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Evaluation of the Propensity of Replacements for Halon 
1301 to Induce Stress-Corrosion Cracking in Alloys 

Used in Aircraft Fire-Suppressant Storage and 
Distribution Systems 

M.R. Stoudt, J.L. Fink, and R.E. Ricker 

The fire-suppressant agents halon 1301 and halon 1211 have both been determined to possess sufficient 
ozone layer depletion potential to warrant strict limitations on their production and use. The service con- 
ditions aboard jet aircraft subject engine fire-suppressant storage vessels to the agents for long durations 
at elevated temperatures and pressures. Stress-corrosion cracking (SCC) of  the materials of the vessel 
wall and/or rupture disk assembly (agent release valve) could prevent proper operation. Therefore, the 
compatibility of potential replacements with the materials used in the fire-suppressant storage and dis- 
tribution systems is a serious concern. 
An evaluation of the relative SCC propensity of 12 halon replacement candidates was conducted to enable 
the selection of three of these compounds for further study. The slow-strain-rate (SSR) tensile test was se- 
lected, and a statistical method was developed for ranking the relative susceptibility of each alloy in each 
agent from the SSR test results. The results revealed that most agents had little tendency to cause SCC, 
but that some agent/alloy combinations were undesirable. The statistical technique allowed relative com- 
parison, ranking, and combination of these results with other types of tests for the identification of three 
agents suitable for development and evaluation as aircraft fire suppressants. 
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1. Introduction 

THE ROLE of chlorinated fluorocarbons (CFCs) in the deple- 
tion of the ozone layer is of increasing concern. In the proceed- 
ings of the 1987 Montreal Protocol (Ref 1), several fully 
saturated, halogenated compounds were identified as possess- 
ing high ozone-depleting potential, thereby resulting in strict 
limitations on their production and use. Two of the most com- 
mon fire-suppressant agents, halon 1301 (CF3Br) and halon 
1211 (CF2Br2), were included on that list.* Because of their 
wide range of desirable properties (i.e., no residue after dis- 
charge, low toxicity, long-term storage stability, low corrosiv- 
ity, and low electrical conductivity), these particular chemicals 
have been the in-flight fire-suppression agents of choice for 
both engine nacelle and dry bay applications on military and 
commercial aircraft (Ref 1). 

The forthcoming unavailability of these agents has spawned 
a search for new, environmentally friendly fire suppressants 
that maintain as many of the aforementioned properties as pos- 
sible (Ref 1). The results of an examination of the available 
literature conducted by the U.S. Air Force generated a list of 
12 compounds that might be suitable for suppression of fires 

*Any mention of commercial products in this paper is strictly for in- 
formational purposes. It does not imply a recommendation or an en- 
dorsement by NIST in any way. 

M.R. Stondt, J.L. Fink, and R.E. Ricker, Material Science and Engi- 
neering Laboratory, National Institute of Standards and Technology, 
Gaithersburg, MD 20899, USA, fax (301) 975-4553. 

located inside jet engine nacelles and other aircraft locations. 
The compounds recommended by the U.S. Air Force for 
evaluation were HCFC-22 (CHF2CI), HCFC-124 
(CHFCICF3), HFC-227 (C3HFT), HFC-134a (CH2FCF3), 
HFC-236 (CH2C2F6), HFC-125 (CHF2CF3), HFC-32/HFC- 
125 azeot~ope (CH2F2/CHF2CF3), FC-31-10 (C4Ft0), FC- 116 
(C2F6), FC-218 (C3F8), FC-318 (cyclo-C4Fs), and NaHCO 3. 

Very little is known about the corrosivity of these chemicals, 
and there is virtually no information available in the literature 
regarding the compatibility of these agents with the alloys used 
for suppressant storage and distribution systems---especially at 
the temperatures to which they will be exposed in jet engine na- 
celles (Ref 2). On board an aircraft, metallic components will 
be exposed to the fire suppressants during storage (e.g., storage 
vessels, rupture disks, etc.), deployment (e.g., distribution 
tubes and nozzles), and after deployment (e.g., structural and 
engine components exposed to combustion by-products). Of 
these possible exposures, the greatest concern for the safe op- 
eration of the aircraft lies in the possibility that the fire suppres- 
sant might attack the containment vessels during storage and 
thereby result in a loss of agent or prevent the proper operation 
of the deployment system when needed. Therefore, the com- 
patibility of these potential replacements with the wide range of 
materials used in the agent storage and distribution systems is a 
serious concern (Ref 3). 

