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July 1969, was submitted 29 September to Lieutenant Jerry J. Smith, SMTAE,
for review and approval,
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Project Officer
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ABSTRACT

In designing 1 2generatively cooled thrust chambers, the heat transfer
conditions are selected to avoid "burnout" situations. Failure in engines
using storable propellants during development, test, or operation seldom
occurs by the burnout mechanism of design.

Roughening, pinholing, tube cracking, or splitting are common occur-
ences because of metal disintegration either on the combustion chamber side
or internally within the tube due to two processes: (1) the combustion gases
from nitrogen tetroxide and Aerozine-50 reacting with the stainless tubing
(Type 347), and (2) the decomposition products of the Aerozine-50 degrading
the interior of the tubes.

A mechanism of tube deterioration is developed to give a chronology of

the events occurring from initial tube carburization to final tube failure.
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I. INTRODUCTION

Regeneratively cooled thrust chambers used {or booster applications are
made from thin wall tubing of Type 347 {18Cr, 8Ni + Cb) stainless steel. These

tubes are about 1/2-in, diam with 12~to-16 mil-thick walls, and are brazed into an
integral structure.

In these regeneratively cooled engines, the cooling medium
is the fuel that flows down one tube and up the otbexr.

These engines are designed
to operate at around 760°C (1400°F) metal temperature in the throat area,
which is the hottest zone of an operating engine.

In the type of deterioration discussed herein, the engine operates on
storable propellants with nitrogen tetroxide being the oxidizer and Aerozine-—SO1
being the fuel. The engine is designed on the basis of some fraction of the
burnout criterion—that condition where the feat flux in the chainber can no

iger be accommodated by fuel flow in the tubes. In such «ases, the tube
temperatures rise and the tube ruptures because of inadequate metal strength
to accommodate the higher temperatures,

Data are presented to show that the primary failure mechanism is tube
cracking or pinholing due to metal disintegration either on the combustion
chamber side or internally within the tube. It has been established in our i
laboratory that failures seldom occur from loss of metal strength at high
temperature. It has been shown that metal disintegration is caused primarily :

by carburization of external surfaces and carburization and nitriding of internal
surfaces.

These metal-gas reactions lead to some startling consequences.
Carburization is the metallurgical phencmenon by which carbon is intro-
duced into the surface of a ferrous material by a diffusion process. The

source of carbon can be a carbonaceous gaseous medium or a liquid, such as

a cyanide. Nitriding is a similar phenomenon except, of course, that nitrogen
is the diffusion specie.

Aerczine - 50 is the trade name for a fuel consisting of 50/50 hydrazine
(N2H4) and unsymmetrical dimethyl hydrazine (NZH., (CH3)2).
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The nature of carburization is intimately rclaied to the deterioration of
this type of austenitic stainless steel. Some unappreciated consequences that .
result frorn carburization are: (1) loss of stainless quality. of the steel, 2 (2)
reduction of mechanical properties, and (3) under some conditions, loss of
metal irom the surface of the steel.

Mo attempt is made here to compare the carburization resistance of Type
347 stainless steels to other higher stainless alloy grades or superalloys.
In petrochemical applications, where it has been necessa.,y to reduce deteriora-
tion of steels by carburization, it has been possible to lessen this Ganger by
increasing the chromium contents and/or nickel contents of the austenitic
stainless steels. Stainless steels higher in alloy than Type 347 have not been
used for aerospace applications. Where higher metal strengths at high
temperature ave required, superalloys have been used, e.g., Inconel X-750

in the ¥-1 engine.

2 R 3 : . .
Aqueous corrosion and oxidation resistance are impaired.
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IL. LITERATURE

Although the literature on the elevated teraperature deterioration of
stainless steels in aerospace applications is virtually nonexistent, the nature
oI the attack, with respect to petrochemical applications, is documented. No
references to deterioration of Type 347 in rocket engines were found. Although
it ie difficult to relate chemical plant deterioration at low temperatures, occur-
ring over a period of years, to rocket engine failures, occurring a2t high temper-
atures in a few iminutes, it is true that the failures have featvies in common.

