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CREEP-RUPTURE PROPERTIES AND CORROSION.BEHAVIOR OF 2 114 Cr-1 Mo STEEL AND 
HASTELLOY X ALLOYS IN SImATED HTGR ENVIRONMENT - Interim Report 

Aage, S. Lystrup ,*. P. L. Rittenhouse, and J. 'R, DiStef ano 

ABSTRACT 

Hastelloy X and. 2 11.4 Cr-1 Mo steel are being considered 
as structural alloys for components of a High-Temperature 
Gas-Cooled Reactor (HTGR) system. Among other mechanical 
properties, the creep behavior of these materials in HTGR 
primary coolant helium must be established to form part of 
the design criteria. This report describes the simulated 
HTGR-helium environmental creep facilities, summarizes 
preliminary creep properties of 2 114 Cr-1 Mo steel and 
Hastelloy X generated in HTGR helium and compares these 
with data obtained by testing in air. Some corrosion 
characteristics of The two materials are also discussed. 

INTRODUCTION 

The HTGR desdgn features a,multiloop steam system; each independent 

primary coolant loop has its owxi steam generator and coolant circulator. 

Helium circulates downward through channels in the graphite-moderated 

core and transports heat to the steam generators.. The steam generators 

are of the helically coiled once-through type that produce steam by 

"uphill boiling. " 

Two of the principal high-temperature structural materials in an ' . 

HTGR are Hastelloy X and 2 114 Cr-1 Mo steel. Hastelloy X is being 

considered as a material for the high-temperature ducts that circulate 

helium to the steam generator and in other areas as a cover plate material 

in the thermal insulation . . system. This insulation protects the carbon 

steel liner, which is the system pressure boundary. The alloy 2 114 Cr- 

1 Mo steel is one of two high-temperature materials (Incoloy 800H is the 

other) in the steam generator system. 

*Formerly on loan from ~is6. 



These a l loys . ,  as w e l l . -  as most o t h e r  high-temperature a l l o y s ,  were 

des igned  .primarily f b r  ' k e .  i n  ' atmospheres w i t h  h igh  oxygen p a r t i a l  ' 

pres su res .  Under t h e s e  cond i t i ons  t h e  oxide  sca1e.s t h a t  forms se rve  t o  
. . 

minimize sub-scale  o x i d a t i o n  and, i n  some cases ,  c a r b u r i z a t i o n  as we l l .  

However, i n  HTGR helium, oxygen p a r t i a l  p re s su re s  a r e  low, and t h e  

s c a l e s  t h a t  form may n o t  be. p r o t e c t i v e .  S ince  t h e  a l l o y s  w i l l  b e  

exposed t o  t h i s . . t y p e  of environment f o r  ve ry  'long. t imes (30-40 y e a r s ) ,  

t h e r e  cou ld 'be  c o n s i d e r ~ b l e  s u r f a c e  and b u l k  co r ros ion  t h a t  could 
' . .  

l e a d  t o  s i g n i f i c a n t  changes i n  mechanicaL p r o p e r t i e s . '  

An a d e G a t e  kio;ledge of c reep  and r u p t u r e  p r p p e r t i e s  i s  e s s e n t i a l  

b e f o r e  load-bearing elevated-temperature s t r u c t u r e s . c a n  b e  s a f e l y  and 
, . 

economically designed.    xi st in^ codes governing the] des ign  of ' components 
. . 

a t  e l e v a t e d  tempera tures  have been based 'on  assessments  of m a t e r i a l  

behavior  i n  a i r .  The coolant  of a n  HTGR, on t h e  o t h e r  hand, 

i s  unique i n  t h a t  i t  i s  h e l i ~  t h a t  con ta ins  very  low l e v e l s  of impuri- 

t ies such as H z ,  H20, C O Y  and CHI,. Some d a t a  have shown t h a t  m a t e r i a l  

behavior  i n  such environments can b e  d i f f e r e n t  from t h a t  i n  air.lW3 

The purpose of t h i s  s tudy  is  t o  determine . .  . t h e  c reep  behavior  of Has te l lby  . . 

x and 2 1 / 4  C r - 1  Mo s t e e l  i n  HTGR Helium and t o  compare t h e  behavior  . . . .  . .  . , . , . 

of t h e  m a t e r i a l s  i n  he l ium.wi th  t h e i r  behavior  i n  a i r .  .-. ' . . 

