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ABSTRACT 

The results of a program conducted to evaluate materials 

for construction of a Space Shuttle hydrazine monapro- 

pellant gas generator are presented in this report. The 

program was designed to select those materials that main- 

tain the properties of strength and ductility after expo- 

sure to an 1800 F nitriding environment for 1000 hours. 
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INTRODUCTION 

The decomposition of hydrazine in a gas generator produces ammonia, which in turn 

dissociates through surface contacts to form nitrogen. This nitrogen diffuses 

into the alloy and combines with the alloying elements to form nitrides that act 

to harden, and adversely affect other material properties, such as strength, 

elongation, and fatigue characteristics. In the Space Shuttle APU hydratine gas 

generator, metal surfaces are subjected to ammonia at temperatures of 1800 F for 

long periods of time. These high temperatures and long durations not only red~ce 

material strength, but also increase the nitriding process. 

Asa supplemental task within a NASA gas generator technology contract, a program 

was initiated to evaluate gas generator material candidates, by subjecting the 

materials to a 1800 F nitriding environment for 1000 hours. 



S M W . Y  AND CGNCLUSIONS 

All materials studied experienced nitriding to some degree after exposure to a 

simulated 1800 F hydratine decompositio~ environment. Nitriding caused a change 

in the grain structure of the material specimens and in such properties as hard- 

ness, ductility, and strength. An increase in both weight and thickness of the 

specimens was also evidmt. 

Of those materials investigated which are suitable for use in the gas generator, 

that is, those that are weldable and have a yield strength in excess of 4000 psi, 

the INCO 600 was least degraded by the 1800 F nitriding environment. A yield 

strength in excess of 8000 psi and a 50-hour rupture strength in excess of 500u psi 

are desirable for a material for use as the structural wall of the gas generator. 

For this purpose, INCO 617 demonstrated the least loss of ductility and high- 

temperature elongation. 

Results of the high-temperature tensile tests, room-temperature bend tests, and 

microstructure analysis of the material specimens are summarized in Table 1. 

None of the high-strength materials would provide a suitably high confidence 

level for long-duration use in an 1800 F nitriding environment. A redesign of 

the gas generator was mandatory to reduce the maximum structural uall tempera- 

ture to 1600 F, and hence decrease the material property degradatian due to 

nitriding. This was achieved by a dual-wall, exhaust gas regenerative design 

shown in Fig. 1. INCO 600 was selected for the low-stressed thermal bed 

screens and liner, and INCO 617 was selected for the structural chamber wall and 

injector. Haynes 188 and L605 were considered a second-best choice for the 

2edesigned gas generator structural wall, which is exposed to reduced gas tern- 

peratures of 1400 to 1600 F. 



TABLE 1. S-' - MATERIAL NITRIDING STUDY 

Specimen 

Room 
Temperature 

Duct i l i ty  
(Bend Angle) 

1800 F 
f i e ld  

Strength 
(psi)  

Hardness Percent 
Increase a t  

Depth >0.010 inch 

1x0 600 

INCO 617 

Haynes 188 

L605 

Screens 
(INCO 600) 

Screen Pack 
(INCO 600) 

Multimet 

MAR-M-509 

MAR-M-246 

TD NI 

. 
1800 F 

Elongation 
(percent) 

> 

Comments 

100 Hours 

3.0 

8.0 

18.0 

Flaking of specimen. 

3.5-percent increase 
i n  weight 

2-percent increase i n  
weight 

100-hours specimen 
snapped when tapped 
a t  room temperature 

Cast a1 loy 

C a s t  a1 loy , non- 
weldable 

Too s o f t  (welding 
resu l t s  i n  loss of 
strength) 

8,100 

21,500 

23,100 

15,700 

26,700 

45,400 

3,600 

1000 Hours Test Results 

14.0 

18.0 

7.5 

180 (cracic) 

25 - 30 (broke) 

0 (broke) 

180 (no crack) 

400 Hours Test Results 

52 .O 

12.0 

2 .O 

38.0 

0 (broke) 

0 (broke) 

10-15 (broke) 

180 (no crack) 



MAXIHUH STRUCTURAL WALL TEMPERATURE [ (IN,, 61,) 
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Figure 1. Features of Rocketdyne Design NAS9-13003 



DISCUSSION 

SELECTION OF CANDIDATE MATERIALS 

Thermal d i s t r i b u t i o n  of the  o r i g i n a l  gas generator  desicn i s  shown i n  Fig. 2 .  