Eberle and Wylie (Ref. 1) report severe metal loss with AISI Type 347
(18Cr, 8Ni + Ch) and Type 310 (25Cr, Z0Ni) stainless cteels used as structural
material in a gas genexator in which methane was burned with oxygen to form

carbon mcnoxide and hydrogen for the Fischer - Tropsch synthesis. Loss of
metal occurred between 480°C (900°F) and 900°C (1650°F). At the highest
temperature, e.g., from 900°C (1650°F) to 980°C (180€3°F), the stee¢ls became

oxidized. Below 9000(3 (1650°F), beavy carburization occurred, interspersed
with some oxidation.

]
At lower temperatures, carburization and decarburization i

occurred alternately, depending on gas composition variations or temperature
cycling.

0% o1 e i

¥-ray diffraction analysis of the deposit revealed iron oxide, graphite,
FeC, and metal particles.

T L e S

1

B e o

The mechanism of *dusting" of the metal was probably caased by cyclic
carburization followed by oxidation, facilitated by thermal stresses due to

0

o

sootblowing (with steam) as well ar by the abrarion of particles entrained in
tiie gas stream.

The brittle carbide luyers appeared to flake off. ;i

Metal loss by iron and nickel carbonyl formation was discounted because 1
of the relatively high temperafures at which the failure occurred. Also, there @
was no noticeable change in surface nickel content. ai%
Prange (Ref. 2) points out that the carbuxization of Type 310, Type 316 E
(19Cr, 8Ni, 2Mo), and Type30ZB (18Cr, 11Ni, 2-1/2Si) steeis occurs at 600°C i
{1110°F) over a period of years but it does not cause plugging of the butane ;
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dehydrogenation unit. Other austenitic steels under similar conditions (Types

304, 321, and 347) produced considerable dusting or metal loss. .

Hoyt and Caughey (Ref. 3) have found that Type 310 steel, operated 3000
hr at 650°C (1200°F) to 705°C (1300°F) and for one year at 480°C (906°F) to
540°C (1609°F), became heavily carburized. Type 302B (18Cr, 8Ni + Si)
carburized slightly in 1700 hr at 480°C (900°F) to 540°C (1000°F). Carburiza-
tion at these low temperatures was intergranular. The deterioration observed
"#as nonuniform and took the form of pitting and general metal loss in the

carburized area.

Lefrancois and Hoyt (Ref. 4) made an attempt ir the laboratory :o duplicate
petroleum refinery metal loss in stainless steel grades. In Type 310, reactions
were thermodynamically favored with CO, CH4, and C in the range 370°C (700°F)
to 815°C (1400°F). The carburized stee] was found to cont=in two carbides,
MZ3C6 and M7C3. Metal loss was explained by this sequence of events: Carbon
enters the grain boundary as Cr23c6 and the grain boundary continues 1o grow.
Then, the carbon diffuses into the matrix and carbides precipitate. There is
an appreciable change in density, so much so that the grain is either disintegrated
or lifts off from the steel matrix at the grain boundary.

Hockman and Burson {Ref. 5) have studied the deterioration of various
metals including iron, iron-base alloys, and nickel in carbon monoxide, methane,

and higher hydrocarbons. They have shown that dusting is related to the forma-

tion of carbides that decompose into iron and graphite. Most failures of heat-

resistant alloys are associated with severe carburization. When these carburized

alloys are exposed to an oxidizing environment, they are no longer as oxidation-

resistant as they weve before carburization. The type «f high-temperature

corrosion (which results in metal loss) in which the metal is first carburiced
and then oxidized, or is alterpately carburized and cxidi~zed, is also referred
fo as f'green rot,"

