
PRIME C 

S C -CR -66-2044 

April 1966 

STUDY OF THE CHEMICAL I N  

CONTAI NMENT MATER I ALS I 

ABORT ENV I RONMENTS 

(Summary Technical Report) 
Phase I I 

TEGRI.TY OF R 
C 

N LAUNCH 

Prepared by 
J. L. Blumenthal 
J. D. Kuenzly 
M. J. Santy 
TRW Systems 

:ONTRACTOR TO THE U.S. ATOMIC ENERGY COMMlSSiOl 

SANDIA 
N I ALBUQUERQUE. NEW 

ORPO 
10; LIVERMORE, 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



Issued by Sandia Corporation, 
a prime contractor to the 

United States Atomic Energy Commission 

I This report vu prepared u an account of ~~~nt epnuored  work. 
Neither the Vnlted State*. aor  the Commhsioo. nor any p.r.on a c t i q  en h h l l  
of the Cornmissba: 

A, W e 1  MY W u r a W  or rspres&nUtbx, i4.ryr =.ad ur Lnylinl, wlrb re* 
# p e t  to lhs accurwy. completeness, o r  usefubsss of the Lalormation conWned 
in this repor t  o r  that the use of any informatioo. apparnhu, method, o r  p m c n s  
disclosed In this report may not Lnfringc privately owned ri@s; o r  

9, Aasums8 any IiabiliUu with resgrrt  Lo thm us* of, o r  far damWN re- 
sultins from the w e  of any informstion. sppuatus. method, or process disoloasd 
in this report. 

As wed in the abow, .person rcting on behalf of rh. Commission* includes 
any employee o r  contractor of the Commission, o r  employee of such contmctor. 
to Ihs exlent that 8uch employee or  contractor of th. Commission, or employee of 
such contractor prspues.  disseminates. o r  provld.. acces* to, m y  ialormaUon 
pursuant to hls employment o r  contract with the Commission, or hid employmmt 
with such contractor. 

Printed in USA. Price $6.00. Available from the Clearinghouse for Federal 
Scientific and Technical Information, National Bureau of Standards 

U. S. Department of Commerce, Springfield, Virginia 



STUDY O F  THE CHEMICAL INTEGRITY O F  RADIOISOTOPE 
CONTAINMENT MATERIA1,S IN LAUNCH 

.ABORT ENVIRONMENTS 

(Summary TechnYcal Report)  
Phase  I1 

Prepared by 
J. L. Rl~~ment l ia l  

J. D. I<uenxly 
M. J. Santy 

TWR Systcms 
Rcdolldo Reach, California 

fo r  
, . Sandia Corporatio~? 

under 
Contract 4 8- 25:34 

I '  I 
RELEASED FOR ANNGUNCEIEII 

This repor t  desc:ribes the e s l~e r imen ta l  investigation of the chemical integrity of radio- 
isotope containment mater ia ls  in launch-abort envi1:onmcnts. The mater ia ls  include cobalt- 

based "s~tl,cralloys, " nickel -based " s ~ ~ p e r a l l o y s ,  " s ta in less  sieels,  and coated and uncoated 
1-cfi-actol-y meta1.s. 

i - i i  



Prepared for 
Sandia Corporation 
Under Contract No. 48-2534 

Prepared 8 ~b @Gi~--&il 
J. L. Blurnenthal 
Project Engineer 

Approved 6 &/th- 
B. Dubrow 
Manager, Chemistry Department 

iii -iv 



SUMMARY 

This report i s  the Summary Technical Report describing the work 

performed by TRW Systems fo r  the Sandia Corporation under Phase I1 of 

contract  48-2534. The investigation was.initiated in order  to answer 

cr i t ical  questions concerning the chemical behavior of radioisotope con- 

tainment materials  when exposed to a launch pad abort f i re  environment. 

The f i r s t  phase of the program which was described in a previous 

report (Reference 1) envolved a detailed search and analysis of the avail- 

able data from the l i terature to establish in  a s  quantitative a fashion a s  

possible what i s  known about the high temperature chemical interaction 

of radioisotope containment materials  with launch pad abort combustion 

gas species. 

In the second phase of the program, which i s  the subject of the 

present  report,  high temperature experimental screening tes ts  on a 

number of combinations of containment materials  and launch abort en- 

vironments were conducted. The specific combinations of materials  and 

environments which were chosen for  the screening studies were those 

for which there was either no information o r  insufficient, information in 

the l i terature to  establish their chemical reactivity. Both quantitative 

reaction kinetic s experiments and qualitative observations of the behavior 

of materials  in selected flame environments were conducted. The specific 

combinations of mater ia ls  and environments which were investigated were 

the following: 

Static ~ e a c t i o n  Kinetics Experiments - T > 2 0 0 0 ~ ~  

Haynes 25 - O2 

Hastelloy C - OZ 

Hastelloy X - O2 

3 16 Stainless Steel-O2 

Haynes 25 -Nitric Oxide 



Flame Experiments-H2 -02 Flame System 

Haynes 25 

Hastelloy C 

Hastelloy X 

3 16 Stainless Steel 

304 Stainless Steel 

~ u n ~  sten 

Tantalum - 1070 Tungsten 

Pfaud1e.r Silicide Coated Tungsten 

Flame Experiments -CO- OZ Flamo Syotcrn 

Haynes 25 

Tantalum - 1070 Tungsten 

Pfaudler Silicide Coated Tungsten 

Theobjective 'of this phase of the program was to determine; a s  a 

function of temperature and time, the extent' of chemical reaction which 

would occur with the above-mentioned combinations of materials and 

environments. 

Based on the experimental results of this program, the following 

conclusions regarding the behavior of containment materials in launch 

abort environments a r e  presented: 

0 1) In pure oxygen a t  temperatures up to 2200 F, 316 
Stainless Steel, Haynes 25, Hastelloy C, and Hastelloy X, 
all  oxidize at a rate which i s  too slow to be of concern 
from a safety point view.* At temperatures from 2 2 0 0 ° ~  
up to the melting range of the alloys (2400~- to  2600°F), 
however, the oxidation rate was sufficiently rapid that a 
significant fraction of a sample of any of the above alloys 
was oxidized in a period of 1 or  2 houre. 

2) The reaction of Haynes 25 with puxe nitric oxide wae 
somewhat slower than the reaction of this alloy with 
pure oxygen under identical conditions of temperature 
and pressure. Hence, it would seem likely that flame 
environments containing high concentrations of nitric 
oxide would be no more reactive with Haynes 25 than flame 
environments which contain high concentrations of oxygen. 

* 
A reaction was considered to be "of Concern from a Safety Point of View" 

if a significant fraction of a sample was oxidized in a period of minutes. 



Well designed radioisotope capsules fabricated from 
304 Stainless Steel, 316 Stainless Steel, Haynes 25, 
Hastelloy C, o r  Hastelloy X should be able to with- 
stand (chemically) short t e rm (period of minutes) 
exposure to abort flame environments containing 

. 

oxygen, nitrogen, hydrogen, water, carbon mon- 
oxide, and carbon dioxide at capsule temperatures 
up to about 2 3 0 0 ~ ~ .  

4)  In flame environments containing high concentrations 
of water vapor and/or oxygen, capsules fabricated 
from 304 o r  316 Stainless Steel a r e  likely to ignite 
and react rapidly and exothermically with the flame 
environment i f  the surface temperature of the capsules 
reaches the melting range of the alloys (-2400 to 2600°F). 

5) In flame environments containing high 'concentrations of 
,both water vapor and oxygen, the uncoated refractory 
metals tungsten and tantalum - 10% tungsten react ex- 
ceedingly rapidly. Ignition temperatures for these two 
refractory metals in  oxygen- rich hydrogen-oxygen flames 
was of the order of 2200°F. Indeed, reaction rates in this 
type of flame environment were much faster than would be 
expected from the literature data for .the static reactions 
of these metals with oxygen and water. Based on the 
experimental flame tests,  it would seem unlikely that 
uncoated tantalum o r  tungsten- based refractory capsules 
(at temperatures in excess of 2200°F) could withstand 
an abort flame environment containing high concentrations 
of both water and oxygen for periods of time in excess of 
a few seconds. 

6) In flame environments containing high concentrations of 
water, carbon dioxide, and carbon monoxide, but'no 
appreciable oxygen; the oxidation of uncoated tantalum 
and tungsten-based alloys was considerably slower than 
in the oxygen-rich flames. However, the reaction be- 
tween the uncoated refractory alloys and this flame 
environment was still sufficiently rapid to indicate that 
extensive oxidation of refractory capsules would take 
place when they were exposed to this type of abort 
flame for periods of minutes at  temperatures in excess 
of 2 0 0 0 ~ ~ .  

7) The Pfaudler silicide coating can provide short t e rm  
(period of minutes) oxidation protection to tungsten 
capsul e'a exposed to flame environments containing 
water, oxygen, hydrogen, carbon monoxide and carbon 
dioxide provided the capsule surface temperature does 
not exceed about 2 9 0 0 ~ ~ .  It must be kept in mind, how- 
ever, that if even a small portion of the thin silicide 
coating i s  abraded o r  scraped off of the capsule during 
an abort, then the coating system will no longer be 
effective in protecting the tungsten substrate. 

vii -viii 
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1. INTRODUCTION 

This report i s  the summary technical report covering the work pe r -  

formed by TRW Systems for the ~ G d i a  Corporation under Phase  I1 of 

Contract 48-2534. The pr imary objective of this study i s  to determine 

the chemical integrity of radioisotope containment materials  when sub- 

jected to a booster vehicle abort environment. 

The increasing usage of radioisotopes in aerospace applications has 

produced a need for an understanding of the behavior of radioisotope con- 

tainment materials  in launch pad'abort environments. In particular,  i t  i s  

essential, f o r  reasons of safety, that materials  which a r e  used to contain 

radioisotopes be compatible with launch pad abort f i re  environments. That 

i s  to say, radioisotope containment materials  must  maintain their chemical 

integrity when exposed to high temperature abort f i re  conditions. The 

recent work at Sandia Corporation on characterizing launch pad abort f i re  

environments has indicated that the most probable event involves an initial 
rl. 

fireball  a t  temperatures ranging from 5500~" '  to 3 0 0 0 ' ~  followed by a 

sustained f i re  a t  temperatures of 2500' to 1800'~.  The initial fireball  

may exist for  a period of seconds and the sustained f i r e  may pers is t  for 

a s  long a s  an hour. Depending on the type of rocket system which aborts,  

any o r  all  of the following chemical species may be present in high con- 

centrations in  the abort environment: 0 2 ,  N2, HZ, COD C02,  H20,  NO, 

FZ , and HF. Thus, radioisotope containment materials :  should be com- 

patible with the above combustion species for  a period of a few seconds at 

3000' to 5 5 0 0 ~ ~  and for a period of up to an hour a t  1800° to '2500 '~ .  

The f i r s t  phase of the program, which was presented in a previous 

report (Reference 1) involved a scoping study in which a detailed investiga- 

tion of the available information on the high temperature chemical inter - 
action of radioisotope containment materials  and abort environments (or 

combustion gas species) was conducted. The mater ia ls  which were con- 

sidered incliided both presently used containment materials  and materials  

- * 
Flame environments caused by hydrogen-fluorine combustion can be a t  

somewhat higher temperatures.  



which a r e  being evaluated for  possible future use a s  radioisotope con- 

tainment materials. These materials include cobalt-based " superalloys, " 
nickel-based " superalloye," stainless steels,  coated and uncoated refr'actory 

metals,  and noble metal claddings. The objective of Phase I of the program 

was to determine a s  much a s  possible from the available literature about 

which combinations of containment materials and launch abort environments 

a r e  1ikely:to react rapidly with each other, . . and hence, will be of concern 

from a safety point of view. 

The second phase of the program, which i s  the subject of the present 

report,  involved high temperature experimental screening tes ts  on a number 

of combinations of containment materials and launch abort environments . 
The specific combinations of materials and environments which were chosen . . 
fo r  the screening studies were those for which * , there was either no informa- 

tion or  insufficient information in the literature to establish their chemical. 

reactivity. Both quantitative reaction kinetic s experiments and qualitative 

observations of the behavior of materials i n  selected flame environments 

were conducted. The specific combinations of materials and environments 

which were investigated were the following: 

Static Reaction Kinetics Experiments-T > 2 0 0 0 ~ ~  

Haynes 25-02. 

Hastelloy C -02 

Hastelloy X - O2 

3 16 Stainless Steel-O2 

Haynes 25-NO 

Flame lhperiments-H2-O2 Torch 

Haynes 25 

Hastelloy C 

Hastelloy X 

3 16 Stainles s Steel 

304 Stainless Steel 

Tungsten 

Tailtaium - 10% Tungsten 

Pfaudler Silicide Coated Tungsten 



Flame Experiments-CO-O2 Torch 

Haynes 25 

Tantalum - 10% Tungsten 

Pfaudler Silicide Coated Tungsten 

The objective of this phase of the program was to determine, a s  a 

function of temperature and time, the extent of chemical reaction which 

would occur with the above-mentioned combinations of materials and 

environments. 

This report i s  divided into. five main sections and one Appendix: 

The introduction comprises the f i rs t  section. 

In the second section i s  presented a description of the 
experimental facilities and techniques which were 
utilized in the program. 

The third section summarizes the major experimental 
results of the screening investigation. 

The fourth section presents the conclusions of the study. 

The fifth section introduces suggestions for additional work. 

In the appendix a r e  presented a tabular summary of all the 
temperature-time data generated in the flame studiee. 



2. EXPERIMENTAL FACILITES AND TECHNIQUES 

2.1 REACTION KINETICS STUDIES 

A static, constant volume, reaction kinetics apparatus (Reference 2) 

was used to investigate the reactions of containment materials with pure 

combustion gas species such a s  oxygen or nitric oxide. Figure 1 shows 

a schematic diagram of the system and Figure 2 shows a photograph of the 

experimental apparatus. In this apparatus, the combustion species (which 

comprised the gas phase) reacted with the solid containment material to 

form a solid phase product, so that, as reaction proceeded, the gas pres- 

sure continually dropped. Thus, the rate of reaction was measured by 

mo.nitoring the pressure drop in the calibrated, constant volume system 

as a function of time. The total sample weight gain from the beginning to 

the end of an experiment, in general, compared very favorably with the 

weight gain calculated from the measured pressure drop in the constant 

volume system. An Astro high-temperature furnace and temperature 

control system was utilized to maintain the samples at a constant tempera- 

ture throughout an experiment. A Texas Instrument ultra- sensitive Bourden 

Gage was used to monitor the system pressure in the range from 1 mm Hg 

to 760 mm Hg. This gage had a sensitivity of 0.01 mm Hg over the range 

from 1 to 1000 mm Hg. 

Samples of Haynes 25, 3 16 stainless steel, Hastelloy-C and Hastelloy-X 

were tested with pure oxygen. The reaction of Haynes 25 with pure nitric 

oxide was also investigated. Table 1 gives the compositions of the alloys 

which were studied. All  of the test samples were in the form of cylinders 

(31 16 inch diameter and 112 inch long) in the "as -worked1' condition. 

Table 1. Composition of the Alloys Investigated in the Static 
Reaction Kinetic s System - 

Compo sition - @erc ent by weight) 
r 

A Fc Ni C o  W C M n  C r  'Mo 

3 16 Stainless Steel 

Haynes 25 

Hastelloy C 

Hastelloy X 

68.4 

1.5 

5.9 

17.8 

11.0 

10.2 

56.8 

48.5 
- 

-- 
51.6 

1.0 

1.1 
L 

-- 
14.9 

3.3 

0.6 

0.10 

0.10 

0.05 

0.10 

-- 
1.4 

0.5 

0.6 

18.0 

20.1 

15.4 

,21.4 

2.5 
-- 

15.9 

9.0 
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Figure 1. Schematic Diagram of the Static Reaction Kinstics System 



Figure 2. Static Reaction Kinetics Svstem 



All  of the reaction kinetics data are reported on the basis of reaction 

per unit area of sample surface. The sample surface was taken as  the 

initial geometric surface area which was exposed to the reacting atakosphere. 

Prior toeach experiment the samples were out-gassed for four hours 

at 5 0 0 ~ ~  (932O~) under a vacuum of 0.1 micron. This treatment was suffi- 

cient to remove from the sample any adsorbed gases which might interfere 

with the pressure drop measurements during an experiment. 

4 - s 
Experiments were conducted in the temperature range from 1 1 0 0 ~  to 

1 3 0 0 ~ ~  (2000° to 2 3 8 0 ~ ~ )  and at pressures ranging from 25 mm H g  to 

760 rnm Hg. 

2.2 EXPERWENTAL FLAME STUDIES 
-2- . 

An experimental flame ayubem (Reference 2) was utilized to investi- 

gate, by photogra~hic and pyrometric techniques, the behavior of nuclear 

containment materials expo sed to flame environments. This system, 

which is  shown schematically in Figure 3 and photographically in Figure 4, 

was used in conjunction with a generalized thermochemical computer 

program to produce high temperature flame environments which were 

fully determined thermochemically and contained high concentrations of 

the most reactive combustion species. The system consisted of a sealed 
3 36-ft chamber for complete containment of all reaction products, and a 

= .. - controllable torch apparatus for producing the desired flame environment. 

All  operationswere controlled from outside the sealed chamber. The 
L - 

samples were mounted on a transite plate in such a way that half of the 

sample was embedded in a 114 inch deep hole in the transite and half of the 

sample protruded above the transite plate. The portion of the sample above 

the plate was completely enveloped by the flame during the experiment. In 

each experiment the flow rate of oxidizer and fuel was carefully metered so 

that the equilibrium flame temperature and chemical composition could be 

calculated. Studies were conducted with two different oxidiaer-fuel com- 

binations; oxygen-hydrogen, and oxygen-carbon monoxide. 

Ekperiments were run at a variety of different initial heat fluxes, 

and hence, at a number of different steady state sample temperatures. 

The initial heat flux to the sarnple in each experiment was determined by 

a calibration eqeriment utilizing a copper calorimeter having the same 
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Figure 3. Schematic Diagram of the Experimental Flame System 
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Figure 4. Experimental Flame Facility 



shape, size, and physical 'orientation a s  the sample. . It was found that for 

a nonreacting sample, the temperature-time curve could be computed 

fairly accurately from the initial heat flux data utilizing the equation: 

where 

q initial = 

A = 

mass of sample . 

average sample heat .capacity . . 

Stefan-Boltzmann constant 

sample temperature, OR 

flame temperature, OR 

time, seconds 

total emissivity of oxidized sample 

heat transfer coefficient calculated from the initial 
heat flux data 

q initial/ (Ti - 5 6 0 ~ ~ )  

initial heat flux at 5 6 0 ~ ~  

sample surface area 

Thus, the actual temperature-time data a s  measured with a recording 

two-color pyrometer could be compared with the calculated temperature- 

time curve which assumes no heat generation due to reaction. Differences 

between the measured and calculated curves gave a qualitative measure of 

the heat generation due to reaction (and hence, rate of reaction). 

Both a recording two- color pyrometer and a micro- optical pyrometer 
were used to measure the temperature of the surface of the samples. The 

two-color pyrometer tended to measure the temperature of the hottest spot 

on the sample, and hence gave an indication of the temperature of those 

portions of the surface which were reacting most rapidly. The micro- 

optical pyrometer could be sighted in on a very small portion of the sample: 

surface, and hence was useful in determining temperature gradients be- 

tween hot reaction zones and c.ooler parts of the sample surface, 

Sixteen millimeter, color motion pictures of the behavior of the 

samples in the flame environments were taken during several experiment a. 

Pictures were taken a t  sixty-four frames per second, which was found to be 

a good speed for photographing the relatively long duration experiments. 
,' 
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Samples of 304, stainless steel, 3 16 stainless steel, ~ay-nes  25, 

Hastelloy C, Hastelloy X, tungsten, tantalum - 10% tungsten and Pfaudler 

silicide coated tungsten were all investigated in the H2-O2 flame system. 

Experiments were conducted in both. fuel-rich flames in which water vapor 

was the only reactive specie, and in oxygen-rich flamee in which both 'water 

and oxygen were present in appreciable conc entrations'. -The test specimens 

consisted af cylinders (31 16 inch diameter, 112 inch long) and coupons 

(1 by 1/4 by 0.030 inch). . The stainless steels and superalloys were 

tested a6 cylinder s, while the refractory metals were investigated in the 
. . 

f o r k  of coupons. 

Samples of Haynes 25, tantalum - 10% tnngeten and Pfaudler silfcicle 
coated tungeten were tested in the CO-O2 flame system, Experiments were 

conducted in both fuel- rich and oxygen-rich flames. 



3. DISCUSSION O F  THE EXPERIMENTAL RESULTS 

The major  experimental resul ts  of the program a r e  summarized and 

discussed in this section. A complete tabular presentation of al l  of the 

temperature-time data for the flame studies a r e  presented in an  appendix. 

3. 1 REACTION KINETICS STUDIES 

3. 1. 1 The 316 Stainless Steel-Oxygen System 

The reactions of 316 stainless steel with pure oxygen were studied 
0 

a t  temperatures of I100 , 1200°, and 1 3 0 0 ~ ~  and a t  p r e s s u r e s  near  atmo- 

spheric. F igure  5 shows a plot of the mil l igrams of oxygen reacted a s  a 

function of t ime for  measurements  a t  the three  experimental temperatures.  
0 Nonprotective olcidation appeared to take place a t  temperatures of 1100 C 

and above. The ra te  of reaction increased rapidly with increasing tempera- 

ture. As the temperature was ra ised  f r o m  1 loo0 to  1 3 0 0 ~ ~  the average 

reaction ra te  increased by a factor of twelve. Although the reaction was 

essentially nonprotective a t  tempera tures  of 1 1 0 0 ~ ~  and above in the 

sense that the reaction rate  did not decrease with time, the actua'l ra tes  

of reaction were slow within the context of our  cr i te r ia  (mass ive  corrosion 
. . 

in a period of minutes) until temperatures in excks s of 1 2 0 0 ~ ~  were reached. 

The Hastelloy C-Oxygen System 

Figure 6 shows the reactions of Hastelloy C with oxygen a s  a function 

of t ime. The data is plotted f o r  experiments at llOoO, 1200°, and 1 3 0 0 ~ ~ .  

At 1 1 0 0 ~ ~  the  reaction appears  to be slow and protective. At 1200OC, , 

however, a "breakaway" takes place and the ra te  of oxidation i s  twenty t imes 

faster  than a t  1 1 0 0 ~ ~ .  