. .. . .  . 

MATERIAL CHARACTERIZATION 

The chemical composition, product  f o r k ,  h e a t  t rea tment ,  and o t h e r  

c h a r a c t e r i s t i c s  of t h e & t e r i a l  used i n  t h i s  program' a r e  shown i n '  

Table 1. .'Four h e a t s  'of 2 174 ' C r - 1  Md s t e d l  were i s o t h e ~ m a l l y  annchled. 

"D.' S; .Wood, N. Farrow, and W. T. ~Grke ,  "A ~ r k l i m i n a r y  Study of 
t h e  E f f e c t s  of H e l i u m  Environment on the Creep and Rupture Behavior of 
Type 316 S t a i n l e s s  S t e e l  and Incoloy 800," pp. 2 1 3 2 8  i n  Effects of Envi- 
i.oriment dn MateriaZ'.Properties i n  Nuclear Sgstems (proceedings of t h e  
I n t e r n a t i o n a l  Conference on Corrosion,  London, July.1-2, 197k),  I n s t i t u -  
t i o n  of C i v i l  Engineers ,  London, 1971. 

2 ~ .  Board, "The E f f e c t s  of a Helium Environment on t h e ,  High Temperature 
P r o p e r t i e s  of S t r u c t u r a l  Ma te r i a l s , "  J. B r .  NUCZ.  h e r g y  sob. 10: 101-13 
(1970) . 

3 ~ .  L.  itte ten house, In i t ia l  Assessment of the Status of HTGR Metallic 
Structural Materials Technology, Om-TM-4760 (December 1974).  



~abl'e 1. Material Characterization 

'C la i " .S i l e  ' 
U l o y  OD Th icLnes~  Heat end CUE Hardness NL cr F~ 16 co u n n . s i  c P . s  B 
(form) m . rn ( in . )  source ~ p e c i f i c a t i o n  Hest Treatment . - . . (OPH) 

2 114 Cr-1 16 s t e e l  51 (2.0) 8.9 i0.35) 63202 SA-21.1. 927 t 14.C for  30 min. 20-27 7-8 146 2.24 Bel. 0.96 0.43 0.34 0.12 0.012 0.023 

(tuae) Babcock grade 122 cooled t o  704 t 14.C 
a d  at a maximum rare of 

2 l j 4  cr-1 m j a t e e l  51 (LO) 8.9 r0.35) 
(tube) 

2 l j 4  Cr-1 m s t e e l  51 (2.0) 8.9 (0.35) 
(tube) 

X-6216 
B L I ~ C D C ~  
and . 
wi1cox 

72768 , 

Bsbcock 
. end 

Yilcor 

2W17 
Bobcock 
end 
wi1cox 

83'clhr. held er 
704 t 14.C for 2 hr .  
cooled a t  room ren- 
perature a t  a -bum 
r a t e  of 6'Clmin . 

Same as heat 36202 27 7 

Same as hear 36202 27 7 

927 f 16.C for 1 hr.  55-00 4-5 
cooled to 704 t 14-C . 
s t  e maximum rate of 
83'Clhr. held o t  
704 t l4.C fo r  2 hr. ~ - - - ~  . . 
cooled a t  room ten- . 
per s tu re  s t  e maximum 
r a t e  of 6'Clmin . . ' ., 

Solution anneal=d s t  80 4 
1177.C (2150's) fo l -  
lbred by rapid 

145 2.16 Bsl. 0.94 

150 2.13 Bel. 0.90 

190 Bal. 21.82 19.09 9.42 1.68 0.63 0.58 . 0.44 0.07 0.016 <0.005 <0.002 

cooling 

Same as heat 2600-3- 55 5 197 Bal. 21.25 18.96 8.99 1.94 0.56 0.57 0.41 0.10 0.18 <0.005 <0.002 
4936 



(A d e s c r i p t i o n  o f  t h i s  h e a t  t rea tment  i s  given l a t e r  i n  t h i s . r e p o r t  

under R e s u l t s  and Discuss ion  - T e n s i l e  P r o p e r t i e s ,  and i n  Table 1.) 

Three of t h e  h e a t s  were used i n  t h e  c reep  t e s t  program, and t h e  f o u r t h  

h e a t ,  20017, was u s e d ' a s  co r ros ion  specimens i n  t h e  s imula ted  HTGR- 

hel ium environment. 

