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THERMAL PROPERTIES MEASUREMENTS OF SOLID ROCKET PROPELLANT 
OXIDIZERS AND BINDER MATERIALS AS A FUNCTION OF TEMPERATURE 

Donna M. Hanson-Parr and Timothy P. Parr 
Naval Air Warfare Center Weapons Division 

China  Lake. CA 9 3 5 5 5 - 6 1 0 0  

ABSTRACT 

Using a fairly simple technique and small samples it was 

possible to obtain thermal diffusivity, specific heat capacity, 

and thermal conductivity, all as a function of sample temperature, 

for a variety of ingredients used in solid rocket propellants. 

The oxidizers AP, ADN, CL20, HMX. RDX, HNF, TNAZ were studied as 

well as the nonenergetic polymers TeflonTM, HTPB, and 

polyurethane, energetic binders containing GAP and BAMO and/or 

NMMO, and actual solid propellants XM39, N5, N12, and SB129. 

INTRODUCTION 

Solid propellant ignition, combustion, and cookoff modeling 

efforts require thermal properties of materials comprising the 

propellant as a function of temperature. Measurements have been 

made for some ingredients in the past. For example, the thermal 

properties of the oxidizer ammonium perchlorate (AP) are well 

determined up to 240°C1'6 Two nitramine oxidizers, RDX2i3r7-9 and 

especially HMX1-4i 9 - 1 1 ,  have also been studied. These three 

oxidizers have been used for many years. Some information on 

binder materials is also available in the literature: for example, 
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hydroxy- terminated polybutadiene polymer (HTPB) 3 1  and 

PEG/BTTN/TMETN4. Newer oxidizers have recently been developed, 

however, for which little thermal properties data are available. 

It was the goal of this work to obtain thermal properties of these 

newer materials as a function of temperature. 

EXPERIMENTAL 

The apparatus used is shown in Fig. 1. The design was based 

on the "flash heating" concept for measuring thermal 

diffusivityl,12(and references therein)-15 wherein a pulse of heat 

is sent into one face of a thin sample and the temperature rise at 

the other side is monitored as a function of time. 

The sample holder/heater was modular in design. Two TeflonTM 

rectangular parallelepipeds (boxes) made up the top and bottom 

pieces of the sample holder, with the sample placed in between the 

two halves and a type K (chromel-alumel) 5 pin thick foil 

thermocouple underneath the sample (on top of the bottom piece). 

On the bottom of the top piece was a 22 pm thick by 620 pm wide 

chrome1 foil that was folded back and forth to make a grid that 

completely covered the sample (about 6 m ,  see Fig. 1, bottom 

view). The foil, used for pulse heating the top of the sample, 

was connected to copper extension wires near the bottom of the top 

piece. A piece of foil of adequate area to cover the sample was 

not used because a large enough temperature rise was not 

achievable due to the too low resistance of the foil (cross 
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sectional area too large - -  see next section). By using the strip 

of chrome1 foil, bent back and forth with a tiny space in between 

folds so that the strips did not touch each other, the resistance 

was kept high (small cross sectional area) and a large temperature 

rise was produced. The two sample holder halves slid into a 

heater block and were tightly clamped together by exerting spring 

pressure on the top half. 

A 80pm layer of Kapton" was placed between the thermocouple 

and the bottom Teflonw block. Between the foil heater and the 

top TeflonTM block were placed a layer of KaptonTM and a layer of 

ceramic blanket. These materials were excellent thermal 

insulators: the thermal conductivity of the ceramic blanket was 

about 4 . 2  x cal cm-ls-lnC-l, compared with about 5 x to 

cal cm-ls-loC-l for TeflonTM6, and the thermal diffusivity of 

the KaptonTM was about 4 ~ 1 0 ' ~  cm2/s, compared with about l o m 3  

cm2/s for TeflonTMI2. These materials were used to ensure good 

contact between the foil heater and sample and the sample and 

thermocouple with minimal heat losses. 

The heater block was a chunk of aluminum with a lOOW 

cartridge heater inserted into it, and the heater was plugged into 

a VariacTM variable transformer. The block was heated to the 

desired temperature by adjusting the VariacTM and then allowing it 

to stabilize before doing any measurements. A thermocouple (type 

J) was inserted into a small hole in the aluminum block to monitor 
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the block temperature. The other thermocouple (type K foil) was 

used to measure both the initial sample temperature as well as the 

temperature rise of the sample after the heating pulse was 

delivered. 

For the thermal diffusivity tests, when a pulse of current 

was sent through the wire/foil, the foil heated to an estimated A 

T of 72OC during the 1 msec heating pulse (for details see below). 

Both the temperature rise of the back face of the sample and the 

current pulse through the foil heater were measured The 

thermocouple at the bottom of the sample measured the temperature 

rise as a function of time, and by modeling the system, the 

thermal diffusivity was obtained. , The signal from this 

thermocouple was amplified 330  times before sending it through a 

low-pass filter set at the Nyquist frequency and was amplified an 

additional 31.6 times (30dB) before going into the A/D digitizer. 

The sampling rate was usually 2KHz. The current through the foil 

heater was 8.15 amps for most samples, For samples that had low 

melting points (like ADN and HNF), a lower heating current was 

used. A typical temperature rise measured at the back face of the 

sample was from 0.3OC (low current pulse) to over 2 O C  (high 

current pulse). The temperature rise measured depended on several 

factors as discussed below including thickness of the sample and 

the amount of heat energy input to the sample. For improved 

signal to noise at least 5 temperature traces were averaged 
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together, and for the low temperature rise experiments, up to 10 

were averaged. 