3. 1. 3 The Hastelloy X-Oxygen System 

The oxidation of Hastelloy X in pure oxygen was investigated a t  

110o0, 1193O, and. 1 3 2 5 ~ ~  in the p r e s s u r e  range f rom 715 to  581 mm Hg. 

Figure 7 presents  the experimental data in t e r m s  of oxygen reacted a s  a 

function of time. As can be seen f rom Figure 7, the oxidation of Hastelloy 

X a t  1 1 0 0 ~  and 1193Oc was extremely slow. Indeed, the reaction does not 

become rapid enough to be of interest  'in this program until a temperature 
0 

of 1300 C o r  grea ter  ie ?*eacherl, 





Figure 6.  Oxidation of Hastelloy C in Pure Oxygen 



Figure 7 .  C~xidation of Hastelloy X in Pure Oxygen 



3. 1.4 The Haynes 25-Oxygen System 

The oxidation of Haynes 25 in pure  oxygen was investigated over the 
0 temperature range f rom I 100 to 1300 C a t  p ressures  near  atmosph&ic. 

Figure '8 presents  the experimental data plotted in t e r m s  of oxygen reacted 

a s  a function of time. Although the oxidation was 'essentially l inear  over 

the temperature range investigated,. the reaction ra tes  were not fast  enough 

to be of any rea l  interest  f rom a launch abort safety viewpoint until tem-  
0 

peratures in excess of 1200 C were reached. As can be seen , f rom'Figure  8, 

the reaction' ra te  increases very rapidly with increasing temperature.  

3. I .  5 The Haynes 25-Nitric Oxide System 

A number of experiments were car r ied  out in which Haynes 25 was 

exposed to n i t k c  oxide gas and the overall  reaction followed a s  a function 

of time. The 'measured sample weight change f rom the beginning to the 

end of an experiment agreed very well with the weight change calculated 

from system pressure  drop measurements  assuming the following reaction 

to take place: 

M +  N O + M O +  112 N2 M = metal 

. , Figure 9 shows a plot of reaction versus time. for  exper iments  at  

l 1 0 0 ~ .  1 2 0 0 ~ .  and 1 3 0 0 ~ ~  and at a p r e s s u r e  of 500 mm Hg. As  is 

apparent f rom this figure, there was relatively little. difference between 

the experiment a t  1 2 0 0 ~ ~  and the experiment at  1 3 0 0 ~ ~ .  It would s e e m  

possible that a t  1 3 0 0 ~ ~  the overall  reaction was no longer controlled by 

surface kinetics but rather  by the ra te  of diffusion of nitric oxide to the 

sample surface through the nitrogen gas which was formed a s  a product of ' 

reaction. F r o m  a comparison of Figure 8 and 9, i t  would appear that the 

oxidation of Haynes 25 in ni t r ic  oxide was' somewhat slower than the oxida- 

tion of Haynes 2 5 in pure  oxygen. 

0 
.Figure 10 shows the resul ts  of several  experiments run .a t  1200 C 

and a t  different nitric oxide pressures .  The Haynes 25-nitric oxide reac-  

, tion was found to  be slightly p r e s s u r e  dependent at  1 2 0 0 ~ ~ .  A 25-fold 

increase in the nitric oxide p ressure  resulted in about a 3. 5-fold increase 

in  the reaction rate. 



. . TIME (MIN) 

Figure 8., Oxidation of Haynes Alloy 25 in Pure 1 3 y g e n  



Figure 9. Oxidation of Haynes Alloy 25 in Nitric Oxide 
at 500 MM Hg. Pressure , 



Figure 10. Oxidation of Haynes Alloy 25 in Nitric Oxide a t  1 , 2 0 0 ~ ~  . .  . 
. I . ' ., - , . 

(Effect of P r e s s u r e )  - 



3. I. 6 Comparison of the oxidation of 3 16 Stainless Steel, 
Hastelloy C, Hastelloy X, and Haynes 25 

Figure I I ,  12, and 13 compare the resul ts  of the oxidation in pure 

oxygen of 3 16 stainless steel, Hastelloy C, Hastelloy X and Haynes 2 5 a t  

1 loo0, 1200°, and 1 3 0 0 ~ ~  respectively. At 1 1 0 0 ~ ~  Hastelloy X oxidized 

much slower than any of the other alloys, while 316 stainless s teel  oxidized 

considerably fas ter  than the other three  alloys. Indeed, there was almost 

a factor of 100 difference between the ra tes  of oxidation of Hastelloy X and 

316 stainless s teel  a t  1 1 0 0 ~ ~ .  In general, i t  appeared that 316 stainless 

s teel  was l e s s  oxidatidn resis tant  a t  temperatures of I 1 0 0 ~ ~  and above than 

the nickel o r  cobalt-based superalloys. 

3.2 EXPERIMENTAL FLAME STUDIES . 

3.2. I The Behavior of Type'304 Stainless Steel 
in the H2 -02 Flake- Sys tem 

A number of experiments were conducted in which type 304 stainless 

s teel  was exposed to thermochemically defined H2 -02 f l a m e  environments 

for periods of t ime of up.to 20 minutes. Experiments were conducted a t  a 

variety of initial heat fluxes (and hence a number of different steady state  

sample temperatures)  a n d a t  two different mixture ratios (02/H2 = 0;. 98 

and O2 /HZ = 0. 33). The  oxygen-rich mixture ratio (02 /HZ = 0.9 8) contained 

high concentrations of both oxygen and water vapor. 

Table 2 summarizes the tes t  conditions used in each of the experiments 

with type 304 stainless steel. The table l i s t s  for  each experiment the com- 

puted'adiabatic flame temperature and chemical composition, the initial heat 

flux to the sample, the calculated steady state. sample temperature,. the total 

run time, and oxidizer and fuel flow rates.  

Tables A- I to A-19 of the Appendix present  the detailed temperature - 
t ime data for each experiment., Both the two -color pyrometer measurements  

and the micro-optical pyrometer measurements  a r e  included. Initial and 

final sample weights a r e  also included in these tables. An.apparent corro-  

asion ra te  was calculated f rom the weight change and the total t ime of an 

experiment, and is presented in the tables. .The apparent corrosion ra tes  

calculated f rom measured weight changes, a t  best, give only a very crude 

measure  of the ra te  of corrosion. At temperatures above the alloy melting 
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Figure  1 1. Oxidation at 1 1 OOOC 
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Figure 12. Ckidation at 1 2 0 0 ~ ~  



O X I D A T I O N  AT 1300 OC, 
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Figure  13. Oxidation at 1 3 0 0 ~ ~  



Table 2. Conditions of Type 304 Stainle s s Steel Torch Experiments - Hydrogen- Oxygen Flame 

Experiment Number 1 2' . 3 4 5 6 7 8 9 10 

Adiabatic Flame Temperature. OF 4790 4790 4790 4790 4840 4840 4840 4840 4840 4840 
, . .  

Calc~latedSteadyStateTernperature,~~ 2770 2670 3000 3000 2805 2495 2340 2920. 2045 2340 

OZ Flow literelmin 

H Flow, literelmin 2- 

02/H2 Ratio 

2 Initial Haat Flux, Btulft -aec 93.5 79.5 137.2 137.2 99.1 59.2 44.0 119.7 25.6 44.0 

.Total Run Time, sec 364 300 2 1 i 2 94.5 213 354 4 1 480 375 

Surrounding Atmoephere Air Air Air Air Air - Air Air Air Air Air 

Equilibrium Flame Conipoeition 

*X = Mole Fraction 



Table 2. Conditions of Type 304 Stainless Steel Torch Experiments - Hydrogen- Oxygen Flame (Continued) 

Experiment Number 11 12 13 14 15 32 3 3 34 35 

Adiabatic Flame Temperature. OF 47 90 4840 4790 4840 4840 4790 47 90 4790 4840 

Calculated Steady State Temperature, OF 1810 2 135 3000 2495 Z 920 2670 2215 2320 2135 

O2 Flow, l'iterelmin 

HZ Flow, l i terelmin 

02/H2 Ratio 

2 
Initial Heat Flux, Btu/ft -sec 

Total Run Time, sec. 360 920 11, 7 1 l5.5 30 1200 1200 1200 

Surrounding Atmosphere 
0' 

Air Air Air Air P.ir Air Air Air Air 

Equilibr iurn Flame Composition 

* 
X = Mole Fraction 



range some mater ia l  .may be removed by ablation. At tempera tures  below 

the alloy melting range, oxide sca les  can spa11 f r o m  the sample during 

cooldown. Thus, the reported corrosion r a t e s  in the flame experiments 

only give a rough estimate of the amount of oxidation. 

F igure  14 shows a plot of the temperature- t ime data for  experiments 

i n  both oxygen-rich and hydrogen-rich flames. Both the experimental points 

and the calculated steady s tate  sample . tempera tures  a r e  shown. 

The temperature- t ime response of experiments 34 and 35 (Figure  14) 

were  typical of the resu l t s  obtained in a l l  experiments a t  sample tempera-  

t u r e s  below the melting range of 304 s tainless  s tee l  ( ~ 2 5 0 0 ~ ~ ) .  The 

measured  sample tempera tures  were  just slightly above the calculated 

temperatures .  There did not appear to be any appreciable difference be-  

tween exposing samples  to fuel-rich f lames (02 /HZ = 0. 33) and ex,posing 

samples  to  oxygen.-rich f lames (02 /H2  = 0.98).  

There was no evidence of a significant heat input due to rapid surface 

reaction in any of the experiments where samples  remained at  tempera tures  

below the alloy melting range. That i s ,  there  was no tendency for the s a m -  

ples  to  ignite a t  tempera tures  below the melting range. 

When the 304 s tainless  s tee l  samples  were  exposed to hydrogen- 

oxygen flame environments under conditions where the samples  were  heated 
0 to  tempera tures  in excess  of 2500 F there  was evidence of considerable 

surface heating due to  reaction. This can be seen f rom the tempera ture-  

t ime.data  for experiment number 3 where the measured  tempera tures  were  

a s  much a s  500°F above the calculated steady s tate  tempera ture  (which 

a s sumes  noheat input due to reaction). It would appear  that, a t  l eas t  in - 
some of the higher heat flux experiments ( sample  tempera tures  in excess  

of 2500°F), the 304 s tainless  s teel  ignited. 

Figure 15 shows a photograph of an unreacted tes t  specimen and 

Figure 16 shows a photograph of the 304 s tainless  s tee l  sample a f te r  ex- 

per iment  34. This sample was exposed to the oxygen-rich f lame for  20 

minutes under conditions which left the peak sample tempera ture  a t  about 

2 4 0 0 ~ ~ .  A considerable oxide scale  had formed on the sample.  This 

sample was sectioned and examined microscopically to  determine to what 

extent internal oxidation had taken place. Figure 17 shows a photomicro- 

graph of an  unreacted specimen and Figure 18 shows the sectioned sample 



Figure 14. Temperature Time Data for Type 304 Stainless Steel in 
a Hydrogen - Oxygen Flame Environment 



Figure 15. Unreacted Cylindrical Sample 



Figure 16. Experiment Number 54 



- 
Figure 17. 

Steel Sample 80 X 
Figuze 18. Sectioned 304 Stainless Steel 

Sample Experiment 34 



from experiment 34. From a comparison of those two photomicrographs 

i t  was apparent that there was no appreciable internal oxidation of the 

experiment 34 test specimen, and that oxidation was limited to scaling of 

the external surface. 

Figure 19 shows a photograph of a sample after exposure to the 

oxygen-rich flame at  temperatures up to 3 3 0 0 ~ ~ .  k e n  the sample melted, 

reaction became quite vigorous and there was considerable sparking and 

evolution of volatile material through bubbling. 

3.2.2 The Behavior of Type 316 Stainless Steel 
in the H2 -OZ Flame Sys tem 

Tho bohavior of trpc 3 16 otainlcoa otccl in hydrogen oxygen flame 

environments was investigated in a manner d o g o u s  to  the previously 

described (section 3.2. 1) experiments with type 304 stainless steel. Table 3 

details the test conditions for each experiment and Tables A-20 to A-31 of 

the appendix tabulate the measured temperature -time data for each experi - 
ment. The results obtained were very similar to those obtained with type 304 

stainless steel and a r e  summarized briefly below: 

Figure 20 shows the measured and calculated temperature versus 

time data for typical experiments in both hydrogen-rich and oxygen-rich 

flames. The results of two experiments at  relatively low heat fluxes (ex- 

periments 36 and 37) and one experiment a t  a high heat flux (experiment 16) 

a r e  shown. In experiments a t  low heat fluxes, such as 36 and 37, where the 

sample did not obtain temperatures higher than about 2 5 0 0 ~ ~  the calculated 

steady state temperature agreed fairly well with the measured sample tem- 

perature. Hence, under these conditions, there was very little surface 

heating due to reaction and no tendency towards sample ignition. At higher 

heat fluxes. where the sample temperature exceeded the melting range of 

the 316 stainless steel (-2500°~), the measured sample temperatures were 

a s  much a s  7 0 0 ' ~  greater than the calculated temperatures which indicated 

a considerable amount of sample heating due to surface reaction. Thus, a s  

illustrated by experiment 16 shown in Figure 20, it would appear that, like 

type 304 stainless steel, type 316 stainless steel can be' ignited at  tempera- 

tures above its melting range in a hydrogen-oqgen flame. There was no 

real  evidence to indicate that either the fuel-rich or  oxygen-rich flame was 

more reactive with 3 16 stainless steel at any of the sample temperatures 

investigated. 



- :.Figure 19. Experiment No. 13 .+ - 1:r .: 
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Table 3. Conditions of Type 3 16 Stainless Steel Torch Experiments- Hydrogen- Oxygen Flame 

Experiment Number . 
Adiabatic Flame Temperature, OF 4790 4790 4790 4790 4790 4840 4840 4840 4840 4840 4840 4790 

0, Flow, literrn/min 

HZ Flow, literrn/min 

02/H2 Ratio 

kritial Heat Flu, ~tu/ft'-mec 

Todd Run Time, sac 

Surrounding Atmo mphsre 

Equilibrium Flame Cornpornition 

Air Oxygen Air Air Air Air Air Air Air Air Air Air 

'X = bdole Fraction 



Figure 21 shows the 316 stainless steel test sample after the com- 

pletion of experiment 36. The test specimen was exposed to the fuel-rich 

hydrogen-oxygen flame environment for 20 minutes a t  a temperature of 
approximately 2 2 5 0 ~ ~ .  The specimen was coated with a fairly heavy oxide 

scale. Figure 22 shows a photomicrograph of a polished and etched sample 

of unreacted 316 stainless steel, and Figure 23 shows a photomicrograph 

of a polished and etched cross section of the test specimen from experiment 

36. It was apparent that there was no appreciable internal corrosion of 

this test  specimen and that the majority of the oxidation took place on the 

external surface. 

Figure 24 shows the test specimen after' completion of a high heat 

flux experiment (experiment 2 1) in which peak sample temperatures reached 

3 5 0 0 ~ ~ .  The cra ters  in the sample probably represent a reas  where spark- 

ing a r  vialent bubbling took place during the test. 

3.2.3 The Behavior of Haynes Alloy 25 in the HZ -02 Flame System 
- 

P 

The behavior of Haynes 25 in hydrogen-oxygen flame environments 

which were fully determined thermochemically was investigated in a num- 

ber  of experiments. Samples were tested in both fuel-rich and oxygen-rich 

flames a t  a variety of initial heat fluxes (and hence at a number of different 

steady state temperatures) . The experimental test matrix was very similar 

to the ones conducted with 316 and 304 stainless steels (sections 3.2. 1 and 

3.2.2). Table 4 l i s ts  the experimental conditions fop each of the hydrogen- 

oxygen flame tests. Tables A-32 to A-45 preeent the measured temperature 

t ime data, initial and final sample weights, and calculated steady state 

sample temperature (assuming no heat generation due to reaction and an 

emissivity of 0. 8) for each experiment. 
d 

Figure 2 5 compares the calculated and measured temperature ver sue 

t ime data for several experiments in both oxygen-rich and fuel-rich flames. 

In experiments in which the Haynes 25 samples remained a t  temperatures 

below the melting range of the alloy ( - 2 6 0 0 ~ ~ )  there was rather good agree- 

ment between calculated and experimental sample temperature s indicating 

no appreciable surface heating due to reaction and no tendency to ignite. 

There did not appear to be any real  difference between the behavior of 



Figure 2 1; Experiment No. 36 - 



Figure 22 
Unreacted 3 16 Stainless Steel 
Sample 80 X 

Figure 23 
Photmicrograph's  of The Sectioned 
3 16 Stainless Steel Sample f r o m  
Experiment 36 
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Figure 25. Temperature Time Data for Haynes Alloy 25 
in a Hydrogen- Oxygen Flame Environment 



Table 4. Experimental Conditions for Hayne s Alloy "25 It- Hydrogen-Oxygen Torch Experiments 

hperiment Number 26 27 28 29 30 3 1 38 39 40 4 1 42 43 44 45 

Adkbrtic Flame Temperature. OF 4790 4790 4790 4790 4790 4790 4840 4840 4840 4840 4840 4840 4840 4790 

H2 Flow. literrlrnkr 

0 2 1 H 2  Ratio 

Initial lieat Flux. ~tulft~-rnec 

Tot& Run Time, wc 

Equilibrium Fluna Cornpornition 

X 
* 

O2 

+2 

Xxzo 

x o ~  

Xw 

xo 

Air Air Air Air Air Air Air Air Air Air Air Air Air Air 

'X = Mole Fraction 



Haynes 25 in fuel-rich flames (H 0 vapor the only reactant) and the behavior 2 
of this alloy in oxygen-rich flames (where both water and oxygen were present 

in appreciable concentrations). 

In experiments in which the Haynes 25 samples melted, there still 

appeared to be little evidence for rapid heating due to surface reaction, and 

there certainly was no evidence of a transition to a rapid vapor phase com- 

bustion in any of the experiments which were conducted. Experiment 29 

(Figure 25) was typical of the experiments in which the sample melted. The 

measured temperatures were at most a few hundred degrees above the cal- 

culated temperatures and there was no sparking or bubbling as  was observed 

in the stainless steel experiments. 

Figure 26 shows a photograph of a Haynes 25 test  specimen after 

exposure for 20 minutes to a fuel-rich hydrogen-oxygen flame a t  a specimen 

temperature of approximately 2350°F (experiment number 44). As can be 

seen from this photograph, there was considerably scaling of the sample 

and some erosion of the top of the sample. The test specimen from 

experiment 44 was sectioned, polished, etched and examined microscopi- 

cally. Figure 27 shows a photomicrograph of an unreacted Haynes 25 sample 

and Figure 28 shows a photomicrograph of the sectioned test specimen from 

experiment 44. There does not appear to be any evidence of internal oxi- 

dation of the test specimen and it  would appear that oxidation was limitedto 

scaling and erosion of the external surface. 

3.2.4 The Behavior of Haynes Alloy 25 in the CO-0, Flame System 

Several experiments were completed in which Haynes 25 cylinders 

were exposed to carbon monoxide-oxygen flame environments which were 

thermochemically defined. Experiments were conducted in fuel-rich flames 

in  which carbon monoxide and carbon dioxide were the principle combustion 

species and in oxygen-rich flames which contained significant concentrations 

of oxygen a s  well a s  carbon monoxide and carbon dioxide. Table 5 presents 

the experimental conditions for each of the carbon monoxide-oxygen flame 

tests.  Tables A-46 to A-52 of the appendix summarize the measured tem- 

perature versus time data and estimated corrosion rates for each experi- 

ment. 



- -- 

Figure 26. Experiment No. 44 



Figure 27. Unreacted Haynes 25 
Sample 80 X 

Figure  28. Sectional Haynes 25 Specimen 
After Experiment 44 



Table 5. Experimental Conditions for Haynes Alloy "25 Carbon Monoxide -Oxygen Torch Experiments 

Experiment Number 122 123 124 125 126 127 128 

Adiabatic Flame Temperature, OF 

Calculated Steady State Temperature, OF 

O2 Flow, liter elmin 

CO Flow, literelmin 

0 2 / C 0  Ratio 

2 Initial Heat Flux, Btulft -sec - -c- - c  - ' #  -. -2 
Total Run Time, sec 

Surrounding Atmosphere 

Equilibrium Flame Compo sition 

3 60 

Air 

360 

Air 

1.76 1. 98 

8.00 9.00 

0.22 0.22 

25.00 28.45 

360 1200 

Air Air 

3 60 

Air 

360 

Air 

360 

Air 

* 
X = Mole Fraction 



Figure 29 compares the experimental and calculated temperature 

versus time data for a fuel-rich and an oxygen-rich experiment. The oxygen- 

rich experiment has  a surface temperature somewhat higher than ths fuel- 

rich experiment even though the calculated temperatures for the two experi - 
ments were nearly the same ( 8 0 O ~  apart). This would indicate somewhat 

faster surface reaction (and hence higher surface heat generation) in the 

oxygen-rich experiment. Further evidence of a more rapid reaction in the 

oxygen-rich flames can be seen from Table 6 which lists the apparent cor- 

rosion rates and sample temperatures for all of the experiments. The 

corrosion rate data (calculated from initial and final sample weights) for 

these experiments should be meaningful, since all experiments were nln a t  

temperatures below the alloy melting point and there was no appreciable 

spalling of scales from the sample surfaces. As can be seen from Table 6, 
i- 

the apparent corrosion rates in the oxygen.:gich flames (0 /CO = 0.6) was 2 
much greater than in the fuel-rich flames. 

Table 6. Apparent Corrosion Rates For Haynes Alloy 25 in 
Carbon Monoxide -Oxygen Flame Environments 

Experiment 
Number 

Peak Sample 
Tem erature J F )  

2143 

2110 

2152 

2209 

22 09 

2295 

2480 

o2 -CO 

Mole Ratio 

0.22 

0.22 

0.22 

0.22 

0. 60 

0.60 

0.60 

Apparent 
Corrosion Rate 

Weight Gain 
(mg/cm2-hr ) 

Figure 30 shows a photograph of the Haynes 25 sample after exposure 

to the oxygen-rich carbon monoxide-oxygen flame at  2 ~ 9 5 ~ ~  for 6 minutes. 

This sample had quite an extensive scale on the outside of the cylinder. A 

photomicrograph of the sectioned sample also showed some internal oxida- 

tion (Figure 31). 



Figure 29. Temperature Time Data for Haynes Alloy 25 in a 
Carbon Monoxide - Oxygen Flame Environment 
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Figure 30. Experiment No. I27 





Figure 32 shows a photograph of the test sample from fuel-rich 

experiment number 124. This sample was exposed to the fuel-rich flame 

for 6 minutes at  2 143O~.  Relatively little external oxidation was apparent, 

and the sectioned sample showed no indication of internal oxidation. 