According to the U.S. Air Force, aircraft engine fire-sup- 
pressant storage bottles typically contain a single agent charge 
for up to 5 years and are exposed to pressures as high as 5.9 
MPa and temperatures ranging from below ambient to 150 ~ 
Stress-corrosion cracking (SCC) of the materials of the bottle 
wall and/or rupture disk assembly (agent release valve) could 
prevent the proper operation of an aircraft engine fire-suppres- 
sion system. As a result, it was decided that an evaluation of the 
relative propensity of the 12 compounds to cause SCC of stor- 
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Table 1 Mass fraction of  elements in alloys 

Composition, % 
Alloy Ni Cr Mn Mg Si Mo Nb N C Be Co Zn Cu Fe AI 

Nitronic 40 SS 7.10 19.75 9.40 ... 0 .50 . . . . . .  0.29 0.02 . . . . . . . . .  bal ... 
6061-T6 Ai 0.04 0.15 1.20 0 .40 . . . . . . . . . . . .  . . . . . .  0.25 0.15 0.70 bal 
Incone1625 6i139 21.71 0.08 ... 0.09 8.82 3.41 0.02 . . . . . . . . . . . .  3.97 0.23 
Type 304 SS 8.26 18.11 1.41 ... 0.49 0.17 ... 0103 0.06 0.11 . . .  bal ... 
CDA-172 Cu-Be 0.06 0.01 . . . . . .  0 .08 . . . . . . . . .  1~90 0.20 ... 97190 0.06 0.04 
PHI3-8MoSS 8.40 12.65 0.02 ... 0.04 2.18 ... 0~00 0.03 . . . . . . . . . . . .  bal 1.11 
AM-355 SS 4.23 15.28 0.80 ... 0.16 2.60 ... 0.12 0.12 . . . . . . . . . . . .  bal ... 
AIS14130 0.08 0.98 0.51 ... 0.23 0.16 . . . . . .  0 .32 . . . . . . . . . . . .  bal 0.04 

Table 2 As-received heat treatments 

Alloy Mill condition 

Nitronic 40 SS 
6061-T6AI 
Incone1625 
Type 304 SS 
CDA-172 Cu-Be 
PH13-8 Mo SS 
AM-355 SS 
AISI 4130 

Hot rolled, then annealed 
T-6 mill heat treated 
Cold rolled, then annealed 
Cold rolled, then annealed 
Cold rolled, then tempered l/4 hard 
Hot roiled, then solutionized 
Solutionized, subzero cooled, then overaged 
Hot roiled 

age bottle and rupture disk materials at the temperatures and 
pressures they are exposed to in the engine nacelle should be in- 
cluded as part of a multifaceted program designed to select 
three of these compounds for further study and development as 
an aircraft fire suppressant (Ref 3). To accomplish this objec- 
tive, a test method that evaluates the SCC resistance of each al- 
loy in each agent and yields numerical results that enable a 
numerical ranking of relative susceptibility was required. The 
slow-strain-rate (SSR) tensile test was selected for this pur- 
pose, and a statistical method was developed for ranking the 
relative susceptibility of each alloy in each agent as indicated 
by the test results. This paper reports the results of this study 
and ranking of the SCC behavior in the candidate fire suppres- 
sants. 

2. Experimental Method 

Since the objective of this project was to enable the selection 
of three compounds from the 12 candidates for further develop- 
ment and study as an aircraft fire suppressant, it was decided to 
evaluate the SCC behavior of the alloys in each agent at 5.9 
MPa and 150 ~ (Ref 1, 3). The alloys were selected from those 
currently used for suppressant storage bottles, distribution sys- 
tems, and rupture disk assemblies or under consideration for 
future use (Ref 2). The alloys selected for this study were type 
304 austenitic stainless steel, PH13-8 Mo stainless steel, AM- 
355 stainless steel, stainless steel alloy 21-6-9 (Nitronic 40), 
4130 alloy steel, Inconel alloy 625, copper/beryllium alloy 
CDA-172, and aluminum alloy 6061-T6. The compositions 
and heat treatments of these alloys are presented in Tables 1 and 
2, respectively. Samples were machined from each alloy with 
the rolling direction parallel to the tensile axis (Fig. 1). 

Slow-strain-rate tensile tests were selected for the SCC ex- 
periments because (1) these tests generate numerical data for 
all tests, even those where there is no environmental interac- 

tion; (2) they yield results in experiments of finite duration (1 to 
5 days); (3) the applied stress increases throughout the experi- 
ment until mechanical failure occurs, ensuring that SCC 
threshold stresses or strains have been exceeded; and (4) these 
tests have proved as reliable as any other test as indicators of 
SCC susceptibility (Ref 5). In this technique, cylindrical speci- 
mens are slowly loaded in tension until failure occurs by either 
intrinsic mechanical deformation and fracture processes or by 
an environmentally induced or assisted means (Ref 6). The pro- 
pensity for each agent to promote environmentally induced 
failure can be evaluated numerically by comparing the load or 
strain necessary to cause failure in a reference environment 
(e.g., argon) to that required to cause failure in the agents under 
the same conditions (Ref 2, 4, 6). Although other SCC test 
methods are described in the literature (e.g., direct tension) 
(Ref 7), these test methods are generally designed around a 
fixed, initial stress or stress intensity that could be below the 
critical stress intensity required for crack propagation (i.e., 
KlSCC ). In contrast, the SSR technique features a constantly in- 
creasing strain, which results increasing stress and stress inten- 
sities. With this technique, failure will occur in each test, with 
or without the presence of SCC, and will always provide a nu- 
merical value that can be used for relative evaluation of a par- 
ticular alloy/environment combination. 

