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I. NTRODUCTION

aterials of the type used fot heat shields on re-entry vehicles

undergo varying degrees of property and characteristic changes as a result

of exposure to laser radiation in a space type environment at flux levels

ranging from about l~~~~~~~~
lup to flux levels in excess of 10,000

watts/~~9
These changes are, in general: (a) outgassing and depoly-

merization of the resin binder at low heat fluxes with potentia l loss in

strength and/or delamination of the shield ; (b) surface charring and high

rates of outgassing and materia l decomposition/vaporization at intermediate

heat fluxes and ; (c) excessive rates of outgassing and material vaporization

~nd shield thickness reduction at high heat fluxes. Thus a re-entry

vehicle heat shield exposed to laser radiation in a space environment may

provide inadequate protection during entry for reasons of reduced structural

capability or inadequate rema ining shield thickness. Also the heat soak

into the shield and structure resulting from exposure times of several

minutes may result in unacceptably high levels of temperature for the

vehicle substructure or payload prior to or during entry .

To assess the importance of exoatmospheric laser he ting to weapon

system missions involving re-entry vehicles, it is necessary to conduct a

systematic study of the response of generic classes of thermal protection

materials (carbon phenolic , asbestos phenolic , phenolic refrasil and

carbon) to varying radiative fluxes and exposure times. With these data

and a detailed understanding of thermal protection material behavior and

specific re-entry vehicle mission requirements , it will be possible to

assess the adequacy of existing weapon systems against this threat. Also

,1
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countermeasure approaches can be planned or defined if the threat is found

to be unacceptably severe .

Although laser radiation exposure above about 500 watts/cm2 results

in very rapid material removal or loss the laser radiation flux range of

10 to about 100 watts/Cm2 appears to be of the greatest importance from the

stand point of studying the radiative response of thermal protection materials .

Under these heating conditions, particularly with fluctuating or cyclical

temperatures , organic resin bonded refractory fiber composites tend to have

poor structural integrity . The tendency of the composite to warp, crack

or delaminate under exposure is a complex function of the char forming

characteristics of the resin and the thermal conductivity , surface area

and chemical stability of the fibers . Thus the selection of phenolic based

composites reinforced with carbon, refrasil or silica and asbestos for

study will result in much detailed understanding of the importance of

fiber-matrix interaction in controlling laser radiation induced structural

damage .

II. EXPERIMENTAL APPROACH

A. Parameters Measured

A system was set up to heat cylindrical plug samples of shield

materials in vacuum or in air at atmospheric pressure . Samples were heated

by CO2 laser irradiation . Two series of experiments were performed, the

first with a 100 watt C.W. laser and the aecond with a 10 kilowatt C.W.

laser. fr

S
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Instrumentation was set up to measure the following parameters

during sample irradiation :

MEA SUREMENT INSTRUMENT

I Surface Temperature vs. Radiation Pyrometer (2-2.5 )flfl

Time pass band)

2 Subsurface Temperature vs. Chromel-Alumel Thermocoup le
Time

3 Pressure Rise Wallace & Tiernan Absolute
Pressure Gage

4 Gaseous Species Produced Gas Chromatograph and Time
from Laser Heating of Flight Mass Spectrometer

5 Mass Loss Balance

B. 100 Wat t  Laser System

Figure 1 shows diagram of the experimental apparatus . The output

beam (1.5 cm diameter) from a 100 watt CW C0~ laser (A) is passed through

a KBr beam splitter (B) and a Germanium meniscus condensing lens (C) onto

the surface of the shield materia l sample to be heated. A chromel-alume l

thermocouple bead is imbedded on axis in the cylindrical plug sample mid-

way between the ends. The sample is mounted in a pyrex vacuum vessel (D)

connected to a sampling flask (E) which collects an integrated gas samp le

for gas chromatographic analysis and a gas sampling valve (F) which is

attached to a Bendix Model 12 Time-of-Flight mass spectrometer (G). A

mass spectrum of gases produced from the heated shield sample can be

recorded at about 10 sec. intervals during a run. Surface temperature

is measured with an IRCON Co model 300 Radiation Pyrometer (2-2.5 )Jfll

band pass). The pyrometer detects radiation from a 1.5 mm diameter spot

3
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on the front surface of the sample . Power density (watts/cm 2) at the

sample surface is monitored with a Coherent Radiation Co Model 201 Power

Meter. A portion of the CO2 laser beam (approximately l07~ of the total

power in the beam) is reflected f rom the KBr beam splitter into the laser

power meter for this measurement . Calibration of the laser power monitor

is accomplished by replacing the pyrex vacuum vessel (D) with a second

laser power meter located in the same plane as the plug sample surface .

