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MATERIALS CHARACTERIZATION AND DESIGN FOR SOLAR-THERMAL PROPULSION 

M.J. DelaRosa and R.H. Tuffias 
Ultramet 

Pacoima, California 

ABSTRACT 

Solar-thermal propulsion relies on the conversion of concentrated solar energy into kinetic energy (in the exhaust gases) 
in order to provide thrust. Solar radiation is focused into a blackbody cavity in which the heat is absorbed and transferred to 
the hydrogen fuel through a thermal absorber/heat exchanger. Performance increases are obtained by increasing the efficiency 
of the absorber, thereby increasing the heat transfer to the hydrogen fuel. The absorber/exchanger itself provides structural 
properties, which involves the severe structural constraint of needing to withstand the high internal hydrogen pressure. Thus, 
the absorber/exchanger becomes the critical component in the thruster, and the enabling technology for the development of a 
successful solar-heated hydrogen propulsion system is a combination of materials and processing. The maximum operating 
temperature of a solar-thermal propulsion device is governed primarily by the strength and resistance to hydrogen degradation 
of the constituent materials at the operating temperature of 3000 K and above. Six candidate refractory materials were selected 
for investigation with regard to their potential for use in solar-thermal propulsion, with the aim of developing a properties and 
processing database in advance of designing, fabricating, and testing a solar-powered rocket engine (SPRE). 

INTRODUCTION 

The specific impulse of a rocket engine, a measure of performance, is proportional to the exhaust velocity of the propellant. 
For solar-thermal propulsion, in which the velocity of the propellant (hot hydrogen) is thermally derived through the conversion 
of concentrated solar energy into kinetic energy in the exhaust gases to provide thrust, achieving a high specific impulse requires 
maximizing the final propellant temperature and minimizing the molecular mass of the exhaust sfjecies. Hence, achieving a high 
specific impulse requires the use of very hot hydrogen. In a solar-thermal propulsion device, solar radiation is focused into a 
blackbody cavity in which the heat is absorbed and transferred to the hydrogen fuel through a thermal absorber/heat exchanger. 
Ultramet's version of this concept for a solar-powered rocket engine (SPRE) is illustrated schematically in Figure 1. 

The enabling technology for the development of a successful solar-heated hydrogen propulsion system is a combination of 
materials and processing. Components such as thermal absorbers, heat exchangers, and nozzles must be fabricated from materials 
that can operate effectively at 3000 K and above while maintaining their structural integrity without degradation in the hot 
hydrogen environment. 

This work focused on developing a materials, properties, and processing database for solar-thermal propulsion. Using the 
above criteria, five materials were selected for investigation: rhenium, hafnium carbide (HfC), tantalum carbide (TaC), niobium 
carbide (NbC), and arconium carbide (ZrC). The physical properties of these materials are listed in Table I. The carbides were 
chosen due to their high melting points, while rhenium was chosen due to its excellent strength at high temperature. Tungsten 
was not considered because of its brittle nature and consequent difficulty in handling at room temperature, although it does not 
react with hydrogen and may meet the strength requirements for SPRE component use. 
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Figure 1. Schematic of preliminary SPRE design 
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Table I. Physical Properties < 5f Caibon, Rhenium, and Refractory Carbides 

C Re HfC TaC NbC ZrC      1 1 
Molecular weight 
{g/moD 

12.01 186.21 190.54 192.96 104.92 103.23 

Density 
(g/cm') 

2.25 21.0 12.70 14.50 7.79 6.59 

Melting point 
(°C) 

- 3180 3890 3880 3500 3540 

Boiling point 
CO 

3550 5596 5400 5500 n/a 5100 

Thermal conductivity 
(W/m-K) 

150 71.2 22 22 30 20 

Thermal expansion 
(ppm/K) 

10.0 6.7 6.8 6.6 6.9 7.3 

Specific heat 
(J/gK) 

0.84 0.138 0.20 0.19 0.35 0.37 

Enthalpy 
(U/g, H°TJ 

8.58 n/a 1.11 1.11 1.86 1.79 

Hardness 
(kg/mm^) 

20 170 2300 2500 2400 2700 

Crystal structure hex eph fee fee fee fee 

 .—1 

Ihex = hexagonal; fee = face-centered cubic; cph = close-packed hexagonal! 