Even though the SSR technique has proved as reliable as 
any other testing technique for assessing SCC susceptibility, 
one should keep in mind the limitations of the technique (Ref 
5). Since the constant loading and straining conditions of the 
SSR technique represent loading conditions more severe than 
most applications, this SCC testing technique also tends to be 
more severe, and most of the reported errors pertain to the indi- 
cation of environmental cracking when none is observed in ser- 
vice (false positives). On the other hand, incidents of cracking 
occurring in service when none was indicated in SSR tests 
(false negatives) have been reported, but most of these have 
been attributed to the SSR test environment failing to accu- 
rately reflect the actual service environment conditions or 
strain rates that are too high for the operating cracking mecha- 
nism (Ref 5). Crevices can cause local changes in the environ- 
ment, and the potential of the sample in service may differ 
significantly from that of the sample in the SSR test, especially 
since the constant straining also tends to lower the potential of 
the sample (Ref 5). 

Because of the large matrix of alloy/environment combina- 
tions to be tested, tests could not be conducted over a matrix of 
conditions for each combination. As a result, it was decided to 
conduct tests at a single crosshead speed (2.54 x 10 -8 m/s), 
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Fig. 1 

P 
Slow-strain-rate tensile sample design. Source: Ref 4 

which experience has shown usually demonstrates some re- 
duced ductility for environmental conditions that cause crack- 
ing. The tests were also conducted under free corrosion 
conditions (open circuit) because the resistivity of  these agents 
is so high that the samples will be essentially under open-circuit 
conditions in service (Ref 3, 4). 

The tests were conducted in commercially pure agent (i.e., 
the applicable MIL specifications for impurities were met) (Ref 
1). The procedures used for sample preparation and charging 
are detailed in Ref 3 and 6. The NaHCO 3 experiments required 
a slightly different procedure to accommodate the fluidized 
powder. For these tests, an appropriate volume of  NaHCO 3 
powder (ball milled to a nominal particle size of  20 I.tm, with 2 
wt% S i t  2 added as a desiccating flow agent) was added to fill 
the vessel to approximately the midpoint of  the gage section in 
the tensile specimen (approximately 70 g). The vessel was 
sealed, evacuated, and then backfilled with CO 2 gas. The test 
vessels used for all experiments were commercially available 
autoclaves, modified so that a stress could be applied directly to 
the tensile specimen in situ under the constant environmental 
conditions of  5.86 + 0.5 MPa at 150 + 1 ~ A schematic dia- 
gram of the test cell is shown in Fig. 2. 

D-Ring with Backup Ring 

- -  PTFEGasket 

,16 Stainless Steel Cylinder 
16 Stainless Steel Base 
'TFELiner 

- -  O-Ring 

Fig.2 Slow-strain-rate test chamber 

All of  the mechanical tests were performed on a computer- 
controlled SSR testing system that operated at a constant 
crosshead speed of  2.54 x 10 -8 m/s. The computer was config- 
ured to sample and record the applied load, the crosshead dis- 
placement, and the elapsed time at regular intervals (Ref 4). 
While the SSR technique is designed to reveal alloy/environment 
interactions within a reasonable time frame, the duration of an ac- 
tual test is strongly dependent on the ductility of the alloy. Since 
each SSR test takes between 40 and 100 h, only the minimum 
number of  tests required for a statistical analysis (i.e., three) could 
be performed for each alloy in each environment. After failure, the 
agent was released, the vessels were allowed to cool to ambient 
temperature, and the samples were extracted from the vessel and 
stored in a desiccator until analyzed. 

The analysis included visual inspections and reduction in 
area (RA) measurements performed on the fracture surfaces 
with an optical measuring microscope that had a resolution of  
_+0.5 x 10 -6 m. Scanning electron microscopy was later per- 
formed on the fracture surfaces of  selected samples to verify 
the presence and/or mode of any cracking. The results of  these 
experiments were then combined and used to formulate a rank- 
ing of  the potential for failure by SCC for each of  the alloys in 
every replacement candidate. 

3. Results and Discussion 

3.1 SSR Data Analysis 

The analysis of  the SSR data focused on determining the 
relative potential for SCC failure in each of  the 96 possible al- 
loy/replacement candidate combinations. The susceptibility of  
a material to environmentally induced failure can be assessed 
by the two basic parameters measured by a SSR tensile test: ul- 
timate tensile strength (UTS) and ductility. The UTS is deter- 
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m i n e d  f rom the m a x i m u m  appl ied  load, and  the duct i l i ty  is 
c o m m o n l y  de te rmined  by  two parameters ,  the  eng inee r ing  
s t ra in  to fai lure  (STF)  and  the  R A  (Ref  8). 