The samples were either pressed pellets (right circular 

cylinders) or cured polymeric materials, cut from sheets. The 

thickness of hard materials was measured directly using a 

micrometer. Some of the materials resembled gelatin and changed 

thickness when pressed in the apparatus. For these materials, the 

thickness was obtained as a difference of the height of the top 

TeflonTM piece with the sample in place to that with no sample, 

taking into account the expansion of the Teflon blocks when 

heated. Sample thickness ranged from about 3 0 0 ~  up to 700pm. 

CALCULATIONS 

The temperature rise (ATfoil, " C )  obtained during pulse 

heating depends on the material's resistivity (Ro, R-cm), heat 

capacity (cp, foil, cal/gm-'C), density (Pfoil, gm/cm3), and cross 

sectional area (A, cm2) and the length of the pulse (At, sec) as 

Therefore, it is important to use something with a high 

resistivity and small cross sectional area to get a reasonable 

temperature rise at the other side of the sample and therefore 

good signal to noise. For chromel, R,=76.5~10-~ R-cm, pfoil = 

8.73 g/cm3, cp,foi1 = 0.105 cal/gm-'C (actually for nickel). The 

foil strips had a cross sectional area of 1.36 x an2 (22 p x 
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620 pm), the current through the foil was 8.15 amps for lmsec. 

Therefore, the expected temperature rise of the foil heater was 

71.6 "C. Temperature rises at the back face of about 1°C were 

attainable for an 830 pm thick sample of AP. 

Since the heating element covered the entire surface of the 

sample, modeling is essentially one-dimensional. If one 

calculates the amount of heat going into the sample (H06, Ho, flux 

in cal/cm2-s and 6 ,  the pulse duration in sec), measures the 

maximum temperature rise at the opposite face (AT,,,, " C ) ,  and 

knows the density of the material (p,  grn/cm3), and its thickness 

(L, cm), the specific heat capacity (cp, cal/grn-'C) can be 

calculated as foll0wsl4 1 15: 

cP = (H06) / (PLAT,,,) 

Since it's difficult to calculate HO because the dimensions 

of the heating foil need to be measured precisely, a sample of 

known thermal properties can be used as a reference to obtain Ho 

experimentally. 15 

Thermal diffusivity (a) can be obtained from the simple 

relationship12, 

CI = (1.38 L2/n2t1/2), 

where tl/2 is the time it takes to reach half the maximum 

temperature rise at the rear face of the sample, if the system is 

one-dimensional and there are no heat losses with the sample 

6 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
3
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



thermally insulated a t  the sides and bottom. Here, the sample is 

not in a vacuum, but instead has ~ i r  to the sides, KaptonTM at the 

bottom, and ceramic blanket and KaptonTM above the heating foil, 

but is one-dimensional. 

Another way to obtain u involved fitting the initial 

temperature rise to a straight line and extrapolating back to a A 

T of O°C to get tx. From these results, a was calculated as 

f 0 1  lows12 : 

a = ( 0 . 4 8  L2/n2t,). 

Tests were done with thicknesses of AP ranging from 1 nun to 

0.6 mm. Using the simple formulae, the derived thermal 

diffusivities were the same. Therefore, it appears that use of 

this formula was adequate, i.e. heat losses were not significant. 

Since the thermal properties of AP1-6  are well known, it was used 

as a reference sample to obtain Ho. Any time the foil heater was 

replaced, a new reference had to be measured, since the foil 

characteristics would have been different from the previous one. 

Calculations were done to verify that use of the simple 

formula was justified. An example of these results is shown in 

Fig. 2 for a value of u that was relatively low. 
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RESULTS AND DISCUSSION 

A few simple tests were conducted first to characterize the 

apparatus. These tests involved putting different materials under 

the thermocouple to see if the temperature rise of an 830pm thick 

piece of AP at the back face varied. The materials used in this 

series of tests were: 1) 80pm thick KaptonTM 2)KaptonTM plus a 375 

p slab of TeflonTM, 3 )  a 375 p n  thick piece of TeflonTM, 4 )  AP 

pellet, and 5) RDX pellet. Within + / -  5%, the temperature Pise 

was the same. 

Another series of preliminary tests involved using different 

thicknesses of AP and obtaining both the temperature rise and 

thermal diffusivity at room temperature. By using the known value 

of cp at room temperature, the heat flux ( H o )  was obtained. The 

value of HO obtained for the different tests was essentially the 

same except for the largest thickness ( 9 5 0 ~ ) .  This indicates 

that heat losses were not a factor except for the very thick 

samples. The density of the thinnest samples (385 and 475 pm) was 

only 1.72 g/cm3 (88% TMD) , whereas for the others it was 1.88 g/cm3 

( 9 6 . 4 %  TMD) . 

In order to obtain cp from the temperature rise of the 

sample, the density of the sample must be known. Table 1 lists 

all of the materials used and their densities as measured pre-test 
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or found in the literature. Entries marked "TMD" or 'Ilit" Ire 

literature values. 

