "
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powder. The results show that the conductivity in AP is essen-

tially isotropic. Thermal conductivity values for AP calculated

from the AP/binder data are about 20% larger than those for large

single crystals, and this is probably due to lattice imprections

in the large crystals. It was necessary to cleave the crystals

and it is known from x-ray studies that the crystals are easily

damaged. The thermal conductivity values for AP in the orthorhombic

phase between RT and 240*C should be considered to be 0.0050 Wcm-K - 1

(within 10%). The agreement of the present results with Parr and

Parr [20] and Rosser, et al. [21] should be considered fortuitous

since measurements made on pressed pellets usually yield much lower

results that those for the individual grains themselves. The con-

ductivity values for the cubic phase between 240*C and destruc-

tion/melting should be considered to be 0.0023 Wcm-K - . The

values that could be obtaine pure, undamaged cubic AP crystals

would undoubtedly be larger than this, but samples which have

undergone phase transformation exhibit a great deal of imperfections.

For purposes of modeling combustion in rocket motors with AP/HTPB

fuel, the data of Figure 11 should be used. The values for Sample

3-1 after transformation should be used at all temperatures above

2400 C.

4.1 b HMX and RDX

The specific heats of HMX in the Beta and Delta phases are

well known. Thermal diffusivity experiments were performed only

on pressed powders. Suitable single crystals were not available

for diffusivity tests, although they were useful for specific heat.

Thermal diffusivity values measured on pressed powders are undoubt-

edly lower than those for the individual grains so that the diffu-

*O sivity of HMX is possibly about 20% above the values for HMX-2

shown in Figure 7. Since the conductivity of HMX/HTPB will be

somewhat lower than that of good single crystal HMX, the conductivity

values for HMX/HTPB will be close to those given in Figure 14 for

*. HMX-2 in the Beta phase, and will decrease to the values shown in

g.-%
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Figure 14 for the Delta phase. The latter values should be appli-

cable up to combustion.

The present values for the diffusivity and conductivity of RDX,

while typical of pressed powders, are undoubtedly much lower than

the values for individual grains. Reasonable values for grains

will have to be obtained using samples containing known amounts of

binder.

4.2 Carbon/Carbon Materials

The flash technique has been shown to be a powerful tool for

studying transient heat flow in carbon/carbon materials. Using

this technique it has been possible to obtain in-situ values for

the fibers and the matrix, to study surface effects, to delineate

* the relative roles of the fibers and matrix and to explore dir-

-. ectionality in an anisotropic media. The present work, combined

with our earlier studies has revealed that the important values

-., governing the diffusivity are:

(1) Magnitude of diffusivity of fibers and of matrix,

(2) fiber fraction ratio in direction of heat flow,

(3) thickness of sample in relation to fiber bundle
spacing and,

(4) rear face temperature sampling area and location.

During the present program, the following items have been

established:

(1) It is possible to measure diffusivity ,alues which
correspond to thermal conductivity va'lues by using a
sufficiently thick sample and large viewing area.
The sample thickness required becomes less as the
temperature is increased.

(2) It is possible to measure in-situ diffusivity values of
fibers and of matrix by using point source temperature
sensors and thin samples.

(3) It is possible to determine the effects of imperfections
such as delaminations on the thermal diffusivity. These
effects are manifest by matrix values lower than those
for regions where the defects are not present (point
source detector methods) and by an increase in diffu-

-. 'I. .,q, -- ,' . >. . , -> > >> , ?.-,
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sivity values for artifacts measured in gaseous environ-
ments as opposed to vacuum.

(4) The nature of off-axis heat flow is beginning to be
understood. The preliminary results are encouraging
but are not completely internally consistent. The use of
off-axis testing may be the best method for fully charac-
terizing heat flow in 3-D material.

(5) The tools to determine the skin depth in artifacts sub-
jected to rapid heating have been developed. Beyond this
surface layer the material may be treated as homogeneous
for purposes of transient temperature response. For
continuous heating this surface layer thickness is of the
order of a yarn bundle spacing.

(6) Within the surface layer there are substantial gradients
in planes perpendicular to the heat flow (parallel to the
surface). These may be of importance in ablation but
are not necessarily important in bulk heat conduction.

(7) The temperature of the fiber bundle near the surface is
less than that of the surrounding matrix. At greater
depths the difference goes through zero and then the
bundles become hotter than the surrounding matrix.