Heat 2600-3-4936 w a s  used f o r  almost a l l  of t h e  Has t e l loy  X 

experiments .  However, two c reep  t e s t s  were conducted w i t h  h e a t  2600-3- 

2792. A l l  specimens of Has t e l loy  X t e s t e d  were mill-annealed. 

P r e t e s c  phoromicrographs showing t h e  mic ros t ruc tu re  of t h e  

2 114 C r - l  Mo steel and t h e  H,astel loy X specimens a r e  presented  i n  

F igs .  1 and 2, r e p s e c t i v e l y .  Carbide p r e c i p i t a t e s  appear  i n  a l l  t h e  

i s o t h e r m a l l y  annealed 2 114 C r - 1  Mo s t e e l ;  M3C,  M 2 3 C 6 ,  M 7 C 3 ,  MsC, and 

M2C3  a r e  among t h e  p o s s i b l e  p r e c i p i t a t e d  carb ides .  So lu t ion  annealed 

H a s t e l l o y  X shows only  a few p r e c i p i t a t e  p a r t i c l e s  which, according t o  

J ab lonsk i ,  a r e  mainly MsC and M2 3 C 6 .  

T e n s i l e  t e s t s  on bo th  2  1 1 4  C r - 1  Mo s t e e l  and Has t e l loy  X were 

conducted i n  t h e  e a r l y  phase of t h i s  program, and t h e  r e s u l t s  have heen 

publ i shed ,  6 y  and a r e  summarized here t o  provide  gene ra l  d a t a  app ropr i a t e  

f o r  c h a r a c t e r i z a t i o n  of t h e  m a t e r i a l s .  The t e n s i l e  p r o p e r t i e s  of 

i so the rma l ly  annealed 2  114 C r - 1  Mo s t e e l  i n  t h e  temperature range of 

20-595OC (70-llOOOP) were rneas~~red  nn specimens w i t h  a 3.18 mm (0.125 in . )  

d l a u e t e r  and 28.6 nun ( I . .  125 i n . )  gage l eng th .  The r e s u l t s  a r e  shown i n  ' 

Table 2. Both t h e  o f f s e t  y i e l d  s t r e n g t h  and t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  

are c o n s i s  t e n t  w i t h  t h e  val.11es i n  t h e  NztcZ.ear Matorialo Handbook. 

4~ C.  R. Brinkman e t  a l . ,  Interim Report on. hhe Cronti.nttotts CgsZing 
. EZevated Tenperatme Fatigue and Subcritictx.2 Crank Gront;h Eehaalior, of 
2 1/4 Cr-1 Mo. Steel ,  ORNLITM-4933 (December 1975).  

5 ~ .  A .  .Tahl nnski, "High Temperature Fntd grip. Cvack: Fropaga~Lu11 
Behavior of Two Super Al loys ,"  Master's Thes is ,  Massachuset ts  I n s t i t u t e  
of Technology, January 1976. 

6 ~ .  L. Ri t tenhouse ,   ensile Testirlg,  " HTGR Base-TechnoZogy Program 
B o g .  Rep. Jan. 1, 19747Pune 30, 1975, ORNL-5108 pp.  67-72. 

7 C .  R. Brinkman.et a l . ,  Application of HasteZloy X i n  Gas-CooZed 

Reactor Systems, O R N L / T M - ~ ~ ~ ~  .(October 1976).  

' l ~ u c ~ e a r  Systems MateriaZs Handbook, Vol. 1 - Design Data,  TID-26666, 
( c o n t i n u a l l y  updated).  



Fig. 1. Microstructure of Isothermally Annealed 2 1/4 Cr-1 Mo Steel. 
(a) Heat 72768. (b) Heat 36242. (c) Beat X-6216. (d) Heat 20017. 5 0 0 x .  



1 0 0  2QO MICRONS 
I imx ' 

I 
O.&S Oh0 INCMEs 0.620 0.025 

I 

Fig. 2. Microstructure of Hastelloy X. (a) Heat 2600-3-4936. 
(b) Heat 2600-3-2792. 



