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ABSTRACT 

Material-propellant compatibility as related t o  l iquid rocket prophlsion 

system design criteria i s  digcussed and applicable t e s t  methods t o  derive 

usable design data are presented. Test methods, with emphasis on metal- 

l i c  materials, are d i s c u s e d  and the shortcomings of a number of these 

test methods are pointed out. These t e s t s  include static immersion tests, 

stress-corroaion t e s t s ,  flow t e s t s ,  impact tests, and t e s t s  to determlae 

the effect of cracks and notches in metals on compatibility. A general 

outline for  the evaluation of  metallic and nonmetallic materials w i t h  

respect to propellant compatibi l i ty  is presented. 



One of the prime considerations in the design of a liqnid rocket propul- 

sion system ie the possible interaction between the propellants and the 

materials of constructioa. I k q l e ~ l  of such interactions are simple chem- 

ical dissolution, s o l u b i l i t y  effects, selective chemical at tack,  atreas 

corrosion, fatigue corrosion, thermal ignition, e f fect  o f  the environment 

on notched strength, and deterioration of other mechanical properties. 

Materials evaluation in th i s  area falls into the category of  material 

compatibility or material-propellant compatibility. Two requirements 

must be fulfilled if this area o f  consideration is t o  be satisfied: 

1. Establishment of propulsion system design criteria 

2 .  Development of testing techniques adequate to provide material- 

propellant compatibility data for satisfying requirement 1 

The fact  that a gap exists between the  two requ5rements is evidenced by 

the large amount of repetiti~e and sometimes redundant compatibility data 

that appear in the literature. A large portion of these data are not 

applicable in design situations. The fact t h a t  is often overlooked in 

propellant compatibility testing is that it is not so important whether 

a par t i cu la r  al loy  is compatible with a particular propellant, but whe- 

ther a tank or a valve fabricated from that alloy will be compatible. 

T h i s  question can be answered only if the necessary deslgn criteria f o r  

material behavior have been established and t e s t  methods are available 

t o  provide the data needed t o  determine whether the criteria will be 

satisfied. 



C E O G E K l C  AND STORIIBLE LIQUID ROCRET PROPELWS 

A large number o f  liquid rocket propellants m e  presently in use or under 

investigation. Typical fuels and oxidizers in use or under investigation 

are l i s t e d  in Tables I and 11. 

Cryogenic propellants have been in  use for  a number o f  years. Liquid 

fluorine was used as an oxidizer f o r  the Nomad program. Liquid oxygen 

in combination with RP-1 fuel has been used in the Thor ,  Jupiter, Aklas, 

and Apollo programs (Ref, I). Liquid hydrogen (para form) is being used 

with liquid oxygen to power the second stage of the uprated Saturn I and 

the second and third stages o f  the  Saturn V vehicle.  The current trend 

in liquid rocket propulsion systems is, however, toward the use of high 

energy ear th  and space storable propellants (bf. 2 md 3 ) .  

The preliminary interest in high-energy storable propellants waa pri- 

marily due t a  military needs for l iquid  propulsion systems having instant 

readiness. Storable psopel1m-k systems have since been u t i l i z e d  i n  a 

number of NASA-sponsored space programs such as Mariner, Gemini, and 

ApolXo, where storable represent a dialtinct advantage over cryogenic pro- 

pellant systems such as RP-I/LOX and LH /LOX These advantages may be 
2 

swmnarized as follows : 

I. A minimum t k  for vehicle launch 

2. Hypergolic nature of most stopable propellant combinatians, thus 

eliminating complex ignit ion systeme 

3. Increased vehicle payload capabil it ies  result ing from minimum 

tankage insulation requirements, higher bulk densities of the 

propel lants ,  and minimum loss o f  propellants through boiloff 

4. nigh-density impulae of a number of s torable  propellant combina- 

t ions,  thus equating the performance of oridinary cryo~enic pro- 

pe llant c ombf nations such as RP- LOX 
5. Increased reliability resulting from simpler engine design 



TABLE I 

FUEU PRESENTLY IN USE OR UNDER INVESTIGATION 

Name 

Ammonia 

Aniline 

Diethylene Triamine 

Ethyl Alcohol  

Hydradyne V 

Hydrazine 

Kerosene 

Liquid Hydrogen 

Mixed Amine Fuels 

Mixed Hydrazine Fuels 

Monomethyl Hydrazine 

Unsymmetrical 
Dimethylhydrazine 

Unsynrmetrical 
~irneth~lh~drazinel 
Diethylene Triamine 

Abbreviation 

RF- I 

m2 

MAF-1, MAF-3 

m-1, MHF-3 

MMB 

Formula ar 
Composition 

50% y 4 / 5 0 8  ( c~~ 2%3 
NR 

3 

hH?2 

( A ~ ~ ~ H ~  1 2m 
C E OH 

2 5 
75% ~ ~ ~ ~ / 2 5 $  CH7N2H3 

N2H4 

Approximately C 
I j  '28 

*FS = earth storable, 77 F nominal 

SS = space storable; arbitarily NBlP -238 F 

C = cryogenic, NEP -238 F 



TABLE I1 

OXtDIZEftS EESENTLY IN IJSE OR UNDER IWEBTIGATION 

*ES = earth atorable, 77 F nominal 

SS = space starable;  arbitrarily, NBP > -238 F 

G = cryogenic, NBP <-278 F 

Name 

Bromine Pentafluoride 

Abbreviation 

BPF 

P o r n l a  or  
Cornpowition 

Chlorine Trifluoride 

Hydrogen Feroxide 
C90k3 

Inhibited Red Fuming 
Nitric Acid 

Liquid Fluorine 

Classification* 

Cl? 

90% E~o,/~o$ H20 

84.4% HN03, 14$ N204, 

1% H20, 0.6% HF 

F2 

CTF 

IREW 

IiF2 

ES 

ES 

ES 

C 

L i q u i d  ~ l u o r i n e /  

BrF5 

c 

C 

ES 

ES 

5s 

SS 

SS 

I Liqnid Oxygen 

Liquid Oxygen 

Mixed Oxides o f  
Nitrogen 

Nitrogen Tetroxide 

Oxygen Difluoride 

P e ~ c h l o r y l  Fluoride 

Tetrafluorohydrazine 

ICE 

nox 

LOX 

MON 

NTO 

- 

PF 
I 

TFH 

so$ ~~h~16 op(typical) 

O2 

75% ~ ~ ~ ~ / 2 5 $  NO 

(typical) 

N20 4 x 2 N 0 2  

OF2 

C10 F 
3 

N2F4 



The high-energy storable propellants, however, do have disadvantages. 

Most of these propellants are cos t ly  and because of their reactive and 

toxic nature present materials compatibility and handling problems, 

Numerous investigations have been conducted to determine the  interaction 

between rocket propellants and materials o f  constmction. Unfortunately, 

a large amount of th is  information is of l i t t l e  value i n  the se lect ion 

of materials f o r  new liquid propulsion system.  The deficiencies in much 

of the accumulated data fall into three areas: methods of test, test 

interpretation, and orientation o f  tearking. Aside from theoretical 

intereet (corrosion mechmisms , kinetics of propellant deeompositioa, 

e t c .  ) , propellant compatibility testing should be orientated toward pro- 

viding information u e f u l  to the wihicle  and propulsion system designer, 

To aecompliah this end, a knowledge of propulsion aystem requirements, 

careful selection of test methods, and a thorough evaluation of test 

data are required. 



DESIGN CONSIDEWTIONS IN DETlWfWING 

PROPELLANT COWATIBILITY 

The designer o f  liquid propulsion systems or the potential user of liquid 

rocket propel lwts  is confronted w i t h  a number o f  possible interactions 

which may occur between the materials of construction and the propellants. 

These numerous interactions may be grouped under three headings: 

(1) e f f e c t  of the  propellant on the  materials of  construction, (2 )  effect 

of the materials of construction on the propellant, and (7 )  effect of 
corrosion or reaction products on system operation. Each o f  these cate- 

gories  is briefly diacusaed below.  

EFFECT OF TEE PROPELLANT ON THE MATERIALS 

OF CONSTRUCTION 

The success of any propulsion system is directly related t o  proper s e l e c -  

t i o n  of materials. In the case of storable propellank systems, proper 

material se lect ion i s  o f  particular importance becauae of the reactive 

and carrosive nature of the  propellants and Long storage times involved. 

The reaction of a propellant w i t h  a metallic material i s  classified as 

corrosion. Corrosion m y  result in gradual dissolution of a metal or 

alloy, se lec t ive  pitting, intergranular attack, fatigue corrosion, or 

stress-corrosion cracking. Each of these potential modes must be eval- 

uated. Also other environmental effects must be cansidered, such as 

crack propagation rates, increase in notch sensitivity, e t c .  

Some metals or alloys may be highly reactive in a propellant,  such as 

titanium in l iquid oxygen (LOX), where a small energy input may be suffi- 

cient t o  trigger an explosion or fire. Carrosion rates will be affected 

by contaminants in the propellants, such as water in nitrogen tetroxide 

(NTo), which reacts t o  form nitric acid, or hydrofluoric acid in chlorine 

trifluoride. Temperature effects can sometimes be pronounced, since 

many corrosion ratea are greatly increased w i t h  an increase in temperature. 



Corrosion processes which are diffision controlled or dependent,'upon 

surface film composed of a layer o f  insoluble corrosion products 'my be 

affected by the velocity of the propellant. Propulsion system s t o r ~ e  

requirements will dictate acceptable corrosion rates to a large extent.  

