AD=A066 068 GENERAL ELECTRIC CO PHILADELPHIA PA RE-EH'I’RT IM) ENV-=ETC F/6 20/5
STUDY OF LASER EFFECTS Oiv HEAT SHIELD MATERIALS: (V)
JAN 79 P D ZAVITSANOS: J A GOLDEN: W G BROWNE DlA829-76-C°00'03
UNCLASSIFIED ARO=18077,1-MSX




T ——————_ |

l.:.f '2.8' i
L2 £ g
o -

L o
T 2

N
O

122 flis e

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS 1963 A




-~

ADAOQ 66068

)




mmnmnmmmmuma
, , ‘ Anamemumwmmmtm nEss so
, ; mmnmwamm




W

L Unclassified
SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)
READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
[~ REPORT NUMBER 2. 30VT ACCESSION NO.| 3. RECIPIENT'S CATALOG NUMBER
)
4. TITLE (and Subtitle) S. TYPE OF REPORT & PERIOD COVERED

Final Report
STUDY OF LASER EFFECTS ON HEAT SHIELD MATERIALS

6. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(e) 8. CONTRACT OR GRANT NUMBER(s)
b P.D. Zavitsanos /
J.A. Golden DAAG29-76-C-0043
W.G. Browne |
e A AT A R 10. PROGRAM ELEMENT, PROJECT, TASK
9. PERFORMING ORGANIZ ION NAME AND ADDRESS AGEA & WORK NI NUMBERS

General Electric Company /
Re-entry & Environmental Systems Division
3198 Chestnut Street, Philadelphia, PA 19101

11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
U. S. Army Research Office January, 1979
P. 0. Box 12211 13. NUMBER OF PAGES
Research Triangle Park, ..C 27709 35

. MONITORING AGENCY NAME & ADDRESS(If different from Controlling Office) 1S. SECURITY CLASS. (of thie report)

Unclassified
15a. DECL ASSIFICATION/ DOWNGRADING
SCHEDULE

16. DISTKIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered In Block 20, if different from Report)

18. SUPPLEMENTARY NOTES
The view, opinions, and/or findings contained in this report are those of the
aut?or(s) and should not be construed as an official Department of the Army
position, policy, or decision, unless so designated by other documentation.

19. KEY WORDS (Continue on reverse side if necessary and Identify by block number)

Laser irradiation, heat shield materials, materials interaction with laser,
carbon dioxide laser, carbon phenolic, phenolic asbestos, silica phenolic,

phenolic resin, ATJ graphite, gas sampling.

20. ABSTRACT (Continue on reverse side if necessary and identify by block number)

An experimental study of CO% laser heating of heat shield materials has
been conducted. The interaction of carbon phenolic, silica phenolic, phenolic
asbestos, ATJ graphite and phenolic resin with a CW 100 watt and a CW 10 KW CO2
laser has been examined. Experiments at power densities of 101-10% watts/cm?
induce mass losses of 1-4x10-2 g/joule in phenolic-containing materials, mass
losses from ATJ graphite are an order of magnitude lower. Sampling and mass
spectrometric analysis of gases emanating from the laser interaction zone
was also carried out. ™~ i 9 B | /‘O N O

DD , %'y 1473  €oimion oF 1 NOV 68 IS OBSOLETE

Unclassified

SFCURITY CLASSIFICATION OF THIS PAGE (When Date Entered)




IL.

III.

IV.

TABLE OF CONTENTS

PAGE
ENTRODUCEEAN! Jisis's oo sioivinissioe s sisiaiasioles siosiaioee assisisasats e 1
EXPERIMENTAL APPROACH ......... Slisreb ol alehpraislalietote) s Tu aital 5t G 2
A. Parameters Measured ....... A T OO T O lelieis o v @ oo 2
B. 100 Watt Laser System ..oeeoec... e lelalaloials oo O 3
C. 10 KW Laser System .....c... & 00 O 010 G P o e A 5
RESULTS AND DISCUSSION .«cccccocscoocccccsscccannsasses e 7
A. Materials Studied and Range of Conditions ......... 7
B. Temperature History Data8 ...cceecececcocecccccccase 8

C. Ablation Rate Data (Weight LOSS) c.eevervrenceeneene 18

D. GagseouR SpeclieR ...vvvevessssonsbiohhoesis ehohe o v 510 e Cla 29

REFERENCES .ccccocosceans o PR T i T R 31

RS

fe Section

SICINL




FIGURE

10

11

12

13

14

LIST OF ILLUSTRATIONS

Experimental Apparatus - 100 Watt Laser System ...