Table 2 .  Tensile Properties of Isothermally Annealed 2 1/4 Cr-1 Mo Steel 

Tensile Strength 
Temperature Elongation in Reduction 

Test Heat 0.2% Yield UItimate 
28.6 mm (1.125 in.), X 

of Area 
("C) (OF) Total Uniform (%I 

(MPa) (ksi) (MPa) (ksi) 



Specimens of Hastelloy X, Heat 2600-3-4936, were tensile-tested 
(Table 3) in a temperature range of 20-870°C (70--1600°F). Specimens 

tested measured 6.35 mm (0.25 in.) in diameter and 31.8 mm (1.25 in.) 

in length and showed minimum ductility in the temperature range of 

480-705OC (90U-1300°F) - typical of nickel-base high-temperature alloys. 

Table 3. Tensile Properties of Hastelloy X Heat 2600-3-4956 

Tensile Strength 
Temperature Elongation in 

Test 0.2% Yield Ultimate 31.8 mm (1.25 in.), % Reduction of Area 
("C) (OF) Total Uniform (XI 

(ma) (bi) (MPa) (hi) 

14892 20 70 359 52.0 762 110.5 50.5 43.8 59.8 
14893 2U 10 349 50.6 764 110.8 51,s 43.9 59.2 
14894 20 70 350 50.8 764 110.8 51.9 44.3 61.4 
14895 150 300 290 42.1 682 98.9 51.1 44.7 60.6 
1489ga 150 300 288 41.8 671 97.3 51.5 45.9 59.8 
14896 290 550 248 36.0 662 96.0 52.8 46.2 57.9 
14897 290 550 244 35.4 651 94.4 53.7 48.3 55.9 
14814 290 550 245 35.5 656 95.2 54.4 49.9 55.4 
14812 425 800 223 32.4 627 91.0 56.5 51.1 56.9 
14813 425 800 234 34.0 629 91.2 49.8 47.3 
14809 480 900 193 28.0 623 90.4 59.0 53.6 43.6 
14810 480 900 234 34.0 622 90.2 55.9 53.0 38.4 
14811 480 YuU YlY 31.8 621 90.1 50.4 53.6 48.2 
14807 540 1000 239 34.6 592 85,8 49.9 46.5 40.9 
14808 540 1000 221 32.1 596 86.5 48.8 43.9 31.4 
141104 595 1100 220 31.9 585 84.9 53.3 47.9 40.9 
14805 595 1100 223 32.4 587 85.1 53.1 47.7 41.9 
14806 595 1100 232 33.7 581 84.3 51.5 47.0 43.0 
14802 650 1200 214 31.1 307 73.6 39.7 39.4 35.9 
14803 650 l2n0 71q 30.9 50 7 73 .6 39.7 37.9 39.4 
1479ga 705 1300 223 32.4 425 61.6 48.5 23.0 41.7 
14800 705 1300 215 31.2 452 65.5 37.3 29.9 33.6 
14801 705 1300 212 30.8 460 66.7 37.6 30.8 35.9 
14790: 760 1400 215 31.2 320 46.4 73.3 6.4 66.1 
14791 760 1400 217 31.5 323 46.9 75.6 7.8 68.8 
14796 760 1400 217 31.5 385 55.8 66.6 11.7 55.8 
14798 760 1400 206 29.9 381 55.2 68.1 12.0 57.0 
14732~ 015 1500 221 32.1 241 34.9 81.2 3.0 78.9 
14793~ 815 1500 232 33.7 240 34.8 72.2 3.4 74.3 
14794~ 815 1500 231 33.5 238 34.5 74.6 3.2 77.1 
14795~ . 815 1500 213 30.9 241 34.9 81.2 3.2 81.4 
14797 815 1500 225 32.7 288 41.7 86.0 5.8 69.6 
1481sa 870 1600 161 23.4 165 24.0 79.8 2.1 88.9 
14898~ 870 1600 163 23.6 168 76.3 84.4 2.3 88.3 

a 
Constant strain rate of 0.4%/min through failure. All other tests at this rate through 

yielding and then increased by a factor of 4. 



TEST FACILITIES 

Creep Equipment 

Conventional high-precision creep testing involves a load system 

for applying uniaxial loads with a minimum of bending stresses, an 

extensometer to monitor the strain that accrues with time, and a furnace 

and controler for maintaining the desired test temperature within narrow 

limits for long periods of time., Testing in a controlled environment 

adds substantial complexity, effort, and cost to conventional creep 

testing. The ten systems that have been used for environmental tests 

required extensive development, including design of the specimen, load 

train, environmental chamber, and instrumentation for extensometry. 