Because it is usaally impossible t o  avoid bimetallic couples in fabrica- 

t i o n  of a propulsion system, careful consideration must be given to 

potential galvanic couples. 

Material variables affecting behavior in corr~sive environments are sur- 

face  flaws and cracks, weldments, heat treatment, internal and applied 

stress, and directionality of wrought structures. With respect to weld- 

menta,  the heat-affected zone as w e l l  as the weld metal must be con- 

sidered. The internal and external defects that are produced during 

welding also m a t  be considered. Important, t o o ,  is whether or  not the 

hardware can be heat treated after welding. In the  evaluation of braze 

alloys, samples of the base metals to be joined should be evaluated i n  

the as-brazed condition since the thermal treatment given the metal  

during brazing may alter  the corros ion  p r o p e r t i e s  o f  the alloy. 

Consideration should be given t o  tensile stresses, and specimens should 

be evaluated at  stress levels of approximately 70 to 80 percent o f  the 

y i e l d  strength. Grain d i r e c t i o n  a l s o  is important, and tests should be 

conducted in the longitudinal and lo- or short transverse directions. 

Cryogenic propellants such as liquid oxygen, liquid hydrogen, and liquid 

fluorine poae additional materials problems because of their law tem- 

peratures, Materiala which are compatible from a corrosion standpoint 

may have l i t t l e  ductility and mechanical impact strength at law tem- 

peratures. Thus, low-temperature mechanical properties also must be 

considered in evaluating materials for cryogenic propellant applications, 

The compatibility of nonmetallic materials poses somewhat different 

p~oblems than metall ics.  Since the nonmetallics are predominantly 

organic, consideration must be given to possible reactions with  propel- 

lant oxidizers, Nonmetallic materials used for O-rings aad seals may 
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mdetgo a number of  changes upon exposure t o  rocket engine propel lants  . ,  
s&< as volume swell, changes in elongation and hardness, chemical reac- 

t ions,  dissolution,  and stress crazing (cracking under t e n s i l e  stress). 

In cryogenic applications, additional prablema are encountered by Iossea 

i n  duct i l i ty  and elongation. Velocity effects can sometimes be pronounced 

an nonmetallic materials, An example o f  such a phenomenon i s  the use of 

a polyte traf luoroethylene (TFE) in fluorine oxidizers. In static appli- 

cations, th i s  material has performed satisfactorily, However, under 

dynamic conditions (exposure t o  flowing oxidizer) severe reactions haw 

been encountered. 

Lubricarrts for turbopump bearing applications will be lsubjected t o  high 

loads and frictional heating. Selection of llrbricants w i l l  therefore 

involve dynamic factors as well as compatibility with the propellant. 

Although the previously mentioned points  are not a complete l i s t  of mate- 

riala compatibility problems and considerations, they should serve as 

a guide to point out  the numerous considerations involved in  selecting 

a material f o r  liquid rocket propel lant  service. 

EFFFET OF TEE MATERUB OF CONSTRUCTION 

ON THE P R O P E 1 ~  

Although usually o f  secondary concern i n  compat ib i l i ty  tes t i rg ,  the ef- 

f e c t  o f  the materials o f  construction on the propellant cannot be over- 

looked, A s  a result of the storage requirements imposed on a number o f  

storable propellant systems (I t o  10 changes i n  propellant com- 

position during  tara age must be considered. The materials o f  construction 

can a f f e c t  propellmt changes as follows: 

1. They can a c t  as a ca ta lys t  in promoting propellant decomposition 

which may resu l t  i n :  an explosion, a change in propellant com- 

position, excessive tankage pressures, or excessive loss of pro- 

pe l lant  through venting. 



2 ,  By excessive corrosion, the composition of the propellant can 

c h q e  by a chemical reaction with the materials of construction. 

Changes as a result of Item (1) are usually noted during routine compati- 

bility test ing.  Sometimes overlooked are metal  and a l loy reaction 

products which can act as catalysts. An example of this phenomenon is 

the  exposure of i ron to anhydrous hydrazine. While iron is compatible 

with hydrazine, iron with iron oxide p r e ~ e a t  is not compatible. Since 

hydrazine is a good reducing agent, it will react with iron oxide to 

liberate a large quantity of heat which can induce further reaction lead- 

ing to a possible explosion or detonation. Although same materials do 

n o t  show catalyt ic  effects at  ambient temperature, these effects meby be 

qu5te pronounced at elevated temperatures. 

Propellant changes as a result  of  I t e m  (2)  m y  not be apparent in short- 

term compatibility programs. Such changes are particularly important in 

selecting propellant tankage materials. An example of the comrosition 

changes i n  inhibited red  fuming nitric acid (IFSNA) as the resul t  of an 

8-1/2-~ear storage in a 6061-T6 aluminum alloy miss i le  tank are shown 

in Table 111. 

ANALYSIS OF IR;FNA AITER 8-1/2-YE&t STOR4GE 

IN A 6061-~6 A L m  ALLOY MISSIJZ TANK 

*ample t o o  small f o r  accurate  measurement 

Sample, 
percent (w/o) Constituent 

Percentages Required 
by MIL-P-7254E 

Nitric Acid (IINO ) 
3 

Nitrogen Dioxide (NO ) 
2 

Water 

Hydrogen Fluaride (RF) 

Total Solids as Nitrates 

Density (gm/ml), at 60 F 

81.6 t o  84.8 

14.0 AI.0 

1 . 5  to 2.5 

0.7 k0.1 

0.1 maximum 

1.564 to 1.575 

77.3 
21.0 

1.6 
0.02 

0.05 

1.5" 



The reaction which promoted this change w a s :  

It can be seen that the aluminum reacted with the nitric acid (HNO ) to 3 
produce nitrogen dioxide (NO ) , thus,  reducing the HNO content and in- 

2 3 
creasing the NO 2 content. 

Changes such as those previously mentioned are best evaluated in a stosa- 

b i l i t y  program where the propellant is exposed to the candidate tankage 

materials m d ,  pressure, temperature, and propellant composition charges 

are monitored for extended periods of time. 

EFFECT OF C O ~ O S I O N  AND/OR m C T I O N  PRODUCTS 

ON SYSTEM OPERITION 

Minor corrosion of almost any metallic material in long-term contact with 

most propellants can be expected. The corrosion products may have vari- 

ous f o r m .  Typical modes of carroaion product buildup on a propellant 

tank wall are depicted i n  Fig, 1. 

In storable propellant systems, the propellants will, in general, contact 

the  walls of  the propellant tanks or walls of some expulsion device. 

In some cases, prope l lants  w i l l  a l so  contact the inlet aide o f  control 

valves; in these areas, generation of corrosion products c a n  be expected. 

As shown in Fig. 1, the buildup of corrosion products on a tank wall can 

take a number of forms. Ln some cases, the buildup w i l l  be almast linear 

with time. In diffusion-controlled corrosion processes, as the corrosion 

product Shickness increases, the rzte of buildup decreases as a result of 

the formation of a diffusion barrier, In a c y c l i c  buildup, corrosion 

products w i l l  d e p o s i t  to a certain critical thickness above which the 

forces holding the corrosion product t o  the wall are overcome by gravity 

forces, and the corrosion products slough off the wall. Further buildup 
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LINEAR BUILDUP 

0 Dl FFUSION CONTROLLED 

A FORMATION OF A PROTECTIVE FILM 

Figure 1. Typical Buildup of  Corrosion Products 
an a Propellant Tank Wall 



occurs and the process is repeated, resulting in an accumulation of cor- 

rosion products at the bottom sf the tank. For some material-propellant 

combinations, a protective film is formed which inhibits further reaction. 

Corrosion prodhct~l can affect  yete em operation by interfering with pro- 

pellant flow, plugging orifices, j d n g  valves, and interfering with 

the operation of seals. In studying the effect of corrosion producta, 

several aspects should be considered : 

1. Size, amount, and distribution of corrosion producta 

2. Nature of corrosion-product formation 

3.  Adherence qualities of the corrosion products under conditions 

of propellant flow, vibration, and gravity forces 

4. Effects of (I), (23 ,  and (3) on propulsion system operation 



l?ROPET;LANT COW~IIEUTY TEST MEl'HOIXS 

A@ mentioned in the Introdnation, et large portion o f  the propellant com- 

patibility data generated t o  date is not appl ic~ble  t o  the selection of 

materials f o r  1iqni.d rocket propuls5on syatenw. b a y  of the deficiencies 

occur though aversigh-k saoh an not xecordhq the heat treatment of an 
alloy, not recording the componition o f  materials teefed, giving an in- 

complete da$criptfon of welding or brazing prucesnes 03 imdctqm+e metallo- 

graphic examination of t e s t  apecimns. 

me primary deficiencies in prapllant compatibility teat- miae from 

the teat mathod8 wed apd the test specimen evaluation teakniques h+iliaed 

in evalwting the  epecianens. Sane cf the mobLent@ inherent in commti- 

'bility test* are. djtacwaed in the following pecragraphs. The emphasis 

in this section is on the teatlng of  metallic wferiale.  

IMMElBIDN TEST METBODS 

Unwelded-Unstressed Metallic Specimens - 
S t a t i c  irrrmereim of  wtmased test specimme in the propellmk is the 

m e t  commonly used teat t o  evaluate materials for oontact w i t h  liquid 

propellants. Te~ting pfs etatic inmrstion in the propellant will nut, 

bowever, reveal how a metallic or nonmetallic material will behave under 

mschanZoal impact, e t r e ~ a ,  or in flowing propellant. 