Experimental Apparatus - 10 KW Laser System ..

Laser Irradiated Carbon Phenolic Temperature vs. Time ..

Laser Irradiated Phenolic Asbestos Temperature vs.

Time ..desaeses
Laser Irradiated Silica Phenolic Temperature vs. Time ..

Carbon Phenolic Mass Loss per Unit Energy vs. Laser

Power Density ..

Silica Phenolic Mass Loss per Unit Energy vs. Laser

Power Density

ecsee e e 00

s 000000000000 0000000000

e

se s e e e

ATJ Graphite Mass Loss per Unit Energy vs. Laser

Power Density

R A A )

°

LR A R

91LD Phenolic Resin Mass Loss per Unit Energy vs.

Laser Power Density ......

seces o

e cvecososoccce

Phenolic Asbestos Mass Loss per Unit Energy vs.

Laser Power Density

Carbon Phenolic Mass Loss Flux vs. Power at Sample

Surface ......

Silica Phenolic Mass Loss Flux vs. Power at Sample

Surface ..

ATJ Graphite Mass Loss Flux vs. Power at Sample

Surface ......

cecs 000

@0 s ee s 000000

Secsessce e

se 0000000000000

ce s e e

Phenolic Asbestos Mass Loss Flux vs. Power at Sample
sSurface ....o040

ii

PAGE

15

16

17

19

20

21

22

23

24

25

26

27

po——

v




v

TABLE

LIST OF TABLES

PAGE

Data Summary 100 Watt CO, Laser Experiments - Carbon

Phenolic Samples ........

L A I )

oooooo eeee e e s 9

Data Summary 10 KW COy Laser Experiments - Carbon
..... o nsi e s ebsnie e aiats 10

Phenolic Samples ...cevsecessosssnsos

Data Summary 100 Watt and 10 KW COp Laser Experiments -

Phenolic Asbestos Samples ..........

cleslalehsletatets o nialatatont < 1L

Data Summary 10 KW COj Laser Experiments - Silica

Phenolic Samples .. ccisccicece oioe

c9is siuiee wiwialaiolore nie 12

Data Summary 10 KW C02 Laser Experiments - ATJ Graphite

Samples .......

et cceass s

Giersline utels i ailese s sow 13

Data Summary 100 Watt CO, Laser Experiments - 91LD

Phenolic Resin

Mass Spectra Observed During Laser Heating of Phenolic

Resin (GE 91LD)

R )

iii/iv

®eee o000 00

O P SR

wle a8 655 0w w1010 o0 w68 30




aterials of the type used for '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 1 wifﬁjgégfup to flux levels in excess of 10,000

R

watts/éég)ﬂJEhese changes are, in general: (a) outgassing and depoly-
merization of the resin binder at low heat fluxes with potential loss in
strength and/or delamination of the shield; (b) surface charring and high
rates of outgassing and material decomposition/vaporization at intermediate
heat fluxes and; (c) excessive rates of outgassing and material vaporization
and shield thickness reduétion 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 remaining 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 heating 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,




countermeasure approaches can be planned or defined if the threat is found
to be unacceptably severe.

Although laser radiation exposure above about 500 watts/cm? results
in very rapid material removal or loss the laser radiation flux range of
10 to about 100 watts/cm> appears to be of the greatest importance from the
standpoint 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.
IE. 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 COy laser irradiation. Two series of experiments were performed, the
first with a 100 watt C.W. laser and the second with a 10 kilowatt C.W.

laser.
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Instrumentation was set up to measure the following parameters

during sample irradiation:

MEASUREMENT INSTRUMENT

1 Surface Temperature vs. Radiation Pyrometer (2-2.5 pm
Time pass band)

2 Subsurface Temperature vs. Chromel-Alumel Thermocouple
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 Watt Laser System

Figure 1 shows a diagram of the experimental apparatus. The output
beam (1.5 cm diameter) from a 100 watt CW CO, laser (A) is passed through
a KBr beam splitter (B) and a Germanium meniscus condensing lens (C) onto
the surface of the shield material sample to be heated. A chromel-alumel
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 sample
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 pm

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

vy
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on the front surface of the sample. Power density (watts/cmz) at the
sample surface is monitored with a Coherent Radiation Co Model 201 Power
Meter. A portion of the COp laser beam (approximately 107 of the total
power in the beam) is reflected from 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.