The  SSR test  da ta  were  ana lyzed  using two di f ferent  ap- 
proaches .  The  first  ana lys is  is based  on  a rat io be t w een  the  en- 
v i r o n m e n t  o f  in teres t  and  a re ference  env i ronmen t .  This  is 
accompl i shed  by  ca lcu la t ing  the mean  values  o f  the  UTS,  STF, 
and  R A  measu remen t s  for  a g iven  al loy in each  agen t  and  then 
d iv id ing  by the m e a n  va lue  for  the same alloy tes ted  in the ref- 
e rence  e n v i r o n m e n t  (argon)  at  the same tempera tu re  and  pres-  
sure. This  m e a n  va lue  rat io  ( M V R )  approach  is the  t echn ique  
usual ly  used to in terpre t  SSR  test  results.  E xam i na t i on  o f  these 

rat ios r evea led  the a l loy /agent  c o m b i n a t i o n s  where  env i ron -  
menta l ly  i nduced  c rack ing  may  h a v e  occurred.  These  va lues  
are s h o w n  in Tables  3 to 5, respect ively .  They  inc lude  b o t h  the  
numer ica l  averages  of  the three  tests  pe r fo rmed  in argon at 150 
~ and the  values  f rom the tests  conduc ted  in laboratory  air  at  

amb ien t  tempera ture .  
The  U T S  is a m e a s u r e m e n t  o f  the f racture  s t rength  o f  an  al- 

loy. A no t iceab le  change  should  be  exh ib i t ed  in this  pa r ame te r  
i f  some e n v i r o n m e n t a l  in te rac t ion  occurs  that  p romotes  c rack  
ini t ia t ion and  propaga t ion  at l ower  stresses.  Therefore ,  a sig- 
n i f ican t  decrease  in the average  U T S  (Table 3) may  be  an  indi-  
ca t ion o f  cracking,  bu t  i t  cou ld  also be  a t t r ibuted to cor ros ion  

Table 3 UTS for each alloy tested in argon at 150"t2 and ratio for the average UTS in each agent to argon at 150 ~ [(mean 
for agent at 150 ~ for argon at 150 ~ 

Nitronic Inconel Type CDA-172 PH13-8 AISI 
Environment 40 SS 6061-T6 AI 625 304 SS CuBe Mo SS AM-355 SS 4130 

Argon, MPa 610 240 927 667 874 1136 969 647 
Uncertainty(a) 18 26 23 63 24 80 17 46 

Ratios 
HCFC-22 0.99 0.97 0.96 1.01 0.98 1.02 0.97 0.96 
HCFC- ! 24 1.02 0.98 1.01 0.97 0.98 0.90 0.98 1.03 
FC-31-10 1.01 0.98 0.98 0.97 0.96 1.0l 0.97 1.04 
HFC-227ea 1.00 0.98 0.98 1.00 0.99 1.02 0.96 1.00 
HFC- 125 1.00 0.98 1.00 0.97 0.97 1.02 0.95 1.03 
FC-116 0.98 0.92 0.97 0.96 0.95 1.02 0.95 0.97 
HFC-134a 1.01 0.94 1.01 0.98 0.97 1.01 0.96 1.06 
HFC-236 1.00 1.02 1.00 0.95 0.99 1.03 0.97 1.00 
FC-318 0.98 1.20 1.00 0.83 0.97 1.04 0.98 0.86 
FC-218 1.02 0.98 1.02 1.02 0.96 1.03 0.96 1.02 
HFC-32/125 1.02 0.94 0.96 0.93 0.96 1.00 0.95 0.97 
NaHCO 3 1.02 1.05 1.02 0.96 0.98 1.07 0.98 1.04 
Alloy avg. 1.00 1.00 0.99 0.96 0.97 1.02 0.97 1.00 

(a) The uncertainty is the standard deviation for the alloy and 
argon and in the agents. 

measurement technique as estimated from the variance determined for the measurements in 

Table 4 Average STFin  argon at 150 ~ and ratio o f  the STF in each agent to argon at 150 ~ [(mean for agent at 150 
~ for argon at 150 ~ 

Nitronic Inconel Type CDA-172 PHI3-8 AISI 
Environment 40 SS 6061-T6 AI 625 304 SS Cu-Be Mo SS AM-355 SS 4130 

Argon, % 41.46 7.94 41.03 44.22 10.06 6.21 9.22 7.92 
Uncertainty(a) 3.61 1.58 4.56 6.09 1.83 1.04 1.26 0.74 