Static ~ x s i a n  tss' tbg &auld involm expowre of the material under 

isat t o  the liquid arrd vapor phaaras of fhe propellant as well eta a e  

If quid-vapor interface. With ppoper te erf qwcim~n (metallic specimens) 
f~bricat2on, these three variables uarz be laveatigated wi% one s p e c k ,  

&vestigatirm of theae three variables i a  of particular imp ark mu^ whee. 

evaluatbg metallic apeeimene sinae carro~ioh prbcaeaea are effected by 

concentration gradlmts and diaaolped gases, 



The most common method of evaluating lnetallic specimens subjected to  

stat ic  immersion in  the propellant is t o  measure the weight loss. A 

howledge  of the surface area of the epecimen, ita denaity, and the dura- 

tion of the test allow8 calculation of the corrosion rate in mils per 

year (rnpy) or in  inches per year (ipy). At this point, a gross misinter- 

pretation of the reaults can occur. Calculation of corrosion rates by 

weight loss measurements is valid only when general corrosion of the 

test specinten has occurred and a l l  of the carrosion prodncts have been 

removed from +he specimen. As shown in  Fig. 2, corrosion can take a 

variety of forms. General corrosion ( ~ 1 ~ .  2a) may be described as cor- 

rosion which results in uniform metal loes from the aurface. The photo- 

micrographs in Fig .  3 show that various forms of corrosion may occur on 

the same specimen. It ia impossible t o  ~Lsually ascertain what mode of 

corrosion has taken place on a specimen, This can only be determined 

by metallagraphic examination such as that used on the specimens shown 

in Fig.  3. Thua, in regard to the calculation o f  corrosion rates by 

weight lose measurements, it c a n  be etated: use of weight l o s s  measure- 

ments to calculate corrosion rates is valid only when general corrosian 

( ~ i g .  2) has occurred as v e r i f i e d  by metallographic examination and a l l  

traces of the corrosion products have been removed from the specimen 

prior t o  weighing, 

Another area that requi~ea mention is in the  reporting of specimen weight 

changes. For metallic materiala, a weight gain signifies that corrosion 

has occurred and that the corrasian product has adhered t o  the  specimen. 

Since many corrofiion products are hydroaeopic, f . e , ,  metallic fluorides, 

a portion of the we ight  gain c a n  be cahsed by subeequent hydration after 

exposure. Jh casea when only the weight gain for a particular specimen 

baa been reported, no coneluaiona can be drawn as to the extent of cor- 

roaion,  and thus the data cannot be used for design purposes. 

In summary, weight changes in metallic specimens exposed to a propellant 

are useful to determine corrosion rates and effecta only if supporting 

metallographic examination is conducted. Where weight gains o r  losses 

are encountered, it is necessary t o  either remove the corrosio~ product 

or re la te  the reduced specimen thiclmess to i t s  original dimensions, 



(a) EVEN GENERAL (b) UNEVEN GENERAL (c) EVEN LOCAL 
CORROSION CORROSION COR ROSl ON 

(d) UNEVEN LOCAL (e) WIDE PITS 
CO RROSlON 

(f) MEDIUM PITS 

(9) NARROW PITS (h) INTERGRANULAR ( i )  STRESS-CORROSION 
CORROSION CRACKING 

Figure 2. Schematics Showing Various 
Types of Corrosion 



Intergranular Corrosion 
(17-7 PH Stainleas steel) 

Fittiqg and IntergrmnXar Corrosion 
(6061-~6 A L U I I ~ - )  

Stress-Corrosion Crackiw 

P i t t i q  and Streaa-Corroaioa Cracking 
(2024-~4 ~ l u m i n u m )  

Pit t ing 
(6061-~6 Alwninm) 

Figure 3 .  Photomicrographs Showing Irarioas Forms of Corrosion 



An alternative t o  the use of weight loss to determine corrosion rates is 

the use o f  tensile specimens which are exposed t o  the propellant and 

subsequently pul led  to determine changes in  the mechanical properties of 

t he  material. Typical tensile specimens used f o r  static immersion test- 

ing at Rocketdyne axe phew in Fig, 4 and 5 ,  The use of tensile specimens 

for static immersion testing Has considerable merit. Corrosion and its 

effect on a material can be quantitatively measured 16th  respect to 

changes in the yie ld  streagth, ultimate strength, and elongation. The 

effects of corrosion hart- forms ether than general corrosion can be 

determined. This i s  not possible by weight loss measurements. Pox 

example, intergranular corrosion will redult in  little l o s s  of material. 

However, this mode of corrosion will have a pronounced e f f e c t  on the 

mechanical properties of the material. 

A howledge o f  changes in the mechanical properties of a material due 

to corrosion can be directly related to  the design criteria,  and appro- 

priate steps can *hen be taken to alter the design so that corrosion 

will not affect the function of the hardware under consideration. Typical 

compatibility data of this type a r e  shown in Fig.  6. 

Welded Metallic Specimens 

Weld joints should be carefully evaluated, since a number of variables 

are inherent in this method of metal joining. Weld specimens must be 

subjected to metallographic examination to determine the mode and extent 

of corrosion. These tests should be supplemented with tensile tests 

of the weld specimens t o  determine if any changes in the mechanical 

properties h a ~ e  occurred. 

Figure 7 shows the cross section of a typical weld. The three zones 

shown in the figure ehould be carefully examined for evidence of attack. 

A corroded titanium weld joint resulting from exposure to red fuming 

nitric acid is ~hown in  Fig.  8. Some of the shortcomings in reporting 

test data for welded specimens in the literature have been: 

1. Unlmown camposition of the filler metal (weld rod) 





1/2 x 13 N.C. + 1116 x 4S0 CHAM. 
THREAD 0.625 

E 

0.350 

- - - - 
' 

0.500 

\ r u-- 
0.250 R (TYP1 

+ 0.003 
1-65 (REF) L D- ' 0.001 

NOTE : 
GRADUAL TAPER TO 

OF REDUCED SECTION 

Figure 5 .  Typical 1/4 Inch Round Tensile B&r 



I 1, (2) BROKE IN AM 3% ADJACENT TO WELD I I 
200 

/ 3) BROKE 1 N AM 350 ADJACENT TO WELD H 

CONTROLS 233 DAYS IN CTF CONTROLS 233 DAYS IN CTF 
( NOT STRESSED) STRESSED AT 60% OF YIELD ( NOT STRESSED) STRESSED AT 60% OF YIELD 

I )  AM 350 Ahla AM 355 IN SCT 9 5 0  CONDlTlON PRIOR TO WLDlNG 
WITH AM 355 WELD WIRE. TESTED IN AS WELDED CONDITION. 

Figure 6. Ultimate Tecsile S t r e n g t h  o f  Welded ,md Stressed  Stainless S t e e l  
Tens i le  Specimens A f t e r  Exposure to CTP 

- 



a FILLER METAL 

@ DIFFUSION ZONE (BASE METAL AND 
FILLER METAL) 

@ HEAT AFFECTED ZONE 

Figure 7. Typical Cross Section of a Weld 





2. No metallographic examination of specimens 

3. Changes in mechanical properties cauaed by exposure to the 

propel lant  not determined 

Ih reporting data pertainiq. to weld specimens, the type of welding used 

and the configuration of the weld joint should be recorded, Ifmy un- 

stressed w e l d  specimens have high residual stresses dependent upon the 

original specimen configuration, Whether the specimens are tested in 

the as-welded or welded plus heat-treated condition should also be 

retarded, since heat treatment after welding can greatly alter the  cop- 

rosion properties of the weld joint. 

Examination and Analysis of  Corrosion Products 

Corrosion products an metallic test specimens subjected t o  immersion in 

a propellant should be characterized. Such characterization should 

include : 

I, Identification of corrosioxl products using X-ray diffraction, 

spectrography, electron microprobe X-ray analyeis, and w e t  

chedcal  methods of analysis 

2. Assessment of physical characteristics of reaction product 

layers, particularly: 

a. Thickness 

c. Adherence 

3. EraLnation of the relationship of (1) and (2) on system 

operation 

Corrosion rates are dependent upon the corrosion product formed at the 

surface of a corroding metal. Identification of the corrosion products 

allows for identification of particular reactions taEng place and can 

provide information useful in evaluating inhibitors to reduce or eliminate 



corrosion. Many corroeion products w i l l  undergo compositional changes 

upon removal from t he  propellant, Examples o f  this phenomena are fluoride 

compounds which normally become hydrated upon exposure to the atmosphere. 

Figure 9 shows an aluminum alloy corrosion product removed from a pro- 

pellant tank which contained inhibited red  f m i q  nitric acid. The cor- 

rosion reaction of IRIW and aluminum proceeds as shown in  Eq, 1, 

Exposure t o  the atmosphere resu l t s ,  however, in the hydrated aluminum 

nitrate decomposing to  yield aluminum oxide. Thus, t o  properly ident i fy  

the reaction product of alzlminwn and IRJXA requires in s i tu  analysis. 

The degree of protection provided by reaction product formation i s  

dependent upon diffusion and kinet ic  considerations. In general, reac- 

t i o n  products w i l l  form a protective barrier toward further corrosion 

if the rat io  af the s p e c i f i c  volume o f  the reaction product t o  the spe- 

cffic volume of  the metal i s  greater than 1.0. This relationship may 

be expressed by: 

where 

M' = reaction product molecular weight, gm/mole 

d = metal density, gm/cm 3 
m = metal atomic  weight, gm/mole 

n = number of  metal atom i n  the reactJon product 

D' = reaction product density, .gm/crn 3 

The optimum rat io  l i e s  between 1.2 t o  1.7. At lower ratios, the seaction 

layers will be porous; and, at higher ratios, they will crack dne t o  

comp~essive stresses. Normally, protective f i lm and reaction product 
-8 O layers range in  thickness from several angstroms [ l o  c r n / ~ ~  t o  several 

microns [lom4 c d P ] .  Thicker reaction product layers whi le  not being 

fu l l y  protective due t o  porosity do reduce the overall rate of corrosion. 