The gas generator  s t r u c t u r a l  wall reached a maximwn temperature 12;' 1745 F and t h ~  

thermal screens approximately 1850 F under s t eady- s t a t e  maximum power condit ions.  

Based on maximum s t eady- s t a t e  operat ing pressures  of 660 p s i a  and t r a n s i e n t  pres -  

sures  of 1000 ps i a ,  t h e  required wall y i e l d  s t r eng th  is  6800 p s i  and rupture 

s t r eng th  is 4500 p s i  (using a s a f e t y  f a c t o r  of  1.5 and an 0.21-inch wall chamber), 

In  s e l ec t ing  candidate mater ia l s  i t  was assumed t h a t  t h e  s t r u c t u r a l  wali i s  ex- 

posed t o  a temperature of 1800 F f o r  100 hours,  represent ing  maximum power opera- 

t i o n ,  and t o  a temperature of  1600 F f o r  900 hours, represent ing i d l e  power 

operat  ion. 

The proper t ies  of var ious ma te r i a l s  were scanned i n  an attempt t o  i s o l a t e  those 

t h a t  combine high s t rength  a t  1800 F toge ther  with a low percentage of  n i t r i d e -  

forming elements. Figure 3 presents  t h e  r e s u l t s  of t h i s  ana lys is .  The 0.2- 

percent  y i e l d  s t rength  i s  p lo t t ed  i n  Fig. 3A, and Fig. 38 shows t h e  100-hour 

rupture s t r eng th  a s  a funct ion of t o t a l  percentage of n i t r i d e  formers. 

Note t h a t  INCO 600 has the  lowest percentage (16.5) of  n i t r i d e  formers (with the  

exception of t he  nonweldable TD n icke l ) ;  however, i t s  s t rength  i s  low compared t o  

thc y i e ld  and rupture s t rength requirer-ents s t a t e d  above. On t he  o the r  hand, 

while INCO 718, Hastelloy B,  Rene 41, Hastelloy C ,  and INCO 625 have a y i e ld  

s t rength  above the  6800 p s i  requirement, t h e i r  100-hour rupture s t rength  capa- 

b i l i t y  i s  near  zero a t  1800 F.  On the  bas is  of t h i s  comparison, candidate mate- 

r i a l s  were selec'ed f o r  use i n  t he  evaluat ion program. The se lec ted  mater ia l s  

were divided i n t o  two groups: f i v e  prime candidates and four  secondary candi- 

da tes  (Table 2 ) .  The candidate mater ia l s  were machined i n t o  t e n s i l e  specimens 

according t o  Rocketdyne spec i f i ca t ion  TF-250. 



100 PERCENT POWER LEVEL 

THERML BE0 SCREENS 

WALL TH!CKNESS - 0.21 INCH - 
0 . 2  YIELD STRENGTH - 6800 P S I  ( I .  5 SAFETY FACTOR) 

100-HOUR RUPTURE STRENGTH 
= 4500 PS J (1.5 SAFETt FACTOR) 

~igure 2. Flight-Type Gas Generator Temperature Distribution Test Data 
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TABLE 2. CANDIDATE MATERIALS 

With the  exception of  t he  Nickel 270, the prime candidates a l l  r e p e s e n t  weldable 

a l l oys  s u i t a b l e  f a r  use as the  gas generator s t r u c t u r a l  wal l .  The INCO 600, 

being of lower s t rerbgth,  i s  not  s u i t a b l e  f o r  t he  s t n c t u r a l  wall unless  t h e  wall 

thickness  is increased from 0.21 inch (Fig. 3 ) .  The N i  270 and INCO 600 materi-  

a l s  may be used as screen mater ia l s  o r  i n  another lad-strength appl ica t ion .  The 

N i  270, being void of n i t r i d e  formers, a l so  represents  a cont ro l  sample. 