€ 10 KW Laser System

The GE 10 KW CW COp 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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AP

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

il

and the pyrometer viewing KBr windows were mounted at the end of 30 cm
extension tubes to minimize the build-up of ablation product condensation.
This arrangement was effective up to 2000 W/cm® heat load. At 2000 W/cm?
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 studied 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 matgrials examined:

1. Carbon Phenolic

2. Phenolic Asbestos

3. Silica Phenolic

4. ATJ Graphite

5. 91LD Phenolic Resin r




Cylindrical plug samples (6.3 mm 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 torr).

A summary 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 time 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 KW laser heat fluxes =650 watts/cm?. A
substantial falloff in temperature occurs at longer times for these
conditions. The temperature peak and rapid falloff behavior exhibited
at 10 KW laser fluxes =650 watts/cm? 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 €O,
CW laser heat fluxes = 44 watts/cmz. 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/cm? 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.
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Figure 5 shows the temporal response of silica phenolic to irradiation
by the 10 KW CW COp laser in air at 1 torr pressure. The temperature
rise for silica phenolic is far steeper than for any of the other R/V

materials tested.

€. Ablation Rate Data (Weight Loss)

Data on mass loss from Tables 1 thfough 6 have been presented in
Figures 6 through 14 as a function of laser power delivered at the sample
surface. The carbon phenolic (GE CP109A) 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 10-3 to 3 x 10-3 g/ joule
(with the exception of several tests run in air at 1 torr pressure) over
the entire range of 10! to 104 watts/cm? 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 10-° g/joule. This corresponds to an
apparent heat of ablation of 9.5 + 2.5 kcal/g. High mass loss rates,
1.e.,22.7 + 0.7 x 10-2 g/joule at low power densities < 30 w/cm2 are
attributed to the release of adsorbed water from the samples.

The silica phenolic mass loss data in Figure 7 covers the range
of 1.5 x 10"7 to 3.5 x 1077 g/ joule over the more restrictive power demsity
range of 300 to 104 w/cmz. The silica phenolic mass loss data in Figure 7
at high power densities =600 W/cm? can be represented as 2.8 + 0.8 x 10-
g/joule. This corresponds to an apparent heat of ablation of 9.3 + 2.6

kcal/g.
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Results for ATJ graphite irradiated by the 10 KW CO, laser are
shown in Figure 8 for the power density of 920 W/cmz; the data appear
to cluster at 0.7 x 10"% to 2 x 10-6 g/joule. The ATJ graphite mass
loss data in Figure 8 can be represented as 1.33 + 0.6 x 10-6 g/joule
which corresponds to an apparent heat of ablation of 225 + 101 kcal/g.

2 has irradiated pyrolytic and spectroscopic grade graphite

Zavitsanos
with a pulsed ruby laser. Mass loss data of 1.76 + 0.35 x 10- g/ joule
were obtained in the energy range of 0.85 to 12.6 joule. This mass loss
corresponds to an apparent heat of ablation of 14.1 + 2.8 kcal/g. The
power densities used by Zavitsanbsz are =10 w/cmz, 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 displays a mass loss range of 4 x 10-3 to 8 x 10~2 g/joule
for 91LD phenolic resin. The 91LD phenolic resin mass loss data can be
represented as 4.1 + 0.1 x 103 g/joule at 70 to 100 W/cm?. 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 103 to 5.5 x 10-5 g/joule. The pheﬁolic asbestos mass loss can be
represented as 4.3 + 1.1 x 10-5 g/joule which corresponds to an apparent
heat of ablation of 5.9 + 1.5 kcal/g.

Figure 11 presents the mass loss rate in mg/cm? sec versus the
power at the sample surface in W/cm2 for carbon phenolic. The data are

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

shown in Figure 12 behaves in much the same way as the carbon phenolic

28




D

data cited above. The ATJ mass flux data in Figure 13 demonstrates the
low volatility of this specimen relative to phenolic-containing materials
upon irradiation 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 irradiation 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/cm? and the exposure
time was 60 seconds.

Preliminary analysis of the mass spectra indicates the following:
NH3 and CH, at 10 W/cm2 power; from 25 to 100 W/cm2 NHj3, CH,, 2-propanol,
Zfbutanol, CoHg, C3Hg, C4Hyy and CgH;,. These results are displayed in

Table 7.
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