One drawback to this situation is that anodic areas (those undergoing 

corrosion) become decreased, hence, the cathode-to-anode area rat io  in- 

creases which can lead to localized p i t t i ng  on the m e t a l  ~urface.  



Figure 9, Aluminum A l l a y  Corrosion Products Removed 
From an Inhibited Red F d n g  Nitric A c i d  
Propellant T a n k  



As shown in Fig. 1, the adherence qualities of corrosive products are 

important particularly where large surface areas are involved. In these 

cases, nonadherence of corrosive products can result in an accumulation 

of mate r i a l ,  f o r  example, at the  bottom of a propellant tank which may 

lead t o  restriction of flow. The size of corrosive producta should be 

determined and considered where propellant f l o w s  through small o r i f i c e s  

ax where potential contamination problems exist w i t h  c l o s e  tolerance 

hardware. 

A record of corrosion products encountered d u r i x  specimen t e s t i q  pro- 

vides a backlog of information f or identif icat iob of corrosion producta 

which may later be encountered during propulsion system operation and 

t e s t .  

Nonmetallic Materials 

Nonmetallic materials used in the fabrication of l iquid rocket engine 

hardware fa l l  into four basic categories: ablatives, lubricants, 

elastomers, and plastics.  

Ablatives noxmlly w i l l  not contact liquid p r o p e l l a t s  during operation 

and imnersion testing is usually conducted to determine the effects  of 

propellant spills or leaks. Such teatin: is oriented to determine gross 

changes in the material such as excessive react ion,  solubility, or loss 

of s t rength .  

Lubricants are normally screened by exposure to the liquid and vapor 

phases of the propellant and gross changes such as excessive reaction 

or solubility determined. If the propellant is cryogenic, further t e s t a  

are necessary to d e t e d n e  if the lubricants will function at low tem- 

peratures. Final selection of a lubricant after it has passed initial 

screening tests is determined by dynamic testing. 

Static immersion of elastomers and p l a s t i c s  involves determination of 

the percentage volume swell, retained hardness, retained sealing prop- 

erties, compression se t ,  and retained mechanical properties, In addition, 



plastics w i l l  be evaluated f o r  change in the  compressive creep and stress 

relaxation in the propellant. It should be emphasized that the previously 

mentioned properties may be time dependent with respect to removal of the 

material from the  propellant. Ta establ ish  the existence of t i m e  depead- 

ency, properties should be measwed immediately following removal from 

the propellant and then measured again at a l a t e r  date. Comparieon of 

the data will indicate whether the properties are t i m e  dependent with 

respect t o  removal from the propellant. Normally, time dependency of 

elastomers and plastics is related t o  solvency effects of the psapellant. 

Changes due to solvency effects  are usually recoverable. Effects in- 

dependent o f  t i m e  are usually caused by chemical changes due to exposure 

to the propellant such aa depolymerization and are normally nonrecoverable. 

Changes in the mechanical properties of elastomers and plastics can be 

quantatively determined by w e  of tensile specimens fabricated from the 

material to be tested. Typical n o m e t a l l i c  tensile specimens are shown 

in Fig. 10. These same specimens c m  be stressed to determine if the 

material is susceptible to stress-craxiw ; a cracking phenomena 

which appears similar to the stress-corrosion cracking of metals. 

Effects of the Materials Unon the Pronellant 

D u r i n g  immersion testing of candidate materials in the propellant, con- 

sideration should be given to possible effects the materials may have on 

fhe propellant. Such changes are usually caused by decomposition of the 

propellant or composition changes due to reaction w i t h  the materials 

under test. Decomposition can be monitored by measnrinq pressure changes 

as a function of exposure time, Figure 11 shows a typical tank with a 

pressure g a g e  used t o  contain specimens for static immersion test, Com- 

positional changes are assessed by chemical analysis of the propellant 

before and after t he  test. Compositional changes will sometimes be de- 

tected by changes during test, but, if the gaseous prodacts are ~ignifi- 

cantly soluble, such changes may not be detected. 
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Figure 10. Typical Nonmetallic Tensile Specimens 



Figure 11. Propellant TmkUsed  to Hold Propellant 
C o q a t i k i l i  ty Test Specimens 



Changes in the propellant due to con-tact with certain materials are 

important because gaseous by-products o f  a reaction may cause excessive 

pressures; and changes in the composition w i l l  a f f e c t  the specific h- 

pulse ,  and hence, affect mission capability. 

TESTING FOR SUSCEPTIBIUTY TO STRESS CORROSION 

Use of Bent-Beam and U-Bend Stress-Corrosion - Specimens 

A number of investigators have utilized bent-beam and U-bend specimens 

t e  deteTmjne the susceptibility of a material to stress-corrosion crack- 

i n g  in a particular propellant, Although specimens of these types are 

relatively simple t o  fabricate and use, their stress analysis is quite 

complex, These specimens are shown schematically in. Fig. 12. 

( a )  BENT-BEAM SPEC l MEN (b) U-BEND SPECIMEN 

Fltgure 12. Bent-%am and U-Bend Specimens 

1 n bent-beam specimens, the def lectiona are usually large when compared 

t o  the specimen thiclmeas, Thus, the simplified small-deflection theory 

commanly used to solve c o l ~ - b u c k l i ~  problems is not applicable, 

Therefore, to obtain the value of maximum tens i l e  stress, it is necessary 

t o  utilize large-def l ec t ion  theory. G .  Haai jer and A.  W. hgenow (Ref, 4) 

recently presented this theory applied t o  the beat-beam specimen depicted 

in Fig .  12. Results of their analyses are summarized here to show the 

complexity of the analysis. 



To determine the strain, 

where 

E = strain 

Q = required stress 

E = modulus o f  e l a s t i c i ty  

To determine the length (L) of a specimen of haurn thiclmess (t) t o  be 

stressed in a specimen holder w i t h  the distance (HI between the supports 

to produce the required strain (i) necessitates the solution of t he  

following equations: 

where 

~ ( k )  = 

0 

k = s i n 0  / 2  

Ym = ~ m u m a p e c 5 m e n d e f l e c t i o n  

Oo = maxim slope of specimen (at X = 0) 

u = dumy variable 



Baaijer and Lo%enow express Eq. 5 and 6 in parametric form and show the 

~elationsbips graphically t o  simplify calculation ( ~ e f .  4). It is 

obvious that to test a material at several different stress levela would 

neceasitate fabricating specimens of different lengths and/or thiclmesses 

or varying the specimen holder distance. To determine the maximum t e n a i l e  

stress in a U-bend specimen requires a similar complex analysis. In 

other words, the nse of either type specimen requires a complex analytical 

treatment t o  determine the maximum tensile stress and variation in speci- 

men geometry t o  cover a range of stress lewls. 

The major shortcoming of the use of  these specimens in propellant compati- 

bility t e s t i n g  has been that the maxbmm tensile stress of the specimens 

is not determined. Hence, data for specimens of this type are usually 

accompanied by such statements as, "the specimens were stressed below 

their y i e l d  point," or, "the specimens were stressed near their yield 

point." If a specimen thus described fails because of streas-corrosion 

cracking, it can then be stated that the material tested is susceptible 

to stress-corrosion cracking in the propellant in which it was iested. 

Further information is not available. If the material does not fail, it 

cannot be stated that  the material is immune to stress-corrosion cracking -- 
since the maximum tensile stress is unknown. 

It is well known that atreas-corrosion cracking of a susceptible material 

is a function o f  the tens i l e  stress and duration of  test ing,  A s  the 

level of tensile stress decreases, the time to cracking; (appearance of 

the f i r s t  crack or 'failure) increases. Thus, a bowledge of the tensile 

stress to which the material waa subjected is ~ e q d r e d  in making a 

judgment regarding; an unf ai le d specimen . 

Another problem with specimens of this type occurs in loading to a stress 

level (below the y i e l d  point of the material) where room temperature 

creep is encountered, Obrionsly then, the behavior of the material near 

i t s  yie ld  point must be known, and the amount of t e n s i l e  stress applied 

t o  the specimen must be measured (ueually as a percentage o f  the yield 

strength) and recorded. In the event o f  room temperature creep, the  



geometry of specimens of this type does not lend i t s e l f  t o  a quantita- 

tive measurement of small changes in dimension necessary t o  i d e n t i f y  the 

onset of creep. 