A measurement of the ratio of power transmitted through all optical

components to that reflected into the laser power monitor (E) as a function

of laser operating power level provides the calibration data. A multi-

channel oscillograph is used to record the time history of pressure ,

temperature , and power level from the instrumentation shown in Figure 1.

C. 10 KW Laser System

The GE 10 KW CW CO2 Laser Facility was used for this work. A

detailed description of the facility is given in Reference 1 . The output

beam from this laser is 9 cm diameter and the power level in the beam is

variable from a few hundred watts to ten kilowatts.

Figure 2 shows a diagram of the experimental setup. The output

beam of the laser (A) passes through a salt beam splitter (B) to monitor

power at the detector (C). The main beam is reflected from a flat mirror (D)

onto a concave mirror (E) which serves to condense the beam onto the surface

of the sample.
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A cylindrical copper vacuum vessel (F) was used in place of the

pyrex vessel shown in Figure 1. In this vessel the laser beam entrance

and the pyrometer viewing KBr windows were mounted at the end of 30 cia

extension tubes to minimize the build-up of ablation product condensation .

This arrangement was effective up to 2000 W/cm2 heat load . At 2000 W/cm2

graphite vaporizes from the shield sample and forms an opaque film on the

salt windows. The film absorbs a portion of the incoming laser radiation ,

the window is rapidly overheated and fractures . As a result , all experiments

above this power level were carried out at atmospheric pressure .

The remainder of the instrumentation used in the high power work

was the same as shown in Figure 1 except that no in situ mass spectra were

obtained .

III. RESULTS AND DISCUSSION

A. Materials Studied and Range of Conditions

Three R/V shield materials were stud ied along with GE 91LD phenolic

resin . This resin is one of the components of the carbon phenolic heat

shields. Also several baseline experiments were performed with ATJ

graphite samples. Following is a listing of the materials examined :

I. Carbon Phenol.ic

2. Phenolic Asbestos

3. Silica Phenolic

4. ATJ Graphite

5. 91LD Phenolic Resin

7
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I
Cylindrical plug samples (6.3 mis diameter x 10 mm) of the above

materials were irradiated at power levels ranging from 10 to 9100 W/cm2

at exposure times from 1 to 60 seconds . Experiments were run in air at

1 atmosphere and in vacuum (.05 - 1.5 tor r ) .

A sunnuary of the data obtained is given in Tables 1 through 6.

B. Temperature History Data

The measured surface temperature is shown in Figures 3 through 5

versus the laser irradiation t ime for carbon phenolic , phenolic asbestos

and silica phenolic specimens respectively. The carbon phenolic surface

temperatures in Figure 3 display a pronounced maxima at early times

~~4 secs when irradiated by 10 IGJ laser heat fluxes ~~650 watts/cm
2. A

substantia l falloff in temperature occurs at longer times for these

conditions . The temperature peak and rap id falloff behavior exhibited

at 10 IGI laser fluxes ~~650 watts/cm
2 is associated with a change in the

emissivity of the char as a function of time. Carbon phenolic surface

temperatures increase monotonically with irradiation time for 100 W CO2

GW laser heat fluxes ~ 44 watts/cm
2. The intermediate laser heat flux

range “-‘100 to 500 watts/cm2 displays the same temporal characteristic

of a broad maxima followed by a virtual isothermal zone. The anomaly

of the juxtaposition of the 115 watts/cm2 data with the 100 watt laser

and the 325 watts/cm2 data with the 10 KW laser has not been resolved .

The phenolic asbestos surface temperatures shown in Figure 4 reach

their maximum values in ‘~‘5 seconds. The remainder of the irradiation

period is uneventful. Carbon phenolic specimens reach higher temperatures

than phenolic asbestos specimens under comparable irradiation conditions .

8
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Figure 5 shows the temporal response of silica phenolic to irradiation

by the 10 KW CW CO2 laser in air at I torr pre3sure . The temperature

rise for silica phenolic is far steeper than for any of the other R/V

materials tested .