3.2. 5 The Behavior of Hastelloy C and Hastelloy X 
in the HZ -02 Flame System 

A number of experiments were conducted in which cylindrical samples 

of Hastelloy alloy C and Hastelloy alloy X were exposed to the %-O2 flame 

under both fuel-rich and oxygen--rich conditions. The two alloys a re  being 

considered together, rather than separately, because the same test matrix 

was conducted with each alloy and the test  results with the two alloys were 

nearly identical. The experimental procedures were the same as  previously 

described for the type 304 stainless steel experiments (section 3.2. I). 

Table 7 lists the detailed conditions for each experiment with Hastelloy C 

and Table 8 presents the same information for the experiments with 

Hastelloy X. Tables A-53 to A-66 of the appendix list the detailed tem- 

perature versus time data for the experiments with Hastelloy C while Tables 

A-67 to A-80 present the same information for the Hastelloy X tests. 

Figure 33 compares the measu~ed  and calculated temperature versus 

time data for several experiments with Hastelloy C in both fuel-rich and 

oxygen-rich flames. In all cases, the measured sample temperatures 

agreed quite closely with the calculated temperatures (*1 50O~)  indicating 

no significant surface heat input due to reaction. Even in experiments in 

which the sample melted (experiment 57) there was no indication of rapid 

surface heating or ignition of the sample. There was no real evidence of 

any difference between the interaction of Hastelloy C with the fuel-rich 

flame and the interaction with the oxygen-rich environment, 

Figure 34 presents a plot of the calculated and measured temperature 

versus time data for several experiments with Hastelloy X. The results 

a r e  very similar to those obtained in the Hastelloy C - HZ -02 flame experi- 

ments. The measured and calculated sample temperatures agreed rather 

well ( * l O o O ~ )  and there was no tendency for the samples to ignite or com- 

bust in the vapor phase even when heated above the melting range. The 

samples appeared to behave in approximately the same manner in both fuel - 
rich and oxygen-rich flames. 



Figure 32. Experiment No. 124 



Table 7. Conditions of Hastelloy Type C Torch Experiments- Hydrogen-Oxygen Flame 

Experiment Number 46 47 48 49 50 51 52 53 54 55 56 57 58 59 

Adiabatic Flame Temperature, OF 

Calculated Steady State Temperature, OF 1810 2380 

O2 Flow, litera/min 

H2 Flow, literrlmin 

02/H2 Ratio 

2 Initial Heat Flux, Btulft -rec 

Total Run Time, aec 

Surrounding Atmosphere Air Air Air Air Air Air Air Air Air Air Air Air Air 

Equilibrium Flame Compomitiona 

* 
X = Mole Fraction 



Table 8. Conditions of Hastelloy Type X Torch Experiments- Hydrogen- Oxygen Flame 
Experiment Number 60 6 1 62 63 64  65 66 67 68  69 70 71 72 

Adiabatic Flame Temperature. OF 4790 

O2 Flow, liters/min 

H2 Flow, literalmin 

02/H2 Ratio 

Initial Heat Flux, ~tulft'-aec 

Total Run Time, aec 

Eguilibrium Flame Compoaitiona 

Air Air Air Air Air Air Air Air Air Air Air Air Air 

7 3 

4840 

2340 

1.00 

3.00 

0.33 

44.00 

1200 

Air 

*X = Mole Fraction 



Figure 33.  Temperature Time Data for Hastelloy C in a Hydrogen- 
Oxygen Flame Environment 
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Figure 34. Temperature Time Data for Hastelloy X in a Hydrogen- 
Oxygen Flame Environment 

3000 

0 

2600 
:: 
w w 
3 
c 

3 
w 
n 

I 
2400 , EXPERIMENT N O .  72- 

I ) -  - - ----- 
EXPERIMENT N O .  73 

600 800 1000 1200 
TIME (SEC) 

----------- - --- 
- - -- CALCULATED SAMPLE STEADY STATE 

TEMPERATURE 
( r TH = 0.80) 

0 EXP 70 02/H2 =0.33 

0 EXP 72, SAMPLE TOP DATA, 02/H2 = 0.98 

A EXP 73, SAMPLE TOP DATA, 02/H2 = 0.33 

NOTE: SOLID SYMBOLS ARE TOW COLOR WROMETER 
DATA 

N O N  SOLID SYMBOLS ARE OPTICAL WROMETER 
DATA 

- 0.70) ('s, A = 6 5 0 m p -  

,---.----,-- EXPERIMENT N O .  70 --- - 



Figure 35 shows a photograph of a Hastelloy C sample after exposure 

to  the fuel-rich flame for 20 minutes a t  a peak temperature of 2418O~ 

(experiment 59). As can be seen, there was an external oxide coating 

formed on the sample and some melting on the top. When this sample was 

sectioned, however, and observed microscopically, there was no evidence 

of internal oxidation. Figure 36 shows a photomicrograph of the test speci- 

men from experiment 59. 

Figure 38 shows a photograph of a Hastelloy X test sample after ex- 

posure for 20 minutes to the fuel-rich flame a t  peak temperatures of 2356O~. 

This sample showed very little external scaling and when sectioned showed 

no evidence of internal oxidation. 

3.2.6 Behavior of Tungsten in the HZ-O2 Flame System 

Tungsten coupons (1 x 1/4 x 0.030 inch) were exposed to hydrogen- 

oxygen flame environments under both fuel-rich and oxygen-rich conditions. 

Table 9 details the conditions for  each experiment. Tables A-81 to A-93 of 

the appendix presents the detailed temperature versus time measurements 

and the average reaction rate for each experiment. In the experiments with 

tungsten, the samples did not melt, and the oxide which formed (W03) was 

volatile and, hence, evaporated f rom the tungsten sample surface. Thus, 

the average reaction rates a s  calculated from initial and final sample weights 

gave meaningful indications of the rates a t  which oxidation was taking place. 

Table'lO presents the average sample oxidation rates, peak sample 

temperatures, and flame conditions for the experiments conducted with 

tungsten coupons. As is apparent from this table, there was exceedingly 

rapid reaction of the tungsten with the H2-O2 flames, particularly in the 

cases in which both oxygen and water vapor were present in the flame en- 

vironment in high concentrations (02/H2 = 0.98). Indeed, in some of the 

experiments the tungsten coupons completely disappeared in a matter of a 

few seconds. 





Figure 36. Unreacted Hastelloy C 
Sample 80 X Figure 37. Photomicrograph of Tes t  

Specimen f rom Experiment 
No. 59 80 X 



Figure 38. Experiment No. 73 



Table 9. Conditions of Uncoated Tungsten Torch Experiments---Hydrogen-Chrygen Flame 

Experiment Number 74 75 76 77 78 79 80 81 82 83 84 86 88 

Adiabatic Flame Temperature, OF 4790 4790 4840 4840 4840 4790 4840 i040 4790 4790 4040 4790 4840 

CslculstedStecrdyStoteTemprat~e,~~ 1970 2530 2110 2180 2385 2695 2555 2555 2830 2920 2980 2695 2695 

O2 Flow, l i terdmin 0.75 2.95 0.75 0.82 1.00 3.90 1.30 1.30 4.90 5.88 2.64 3.9 1.57 

H2 Flow, litarm/& 0.76 3.00 2.27 2.46 3.00 4.00 4.00 +.OO 5.00 6.00 8.0 4 .0  4.72 

OZ/H2 Ratio 0.98 0.98 0.33 0.33 0.33 0.98 0.33 C.33 0.98 0.98 0.33 0.98 0.33 

2 Initial Heat Flux, Btulft -roc 10.20 29.35 13.74 15.90 23.40 39.41) 31.70 31.70 49.15 57.70 64.00 39.40 39.4 

Total Run Time. mec 4 .1  3.75 42 21.75 58 

' Surrounding Atmomphere 
0 

Equilibrium Fluna Composition 

* 
Xo2 

x ~ z  

5 2 0  

X~~ 

X~ 

Xo 

Air Air Air Air Air Air Air A i  Air Air Air Air 

*X = Mole Fraction 



Table 10. Average Oxidation Rates f o r  Tungsten Samples 
in the HZ-O2 Flame System 

I 

Average Oxidation 
Rate Over the 

Peak Sample Duration of the 
' Experiment ' Temperature 0 2  /HZ Experiment 

Number . ( O F )  Mole Ratio (ma  /cm2-hr)  

Figure 39 shows the calculated and measured  tempera ture  versus  

t ime data for two experiments a t  t he ' s ame  heat flux (and, hence, the same 

calculated steady s tate  temperature) .  Experiment 86 was conducted in the 

oxygen-rich flame environment (02 /HZ = 0.98) and experiment 88 in the fuel- 

r ich flame (02 /HZ = 0.33). Both experiments showed peak sample tempera-  
0 tu res  which were  a t  leas t  1000 F above the calculated sample temperatvre 

which a s sumes  no heat due to reaction. In both experiments the high sample 

tempera tures  whi,ch were  obtained were  due to  the extremely rapid exother- 

mic  oxidation of the tungsten samples  in the flame environments. That i s ,  

the samples  ignited in both the fuel-rich and oxygen-rich {lames. In the 

oxygen-rich flame (experiment 86) sample temperatures  were  bff-scale a t  

severa l  points (> 3 6 0 0 ~ ~ ) - .  Moreover,  there  was such a tremendous evolu- 

tion of W03 smoke during this experiment that i t  was likely that the pyro- 

me te r  was not actually seeing the surface of the sample itself but ra ther  the 

somewhat cooler oxide smoke a t  some distance f rom the tungsten surface.  



TIME (SEC) 

F i g u r e  3 9 .  Tempera tu re  T ime  Data fo r  Uncoated Tungsten 
in a Hydrogen-Oxygen F lame  Environment 



Hence, the actual surface temperature of the burning sample during experi-  

ment  86 may be  considerably grea ter  than was indicated in Figure 39. The 
combustion ra te  of the fuel-rich ~ i a m e  experiment (experiment 88) was rllach 

. . 

lower than the oxygen-rich flame experiment and the amount of oxide smoke 

formed was much smaller .  Hence, for fuel-rich experiment number 88 i t  

was likely that the measured tempera tures  actually were  representative of 

surface temperatures .  

Figure 40 shows a plot of the peak measured  sample tempera tures  

versus  the calculated sample tempera tures  (which assume no heat genera-  ' 

tion due to surface reaction) f o r  experiments in both'the fuel-rich and oxygen- 

rich I l a n ~ e s .  It would appear that the tungsten samples  had ignition tem-  

pera tures  in the hydrogen-oxygen flame environments of about 2200 to 

2400°F. 

Figure 41 shows a graph of the logari thm of the apparent corrosion 

ra te  versus  the calculated sample tempera ture  for experiments in the fuel- 

r ich and oxygen-rich H -0 flames. At calculated temperature above the 2 2 
0 ignition tempera ture  range (2200 to 2400 F) the samples exposed to the 

oxygen-rich flame oxidized at  r a t e s  which varied f rom 0. 5 to 1. 5 o r d e r s  

of magnitude grea ter  than the corresponding experiments in fuel--rich flames. 

Figure 42 shows a photograph of an unreacted t e s t  specimen. Figure 

4 3  shows a photograph of the t e s t  specimen af ter  exposure to the fuel-rich 

flame for 180 seconds. The combustion r a t e  was much slower in this ex -  

per iment  than in the oxygen-.rich f lame experiment (experiment 79).  It i s  

interesting to note how the tungsten oxide condensed around the sample in 
I 

the fuel rich flame experiment (F igure  44). This type of condensation was 

not noted,in the oxygen rich f lame experiments.  

Color motion pictures  (64 f r a m e s  p e r  second) were  taken in severa l  

of the experiments with tungsten samples.  F igure  45 shows four  selected 

f r a m e s  f r o m  the motion picture taken of experiment number 86 (oxygen- 

richaflame; O2 /HZ = 0. 98). The f r ames  were  taken 114 second apa r t  during 

the steady s tate  combustion of the tungsten sample.  It i s  apparent f rom 

these selected f r a m e s  that a significant amount of sample oxidation took 

place within a t ime span of 1 second. 



CALCULATED TEMPERATURE O F  x 

Figure  40. ~ e a i u r e d  ~ e m ~ e ' r a t u r e  ve r sus  Calculated Temperature f o r  
Tungsten Samples in a Hz-O2 Flame  



CALCULATED TEMPERATURE (OF x lo-*) 

Figure 4 1 .  Apparent Tungsten Corrosion Rate as a Function 
of the Calculated Sample Temperature 







Figure 44. Experiment No. 78 



~ i ~ 1 . 1 3 4 5 .  Selected Frames From 720 Motion Picture of the Combustion of Tungsten 



3.2.7 The Behavior of Tantalum- 1070 tungsten 
in the H2 -02 FLame System 

Test  specimens ( 1 x 1 14 x 0.030 inch) of tantalum- 10% Tungsten 

alloy (Fansteel  Corporation) were  exposed to hydrogen-oxygen flame en- 

vironments in  a manner analogous to the previously described experiments 

with pure  tungsten. Table I I presents  the detailed experimental conditions 

for  each tes t  and Tables A-94 to A-1 10 present the measured temperature 

versus  t ime data for  each experiment. 

Figure 46 shows the measured and calculated temperature versus 

t ime curves for three  experiments which were al l  conducted a t  the same 

initial heat ilux. In one of the cxperirnents (ekperiment 104) the tantalum- 

10% tungsten sample was exposed to a fuel-rich flame (0 / H ~  = 0.33) 2 
in  which water vapor was the only rcactive specie present.  In the other 

two experiments (93 and 103) the samples were exposed to oxygen-rich flames 

(H, /02 = 0.98) in which hoth water vapor and oxygen were present  in high 
L 

concentrations. All three  experiments showed surface temperatures well 

in  excess of the calculated surface temperature (which assumes  no heat 

generation due to reaction) indicating that the samples had ignited. 

The samples exposed to the oxygen-rich flames obtained much higher 

steady state temperatures (and, hence, much fas ter  combus tion ra tes)  than 

samples exposed to the fuel-rich flame. Indeed, with the exception of ex- 

periments  a t  the lowest heat fluxes, those s a n ~ p l a s  which were exposed to 

the oxygen rich flames obtained sample temperatures which were off-scale 

on the low scale (2600 to 3 7 0 0 ~ ~ )  of the two-color pyrometer.  In experi- 

ment  92 the high scale (4000 to 6 0 0 0 ~ ~ )  of the two-color pyrometer was 

used to  measure  the sample temperature.  The peak two -color temperature 

reading fo r  this experiment was 6 0 0 0 ~ ~ .  There was some uncertainty in 

the validity of this temperature measurement,  however, since it was not 

possible to check the calibration of the two-color p y r o n ~ e t e r  at temperatures 

a s  high a s  6 0 0 0 ~ ~ .  However, f r o m  observations of the reacted samples i t  

would seem very likely that sample temperatures in excess of 4000°F were 

reached. 



Table 11. Conditions of G n t a l u m -  10 Percent  Tungsten Torch Experiments-Hydr.ogen- Oxygen Flame 

Experiment  Number 89 90 91 92 93 94 95 96 97 98 99 100 101 102 104 103 105 

Adiabatic F lame  Temperature .  OF 4790 4790 4790 4790 4840 4840 4840 4790 4790 4790 4840 4790 4840 4840 4840 4 7 9 0 . 4 7 9 0  

Calculated Steady State Temperature ,  OF 1925 2465 2630 2630 2055 2125 2335 2200 2125 2155 2505 2630 2810 2925 2630 2630 2630 

O2 Flow, l i t e re lmin  0.75 Z.95 3.90 3.90 0.75 0.82 1.0 1.812 1.47 1.57 1.3 3.9 2.0 2.64 1.57 3 .9  3 .9  

HZ Flow,  l i t e re lmin  0.76 3.00 4.00 4.00 2.26 2.46 3.0 1.85 1.50 1.60 4 .0  4 .0  6.0 8.0 4.72 4 .0  4 .0  

OZIHZ Ratio 

2 Initial Heat Flux.  Btulft - sec  

Total Run T ime ,  eec 

Surrounding A-oephere 
C1 

Equilibrium F lame  Compoeition 

360 13 6.38 1.86 360 360 360 15.38 360 12 180 3.75 62.25 4.25 49 12 11 

Air  Air Air Air Air Air Air  Air Air  Air Air Air Air Air Air Air  Air 

*X = Mole Fract ion 
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Figure 46. Comparison of the Temperature Time Data for P f a u d l e ~  Coated Tungsten 
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. Flame Environment (02/ HZ = 0. 98) .  ' . 
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Figure  47 shows a plot of the  calculated sample  t empera tu re  v e r s u s  

the peak observed t empera tu re s  fo r  exper iments  in  both oxygen-rich and 

fuel-rich f lames.  It would appear  that  the ignition t empera tu re  f o r  tanta lum- 

1070 tungsten s amples  i n  the  hydrogen-oxygen f l a m e s  w e r e  i n  the range  

f r o m  2100° t o  2 3 0 0 ~ ~ .  

F igu re s  4 8  and 49 show photographs of samples  exposed to  the oxygen- 

r ich f lames  f o r  per iods  of 6 seconds and 13 seconds,  respectively.  It i s  

apparent  f rom these  photographs that  ex t remely  rapid sur face  reaction took 

place. Moreover ,  i t  appears  that  molten phases  were  formed which would 
0 

indicate sample  t empera tu re s  in exces s  of 4000 F. F igure  50 shows a 

photograph of a tantalum - 10% tungsten s ample  a f t e r  exposure  to  the  fuel- 

r ich f lame (wate r  vapor the only reactant)  f o r  360 seconds. A comparison 

of F igu re s  48, 49, and 50 shows that the fuel-rich f lame reac ted  much 

s lower  with the tantalum-10% tungsten s amples  than did the  oxygen-r ich 

f lame s. 

3 .2 .  8 The Behavior of Tantalum- 1070 Tungsten 
ip the CO-O2 F lame  System 

~ - --- ~ ~~ 

Severa l  exper iments  we re  conducted in which the tanta lum- 10% 

tungsten specimens were  exposed to carbon monoxide -oxygen f lame environ - 
ments  under both fuel-rich and oxygen-.rich conditions. The t e s t s  were  con- 

ducted in the s a m e  manner  a s  the previously  descr ibed  (sect ion 3. 2. 7) 

exper iments  in H -0 flames.  Table 12 l i s t s  the  exper imental  conditions 2 2 
for  each t e s t  and Tables A-11 1 to  A-1  16 of the Appendix p re sen t  t he  

t empera tu re - t ime  data  f o r  each  exper iment .  

F igure  51 compares  the measu red  t empera tu re  v e r s u s  t ime  data fo r  

two exper iments  in which the  s amples  w e r e  exposed to  the f lame environ- 

ments  a t  the s a m e  heat flux and, hence,  a t  the  s a m e  calculated s teady s ta te  

sample  tempera ture .  In the f i r s t  exper iment  (exper iment  131) the specimen 

was exposed to a fuel-rich f lame (CO and C 0 2  the only reac tan ts )  while in 

the second exper iment  (exper iment  132) the  sample  "saw" the  oxygen-rich 

f lame (CO, C 0 2  and O2 reactants) .  The measu red  sampl-e t empera tu re  in 

the oxygen-rich f lame exper iment  was' considerably higher  than the sample  

t empera tu re  in the fuel-rich exper iment  indicating a m o r e  rap id  su r f ace  

react ion in the oxygen.-rich flame. 
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Figure 47.  Tantalum - 10Yo Tungsten 





Figure 49. Experiment No, 90 





Table 12. Conditions of Tantalum- 10 Percent T-cngsten Torch Experiments - 
Carbon Monoxide Oxygen Flame 

Experiment Number 

Adiabatic F l ame  Temperature,  OF 

Calculated Steady State Temperature,  Or 

0 Flow, l i t e r s lmin  2 

CO Flow, l i t ter  s /min  

0 2 / C 0  Ratio 

Initial Heat Flux, ~ t u / f t ' -  sec 

~ o b l  Run Time, sec  

Surrounding Atmosphere 

Equilibrium Flame Composition 

C 

X c ~  

xco2 

Xo 

Xo2 

* 
X = Mole Fract ion 

4655 

1905 

1.36 

6.00 

0.22 

10.25 

360 

Air Air  ? Air 

0. 60 

18.55 

3 60 

Air 

0.60 

16.06 

180 

Air 

0.60 

13.8 

180 

Air  
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Figure 51. Temperature Time Data for Tantalum -10% Tungsten in a Carbon 
Monoxide - Oxygen Flame Environment 



Figures 52 and 53 show photographs of tes t  specimens after exposure 

for 6 minutes to the oxygen rich and fuel-rich flames respectively. It i s  

apparent that considerably more oxidation took place in the oxygen-rich 

flame than in the fuel-rich flame which is in agreement with the temperature- 

time data for the two experiments. 

Although rapid reaction was observed for tantalum- 10% tungsten 

samples exposed to oxygen-rich GO-0 flames, the rate of reaction was still 2 
much slower than the extremely rapid combustion observed in oxygen-rich 

H -02 flames. 2 

3.2.9 The Behavior of Pfaudler Silicide Coated Tungsten 
in the T T ,  -0, Flame Syctcn~ 

A number of experiments were conducted in which tungsten samplqs 

whlch had been coated with a two to three mil silicide coating* were ex- 

posed to the hydrogen-oxygen flame system under both fuel-rich and oxygen- 

rich conditions. Table 13 presents the experimental conditions for each 

test  and Tables A-1 17 to A -  132 of the appendix presents the measured and 

calculated temperature versus time data. 

The silicide coating was quite effective in eliminating the catastrophic 

oxidation of tungsten (for time periods of a few minutes) in both the fuel- 

rich and oxygen-rich flames a s  long as  the sample temperature did not 
0 exceed about 3000'~. At sample temperatures above 3000 F, however, 

rapid coating failure was observed in both fuel..rich and oxygen-rich flames 

with a subsequent catastrophic oxidation of the tungsten metal substrate. 

Figwre 54 shows a photograph of a coated specimen after exposure for 

100 seconds a t  peak temperatures of about 3 2 0 0 ~ ~ .  It i s  apparent from 

this photograph that the coating failed a t  the top. Figure 55 shows a photo- 

graph oi a specimen exposed to the fuel-rich flame for 160 seconds a t  peak 
0 

temperature a s  high a s  4000 F (the calculated steady state temperature for 
0 

this specimen excluding heat generation due to reaction was 2980 F). As 

can be seen f rom the photograph, the coating completely failed and much 

of the sample was oxidized. 