The avaUable fabrication processes for structural materials whose melting points exceed 3000-C are ^^^ !|;"^«;; f^^^^J 
metaUurgy fiber-reinforced composite methods, and chemical vapor deposition (CVD). At present, f-''^^'"^'^""^gy P^^^^ 
Tt^SUcS enough to produce ceramic components with sufficient reliability. repeatabihty. a^ 
s aS ntlyet sufficiently'advanced, especially in the area of high temperature fibers, other *an-^on/cad,o.^^^^^^^ 
efractory carbide-coated carbon/carbon composites have shown some promise m hot ^y^^lf-. ^^=f f'J^^^^ 

cvclins would likely cause substantial degradation in the protective coating, resultmg in composite failure. In this work, Ultramet 
focSTdevXing a material properties database for the six materials selected and fabricated using CVD processing. 

CHEMICAL VAPOR DEPOSITION 

The CVD process proceeds by a series of mechanistic steps. In its simplest form, these include ''^'''P°'^°;^'''^^'^Z 
to Jsurface, adsorption of the reactants on the surface, chemical reaction, desorption of the g-«>-^^^ '""^P-;^"^^^^^^^^^ 
ransport of the products away from the surface. The fact that both the reactants and products are '^^'^^"^J^^^l^^^^X S3irtheproce« amenable to fabricatingorcoatingcomplexshapes.inf.ltrating porous bodies,and coating powders uniformly. 

The advantages of CVD processing include the following: 

versatility: virtually every element and ceramic compound can be formed by CVD 
low processing temperature: typically 25-50% of the melting temperature 
non-line-of-sight process 
abiKty to deposit to net shape/conformal to substrate surface 
high purity (typically 99.99%+) 
high density (nearly 100% of theoretical) 
high rate of formation (typically 100-500 /tm/hr) 
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Rhenium is fonned by the thennal decomposition of rhenium pentachloride. according to the following reaction:    ; 

ReClj >Re + 5/2Cl2 

Metal carbides are typically formed by reacting a halide of the metal with a carbon source such as methane, as in the following 

reactions for HfC. TaC. NbC, and ZrC respectively: 

HfCl4 + CH4—> HfC +4HC1 
TaClj + CH4 > TaC + 4HC1 + l/2Clj 
NbClj + CH4 > NbC + 4HC1 + l/2Clj 

ZrCl4 + CH4 > ZrC + 4HC1 

COMPONENT FABRICATION 

CVD fabrication of SPRE components involved three material configurations: 

1. thermal absorber/heat exchanger: porous open-cell foam | 
2. skin for foam absorber/exchanger: solid coating 
3. nozzle: solid free-standing shape (shell) 

Free-standing shapes or shells are fabricated by CVD by forming the desired material on a mandrel that repUcates the 

desired shape, and then removing the mandrel by chemical or other means. 

-skinned" with a solid exterior coating by CVD or other means. 

CHARACTERIZATION 

Foam samples were fabricated and characterized according to the materials/testing matrix shown in Table II: 

-      Hot hydrogen stability: 3000 K for three 10-minute cycles 
•      High temperature creep: 3000 K under 50-psi load 

Table II.  Materials/Testing Matrix 

Flexural strength nrieasurement 
Flexural modulus measurement 
Compressive strength measurement 
CTE evaluation 
Specific heat measurement 
Thermal diffusivity measurement 
Thermal conductivity measurement 
3000 K H2 testing 
3000 K creep testing 