Ratios 
HCFC-22 0.73 1.12 0.92 0.92 1.23 1.20 1.06 1.13 
HCFC-124 0.87 1.32 1.06 1.04 1.23 1.28 0.99 1.03 
FC-31-10 0.83 1.27 0.91 0.91 1.28 1.05 0.84 1.01 
HFC-227ea 0.9 i 1.34 1.04 1.00 1.17 1.11 1.05 0.97 
HFC-125 0.97 1.24 1.06 1.11 1.16 1.08 1.06 1.02 
FC-I16 0.98 1.21 1.12 1.26 1.21 1.11 0.99 1.12 
HFC-134a 0.91 1.19 1.13 0.93 1.00 1.24 1.00 0.99 
HFC-236 0.87 1.23 1.01 1.25 0.97 1.13 1.05 1.05 
FC-318 1.02 1.07 1.05 0.70 1.27 1.30 0.99 1.20 
FC-218 0.99 1.14 1.10 1.11 1.17 1.06 0.97 1.20 
HFC-32/125 0.94 I. 16 1.13 1.28 1.15 1.16 1.04 1.08 
NaHCO 3 1.02 0.94 1.12 1.29 1.15 1.70 1.03 0.95 
Alloy avg. 0.92 1.19 1.05 1.07 1.17 1.20 1.01 1.06 

(a) The uncertainty is the standard deviation 
argon and in the agents. 

for the alloy and measurement technique as estimated from the variance determined for the measurements in 
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reactions that reduced the effective cross section or to a preex- 
isting flaw in the sample. In general, an increase in the average 
UTS is unusual and may reflect a sample/environment interac- 
tion that may be inhibiting deformation and/or fracture. On the 
other hand, the increases present in Table 3 could merely be the 
result of interference between corrosion products generated on 
the sample and the seal of the autoclave through which the sam- 
ple must slide. 

Environmental interactions will generally result in a reduc- 
tion in the ductility (Ref 2). The majority of the environment/al- 
loy combinations shown in the STF data (Table 4) exhibited 
increases in the measured strain to failure as compared to the ar- 
gon values, at the same temperature and pressure. This indi- 
cates that deformation may be easier in those agents than in 
pure argon under the same conditions. It should be noted that 
the STF values were calculated from load frame displacement 
measurements taken by a linear variable displacement 
transducer (LVDT) positioned outside the autoclave during the 
experiment. As a result, this measurement included both the 
elastic and plastic deformation components required to induce 
failure. Ductility determinations based solely on this quantity 
usually contain larger experimental error (Ref 8). 

The second measurement of ductility, the RA value, is de- 
termined by a physical measurement of the fracture surface 
at the completion of the tensile test. Unlike the STF, the RA 
measurement is based solely on the plastic component of the 
deformation required for failure and, as a result, the RA is 
generally a better measure of an environmental  interaction 
for most engineering alloys (Ref 8). In Table 5, it can be seen 
that the RA values are significantly lower (greater than 10%) 
in four of the 96 possible a l loy/agent  combinat ions :  A1- 
6061 in HCFC-124,  AI-6061 in NaHCO3, 304-SS in Na- 
HCO3, and AISI-4130 in NaHCO 3. Since three of these 
four values occurred in the same agent, NaHCO 3, it would 
appear that this agent is reacting with these alloys and may 
induce SCC in these alloys at 150 ~ 

Although the MVR approach can be used to identify interac- 
tions between an alloy and a replacement candidate, it does not 
provide a means for evaluating the statistical significance of the 
deviations for comparison between alloys and environments. 
That is, it does not provide a means for ranking the relative sus- 
ceptibilities from the SSR test results. Therefore, a second 
analysis was performed on the UTS, STF, and RA data. This 
analysis consisted of the calculation of Student's t-statistic for 
the significance of the difference between the mean determined 
in each environment and the mean for the same parameter and 
alloy tested in argon at the same temperature (Ref 9). This sta- 
tistic is calculated from the relationship: 

t = [  ~envir-Yar,on)1 

L nenvir  nargon J 

where Yenvir is the mean of the tests in the agent at 150 ~ 
o 2 Yargon is the mean of the tests in argon at 150 C, Senvl r is the 

variance of the tests conducted in the agent at 150 oc, Sargon2 is 
the variance of the tests conducted in the argon at 150 ~ 
nenvi r is the number of samples tested in the agent at 150 ~ and 
nargon is the number of samples tested in argon at 150 ~ 

Due to the relatively small sample size for each environment 
(three samples), this statistic was found to be subject to exces- 
sive random variations and indications of environmental ef- 
fects when no supportive evidence could be obtained by other 
examinations. Examination of the data indicated that this was 
due, in part, to the statistical variation of the standard deviation 
for each set of three samples--especially if the standard devia- 
tion for argon was at either extreme of the range. To reduce the 
variations due to sample size in the variances used in Eq 1, an 
alloy variance, 2 Salloy, was determined for each alloy from the 