.)r -4- 

Proprietary coating prepared by the Pfaudler Corporation. 



Figure 52. Experiment No. 132 





WF'igure  54. Experiment No. 1 1 1 



Figure 55. Experiment No. 117 



Table 13. Conditions of Pfaudler Coated Tungsten Torch Experiments- Hydrogen-Oxygen Flame 

Experiment Number 106 107 108 109 110 111 112 113 114 115 116 117 118 119 I20 121 

Adiabatic Flame Temperature, OF 

Calculated Steady State Temperature, OF 1970 2530 2695 

O2 Flow, literalmin 

H2 Flow. literalmin 

02/H2 Ratio 

Initial Heat Flux, ~tulft '- sec 

Total Run Time, rec 

Surrounding &morphere 
00 
m 

Equilibrium Flame Comporition 

Air Air Air Air Air Air Air Air Air Air Air Air Air Air Air Air 

'X = Mole Fraction 



3.2. 10 The Behavior of Pfaudler Silicide Coated Tungsten 
in  the CO-O2 Flame System 

Several tes ts  were conducted in which the silicide coated tungsten 

samples were exposed to the CO-O2 flame environment under both carbon 

monoxide-rich and oxygen-rich conditions. Table 14 details the experi - 
mental conditions for each test  and Tables A- 133 to A-138 present the 

measured and calculated temperature versus time data. 

The peak sample temperatures which could be obtained in the carbon 

monoxide-oxygen flame experiments were of the order of 2 7 0 0 ~ ~ .  Under 

these temperature conditions in both fuel.-rich and oxygen--rich flames the 

samples appeared to maintain their integrity at least for time periods of 

up to 20 minutes. Figure 56 shows a photograph of a sample which was 
0 

exposed to the fuel-rich flame for 20 minutes at temperatures in the 2700 F 

range. Although there  was some indication of coating breakdown around 

the edges of the sample, no catastrophic oxidation occurred in 20 minutes. 

Figure 57 shows a photograph of a sample exposed for 20 minutes to the 

oxygen-rich flame under similar temperature conditions to the sample 

shown in Figure 55. As can be seen from a comparison of Figures 55 and 

56 the results in the two experiments were very similar. 



Table 14. Conditions of Pfaudler Coated Tungsten Torch Expe rirnent- Carbon Monoxide -Oxygen Flame 

Experiment Number 

Adiabatic Flame Temperature, OF 

Calculated Steady State Temperature, OF 

O2 Flow, li ter s fmin  

CO Flow, l i te rs fmin 

0 2 f C 0  Ratio 

2 Initial Heat Flux, Btufft -sec 

Total 'Run Time, sec 

Surrounding Atmosphere 

Equilibrium Flame Composition 

135 

4655 

2181 

1. 98 

9.00 

0.22 

16.22 

240 

Air 

136 

4655 

2087 

1.54 

7.00 

0.22 

13.34 

240 

Air 

137 

4890 

2250 

3. 60 

6.00 

0. 60 

18.55 

360 

Air 

138 

4890 

2094 

2.40 

4.00 

0.60 

13.80 

360 

Air 

139 

4655 

2181 

1. 98 

9.00 

0.22 

16.22 

1200 

Air 

140 

4890 

2250 

3. 60 

6.00 

0.60 

18.55 

1200 

Air 

* 
X = Mole Fraction 



Figure 56.  Experiment No. 140 





4. CONCLUSIONS 

In order  to rationally a s  sess  the probability of a r e l ease  of radioiso- 

tope due to  chemical failure of the containment mater ia l  in a launch abort  

incident, two types of information a r e  required: f i r s t ,  the behavior of 

the containment mater ia l  in a wide range of well defined launch abort  

environments must be determined; and second, the probability of occur-  

rence of particular launch abort  environments must  be established. This 

program has  been aimed a t  obtaining the f i r s t  type of information, 

whereas a continuing program of experimental and analytical work a t  the 

Sandia Corporation i s  directed towards assess ing  the probability of occur-  

rence of particular launch abort  environments. All of the conclusions 

presented in this section r e fe r  to the f i r s t  type of information. That i s  

to  say,  the conclusions presented r e fe r  to  to what would be expected to  

happen - if a particular launch abort  environment occurs.  

Based on the experimental resul ts  of this program, the following 

conclusions regarding the behavior of containment mater ia l s  in launch 

abort  environments a r e  presented: 

a )  In pure oxygen a t  temperatures  up to  2200°F, 3 16 Stainless 
Steel, Haynes 25, Hastelloy C,  and Hastelloy X, a l l  oxidize 
a t  a ra te  which i s  too slow to  be of concern f rom a safety 
point of view? At temperatures  f rom 2 2 0 0 ~ ~  up to  the 
melting range of the alloys (2400° to 2600°F), however, the 
oxidation ra te  was sufficiently rapid that a significant 
fraction of a sample of any of the above alloys was oxidized 
in a period of 1 o r  2 hours.  

b)  The reaction of Haynes 25 with pure n i t r ic  oxide was 
somewhat slower than the reaction of this  alloy with pure 
oxygen under identical conditions of tempera ture  and 
pressure .  Hence, i t  would s e e m  likely that flame en- 
vironments containing high concentrations of n i t r ic  oxide 
would be no more  reactive with Haynes 25 than flame 
environments which contain high concentrations of oxygen. 

x c  
A reaction was considered to be "of concern f rom a safety point of view" 

if a significarlt fraction of a sample was oxidized in a period of minutes. 



c )  Well designed radioisotope capsules fabricated from 
304 Stainless Steel, 3 16 Stainless Steel, Haynes 25, 
Hastelloy C, or Hastelloy X should be able to withstand 
(chemically) short term (period of minutes) exposure to 
abort flame environments containing oxygen, nitrogen, 
hydrogen, water, carbon monoxide, and carbon dioxide 
a t  capsule temperatures up to about 2 3 0 0 ~ ~ .  

d )  In flame environments containing high concentrations of 
water vapor and/or oxygen, capsules fabricated f rom 
304 or 3 16 Stainless Steel a r e  likely to ignite and react 
rapidly and exothermically with the flame environment 
if  the surface temperature of the capsules reaches the 
melting range of the alloys (.*2400° to 2 6 0 0 ~ ~ ) .  

e )  In flame environments containing high concentrations of 
both water vapor and oxy en, the t~ncoated refractory f metals tungsten and tanta urn- tungsten react  
exceedingly rapidly. Ignition temperatures for these two 
refractory metals in oxy en-rich hydrogen-oxygen flames # was of the order of 2200 F. Indeed, reaction rate& in 
this type of flame environment were much faster than 
would be expected from the literature data for the static 
reactions of these metals with oxygen and water. Based 
on the experimental flame tests ,  it would seem unlikely 
that uncoated tantalum or tungsten-based refractory 
capsules (at temperatures in excess of 2 2 0 0 ~ ~ )  could 
withstand an abort flame environment containing high con- 
centrations of both water and oxygen for periods of time 
in excess of a few seconds. 

f )  In flame environments containing high concentrations of 
water, carbon dioxide, and carbon monoxide, but no 
appreciable oxygen; the oxidation of uncoated tanta.1 urn 
and tungsten-based alloys was considerably slower than in 
the oxygen-rich flames. However, the reaction between 
the uncoated refractory alloys and this flame environment 
was still  sufficiently rapid to indicate that extensive 
oxidation of refractory capsules would take place when 
they were exposed to this type of abort flame for periods 

0 
of minutes at  temperatures in excess of 2000 F. 

g) The Pfaudler silicide coating can provide short t e rm  
(period of minutes) oxidation protection to tungsten cap- 
sule s exposed to flame environments containing. water, 
oxygen, hydrogen, carbon monoxide and carbon dioxide 
provided the capsule surface temperature does not exceed 
2 9 0 0 ~ ~ .  It must be kept in mind, however, that if even a 
small portic:- of the thin silicide coating i s  abraded or 
scraped off of the capsule during an abort, then the coating 
system will no longer be effective in protecting the tungsten 
substrate. 
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APPENDIX ,A 

TEMPERATURE- TIME DATA FOR THE EXPERIMENTAL 
FLAME TESTS 

*- 
I 

Experiment No. 1 

Table- A- 1 

. . 

Material- Type 304 Stainless Steel 

F lame  Environment- HZ -02 

Initial Weight- 1.8445 g 

Final  Weight - Not Obtainable 

Apparent Corrosion Rate-Not Obtainable 

Calculated Steady State ~ e m ~ e r a t u r e -  2 7 7 0 ~ ~  

Temperature - Time Data: 

Optical Pyrometer  

i Time . Temperature 
(set) ( O F )  

30 2160 B* 

Two Color Pyrometer  

Time Temperature 
(set) ( O F )  

153 2600 

xc * 
B = Bottom Sample; T = Top of Sample 

REMARKS: 

A hot zone was observed on the sample top. There  was l i t t le 
sample deterioration except for  some erosion on top. 



a Table A-2 

Experiment No. 2 

Material- Type ;3 04. Stainless Steel 

Flame Environment- H2-02 
Initial Weight- 1.7649 g 

. , 
. , 

~ i n a l  'Weight- Not, Obtainable 
. $1 

Apparent Corrosion Rate-Not Obtainable 

Calculated Steady State ~ e m ~ e r a t u r e -  2 6 7 0 ~ ~  

T ~ m p e r a t u r e -  Time Data: 

Optical  Pyrometer 

Time , . Temperature. 

(see) ..., 1.:~) - .  

30 ' 2 1 4 3 ~ *  

B* = Bottom of Sample * .  
. T = .  Top of Sample 

REMARKS: 

Sample has vi 
little, if any, 

.sible oxide coating. No signs of melting with 
deterioration. 



Table A-3 

Experiment No. 3 

Material- Type 304 Stainless Steel 

Flame Environment-H -02 2 
Initial Weight- 1.8012 g I .  

Final Weight- Not Obtainable. 

Apparent Corrosion Rate- Not Obtainable 

Calculated Steady State Temperature- 3 0 0 0 ~ ~  

Tempe~rature- Time Data: 

.Two Color Pyrometer 
- 

Time Temperature 
(set) ( O F )  

0 + 2600 

REMARKS: 

Sample appeared to melt instantaneously. An apparent ignition 
took place. A considerable amount of sample erosion was 
evident. 



Table A-4 

Experiment No. 4 

Material- Type 304 Stainless Steel 

Flame Environment - H2-02 
Initial Weight- 1.8097 g 

Final Weight-Not Obtainable 

Apparent Corrosion Rate -Not Obtainable 

Calculated Steady State Temperature'- 3 0 0 0 ~ ~  

Temperature- Time Data: 

Two Color Pyrometer 

Time Temperature 
' (get) (OF) 

1 . 5  2600 

REMARKS: 

See Remarks Experiment No. 3, 



Table A - 5 

Experiment No. 5 

Material- Type 304 Stainless Steel 

Flame Environment- H2-02 
Initial Weight- 1.8488 g 

Final Weight- 1.8874 g 
2 Apparent Corrosion Rate- t1304 mg/ cm .:hr 

Calculated Steady State ~ e m ~ e r a t u r e  - 2 8 0 5 0 ~  , 

I 

Temperature- Time Data: 

Optical Pyrome ter Two Color Pyrometer 

Time Temperature . Time Temperature 
(set) - .  (OF) (set) ( O F )  . , 

6 0' 2143 B* 5 2600 

40 2797 THZ" 7.' 5 . 3  170 

* * 
B = Bottom of Sample; THZ = Top hot zone 

REMARKS: 

Sample appeared to ignite on upper top edges. ' Little 
deterioration except on top of sample. 



Table A1.6 

Experiment No. 6 

Material- Type 304 Stainless Steel 

Flame Environment- H2-O2 
. . 

Initial Weight- 1.7952 g 

Final Weight- 1.8142 g 
2 

Apparent Corrosion Rate- t281 mg/ cm -hr  

Calculated Steady State ~ e m ~ e r a t u r e -  2495O~ . 

Temperature- Time Data: 

Optical Pyrometer Two Color Pvrometer 

Time T e m g e r a t ~ r e  Time Ternper5f1-lre 
(Y ec )  (OF) (sec) (q-.) 

15 2077 B* 34 - ,2600 ' 

. 
.. , : 
, , 120'. 3012 THZ '5 7 . '  '28.60 

2418 B 

2872 THZ 

2797 THZ ' 

2438 B 

2757 T* 

* * , . 
B = Bottom of Sample; THZ = Top hot zone; * 
T = Top of Sample 

REMARKS: 

Upper edge portion of sample appeared to be boiling. No real 
sparking effect observed. Some sample erosion on top. 

A-h 



Table A-7 

Experiment No. 7 
/ 

Material-Type 304 Stainless Steel 

Flame Environment-H - O2 . T  .t 

2 
Initial Weight- 1.8601 g 

Final Weight- 1.8765 g 

Apparent Corrosion   ate- t145.5 mg/cm2-hr 
- 

Calculated Ste,ady state Temperature-2340'~ 

Temperature- Time Data: 

Optical Pyrometer Two Color Pyrometer 

Time 
(set) 

25 

Temperature 
( O F )  

1863 B* 

1979 B 

. 2346 T* 

2428 T 

2176 B 

, 2487 T 

2525 T 

Time 
(set) 

192 

* B* = Bottom of Sample;: T = Top of Sample 

REMARKS: 

Temperature 
( O F )  

2600 

2625 

2650 

2630 

2670 

267 5 

2680 I 

Sample shows a heavy, visible oxide coating. Boiling effect 
observed on sample top; however, little erosion evident. 



Table A-  8 

Experiment No. 8 

Material- Type 304 Stainless Steel 

Flame Environment- H -02 
2 

Initial Weight- 1.8159 g . . 

Final Weight- 1.8968 g 

Apparent Corrosion Rate- 6050 mg/ cm2-hr 

Calculated Steady State ~ e m ~ e r a t u r e -  2 9 2 0 ~ ~  

Temperature- Time Data: 

Optical Pyrometer Two Color Pyrometer 

Time Temperature 
1s.e c) (OF) . 

30 3314 THZ* 

f 
THZ = Top hot zone 

REMARKS: 

Sample top appeared to ignite. . A  visible oxide coating formed.on 
the remainder of the sample. 

: . i .  



I Table A - 9 

I Experiment No. 9 

Material- Type 304 Stainless Steel 

Flame Environment-H -02 2 
Initial Weight- 1.7719 g 

I Final Weight- 1.7725 g 
2 Apparent Corrosion Rate- t 3 . 9 3  mg/cm -hr  

Calculated Steady State Temperatur.e - 2 0 4 5 ' ~  

Temperature -Time Data: 

I Optical .pyromete r 

I . . Time Temperature 

i (set) ( O F )  

' 30 1845 B* 

* 
B = Bottom ,of Sample * 

- T = Top of Sample 

REMARKS: 

Sample showed no signs of melting or igniting. A thin oxide 
coating visible over entire sample. 



Table A-10 

Experiment No. 10 . ,  . a , . ,-."J d .. - 

Material- Type 304 Stainless Steel 

Flame ~ n ; i r o n m e n t - ~ ~ - o ~  

Initial Weight- 1.6695 g ' 

Final Weight- 1.6495 g f 
2 

Apparent Corrosion Rate- - 176.5 mg/cm -hr . , 

Calculated Steady State ~em~era tu re -2340°F  
. ~. 4 ' ,  , .. . .  . . . 

Temperature- Time Data: 

Optical Pyrometer 

Time Temperature , *  ' . . .  , i 
( s e c )  (OF) 

30 . . 1979 B* 

8 . . 
B = Bottom of sample 

REMARKS: 

.The sample top showed signs of bubbling. Very little top 
erosion however. A visible oxide- coating formed over 
entire sample. 



Table A- 11 

Experiment No. 11 

Material- Type 304 Stainless Steel 

Flame Environment - H - O2 2 

Initial Weight - 1.7 37 5 g 

Final Weight- 1.7377 g 

Apparent Corrosion Rate - + l .  75 mg/  cmZ-hr  

Calculated Steady State Temperature - 18 lo°F 

Temperature - Time Data: 

Optical Pyrometer  

Time Tem e ra tu re  
(set) ( 8 ~ )  

360 ' ' 1870 T ' 

re. 

T'" = Top of Sample; B-" = Bottom of Sample 

REMARKS: 

No signs of ignition or  any fo rm of rapid reaction. 
A very thin oxide coating formed on the sample.  



Table A- 12 

Experiment  No. 12 

Material-  Type 304 Stainless Steel 

F lame Environment -H - 0 
2 .  2 

Initial Weight- 1.6044 g 

Final  Weight- 1.6050 g 

Apparent Corrosion Rate - +4.49 mg/cm2-hr  

Calculated Steady State ~ e m ~ e r a t u r e  -2 1 3 5 O ~  

Tempera ture-  Time Data: 
Optical Pyromete r . 

Time 
(set) 

t 
T'" = Top of Sarnp1e;B = Bottom of Sample 

REMARKS: 

No signs of melting or  igniting. A moderate  coating observed on 
sample surface.  



"Table A- 13 

Experiment No. 13 

Material- Type 304 Stainless Steel 

Flame Environment -H - 0 
2 2 

Initial Weight- 1. 7596 g 

Final Weight- 1. 7568 g 

Apparent Corrosion Rate - - 77 9 mg/  cm2 -h r  

Calculated Steady State Temperature - 3 0 0 0 ~ ~  

Temperature - Time Data: 

Two Color Pyrometer  

Time T e ~ p e r a t - u r e  
(set) ( F) 

REMARKS: 

An apparent ignition took place. 
Considerable top melting and deterioration observed. 



Experiment No. 14 

Material- Type 304 Stainless Steel 

Flame .Environment - HZ - O2 

Initial Weight- 1.643 2 g 

Final Weight- 1.6863 g ,  

Apparent Corrosion Rate - +I910 mg/crn2-hr 

Calculated steady State Temperature - 2495O~ 

Temperature - Time Data: 

Two Color Pyrometer 

Tirnc Temperature 
(set) (OF) . 

REMARKS: 

See Remarks Experiment No. 6 .  



Table A- 15 

Experiment  No. 15 

Material- Type 304 Stainless Steel 

Flame Environment - - O2 
Initial Weight- I. 66 16 g 

Final Weight- I. 6788 g 

Apparent cor ros ion  Rate -+3485 mp/ cm2-hr  

Calculated Steady State Temperature - 2 9 2 0 ~ ~  

Temperature-  Time Data: 

Two Color Pyrometer  

' Time 

. . (set) 

REMARKS: 

See Remarks  Experiment No. 8. 



Table A- 16 

Experiment No. 32 

Material-  Type 304 Stainless Steel 

F lame  Environment - HZ - O2 

Initial Weight- 1.6491 g 

Fina l  Weight- 1.722 1 g 
2 

Apparent .Corrosion Rate - t7660 m g / c m  - h r  

Calculated Steady State Temperature - 2 6 7 0 ~ ~  

Tempera ture  - Time Data: 

None Obtained. 

REMARKS: 

Sample appeared to ignite completely. Ent ire  exposed portion of 
sample eroded. Remainder of sample shows a heavy, flakey oxide 
coating. 



Table A- 17 

Exper iment  No. 3 3  

Mater ia l  - Type 304 Sta inless  Steel  

F l ame  Environment  -HZ - O2 

Initial Weight - 1. 7007 g 

F ina l  Weight - 1.6987 g 
2 

Apparent  Cor ros ion  Rate - -5.24 m g / c m  - h r  

Calculated s teady '  State Tempera tu r e  -22 1 5 O ~  

Tempera tu r e  - Time Data: 

Opt ica l  P y r o m e t e r  

T ime  
(set) 

60 

T e m  e r a t u r e  
J& 

( F) 

* 
T = Top of Sample  

REMARKS: 

No ignition o r  hot  zones observed.  The s amp le  top shows s l ight  
pitting. The format ion of a thin oxide coating over  the en t i r e  
s amp le  was  observed.  



Table A- 18 

Experiment No. 34 

Material-Type 304 Stainless Steel 

F lame Environment -Hz- O2 

Initial Weight- 1.7325 g 

Final  Weight-1.7278 g . . 

2 
, Apparent Corrosion Rate-- 12.3 mg/cm -h r  , 

Calculated Steady State ~ e m ~ e r a t u r e - 2 3 2 0 ' ~  ' 

Tempera ture-  Time Data: 

Optical ,Pyromete r 

Timo Trulp&rarurn 
. ( sec)  ( F) 

60 2127 T* 

180 . 2209 T 

. 420 2244 T 

480 2 0 8 5 ~ *  

600 2428 THZ* ' . 

'720 2244 T 

900 2274 T 

960 2418 THZ 

1020 2418 THZ 

1140 2160 B 

1200 2418 THZ 

, 
Ipc * 

T = Top of Sample; B = Bottom of Sample; ' 

xc 
THZ = Top Hot Zone. 

No ignition, melting, o r  bubbling. A small ,  hot spot was observed 
on top. A flakey oxide coating formed on the ent i re  sample 
surface.  



Table A- 19 

Experiment No. 35 

Material- Type 304 Stainless Steel 
I 

Flame Environment - H2-02 
Initial Weight-'1.8532 g 

Final Weight- 1.8759 g 

Apparent Corrosion ~ a t e - + 5 i  4 mg/cm2-hr  

Calculated Steady State Temperature -2 1 3 5 ~ ~  
. . 

Temperature-  Time Data: 
1 

Optical Pyromete r 

Time ~ e m ~ e r a t u r e  
(OF) (set) 

>:c * 
T. = Topof Sample; B = Bottom of Sample 

REMARKS: 

No ignition, melting, o r  bubb1,ing. Slight sample surface oxidation. 



Table A-20 

Experiment No.. 16 

Material-Type 3 16 Stainless Steel 

F lame Environment - H2 - O2 

Initial Weight-1.5811 g 

Final  Weight -Not obtainable 

Apparent Corrosion Rate-Not obtainable 

Calculated Steady State Temperature - 2 7 7 0 ~ ~  

Tempera ture-  Time Data: 

* Two Color Pyrometer  
I 

Time 
(set) 

Temperature 
(OF) 

REMARKS: 

Sample appeared to ignite completely. Complete 
sample deterioration. 



Table A-2 1 

Experiment No. 17 

Material- Type 3 16 Stainless Steel 

Flame Environment - - O2 
Initial Weight - 1. 5 90 1 g 

Final Weight- 1. 6329 g 

Apparent Corrosion Rate - +4350 mg/  cm2 -h r  

Calculated Steady State ~ e m ~ e r a t u r e  -2770O.F 

Temperature - Time Data: 

TWO' Color Pyromete r  

Time Temperature 
(set) ( O F )  . . 