TABLE 1. Materials of This Work 

A.Oxidizers Description sample density* TMD* 
range (g/crn3) 

AP ammonium perchlorate 1.87-1.89 1.95 
HMX cyclotetramethylene tetranitramine1.60.1.82 1.90 
RDX cyclotrimethylene trinitramine 1.60-1.64 1.80 
ADN ammonium dinitramide 
HNF hydrazinium nitroformate 
CL20 
TNAZ 1,3,3-trinitroazetidine 

hexani t rohexaazaisowur t zi tane 

B. Polymers 

TeflonTM see text 
HTPB hydroxy-terminated polybutadiene 
poly-BAMO 3,3 bis(azidomethy1)oxetane 
BAMO/AMMO# 
NMMO 
BAMO/NMMO/BTTN 
GAP gumstock glycidyl azide polymer 
GAP/BTTN gumstock 
GAP azide 
Polyurethane (PU) 

3-ni ratomethyl-3-methyl oxetane 5r 

C. Propellants 

XU3 9 see text 
N5 see text 
N12 see text 
SB129 Shuttle Booster Propellant 

1.64-1.75 1.8 
1.57,l. 81 1.87 
1.84-1.90 1.98 
1.65 1.70 (est) 

density (g/cm3) 

2.14 (meas and lit) 
0.88 (meas) 
1.3clit) 
1.26 (meas) 
0.84 (meas) 
1.35 (meas) 
1.22(meas) 
1.43 (meas) 
1.19 (meas) 
0.95(meas) 

density (g/cm3) 

1.64 (meas) 
1.7(meas) 
1.6(meas) 
1.70(meas)* 

*:TMD values (g/cm3) are from the literature, "est" is an 
estimated value, and 'Imeas" is a measured value of this work. 
The sample density range is the range of densities of samples 

8 AMMO is azidomethyl methyl oxetane, BTTN is butanol 
trinitrate. 

f this work. 

An extensive literature search was conducted searching on the 

key words "thermal properties", "thermal diffusivity", 'Ispecific 

heat capacity", and "thermal conductivity" with the various 

materials listed in the table above. The DTIC and Chemical 

Abstracts databases were searched back to around 1960. 
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Surprisingly little information on thermal diffusivity, thermal 

conductivity, and specific heat capacity was uncovered. 

A P  was used as a reference for other materials in order to 

calculate cp, as discussed above. The A P  powder used to form the 

pressed cylinders contained crystal sizes on the order of 15-20 p 

m. Figures 3 and 4 show the results of thermal diffusivity and 

specific heat capacity measurements, respectively, compared with 

literature values. Literature values for the specific heat 

capacity only for room temperature was used to calibrate the 

instrument in order to obtain cp(T) for A P  as well as other 

materials. The agreement was excellent when the thermal 

diffusivity results were corrected for porosity5 using a p factor 

of 1.3, such that: 

(%neasured/alOO%TMD ) = (l-P(l-p/pTMD) ) 

The samples used in the measurements had densities between 

96-97% TMD. These samples were obtained from 2mm thick cylinders, 

pressed neat (no solvent) sanded down to 580 pm. Figure 5 shows 

the thermal conductivity of AP as a function of temperature, using 

the measured values of thermal diffusivity (corrected for 

porosity), specific heat capacity, and density of 1.95 g/cm3. 
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Parameters of least squares fits for all of the samples is 

given in Table 2 .  

AP has a phase transition temperature of 240'12 (orthorhombic 

to cubic)5 and starts decomposing if held at this temperature long 

enough5. The densities are 1 . 9 5 7  g/cm3 and 1.756g/cm3, 

respectively for the orthorhombic and cubic phases3. Generally, 

in the current set of tests, the sample was held at a given 

temperature for about 15 min before proceeding to a higher 

temperature. For AP above about 225OC, a new, undecomposed piece 

was used each time. After each test, the apparatus was opened, 

the thickness of the existing sample was measured, and then the 

new sample was placed into the apparatus and allowed to warm up to 

the desired temperature. This warm up process took about 15 min, 

giving the sample enough time to start decomposing as witnessed by 

fluctuating temperatures and oxidization of metallic parts of the 

apparatus. Therefore, measurements above 24OOC are suspect and 

probably not valid due to exotherms (decomposition) and phase 

changes. The point at very high temperature was from a probably 

cubic phase piece, but decomposition was probably still 

progressing. The sample was tightly clamped in place during the 

temperature increase of the apparatus, causing further 

constriction as the TeflonTM pieces expanded with temperature. 

Near the phase change temperature, the sample was first observed 

to be substantially thicker and then thinner again at higher 
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temperatures. For example, an initially 580 pm thick sample 

swelled to 6 3 0  kim at 24OOC and remained that thickness when cooled 

to room temperature. A sample initially at 585 pn was only 4 4 0  pm 

post-test after having been heated to 264OC. 

The agreement with various literature results is good. The 

thermal diffusivity (and conductivities) of Shoemaker, et.al.3 are 

somewhat lower than the current results. The authors remarked in 

their paper that these values (for single crystals) are too low, 
i 

however. 