Axially Loaded and Restrained, Stress-Corrosion 

Specimens 

To c i r c m e n t  the problems previously discussed, the use of axially 

loaded and restrained, stress-corrosion specimens for stress-corrosion 

testing is highly re commended. Althongh f l a t  tensile specimens ( f abri- 

cated from sheet a r  p la te  stock) can be n t i l i z e d  in this t ype  of testing, 

round bars are preferred since edge effects do not  have t o  be considered 

and the bars are usually cheaper to fabricate. Typical round tensile 

bars used for t h i s  type a f  tes t ing are shown in Fig. 4 and 5 ,  A stressed 

tensi le  specimen is shown in Fig .  13, 

In t h i s  f igu re ,  it can be 

noted that the stressing frame 

i s  simply constructed consist- 

ing of a U-shaped frame, head, 

t w o  nuts, a d  two b o l t s  

machined t o  accommodate an WP 

F$P< . ";:> ;:: ; ::$,< , 
allen wrench. To load a ten- ..., 

l > \ I l '  -"  " 

9 I 

sile specimen it is only nec- , A 

e s a a q  to position the bar in 

the frame, adjust the nuts 

u n t i l  the bar is f i rmly  he ld ,  A > 

and torque the bolts unt i l  the 

desired stress level  is 77 

achieved. The stress leve l  is 

determined by attaching a 

s t ra in  gage t o  the  bar and Figure 13. Tensile Specimen and 
Stressing Frame 

and loading until the strain 

coincides with the desired stress; the stress-strain re la t ionships  being 

predetermined from &ea t ing  of control specimens. 



To preclude galvanic effects, the frame materials should be constructed 

from the same alloy which is to be tested. If this is not feasible 

(limited test material or cost), a stressing frame material should be 

selected which minimizes the potential difference (emf) between the 

frame and the material to be tested. 

For initial testing, stress levels should be selected approaching the 

yield strength of the material. Recalling the previous discussion, 

selection of high stress levels will reduce the time to failure for 

susceptible material-environment combinations. A stress of approximately 

70 to 80 percent of the yield strength is usually satisfactory for ini- 
tial testing. A check should be made to see that the initial stress 

level selected does not induce room temperature creep. If it is desira- 

ble to determine the stress time-to-failure characteristics for a sus- 

ceptible material-environment combination, further tests can be con- 

ducted at decreasing stress levels. 

At the termination of testing, all unfailed tensile specimen should be 

pulled to determine if changes in the mechanical properties have occurred 

because of exposure to the propellant. It is possible, for example, that 

a specimen removed from the test environment may have partially cracked, 

although the crack may not be visible. 

FLOW TESTING 

Where high-velocity flow of corrosive propellants is anticipated, flow 

tests to evaluate possible erosion-corrosion mechanisms should be con- 

ducted. Where corrosive propellants are to be used for regenerative 

cooling, such testing is particularly important because reaction product 

films may effect the tube-wall heat-transfer coefficient. Apparatus 

designed by'Rocketdyne (Ref. 5) and used to evaluate N204 for possible 
regenerative cooling of thrust chambers is described in the following 

paragraphs. This apparatus can serve dual purposes: (1) acquisition of 

heat transfer data, and (2) determination of erosion-corrosion effects 

under conditions of variable temperature, pressure, and velocity. 



The heat  t r ans fe r  experiments (Ref. 5) were performed by flowing high- 

pressure nitrogen te t roxide  (N 0 ) through e l e c t r i c a l l y  heated metal 
2 4 

tubes. A high-pressure, closed blowdown flow system was operated from 

a concrete blockhouse. Remote control  equipment permitted control  of 

the t e s t  var iables  and the recording of the  experimental data. 

The flow system consisted of an e l e c t r i c a l l y  heated t e s t  sect ion inse r ted  

i n  a flow l i n e  between two tanks ( ~ i ~ .  14). A high-pressure, s t a in less -  

s t e e l  run tank with a volumetric capacity of approximately 250 gallons 

and a 4000-pig-maximwn operating pressure was pressurized with gaseous 

helium t o  force the f l u i d  through the t e s t  sect ion i n t o  a low-pressure, 

250-gallon catch tank. When the high-pressure tank was emptied, the 

f l \ l id from the catch tank was recycled t o  the high-pressure tank, and 

the procedure repeated. The low-pressure catch tank was pressurized with 

nitrogen gas f o r  the recycle por t ion of the flows. 

During- ac tual  t e s t i ng ,  N 0 passed through a turbine flowmeter and a bulk 
2 4 

temperature-measuring, mixing chamber before entering the t e s t  section. 

Upon leaving the  t e s t  sect ion,  the mixed bulk temperature was measured 

again. The f l u i d  then passed through water-cooled heat  exchangers t o  

remove the sensible heat  absorbed by the f l u i d  i n  the t e s t  sect ion and 

then through a flow-control valve. By adjust ing the opening of the 

flow-control valve and the run tank pressure, independent pressures and 

flowrates were obtainable i n  the t e s t  section.  

A l l  the t e s t  sections used had a nominal 0.250-inch OD and 9- t o  15-inch 

heated lengths. Figure 15 i l l u s t r a t e s  the t e s t  sect ion geometries and 

the placement of t he  instrumentation f o r  both the 9- and 15-inch heated 

t e s t  sections. Copper bus bars were brazed t o  the t e s t  sect ions  a t  each 

end of the heated lengths. These copper buses were used t o  a t t ach  the 

high-amperage cables from the power generation equipment. The heated 

length was considered t o  be the length of tubing between the bus bars. 

Adequate upstream, unheated lengths of tubing were provided t o  ensure 

the establishment of a f u l l y  developed veloci ty  p ro f i l e  and a uniform 
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Figure 15. Test  Section Configurations with I n s t r m e n t a t i o n ,  Nitrogen Tetroxide 
Heat Transfer Experiments 



temperature p r o f i l e  before the  heated port ion of the t e s t  sect ion.  Ade- 

quate downstream, heated lengths were a l so  used t o  prevent any down- 

stream influence on the  heat  t r a n s f e r  and f l u i d  flow c h a r a c t e r i s t i c s  of 

the  heated por t ion  of t h e  t e s t  sect ion.  

The t e s t  sec t ions  were i n s t a l l e d  with a s l i p  j o i n t  and spring preloading 

a t  the  i n l e t  end t o  compensate f o r  thermal expansion of the t e s t  sec t ion 

during the heated experiments. The pressure taps  were s t a i n l e s s - s t e e l  

tubing welded over careful ly  d r i l l e d  and polished holes i n  the  t e s t  

sec t ion  wal l  a t  the ends of the  heated length. The holes were d r i l l e d  

r a d i a l l y  with a No. 76 d r i l l .  The copper bus bars  were s l o t t e d  t o  allow 

attachment of the pressure taps  and t o  permit the heated length t o  s t a r t  

and end a t  the  center  of the  pressure taps. The bus bars  were then brazed 

t o  the  t e s t  sec t ion,  keeping the N204 contained within s t a in less - s t ee l  

so  t h a t  it would not contact  the copper o r  the  braze material .  

Outer tes t -sec t ion,  tube-wall surface temperatures were measured with 

thermocouples placed a t  designated s t a t i o n s  along the  heated length. 

These thermocouples were placed i n  diametrical ly opposite p a i r s  a t  each 

thermocouple s t a t i o n  ( ~ i g .  15). V o l t e e  taps  were at tached t o  the t e s t  

sec t ion by capacitance welding of 0.035-inchdiameter Inconel wires t o  

the  t e s t  sec t ion surface along the heated length. There were numerous 

voltage increments defined by these t aps  t o  allow the power generat ion 

t o  be evaluated loca l ly  a s  well a s  on an overa l l  bas i s  along the heated 

length of the t e s t  sec t ion ( ~ i ~ .  15). The t e s t  sec t ion  was packed i n  

specia l  high-temperature insu la t ion  t o  reduce rad ian t  and convective 

heat  losses  a t  the higher wall temperatures. These heat  losses ,  while 

inconsequential i n  comparison t o  the heat  f lux  absorbed by the f l u i d ,  

can influence the thermocouple readings i f  not  properly controlled. A 

321 CRES t e s t  sec t ion  used f o r  the  heat  t r a n s f e r  experiments i s  shown 

i n  Fig. 16. The t e s t  sec t ion,  i s  shown with the  thermocouples at tached 

a s  i t  appeared during i n s t a l l a t i o n  i n  the flow system. 





Test sec t ions  of 321 CRES and Inconel 718 used i n  the referenced t e s t s  

are  shown i n  Fig. 17. It should be noted t h a t  a  react ion product f i lm 

was formed on the I D  of the  321 CFES which was found t o  influence tube 

wal l  heat  t r a n s f e r  coeff ic ients .  Other than the  presence of t h i s  f i lm,  

no other  corrosive e f f e c t s  were noted during t e s t i n g .  

Al te rna te  Method -- 

The equipment previously discussed i s  expensive t o  fabr ica te  and requires  

considerable instrumentation f o r  measuring the  various parameters in-  

volved. A simpler apparatus which was used t o  inves t igate  erosion- 

impingement e f f e c t s  of propel lants  on meta l l ic  mater ia ls  i s  shown i n  

Fig. 18. This apparatus cons i s t s  of an "AN" type f i t t i n g  machined t o  

accommodate a 1-inch-diameter o r i f i c e  specimen. Four holes were d r i l l e d  

i n  the base of the  f i t t i n g  t o  accommodate four posts  which held the 

impingement specimen. The a t t i t u d e  of the impingement specimen could be 

var ied  from 0 t o  70 degrees. The o r i f i c e  specimen was sealed with a 

Teflon O-ring and held i n  place with a snap r ing t o  f a c i l i t a t e  changia: 

of t e s t  specimens. A gold-plated OFHC copper o r i f i c e  specimen exposed 

t o  N 0 a t  100 f t / s e c  and ambient temperature f o r  10 minutes using t h i s  
2 4 

apparatus i s  shown i n  Fig. 19. The e f f e c t s  of erosion and cav i t a t ion  

a re  c l e a r l y  evident on t h i s  specimen. 