2 3 2648 

30. 5 3260 Fuel Cut 

REMARKS: 

See Remarks  Experiment No. 16. 



' Table A-22 

Experiment No.' 18 

Mate rial - Type 3 16 Stainless Steel . 

Flame Environment - H -0 2 2 
Initial Weight- 1 .  7309 g ' 

Final Weight- 1.  7585 g 
-. 

Apparent Corrosion Rate-+4ll mg/cmL-hi 

Calculated Steady State Temperature - 2 6 7 0 ~ ~  

Temperature- Time Data: - 
optical Pyrnmeter Two Color Byzomotor 

Time Tempe ta ture  Time Temperature 
(set) (OF) (set) ( O F )  

. -  

* * 
B = Bottom of Sample; THZ = Top Hot Zone 

REMARKS:. , - 
. .  

' Sample appeared,to ignite on the top. A heavy oxide coating 
observable on the remainder of sample. 



Table A-23 

Experiment No. 19 

Mate r ia l  - Type 3 16 Stainless Steel 

F lame Environment-HZ -02 

Initial Weight - 1.626 1 g 

Final Weight- 1.6073 g 
2 

Apparent Corrosion Rate- -164 mg/cm -hr 

Calculated Steady State ~ e m ~ e r a t u r e  -2540°F 

Optical Pyrometer  Two Color Pyrometer  

Time Temperature Time Temperature 
(set) (OF) * (set) (OF) 

* * * 
B = Bottom of Sample; T = Top of Sample; THZ = Top Hot Zone 

REMARKS: 

. Sample appeared to ignite slightly on upper top edge only. Litt le 
sample erosion except on top. A heavy'oxide coating observed 
on the rest of the sample.  , 



Table A-24 

Experiment  No. 2'0 

Material- Type 3 16 Stainless Steel 

F lame  Environment-H -02 2 
~ n i t i a l  Weight- 1.6674 g 

Final  Weight - 1.6496 g 
2 

Apparent Corrosion Rate - -155.4 mg/cm - h r  

Calculated Steady State Temperature - 2 3 8 0 ~ ~  

Temperature -Time Data: 

Optical Pyrometer  
Time , 

(set) - 

* 
T* = Top of Sample; B = Bottom of Sample 

REMARKS: 

Very l i t t le,  if any, sample deter iorat ion.  Visible oxide coating 
over  ent i re  sample .  No melting o r  ignition eeen. 



Table A-25 

Exper iment  No. 21 

Mater ia l  - Type 3 16 Stainless  Steel 

F l a m e  Environment-H -0 2 2 
Initial Weight- 1 .  6139 g 

Final  Weight- 1 .  7652 g 
2 

Apparent Cor ros ion  Rate- t 2 6 1 0  mg/cm -hr  

Calculated Steady State ~ e m ~ e r a t u r e  - 2 8 0 5 ~ ~  

Tempera ture  - Time Data: 

Two Color  P y r o m e t e r  
Time Tempera ture  
(set) ( O F )  

REMARKS: 

Sample ignited a lmos t  instaneously. Exposed portion of sample  
totally eroded. 



Table A-26 

Experiment  No. 22 

  ate rial- Type 3 16 Stainless Steel 

F lame  Environment -HZ-0 2 
Initial Weight - 1.4328 g 

F ina l  Weight - 1.4461 g -. 
L 

Apparent Corrosion Rate- + 124.3 mg/cm -hr. 

Cal.culat&d Steady State ~ e m ~ e r a t u r e  -2495O~ 

Temperature - Time Data: 

Optical -. Pyromete r  . , 

. . c.- TWO -~ Cslor_Fy ru11leter 
Time Temperature Time Temperature 
(set) (OF) -_- (eec)  I°F) . 

I 
T* = Top of Sample; B = Bottom of Sample 

REMARKS: 

Sample appeared to show a top ignition. A heavy oxide coating -, 

, observed on the sample.  



Table A-27 

Experiment No. 23 

Material- Type 3 16 Stainless Steel 

F lame Environment-H -02 2 
lnitial Weight.- 1 .49  18 g 

Final Weight -Not Obtainable . - 
Apparent Corrosion Rate -Not Obtainable 

Calculated Steady State Tkmpe ra ture  - 2 9 2 0 ~ ~  

Temperature - Time Date: 

Two Colnr  Pyrometer  
Tirrle Temperature 
(set) ( O F )  

0 + 2600 

REMARKS: 

Sample ignited almost  instantly. The sample tob blew off in an 
explosive fashion. An optical pyrometer  reading showed a 
temperature of 1 4 5 0 ~ ~  just  pr ior  to the explosion. 



Table A-28 

Experiment  No. 24 

Mate r i a l  - Type 3 16 Stainless Steel 

F l a m e  Environment- H2-02 
Initial Weight- 1.5739 g 

Final  Weight-1.5390 g 
2 

Apparent Corrosion Rate - -344 mg/cm -hr  

Calculated Steady State ~ e m ~ e r a t u r e - 2 3 4 0 ° F  

Tempera ture  - Time Data: 

Optical Pvrometer  Two ,Color Py  rometer  - .- 

Time 
(sec)  

Temperature Time Temperature 
(OF) (set) ( O F )  

2157 B* 210 2600 

2244 T* 2 13 2620 

2305 T 216 2612 

2367 T 217 2600 

2209 B 

2505 T 

2468. T 

2244 B 

2487 T 

2487 T 

2487 T 

2244 B 

2505 T 

2487 T 

* 
m n - o f p 1 e ;  T = Top of Sample 

REMARKS: 

Sample appeared to bubble on upper m o s t  edges. A visible oxide 
coating formed on the sample.  



Table A-29 

Experiment No. 25 

Mate r ia l  - Type 3 16 Stainless Steel 

F lame Environment -H -02 2 
Initial Weight - 1. 5 174 g 

Final Weight - 1 . 4  145 g 
2 

Apparent Corrosion Rate- -898' rng/cm -hr  

Calculated Steady State ~ e m ~ e r a t u r e  - 2 0 4 5 ~ ~  

Temperature-  Time Data: 

Time 
(set) 

Optical Pyromete r  . 

Temperature 
( O F )  

1657 T* 

1584 B* 

* * 
T = Top of Sample; B = Bottom of Sample 

REMARKS: : 

No signs of melting o r  ignition. Very l i t t le,  if any, sample 
deterioration. Slight oxide formation on sample surface.  



Table A-30' 

~ x ~ e r i m e n t  No. 36 

Material- Type 3 16 Stainless Steel 

F lame Environment H -0 2 2 
Initial Weight - 1 .  73 17 g 

Final Weight - 1.7434 g' 
2 Apparent Corrosion Rate- + 30.7 mg/cm -hr 

Calculated Steady State ~ e m ~ e r a t u r e  -21 3 5 O ~  - 

Temperature - Time Data: 

Optical Pyrometer  
Time Temperature 

, ( sec )  (OF) 

* 
T* = Top of Sample; B = Bottom of Sample 

REMARKS: 

No ignition, melting, o r  bubbling. No visible sample erosion. 
A visible oxide coating was observed on the sample surface. 



Table A-31 

Experiment No. 37 

Mate r ia l  - Type 3 16 Stainless Steel 

F lame Environment -HZ-0 2 
Initial Weight - 1. 7474 g 

Final Weight - 1.7492 g 
L 

Apparent Corrosion Rate - ,  + 4.72 mg/cm -hr  

Calculated Steady State ~ e m ~ e r a t u r e  - 2 3 2 0 ~ ~  

Temperature - Time Data: 

Optical Pvromete r  
Time 
(set 

Temperature 
(OF) 

rD: * 
T = Top of Sample; B = Bottom of Sample 

REMARKS: 

No ignition, melting, o r  bubbling. A thin oxide coating was 
observed on the sample surface.  



Table A-32 

Experiment  No. 26 

Material-  Haynes Alloy 25 

F l a m e  Environment- H Z - 0  
2 

Initial weight-2. 0643 g 

Fina l  Weight-2. 0383 g 
2 

Apparent Corrosion Rate- -227 m g / c m  - h r  

Calculated Steady State Temperature-  2540 OF 

Tempera ture-  Time Data: 

'I' im  e 
(set) 

Temperature 
( O F )  

.#I 
2094 B-' 

2438 T" 

2543 T 

:< 
B"' = Bottom of Sample; T = Top .of Sample 

REMARKS: 

NQ hot zones o r  bubbling observed. A dark  brown flakey oxide 
coating resulted. 



Table A-33 

Exper iment  No. 27 

Material-  Haynes Alloy 25 

F l a m e  Environment- H - O2 2 
Initial Weight- 2. 0378 g 

F ina l  Weight- 2. 0354 g 

Apparent Cor ros ion  Rate- - 19. 72 mg /cm2-h r  

Calculated Steady State Temperature-  2 6 7 0 ~ ~  

Tempera ture -  Time Data: 

Optical Py rome te r  Two Color P y r o m e t e r  

T ime 
(set) 

Time 
(set) 

Tempera tu re  
(OF) 

.L -1. 

T"' = Top of Sample, B.'. = Bottom of Sample 

REMARKS: 

Sample showed a top hot spot  with considerable  top e ros ion  
o r  melting. No visible bubbling o r  spalling. 



Table A-34 

Experiment No. 28 

Material-Haynes Alloy 25 

Flame Environment-H2-O2 

Initial. Weight- 2. 0847 g 

Final Weight- 2.0244 g - 
L 

Apparent Corrosion Rate- -442 mg/cm - h r  

Calculated Steady State Temperature- 2770°F 

Temperature-Time Data: 

Optical Pyrometer  Two Color Pyromcter  

Time Temperature 
(set) ( O F )  

Time Temperature 
( sec )  ( O F  

:;< *< 
T = Top of Sample, B = Bottom of Sample 

REMARKS: 

A top hot zone formed with mushrooming effect. Formation 
of black oxide coating observed. 



Table A-35 

Experiment No. 29 

Material- Haynes Alloy 25 

Flame Environment- H - O2 2 
Initial Weight- 2. 0692 g 

Final Weight-0. 3848 g 

Apparent Corrosion Rate- Unavailable (Sample melted) 
I . .  Calculated Steady State Temperature- 3 0 0 0 ~ ~  

Temperature-  Time Data: 

Time 
(set) 
P 

Outical Pvromcter  

Tem e ra tu re  
J& 

Time 
( F) (set) 

Two Color Pyrometer  

.To 

T"' = Top of Sample 

REMARKS: 

T e m  e ra tu re  
J& 
( F) 

Sample appeared to melt. A great  deal of sample corrosion was 
observed. 



Table A-36 

Experiment  No. 30 

Material-Haynes Alloy 25 

F lame  Environment- H - O2 2 
Initial Weight- 2. 0031 p 

~ i n a l  Weight- 2. 0436 g 
2 

Apparent Corrosion Rate- t353 m g / c m  , -  h r  

Calculated Steady State Temperature- 2 3 8 0 ~ ~  

Tempera ture-  Time Data: 

Optical ~ y r o m e t a r  - 
Time Temperature 
(set) 
7 

. (OF) 

A, .(r 

T". = Top of Sample, B ' ~  = Dottorn of Sample 

REMARKS: 

Sample showed no signs of melting o r  ignition. Thin coating formed 
on the- surface.  



Table A-37 

Exper iment  No. 3 1 

Material-  Haynes Alloy 25 

F l ame  Environment- Hz- 0 
2 

Initial Weight- 2. 0987 g 

Final  Weight- 2. 0801 .g 
2 

Apparent Cor ros ion  Rate-- 162. 3 m g / c m  - h r  

Calculated Steady State ~ e m p e r a t u r e -  1 8 1 0 ~ ~  

Tempera ture -  Time Data: 

Optical P y r o m e t e r  

T ime  
(set) 

60 

120 

180 

240' 

300 

360 

Tempera tu re  
(OF) 

1566 T':' 

1676 T 

1734 T 

1734 T 

1771 T 

1771 T 

.., - - 

T"' = Top of Sample 

REMARKS: 

No melting o r  ignition. Very l i t t le ,  if any,  observable  cor ros ion .  



Experiment No. 38 ., , 

Material-Haynes Alloy 25 

F l a m e  Environment- H - 0 2 .  2 
Initial Weight- 2. 0703 g 

' 

Final Weight- 2. 0733 g 
2 

Apparent Corrosion Rate-t2. 62 mg/cm - h r  

Calculated Steady State ~ e ' m p e r a t u r e -  2 0 4 5 ~ ~  
. 

Temperature-  Time Data: 

Optical P y r o m e t n ~  

Time . Temperature 
( s e c ) ~  ( O F ) -  

. =- 

::< 
T* = Top of Sample, B = Bottorrl of Sample 

REMARKS: 

No bubbling or  spalling observed. Very slight sample discoloration. 
No flakey oxide coating observed. 



Table A-39 

Experiment No. 39 

, Material- Haynes Alloy 25 

F l a m e  ~ n v i r o n m e n t -  H - O2 2 
Initial Weight-2. 0743 g 

Final Weight- 2. 065 2 g 
2 

Apparent Corrosion Rate- t o .  786 m g / c m  - h r  

Calculated Steady State Temperature - 21 3 5 O ~  

Temperature -Time Data: 

Optical Pyrometer  

Time Temperature 
(set) (OF) 

.lr 

T"' = Top of Sample, B" = Bottom of Sample 
, ' 

REMARKS: 

Very slight oxide coating observed on sample top. No melting o r  
bubbling. 



Table A-40 

Experiment  No. 40 

Material-Haynes Alloy 25 

F lame  Environment- H - O2 2 
lnit ial  Weight- 2. 0666 g 

Final  Weight- 2. 05 37 g 

Apparent Corrosion Rate- - 11 2. 5 mg/cm2-hr  

Calculated Steady State Temperature-  2 3 4 0 ~ ~  

Tempera ture-  Time Data: 

Time 
(set) - 

Tem e ra tu re  8 
( FI 

2346 T 

2397 T 

2418 'I' 

xc rl. 

T = Top of Sample, B*" = Bottom of Sample 

REMARKS: 

No melting o r  bubbling. Visible white intermittent oxide coating on 
upper half and top of sample.  

. . 



Table A-41 

Experiment No. 41 

Material-Haynes Alloy 25 

Flame Environment- H - O2 2 
Initial Weight-2. 0701 g 

Final Weight- 2. 0606 g 

Apparent Corrosion Rate- - 82. 8 mg/cm2- h r  

Calculated Steady State Temperature- ~ 4 9 5 ~ ~  

Temperature - Time Data: 

Optical Pvrometer  

Time 
(set) 

Tem era ture  % 
( F) 

.', .lr 

T". = Top of Sample, B". = Bottom of Sample 

REMARKS: 

No general melting apparent.. Sample top shows pitting and slight 
mushrooming. Oxide coating visible over ent i re  sample. 



Table A-42 , 

Experiment No. 42 

Material- Hayne s Alloy 25 

Flame Environment - H - O2 2 
Initial Weight-2. 0519 g 

Final Weight- 2. 0929 g 

Apparent Corrosion Rate- +596 mg/cm2-hr 

Calculated Steady State ~ e m ~ e r a t u r e - 2 8 0 5 ~ ~  
. . 

Temperature- Time Data: 

, - Optical Pyrometer Two Color Pyrometer 

. Time : Tez?.~ke.ralure Time Temperature ' 

(set) ( F) (sec) ('F) 

* 
T* = Top of sample, B = Bottom of. Sample 

REMARKS: 

Complete sample melting. Heavy oxide coating over entire melt. 

A-42 



Table  A-43 

i 

Exper iment  No. 43 

Mater ia l -  Haynes Alloy 25 

F l a ~ n e  Environment-  -O2 
Initial weight-2. oh79 g 

F ina l  Weight-!. 9980 g 
2 Apparent  Cor ros ion  Rate- -2850 m g / c m  - h r  

Calculated Steady State ~ e m ~ e  r a tu r e  - 2 9 2 0 ~ ~  

Tempera tu r e  - Time Data: 

Optical  P v r o m e t e r  

Ti me  Tempe ratu-re 
(set) ( O F )  

15  2959 T::: 

Two C'olor P y r o m e t e r  

T imc Tempe r a tu r e  
(set) - ( O F ' )  

0-1 2600 

.I. 

T.'' = Top of Sample 

REMARKS: 

Complete sample  melt ing.  Sample collapsed dur ing melt ing and 
exper iment  stopped a t  77 seconds e lapsed t ime .  Sample shows 
heavy oxide coating. 



Table  A-44 

Expe r imen t  No. 44 

Mater ia l -  Haynes Alloy 25 

F l a m e  Environment-  
H2-02 

Init ial  Weight-2. 0613 g 

F i n a l  Weight--2. 0796 g 
3 

Apparen t  Cor ros ion  Rate - t47 .  9 mg/cmL-h r  

Calcula ted Steady State Tempera tu r e  -2i  6 0 O ~  

T e m p e r a t u r e  - Time Data: 

op t i ca l  P y r o m e t e r  

Time 
( s e c )  

. 60 

840 2367. T 

900 
. . 

2244 B 
. . 

1020 2367 T 
, . i .  

1200 2367 '1' 
. . 

.t, J, -,- 
T"' = Top uf Sample,  B = Bolturn of Sample 

. . 
REMARKS 

Sample  shows white spotty coating ove r  en t i r c  length. Sat-x~ple top 
shows considerable  pitting. No observable  melting. , 

. . . * 



Table A- 45 

Exper iment  No. 45 

Material-  Haynes Alloy 25 

F l ame  Environment- HZ- 0 2 
Initial Weight- 2. 0551g 

Final  Weight - 2. 0508g 

Apparent Cor ros ion    ate- - 11. 28 mg/cm2-  h r  

Calculated Steady State Tempera ture -  2 3 8 0 ~ ~  

Tempera ture -  T ime Data: 

O ~ t i c a l  Pv rome te  r 

T ime  
(set) 

30 

.I- .b 

T.'. = Top of Sample,  B"' = Bottom of Sample 

REMARKS: 

Flakey d a r k  oxide coating over  en t i re  length of sample .  Sample 
shows negligible pitting. No apparen t  sample  melting. 



~ x ~ e r i m e n t  No. 122 
" I  

Material- Haynes Alloy 25 , . . .  
Flame  Environment- CO- O2 

Initial Weight- 2. 081 3 g 

Final  Weight- 2. 081 9 g 
2 

Apparent Corrosion Rate-5. 23 m g / c m  - h r  

Calculated Steady State Temperature-  2 0 8 5 ~ ~  

Tempera ture-  Time Data: 

Optical Pyrometer  

Timc Ten1 eralure 
( sec )  . - (%F, 

1 5 160.3 T* 

. . * 
T'? = Top of Sample, B = Bottom of Sample 

REMARKS,: . 

A thin coating over the ent i re  sample length was observed. Sample 
top shows negligible pitting. 



Table A- 47 

~ x ~ e r i m e n t  No. 123 

Material  - Hayne s Alloy 25 

Flame Environment- CO- O2 

Initial Weight- 2. 0864 g 

Final Weight- 2.' 0868 g 

Apparent Corrosion Rate- 3.47 m g / c m  2 

Calculated Steady State Temperature- 2 0 1 5 ~ ~  

Temperature-  Time Data: 

Optical Pyrometer  

Time . - .. T e m  e ra tu re  
(set) 

% 
( F ) '  

30 1696 T" 

.la 

TI = Top of Sample, B.'. = Bottom of Sample 

REMARKS: 

Sample shows a ve ry  thin oxide coating over ent i re  length. Sample 
top shows no pitting o r  corrosion.  



Table A-48 

Exper iment  No. 124 

Material-  Haynes Alloy 25 

F l a m e  Environment- CO- O2 

Initial Weight- 2. 0503 g 

F ina l  Weight- 2. 0504 g 
2 Apparent  Cor ros ion  Rate-0. 933 m g / c m  - h r  

Calculated Steady State Tempera ture -  2 0 8 5 ~ ~  

Tempera tu re -  Time Data:  

Optical  P y r o m e t e r  

T ime  Tempera tu re  
(set) ( O F )  

J, 

30 I ' l l 39  I"' 

.TI .v, . 

T.'. = Top of Sample,  B*" = Bottom of Sample 

REMARKS: . 
See R e m a r k s  Exper iment  No. 122. 



Table A-49 

Experiment  No. 125 

Material- Haynes Alloy 25 

F lame Environment- CO- O2 

Initial Weight- 2. 0785 g 

Final  Weight- 2, 0787 g - 

Apparent c o r r o s i o n    ate- 0. 0667 mg /cm2-  h r  

Calculated Steady State Tempera ture -  2 0 8 5 ~ ~  

Tempera ture -  Time Data: 

Optical Py rome te r  

Time T e m  e r a t u r e  
(set) 

8 
F) 

>'< 

.-. ::: 
T"' = Top of Sample,  B = Bottom of Sample 

REMARKS: 

A flakey oxide coating was observed to f o r m  on the top of the sample  
only. A white in termit tent  coating was observed to f o r m  on the 
remainder  of the sample .  



Table A- 50 

- ., , , 

Experiment  No. 126 .. , . . . 
Material- Haynes Alloy 25 " .  " ~. . . . ,  , , .. 
F l a m e  Environment- CO- O2 

Initial Weight- 2. 0800 g . .. 
. . 

Final  Weight- 2. 0841 g 

Apparent Corrosion Rate- 35.,74 mg/cm2- h r  . I 

Calculated Steady State Temperature- 2 0 0 0 ~ ~  

Temperature-  Time Data: 
. , . . 

O 1 ~ 1 i ~ a l  py r t . J r r l t : ~ t :  I .  ~ 

Time Temperatur,e 
( s e c )  
- .  (OF) 

15 1657 T" 

::: gc 
T = Top of Sample, B =Bottom of Sample 

REMARKS: 

A flakey oxide coating was observed over ent i re  sample length. 
The 'sample top showed negligible e'rosion. 



Table A- 5 1 

Experiment  No., 127 

Mater ia l  - Hayne s Alloy 25 

F l ame  Environment- CO- O2 I 

Initial Weight- 2.'0505 g 

Final  Weight- 2. 0537 g 
2 Apparent Cor ros ion  Rate- 27. $87 m g / c m  - h r  

Calculated Steady State Temperature-  2 0 8 0 ~ ~  

Tempera tu re  - T i ~ t i e  Data: 

Optical P y r o m e t e r  

T ime Tempera tu re  
(set) ( OF) 

15 1826 T':' 

.I, .u, 

T' = Top of Sample,  B"' =Bottom of Sample 

REMARKS: 

Sample shows a flakey oxide coating over  en t i re  length. The s ample  
top shows very  slight pitting. 