Samples of densities 96%TMD and 84% TMD were used to obtain 

thermal diffusivity and specific heat capacity from room 

temperature up to 24OoC for HMX. The powder used to press the 

cylinders was military grade HMX (containing 0.21% RDX) of about 

7 5  pm particle size. One drop of acetone was using during the 

pressing process, and the samples were vacuum dried at about 80°C 

prior to use. The higher density samples were obtained from 2mm 

thick cylinders, sanded down to 5 8 0  pm. The lower density samples 

were used as pressed (about 500pm thick). Thermal conductivity as 

a function of temperature was subsequently calculated from the 

diffusivity, heat capacity and density. For samples above about 

17O0C, the thickness had to be measured after each test. Due to 

the phase change from the p to the 6 polymorph above this 
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temperature, the sample thickness was seen to significantly 

increase, similar to what was seen for AP above. The sample 

density was also remeasured for each of these tests. T M D  for the 

8-polymorph i s  only 1.8 g/cm3, compared with 1.9 g/cm3 for the p- 

polymorph. Notable decomposition was observed above about 220'C 

as evidenced by measurable mass loss, a change in color from white 

to brownish, and a decrease in the sample thickness. 

TO correct the thermal diffusivity for porosity, the simple 

method of just dividing by (1-porosity) was used in lieu of 

something similar to the treatment €or A P .  With this simple 

correction, thermal diffusivities from the 96% vs. 84% T M D  samples 

agreed well within experimental reproducibility. Therefore, a 

more elaborate treatment didn't appear to be warranted. A s  seen 

in Fig. 6 ,  current thermal diffusivity results compared well with 

those measured in 1983 in this laboratory1, and the value at room 

temperature agrees with the results from the Lawrence Livermore 

National Laboratory (LLNL) handbook2. The values. of Stokes, 

et.al.4 and Shoemaker, et.al.3 are substantially lower than the 

current results. The LLNL values as well as those shown for 

Stokes, et a 1  and Shoemaker, et a1 were derived from given values 

of cp and k. Shoemaker, et.al measured thermal conductivity of 

HMX powder and then corrected for porosity. The authors did not 

state what the density of the powder was nor how the correction 

for porosity was handled. 
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Fig. 7 shows the specific heat capacity obtained for HMX. 

Here, the actual sample density was used in the calculations, not 

the TMD. There is excellent agreement with various literature 

results up to about the temperature at which the phase change 

occurs. At this point, the current results increase very rapidly 

with increasing temperature while those of Shoemaker, et .a1 . and 

Rogers (referenced in the LLNL handbook, ref. 2) do not. The two 

points above 17OoC were measured very carefully as discussed 

above: however, if any endo- or exotherms are present, the results 

would become invalid since the determination of cp depends on the 

temperature rise measured. As seen in the LLNL handbook HMX 

exhibits an endotherm associated with the 0 - 6  phase change. With 

such an endotherm, the measured temperature would be lowered and 

the subsequent cp calculated from the temperature rise would 

therefore appear too large. The points shown for temperatures 

above 175OC were for tests in which the sample was held at that 

temperature for about an hour prior to pulsing the foil heater. 

For earlier tests in which the samples were held at temperature 

for about 15 min the cp obtained was even higher and the sample 

thickness also larger, indicating that the phase transformation 

was in progress. It was hoped that by holding the sample for an 

hour above the phase transformation temperature that the sample 

would have totally converted to the delta phase before the test. 

Apparently that was not the case. Some deviation is seen in two 
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points below 175 'C. This may be due to endotherms at the sample 

surface during the foil heater pulse. 

The thermal conductivity, k, for HMX is shown in Fig. 8,  

obtained by multiplying the thermal diffusivity (corrected for 

porosity) times the TMD times the specific heat capacity. There 

is a lot of scatter among literature values at ambient temperature 

and the current data is well within that range. It is seen that k 

decreases with temperature, in agreement with the results of 

Shoemaker, et .al. Since the cp values obtained above (current 

work) were too high above 175'C, the k values in Fig. 8 are also 

too large above 175OC. 

The samples of RDX were made using powder of approximately 15 

p n  average particle size pressed to 89 - 91% TMD using 1 drop of 

acetone to form 500 }un thick cylinders. The samples were dried 

prior to use. Attempts to make higher density samples of 580 pm 

thickness from originally 2mm thick samples failed. The material 

crushed into powder too easily. Figures 9-11 show the thermal 

diffusivity, specific heat capacity and thermal conductivity for 

RDX as a function of temperature. The values were corrected for 

porosity using the simple methods as done for HMX. 
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The specific heat data are in excellent agreement with the 

literature. The thermal diffusivity (and, therefore, thermal 

conductivity) values are somewhat higher than those of Miller8 and 

especially higher than those of Shoemaker, et a13. As seen above 

for AP and HMX, the thermal conductivities given in the paper by 

Shoemaker, et a1 were also lower than the results presented here. 

Shoemaker, et a13 state in their paper that the values shown for 

the pressed AP powder was much too low, compared with their s i n g l e  

crystal results. Perhaps the same problem existed for the pressed 

HMX and RDX powders. The RDX used here was military grade, used 

as received, which contained about 5 . 5 %  HMX. Since HMX has a much 

higher thermal diffusivity than RDX, the higher diffusivities of 

the RDX over literature could in pprt be due to the HMX. The RDX 

used by Miller8 contained only 1% HMX. The correction for 

porosity used here was the same as for HMX (dividing by the 

fraction TMD of the density). Since HMX and RDX have essentially 

identical specific heat capacities, the fact that the RDX 

contained some HMX did not affect those results. 