Erosion-corrosion processes r e s u l t  i n  higher corrosion r a t e s  s ince  under 

high-velocity flawconditions, protec t ive  f i lms and reac t ion  product 

layers  a r e  swept away by the  flowing propellant .  These processes r e s u l t  

i n  constant  exposure of a f resh  metal surface. The adherence q u a l i t i e s  

of protec t ive  f i lms and reac t ion  product layers  w i l l  be dependent upon 

the  propel lant ,  propel lant  ve loc i ty ,  and the  p a r t i c u l a r  metal under 

inves t igat ion.  
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CONTROL SPECIMEN 

INCONEL 718 INCONEL 718 
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Figure 17. AISI 321 S t a i n l e s s  S t e e l  and Inconel 718 Tubing 
Subjected t o  High Temperature Flow Testing With 
N T O  



Figure 18. Fixture for Simultaneous Erosion and 
Impingement Testing 



Figure 19. Gold-Plated OFAC Copper Orifice Specimen Showing 
Effects of Erosion and Cavitation After Exposure 
to Flowing N T O  



IMPACT TESTING 

Impact t e s t i n g  i s  a method of determining the behavior of a material-  

propel lant  combination under mechanical impact. Impact t e s t i n g  has been 

used extensively i n  recent  years f o r  the  determination of the chemical 

compatibi l i ty of mater ia ls  with LOX Throughout much of the  aerospace 

indust ry ,  it is the  prime standard which must be passed before a mater ia l  

can be considered f o r  use i n  LOX o r  gaseous oxygen systems. 

History and Methods of Tes t ing  

The impact t e s t ,  a s  it is present ly  known, has evolved from s i m i l a r  t e s t -  

i n g  techniques used t o  determine the  s e n s i t i v i t y  t o  shock t o  e f f e c t  

i g n i t i o n  of high explosives and, more recent ly ,  the  i g n i t i o n  of s o l i d  

propel lants .  The majori ty of the more r e l i a b l e  prototype devices b u i l t  

and evaluated f o r  the  t e s t i n g  of mater ia ls  wi th  l i q u i d  propel lants  had 

maximum energy outputs on the  order of 70 f t - lb .  North American Avia- 

t i o n ,  Inc . ,  developed a "drop hammer1'-type device with a 68 f t - l b  ontput .  

The Army B a l l i s t i c  Missi le  Agency (ABMA) constructed a t e s t e r  with an 

80 f t - l b  maximum capab i l i ty ,  but used 10 Kg-M (72 f t - l b )  a s  a prime 

c r i t e r i o n  f o r  accep tab i l i ty .  The A i r  Force, using a t e s t e r  s i m i l a r  t o  

t h a t  developed by ABMA, es tabl ished a c r i t e r i o n  of 70 f t - l b  f o r  t e s t i n g  

the  compatibi l i ty of mater ia ls  with l i q u i d  oxygen. Since the  develop- 

ment of t h i s  t e s t e r  and establishment of t h i s  c r i t e r i o n ,  considerable 

compatibi l i ty da ta  has been generated using these  t e s t e r s .  The ABMA 

type impact t e s t e r  i s  shown i n  Fig,  20. 

Concurrently, with t h e  expand iq  b a l l i s t i c  miss i le  and space programs, 

a large  v a r i e t y  of mater ia ls  of construction have seen service  with 

l i q u i d  oxygen under a broad spectrum of operating conditions. The 

success i n  service  during t h i s  period of those mater ia ls  shown t o  be 

compatible by impact t e s t i n g ,  a s  well a s  those having occasional f a i l -  

ures and shown t o  be incompatible, has contributed t o  the j u s t i f i c a t i o n  

of cur ren t  impact requirements. 



Figure 20. ABMA Impact Tester 
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Impact t e s t i ng  i s  frequently required with apparent disregard f o r  the 

appl ica t ion f o r  which a material  i s  being considered other than exposure 

t o  an oxidizer,  Impact t e s t i ng  induces a reac t ion  with a material  by 

creating a t  impact high loca l  temperatures resu l t ing  from adiabat ic  com- 

pression and/or f r i c t i o n .  I f  the temperature achieved exceeds the com- 

bustion or i gn i t i on  temperature of the material  impacted, a posi t ive  

reac t ion  i s  obtained. I f  t h i s  react ion i s  su f f i c i en t l y  exothermic t o  

propagate, an explosion, f l a sh ,  audible repor t ,  o r  v i s i b l e  burning o r  

charring w i l l  r e su l t .  Such an energy re lease  would not  normally be an t i -  

c ipated,  f o r  example, on the  i n t e r i o r  of a propellant  tank. The l i t e r a -  

t u r e  (Ref. 6 ) ,  however, shows t h a t  impact t e s t ing  revealed incompati- 

b i l i t y  with LOX of a proposed tank material  ( t i tanium),  although t e s t s  

more representat ive of what a tank might see i n  service f a i l e d  t o  indi-  

ca te  t h i s  incompatibil i ty,  The l a t t e r  t e s t s  included exposure t o  vibra- 

t i o n ,  pressure cycling;, u l t rasonic  energy, sonic energy, and external  

impact. Actual f a i l u r e  of the t i tanium tanks i n  service with LOX would 

seem t o  va l ida te  the use of some type of impact o r  s e n s i t i v i t y  t e s t i ng  

t o  evaluate a proposed tank material .  

A number of d i f f e r en t  approaches t o  impact t e s t i ng  have been used i n  the  

past .  These include the  drop hammer t e s t e r  developed by North American 

Aviation, Inc. This device imparted energy t o  the specimen d i r ec t l y  by 

dropping the  s t r i k e r  together  with the plummet onto the  specimen. Reac- 

t i o n  Motors Division of Thiokol Chemical Company developed a t e s t e r  

which increased the energy imparted by decreasing the  area  of impact. 

The ABMA-type t e s t e r ,  which now serves a s  the industry standard, in- 

d i r e c t l y  imparts energy t o  the specimen by placing a s t r i k e r  p in  of a 

hal f  inch i n  diameter on the specimen and dropping a 20-pound plummet 

onto the  opposite end of the pin. I ndus t r i a l  cooperative programs have 

shown poor cor re la t ion  among these d i f f e r en t  t e s t e r s ,  Test reproduci- 

b i l i t y  of the ABMA-type t e s t e r  i s  a l so  not a s  good as desired a s  

witnessed by t he  statements of precis ion recent ly  proposed f o r  inclu- 

s ion i n  the t en t a t i ve  ASTM method f o r  t e s t i ng  of the compatibil i ty of 

mater ia ls  i n  LOX, These statements of precis ion a re  shown i n  Table IV. 



STATEMENT OF PRECISION FOR TESTING 

COMPATIBILITY OF MATERIALS IN LOX 

Nonmonotonisity of impact t e s t  data  has a l so  been reported (Ref. 7). 

Use With Other Oxidizers 

Reproducibil i ty,  
Different  Operator 

and Apparatus, 
inches 

40.3 

25.2 

10.1 

Threshold Value 
Drop Height, 

inches 

24 

15 

6 

The foregoing discussion has dea l t  mainly with the impact t e s t i ng  of 

mater ia ls  with LOX because the technology of impact t e s t i ng  has been 

developed largely through the  use of t h i s  oxidizer. Although l imited 

t e s t s  have been conducted with nitrogen te t roxide  and f luor ine ,  the  

data  generated have not  been extensive enough t o  evaluate impact t e s t i ng  

a s  a t oo l  f o r  t e s t ing  materials  i n  these propellants .  Because of the 

t ox i c i t y  and r eac t i v i t y  of propellants ,  such a s  l i qu id  f luor ine  and 

nitrogen te t roxide ,  current  procedures f o r  impact t e s t i ng  would have t o  

be appreciably modified f o r  use with these oxidizers,  s ince current  

equipment requires  open handling of the propellant .  Modifications of 

the impact t e s t e r  t o  provide f o r  closed propellant  space would very 

l i ke ly  a f f ec t  performance charac te r i s t i c s  of the impact t e s t e r ,  making 

the  resul t ing data  of questionable value in  r e l a t i o n  t o  data  gathered 

by using other propellants  with standard t e s t e r s .  

Repeatabil i ty,  One 
Operator and Apparatus, 

inches 

17.0 

10.6 

4.3 

Alternate Approaches 

Two a l t e rna t e  approaches are  avai lable  f o r  obtaining s e n s i t i v i t y  data  

commensurate with t h a t  produced by conventional impact t e s t ing .  These 

a r e ,  puncture t e s t i ng  and, thermal i gn i t i on  t es t ing .  Numerous puncture 



tests have been conducted on LOX-titanium alloy systems, and the results 

were found to confirm the incompatibility of LOX and titanium (Ref. 6). 

Several studies pertinent to ignition characteristics of metals in oxy- 

gen have been conducted (Ref. 8 and 9). These studies indicate thermal 

ignition of titanium at 1050 F, which is over 1900 F below its melting 

point, a condition which is unique to metallic materials. Aluminum has 

been found to ignite at temperatures above its melting point, and the 

stainless-steel alloys ignite at temperatures approximating their melt- 

ing points. Since it is apparent that impact and puncture tests are 

indirect methods of attaining high localized material temperatures 

leading to reaction, a direct study of the ignition characteristics of 

metallic materials in the propellant under consideration appears to be 

a more realistic test. 

Thermal ignition tests of metallic materials can be controlled with 

respect to propellant pressure and heating rate, thus providing considera- 

bly more data, control, and precision, than provided by impact testing. 

Similar tests could be conducted with nonmetallic materials, except 

that the heating rate would probably be somewhat more difficult to 

determine . 