Re 

X 
X 
X 
X 
X 
X 
X 

Samples currently being fabricated and evaluated 

HfC 

X 
X 
X 

X 
X 
X 

TaC NbC ZrC 

X 
X 
X 

X 
X 
X 

X 
X 
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MECHANICAL PROPERTIES 

Rhenium, hafnium caAidc. and tantalum carbide foams were tested for room temperature flexural stren^ and flexural 
modulus, as weU as compressive strength up to 2750»C. The room temperature flexural strength and modulus of 65-ppi(pores- 
per-inch) rhenium. HfC. and TaC foams are sho>vn in Figures 2 and 3. respectively. The compressive sto^ngth of 65-pp. 
rhenium. HfC. and TaC foams over the range 20-2750'C is shown in Figure 4. The compressive strength value for HfC foam 
at 1.14 g/cm' bulk density is anomalously low. which may be caused by nonuniform mfiltrat.on of the sample. Mechanical 
properties measurements for NbC foam remain to be performed. 

THERMAL EXPANSION 

The thermal expansion coefficient is an important factor in the design and high temperature performance of the SPRE 
Rhenium foam samples, 0.25 x 0.50 x 1.0". were fabricated to densities of 1.2, 1.5. and 1.8 g/cm». and CTE was measured 
from room temperature to 1600»C (see Figure 5). There is a variation in the CTE of the rhenium foams at lower densities m 
the lower temperature regions. This is thought to be caused by a contribution from the carbon foam substrate, perhaps due to 
carbon diffusion into the rhenium coating. At higher densities, the contribution of this thin diffusion layer is smaU compared 

to that of the thicker pure rhenium. 
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Figure 2.  Room temperature flexural strength vs. bulk 
density for rhenium, HfC. and TaC foam 

Figure 3.  Room temperature flexural modulus vs. bulk 
density for rhenium, HfC. and TaC foam 

1000 

ToC(1.529/cm3) 
HIC (0.94 9/OI13) 

u 
o 

E 
a. 

tu 

o 

3000 

Temperature  (°C) 

8 

7 

6 H 

s 

4 - 

3 - 

2 - 

1 - 

0 

Ho loam 

T T -T  
500 1000 1500 

Temperature (°C) 

2000 

Figure 4.  Compressive strength vs. bulk density and 
temperature for rhenium. HfC, andTaC foam 

Figure 5.  CTE vs. temperature for bulk CVD rhenium, 
rhenium foam, and NbC foam 
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For CTE measurement of bulk CVD rhenium, a rhenium tube was fabricated having dimensions of 0.25" O.D. x 0.21" 
I.D. X 1.0" long. A CTE mismatch was found to exist between the bulk rhenium and the rhenium foam (see Figure 5). The 
higher CTE of the bulk rhenium would result in some compression of the rhenium foam heat exchanger caused by the greater 
expansion of the inner solid rhenium absorber. CTE measurements for HfC and TaC foam remain to be performed. 

The CTE of NbC foam was also measured between room temperature and 1600»C. Some hysteresis was initially observed, 
attributed to a mixture of NbC and NbjC in the composition. During subsequent CTE measuremente, the degree of hysteresis 
decreased due to partial conversion of the NbjC to NbC. To confirm this hypothesis, the sample Was heat treated in argon at 
2000°C for 30 minutes, and the CTE measured again. The hysteresis disappeared, and the measured CTE was 7.38 ppm/'C 
(see Figure 5), in excellent agreement with the reported literature value of 7.31 ppm/'C. 

THERMAL PROPERTIES 

A critical part of the SPRE design is the heat exchanger and the amount of thermal energy it can transmit to the working 
fluid. Samples of riienium, hafnium carbide, and tantalum carbide foam were measured for specific heat using the Bunsen ice 
calorimeter technique. The results are shown in Figures 6-8. The thermal diffusivity of these foams was then measured by laser 
flash diffusivity. In order to average the energy of the laser flash across the foam pores and ligament ends, graphite paste was 
applied to one face of the 0.75" diameter x 0.375" thick foam disks. After the thermal diffusivity was measured, the known 
contribution from the graphite layer was subtracted, thereby giving the contribution solely from the foam. Thermal diffusivity 
is shown as a function of temperature in Figures 9-11. 