.. 
Prime Candidates 

L605 

Haynes 188 

Inconel 617 

I ~ c o n e l  600 

Nickel 270 

The secondary mater ia l s ,  which would undergo l e s s  extensive t e s t i n g  than the  
l 
a primary candidates,  were estimated t o  have a lower probabi l i ty  of  usefulness  f o r  

t h e  gas generator ,  due t o  f ab r i ca t ion  considerat ions o r  percent o f  n i t r i d e  

formers. 

Secondary C*mdidates 

Mult i ~ n e t  

T D  Nickel (nondeldable) 

MAR-M-509 

MAR-M-246 (nonweldable) 

Two chrome-pl.ned INCO 617 t e n s i l e  specimens (0.002-inch p l a t e )  were a l s o  

included f o r  t d A e  purpose of evaluat ing the  r e s i s t i v i t y  of the  p l a t i n g  t o  n i t r i d e  

penet ra t ion  of t he  parent  mater ia l .  One of the p l a t ed  specimens w a j  oxidized i n  

air  f o r  four  hours a t  1200 F before n i t r i d e  exposure. 

In  addi t ion t o  the  t e n s i l e  specimens, four  individual  INCO screens and two 

112-inch-thick brazed screen packs were included i ~ ,  the  1000-hour t e s t .  The 

screens were a l l  constructed of 20 mesh x 0.025-inch-diameter wire.  The screen 

pack was brazed around the  ou te r  cyc l ind r i ca l  sur face  with a Pa ln i ro  No. 4 braze 

cons is t ing  of 30-percent gold, 34-percent platinum, and 36-percent n icke l .  The 

braze a l loy  melting point  is 2136 F, but  a f t e r  a l loy ing  with the  INCO 600 screen 

hraterial  the  probablc melting temperature is  i n  excess of  2200 F .  



A photograph of the  material t e n s i l e  specimens and braztd screen pack is  shown 

i n  Fig. 4 . 

TEST PROGRAM 

A l l  the  t e n s i l e  specimens and screens were ins ta l l ed  i n  a 2-114-inch diameter, 

18-inch long cylinder through which 1800 F NH; gas, a t  atmospheric pressure, 

was introduced. As a r e s u l t  of dissociat ion of  the  NH3 gas passing through the  

cylinder, an 1800 F gas generator environment with 60 percent NH3 dissociat ion 

was approximated. A l l  material samples were c3eaned, weighed, and measured 

before ins ta l l a t ion  i n  the oven. Four samples each of  the  primary candidate 

t e n s i l e  specimens, three  samples each of the  secondary candidate t e n s i l e  speci- 

mens, and two samples of the  chrome-plated INCO 617 specimens were fabricated. 

The test program is  outl ined i n  Table 3 . 

TEST RESULTS 

Tensile specimens were weighed and t h e i r  thickness measured before and a f t e r  

exposure t o  the 1800 F  litr riding environment. These data  a r e  show. inAppendix A .  

The data  f o r  samples 2 and 3 (10 hours and 100 hours) o f  the  primary candidate 

specimens are shown on page 40 ; sample 3 (100 hours) da ta  of the  secondary can- 

didate specimens are  shown on page 41 ; and sample 4 (1000 hours) da ta  of  both 

the  primary and secondary candidates on pages 42 and 43, respectively. 

High-temperature (1800 F) t e n s i l e  t e s t  data of the  specimens a r e  presented i n  

Appendix B. Sample 1 (unexposed), sample 2 (10 hours),  and sample 3 (100 hours) 

of the  primary candidate specimens a r e  shown on pages 46, 47,  and 48 , 
respectively. Sample 1 (unexposed) and sample 3 (100 hours) of  the  secondary 

candidate specimens are  shown on page 49. Sample 4 of both the  primary and 

secondary caqdidate specimens is  shown on page 50. 