The methods and equipment for providing and monitoring the helium 

environment required special attention to design and development. Six 

frames were also built to test control specimens in air. (Construction 

of 18 additional environmental creep machines and 12 additional air 

creep frames has now been completed, and testing was initiated in 

March 1977.) 

Creep specimens are loaded conventionally through calibrated lever 

arms. The load train itself is designed to minimize bending loads by 

using universal joints and eliminating threaded connections. This prac- 

tice is also applied to the specimens (Fig. 3) by attaching them to the 

load train with tapered fittings clamped over each end. The environmental 

chamber (Fig. 4) is constructed of austenitic stainless steel pipe 

(enclosed in the furnace bore) with water-cooled flanges and metal 

bellows at each end. The bellows further facilitate alignment of the load 

train. U-cup seals, lightly lubricated to minimize friction, are used 

where the polished pull rods enter and exit the environmental chamber. 



ORNL-DWG 75-14128 
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F i g .  3. Creep Test Specimen. 1 in. = 25.4 m. 

Fig. 4 Schematic of Creep Environmental Test Chamber. 



This allows a positive environmental seal, yet permits application of 

load and unrestricted specimen extension. Seals are also used where 

the extensometer rods pass through the bottom of the chamber. The 

bores of the environmental chambeis are seasoned (preoxidized) before 

use. 
. . 

' To monitor temperature, three Chromel-P-Alumel thermocouples are 

attached at equidistant points along the specimen gage length. The 

three-zone furnace surrounding the 'environmental chamber bore is 

shunted to achieve a maximum of 2OC (3 .6"F)  difference over the 25.4-mrn 

(1-in.) length. The control therhocouple is placed in the annulus 

between the chamber and the furnace to avoid any possibility of reaction 

between 'the thermocouple. and the helium environment that would possibly 
. . 

change thermocouple output. Before any test specimen is brought to 

temperature and loaded, the environmental chamber is evacuated and 

then backfilled with helium. 

To measure weight gain and evaluate chemical and microstructural 

changes in nonstressed material exposed to HTGR helium some small 

corrosion specimens (Fig. 5) of both 2 114 Cr-1 Mo steel and Hastelloy X 

are being exposed to the simulated HTGR environment in the creep 

machines. Two corrosion specimens are mounted in the furnace with the 

creep specimens. 

ORNL-DWG 77-4113 

.,. ALL DIMENSIONS ARE IN MILLIMETERS (INCHES) EXCEPT 
SURFACE FINISHES. ~ H l C l i  ARE IN MICROMETERS (MICRO- 
INCHES).  

Fig. 5. Corrosion Plate Specimen. 



Gas Environment System 

The simulated HTGR primary coolant helium environment is supplied 

from premixed tanks containing controlled impurity levels of H2, CH4, 

and CO. Samples of both the entrance and exit gas from the environmental 

creep chambers are analyzed. The gas flow rate through each environmental 

creep machine is 0.17-0.25 ml/s and the pressure inside is 0.12 MPa 

(1.2 atm). A schematic of the premixed gas supply system is shown in 

Fig. 6. 

The Hz, CH4, COY 02, and N2 contents of the gas are analyzed with 

a gas chromatograph equipped with a Micro Cross Section Detector (MCSD). 

Ultrapure helium (99.9999%) is used as a carrier gas. This system is 

very sensitive to trace impurities, but to obtain satisfactory and 

reproducible response the system must be leaktight. 

The response of the chromatograph depends, among many other things, 

on the sample size injected into the column. To ensure that the same 

sample size is taken each time both the pressure and the volume of 

Fig. 6. Schematic of the HTGR Envirollmental Gas System. 



t h e  sample must be  a c c u r a t e l y  c o n t r o l l e d .  A sample va lve  d i v e r t s  a 

gas sample i n t o  a fixed-volume loop be fo re  i n j e c t i o n  i n t o  t h e  chroma- 

tograph. This  provides  f o r  t h e  i n j e c t i o n  of e x a c t l y  t h e  same sample 

volume each t ime and t h e  p re s su re  i n  t h e  sample l i n e  i s  kep t  cons t an t .  