Oxidizers ADN. CL20. H NF . and TNAZ 

Oxidizers that have been developed more recently than A P ,  

HMX, and RDX have very little or no thermal properties data 

available in the literature. 
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The ADN was from SRI-12 lot PRD50-24. The pressed pellets 

were at least a year old and had been kept in a desiccator in the 

dark. 

The TNAZ was obtained from NAWCWPNS. It looked brownish on 

top after being heated to 81'C. TNAZ melts at 100°C, so the 

browning at the surface of the sample was probably due to the foil 

heater pulse. 

The CL20 was from SRI, lot# unknown, but one in which the 

CL20 looked white, not yellowish. The CL20 looked intact post- 

test after being heated to 192OC. but turned tannish-yellow, and 

turned very brown if left for a long time at 220'C. CL20 

exothermically decomposes starting at 165'C. peaking at 239'C. l6 

The HNF was obtained from Edwards Air Force Base, but was 

originally synthesized by Rocketdyne about 20 years ago and stored 

in CCl4. Recent tests in this laboratory were conducted to 

measure the melting point of this HNF because impurities would 

decrease it. The melting point obtained was 117OC - 118OC, close 

to the temperature at which the pure material melts. The sample 

was seen to be discolored after removing it from the apparatus 

after having been heated to 108OC. 

The samples used here were pressed cylinders, all of which 

were pressed without the use of a solvent. The denser samples 
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were from originally 2mm thick cylinders sanded down to 580  pm. 

About half of the HNF points are from 84% TMD dense samples, but 

the rest are from 97% TMD ones. The ADN samples were from 91 - 

97% TMD. The CL20 were in the 93-96% TME range, and the TNAZ was 

97% TMD. For the low melting materials, the foil heater current 

was reduced so that the sample would not melt prematurely. Figs. 

12 - 14 show the results obtained. Included in the figures are 

least-squares linear fits for AP. HMX, and RDX, shown for 

comparison. 

The thermal conductivities of HNF, RDX, CL20, and TNAZ all 

appear to be about the same. Those for AP, ADN, and HMX are 

considerably higher. There's a fair amount of scatter associated 

with the measurements of HNF and ADN. To correct the results for 

porosity, the thermal diffusivity (and, therefore conductivity) 

was simply divided by the fraction TMD of the sample density. It 

was seen for AP5 that this simple correction was not adequate. 

The thermal diffusivity of HNF obtained using the present 

techniques is somewhat lower than what was obtained by fitting 

thermocouple measurements of a sample burning at atmospheric 

pressure.17 Those fits yielded an average a of from 2.1 x 

to 2 . 2  x 10-3 cmZ/s. 
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Teflon”, HTPB. and Polvurethane 

TeflonTM was used as a kind of standard. There is quite a 

bit of information on the thermal diffusivity in the literature12, 

and it has low values of thermal diffusivity and conductivity, 

The sample used here was cut from a 375p thick smooth sheet. 

Figs. 15 through 20 show the results for TeflonTM as well as for 

HTPB and polyurethane. 

TeflonTM undergoes a crystal -crystal transition near 25OC, so 

the values of this work near that temperature may be suspect. 

Therefore, the linear fits shown (this work) do not include the 

value at room temperature. As can be seen in the figures, there 

is good agreement with literature values of thermal diffusivity, 

considering the amount of scatter in the literature curves. There 

is excellent agreement with the one specific heat capacity 

literature point1* at 6OoC, and excellent agreement with the 

thermal conductivity literature numbers. Teflonm is also known 

as: tetrafluoroethylene (TFE), polytetrafluoroethylene (PTFE), and 

fluorinated ethylene-propylene (FEP) resin. 

The HTPB used in the current work was R45M with NlOO 

curative. The resulting material was translucent with essentially 

no color, pliable, and didn’t crumble when pressure was exerted on 

it. A piece that looked bubble-free was used. Figs. 16, 17, and 

19 show the results compared with literature values. The 
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agreement with Shoemaker, who did thermal diffusivity and 

conductivity as a function of temperature, was excellent. 

Agreement with literature values of cp are also excellent4* 19. 

After being heated to 17S°C, the HTPB sample turned very dark 

orange and became very crumbly. 

The polyurethane used was mixed from a commercial package 

(urethane polymer + polymeric isocyanate) and then allowed to cure 

at room temperature for at least a day, so that it was no longer 

sticky. Samples which looked bubble-free were used. The material 

was very pliable yet stiff enough so that the sample thickness did 

not diminish when clamped into place in the apparatus. The 

melting point of this material was somewhere between 198OC and 235  

Literature data of thermal properties of polyurethane are 

often for very low density foam material. The thermal 

conductivity for solid polyurethane is cited in ref. 20. Figs. 

16, 17, and 20 show the current results. The agreement with the 

one literature point for thermal conductivity is good, considering 

there is a lot of scatter associated with this numberao. 

Eneruetic binders: GAP-containina, 

Figs. 21 through 23 show the results for a set of three 

polymers all containing GAP. The sample called GAP gumstock is 

100% GAP trio1 polymer, GAP/BTTN gumstock is 46% GAP and 50% BTTN 
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with about 4% HMDI and an NCO-OH of 1.2, and GAP azide was about 

11% GAP triol, 80% GAP azide, 3% N-100, and 6.5% of PCP. These 

samples were made by NAWCWPNS/China Lake personnel specializing in 

propellant manufacture. 