A l l  t e n s i l e  t e s t ing  was conducted a t  1800 F with an argon atmosphere protect ing 

the  specimen during the  e n t i r e  t e s t  cycle. Heat-up time was approximately 



MATER l AL SPEC l MENS 

MATERIAL N l T R l C l N G  TEST 

1 1800 F N I TR I D I !tlG ENV I ROFlflENT 
EXPOSURE FOR 10, 100, 1000 H R S  

L 

I TENS 1I.E SPEC l MENS 

THERMAL BED SCREENS 

BRAZED SCREEN PACK 

: INCO 617 MAP 7.1-509 
HAYNES 188 MAk rV\-246 

' 1605 TD N i  
Ni 270 

Figure 4 .  1000-Hours Material Nitriding Test Program 



"4BLE 3. TEST PROGRAM 

Time 

0 

10 
Hours 

Act ion 

1. Weigh and il~sasure four samples each of the primary candi- 
date (PC) specimens. 

2. Install samples 2, 3, and 4 of the PC tensile specimens 
into the overi. 

3. Tensile test sample 1 of PC specimens (unexposed). 

4. Install INCO 600 screens (4) and one of the brazed screen 
packs into the oven. 

5 .  A schematic of the oven test setup is show below: 

BRAZED SCREEN PACK 

CIRCULATED NH-j 

-- *GAS (1800 F) 

4 INDIVIDUAL SCREENS 

TFST CYL l NDER 

1. Remove sample No. 2 from oven. Move samples No. 3 and 4 
upstream so that sample 3 is in the former position of 
sample 2. 

2. Measure, weigh, and tensile test sample 2 of PC specimens. 

3.  Remove screen pack from oven, v;brate on shake table, and 

I replace in oven. Vibration characteristics were as 

I 

follows: 

Maximum Frequency = 120 Hz 

Maximum Amplitude 0.062 inch 

Peak Acceleration = 20 to 30 g at 120 Hz 

D 



TABLE 3, (Continued) 
- 

Time 

100 
Hours 

60 3 
Hours 

, . 

Action 

1. Remove sample 3 of PC specimens from oven. Move sample 4 
upstream to the former position of sample 3. 

2. Measure, weigh, and tensile test sample 3 of PC specimens 
after 100 hours exposure. 

3. Remove screen pack from oven, vibrate on shake table, and 
replace. 

1. Weigh and measure three samples each of secondary candi- 
date specimens and the two chrome-plated INCO 617 
specimens. 

2. Install samples 3 and 4 of the seccndary candidate (SC) 
tensile specimens into the oven together with the two 
chrome-plated specimens. 

3. Tensile test sample 1 of the SC specimens. 

4. A schematic of the oven test setup at this time is shown 
below. 

DlVlDUAL SCREENS 

SAMPLE 3 (SC SPECIMENS) 

SAMPLE 4 (PC SPECIMENS) 



TABLE 3. (Concluded) 

Time 

703 
Hours 

1000 
Hours 

Act ion 

1. Remove sample 3 of SC specimens from oven; measure and 
weigh. 

2. Tens i le  t e s t  sample 3 of  SC specimens a f t e r  100-hour 
exposure 

1. Remove a l l  mater ial  specimens from oven; measure and weigh. 

2. Tensil.? t e s t  sample 4 of PC specimens, and sample 4 o f  SC 
specimens. 

3. Conduct hardness pene t ra t ion  t e s t  on samples 1 ,  2 ,  and 3 
(0-, lo- ,  and 100-hour exposure) of  t h e  INCO 600, L605, 
and Haynes 188 specimens. 

4.  Conduct a room temperature bend t e s t  on the  sample 4 ten-  
s i l e  specimens a f t e r  t e n s i l e  t e s t i n g .  

3 .  Conduct a room temperature bend t e s t  on t h e  1000-hour ex- 
posed screens.  

6 .  Take micrographs of  t e n s i l e  specimens a f t e r  var ious exposure 
*,i,cs. 

7. Analyze low-cycle f a t i gue  c h a r a c t e r i s t i c s  o f  t h e  Haynes 188, 
INCO 600, and L605 based on t h e  t e n s i l e  t e s t  da t a .  



1 hour and 20 minutes, plus 10 minutes f o r  s t a b i l i z i n g  a t  t h e  t e s t  temperature, 

plus  5 minutes :or t h e  t e s t .  The t o t a l  exposure of each t e n s i l e  specimen t o  high 

temperatures (over 1600 F) i n  argon was approximately 55 minutes. 