In Rei. 6 5chley anc Bennett indicate that cast furnace tubes {30Cr, 20Ni,

bal Fe) can fail in cpesation at 1100°C (2216°F) because of their high nitrogen
content. Porosity and blisters can develop due to carburization and ovesi-

heating. They point out that the carburized steel melts at about 1288°C (2350°F),

-.4-‘

- s oy e e o o A o ey

ADoz = e v v s Frew me ot e S T v vty T baeer B s PR &0 el e S e T SRR TR ST T v TR MG e S

- =

e - a— e .~




- - P - [

whereas the HL a}.loy3me'lts at 1427°C (2600°F). When nitregen has been
sufficiently concentrated and/or the chromium content sufficiently depieted

by carburizaticn, the alloy becomes susceptible to blister or veid formation
because of the velease of gassous nitrogen.

Heat resistant alloy casting contairing 30% chromium, 20% nickel,
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ill, OBJECTIVES

The failure of regeneratively cooled rocket booster sngines during
development and te sting prompted initia.ion of a study to explain reasons for
the detsrioration of thin wall tubes of AISI Type 347 stainless steel during engine
operation with storable propellants,

Failure modes cbserved were pinholing, tube cracking and splitting,
and roughening; laboratory experiments were conducted to determine possible

causes of these failure modes. A microscopic examination of the tubes in

e R ANt T ks e SOV ST ¢ e T wa AL AT bt SR ¢

.

the distressed areas of several engines was conducted to establish the type

- ax

failure modes present.

After the failure rnodes were identified, they were verified through

A v e

[

laboratory experiments.

A mechanism of tube deterioration was developed to provide a chrenolngy
of the events occurring in the chamber from the first signs of excessive heat
flux ( heat markings ) to final failure.
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IV, MATERIALS AND PROCEDURES

The aerospace industry initially selected Type 347 (columbium-stabilized)
stainless steel over Type 321 (titanium-stabilized) for fabrication of thrust
chambers because cieaner braze joints are possible with this material. The
stabilized grades were preferred over Types 304 and 316 because of corrosicn
considerations.

Because brazing is an important operation in the fabrication of genera-
tiveiy caolad thrust chambers, a good wetting quality is essential in tbe mate-
rial. A section of brazed tubes from a chamber is shown in Fig. 1 to illustrate
the type of structure that is produced. 4 A complete engine of brazzd-tube
construactions, without its skirt extension, is shown in Fig. 2. Gold-base and
maganese-base brazing alloys have been used successfully for joining these
stainless steel tubes into an integral, gas-~tight chamber.

A metallcgraphic study was {irst carried out on some Type 347 tubes
that were experimentally failed under burnout ccmditions, i. e., high heat flux
ronditions. 3 Su<h information was desired tn determine if tube fiilures were
indeed due to burnout conditions used as the basis for design of a rocket
engine.

Metallographic studies were subsequenily iinitiated to understand the
nature of pinholes, cracks, rcughening, and tube splite. In addition, carbon
and nitrogen samples were studied using electron microprobe analysis.

Guided by the metal stractueres found in failed tubes from thrust chambers,
carburization and nitriding experiments were periormed to study ztructares
developed under known conditions. Furthef, tube tensile specimens were
carburized and tensile tests were run to stuly the effect of carburization on
strength properties. Tube tensile specimens of nitrided stainless steel were

algo tested,

% Heat ma rkings below the bifurcated joint should be noted. Such heat markings
also occur even in the absence of such construction.

r.’Thesse samples were furnished by Dr. A. C. Kobayaski of Aercjet-General
Corporation {Sacramento).
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V. RESULTS