Table 5 Average RAfor  each alloy tested in argon at 150 *C and ratio of  each agent to argon at 150 ~ [(mean for agent at 150 
~ for argon at 150 ~ 

Nitronic lnconel X~e CDA-172 PH13-8 AISI 
Environment 40 SS 6061-T6 AI 625 304 SS Cu-Be Mo SS AM-355 SS 4130 

Argon, % 79.05 42.14 69.63 67.83 34.38 59.62 48.93 50.28 
Uncertainty(a) 2.86 2.31 5.41 9.52 7.07 2.62 2.57 2.58 

Ratios 
HCFC-22 1.00 0.95 0.94 1.00 1.13 1.03 1.01 1.00 
HCFC- 124 1.01 0.85 0.94 1.01 1.07 0.94 0.99 0.97 
FC-31-10 1.02 0.95 0.92 1.03 1.10 1.02 1.05 0.95 
HFC-227ea 1.01 0.93 0.99 1.03 1.26 1.03 1.00 0.96 
HFC-125 1.02 0.93 0.97 1.01 1.11 1.04 0.99 0.98 
FC- 116 1.01 0.98 1.00 1.06 1.18 1.05 0.99 0.98 
HFC- 134a 1.02 0.93 1.00 1.02 0.91 1.00 1.03 0.99 
HFC-236 1.00 0.97 0.94 1.07 0.96 1.01 0.99 0.98 
FC-318 1.01 0.97 1.01 1.01 1.06 1.02 0.97 0.99 
FC-218 1.09 1.00 1.00 1.04 0.91 1.00 0.97 0.95 
HFC-32/125 11.01 0.97 0.96 1.07 1.10 1.04 0.99 1.00 
NaHCO 3 1.01 0.83 0.98 0.83 0.98 0.97 1.05 0.88 
Alloy avg. 1.02 0.94 0.97 1.02 1.06 1.01 1.00 0.97 

(a) The uncertainty is the standard deviation for the alloy and measurement technique as estimated from the variance determined for the measurements in 
argon and in the agents. 
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average variance observed for the alloy in all of the environ- 
ments as: 

Sa211oy - Nlv,r E (S~envir) (Eq 2) 
envir 

where Nenvi r is the number of environments. Using this vari- 
ance in Eq 1 yields: 

t = [  (Yenvir - Yar[~on) 1 

] . .nenvlr _ nargon)S211o), [ (Eq3) 

[. rlenvxrnargon J 

Using this statistic significantly reduced the number of al- 
loy/environment combinations where an environmental effect 
on ductility was indicated, as shown in Table 6. 

The probability of observing the measured difference 
when there is no environmental  influence decreases as the 
magnitude of the t-statistic in Table 6 increases. The actual 
probability depends on the degrees of freedom, v, which is 
four for these comparisons. The probability of observing a t- 
value below -0.941 for four degrees of freedom when there is 
no environmental effect reducing ductility is <20%. Fourteen 
of the 96 alloy/environment combinations (14.6%) had t-val- 
ues for change in RA that were less than this value. As a result, 
all of these indications are within the expected range of vari- 
ations due to normal statistical fluctuations. All of the samples 

tested in the alloy/environment combinations where t < --0.941 
were examined fractographically to determine if there was any 
fractographic evidence of an environmental fracture process. 
All of the aluminum alloy/environment tests had slightly low t- 
values. This was determined to be the result of one of the sam- 
ples tested in argon demonstrating greater ductility than the 
others, thereby increasing the mean for this environment, but 
this variation was well within the range of statistical fluctua- 
tions. The 4130 steel samples tested in environments with low 
t-values had some indications of surface corrosion, but no evi- 
dence of a change in fracture mode was found. The only al- 
loy/environment where fractographic evidence of an 
environmental fracture mechanism was observed was one type 
304 stainless steel sample tested in NaHCO 3. 

3.2 Failure Analysis of Type 304 Stainless Steel 

Fractographic examination revealed that, in general, the 
NaHCO 3 tended to cause more surface corrosion d a m a g e - -  
especially in the case of the type 304 stainless steel, where 
severe cracking was observed on one of the three samples 
tested in that environment.  As a result, the type 304 samples 
tested in the NaHCO 3 were examined in greater detail in order 
to determine why one sample behaved differently from the 
other two. 