Table A- 52 

Experiment  No. 128 

Material- Haynes Alloy 25 

Flame Environment- CO- O2 

Initial W'eight- 2. 0756 g 

Final  Weight- 2. 0839 g 

Apparent Corrosion Rate- 72 .3  mg/cm2-  h r  

Calculated Steady State Temperature- 2165OF 
' 

Tempera ture-  Time Data: 

Optira 1 P y  rf-)meter 
. ~ 

Time Temperature 
(set) ( OF) 

..< -0 

T". = Top of 'sample, B-" = Bottom.of Sample 

REMARKS: 

A heavy, flakey oxide coating was observed over the eritire sample 
length. The sample top shows considerable pitting. 



Table  A - 5 3 

Experiment No. 4 6 

Material- Hastelloy C 

F lame  Environment-H2 -0 2 
Initial weight- 2. 0459g 

Final Weight - 2. 045 8g 

Apparent Corrosion Rate- - 0 . 8 9  mg/cm2-hr  
0 : 

Calculated Steady State Temperature-'1'8 10 F 

Tempera ture  -Time Data: 

Optical Pyrometer  
Time . Tempera ture  
( sec )  ( O F )  

. .  . 

xc :c 
T =' Top of Sample; B = Bottom of Sample. 

REMARKS: 

No melting,. o r  hot spots observed. No sample deterior'ation. ' 

A very  thin oxide coating formed. 



Table A-54 . 

Experiment  No. 47 
- ,  

Mater ia l  - Hastelloy C 

F l a m e  Environment- H2 -02 

Initial  Weight- 2.06 16g 

Fina l  Weight- 2.0600g 

Apparent Corros ion  Rate- - 13.96 mg/cm2-hr  

Calculated Steady State Tempera ture  - 2 3 8 0 ~ ~  

Tempera tu re -T ime  Data: 

Optical -- 
Time  - Tempera ture  
( sec )  ( O F )  

*< * 
T = Top of Sample; B = Bottom of Sample. . 

REMARKS: . 

No melting o r  hot spots observed. The sample top show-s very  
slight pitting. . A visible oxide coating formed. 



Table A-55 

Experiment No. 48 

Material- Hastelloy C 

Flame Environment- H - O2 
2 

Initial Weight- 2. 0500g 

Final  Weight- 2.0468g 

Apparent Corrosion Rate- - 2 7 . 9  m g / c m 2 - h r  

Calculated Steady State Temperature- 2540°F 

Tempera ture  -Time Data: 

Optical Pyrometer  - 
Time Temperature 

*: <c 

T = Top of Sample; B = Bottom of Sample. 

REMARKS: 

The sample top shows some melting; top erosion moderate.  
A visible oxide coating was observed over  the en t i re  sample 
length. 



Table A-56 

Experiment  No. 49 

Material-Hastelloy C 

F l a m e  Environment- HZ-O2 

Initial' Weight- 2.069 l g  

F ina l  Weight - 2. 0689g 
2 Apparent Corrosion Rate- - 1.745 m g / c m  -h r  

Calculated Steady State Temperature-  2 6 7 0 ~ ~  

Tempera ture  -Time Data: 

. . 
Optical Pyrometer  

Time Tempera ture  

Jr xc 
T = Top of Sample; B = Bottom of .Sa~nple .  

REMARKS: 

E;?elting was observed a t  30 seconds on the sample top. Con- 
siderable top eros ion  evident. A visible oxide coating formed. 



Table  A-57 

Exper iment  No. 50 

Material-  Hastelloy C 

F l a m e  Environment- H2 -02 

Initial Weight- 1. 9428g 

F ina l  Weight- 1 .  9422g 
2 

Apparent Cor ros ion  Rate- -5 .23  m g / c m  - h r  

Calculated Steady State Tempera ture -  2 7 7 0 ~ ~  

Tempera tu re  -Time Data: 

Optical Py rome te r  
T ime  Tempera tu re  
(set) ( O F )  

:;< *( 

T = Top of Sample;  B = Bottom of Sample.  

REMARKS: 

The sample  top shows a g rea t  deal  of e ros ion  attributab'le t o  
melt ing.  A heavy oxide coating fo rmed  over  the en t i r e  sample  
length. 



Table A-58 

Experiment No. 51 

Material- Hastelloy C 

Flame Environment-H2 -0 2 
Initial Weight- 1. 9862g 

Final Weight - 1. 8646g 

Apparent Corrosion Rate- - 10.620 kg/crn2-hr  

Calculated Steady State ~embera'tur;- 3 0 0 0 ~ ~  

Temperatur e-Time Data: 

TWO Color Pyromere~ ' f:-" : ,  
< , .  

~ & e  ~ e m ~ e r a t u r k ,  
(,set) - (OF) j. 

REMARKS: 

Very rapid melting observed. Exposed portion of sample 
100 percent eroded. However, no apparent ignition occurred. 



Table A-59 

Experiment No. 52 ' 

Material- Hastelloy C 

Flame Environment-H -0 
2 2 

Initial Weight- 2. 1128g 

Final  Weight - 2. 1128g 

Apparent Corrosion Rate-0 mg/cm2-hr  

Calculated Steady State Temperature-  2 0 4 5 ~ ~  

Temperature -Time Data: 

Optical Pvrometer  
-- 

Time Tempera ture  
(set) ( O F )  

* * 
T = Top of Sample; B = Bottom of Sample. 

REMARKS: 

No melting, etc. No visible sample erosion. Litt le,  .if any, 
oxide film observed. 



Table A-  60 

Experiment No. 53 

Material- Hastelloy C 

Flame Environment-H2 -0 2 
Initial Weight-2. 0295g 

Final Weight - 2.0298g 

Apparent Corrosion Rate- t 2 . 6 2  mg/6m2-hr 

Calculated Steady State ~ e m ~ e = i t u r e -  2 13g°F 

Temperature -Time Data: 

(JpticaL Pyrnmeter ' - 
T i m e ,  , Temperature 
(set) . . (OF) 

>:< >;< 
T = TOP of Sample; .B. = ~ b t t o m  of Sample. 

REMARKS: 

No observable sample erosion apparent. A very thin oxide 
I ( film formed. : 



Table' A-  6 1 

Experiment No. 54 

Material-Hastelloy C 

Flame Environment- H2 -0 2 
Initial Weight- 2. 03 13g 

Final  Weight- 2.0303g 

Apparent Corrosion Rate- -8.93 mg/cm2 -hr  

Calculated Steady State Temperature- 2 3 4 0 ~ ~  

Temperature - Time Data: 

, Optical Pyrometer  
Time Tempera ture  

:< ::: 
T = Top of Sample; B = Bottom of Sample. 

. . 
REMARKS: 

Very slight ibmple top erosion. A thin oxide coating formed 
on the sample surface.  



Table A- 62 

Experiment No. 55 

Material- Hastelloy C 

Flame Environment- HZ -0 2 
Initial Weight- 2. 03776 

Final  Weight- 2. O373g 

Apparent Corrosion Rate- -3.49 mg/cm2-hr 

Calculated Steady State Temperature - 2495OF' 

Temperature -Time Data: 

Optical Pyrometer Two Color Pyrometer 
Time Temperature Time Temverature 

#< J. 

T = Top of Sample; BIF = Bottom of Sample. 

REMARKS: 

The sample top shows considerable erosion due to melting. 
A moderate oxide coating observed on the remainder of the 
sample. , 



I 

Table A-63 

Experiment  No. 56 

Material-Hastelloy C 

F lame  Environment- -O2 
Init ial  Weight- 2.0545 g 

F ina l  Weight- 1.4736 g 

Apparent Corrosion Rate- -28,410 m g / c m 2 - h r  

Calculated Steady State ~ e m ~ e r a t u r e -  2 8 0 5 ~ ~  ' 
Temperature-  Time Data: 

Optical P y r o m e t e r  

Time Tempera ture  
(set) (OF) 

.b 

Two Color Pvromete r  

Time ' Tempera ture  
(set) ( O F )  

T* = Top of Sample 

REMARKS: 

E a r l y  signs of melting. B y  30 seconds 213 of the sample 
had melted. The sample then collapsed into a molten 
drop. Complete erosion. 



Table A-64 

Experiment  No. 57 

Material-Hastelloy C 

F l a m e  Environment-H2 -0 
2 

Init ial  Weight- 2.0093 g 

Fina l  Weight-0.9785 g 

Apparent Corrosion Rate- -77,200 mg/cm2-hr  

Calculated Steady State Temperature-2920°F 

Temperature-  Time Data: 

Two Color Pyrometar  

Time Tempera ture  
(set) ( O F )  

REMARKS: 

Very  rapid, i f  not instantaneous, melting and sparking. 
Sample coagulated into a molten drop. Complete erosion. 



Table A-65 

Experiment No. 58 

Material-Hastelloy C 

' Flame  Environment- H2 -O2 
Initial Weight- 2.1041 g 

F ina l  Weight-2.101 1 g 
L 

Apparent Corrosion Rate- -7.86 mg/cm -hr  

Calculated Steady State ~ e m ~ e r a t u r e - 2 5 4 0 ' ~  

Temperature-  Time Data: 

Optical Py romete r  

Time 
(set) 

60 

120 

180 

300 

360 

420 

60 0 

660 

840 

870 

1020 

1050 

1200 

Tempera ture  
(OF) 

:;< * 
T = Top of Sample; B = Bottom of Sample 

REMARKS: 

See r e m a r k s  experiment No. 48. 



Table A-66 

Experiment No. 59 

Material-Hastelloy C 

Flame Environment-HZ -0 
2 

Initial Weight- 2.. 0452 g 

Final  Weight- 2.0446 g 
2 

Apparent Corrosion Rate- - 1.572 mg/cm -hr  

calculated Steady State ~ e r n ~ e r a t u r e -  2340°F 

Temperature- Time Data: 
.. . 

Optical Pyrome ter  

* 
T* = Top of Sample; B = Bottom of Sample 

REMARKS: 

Very slight top melting observed with negligible erosion. 
A visible oxide coating formed on the sample surface. 



Table  A-67 

Experiment  No. 60 

Material-Hastelloy X 

F l a m e  Environment-HZ -0 
2 

Init ial  Weight- 1.9007 g 

F ina l  Weight- 1.9006 g 
2 Apparent Corrosion'Rate- - 1.047 m g /  c m  - h r  

Calculated Steady State T e p p e r a t u r e -  18 1 o°F 
- . ,  

Temperature-  T ime  Data: , ,. . 

Time  . Tempera ture  
(set) ( O F )  

-. 

:'r 
T" = Top of Sample;  B = Bottom pf Sample 

REMARKS: 

No melting o r  any signs of erosion except for  sample 
discoloration.  



Table A-68 

Experiment  No. 61 

Material-Hastelloy X 

F l a m e  Environment-HZ -0 2 
Init ial  Weight- 1.8726 g 

F ina l  Weight- 1.8724 g 

Apparent Corrosion Aate- - 1.748 mg/cm2-hr  

Calculated st;ady State ~ e m ~ e r a t u r e - 2 3 8 0 ~ ~  

Tempera ture-  Time Data: 

Optical Pyrometer  

T i ~ r ~ e  'Te~nrp(f! sature 
(Set) ( F) 

30 2160 T* 

60 2193 T 

::: :;< 
T = Top of Sample; B = Bottom of Sample 

REMARKS: 

No melting. Sample top shows negligible erosion. A 
very  thin oxide coating was observed. 



Table  A-69  

E x p e r i m e n t  No. 62 

Mater ia l -Haste l loy  X 

F l a m e  Environment-H 2  -O2 
In i t ia l  Weight- 1.8684 g  

F i n a l  Weight- 1.8691 g 
2 

Apparen t  C o r r o s i o n  Ra te - t6 .10  m g / c m  - h r  

Ca lcu la ted  Steady Sta te  ~ e m ~ e  ra tu re -  2 5 4 0 ' ~  

T e m p e r a t u r e -  T i m e  Data :  

Ogtidal P y ~ o ~ n e t e r  ' 

T i m e  T e m p e r a t u r e  
(Se C )  (OF)  

.'- 

3 0 2244 T"' 

.I* .I. 

T". = Top  of S a m p l e ;  B". = Bot tom of Sample  

REMARKS: 

Sample  top shows s l ight  pi t t ing.  Ex ten t  of e r o s i o ~ l  i s  
s m a l l  though. A v i s ib le  oxide coating f o r m e d  on the  
s u r f a c e .  

, . 



Table  A-70 

Expe r imen t  No. 63  

Mate 'r ial-Hastel loy X 

F l a m e  Environment-  
H2 -O2 

Ini t ia l  Weight- 1. 7987 g 

F ina l  Weight- 1.801 6 g 

~ ~ p a r k n t  C o r ro s ion  Rate-+25.3 m g / c m 2 - h r  

Calcula ted Steady Sta te  ~ e m ~ ~ r a t u r e -  2 6 7 0 ~ ~  

Tempera tu r e -  T i m e  Data:  
- .  

Optical  P y r o m e t e r  

'I'irne "l'empe rature 
(Se C) (OF) 

30 2346 T:" 

.I. .l, 

TO'' = .Top of Sample ;  B*'. = Bottom of Sample  

REMARKS:.  

A rap id  reac t ion  zone was  observed  on the sample  top. 
P a r t i a l  mel t ing m a y  have occu r r ed .  The  sample  was  
covered  by a n  oxide f i lm.  



Table A-71 
. . 

Experiment No. 64 

Material-Hastelloy X 

Flame Environment- -O2 
Initial Weight- 1.86 1 2  g 

Final  Weight- 1.8636 g 
. 2  

Apparent Corrosion Rate- t2O. 92 mg/ c m  -h r  ' 

Calculated Steady State Temperature- 2 7 7 0 ~ ~  

Temperature - Time Data: 

O ~ t i c a l  Pvrometer  

Time Temperature 

I 
(Set) (OF) 

3 0 2487 T" 

:;c .I, 

T = Top of Sample; B'" = Bottom of Sample 

REMARKS: 

Top melting observed a t  30 seconds. The sample top 
severely eroded and pitted. 



Table A-72 

Experiment  No. 65 

Material-Hastelloy X 

F l a m e  Environment- 
-O2 

~ n i t i a l  Weight- 1.8979 g 
1 .  

Final  Weight- 1.901 7 g 
2 Apparent Corrosion Rate-,+33.15 m g / c m  - h r  

Calculated Steady State Temperature - 3 0 0 0 ~ ~  

Temperature-  Time Data: 

Optical Pyrometer  

'l 'emperature 
(OF) . 

* 
T* =  TO^ of Sample; B = Bottom of Sample 

REMARKS: 

Very seve re  sample top erosion observed. P a r t i a l  top 
melting app.\.rent. The remainder  of the sample shows 
negligible erosion. 



Table A: 7 3 

Experiment No. 66 

Material-Hastelloy X 

Flame Environment- H2-02 
Initial Weight- 1.8946g 

Final Weight- 1.8949g 
L 

Apparent Corrosion Rate-t2.618 mg/cm - h r  

Calculated Steady State TempCrAture- 2 0 4 5 ' ~  

Temperature- Time Data: 

Optical Pyrometer  

Time Temperature 
.. ( O F )  

* * T = Top of Sample; B = Bottom of Sample 

REMARKS 

No melting and no erosion observed. A very thin oxide f i lm 
formed. 



Table A- 74 

Expe'riment No. 67 

Material-  Has telloy X 

F lame  Environment- H2-02 
Initial Weight- 1.866 1g 

. Final Weight- 1.8668g 
2 

Apparent Corrosion Rate-t6; 11. mg/cm - h r  

' ca lcu la ted  Steady State Temperature- 2 1 . 3 5 0 ~  

Tempera ture-  Time Data: 

, , E . :  

. , . . .  

6 .  ~ . > * .  

Optical Pyrometer  

Time . 

(set) 
Temperature 

( O F ' )  

t * 
T = Top of Sample; B = Bottom of Sample 

REMARKS 
. . 

No melting and no eros ion  apparent. A thin oxide fi lm formed 
over the ent i re  ,sample length. . . . 



Table A-75 

Exper i r r~ent  No. 68 . . 

Material-  Hastelloy X 

F l ame  Environment- H2-02 
Initial Weight- 1.8324g 

Final  Weight- 1.8327g 
1 .  2 Apparent Cor.rosion Rate-t2.618 m g / c m  - h r  

0 . . 
Calculated Steady State ' remperature-  2340 .F , ,. . 

Tempera ture -  Time Data: 

Optical. Pv rome  te r  

Time 
( s e c )  - 

Tempera ture  
( O F )  

V * 
T = Top of Sample;  B = Bottom of Sample , 

REMARKS + 

Very sl ight top e ros ion  observed.  A thinoxide coating was observed.  



Table  A- 76 

Expe r imen t  No. 69 

Mater ia l -  Hastel loy X 

F l a m e  Environment-H -0 
2 2 

Init ial  Weight- 1.8740g 

F ina l  Weight- 1.8740g 

Apparen t  Co r ro s ion  Rate- 0 

Calcula ted Steady State ~ e m ~ e r a t u r e - 2 4 9 5 O ~  

T e m p e r a t u r e -  T ime  Data: 

T ime  
(set) 

Tempera tu r e  
(OF) - 

1920 T':' 

2057 T 

2143 T 
J, 

1920 B"' 

2264 T 

2295 T 

2057 B 

2305 T 

2326 T 

2094 B 

2315 T 

2315 T 

'* . . * 
T*" = Top o f .  Sample;  B = Bottom of Sample .  

REMARKS 

Top melt ing observed  with subsequent eros ion.  A thin oxide film 
f o r m e d  on the s amp le  sur face .  



Table  A-77 

Expe r imen t  No. 70 

Mater ia l -  Hastel loy X 

F l a m e  Environment-  H2-02 
Initial Weight- 1. 861qg 

F ina l  Weight- 1.8637g 
2 Apparent  Co r ro s ion  Rate- t99.3  m g / c m  -h'r 

Calcula ted Steady State ~ e m ~ e r a t u r e -  2 8 0 5 ~ ~ .  

Tempera tu r e -  T ime  Data: 

Optical P y r o m e t e r  Two Color  P y r o m e t e r  

T ime  T e m p e r a t u r e  T ime  ' T e m p e r a t u r e  
(set) (OF)  ( s e c )  . . (OF) 

* 
M T  = Molten Tempera tu r e  

REMARKS: . . . . . . . . 
. . : .  . . . .  

Very  rapid top melting. Sample top complete ly  erod,ed. . . : 



Table A- 78 

Experiment  No. 7.1 
. .. , . 

Material- Hastelloy X 

F lame  Environment- H2- O2 
Initial Weight- 1.87 15g 

Final  Weight- 1. 8574g . . 
2 

Apparent Corrosion Rate-t537.5 mg-/cm - h r  

Calculated Steady State ~ e m ~ e r a t u r e -  2 9 2 0 ~ ~ .  

Tempera ture-  Time Data: \ .  

'1:wo Color Py ron~e t e r  

Time Tempera ture  
( s e c )  . - ( O F )  

REMARKS: 

Instant top melting obser.ved. Sample top and exposed portion 
0 completely eroded. A n  optical mel t  temperature of,2757 F 

was recorded (only optical data ,point). 



Table . , A-79 

Experiment  No. 72 
. . 

Material-  Hastelloy X 

F l ame  Environment- 
H2- O2 . . 

Initial Weight- 1.8878g 

Final  Weight- 1. 8869g 
2 Apparent Cor ros ion  Rate--2.356 m g / c m  - h r  

. .. , ,. 

Calculated Steady State ~ e m ~ e r  a t u r e - 2 3 8 0 ~ ~  
, . . . , * 

Temperk ture -  Time Data: 

Time Tempera tu re  
(set) 

- ,  
( O F )  

. . 

* T = Top of Sample; B* = Bottom of Sample 

REMARKS: 

No melting observed.  No sample  e ros ion  visible. A thin oxide 
coating formed.  



Table A-80 

Experiment No. 73 

Material- Hastelloy X 

Flame Environment- 
H2-02 

Initial Weight- 1.866 lg.  

Final Weight- 1. 8654g 
2 

Apparent Corrosion Rate- - 1.832 mg/cm -hr  

Calculated Steady State ~ e m ~ e r a t u r e - 2 3 4 0 ~ ~  

Temperature- Time Data: 

Optical Pyrometer 

Time 
( se5-1- 

60 

Temperature 
(OF) 

2160 T" 

* * 
T = Top of Sample; B = Bottom of Sample 

REMARKS: 

See Remarks Experiment No. 72. 



Table A-81 

Exper iment  No. 74 

Material-  Uncoated Tungsten 

F l a m e  Environment- H2-02 
Initial Weight- 1.4471g 

Final  Weight- 1.4632g 
2 

Apparent Cor ros ion  ~ a ' t e - -  193.3 m g / c m  - h r  

Calculated Steady State Temperature-  1 9 7 0 ~ ~  

Time 
(set) 

3 0 

60 

9 !' 
120 

180 

210 

24 0 

Optical Py rome te r  

Tempera tu re  
, . ( O F )  

* * 
T = Top of Sample; B = Bottom of Sample 

REMARKS: 

No s igns  of rapid reaction. Very l i t t le  sample  deter iorat ion.  
A powdery g reen  oxide coating formed.  . 



Experiment 'No. 75 

Material- Uncoated Tungsten . , 

Flame Environment- H2-02 0 .  . " .  , 

Initial Weight- 1.4627g . .  . 

Final Weight-0.2462g . I 

5 
Apparent Corrosion Rate-- 1.332 x 10 rng/.crn2-hr 

calculated Steady State ~ e m ~ e r a t u r e - 2 5 3 0 ~ ~  - 

Te-mperature- Time Data: 

Two Color Pyrometer 

Ti111t: 
(sec)  . 

REMARKS: 

A very rapid ignition was observed. A considerable amount of 
vapor evolved from sample upon ignition. A very heavy oxide 
coating formed on the sample.' Total sample erosion. 



Table A-83 

Experiment No. 76 

Material- Uncoated Tungsten 

F lame  Environment- H2-02 
Initial Weight- 1 . 4 7  54 g 

Final  Weight- 1.4254 g 
2 

Apparent Corrosion Rate- -600 m g / c m  - h r  

Calculated Steady State Tempera ture  - 2 11 OOF 

Temperature-Time Data: 

Optical Pvrometer  

Time Temperature 
( s  e c )  (OF) 

15 2 5 6 0 ~ " ,  . 

.t. 

T". = Top of Sample 
.t, 

B". = Bottom of Sample 

REMARKS: 

The sample did not appear  to ignite. Little sample erosion. 
A thin oxide coating formed. 