A, EXAMINATION OF BURNOUT SAMPLES

Burnout tests were conducted using electrically heated tube sections

fabricated frorn Type 347 stainless steel., The test section was protected

by a nitrogen atmosphere while Aerczine-50 circulated through the tube. The

heat flux was increased stepwise until burnout failure of the tube occurred,
Figure 3 shows the nature of the failure of a Type 347 stainless steel.-

tube under high heat flux conditions (16. 88 Btu/in. 2-sec). Note glight flaring

; ,i of the tube and carbonaceous deposit in the region of failure inside the tube,
F o" Flaring is caused by the biaxial stresses resulting from the internal pressure
‘ '@c in the tube at the moment of rupture from high temperature. Carbenaceous
| ;gf deposit results frem the decomposition of the Aerozine-50.
; go Photomicrograph Fig. 4(a) shows the coke formation and some carburi-
| Al zation beneath the coking inside the tube in the vicinity of the failure (burnout}; -
‘ ; %*5‘ Fig. 4(b) shows the edge of the fracture and the voids show that the metal was
f' y separating at the increased temperature.
I; : F ) Figure 5{a} shows the microstructure in the vicinity of tube cracking.
i 5 Wall thinning is probably explained by melting of the metal [1370°C (2500°F)
| R to 1425°C (2600°F)1; Fig. 5(b} shows the resolidified steel (area with dendrites)
b : Q adhering to the tube.
e B. NATURE OF DETERIORATION A
f, Five types of deterioration were observed on the brazed tube bundle

i
N o
JElS

Syl

on the chamber side of production engines: (1) heat-marking of certain tubes

o

22

in chamber, (2} beads or crystallized material, (3) roughening, (4) pinholing,

[
B

! i and (5) tube cracking.

i %

; F v 1. HEAT-MARKING

; - "Heat-marking" is the term given to the discoloration of the Type 347

i ; stainless steel tubing, usually located below the throat, that occurs in the ‘

i %’fj thrust chamber, In regeneratively cooled thrust chambers, only isclated tubes, x;;,;

oj ‘« Q‘w
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(b) Voids due tc bigh temperature ruptures pri.
tube separation. 260X
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Figure 4. Edge of Fracture on Burnout Failure

(Etcked in Aqua Regia)

~15-

ey

j

-
L]

!
3
1
S
=3
3
i

o~
e

R K o AT RIS " COSMOE AR S, & AP~ Y AT £37ART ST A5 i 0 WA A bt




Bar wvr Bmawitas o wan K¥ or oesecmdra s all b bow M Do s w e mas

e T Y A TP Y DI W Lkl oo S+ nn W TIE 0
-~

—r

s e B P A S

Sl ey
N SURIARS Rt PO

106X

D ere, . - .
H - .

(b) Areas of dendritic structures are resolidified
metal adhering to wall 200X

Figrve 5. Ot:i~r Izatures at Edge of Failure on
Burnout Sample

(Etvhed in Aqua Regiz) )

JRPRURI Uyes

————




generally up-tubes, show heat-marking while adjacent tubes do not. However,
. by metallography, it is possible to show that in heat-marked tubes the structure
is carburized and not oxidized. A polished but unetched stainless steel will
reveal oxidation if it is present, but carbur ation is exposed only by etching.
Figure 6 shows a section nf a heat-marked tube. Note that on either side,
the tubes are bright except for the splatter of resolidified braze alloy removed
from between the tubes.

Carburization of Type 347 stainless steel only occurs above about

780°C {1530°F) (Ref. 7). Carburizstion at high temperatures can be quite
rapid. As shown in Fig. 7(a) significant carburization of Type 347 can occur
in 1 min at 1095°C (ZOOOOF); Fig, 7(b) shows some of the carbide that
has melted and resolidified (thin white layerj. This is not an unreasonable

temperature to be experienced by these tubes in this application. Note cozrse

grain size in Fig.8, which attests to this temperature range. Also note the
carburized (mottled) layer on the tube. ’
Examination of the back side of the heat-marked tubes reveals "soot"
deposits [Fig. 3(b)]. As temperature excursions above about 500°C (575°F}
are made, nucleate, and eventually, film beiling occurs in the Aerozine-50.
Because of the high temperature, some of the coolant decomposes 2nd reacts
with the tube wall and a carbonaceous deposit forms. X-ray analysis identified

the "soot" as a Cr7C3 carbide; some amorphous carbon apparently iz aleo

present.