Thermal conductivity (X), shown as a function of temperature in Figures 12-14, was then determined by combining the 
thermal diffusivity (a), density (p), and specific heat (C^) of these materials, as follows: 

X = apC^ 

Thermal properties measurements for NbC foam remain to be performed. 

EROSION IN HOT HYDROGEN 

Five samples of NbC foam were exposed to 3000 K hydrogen for one to three 10-minute cycles. A weight loss of =4% 
was observed after the first cycle, with negligible change thereafter. The degree of weight loss corresponds roughly to the weight 
fraction of carbon associated with each of the samples (the underlying carbon foam skeleton). The weight loss is therefore 
associated with etching of the carbon by hydrogen. Scanning electron microscopy of the samples verified this assumption by 
showng the carbon core to be absent in samples that had been exposed to hot hydrogen, as shown in Figure 15. The NbC 
coating remained intact in all cases. Table III shows the hot hydrogen test data. 
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Figure 6. Sjjecific heat vs. temperature for rhenium foam Figure 7.  Specific heat vs. temperature for HfC foam 
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Figure 8. Specific heat vs. temperature for TaC foam 
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Figure 15.  SEM micrograph of NbC foam following 
3000 K hydrogen exposure 
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k Table III. Hot Hydrogen Test Resulu 

3000K/H2/1C )-min cycle 
3000K/50psi/10- min 

Sample 
#(3) 

Initial 
weight 

(mg) 

#1 

AWt 
(%) 

AL 
(%) 

#2 

AWt 
(%) 

AL 
(%) 

#3 

AWt 
{%) 

AL 
(%) 

Total     ,a 
AWt   AL     AL 
(%)   (%)   (%) 

AH 
(%) 

AWt #H2 
(o/^)  jycles 

#1-1 20,170 -2.9 0 N/A N/A 

0 

N/A 

-0.08 

N/A -2.9 0 
  

#1-2 19,379 -2.8 0 ■0.09 0 -3.0 0 

Vnng; 
#2-2 482 -6.2 -1.0 N/A N/A N/A N/A -6.2 -1.0 -0.9 0 0.5 1 

(oar) ^ 1; 
#2-3 583 -4.3 - 0.09 — N/A N/A -4.2 -1.4 -0.8 0 0.4 2 

[pal) V^/ 

#2-4 
/hart (2) 

479 -4.2 — 0.10 - 0.04 — -4.0 -1.8 -0.2 0 0.3 3 

#2-1 
(bart (2) 

562 N/A N/A N/A N/A N/A N/A N/A N/A -2.0 0 -0.1 rl 
(1) thick black surface on O.D. prior 
(2) 1% weight change =5 mg 
(3) carbon skeleton weight =3-5 /o 

to testing (probably excess carbon) 

!»■: 

At 3000 K. the diffusion of carbon through NbC (and ^^^^^'Jfj/Jjt^fuVSmc T^r^^^<S^'^^^°\ 

llirillTF"°''°'^'°''™^^'' ,    ^     mfc ««= 

PROTOTYPE SPRE DESIGN 

. p^totype SPRE is c..e.y ..grated .r^--^^ 
design, shown in Figure 1. has a ^^-f^'^^^^'^^^ I p^Lble. theiby maximizing the thermal energy to ^-^^^ 
aims to trap and absorb as much inc.dent solan^^at^"       P^^^,^ ^„, ^^^med in collaboration with AlhedS.gnal Aerospa 
to the gaseous hydrogen propellant. This design js 06 „ 

(Torrance, CA). 
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CONCLUSIONS 

The design and fabrication of a soUr-powered rocket engine is being investigated using refractory foam as the heat 
exchanger and refractory metal for the thermal absoAer and nozzle. Rhenium, hafnium carbide, tantalum carbide, and "lobium 
caAide were investigated for use in the hot hydrogen environment. The room temperature Hexural strength and modulus h.gh 
temperature compressive strength, thermal expansion, and thermal conductivity of these materials were measured. These tests 
will be repeated, however, as some of the data are inconsistent. Additional testing also remains to complete the test matrix, 
including evaluation of zirconium carbide foam. A prototype design is being explored for fabncability and performance. 
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