The basic fault of impact test data is that it is difficult to relate 

the 72 ft-lb energy input to temperature and pressure parameters which 

will be encountered in a particular design usage of a material. 

TESTING OF PRECRACKED AND NOTCHED METALLIC SPECIMENS 

A mechanical property which is becoming increasingly important to de- 

signers of propellant tanks and pressure vessels is the fracture tough- 

ness of a metallic material (bf. 10). This property can be defined as 

the load-carrying capacity of a material in the presence of a flaw. 

Flaws may originate as nicks or scratches produced during fabrication, 

or they may be cracks in or near a weld zone. Such flaws not only ef- 

fect the laad-carrying capacity of the material, but, with respect to 

stress-corrosion cracking, greatly hasten the time to failure for a 

susceptible material. 



Application of Fracture Toughness 

The development of the  theory and the appl ica t ion of f rac tu re  toughness 

f o r  the design of pressure vesse l s  has rad ica l ly  changed design concepts. 

P r i o r  t o  the appl ica t ion of f rac tu re  toughness theory, pressure vessels  

were designed t o  limits d ic ta ted  by the ult imate and y i e ld  s t rength  

mult ipl ied by a safe ty  fac tor .  The f a c t  t h a t  flaws a re  l i ke ly  t o  be 

present  and t h a t  they a l t e r  the e f fec t ive  s t rength  of the mater ia l  i s  

now accepted. The designers problem i s  t o  use the (1) estimate of flaw 

s ize  (determined by nondestructive t e s t  methods), and ( 2 )  the e f f e c t  of 

t h i s  flaw on material  propert ies under service conditions, I n  part icu- 

l a r ,  the s t r e s s  l eve l  a t  which t h i s  flaw i s  l i ke ly  t o  propagate rapidly 

and catas t rophical ly  has become a design c r i t e r ion .  For pressure vesse l s ,  

a fu r the r  design c r i t e r i on  i s  the s t r e s s  l eve l  a t  which a surface crack 

becomes a through crack and thus causes a leak. This may occur before 

the growing crack has reached the limit required f o r  rapid  crack propa- 

gation. I n  the case of pressure vessels  which contain corrosive pro- 

pe l l an t s ,  the question of the e f f ec t s  of i n i t i a l  crack s ize  is complicated 

by considerable uncertainty a s  t o  whether an i n i t i a l l y  determined or  

experimentally introduced crack is  not  propagated by f ac to r s  other than 

t h a t  of the influence of the service s t r e s s .  For ins tance ,  crack propa- 

gat ion may occur by stress-corrosion e f f ec t s ,  corrosion fa t igue ,  o r  by 

slow cracking caused by atomic hydrogen, Experimental determinations, 

therefore ,  must be made i n  propellant  environments, with adequate control  

specimens t o  indicate  the e f f e c t s  af these addi t ional  f ac to rs .  

Rapid crack propagation in a s t ruc tu re  from a pre-existent defect  ( s i ze  

' 2 a t )  w i l l  occur i f  the f rac tu re  s t r e s s  (Of)  exceeds a c e r t a i n  l i m i t  

determined by the geometry of the pa r t ,  the modulus (E), and Poisson's  

r a t i o  of (y) of the mater ia l ,  and the c r i t i c a l  s t r a i n  energy re lease  

r a t e  ( G ~ )  of the  material .  I f  the opening mode of the  crack i s  one of 

a f l a t  t e n s i l e  break with negl ig ible  p l a s t i c  contraction pa r a l l e l  t o  the 



leading edge of the crack, the following relationship between the varia- 

bles i s  va l id :  

and, by introducing a s t r e s s  intensi ty  factor  K,  it follows fo r  the case 

of plane s t ra in :  

Jna 

the fracture s t r e s s  becomes 

Experimental studiea, therefore, are reduced t o  the problem of finding 

the s t r e s s  f i e l d  intensi ty  factor  K fo r  various pressure vessel mate- 
l c  

r i a l s  under service conditions. The above treatment i s  somewhat simpli- 

f i ed ;  i n  par t icu la r ,  no corrections are  made for  the p l a s t i c  deformation 

occurring around the crack t i p .  However, a number of studies have been 

concluded, resul t ing i n  the development of methods able t o  account f o r  

t h i s  necessary correction factor.  

Equations are  available re la t ing the Klc factor ,  crack length, o r  depth 

t o  various shapes and geometric configurations. The fracture s t r e s s  

under those conditions then becomes the design s t r e s s  t o  which any 

desired safety  fac tor  can be applied. The s t r e s s  f i e l d  in tens i ty  factor  

should be measured a t  the anticipated operating temperature and i f  the 

s t r a i n  r a t e  i a  high, t h i s  should a lso be taken in to  consideration. 



The problem of the surface crack t h a t  has penetrated through the  pres- 

sure vesse l  before reaching a c r i t i c a l  crack s i z e  has been t r e a t e d  by 

Irwin ( ~ e f .  11). Again, r e s u l t s  can be obtained i n  terms of the  geometry 

and the  s t r e s s  f i e l d  i n t e n s i t y  fac to r .  

Experimental inves t igat ions  f o r  the determination of K have been de- 
1 c 

veloped by the  ASTM subconrmittees and other inves t iga to r s ,  and standard- 

ized t e s t s  recent ly  have been developed ( ~ e f .  12). One specimen i s  the  

notched bend t e s t  specimen, the  other the single-edge-notch Kahn-type 

t e s t  specimen. Both are  shown i n  Fig. 21. 

S t a r t e r  cracks are  usually i n i t i a t e d  i n  the  specimens by f lexure  fa t igue  

or t e n s i l e  loading a t  s t r e s s e s  not exceeding 40 percent of the y i e l d  

s t rength ,  Crack length measurements can be made by compliance curves 

obtained from ca l ib ra t ion  runs. These curves can be obtained from exten- 

someters or def lec t ion gages mounted outside of the  a c t u a l  t e s t  chambers. 

Klc  
values can be calculated from e i t h e r  of the  t e s t  specimens by means 

of the following equations. 

Notch bend specimens: 

Single-edge notch specimens : 

where 

L = length 

P = t e s t  load 

B = specimen breadth 

W = specimen width 



( a )  Notched Bend 

(b)  Single-Edge Notch 

Figure 21, Precracked Tes t  Specimens 



Both types of t e s t  specimens a re  su i t ab le  f o r  the determination of K l c  

values i n  welds. For t h i s  case, specimens a re  usually fabr ica ted  so 

t h a t  the notch i s  e i t h e r  i n  the  weld zone o r  the heat-affected zone. 

Both types of t e s t  specimens are  a l so  su i t ab le  f o r  the determination of 

the e f f e c t s  of environmental f ac to r s  on the  s t a b i l i t y  of a  pre-existent 

crack. Specimens can be inse r t ed  i n  the environment under loads t h a t  

a r e  lower than those required f o r  f rac tu re  and examined a f t e r  exposures 

f o r  various time in te rva l s .  

Tes t  Procedures t o  Ekaluate Fracture Touphness 

i n  a Propellant  Environment - 

To obtain applicable design da ta ,  mechanical t e s t s  should be performed 

under simulated propellant  storage vesse l  conditions. This requires  

immersion of the  t e s t  specimens i n  the  propellant  and ac tual  kest ing 

(load t o  f r a c t u r e )  i n  the  propellant .  Bend-type t e s t s  are  recommended 

i n  preference t o  t e n s i l e  t e s t s  because of the  lower load requirements 

and, therefore ,  decreased hardware requirements f o r  performing the  t e s t s .  

Bend t e s t s  r e s u l t  i n  more s c a t t e r  of the da ta ;  however, the  use of four- 

point  loading ( ~ i ~ .  21) minimizes s c a t t e r  so t h a t  s a t i s f a c t o r y  data  may 

be obtained. 

I n i t i a l l y ,  ca l ib ra t ion  t e s t s  are  conducted i n  a i r  t o  measure the crack 

extension v s  de f lec t ion  length of the  specimen, and the  data  thus ob- 

ta ined a r e  used t o  solve the  Irwin eqaation f o r  f rac tu re  toughness. 

Testing i n  the  propellant  may be conducted i n  two ways: i n i t i a l l y ,  

specimens a re  exposed t o  the  propellant  and immediately loaded t o  

f a i l u r e ;  subsequent t e s t i n g  i s  conducted a s  a funct ion of time, with the 

specimen loaded t o  some predetermined level .  The l a t t e r  t e s t s  allow 

f o r  evaluation of crack propagation o r  growth, possible stress-corrosion 

cracking a s  a function of load and time, and e f f e c t s  of these on the  

f rac tu re  toughness. For stress-corrosion cracking, 
1 

- - K  . 
Klscc 5 l c  



After a certain exposure period, the specimen is loaded (by increasing 

the load) to failure without removing it from the environment and with- 

out unloading the specimen prior to loading to fracture. The data gen- 

erated can then be used to determine Klc as a function of time and pre- 

load. It should be noted that the Klc discussed here is only a measure- 

ment of the plane strain fracture toughness and is only representative 

of plane strain conditions which exist in spherical pressure vessels. 

It has been shown that Klc data are not quantitatively applicable for 

predicting crack instability and failure in nonplane strain conditions. 

Under nonplane strain loading, the fracture toughness Kc is generally 

higher than Klc, so that Klc determination results in a low fracture 

toughness values for design application. 