2. BEADED OR CRYSTALLIZED MATERIAL

Occasionally, solidified beads or ¢rystallized metal, apparently melted
from the tubes, appeared on the combustion side of the chamber. Figure 9{a)
shows a beaded spray and Fig. 9(b) shocws the crystallized metal. ‘This mate-
rial had been assumed to be molten metal, but x-ray analysis identified it as a

Cr7C3 carbide.

Various meltiné ternperaiures war¢ observed for this carbide, some as
low as 1095°C {2000°F) and some as high 2s 1260°C {3200°F). This variation

in melting temperatare is probably due to diffcrent carbon contents in the carbide.
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3. ROUGHENING

Roughening of tube material often occurred. Rcughening due to the
resolidification of remelted braze material was referred to earlier (Fig. 8).
Roughening, representing metal loss, was often found in association with

pinholes and cracks.

4. PINHOLES

Pinholes (Fig. 19) are perforations of the tube wall. The holes always

appeared in a roughened area, often in association with cracks.

5. TUBE CRACKING

Tube cracking, sometimes transverse and sometimes longitudinal, was

often observed in tubes subjected to high temperatures (Fig. 11}, Longitudinal

cracks, when they penetrate the wall, are called "splite."

Pl

e

MICROSCOPIC EXAMINATION OF THE DISTRESSED

AREA

Metallographic studies of the distressed tubes were undertaken in order
to arrive at some mnechanism of the failure modes mentioned. Upon examin-
ing the microstructure it was immediately obvious that metal deterioration
was occurring from both outside and inside the tubes.

Sections through pinholes and cracks showed carburization on the out-
side and carburization and nitridirg on the inside of the stainless tubes.
Sometimes, ounly carnurization was observed inside the tubes, according to
microprobe analysis. In addition to the carburization and nitriding, there was
~evidence of metal loss both inside and outside the tubes, causing thinning of
the tube walls. Metal loss mechanisms on either side were probably of dif-
ferent types. Obviously, as wall thinning proceeds, tube failures sccur due to
roughness, perforations, cracks, and spiits.

The microstructure in the vicinity of cracks is shown in Fig. 12. Note
carburization {black areas) on the externél surface, and cracks in the carburized
layer. Note the carburized (black) and the nitrided (white) zones on the inter-

nal surface, and the cracks on the internal surface. Severe metal loss on the
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internal surface is shown in Fig. 13(a). Occasional melting can occur as
shown in Fig. 13(b).

T
A microprobe traverse was made on the distressed tubes to identify the .
; carburized and nitrided zones (Fig. 14). .

e s W ot 1
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The phenomena that can be considered in explaining deterioration of "
stainless steel tubes in thrust engines include: (1) burnout; (2) external car-
burization, including loss of ductility and low-melting carbide; and (3) internal
carburization and nitriding.

E
A, BURNOQUT

In the idealized heat transfer situation, when the coolant {fuel) in the

tubes can no longer carry the imposed heat flux, the tube temperature increases. :
Nucleate boiling, and later film: boiling, occurs (Refs. 8 and 9).

In later
stages of film boiling, the metal temperature increases rapidly and can
approach the melting point.

M )
L muenAvar

.

Before the melting point is reached, the strength
of the metal is decreased to such an extent that the hydrostatic pressure of

vy ey eyt ey e s pexre 7

-
5

ire Teear e b A it ot

the coolant deforms and may rupture the tubes. Nonc of our failed engines

indicated this type of structure, which may be referred to as a classical
burnout.

e

Wt

B. EXTERNAL CARBURIZATION

“
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External carbhurization occurs as a result of the combustion of the
nitrogen tetroxide and Aerozine-5C. ¥ilm cooling {(fuel) is also used to
protect the stainless steel injector (also Type 347).
carburization cof the chamber tubes.

v

Y

The film cooling causes

Virtually no oxidation eccurs excepi when

wide variations exist in the mixtuzre ratic or in cases of insufficient film cool-
ing.