C. Ablation Rate Data (Weight Loss)

Data on mass loss from Tables 1 through 6 have been presented in

Figures 6 through 14 as a function of laser power delivered at the sample

surface . The carbon phenolic (GE CPIO9A) laser irradiation data in

Figure 6 presented as mass loss in grams of sample lost per joule of

irradiated energy falls within the range of 1 x l0~~ to 3 x lO~~ g/ joule

(with the exception of several tests run in air at 1 torr pressure) over

the entire range of 101 to 1O4 watts/cm 2 of power density . The carbon

phenolic mass loss data in Figure 6 at high power densities , i.e., 600 W/cm2

can be represented as 2.7 ± 0.7 x l0~~ g/joule. This corresponds to an

apparent heat of ablation of 9.5 ± 2.5 kcal/g . High mass loss rates ,

i.e.,~~ 2.7 ± 0.7 x lO~~ g/joule at low power densities ~~30 W/cm 2 are

attributed to the release of adsorbed water from the samp les.

The silica phenolic mass loss data in Figure 7 covers the range

of 1.5 x l0’~ to 3.5 x l0~~ g/joule over the more restrictive power density

range of 300 to l0~ W/cm
2. The s il ica phenolic mass loss data in Figure 7

at high power densities ~~600 W/cm
2 can be represented as 2.8 ± 0.8 x l0~~

g/joule. This corresponds to an apparent heat of ablation of 9.3 ± 2 .6

kcal/g.
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Results for ATJ grap hite irradiated by the 10 KW CO2 laser are

shown in Figure 8 for the power density of 920 W /cin2 ; the da ta a ppear

to cluster at 0.7 x io.6 to 2 x io 6 g/joule. The ATJ graphite mass

loss data in Figure 8 can be represented as 1.33 ± 0.6 x iø 6 g/ j oule

which corresponds to an apparent heat of ablation of 225 ± 101 kcal/g .

Zavitsanos2 has irradiated pyrolytic and spectroscop ic grade graphite

with a pulsed ruby laser.  Mass loss data of 1.76 ± 0.35 x l0~~ g/joule

were obtained in the energy range of 0.85 to 12.6 joule . This mass loss

corresponds to an apparent he8t of ablation of 14.1 ± 2.8 kcal/g . The

power densities used by ZavitsanOs 2 are ~~l0~ W/cui
2, i .e . ,  greater than

a factor of ten above the power densities used in the present investi-

gation. The pertinent fact appears to be that the mass loss in ATJ

graphite is substantially lower than specimens which contain phenolic.

Figure 9 disp lays a mass loss range of 4 x i0~~ to 8 x l0~~ g/joule

for 91LD phenolic resin. The 91LD phenolic resin mass loss data can be

represented as 4.1 ± 0.1 x l0~~ g/joule at 70 to 100 V/cut2. This cor-

responds to an apparent heat of ablation of 5.8 kcal/g .

The phenolic asbestos mass loss in Figure 10 covers the range

3 x l0 5 to 5.5 x 1O’~ g/joule. The phenolic asbestos mass loss can be

represented as 4.3 ± 1.1 x ~~~ g/joule which corresponds to an apparent

heat of ablation of 5.9 ± 1.5 kcal/g.

Figure 11 presents the mass loss ra te in mg/cm2 sec versus the

p~ ier at the sample surface in V/cm 2 for carbon phenoltc . The data are

well represented by a line with a slope of 1. The silica phenol ic data

shown in Figure 12 b .haves in much the sa~~ way as the carbon phenolic

28

—--I——— -. -~~_~~~~ • _-._. . —— —— - - - - - -— — — — - - —- —-—————-—- .----—-—— — 
~~~

—•;;— - .. ~_~0 —



data cited above. The ATJ mass flux data in Figure 13 demonstrates the

low volatility of this specimen relative to phenolic-containing materials

upon irradiat ion by laser. The phenolic asbestos mass flux loss data in

Figure 14 exhibits a slope of one when plotted versus power density in

the same manner as other phenolic—containing specimens.

D. Gaseous Species

A series of experiments was conducted in which the gaseous ablation

products were sampled during irrad iation using a Bendix time-of-flight

Mass Spectrometer. This work was done with the pyrex vacuum system

described in Figure 1. A specially designed gas sampling valve which

allows direct sampling into the mass spectrometer at pressures up to

one atmosphere was used in these experiments. The material examined was

91LD phenolic resin . The power range was 10 to 100 W/cm2 and the exposure

t ime was 60 seconds .

Preliminary ana lysis of the mass spectra indicates the following:

Nil3 and CR4 at 10 W/cm
2 power ; from 25 to 100 V/cm2 NH3, CR4, 2-propanol ,

2-butanol , C2H 6, C3H8, C4H 10 and C5H 12. These results are displayed in

Table 7.
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