Figures 5 through 13 present r e s u l t s  o f  t h e  t e n s i l e  t e s t i n g  and t h e  weight and 

thickness measurements f o r  a l l  t h e  specimens. The 1000-hour s t rength  d a t a  f o r  

N i  270 (Fig. 8) was not  ava i lab le  because of damage t o  t h e  t e n s i l e  specimens 

following the  oven t e s t .  Also, due t o  shortage of L605 mater ia l ,  no sample 4 

t e s t  specimen was ava i lab le  f o r  the  1000-hour t e s t  da t a  (Fig. 9 ) .  

In general ,  t he  t e n s i l e  specimens experienced e i t h e r  l i t t l e  change o r  an increase 

i n  both y i e ld  and ul t imate s t rength .  Percent e longat ion and reduction of a rea  

percentages were s i g n i f i c a n t l y  reduced with exposure time, with the  exception of 

Multimet and TD K . I .  Multimet, which recorded an increase  i n  percent elonga- 

t i on  a f t e r  400 hours exposure, ind ica ted  extremely low room temperature d u c t i l i t y ;  

t h e  100-hour t e n s i i e  specimen snapped when acc identa l ly  tapped with a t o o l .  TD 

Nickel, which a l s o  recorded an increase i n  percent  e longat ion a f t e r  400 hours 

exposure, had subs t an t i a l l y  lower s t r eng th  ( l e s s  than 5000 p s i  y i e ld )  than 

expected. Of the  remaining high-strength mater ia l s  (yield s t rength  i n  excess of 

15,00Opsi),  INCO 617 demonstrated t h e  highest  percent e longat ion a f t e r  1000 hours 

exposure, and L605 the  highest  a f t e r  100 hours exposure. 

The mater ia l s  showed e i t h e r  a small change o r  an increase  i n  sur face  hardness 

a f t e r  400 hours exposure, with t he  exception of MAR-M-246 (an unweldable ca s t  

a l l o y ) ,  'I'D Nickel, and INCO 600. 

The two chromeplated INCO 617 specimens l o s t  t h e i r  coat ings dsiring the  i00-hour 

exposure period. The 112-inch Inconel 600 screen pack showed a 1.96-percent 

increase i n  weight and a 5.13-percent increase  i n  length a f t e r  1000 hours.  The 

screen pack was removed from the  oven a f t e r  10 hours and 100 hours and was 

vibrated on a shake tab le .  After  1000 hours,  t!~e braze was i n t a c t  and appeared 

s a t i s f a c t o r y  f o r  use i n  a gas generator bed. 



FLAKED BAgLY, RESULT l NG I N  NCN- 
UPJIFOPM SURFACE. 

STREKGTH AND E L O t I C A T I O N  A T  1 8 0 0  

EXPGSURE T I  ME, HOURS 

Figure 5 .  Material Nitriding Experiment - INCO 600 



EXPOSURE T IME,  HOURS 

Figure 6. Material Nitriding Experiment - INCO 617 



EXPOSURE TINE, HOURS 

Figure 7. Material Nitriding Experiment - Haynes 188 



- 85.7 PERCENT UNEXPOSED 

AT 1800 F 

EXPOSURE TIME, HOURS 

Figure 8 .  Material Nitriding Experiment - N i  270 



STRENGTH AM0 ELONGATION 
READINGS A T  l8OOF 

Figure 9. Material Ni tr id ing  Study - L605 
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Figuxe 10. Material Nitriding Experiment -Multimet 
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Figure 1 1 .  Material Nitriding Experiment - MAR-M-509, (Cast A 1  l a y )  
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Figure 12. Material Nitriding Study - TD Nickel 



10 100 
EXPOSURE TINE, HOURS 

Figure 13. Material Ni tr id ing  Study - MAR-M-246, (Nonweldable, Cast Alloy) 