A metallurgical analysis of the type 304 samples revealed 
that while the samples were purchased to be identical, they 
were mill processed in two distinctly different manners. Fig- 
ures 3(a) and (b) are low-magnification optical micrographs of 
two different type 304 specimens. The microstructure exhib- 

Table 6 Student's t-score for the significance of  the difference in the means (using RA measurements for each agent and argon 
at 150 ~ 

Nitronic Inconel ~ CDA-172 PH13-8 AISI 
Environment 40 SS 6061-T6 AI 625 304 SS Cu-Be Mo SS AM-355 SS 4130 

HCFC-22 0.09 -1.07 -0.76 0.01 0.66 0.85 0.16 0.07 
HCFC-124 0.25 -3.51 -0.76 0.07 0.34 -1.55 -0.27 -0.72 
FC-31-10 0.68 -1.18 -1.06 0.29 0.51 0.41 1.16 -1.24 
HFC-227ea 0.20 -1.71 -0.13 0.24 1.36 0.69 -0.11 -0.98 
HFC-125 0.56 -1.53 -0.45 0.11 0.58 1.02 -0.14 -0.52 
FC- 116 0.24 -0.56 -0.01 0.51 0.93 1.31 -0.22 -0.51 
HFC-134a 0.51 -1.73 0.05 0.15 -0.49 -0.02 0.69 -0.32 
HFC-236 0.01 -0.79 -0.76 0.59 -0.23 0.22 -0.14 -0.52 
FC-318 0.18 -0.70 0.13 0.10 0.29 0.66 -0.67 -0.34 
FC-218 2.95 0.06 --0.06 0.36 -0.45 -0.04 -0.79 -1.26 
HFC-32/125 0.18 -0.66 -0.51 0.57 0.53 1.21 -0.18 -0.07 
NaHCO 3 0.43 -3.87 -0.24 -1.42 -0.09 -0.70 1.19 -2.73 
Alloy avg. 0.52 -1.44 -0.38 0.13 0.33 0.34 0.06 -0.76 

(a) Due to experimental difficulties, only two tests were run in argon for alloy Incone1625. 

Frequency Frequency 
From To Sample SD Alloy SD Interpretation 

-.oo -4.60 2 0 

--4.60 -3.75 l 1 
-3.75 -2.78 2 1 
-2.78 -2.13 2 1 
-2.13 -1.53 7 4 
-1.53 ~).74 13 12 
-0.74 0.74 44 68 
0.74 4.60 25 9 

Probability of observed difference when no environmentally reduced ductility is 
less than 0.5% 

Probability greater than 0.5%, but less than 1.0% 
Probability greater than 1.0%, but less than 2.5% 
Probability greater than 2.5%, but less than 5.0% 
Probability greater than 5.0%, but less than 10% 
Probability greater than 10%, but less than 25% 
No significant evidence of an environmental effect 
Some evidence that the environment enhances ductility 
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ited in Fig. 3(a) indicates that this material is in a cold-drawn 
condition (i.e., no annealing after cold working) (Ref 10). In 
contrast, the much larger, equiaxed grain structure shown in 
Fig. 3(b) is indicative of a cold-drawn, annealed condition (i.e., 
an appropriate annealing operation performed after cold work- 
ing) (Ref 10). 

The stress/strain behaviors of  the two heat treatments, from 
tests conducted in argon at 150 ~ are compared in Fig. 4. It 
can be seen that the yield stress of  the material in the cold- 
drawn condition is on the order of  680 MPa and that the yield 
stress of  the cold-drawn, annealed material is on the order of  

(a) 
250 pm 

250 t~m 
(b) 

Fig. 3 Low-magnification optical micrographs of type 304 
stainless steel microstructures. (a) Unannealed, cold-worked 
condition. (b) Fully annealed condition 

550 MPa. Unfortunately, combining these two treatments for 
all of  the type 304 data increased the scatter and the standard 
deviations determined for this alloy, which made the environ- 
mental interaction less obvious in the numerical analysis. 

A review of  the literature revealed that, at temperatures be- 
tween 40 and 80 ~ aqueous NaHCO3/Na2CO 3 environments 
may induce cracking in some corrosion-resistant steel alloys 
(Ref 11, 12) and that some austenitic stainless steel alloys are 
very susceptible to dealloying in caustic environments at tem- 
peratures greater than 100 ~ (Ref 11-13). The literature also 
indicates that the transgranular SCC susceptibility of  these al- 
loys is dependent on the nickel content, up to approximately 
40% Ni (Ref 13, 14). 

Sodium bicarbonate begins a decomposition to sodium car- 
bonate (Na2CO 3) at 100 ~ according to the reaction (Ref 15): 

2NaHCO 3 ---) 2Na2CO 3 + H20 + CO 2 (Eq  4 )  

Carbon dioxide gas was used to backfill the test vessels in order 
to substantially increase the partial pressure of CO 2 in the cell 
and thereby increase the stability of  NaHCO 3 at 150 ~ by sup- 
pressing the decomposition reaction. Measurements made on 
the powder after testing indicated that less than 15% of the bi- 
carbonate had decomposed. However, the sodium carbonate 
present in the chamber may continue to react with the water 
generated during the bicarbonate decomposition according to 
the reaction (Ref 15): 

Na2CO 3 + H20 ---> NaOH + CO 2 (Eq 5) 

This reaction is capable of  producing small quantities of  
highly concentrated NaOH, which may then cause a signifi- 
cant shift in the pH over very localized regions on the sur- 
face of  the sample. 