The GAP azide material apparently has the highest thermal 

diffusivity, specific heat capacity, and thermal conductivity of 

all three, but appears to start decomposing at a somewhat lower 

temperature. GAP starts to decompose around 150°C, according to 

one reporta1, while anothera2 reports primary decomposition at 120 

OC, and most others22 report decomposition above 200'C. Oyumi23 

reports a 9.1% weight loss of GAP-azide at 16OoC (after more than 

2 hours). 

It was observed that the thickness of the GAP gumstock 

remained the same with temperature up until about 187'C. At this 

temperature only a charred piece remained. The GAP azide sample 

held it's shape well until it was definitely melted (or, the 

viscosity was such that the material flowed away from the sample 

holder) from 159'C to 173OC. and had completely disappeared by 186' 

C. The GAP/BTTN gumstock appeared to soften considerably between 

12OoC and 154OC, as seen by a substantial reduction in the sample 

thickness. 
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3 - ainin . 

Results of poly-BAMO and poly-NMMO as well as two 

combinations ( BAMO/AMMO and BAMO/NMMO/BTTN ) are presented in 

Figs. 2 4 - 2 6 .  The BAMO/AMMO from Thiokol was 3 5 %  BAMO. The 

BAMO/NMMO/BTTN gumstock was about 18% BAMO/NMMO, 61.5% BTTN, 18.5% 

TMETN, and 2% N-100. Samples of BAMO/AMMO, which started to melt 

somewhere between 71OC and 78.5'C, were made by heating some to 

100°C and then flattening it out to the desired thickness while 

keeping it flat, and then cooling. The poly-BAMO samples, which 

started to melt around 14OC, were also formed in this way. The 

NMMO, cured at least a year ago, was clear and soft like gelatin, 

and was very sticky. The NMMO melted somewhere between 90 and 100 

OC . 

A Spm-thick sheet of MylarTH was used to wrap around these 

materials to keep them from sticking to parts of the apparatus. 

Separate tests using AP and TeflonTM showed that using MylarTM did 

not affect the results within experimental error. The sample 

thickness was very dependent on how tightly clamped the apparatus 

was, and, since the tightly clamped TeflonTH blocks expanded when 

heated, the sample thicknesses decreased with increasing 

temperature. The curves labeled iinewii and "old" poly-BAMO were 

from two different samples: the 'ioldt' was poly-BAMO that was in 

our possession for about a year, and the "new" BAMO was just 

acquired poly-BAMO. Within the limits of the data scatter, the 
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results appear to be the same. The BAMO/NMMO/BTTN sample crumbled 

when compressed, so only points A t  21°C a'nd 25'C were obtained. 

For the other materials, over the small temperature range sampled, 

the results looked relatively flat. 

Based on the results of the pure materia s in conjunction 

with the mixtures, using an additive law, it can be seen that AMMO 

has about the same cp as NMMO, and RTTN has a very low cp value. 

AMMO appears to have a very low thermal diffusivity, much lower 

than that for NMMO, while that for BTTN appears very high. 

Generally thermal diffusivity decreases with increasing 

temperature, but for  NMMO it appeared to increase. The specific 

heat capacities of all the BAMO- and/or NMMO-based polymers 

appeared to decrease with temperature instead of increase. 

Because of the way the sample thickness had to be measured, an 

error of only 5 0 p  too large (about the accuracy of the technique 

to measure thickness while the sample was inside the apparatus) 

could account for these results, especially since the samples were 

on the order of only 250 p at the higher temperatures. 

Propellants: XM39. NS. N12. SB 129 

Several propellants were included in this study for 

comparison purposes. The percentages to follow are weight%. XM39 

is a nitramine-based gun propellant containing 16% RDX, 12% 
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cellulose acetate butyrate, 4 %  nitrocellulose, 7.6% acetyl 

triethyl citrate, and 0.4% ethyl ~entralite~~. N5 and N12 are 

double-base propellants. SB129 (shuttle booster) contained about 

70% AP, 16% Al, and 14% PBAN binder. Samples of these materials 

were obtained by microtoming approximately 500 pm thick slices off 

thicker samples. 

The N5 and N12 samples were quite stiff and unyielding to the 

apparatus clamp-down pressure, so the sample thickness was 

measured with a micrometer prior to placing into the apparatus. 

When the temperature of the N5 reached about 92'C a glitch in the 

thermocouple trace at time zero appeared. Upon opening the 

apparatus, the sample looked shiny as though some liquid material 

had come out of the matrix. N12 is N5 without the lead additive, 

but because it was black instead of red like N5, it may have 

contained some carbon black. Measurements only at room 

temperature were made for N12. 

XM39 softened considerably with increasing temperature and 

the sample thickness grew thinner as the TeflonTM blocks expanded. 

Therefore, when the sample thickness grew too thin, a fresh piece 

was used. The sample thickness had to be measured post-test with 

a micrometer at each temperature in order to get meaningful 

results. The sample turned a tannish-yellow color around 147OC. 
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SB129 also softened with temperature and examination of the 

sample post-test at 192’C showed that the sample had turned very 

dark and was difficult to remove from the foil. A large glitch at 

time zero was also present, possibly indicating that some part of 

the propellant was degrading. 