Table A-84 

Experiment No. 77 

Material- Uncoated Tungsten 

Flame Environment-H -0 2 2 
Initial Weight- 1.47 1 1  g 

Final Weight- 1.3910 g 
L Apparent Corrosion Rate- -961 mg/cm -hr. 

' 

Calculated Steady State ~ e m ~ e r z i t u r e  -2 180°F 
. 

Temperature-Time Data: 

Optical ' ~ _ y r o k e t ~ . =  - . .--, - .-- ..-,-..-* ...- 
. .. 

Time , , . Temperature ; 

( sec )  . . . . ( O F )  . . 

3 0. 2700 T* 

* 
T = Top of Sample . . . . 

REMARKS: 

No signs of rapid reaction. Some sample deterioration due to 
oxidation. . . 



Table A-85 

Experiment No. 78 

Material- Uncoated Tungsten 

Flame Environment- H -0 2 2 
Initial Weight- 1.4414g 

Final  Weight- 0. 9927g 
3. 

Apparent Corrosion Rate- -8.974 x 10 m g / c m 2 - h r  

Calculated Steady State Temperature-  2 3 8 5 O ~  

Temperature -Time Data: 

Optical Pyrome t e r  Two Color Pyrometer  

Time Tempera ture  ' Time Tempera ture  
(s-1 ( O F )  : (set) ( O F )  

.- 
Q .L 

T = Top of Sample; B** = Bottom of Sample' 

REMARKS: . - .  

A moderate ignition took place'with considerable sample 
erosion. A visible oxide smoke evolved f r o m  the sample 
during testing. 



Table A-86 

Experiment No. 79 . 

Material- Uncoated Tungsten 

Flame Environment- H2-02 
. . 

Initial Weight- 1.4077 g ' ' . .  . 

Final Weight-0.3329 g 
6 2 

Apparent Corrosion Rate- - 1.548 x 10 . mg/ cm -h r  

Calculated Steady State. Temperature-2695O~ 

Temperature-Time Data: 

Two Color Pyrometer 
e, _ 

Time Temperature 
(set) (OF) 

1.5 . 2600 

REMARKS: 

Sample ignited immediately. Very rapid oxidation and 
volitization of film'with a considerable amount of smoke 
being evolved. Complete 'sample erosion. 



Table A -  87 

. Experiment  No. 80 

Material- Uncoated Tungsten , 
F l a m e  Environment- 

H2-02 
Initial Weight- 1.4750 g 

Final  Weight- 0.8095 g 
4 2 

Apparent Corrosion Rate- -3.99 x 10 m g / c m  - h r  

Calculated Steady State ~ e r n ~ e r a t u r e  - 2 5 5 ~ ~ ~  
:,.. - .  

Tempera ture-  Time Data: 

Two, Color ,Pyrometer  

Time 
(set) 

Tempera ture  
I°F) 

REMARKS: 

A mode ra te  ignition occur red.  Considerable sample erosion 
resulted.  T e s t  discontinued a t  60 seconds due to two color 
p y  rometer  malfunction. 



Table A-88 

~ x ~ e r i m e n t  No. 81 

Material-Uncoatea Tungsten 

F l a m e  Environment-H2 -0 2 
Init ial  Weight- 1; 4206g 

F ina l  Weight- 0. 9886g 
4 Apparent Corrosion Rate- -2.59 x 10 m g / c m 2 - h r  

Calculated Steady State Tempera ture-  2 5 5 5 O ~  

Tempera tu re  -Time Data: 

Optical Pyrome ler T w i ~  Cululz Fy ~'ol i ie ter  

T i m e  Tempera tu re  T ime  Tempera ture  
( s w )  ( O F )  (set) ( O F )  

.l, 

T-" = TOP of Sample 

REMARKS: 

See remarks '  Exper iment  No. 80. 



Table  A- 89 

Exper iment  No. 82 

Mater ia l -  Uncoated Tungsten 

F l a m e  Environment-  H Z - 0  2 
Ini t ial  Weight- 1.4467g 

F ina l  Weight - Not Obtainable 

Apparent  Co r ro s ion  Rate- Not Obtainable 

Calcula ted Steady Sta te  T e m p e r a t u r e  - 2 8 3 0 ~ ~  

T e m p e r a t u r e  - T i m e  Data: 

Two Color  P y r o m e t e r  

T i m e  
(set) 

T e m p e r a t u r e  
(OF)  

REMARKS: 

Sample  jumped out of t r an s i t e  board and was  l o s t  into the va.cl.lum 
sys tem.  



. - 
Experiment No. 8 3  

Material-Uncoated Tungsten . . , Li ' 8 'b. 

Flame  Environment-H2 -0 2 
Initial Weight- 1.442 1g 

Fina l  Weight- 1. 3 14 1g 
5 2 Apparent Corrosion Rate- -1.  152 x 10 m g / c m  -h r  . . . 

Calculated Steady State ~ e m ~ e r a t u r e -  2 9 2 0 ~ ~  ., 

.. Tempera ture-Time Data: . 
' . 
" Two Color Pjromctcr --- 

Time a ~ e m ~ e r a t u r e  
(set) 

> - 
(OF) 

, REMARKS: 

A v e r y  rapid ignition occurred.  T e s t  stopped as sample began 
. to fall over.  



Table  A-91 

Exper iment  No. 84 

Mate r ia l  -Uncoated Tungsten 

F l a m e  Environment  -H - O2 2 
Initial Weight- 1 .4397 g 

F ina l  Weight -0. 622 1 g 
5 2 Apparent  Co r ro s ion  Rate-  -7 .0  x 10 m g / c m  - h r  

Calculated Steady State ~ e m ~ e r a t u r e  - 2 9 8 0 ' ~  

Temp era tu r e  - T i m e  Data: 

Two Co lo r  P y r o m e t e r  Inoperative 

Optical  P ~ r o m e t e r  

T ime  T e m p e r a t u r e  
(set) ( O F )  

15 3788 

REMARKS: 

Sample appea red  t o  ignite total ly,  



Table A - 92 

Experiment No. 86 

Mater ial  -Uncoated Tungsten 

F lame  Environment - H2 - O2 
Initial Weight- 1.4569 g 

Final Weight-0.4137 g 
6 Apparent Corrosion Rate - - 1. 728 x 10 m g / c m 2 - h r  

Calculated Steady State Tempera ture-2695O~ 

Tempera ture-  Time Data: 

Two Color Pvrometer  

Time Temperature 
(set) (OF-)  

2 1. 75 3530 

REMARKS: 

See Remarks  Experiment  No. 79. 



Table A-93 

Experiment No. 88 

Material  -Uncoated Tungsten 

F lame  Environment -HZ -0 2 
Initial Weight- 1.4482 g 

Final Weight-0. 8710 g 
4 

Apparent Corrosion Rate- -3.575 x 10 m g / c m 2 - h r  

Calculated Steady State Temperature - 26 95OF 

Temperature-  Time Data: 

Two Color Pyrometer  

Time ~ e m b e r a t u r e  
( sec)  . ( O F )  

0. 75 32 90 

REMARKS: 

A moderate oxidation reaction was observed with considerable 
sample erosion. 



Table A-94 

Exper'iment No. 89  . 
Material  - Tantalum - 10% Tungsten 

F l a m e  Environment - - O2 ' ,  

~Gtial Weight- 1. 2670 g 

Fina l  Weight - 1. 2670 g . 

Apparent '  Corrosion Rate -0 

Calculated Steady s t a t e   ern^& ra tu r  eL- 1 9 2 5 ~ ~  

Tempera ture-  Time Data: 

Clpri c.a.1 cJyrometer 

Time Tempera ture  
(sec)  - -  (OF) - . ..,_.. "..= 

30 2300 T:': 

.L 

T - ~  = Top of Sample 
st. 

B*' = Bottom of Sample 

REMARKS: 

No signs of melting o r  igniting. A thin flakey, white oxide coating 
began to f o r m  on the sample top. 



Table A-95 

Experiment No. 90 

Material  -Tantalum - 10% Tungsten 

Flame Environment - H2 - O2 
Initial Weight- 1. 3247 g 

Final Weight- 1.4535 g 
4 

Apparent Corrosion Rate - t 3 . 5 6  x 10 m g / c m  
2 

Calculated Steady State Temperature - 2 4 6 5 O ~  

Temperature-  Time Data: 

Two Color Pvrometer  

Time Temperature 
(set) ( O F )  

1. 5 34 10 

REMARKS: 

Sample appeared to  ignite instantly. Complete sample e ros ion  
observed. P a r t i a l  lnelting may  have occurred  a s  a crystall ine 
type coating remained on the surface fuse,d to a white oxide film. 



Table A - 96 

Experiment No. 91 

Mater ial  -Tantalum - 10% Tungsten 

F l a m e  Environrnent-H -02 2 
~ n i t i a l  Weight - 1. 3042 g 

Fina l  Weight - 1. 3 762 g 
4 

Apparent Corrosion Rate-+4.06 x 10 rng/cm2 - h r  

Calculated Steady State ~ e r n ~ e r a t u r e  - 2 6 3 0 ~ ~  

Tempera ture  - Time Data: 

Two Color Pvrometer  

Time T'emperaturc . 
(set ( O F )  

REMARKS: 

. An instantaneous ignition occurred.  Complete sample erosion. 
A dark  crystal l ine coating was observed on the ent i re  sample 
surface.  



Table A - 9 7  

Experiment No. 92 

Material  - Tantalum - 10% Tungsten 

Flame Environment - - O2 
Initial Weight- 1. 3188 g 

Final Weight - 1. 3797 g 
5 2 

Apparent Corrosion Rate-+ 1. 18 x 10 m g / c m  - h r  

Calculated Steady State ,Temperature - 2 6 3 0 ~ ~  

Temperature-  Time Data: 

Two Color Pyrometer  - 
Time Temperature 
(set) ( O F )  

0. 75 "42'00 

1. 50 "5930 

1. 86 "6000 

REMARKS: 

An instantaneous ignition occurred.  Sample erosion severe .  
A crystall ine coating resulted. 



Table A-98  

Experiment  No. 93 

Mater ial  -Tantalum - 10% Tungsten 

F lame  Environment - - O2 
Initial Weight- 1. 3166 g 

Final  Weight-1. 3411 g 
2 . . 

Apparent Corrosion Rate-t245 m g / c m  - h r  

Calculated Steady State Tempera ture  - 2 0 5 . 5 ~ ~  
. . 

Tempera ture-  Time Data: 

Optical Pyrometer  - 
'l' 1111 e T'en~peraturc 
(set) (UJ?) 

, 15 2480 T* 

.I. 

.T-'. = Top of Sample 
rl. 

B"' = Bottom of Sample 

REMARKS: 

No ignition o r  melting observed. Very l i t t le visible saniple . 
erosion. 



Table A-99 

Experiment No. 94 

' .  Material  - Tantalum - 10% Tungsten 

Flame Environment -H - O2 
2 

Initial Weight- 1. 20 12 g ' 

Final Weight - 1.2 34 7 g 

Apparent Corrosion Rate -+335 mg/cm2' -hr  

Calculated Steady State Temperature -2 1 2 5 O ~  
a. 

Temperatpure- Time Data: 

Optical Pyromete r  

Time Temperature 
(set) ( O F )  - 

15 2380 T:': 

JI 

T*" = Top of Sample 
.t. 

B'" = Bottom df Sample 

REMARKS: 

See Remarks Experiment  No. 93. 

Two Color Pyromete r  

Time . Temperature 
(set) ( O F )  

60 2600 



Table A- 100 

Experiment  No. 95 

Mater ial  - Tantalum - 10% Tungsten , 

Flame  Environment -HZ - O2 

Initial Weight- 1. 2420 g 
. , Final  Weight- 1. 3191 g 

Apparent Corrosion Rate -+77 1 mg/crn2-hr  

Calculated Steady State ~ e m p e r a t u r e - 2 3 3 5 O ~  

Tempera ture-  Time Data: 

%tical Pyromete r  - =-....-.. Two Color . - Pyromete r  . . , .  . 
Time Tempera ture  Time Temperature 
(set) (OF) (set) ( O F )  

3 0 3090 T* 1.5 2889 

.u, 

T*" = Top of Sample 
J. 

B". = Bottom of Sample 

KEMAKKS: 

No ignition o r  melting. The sample top shows considerable 
erosion with apparent  splitting of the uppermost top edges. 



Table A- 10 1 

Experiment No. 96 

Material-Tantalum- 10% Tungsten 

F lame  Environment- H2 -0 2 
Initial Weight- 1. 2973g 

Fina l  Weight- 1.4033g 
4 

Apparent Corrosion Rate- +2.48 x 10 mg/cm2-hr  

Calculated Steady State Temperature-  2 2 0 0 ~ ~  

Tempera ture-  Time Data: 

Two Golor Pyrometer  
'Time .Temperature 
(set) ( O F )  

REMARKS: 

A top ignition occurred.  Sample top severly eroded. , A crystall ine 
type coating remained on the sample top surfaces.  



Table A- 102 

Experiment  No. 97 

Mate~ ia l -Tan ta lum-  10% Tungsten 

F l a m e  Environment-HZ-0 2 
Initial Weight- 1. 22 12g 

Fina l  Weight- 1.2546g 

Apparent Corros ion  Rate- t334 mg/cm2-hr  

Calculated Steady State ~ e m ~ e r a t u r e -  2 1 2 5 ~ ~  ' 
, . .  . . 

Tempera tu re -  Time 'Data: . . 

O ~ t i c a l  Pyi-n.met.er 
'Lime Tempera ture  
(set) ( O F )  

>: * 
T = Top of Sample; B = Bottom of Sample 

REMARKS: 

No melting o r  ignition. A heavy white,oxide coating formed on the 
sample.  The top shows ear ly  s tages of splitting. It was quite 
apparent that the sample was on the verge of igniting. 



Table A- 103 

Expe'riment No. 98 

Material-  Tantalum- 10% Tungsten 

F l a m e  Environment-HZ -0 2 
Init ial  Weight- 1. 3090g 

F ina l  Weight - 1 .  3974g 
3 2 

Apparent Cor ros ion  Rate- - 3 . 4 8  x 10 m g / c m  - h r  

ca l cu l a t ed  Steady State Tempera ture  - 205 1 ° ~  

Tempera tu re  -Time Data: 

Two Color ~ ~ r o m e t e r  
T i m e  Tempera tu re  
(set) ( O F )  

REMARKS: 

The sample  ignited with s eve re  top e ros ion  resul t ing.  A crysta l l ine  
coating remained .  



Table A- 104 

Experiment  No. 99  

Material-Tantalum- 1070 Tungsten 

F l a m e  Environment-H2 -0 
2 

Initial Weight- 1. 2761g 

Fina l  Weight- 1. 3654g 
4 Apparent Corrosion Rate- t2 .655 x 10 m g / c m 2 - h r  

Calculated Steady State ~ e m ~ e r a t u r e -  2 5 0 5 ~ ~  

Tempera ture  -Time Data: 

Optical Pyrometer 
Time Tempera ture  
=(set) L ( O F )  

15 3662 T':' 

30 3725 T 

60 3683 T 

90 3683 T .*, 
105 2500 B*" 

120 3683 T 

150 3683 T 

160 2480 B 

180 3683 T 

Two Color 3?yrornat.r=r 
Time Tempera ture  

J. 
-0. * 

T = Top of Sample; B = Bottoril of Sample 

REMARKS: 

No apparent ignition took place. A c lear ,  white, crystal l ine 
coating formed on the ex t r eme  top of the sample. A moderate ,  

qflakey, white coating formed on the remainder  of the sample.  



Table  A- 105 

Exper iment  No. 100 

Mater ia l -  Tanta lum- 1070 Tungsten 

F l a m e  Environment-H2 -0 2 
Initial Weight- 1. 282 1g 

F ina l  Weight - 1. 307 3g 
4 Apparent  CorrosiOn Rate- +2.42 x 10 rng/crn2-hr  

Calculated Steady State Tempera tu r e -  2 6 3 0 ~ ~  

Tempera tu r e  - T i m e  Data: 

Two Color  P y r o m e t e r  
T i m e  T e m p e r a t u r e  

REMARKS: 

See r e m a r k s  Exper iment  No. 92 



Table A-106 '  

Expe r imen t  No. 101 

Mater ia l -Tantalum-10% Tungsten 
. . F l a m e  Environment  -H 2-O2 I 

Ini t ia l  Weight-1. 2821 g 4 

F i n a l  Weight-1. 3690 g 
3 2 

Apparent  Cor ros ion  Rate- t5.-025 x 10 m g / c m  - h r  

Calcula ted Steady State Tempera tu r e  - 2 8 1 0 ~ ~  I 

T e m p e r a t u r e  - Time Data:  r . . , . 

Optical  P y r o m e t e r  - , - Two Color k y r o m e t e r  

T ime  Tempera tu r e  ' Time Tempera tu r e  
- .  

( s e c )  (OF  ) - - - -(seek 
J- 

- ( O F _ )  - 
15 3940 T*'. 0 . 75  3 600 

* 
.e. -0.. 

T.'' = Top of Sample;  B"' = Bottqm of Sample  

Sample  showed no t r u e  ignition. Very  hot top zone. Sample 
appeared  to m-elt gradually.  



Table  A-107. 

E x p e r i m e n t  No. 102 

Mate r i a l -  Tan ta lum-  10% T l u ~ g s t e n  

F l a m e  Env i ronment  -HZ -0 
2 

Ini t ial  Weight-1. 3102 g  

F i n a l  Weight - 1. 3237 g  
4 2  Apparen t  C o r r o s i o n  Rate-  t 1 .  128 x 10 m g l c m  - h r  

Calcula ted  Steady Sta te  T e m p e r a t u r e  - 2 9 2 ~ ~ ~  

T e m p e r a t u r e  - T i m e  Data :  

Two Color  Pyromete l -  6 - - - - . - . 
Time  T e m p e r a t u r e  
(set -- -..---- ( O F )  --,--- . , 

0. 38 2600 

K E M A R K S :  

N o  v is ib le  ignition o c c u r r e d .  The s a m p l e  g e o m e t r y ,  however ,  
r e m a i n a d  in tac t ,  l'hr s a m p l e  h a s  a  tiiiil c r y s t a l l i n e  coating o v e r  
the e n t i r e  s a m p l e  length. 



Table A-108 

Expe r imen t  No. 103 

Mate r i a l  - Tantalum- 10% Tungsten 

F l a m e  Environment  -H2 -0 
2 

Init ial  Weight-1. 3333 g 

F ina l  Weight--0. 7443 g 
5 

Apparen t  Cor ros ion  Rate- -2. 07 x 10 m g / c m 2 - h r  

Calcula ted Steady Sta te  Tempera tu r e  - 2 6 3 0 ~ ~  

Tempera tu r e  - Time Data:  

Two Color  - - . "-- P y r o m e t e r  

Tirne Tempera tu r e  
(set) ( O F )  

1 2 L O O  

REMARKS:  

A very  rapid  ignition occu r r ed  with subsequent total sample  
e rns ion .  



Table  A -109 

E x p e r i m e n t  No. 104 

Mate r i a l -  Tan ta lum-  10% Tungsten  

F l a m e  Env i ronment -HZ-0  
2  

1nitial.Weight-1. 3139 g 

F i n a l  Weight - 1. 4444 g  
4  2 

Apparen t  C o r r o s i o n  Rate  - t 9 .  58 x 1 0  m g / c m  - h r  

Calcula ted  s t e a d y  S ta te  T e m p e r a t u r e  - 2 6 3 0 ~ ~  

T e m p e r a t u r e -  T i m e  Data:  

Two Color -  P y r o m e t e r  . 

Time  T e m p e r a t u r e  
(set) ( O F )  

. . 0.  75 2600 

REMARKS: 

A m o d e r a t e  ignition o c c u r r e d  with s e v e r e  top e r o s i o n .  A thin white 
oxide coating covered  the  r e m a i n d e r  of the  s a m p l e .  



Table A-110 

Experiment  No. 105 

Mate r i a l  - Tantalum- 1070 Tungsten 

F l a m e  Environment - 
*2-Oz 

Initial Weight-1. 3115 g 

F ina l  Weight- 0.7443 g 
5 

Apparent Corrosion Rate- -1. 855 x 10 mg/cmZ-hr  

Calculitted Steady State Temperature - 2 6 3 0 ~ ~  

Temperature - Time Data: 

Time 
(set) 

- 0.75  

Temperature 
( O F )  

2 660 

REMARKS: 

See r emarks  Experiment No. 103. 



Table  A-111 

E x p e r i m e n t  No. 129 

Mate r i a l -  Tan ta lum - 10% Tungsten  

F l a m e  Environment-CO-O2 

Initia.1 Weight-1. 3159 g  

F i n a l  Weight-1. 3308 g 
2  

Apparen t  C o r r o s i o n  Rate-  t i 4 9  m g / c m  - h r  

Calcula ted  Steady S ta te  T e m p e r a t u r e  - 1 9 0 5 ~ ~  

T e l r ~ p e r a t u r e  - Ti.me Data:  

Opt ica l  P y r o m e t e r  

T i m e  T e m p e r a t u r e  
(set). ( O F )  

J- 

30 2500 T.'. 

-0, .I* 

T"' = Top.of Sample ;  B". = Bot tom of Sample  

REMARKS: 

No o b s e r v a b l e  cor . ros ion evident .  



Table A-112 

~ x p e r i m e n t  No. 13.0 

Mater ia l -  Tan ta lam-  iOC)?o Tungsten' 

F l a m e  Environment  -CO-O2 

Iliitial Weight-1. 3149 g 

F ina l  Weight-1. 3312 g . . 
2 Apparent  Cor ros ion  Rate- t195.  6 m g / c m  - h r  

Calculated Steady State Tempera tu r e  - 2 0 2 2 ~ ~  

T e m p e r a t u r e  - Time  Data:  

. . 
Time  Tempera tu r e  . ' 

( s e c ) '  - ( O F )  . . 
. .', 

30 , .  2640 T-" 

. . ::: J. . ... , 

T = Top of Sample;  B.'. = Bottom of Sample . 

REMARKS: . . 

A white oxide f i lm fo rmed  on top. Considerable  top e ros ion .  Top 
shows pre l iminary  s igns  of spli t t ing.  



Table  A-113 - 

E x p e r i m e n t  No. 131 

,Mate r i a l -  Tanta lum - 10% Tungsten  
, 

F l a m e  Environment-CO-O2 

Ini t ial  Weight - 1. 2333 g 

F i n a l  Weight-1. 2856 g 
2 Apparent  C o r r o s i o n  Rate- t 5 2 3  m g / c m  - h i  

Calcula ted  Steady State T e m p e r a t u r e  -21 1   OF 
~ e m ~ e r a t h r e -  ~ i m e  Data:  

Optical  P y r o m e t e r  

T i m e  T e m ~ e r a t u  r e  

.t. .1. 