Notched Tensile Specimens 

Notched tensile specimens have found increased popularity in evaluating 

the susceptibility of a material to stress-corrosion cracking and hydro- 

gen embrittlement. A typical notched-round tensile specimen is shown 

in Fig. 22. The notch depth, notch radius, and specimen diameter may 

be correlated to yield a particular stress concentration factor Kt. 

Stress concentration factors for a number of specimen geometries are 

detailed in Ref. 13, and a plot of stress concentration factors for 

notched round tensile bars is reproduced in Fig. 23. For a notched 

round tensile specimen as r / ~  -0, the stress-concentration factor --+a ; 

and, thus, at an extremely small notch radii., the specimen simulates a 

precracked specimen. In reality, however, the stress-concentration 

factor for a tensile specimen is limited by the size of the notch 

radius which can be machined and measured; and, normally, Kk values do 

not exceed 15-16. 

As previously mentioned, specimens of this type find use in determining 

the stress-corrosion susceptibility of a material. Both stress corrosion 

and hydrogen embrittlement require an induction period at a particular 

stress level (assuming a threshold value has been reached) before actual 







cracking i n i t i a t e s .  This induction period i s  d r a s t i c a l l y  reduced when 

notched t e n s i l e  specimens are  used, the induction period decreasing a s  

K and the t e n s i l e  s t r e s s  increase.  t 

I n  a recent  study of the s t r e s s  corrosion cracking of Ti-6A1-4V (annealed) 

i n  anhydrous methyl alcohol ( ~ e f .  14) ,  it was found t h a t ,  f o r  a smooth 

round t e n s i l e  bar  loaded t o  80 percent of y i e l d ,  t h a t  cracking i n i t i a t e d  

i n  approximately 200 hours. Subs t i tu t ion  of a notched t e n s i l e  specimen 

having a K of 6.3, and loaded t o  the same s t r e s s  l eve l  r e su l t ed  i n  t 
cracking wi th in  48 hours. 

The use of notched round t e n s i l e  specimens (loaded i n  a fashion i d e n t i c a l  

t o  t h a t  shown i n  Fig. 13) i s  recommended a s  a complement t o  other s t r e s s -  

corrosion specimens. Because s t r e s s e d  notched t e n s i l e  specimens r e s u l t  

i n  b i a x i a l  s t r e s s e s  a t  t h e  notch, and the e f f e c t s  of b i a x i a l  s t r e s s e s  

with respect  t o  stress-corrosion cracking a r e  not  known precise ly ,  other 

ax ia l ly  loaded t e n s i l e  specimens should be u t i l i z e d  f o r  t e s t i n g .  The 

use of notched specimens has merit p a r t i c u l a r l y  i n  short-term programs 

where the  induction period f o r  a smooth round t e n s i l e  specimen may be of a 

longer durat ion than t h a t  of the t e s t  program, 



TYPICAL LIQUID PROPELLANT COMPATIBILITY 

TEST SCHEMES 

Propellant compatibility testing should follow a logical test plan which 

leads to final material selection for a particular design. Typical eval- 

uation schemes for determining metallic and nonmetallic material propel- 

lant compatibility are shown in Fig. 24 and 25. These flowcharts are 

not complete since the design usage of the material will dictate the 

particular tests used. These charts are presented, however, to show the 

logic involved in determining the propellant compatibility of a material, 

starting with initial screening tests and concluding with actual hardware 

testing. 



TYPICAL LIQUID PROPELLANT COMPATIBILITY 

TEST SCHEMES 

Propellant compatibility tes t ing should follow a logical  t e s t  plan which 

leads t o  f i n a l  material se lect ion fo r  a par t icu la r  design, Typical eval- 

uation schemes fo r  determining metallic and nonmetallic material propel- 

l an t  compatibility are shown i n  Fig. 24 and 25. These flowcharts are 

not complete since the design usage of the material w i l l  d ic ta te  the 

par t icu la r  t e s t s  used. These charts are presented, however, t o  show the 

logic involved i n  determining the propellant compatibility of a material ,  

s ta r t ing  with i n i t i a l  screening t e s t s  and concluding with actual  hardware 

tes t ing.  



I SCREEN CAND l DATE MATER l ALS I 
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Figure 24. Evaluation of Metallic Materials 
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Figure 25. Evaluation of Nonmetallic Materials 



To discuss a l l  of the t e s t  methods (good and bad) u t i l i z e d  i n  propellant  

compatibility t e s t i ng  of materials  would be beyond the scope of t h i s  

paper. It i s  hoped, however, t h a t  by pointing out a number of short- 

comings of current ly  accepted procedures and by describing t e s t s  which 

y i e ld  applicable design data ,  t h i s  paper w i l l  serve t o  provide stimulus 

f o r  the consideration and appl ica t ion of t e s t  methods which y ie ld  usable 

design data. 

It is the author ' s  opinion t h a t  a  major shortcoming i n  propellant  com- 

p a t i b i l i t y  t e s t ing  is t ha t  t h i s  area of ten  i s  included under propellant  

character iza t ion s tudies ,  Hence, compatibility ins tead of being studied 

and analyzed separately,  becomes merely one of a number of other physical 

and chemical proper t ies  being studied and looses i t s  significance.  

Secondly, a  number of propellant  compatibility s tud ies  a re  research- 

oriented,  and, while they y ie ld  voluminous academic data  regarding 

react ion r a t e s ,  s tudies  of f i lm formation, e t c . ,  they f a i l  t o  y i e ld  data  

which can be used i n  se lect ing materials  f o r  hardware fabr ica t ion.  Often, 

the mater ia ls  se lected f o r  t e s t ing  would not  be applicable i r respec t ive  

of compatibility. Closer l i a i son  i s  needed between research and engi- 

neering i n  t h i s  area.  In tegrat ion of personnel from both areas  would 

r e s u l t  i n  programs which y ie ld  data  of both theore t i ca l  and engineering 

importance and would reduce the  number of overlapping t e s t s  which a r e  

often conducted t o  y ie ld  design data. 

Contracting agencies have a respons ib i l i ty  i n  defining the  type of data  

required and re la t ing  these data  t o  hardware which m y  be fabr ica ted 

from the materials  tes ted .  As  pointed out i n  the  Introduction,  propul- 

s ion system design c r i t e r i a  and t es t ing  techniques m u s t  be r e l a t ed  t o  

y ie ld  useful  and applicable data, 



It i s  obvious t h a t  system design c r i t e r i a  a re  d i f f i c u l t  t o  standardize 

because of the wide and varying requirements of l i q u i d  rocket  propulsion 

systems. However, standard t e s t  methods should be avai lable  t o  y i e l d  

da ta  applicable f o r  a p a r t i c u l a r  c r i t e r i a .  Standardized t e s t  methods 

would el iminate one of the  l a r g e s t  var iables  present i n  propel lant  com- 

p a t i b i l i t y  s tud ies :  the t e s t  method. Redundancy and r e p e t i t i o n  i n  

s tud ies  would be reduced o r  eliminated and new data  required would repre- 

sent  only an extension of data  already acquired. 



0 
A = angstroms 

a = defect size (crack length) 

B = specimen breadth 

cm = centimeters 

D = diameter 

D ' = reaction product density, gm/cm 3 

d = metal density, gm/cm 3 

E = modulus of elasticity 

emf = electromotive force, volts 

G = critical strain energy release 
C 

distance between specimen holder supports 

inches per year 

fracture toughness 

plane strain fracture toughness 

plane strain fracture toughness for stress-corrosion cracking 

stress concentration factor 

spechen length 

notch depth 

reaction product molecular weight, gm/mole 

metal atomic weight, gm/mole 

mils per year 

n = number of metal atoms in the reaction product 

P = load 

r = radius 

t = specimen thickness 



u = dununy variable 

W = specimen width 

Ym = ma;nimum specimen deflection 

€ = strain 

n = 3.1416 

a = stress 

I.1 = microns 

0 
= maximum slope of specimen at X = 0 

Y = Poisson's ratio 

Of 
= fracture stress 
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plastics will be evaluated for change in the compressive creep and stress 

relaxation in the propellant. It should be emphasized that the previously 

mentioned properties may be time dependent with respect to removal of the 

material from the propellant. To establish the existence of time depend- 

ency, properties should be measured immediately following removal from 

the propellant and then measured again at a later date. Comparison of 

the data will indicate whether the properties are time dependent with 

respect to removal from the propellant. Normally, time dependency of 

elastomers and plastics is related to solvency effects of the propellant. 

Changes due to solvency effects are usually recoverable. Effects in- 

dependent of time are usually caused by chemical changes due to exposure 

to the propellant such as depolymerization and are normally nonrecoverable. 

Changes in the mechanical properties of elastomers and plastics can be 

quantatively determined by use of tensile specimens fabricated from the 

material to be tested. Typical nonmetallic tensile specimens are shown 

in Fig. 10. These same specimens can be stressed to determine if the 

material (plastic) is susceptible to stress-crazing; a cracking phenomena 

which appears similar to the stress-corrosion cracking of metals. 

Effects of the Materials Upon the Propellant 

During immersion testing of candidate materials in the propellant, con- 

sideration should be given to possible effects the materials may have on 

the propellant. Such changes are usually caused by decomposition of the 

propellant or composition changes due to reaction with the materials 

under test. Decomposition can be monitored by measuring pressure changes 

as a function of exposure time. Figure 11 shows a typical tank with a 

pressure gage used to contain specimens for static immersion test. Com- 

positional changes are assessed by chemical analysis of the propellant 

before and after the test. Compositional changes will sometimes be de- 

tected by changes during test, but, if the gaseous products are signifi- 

cantly soluble, such changes may not be detected. 
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