Transverse hardness t e s t s  were conducted on the  INCO 600, i605, and Haynes 188 

specimens following t e n s i l e  t e s t s  of the  0-, lo-, and 100-hour samples t o  evalu- 

a t e  both the  n i t r i d i n g  r a t e  and e f fec t  on hardness. The da ta  a re  presented on 

pages 52 through 54 of  Appendix C Figures 14 through 16 present the  r e s u l t s  

o f  these t e s t s .  In the construction of  these curves, inverse hardness ( f i l a r  

u n i t  penetration) is plo t ted  as a function of  distance from the  t e n s i l e  specimen 

surface. For example, i n  Fig. 14, the  O-hour sample had a r e l a t i v e l y  constant 

hardness across the  0.049-inch-thick bpecimen, being only s l i g h t l y  harder a t  the  

surface;  a f t e r  10 hours of exposure, the  hardness increased a t  the  surface,  but 

w a s  unaffected beyond a depth of  0.010 inch. 

After 100 hours of exposure, the  INCO 600 indicated the  l e a s t  increase i n  hard- 

ness for  depths grea ter  than 0.010 inch. Surface hardness f o r  the  100-hour 

INCO 600 specimen was also  minimum. Of the  two high-strength materials  (L60S 

and Haynes 188), the  Haynes 188 indicated l e a s t  increese i n  hardness beyond 

0.010 inch. 

Bend t e s t s  were made on sample 4 (maximum exposure time) of the  t e n s i l e  t e s t  

specimens and the  individual screens (Fig. 17 and 18). After  an 180-degree bend, 

the  screen was inspected under a microscope. No cracks of the  wire were evident. 

Results of  the  t e n s i l e  specimen bend t e s t i n g  a r e  shown i n  Table 4. A s l i g h t  crack 

was evident a f t e r  the  INCO 600, 1000-hour exposure, specimen was bent 180 degrees. 

This represents the  highest room temperature d u c t i l i t y  of a l l  t h e  t e s t  specimens 

examined. Of the  high-yield strength materi ,s, INCO 617 experienced the  highest 

room temperature d u c t i l i t y  a f t e r  400 hours of exposure. Even the  INCO 617, how- 

ever, indicated a subs tant ia l  loss  i n  d u c t i l i t y .  The O-hour control  sample was 

bent 180 degrees with no cracks; whereas, a f t e r  1030 hacrs, a break occurred a t  

a 25- t o  30-degree bend angle. Metallographic specimens of the  INCO 617, INCO 600, 

and ~ a y n e s  188 materials  were prepared from the  t e n s i l e  t e s t  bars and a re  shown 

i n  Fig. 19 and 20. These specimens show the  ef fec t  of t h e  n i t r i d i n g  environment 

on the  grain s t ruc tu re  a s  a function of time. Figure 19 i l l u s t r a t e s  t h a t  the  INCO 

600 gra in  s t ruc tu re  was affected f o r  a depth of a t  l e a s t  0.005 inch a f t e r  100 hours 
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Figure 14. Material Nitriding Experiment Transverse Hardness - 
INCO 600 Tensile Specimen, (Exposed Both Sides) 
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Figure 15. Material Nitriding Experiment Transverse Hardness - 
Haynes 188 I'ensi le Specimen, (Exposed Both Sides) 
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Figure 16. Material Nitriding Experiment Transverse Hardness- 
L605 Tensile Specimen, (Exposed Both Sides ) 







TABLE 4. TENSILE SPECIMEN INSPECTION AND BEND TEST 

C 

Visual Inspection of  Tensile  Specimen 

Brittle dark scale .  Base material  duc t i l e .  

Brittle dark sca le ,  0.003-inch th ick ,  peeling. 

Brighter material  below sca le  i s  a l s o  cracked 
i n  reduced sect ion of  specimen. 

Sample 4: dark s c a l e - l i k e  coating,  0.0015- 
th ick .  Small cracks near edge of  bar ,  and 
near f rac tu re  on t h e  f l a t  surface.  

Dark sca le - l ike  coating (0.003-inch-thick) 
a l l  over, but not f laking o f f .  

Bright surface. No sca le .  Surface is 
cracked near f rac tu re .  

Blue-gray s c a l e  which is cracked only near 
f rac tu re .  Coating thickness is 0.0015 inch. 

Dark surface,  extremely t h i n  s c a l e  thickness 
with cracking. 