T'" = Top of Sample ;  B" = Bot tom of s a m p l e '  

REMAKKS: 

Sample  shows top e r o s i o n  with white oxide coat ing .  Top shows 
cons ide rab le  spl i t t ing.  



Table A-114 

Expe r imen t  No. 132 

Mate r ia l -  Tantalum- iOO/o Tungsten 

Fl 'ame ~ n v i ; o n m e n t  -c0-02 
Init ial  Weight-1. 2065 g 

F i n a l  Weight- 1. 2464 g 
2 

Apparent  Cor ros ion  Rate  - +399 m g / c m  - h r  

Calculated Steady State ~ e m ~ e r a t u r e  -2 189OF 

T e m p e r a t u r e  - Time Data:  

Optical  P y r o m e l e r  

T ime  
 be^) 

2 0 

Tempera tu r e  
( O F )  

J, 

3788 T"' 

J. J, 

T'" = Top of Sample;  B"' = Body of Sample 

REMARKS: 

Sample  shows complete  top e ros ion  with a very thick oxide coating 
ove r  en t i re  sample .  Seve re  spli t t ing of top and edges  apparent .  



Table  A-115 

~ x ~ e r i m e n t  No. 133 

Mate r ia l -  Tan ta lum - 10% Tungsten  

F l a m e  Env i ronment  -CO-O2 

Ini t ial  Weight-I.  2518 g  

F i n a l  Weight-I.  3223 g  
2  Apparen t  C o r r o s i o n  Rate-  + I410  m g / c m  - h r  

Calcula ted  Steady State T e m p e r a t u r e  -21 1 4 O ~  

T e m p e r a t u r e  - T i m e  Data :  

Opt ica l  P y r o m e t e r  

T i m e  T e m p e r a t u r e  
(set ( O F )  

.Po 

30 2964 T"' 

.*. .I* 

T.'. = Top of Sample ;  B." = Bot tom of Sample  

REMARKS:  

S e v e r e  top e r o s i o n  o b s e r v e d .  Spli t t ing on top and edges  evident .  
T h e s e  sp l i t  a r e a s  a p p e a r  to  be the zones  of in tense  oxidation. 



Table A- 1 16 

Experiment No. 134 

Material-    ant alum- 10% Tungsten 

Flame Environment- CO- O2 - 

Initial Weight- 1. 3273 g 

Final  Weight - 1. 3 884 g 
7 

Apparent Corrosion Rate - + 1222 rng/crnL-hr 

Calculated Steady State ~empera tu re -2031°F  

Tempera ture  - Time Data: 

Optical Pyrometer  

:;< *c 

, T = Top of Sample; B = Bottom of Sample 

REMARKS: 

Top eroded with a white oxide coating covering ent i re  sample. 
Sample top shows considerable splitting. 



Table A- 11 7 

Exper iment  No. 106 

Mater ia l -  Pfaudler  Coated Tungsten 

F l ame  Environment - H 2 - O2 

Initial Weight - 1. 5208 g 

Final  Weight - 1. 5 190 g 

Apparent Cor ros ion  Rate - - 18 m g /  crn2-hr  

Calculated Steady State - ~ e m ~ e r a t u r e  - 1 9 7 0 ' ~  

Tempera tu r e  - Time Data: 

Optical  P y r o m e t e r  

Time Tempera tu r e  
(set) ( O F )  

.lr -1. 

T"' = Top .of Sample;  B.'. = Bottom of Sample 

REMARKS: 

No vis ible  react ion.  Coxating intact  dur ing tes t .  
No visible sample  corro 'sion.  



Table, A- 1 18 

Experiment No. 107 

  ate rial- ~ f a u d l e r  Coated Tungsten 

Flame Environment - H - 0 2 .  2 
Initial Weight- 1.5365 g 

Final  Weight- 1.5330 g 

Apparent Corrosion Rate - -35 mg/  cm2-hr  

Calculated Steady State ~ e m ~ e r a t u r e  - 2 5 3 0 ~ ~  

Tempera ture  - Time Data: 

- 
.Optical P y r  ometer  
.___..I...._._ 

Time ' Tempera ture  
(set) (OF) 

15 2944 T* 

Two Color Pyrometer  

Ti ~ a e  Temperature 
(s e c (OF) 

2 .  25 2600 

... >;< 
T-" = Top of Sample; B = Bottom of Sample 

REMARKS: , .  . 

No visible .reaction. Coating intact .ciriih little erokiori. ' 



, 
Table A- 1 19 

Exper iment  No. 108 - --.., 

Mater ia l -  Pfaudler  Coated Tungsten 

F l a m e  Environment-  - O2 
Initial Weight- 1. 5760 g 

F ina l  Weight-1.5707 g 

Apparent  Cor ros ion  Rate - -63.6  mg /  c m 2 - h r  

'ca lcula ted Steady State Tempera tu r e  - 2 6 9 5 O ~  

Tempera tu r e  - Time Data: 

- Opt ica l -Pyromete r  Two .C,olor P y r o m e t e r  

T ime  , ~ e m b e r a t u r e  T ime  Tempera tu r e  
(set) . - (OF) . ( sec )  , (OF) 

.', 

7 - 3170 T"' 1 .13  2600 

30 3243 T 1 . 5  2870 

300 3151 T ,300 3047 . 

>k 
T" = Top of Sample;  B = Bottom of Sample 

REMARKS: 1 

No mel t ing o r  any  s igns  of ignition. Coating r ema ined  in tact  
with s o m e  s l ight  e ro s ion  visible'. 



.Table A- 120 

Exper iment  No. 109 

Mater ia l -  Pfaudler  Coated Tungsten 

F l a m e  Environment  -H - O2 2 
Initial Weight- 1. 5409 g 

F ina l  Weight- 1. 5387 g 

Apparent  Cor ros ion  Rate -+528 m g / c m 2 - h r  

Calculated Steady State Tempera tu r e  - 2830°F 

T e m p e r a t u r e  - Time Data: 

C~btical ~ ~ r u m e l ~ r  . -A_ Two ...... ____ Color a .  P y rome te r  . 

Time  Tempera tu r e  
(set) - -- -..-,,- (OF)  -. 

Time 
(set) 

r., 
- 

T." = Top of Sample 

REMARKS: 

See Remarks  Exper iment  No. 108. 
. , 

(Note: Run discontinued when s ample  began to  fa l l )  



Table A- 12 1 

Exper iment  No. 110 

Mate r ia l  - Pfaudler  Coated Tungsten 

F l ame  Environment  - H - 0 2 2 
Initial Weight- 1. 5 174 g 

F ina l  Weight- 1.4992 g 

Apparent  Cor ros ion  Rate - -224 m g / c m 2 - h r  
0 Calculated Steady State Tempera tu r e  - 2 920 F 

Tempera tu r e  - Time Data: 

Optical Pv rome te r  

T ime  Tempera tu r e  
(set) (OF) 

Two Color P y r o m e t e r  -- 
Time Tempera tu r e  
(set) (OF)  

.t. -0- .t, 

T = Top of Sample;  B"' = Bottom of Sample 

REMARKS: 

No mel t ing o r  ignition. Slight coating breakdown was observed  
a s  a s m a l l  bubbling on one of the sample  s ides .  



Table A- 122 

Experiment No. 11 1 
\ 

Material-  Pfaudler Coated Tungsten 

F lame  Environment - - O2 
Initial Weight-1. 5170 g 

.. , Final  Weight-1. 5094 g 

~ ~ ~ a r e n t  Corrosion Rate- -285 mg/cm2-hr  . / 

Calculated Steady State Temperature- 3 1 3 0 ~ ~  
, . ' f empera ture-  Time Data: 

. , 
s Optical Pyro.met.er - Two Color Pyrometer  

,.---., c".~. .-=.- - ...- ." . -- 

Time Time Temperature ' .Temp;rature . ' 

(set) (OF) (set) ( F) 

10 3295 T* 0.4 2600 

:;< :;< 
T = Top of Sample; B = Bottom of Sample 

REMARKS: 

Slight.coating breakdown on top edge only. 
Remainder of coating intact during test .  



Table  A- 123 

Exper iment  No. 112 

Mater ia l -  Pfaudler  Coated Tungsten 

F l a m e  Environment  -H - O2 
2 

Initial Weight - 1..5070 g 

F ina l  Weight- 1. 5034 g 

Apparent  Cor ros ion  Rate - -.36 mg /  c m 2 - h r  

Calculated Steady State T e m p e r a t u r e  - 2 1 1 o0F 

Temp era tu r e  - Time Data: 

Optical  P y r o m e t e r  

T ime  - Tempera tu r e  
(set) -. - (OF) 

-1. :;< 
TO" = Top of Sample;  B = Bottom of Sample 

I 

REMARKS: 

No melt ing o r  visible sample  eros ion.  The s amp le  shows a s e v e r e  
discolora t ion on the sur face .  The coating r ema ined  intact.  



Table  A- 124 

Expe r imen t  No. 1 13 

Ma te r i a l  - Pfaudler  Coated Tungsten 

F l a m e  Environment  - - O2 
Init ial  Weight- 1. 5 193 g 

F i n a l  Weight- 1. 5 176 g 

Apparent  Cor ros ion  Rate-  - 17 m g / c m 2 - h r  

Calcula ted Steady State ~ e m ~ e r a t u r e  - 2 1 8 0 ~ ~  

T e m p e r a t u r e - T i m e  Data:  
. . 

Optical  P y r o m e t e r  

T ime  
( s e c )  

T e m  e r a t u r e  g .  
( F) 

.I, :;< 
T*" = Top of Sample;  B = Bottom of Sample 

REMARKS: 

Sample showed no co r ro s ive  cha r ac t e r i s t i c s .  However,  a ver.y f ine 
yellow- white oxide powder was observed  on the sample  top edges .  
No apparen t  coating breakdown. Sample showed considerable  
d iscolora t ion.  



Table A- 125 

Exper iment  No. 114 

Mater iaal - Pfaudler  ,Coated Tungsten 

F l ame  Environment - - O2 
Initial Weight- 1.4842 g 

Fina l  Weight- 1.4774 g 

Apparent Cor ros ion  Rate - - 129.8 mg /c rn2 -h r  
0 

Calculated Steady State Tempera tu r e  -2385 F 

Tempera tu r e  - Time Data: 

Optical P y r  omete r  

T ime Tempera tu r e  
(set) -- (OF) 

Two Color Py rome te r  

T ime  Tempera tu r e  
( s ec )  (OF) 

2. 25 2600 

J. -0, 

T.'' = Top of Sample; B*" = Bottom of Sample 

REMARKS: 

No melt ing o r  ignition. The s amp le ' s  coating showed s igns  of 
discontinuity on a l l  edges where  a white oxide f i lm was observed 
to fo rm.  



Table A-126 

Expe r imen t  No. 115 
I 

Mater ia l -Pfaudler  Coated Tungsten- . \ 

F l a m e  Environment-H2 -02 

initial Weight- 1.5159 g 

F i n a l  Weight- 1.5086 g 
2 

Apparent  Cor ros ion  Rate- -73.6 m g / c m  - h r  
0 

,Calculated Steady State Tempera ture -  2555 F 

Tempera tu re -  T ime  Data: 

Optical P v r o m e t e r  Two Color P v r o m e t e r  

' Tirrlr Tenipel-ature Timc Tcmpcra tu re  
( s e c )  - (OF) (set) 

:;< - (OF) 

1.5. - . 3048 -T , 3 . 2000 

::: :;< 
T = Top of Sample;  B = Bottom of Sample 

REMARKS: 

Li t t l e ,  if any, observable. sample  corro.sion. Sample edges 
show beginning -s igns  of breakdown. Otherwise  the coating 
remained intact .  



Table A2127 

Exper iment  No. 11 6 

Material-Pfaudler Coated Tungsten 

F l a m e  Environment-H2 -0 
2 

Init ial  Weight- 1.5303 g 

F ina l  Weight- 1.4946 g 

Apparent Cor ros ion  Rate- - 1753 rng/crn2-hr 

Calculated Steady State Tempera ture -  2 8 6 5 O ~  

Tempera ture -  Time Data: 

Optical  P y r o m e t e r  --.. Two Color  P.yrometer  

T ime  T e m  e ra tu re  T ime  Tempera tu re  
( s ec )  -- 

oP 
( F) (set) (OF) 

45 3704 T 

60 3704 T 

6 5 Sample fell  

>k 
T = Top of Sample 

REMARKS: 

The sample  showed top erosion.  The protective coating 
broken down by blistering.  The sample  re ta ined i t s  
geomet r ic  shape.  Yellow-white smoke evolved in sma l l  
amounts f r o m  top. 



Table A - 128 

Experiment  No. 117 

 ater rial-~faudler Coated Tungsten . . . . . .  

F l a m e  Environment-H2 -02 

Initial Weight- 1.548 3 g ' 

Final  Weight- 1. 302 1 g 

Apparent Corrosion Rate- -55 15 mg/.cm2-hr 

Calculated Steady State ~ e m ~ e  rature- 2 9 8 0 ~ ~  . . 
. . 

~ e m ~ e r a t u r e  - Time Data: 

Optical Pvromete r  Two Color Pyromete r  

'l'im c 'Tem e ra tu re  .. lllle Terliperatui-e J' 
- , 

(set) ( F) (set) (OF) 

15 3940 T'" 0 .  75 2600 

:k 
T = Top of Sample; B = Bottom of Sample 

REMARKS: 

Considerable top erosion. The top appeared' to melt  slowly. 
Remainder of sample ' s  cbating attacked with the severi ty  of 
erosion decreasing f r o m  top to bottom. 



Table A- 129 

Experiment No. 118 

Material-  Pfaudler Coated Tungsten 

'F lame Environment -H - O2 2 
Initial Weight- 1.5401 g . 

Apparent Corrosion Rate -+253 mg/  c k 2 - h r '  

Calculated Steady State ~ e m ~ e r a t u r  e - 26 9 5 O ~  . 

Tempera ture -  Time Data: 

Two Color Pv rome te r  

Time Tempera ture  
(set) (OF) 

REMARKS: 

Very slight sample  top erosion.  Remainder of sample  intact. . 
Very thin white oxide coating visible on upper portion of sample .  



Table A- 130 

Expe r imen t  No. 11 9 
Mater ia l -Pfaudler  Coated Tungsten 

F l a m e  Environment-H -0 2 2 
Ini t ia l  Weight- 1 .5  114 g 

F i n a l  Weight- 1.4718 g 
2 

Apparent  Cor ros ion  Rate- -464 mg /  c m  - h ~  

Calculated Steady State ~ e m ~ e r a t u r e -  2695O1 

Te,mpera ture  - Time Data: 

Optical P y r o m e t e r  .Two Co-t r P y r o m e t e r  

Timy . T ~ L L L I . ~ ~ . ~ . ~ ~ ~ I I T . P  
(set) (3') 

1. 13 2600 

> >k 
T ' = Top of Sample ; B = Bottom of Sample 

REMARKS: 

See Remarks  Exper iment  No. 118 



Table  A-131 

Expe r imen t  No. 120 

Mater ia l -Pfaudler  Coated Tungsten 

F l a m e  Environment-H -0 
2 2 

Ini t ial  Weight- 1.5306 g 

F ina l  'Weight- 1.4756 g - 
L 

Apparent  Co r ro s ion  Rate- -643 m g / c m  - h r  

Calcula ted Steady Sta te  ~ e m ~ e  ra tu re -  2 6 9 5 ' ~  

T e m p e r a t u r e - T i m e  Data: 

Optical  P y r o m e t e r  Two Color  P y r o m e t e r  

T i m e  T e m p e r a t u r e  Time T e m p e r a t u r e  
( s e c )  -- ( O F )  (set) ( O F )  

25 -G&T 0. 87 2600 

.L >;< 
T"' = Top of Sample;  B = Bottom of Sample 

REMARKS: 

See R e m a r k s  Exper iment  NO. 118 



Table A-132 

Experiment  No. 121 

Mater ial  -Pfaudler Coated Tungsten 

Flime Environment - H -02 2 
Initial Weight - 1.4896g 

, . 
Final  Weight- 1.3873g 

'2 
Apparent Corrosion  ate--537.5 mg/cm -hr  , 
Calculated Steady State ,Temperature -2695OF 

Temperature - Time Data: 

Ogtical_l?yrometer ..-. , 

Time Temperature 
(set) (OF) 

Two Color Pyrometer  

Time Terr~pe ra ture  
(set) ( O F )  

* * 
T = Top of Sample; B = Bottom of Sample 

REMARKS: 

. See r emarks ,  Experiment No. 1'18. 



Table A-133 

Exper iment  No. 135 

Material-  Pfaudler  Coated Tungsten 

F l a m e  Environment- CO-O2 

Initial Weight- l .5389g 

F ina l  Weight- 1 .  5377g 
2 

Apparent Cor ros ion  Rate- -18 rng/cm -h r  

Calculated Steady State Tempera ture  -2 18 1°F 

Tempera ture  - Time Data: 

Optical Py rome te r  

Time 
(set) 

Tempera ture  
( O F )  

90  2700 'I' 

* * 
T = Top of Sample; B = Bottom of Sample 

REMARKS: 

Very sl ight bubbling around top edges observed.  No other  
visible sample  corrosive.  cha rac t e r i s t i c s .  



Table A-134 

~ k ~ e r i m e n t  No. 136 \ 

Material-Pfaudler Coated Tungsten ' 

Flame  Env,ironrnent- CO-O2 

Initial Weight- 1.5213g . 

Final  Weight- 1. 5 18 1 g 
2 

Apparent  ~ o r r ' o s i o n  Rate- -46. 5 mg/cm - h r  ' . 

ca lcu la ted  Steady State Tempera ture  - 2 0 8 7 ~ ~  

Tempera ture  - Time Data: 

Optical ~ ~ r o r n e t e r  .: ., .. i . - ~ _ .  . 

' l ' ime ~ e m ~ e  ratuse.  
(set) ,(OF) 

* 
8 2400 T 

, . 30 2560 T 

40 . 2000 B* 

6 0 2540 T 

. ' 90 -2540 T 

105 2020 B 

120 2540 T 

135 2000 B 

150 2550 T I 

* 
T* = Top of Sample; B = Bottom of Sample 

.REMARKS: 

Sample top shows a visible a r r a y  of white and white-yellow 
oxide f i lms .  The remainder  of the sample surface shows 
considerable discoloration.  



Table A-135 

Exper iment  No. 137 

Mater ia l  - Pfaudler  Coated Tungsten 

F l a m e  Environment-CO-O2 

Initial Weight- 1 .  5003g 

Final  Weight- 1.4992g 
2 

Apparent  Cor ros ion  Rate - - 1 1 mg/cm - h r  

Calculated Steady State ~ e m ~ e r a t u r e  - 22 5 0 O ~  

Tempera ture  - Time Data: 

Optical P y r o m e t e r  

T ime Tempera tu r e  
( s e c )  ( O F )  

* * 
T = Top of Sample;  B = Bottom of Sample 

REMARKS: 

Very  sl ight  sample  top e ro s ion  observed.  
Remainder  of sample  intact .  



Table .A- 136 

Experiment  No. 138 

Mater ial  -Pfaudler Coated Tungsten _ 1 

Flame  Environment- CO- O2 

Initial Weight - 1.  5585g 

Fina l  Weight- 1 .5564g 
2 

Apparent Corrosion Rate-- -21 nlgLcm -hr  

Calculated Steady State Temperaturk - 20 9 4 O ~  . 

Tempera ture  - Time Data: 

Optical Pyrom,eter 
-- - 

Time 
(s_ec) 

' . 

* 
T* = Top of Sample; B -= Bottom of Sample 

REMARKS: 
< .  No visible sample erosion observable. . . 



Table A.-137 

Expr:riment No. 139 

Material-Pfaudler Coated Tungsten 

F l ame  Environment - CO-O2 

Initial Weight- 1. 5273g 

Final  Weight- 1 .  5211g 
2 

Apparent Corrosion Rate - - 1 8 . 6  mg/cm -h r  
0 

Calculated Steady State Tempera ture  - 2 18 1 F 
. . 

Tempera ture  - Time Data: 

Optical P y r o m e t e r  

Time Tempera ture  
( s ec )  (OF) 

30 2480 T* 

. , 60 2180 B* 

roc 
T* = Top of Sample;  B = Bottom of Sample 

REMARKS: 

'Slight top e ros ion  observed.  A spotty yellow-white oxide 
coating fo rmed  in the middle of one sample  su r f ace  



Table A-138 

Experiment  No. 140 

Mater ial  - Pfaudler Coated Tungsten 

F lame  'Environment- CO-O2 

Initial Weight- l .5084g 

Final Weight- 1.4927g 

Apparent Corrosion Rate- -47. 1 rng/crn2-hr 
0 

C;alcula,teci Steady State Temperature -2250 F 

Temperature -Time Data: 

0 -tical Pyrometer . .. L-- -.,- 

TULAG Temperature 
(set) (OF) 

* * 
T = Top of Sample; B = Bottom of Sample 

REMARKS: 

No observable sample corrosion.  
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C. Winte r ,  5630 
W. T. Moffat,  7220 
H. E. Viney, 7250 
L. E. Lamkin,  7300 ' 

G. H. Roth, 7320 
G. A. F o w l e r ,  9000 
D. B. Shus te r ,  9200 
A. E .  Bentz, 9232 
A.  Y. Pope ,  9300 
V. E .  Blake, 9310 
H. E .  Hansen, 9311 (3)  
S. L. J e f f e r s ,  9312 
S. McAlees,  9314 
R. J. E v e r e t t ,  9315 
J. D. Appel,  9319 
R.  C. Maydew, 9320 
H. R. Vaughn, 9321 
W. H. C u r r y ,  9322 
E. C. Rightley, 9323 
W. R .  Wnrtnn, 9324 
R. C. Maydew (Acting), 9325 
K. J .  Touryan,  9326 
W. N. Caudle,  9327 
W. N. Caudie,  992'1 

Attn: J .  Colp 

A.  J. C l a r k ,  9330 
J. W. McKiernan,  9331 
J. L. T i s c h h a u s e r ,  9420 
B. S. Biggs,  8000 
B. F. Hefley, 8232 
R. S. Gi l l esp ie ,  3413 (2)  
B.' R. Allen, '3421 
B. W. Scott, Acting, 3428-1 
C. H.  Sproul ,  3415-3 (10)  