5.0 SUMMARY AND CONCLUSIONS

The use of transient techniques to study the thermphysical

properties of energetic materials and carbon/carbon composites used for

rocket nozzles was explored. In the case of AP, transport data were

obtained on single crystals, pressed powder and AP mixed with a binder.
It was shown that the thermal conductivity and diffusivity of AP are
essentially isotropic even in the orthorhombic phase. It was deter-

mined that the conductivity values for AP derived from the method of

mixtures were superior even to the single crystal data due to defects

in the large single crystals and that data on pressed samples led to
low and variable results. The single crystal AP samples could have sus-

tained some damage since they were six years old, had been transported
over long distances and had.been cleaved prior to being used for these

measurements. The crystals appear to be fairly frsrile and are hygro-

scopic. However, much effort was made to minimize damage to the cry-

stals while in our possession. Conductivity values useful in both the
othorhombic phase (RT to about 240C) and the cubic phase (240 0C to

melting) were obtained.

0..
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For HMX and RDX, transport properties were determined only

on pressed powders. In the case of HMX, the largest conductivity

-. values obtained in the Beta phase are probably about 20% lower than

good single crystal values. However, in the Delta phase, the values

should be representative up to the melting point. The conductivity

values for RDX obtained on pressed powders are believed to be sub-

stnatially low. It appears that pressing and transporting the RDX

samples resulted in excessive damage to the pellets. For both HMX

and RDX, it is recommended that future efforts concentrate on the

method of mixtures method used for AP.

The study on transient effects in carbon/carbon materials was

very productive. Successful techniques to obtain in-situ conductivity

values for the fibers and matrix were successfully demonstrated for

the first time and the relative roles of the fibers and matrix during

transients were delineated. The remarkable advantages of off-axis

testing were also revealed. It was shown that diffusivity values

corresponding to steady state thermal conductivity could be obtained in

carbon/carbon materials. However, it was also shown that there is a

surface layer in which the interconstituent thermal gradients are

significant and beyond which they are unimportant.

7

-o.,
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Taylor, R.E., submitted to AIAA Journal, 1983.

4. "Thermal Diffusivity of Fiber-Reinforced Composites Using
the Laser Flash Technique," Taylor, R.E., Jortner, J. and
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APPENDIX II. Tabulated Values

Table Al. Data plotted in Figure 4

Temperature Specific Heat
(0C) (J/g-K) Material

37 1.073 RDX
47 1.098 RDX
57 1.125 RDX
67 1.155 RDX
77 1.186 RDX

87 1.218 RDX
97 1.251 RDX

41 1.073 HMX-Beta
52 1.102 HMX-Beta

77 1.167 HMX-Beta
102 1.241 HMX-Beta
127 1.298 HMX-Beta
142 1.341 HMX-Beta
152 1.374 HMX-Beta
172 1.419 HMX-Beta

142 1.349 HMX-Delta
152 1.381 HMX-Delta
172 1.429 HMX-Delta

, . 177 1.439 HMX-Delta

202 1.501 HMX-Delta
212 1.522 HMX-Delta

35 1.113 AP
50 1.123 AP

100 1.196 AP
150 1.314 AP
200 1.431 AP
250 1.547 AP
300 1.664 AP
350 1.781 AP
400 1.898 AP
450 2.014 AP

35 1.895 HTPB
50 1.945 HTPB

100 2.109 HTPB
150 2.263 HTPB
200 2.397 HTPB

* 230 2.461 HTPB
250 2.506 HTPB
300 2.617 HTPB
350 2.729 HTPB
400 2.840 HTPB

"i
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Table A2. Data plotted in Figure 5

Temperature Diffusivity Sample (No.) Temperature Diffusivity Sample (No.)
( 00) (cm Is) Direction < > (CC) (cm/) Dreto <>

*51 0.001893 2-5 <210> 76 0.001864 3-5 <002>
122 0.001585 107 0.001798
143 0.001479 139 0.001674
171 0.001470 169 0.001504
195 0.001498 188 0.001505
223 0.001373 222 0.001332
237 0.001337 237 0.001265

*.57 0.001882 2-8 <210> 50 0.001968 3-6 <002>
*84 0.001772 53 0.001901

100 0.001828 77 0.001813
136 0.001757 70 0.001740
176 0.001634 83 0.001792
204 0.001526 118 0.001672
222 0.001367 142 0.001529
234 0.001353 174 0.001413

51 0.001902 3-2 <210> 231 0.001298
52 0.001995 233 0.001370
66 0.002003 195 0.001430
83 0.001829

ill 0.001757 244 0.001018 Hi-Temp <210>
154 0.001656 268 0.000792
178 0.001565 302 0.000680
203 0.001484 384 0.000648
224 0.001465
233 0.001392

52 0.001907 3-3 <210>
55 0.001822
65 0.001852

110 0.001605
134 0.001605
167 0. 001443
202 0.001445
228 0.001305
238 0.001305

-*68 0.001758 3-4 <210>
87 0.001752
96 0.001787

* -119 0.001653
e158 0.001502

165 0.001530
201 0.001401
229 0.001317