I 

Material 

INCO 600 

Wltirnet 

INCO 617 

Haynes 188 

Tr, N i  

!4AR M-509 

MAR M-246 

Sample 
(Exposure Time) 

4 (1000 hours) 

4 (397 hours) 

4 (1000 hours) 

3 (100 hours) 

2 (10 hours) 

i (0 hours) 

4 (1000 hours) 

4 (397hours)  

4 (397 hours) 

4 (397 hours) 

Bend Angle, degrees 

180 ( s l igh t  crack) 

0 

25 t o  30 (broke) 

45 (cracked) 

180 (no crack) 

180 (no crack) 

0 

180 (nocrack)  

0 

1 0 t o  15 







exposure. After 10 hours the  affected depth was only 0.001 inch. Figure 20 com- 

pares INCO 617 with Haynes 188. The n i t r i d e  appears t o  have penetrated t h e  liaynes 

188 gra in  s t ruc ture  more severely than the  INCO 617 a f t e r  both 100-hours and 

1000-hours exposure. 

Low-cycle fat igue information was computed from the  reduction of area  and 

ultimate strength data obtainzd during the t e n s i l e  t e s t s .  A measure of  the  low- 

cycle fa t igue  cha r rc te r i s t i c r  is  obtained by re1 a t ing  s t r a i n  range per s t r e s s  

cycle (&) t o  the  number of cycles t o  f a i l u r e  ( N f )  An increase i n  the  s t r a i n  

range reduces the number of cycles t o  f a i l u r e  i n  accordance with the  following 

re la t ions :  

where Ac = t o t a l  s t r a i n  range 

& = p l a s t i c  s t r a i n  range 
P 

Ace = e l a s t i c  s t r a i n  range 

where D = !LI [100/100-R& f rac tu re  d u c t i l i t y  

RA* = reduction area, percent 

Nf = cycles t o  f a i l u r e  

a"* = ultimate strength 

E = Young's module, 

Manson Coffin Law (2) 

Basquin Law (3) 

* RA and oU obtained from t e n s i l e  t e s t  data.  



The 0-, lo-,  and 100-hour tens i le  t e s t  data fo r  the Haynes 188, INCO 600, and 

1~605 specimens were used t o  generate low-cycle .fatigue curves i n  Fig.21 through 

23. The INCO 600, with zero hours of ni t r id ing exyasure, is capable of 750 

cycles of operation before fa i lu re ,  each cycle incorporating a 3-percent s t r a in  

range. After 100 hours of exposure t o  an 1800 F ni t r id ing environment, fa i lu re  

w i l l  r e su l t  a f te r  only 250 such cycles. In comparison, the L605, a f t e r  100-hours 

exposure, i s  capable of 155 cycles of 3-percent s t r a in  range before fa i lure;  and 

the Haynes 188, a f t e r  100 hours, i s  capable of 85 cycles of 3-percent s t ra in  

range before fa i lure .  
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CYCLES TO F A I L U R E ,  Nf 

Figure 21. Material Nitriding Experiment - Haynes 188, 1800 F 
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Figure 22. Material Hitriding E%PwWnt - I*CO 600, 1800 



CYCLES TO FAILURE, Nf 

Figure 23. Material Nitriding Experiment - L60S, 1800 P 



APPENGIX A 

TENSILE SPECIMEN WEIGHT AND THICKNESS MEASUREMENT 
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APPENDIX B 

TENSILE TEST DATA 



ROCICETDYNE 
4 OIVIQON OF N O I T M  AMCIICAN I O C M W C L L  C O I P O l 4 T l O N  

MATERIALS AND PROCESSES DEPT 
I 

TENSILE TEST DATA REPORT 

MATERIAL /&? p a  CONOlTlON LABORATORY NO 

SPECIFICATION DATE SUBMITTED 72 - - 
Joe  DEscRlPTloN / a e ~  
CHARGE NO L237//G#444 SUBMITTED BY 

MAXIMUM R 

MINIMUM RI 

ODE: IF ,  DENOT ES FLAW IN BAR REPORTED BY 
( 0 )  BAR BROKE OUTSIDE GAGE MARK 
( G )  BAR BROKE AT GAGE MARK 

.Tw*ATE Afk=a 
HOURS EXPENDED 

( E )  DENOTES ERRATIC CURVE 
APPROVED BY DATE 

P U ~ Y  I-.* maw I B ~ T  R-9196 
RMUESlER 48 , 



R0C:KETDYNE 
A DIVISION OC NOAIM AYCRICAN ROCHWILL S0I)PORATION 

MATERILLS AND PROCESSES DEPT. 