IS

Heat-marking is the first sign of carburization. The cclor of this heat -

marked area does not change as carburization procszeds inward, although the

WFEh s attete £ P s e B RS 2

size of the carburized area can increase longitudinaily.

One unfortunate consequence of carburization in Type 347 stainless steel 5
is the loss of ductility {Ref. 10}.

1 sl

>
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JE

See Fig. 15. Figure 16 shows the cracking
that <evelops when a carbarized steel is pulled in tension.

s

The specimen was
originaily ¢urburized in 1-1/2 vol % methane in hyrogen for 1 kr at 98000
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% [ mr—2$ RESEIVED
ANNEALED MATERIAL
%0 o TYPE 347
= STAINLESS STEEL |
: CARBURIZED TO INDICATED EXTENT |
= ( SEE REF. i0)
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PERCENT OF CROSS SECTIONAL AREA CARBURIZED
Figurs 15. Decrease in Ductility in Relation to Carburization .
in Type 347 Stainless Steel
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(3.80001“). The iormation of a nitride case decvcaces the duciifity of the Type
347 gteel even more than does the carburization (Ref. 11}, Similar cracking
occurs.

Dueing firing and refiring, the chamber undergoes considerable
Jdimensional change, and superimposed an these changes is the stress from
the biaxial mode from the coolants. Hence, if there is limited ductility in
the carburized and/or nitrided steel, cracks develop. The nature of the
cracks (tranaverse or longitudinal) is determined by the type cf stress that
predominates.

If the temperature in the thrust chamber increases to about 1U95°C
‘(20000}") or higher, the carbide melts and may be blown out of the engine in
the high-pressure gas stream. See Fig. 7(b).

C. INTERNAL CARBURIZATICN AND NITRIDING

Micreprobe and metallographic analyses indicated two zones on the

inside surface of the stainless stecl tubes — a dark etching carburized struc-
ture consisting of carbide {Fe- Cr7C3) and austenite, and a light 2tching con-
stituent, superimposed on the carburized layer, consisting of nitride (Fe- Cr)N.

The carbide, because of its estensiveness, and probably to some extent
the nitride, dacrease the ductilitv of the steel and cracks relop due to
dirszensional changes in the chamber resulting from thermal transients. In
addition, large areas where metal is dislodged from the distressed area
appear.

With the information ocbtained from the examination of the distressed
stainless «ubes of regeneratively cooled thrust chambers using Aerozine-50Q
and nifrugen tetrcxide, some ideas on mechanisms of deterioration of the
tubes can be postulate:d,

Of several thrust chambers s2xamined, no evidence exists of clasgical
burnont where the heat flux is 30 high that the tube temperature increases
and the tube merely ruptures due to the biaxial stresses in the tube.

Failure meckanisms observed are related to the actual deterioration

of the stainlzsg gsteel tubing, Gas-metal reactions occur that cause not only

-32-
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loegs of ductility of the stzel, but also less uf metal on the exterior and interior
. of the tubes, and finally in structural failure of the thinned and weakened tubes.
Some details of the total picture imay otill be missing. but the outlines
of circumstances leading tc embrittlement, wall thirning, and finally cracking
or pinholing can be given.
For reasons not well understood, the flow rate of ¢the coolant fuel in
certain tukes, geanerally the up-tubes, of an operating engine sometimes
diminishes unpredictably. This decrease in flow rate affects the heat transfer
from tahe combustion side of the tubes and the tube staris to run "hot'!. As
mertioned earlier, the first visible signs of hot spots are heat mazrks, or
carburiz2d areas. This «ffect is strangely localized; 1djacent tubes may remain
unaffected, i.e., bright in appearance. '
Because heat-marking occurs at or above about 750°G (1530°F), the tube ,
is operating above its design temperalure. “Soot' deposits appear on the inter- }
nai wall nf the tubes, indicating that film beiling has occurred and that the
coolant has decompnsed. The increasing temperature causes the Aerozine-50 to
decompose. The unsymmetrical dimethyl hydrazine, being less stable thax
the hydrazine fraction, decomposes first and the methane immediately
carburizes the stainless steel as focllows: !
3N2H2 (CH:,’)2--'-—-----*-*31\12 +6 CH