Figures 27 through 29 show the results for these four 

propellants. The data scatter for the aluminized propellant can 

be seen in the figures, and amounted to about + / -  15%. The only 

literature values with which to compare were those -of Miller24, 

who did measurements on X M 3 9 .  The comparison is good within the 

mutual temperature range. N12 did not appear to have the same 

thermal diffusivity or specific heat capacity as N5, but did have 

the same thermal conductivity. N12 had a higher thermal 

diffusivity but a lower specific heat capacity than N5. Their 

densities were close in value to each other (Table 1 ) .  

As a check of the technique’s accuracy, values for a ,  cp, and 

k for SB129 can be estimated by summing relative contributions of 

each material. 

For the specific heat capacity, molar contributions are 

summed to get the mixture specific heat capacity: cp = X(cp*X)i. 

For thermal conductivity (and. diffusivity) obtaining an 

estimate is not straight-forward18, but a simple formula (molar 

rule of mixtures) can be triedla: 
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k(or, a) I ( C ( X i / k i ) )  for i components, where Xi is the 

m o l e  fraction of component i, 01 

At 2loC, from the results presented above (using results of 
HTPB instead of PBAN, which was not measured): 

AP: a = 0.0025 cm2/s, c (literature)=0.265 cal g-l OC-l, and 
k = 0.00127 cal cm-l s - ' " C ' ~  

HTPB: a = 0.00108 cm2/s, cp =0.51 cal g - l  OC-', and k = 
0.00048 cal cm'l "C-' 
A1 (ref. 4): a = 0.496 cm2/s, cp = 0.215 cal y - l  'C-l,, and k 
= 0,289 cal cm-l s - l  Oc2-l 
Densities used for AP and HTPB were listed in 'Table 1, and 
pAl = 2.7g/cm3. Molecular weights are: 27g/mole for ~ 1 ,  
117.5 g/mole for AP, and about 52 g/rnole for HTPB (monomer 
unit, or EW=lZSOg/mole). 

* a* k* 
(cm2/s) (cal oc-1) (calm- 1s loc- 1 ) 

Calculated: 0.0048-0.0030 0.242-0.290 0.00243-0.00141 
Measured: 0.00274 0.254 0.00129 
* For the calculations, the first number is using 1250g/mole 

for HTPB and the second is using 52g/mole. 

The cp values measured match the predicted ones very well. 

The a and k values are also very close, using the HTPB monomer 

unit molecular weight, considering the crude method of calculating 

them, and using the values of HTPB for the PBAN binder. 

CONCLUSIONS 

Temperature-dependent thermal diffusivity, specific heat capacity, 

and thermal conductivity were obtained for the oxidizers AP, ADN, 

CL20, HMX, RDX, HNF, and TNAZ, the nonenergetic polymers TeflonTM, 

HTPB, and polyurethane, energetic binders containing GAP and BAMO 
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and/or NMMO, and actual solid propellants XM39, N5, N12, and 

SB129. Where literature values existed, agreement with current 

results was good to excellent in most cases. 

Using a one-dimensional apparatus greatly simplified the analysis, 

especially since the heat losses were found to be negligible in 

the time frame of the experiment. 

All DATA SUMMAR Y 

A summary of results is given in Table 2 in the form of 

straight-line fits to the data (in all but one case). Note the 

temperature range of validity of these fits. 

27 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
3
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



TABLE 2 .  Fits to This Work (x = a0 + al*T(OC), x = a, cp, or k) 

A. 

B. 

C. 

A. 

B .  

2A. Thermal Diffusivity, a (cm2/s). 

a0 a1 
Oxidizers 

AP 2 -583-3 -4.54E-6 
HMX 2.623-3 - 6.74E- 6 
RDX 1.523-3 -3.70E-6 
ADN 1.893-3 - 1.74E-6 
HNF 1.883-3 0 
CL2 0 1.43E-3 -3.923-6 
TNAZ 1.51E-3 -3.363-6 

Polymers 

Tef lonTM 1.31E-3 
HTPB 1.08E- 3 
ply-BAMO 1.623-3 
BAMO/AMMO 0.85E- 3 
NMMO 0.98E- 3 
BAMO/NMMO/BTTN 1.90E3 
GAP gumstock1.20E-3 

GAP azide 1.433-3 
Polyurethane 1.33E-3 

GAP/BTTN 1.003-3 

Propellants 
XM3 9 
N5 
N12 
SB129 

2B. 

Oxidizers 
AP 
HMX 
RDX 
ADN 
HNF 
CL2 0 
TNAZ 

Po 1 ymer s 

Tef lonTM 
HTPB 

- 1.563-6 
- 1.15E- 6 
-4.273-6 
-0.386E-6 
4.54E-6 
0 
-3.938-6 
-2.01E- 6 
-2.81E-6 
- 0.607E- 6 

T(OC) range 

20-214 
20-170 
20-150 
20-65 
20-110 
20-190 
20 - 88 

60 - 162 
20-180 
20 - 74 
20-70 
20 - 90 
20-25 
20-190 
20-155 
20 - 105 
20-200 