Figures 5(a) and (b) are scanning electron micrographs of  
the cracking observed on the fracture surface of the type 304 
stainless steel specimen tested in NaHCO 3 at 150 ~ The over- 
all failure consisted of  several relatively shallow, transgranular 
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Fig. 4 Comparison of mechanical behaviors exhibited by 
type 304 stainless steel in the cold-worked and fully annealed 
conditions 
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Fig. 5 Scanning electron micrographs of type 304 stainless steel specimen tested in NaHCO 3 at 150 ~ (a) Depth of observed cracking. (b) 
Transgranular cleavage-like crack morphology 

cleavage-like (TCL) cracks located along the edges with mi- 
crovoid coalescence (MVC) in the central region (Ref 16). Fig- 
ure 5(a), a low-magnification view, shows the depth of 
penetration observed in a representative crack. The TCL crack 
morphology is exhibited in the higher-magnification view in 
Fig. 5(b). 

This analysis indicates that the cracking that occurred in one 
of  the three type 304 samples tested in NaHCO 3 at 150 ~ was 
the result of  (1) a chemical reaction between one or more of  the 
decomposition products of  NaHCO 3 and the alloy, and/or (2) 
the metallurgical condition that increased the yield stress, ap- 
parently exceeding the threshold stress intensity required for 
cracking in this environment. While there is not enough infor- 
mation provided by this analysis to conclusively identify the 
mechanism of cracking observed in this environment, one can 
speculate about the mechanism involved. Similar TCL crack- 
ing has been observed in different alloys and environments and 
has been attributed to anodic dissolution, hydrogen embrittle- 
ment, and film-rupture mechanisms (Ref 13, 17). The experi- 
mental technique used to suppress the NaHCO 3 decomposition 
reactions limits the volume of  solution that can be generated to 
quantities that are probably inadequate for an anodic dissolu- 
tion mechanism (Ref 11, 12). Hydrogen embrittlement is gen- 
erally observed at temperatures below 100 ~ (Ref 13, 17), so 
it is also an unlikely mechanism for these environmental condi- 
tions. This simple analysis indicates that the dealloying-as- 
sisted film-induced cleavage mechanism is the most consistent 
with the observations (Ref 13). 

These results clearly illustrate that the prior heat treatment 
(i.e., annealed, cold worked, quench and tempered) has a sig- 
nificant role in the compatibility between an alloy and a par- 
ticular agent. In addition, these data also suggest that changes 

in the heat treatment resulting from the service conditions 
could dramatically alter the compatibility between the alloy 
and an agent. 

4. Summary and Conclusions 

The objective of this study was to select and develop test and 
analytical methods that would enable the evaluation of  the rela- 
tive potential for SCC failure of  fire-suppressant storage con- 
tainers and rupture disk assemblies in aircraft engine nacelles. 
Slow-strain-rate tensile tests were selected for these experi- 
ments because they generate numerical data for all tests, even 
those where there is no environmental interaction; they yield 
results in experiments of  finite duration; the applied stress in- 
creases throughout the experiment until mechanical failure oc- 
curs, ensuring that SCC threshold stresses or strains have been 
exceeded; and they have proved as reliable as any other test as 
indicators of SCC susceptibility. None of  the agents caused 
cracking of  all the alloys, indicating that any of  them could be 
selected and used. As a result, none of  the 12 candidates was re- 
jected from further consideration on the basis of  the SCC tests 
results alone, because at least one storage vessel alloy could be 
identified for each agent that would not fail by SCC. 

The use o f  mean value ratios for the ultimate tensile 
strength, strain to failure, and reduction in area data proved 
sufficient for qualitatively identifying alloy/environment 
combinations where environmentally induced cracking oc- 
curred. However, a quantitative comparison of  the relative 
SCC propensity could not be based on these ratios, because 
the relationship between the deviation from unity and the 
probability of  the environment influencing the test result is not 
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the same for the different alloys. To resolve this problem, a sta- 
tistical technique based on Student's t-test for small groups of 
tests was developed and used to obtain a numerical score for 
each agent/alloy combination. This numerical score is related 
to the probability of the observations indicating that the agent 
influenced the deformation and fracture of the alloy during the 
tests, making it possible to compare and rank the relative SCC 
propensity of the agents based on these measurements. This 
ranking could then be combined with rankings developed from 
other studies, such as toxicity, fire suppression, and so forth, 
and used to select three agents for further investigation as air- 
craft fire suppressants. 

It is important to note that the data used in these analyses 
were obtained from experiments conducted in pure agent on a 
single heat treatment and at a single temperature and pressure. 
While this may be sufficient for a preliminary evaluation, a 
thorough analysis of the influence of alloy heat treatments, im- 
purities in the agent, agent decomposition products, tempera- 
ture, and strain rate should be conducted on the agents selected 
for further study before qualifying them for critical applica- 
tions on aircraft. 
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