4
or

3N2H2' (CH3)2~——---“NZH_ + Zsz + ZCH4

Therecafter, the hydrazine fraction decomposes as follows:

o

3N2H 4M2NH3 + ZNZ

NH:;WMNZ + BHZ

Nitrogen from any of the above reactions may cause nitriding, A white

nitrogen layer appears on the innev surface uf the tube wall, obviously at some-
time after intensive carburization.

Because the film boiling that occurs inside the tubes cannot remove heat

fast enough, the tempevature continues to rise, thus increasing tube damage.
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Ag temperatures increase above 1095°C (ZOOOOF), more carburization occurs
i inside and outside the tube. Thermal and biaxial stresses occur simultaneously
! and since the carburized tubes have limited ductility, they crack externally
! and interrally., Crack surfaces also carburize, weakening the structure further,
‘ As the temperature increases, the surface carbide melts and is blown
3 away, resulting in surface roughening. When this molten metal is blown out,
1 the tube walls become thin and less capable of withstanding the combined
stresses. Some carbon, of course, continues to diffuse into the steei. Con-
ceivably, existing cracks can propogate more easily under such conditions.
Carburization of internal surfaces also continues. New carbon is
! deposited from vapors and gases and previously depcsited carbon continues
to diffuse. As all the carbon diffuses, the surfaces become brittle.
Ancther unfortunate consequence of this carburization and aitriding
is that the alloy becomes susceptible to blister and void formation when the
chromium content of the steel has been depleted by the carburization and

nitriding processes. The removal of chromium from the austenite by carbon

favore the release of gaseous nitrogen from the low chromium austenite (Ref. -
6). Releage of nitrogen gas could well displace the brittle carbide and nitride
layers. The removal of the carburized and/or nitrided internal layers would
also be a metal removal process.
Evcntually, a puncture or pinhole occurs in a cracked area or where the
metal has been severely thinned. 1his thinning is not always a uniform pro-
cess; in regions where greater thinning occurs, vertical rupture cracks can

appear.

i e #3

.
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VI, CONCLUSIONS

Brazed tube, regeneratively cooled thrust chambers using storable
- liquids (nitrogern teiroxide and Aerczine-50) seldom crack under classical
burnout conditions. Observed failure mechanisms are related io the actual ,
deterioration of the stainless steel tubing, Gas-metal reactions (i.e., K
carburization and nitriding) occur that not only cause loss of ductility of the
steel but also loss of metal on the external and internal surfa.:es of the tubes,
and finally structural failure (pinholes anu cracking) of the weakened and :
thinned tubes., :
Deterioration of external walls is, in general, caused by carburiza-

tion, which has two effects: (1) it reduces the surface ductility of the tube

o
.
.t

virtually to zero so that thermal and/or biaxial stresses can cause surface

cracking, and (2) it causes formation of a low-melting carbide, which is very
fluid and is readily blown away, causing metal thinning. - j
. Ingide the tubes, the Aerozine-50 (50/50 hydrazine /unsymraetrical :
dimethyl hydrazine) decomposes and the tubes become internally carburized ’
i and nitrided; the surface ductility becomes low and cracks are formed.
Some metal loss occurs, probably through disiodging of the very brittle i

carburized-nitrided layer by nitrogen gas.
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