1.383-3 -'2.4?E-6 20-145 
0.9553-3 - 0.914E- 6 20-92 
1.253-3 20 
2.91E-3 -4.413-6 20 - 192 

Specific Heat Capacity (cal g-l0C-l) 

a0 a1 T(OC) range 

0.251 4.076Et4 
0.230 6.60 E-4 
0.235 8.43E-4 
0.308 3.61E-4 
0.198 3.41E-4 
0.238 7.52E-4 
0.328 OE-4 

20-214 
20-170 
20-150 
20 - 65 
20-110 
20 - 190 
20 ~ 88 

0.208 5.80E-4 60-162 
0.486 

poly-BAMO 0.368 
BAMO/AMMO 0.594 
NMMO 0.684 
BAMO/NMMO/BTTN0.228 
GAP gumstock 0.414 

GAP azide 0.519 
GAP/BTTN 0.328 

8.49E-4 
- 3 . 0 4 E  -4 
- 15.OE-4 
- 11.8E-4 
0 
9.663-4 
5.10E-4 
2.15E-4 

20-180 
20-74 
20-70 
20-90 
20-25 
20-190 
20-155 
20 - 10 
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2B. (continued) Specific Heat Capacity (cal g-l0C-l) 

a0 a1 T(OC) range 

Polyurethane 0.270 21.33-4 20-200 
C. Propellants 

xM3 9 0.296 0.805E - 4 20-145 
N5 0.299 2.383-4 20-92 
N12 0.258 
SB129 0.254 9.863-4 20-192 

20 _ _ _ _ _ _ _ _ _ _ _  

2C. Thermal Conductivity, k (cal cm-l s-l O c - 1 ) .  

a0 
A. Oxidizers 

AP 1.285E-3 
HMX 1.19E-3 
RDX 0.665E- 3 
ADN 1.08E-3 
HNF 0.686E- 3 
CL20 0.744E-3 
TNAZ 0.841E-3 

B. Polymers 

Tef lonTM 0.59E-3 
HTPB 0.4723- 3 
POly-BAMO 0.739E-3 
BAMO/AMMO 0.63E - 3 
NMMO 0.57E-3 
BAMO/NMMO/BTTN~. 8733 
GAP gumstock 0.65E-3 

GAP azide 0.89E-3 
Polyurethane 0.51E-3 

GAP/BTTN 0.44E-3 

C. Propellants 
xM39 0.636E-3 
N5 0.4873- 3 
N12 0.5213-3 
SB129 1.300E-3 

-9.23-7 
-11.53-7 
0 
-5.783-7 
0 
-9.333-7 
-25.7E-7 

4.83-7 
1.33E-7 
-14.13-7 
-18.23-7 
12.3E-7 
0 
- 14.6E- 7 
-1.673-7 
-14.43-7 
12.8E-7 

-1.1573-7 
1.233-7 

1.57E-6 
- _ _ _ _ _ - _ _ _ _  

T('C) range 

20-214 
20-170 
20-150 
20: 65 
20-110 
20-190 
20-88 

60- 162 
20 - 180 
20 - 74 
20-70 
20-90 
20-25 
20-190 
20-155 
20-105 
20 - 200 

20 - 145 
20-92 
20 
20-192 
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FIGURE 1. 
Apparatus used to measure thermal diffusivity. The widths of the foil 
heater and thermocouple (side view) and the spaces between foil segments 
(bottom view) are exaggerated for clarity. The butt-welded junction of 
the foil thermocouple was 5 pm thick and was positioned at the center of 
the sample. 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

time, s 
FIGURE 2. 

Example fit to time vs. temperature rise plot used to determine the 
thermal diffusivity, a. For this curve, a was 1.12 x cm2/s, .with 
a tli2 = 1 7 5  ms, and sample thickness of 375  pm. Circle = data, line = 
fit. 
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FIGURE 3. 
Thermal diffusivity of AP as a function of temperature. 
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FIGURE 4. 
Specific heat capacity of AP as a function of temperature. 
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FIGURE 5 .  
Thermal conductivity of AP as a function of temperature. 
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FIGURE 6 .  
Thermal diffusivity of HMX 
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FIGURE 7 
Specific heat capacity results for HMX. 
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FIGURE 8 .  
Thermal conductivity for HMX. 
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FIGURE 9. 
Diffusivity of RDX. 

FIGURE 10. 
Specific Heat Capacity of RDX. 
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FIGURE 11. 
Thermal Conductivity of RDX. 
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FIGURE 15. 
Thermal diffusivity of TeflonTM. The numbers on t h e  c u r v e  r e f e r  t o  t h e  
numbered curves in ref. 6. 

T(C) 

FIGURE 16. 
Thermal diffusivities o f  the polymers Teflon", HTPB, and polyurethane 
(isocyanate). 
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Specific heat capacity of the polymers TeflonTM, HTPR, and 
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FIGURE 18. 
Thermal conductivity of TeflonTM. 
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Thermal diffusivity of GAP-based gumstocks 
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Thermal conductivity of GAP-based gumstocks. 
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FIGURE 24. 
Thermal diffusivities of BAMO- and/or NMMO-based polymers. 

45 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
3
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



Specific heat capacities of BAMO- and/or NMMO-based polymers 
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FIGURE 2 6 .  
Thermal conductivities of BAMO- and/or NMMO-based polymers. 
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FIGURE 2 7 .  
Thermal diffusivity measurements for propellants. 
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Specific heat capacity measurements for propellants. 
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Thermal conductivity measurements for propellants. 

____-I-- 3- 
P 

-SB129 
*------4----- - _____----- - c------- 

48 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
3
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1