TENSILE TEST DATA REPORT 

MATE RIA^.- c o N o n i o *  LABORATORY 

SPECIFICATION DATE SUBMIT 

JOB DESCRIPTION-F A E 2 Z % d  
CHARGE NO^?^// - A9444 - - fl4- SUBMITTED BY- 

RLDUCTN 
, OF ARC& 

mi. -TED BY s o  A r d ~ k  

noor;.s E X P E N D E D . L ~ ~ & Z C - -  
APPROVED BY DATE 

R-9196 

CODE: IF 1 DENOTES FLAW IN BAR 
( 0 )  BAR BROKE OUTSIDE GAGE MARK 
I G )  BAR BROKE AT GAGE MAR6 
( E )  DENOTES ERRATIC CURVE 



ROCKBZTDYN1E 
A o~vts~cm or n o r n w  r w r r l c r N  wmwrLL cOnrc.nr t lON 

MATERIALS AND PHOCESSES DEPT 

TENSILE TEST DATA REPORT 

M A T E R I A L & - a  CONDITION LABORATORY NO -- 7/ 
SPBClFlCATlON DATE SUBMITTED L - 

0 SUeMlTTED BY--Y 

MAXIMUM REQUIREMENTS 

MINIMUM REQUIREMENTS 
I 

AREA. 

CODE: ( F I DENOTES FLAW IN BAR 
(0  I BAR BROKE O U S  SlOE GAGE MARK 
(G I  BAR BROKE ATGAGE MARK 
I€ )  DENOTES ERRATIC CURVE 

HOURS EXPE 
APPROVED BY 



ROCKETDVNE 
A OlVlSlON OF N O R T H  A M C I I C A N  -)(WELL C O R P O I A T I O N  

MATERIALS AND PROCES5ES DEPT 

TENSILE TEST DATA REPORT 

LABORATORY NO 7 Z 0  1 - 10 
SPECIFICATION DATE SUBMITTED / I -  Z p -  7? 
JOB DESCRIPTION 7- S #  //r /@oo-I= 
CHARGE NO SUBMITTED BY 

CODE: r F I DENOTES FLAW IN BAR 
(0) BAR BROKE OUTSIDE GAGE MARK 
( G )  BAR BROKE AT GAGE MARK 
( € 1  DENOTES ERRATIC CURVE 

REPORTED BY 

HOURS EXPENDED 70. -- 
APPROVED BY DATE - 



ROCKETDYNE 
A OIVIWION OC NO111U AMCllCAN ROCMWCLL CORWR*lION 

MATERIALS AND PROCESSES DEPT 

TENSILE TEST i T A  REPORT 

MATERIAL Lfi I_-~UA CONDITION LABORATORY NO 7 ? #' - 0 9 
SPECIFICATION DATE SUBMITTED I /  -a ? ' 7 L 

JOB DESCRIPTION ~ C P / V S /  /C / 6 b r a e / 0  fi et 
C ~ A R G E  NO 3 3 >I/ - o Q ~ v v  - 0930 rr SUBMITTED BY / 7 7 . % ~ c  u 

MAXIMUM REQUIREMENTS I I 
MINIMUM REQUIREMENTS 

ULl lYATL CLONG. RLDUCTN 
SlRCN6Tti I ATION .. I OF ?,RE* I I '0" 

Kal A G L  

COMMENTS: *' O c r l ~ ~ 1 9  

c o o e :  ( F 1 DENOTES FL*\ w IN BAR 
(01 BAR BROKE OUTSIDE GAGE MARK 
( G I  BAR BROKE AT GAGE MARK 
( E l  DENOTES ERRATIC CURVE 

HOURS EXPENDED 
AWROVED BY 



APPENDIX C 

HARDNESS PENETRATIVE TESTS 
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