Because of t h e  complexity of t h e  gas (high H 2  con ten t s  and low concen- 

t r a t i o n s  of CHI, and CO) sample loops  con ta in ing  d i f f e r e n t  .volumes a r e  

used t o  o b t a i n  a c c u r a t e  r e s u l t s .  One of t h e  sample va lves  i n t roduces  

t h e  gas i n t o  a loop wi th  a l a r g e  volume [3-m-long, 3.18-mm-dtam tube  

(10 f t  x 118 i n . ) ] , t o  ana lyze  gases  o t h e r  than hydrogen, and a second 

much smaller ,loop i s  used t o  ana lyze  'hydrogen.    valve programmer 

au toma t i ca l ly  i n j e c t s :  t h e  l a r g e  and t h e  smal l  volumes dur ing  a s i n g l e  

cyc le .  The l a r g e  sample volume i s  i n j e c t e d  f i r s t ,  .and t h e  sma l l  one is  

i n j e c t e d  when t h e  a n a l y s i s  of t h e  l a r g e  one i s  completed. A t y p i c a l  

chromatogram i s  shown i n  Fig. 7 .  To determine t h e  concen t r a t ion  of 

each component, t h e  a r e a  under t h e  peak is  compared wi th  t h e  a r e a  under 

t h e  corresponding peak obta ined  from a gas of known composition. 

Moisture i s  analyzed on a t r a c e  moisture ana lyze r  t h a t  makes de t e r -  

minat ions based on s imultaneous abso rp t ion  and e l e c t r o l y s i s  of water .  

. . ORNL - D I G  77-27WR 

- - -. - . .. . - - - 
VALVE PROGRAMMER STOP> 

J 

SAMPLE VALVE CLOSED-' 

SAUPLE VALVE OPENED (WALL SAMPLE LOOP) 

01. _ . . -  - 

. . -... 
. -. -.. . . 

WPLE VALVE OPENED (BIG SAMRE UXIP) 9 
VALVE PRWRAMMER START-'. I 

F ig .  7. Typica l  Gas Chromatogram Obtained from a n  Entrance Gas. 
Column: 3-m-long, 3.18-mm-diam (10 f t  x 0.125 i n . ) ,  molecular  s i e v e  5A. 



SIMLTLATED HTGR-HELIUM ENVIRONMENT , 

Impurity levels in the simulated HTGR primary coolant helium before 

,entering and after leaving the environmental chambers are typified by the 

values given in Table 4, which also shows environmental characteristics 

for other test facilities and HTGRs (see Table 5 for data sources). 

Comparison of those gas impurity levels indicates that the ORNL test 

environment is relevant. Differences between the inflowing and effluent 

gas concentrations are due to gas-gas and metal-gas reactions occurring 

within the system. The HTGR helium is generally a reducing gas mixture, 

and the oxygen concentration is determined by equilibrium reactions among 

the species present in the hot furnace. The oxygen content of the'entrance 

gas measured by the gas chromatograph is not the oxygen level to which 

the creep specimen is exposed. Among others, the two following reactions 

will. occur: 

The first reaction is dominantYg and the partial pressure of oxygen 

is mainly determined by 

where K is the equilibrium constant. A typical value of the ratio 

'H. 201'~ 
in an exit gas is U.U/3, and at 75U°C the equilibrium constant 

K = 5.75 x lo9, which gives an oxygen partial pressure of 1.6 x 10-17pa 

(1.6 X atm) if equilibrium is reached. This low value cannot be 

detected on the gas chromatograph, but a chromatogram of an exit gas 

generally shows a reverse reposnse to oxygen, which means that the exit 

'R. J. Pearce and R. I<,. Wfld, OXLjgen PaPtiaZ Pressures i n  Helium 
Cooled Reactors and i n  Experimental Helium Loops, Central Electricity 
Generating Board, RD/B/R~O~~-RPC/CM/P (71) 67 (August 1971). 



Table 4. Impurity ~ e v e l s  i n  Primary Coolant HTGR Environmeht 

b 
Impur i ty  P a r t i a l  Pre 'ssure,  patm P r e s s u r e  

F a c i l i t y  Condi t ion  
~2 C H ~  co co 2 H20 02  + ~ r '  N2 ( m a )  (atm) 

Tes t  F a c i l i t i e s  

3RNL Entrance  ga s  2 7 5 3 0 0  30-35 15-2 5 4* 1-5 4-7 0.12 1 .2  
E x i t  gas  250-280 25-35 10-20 15-25 < 1 4-1 5 0.12 1 . 2  

1500 -. -50 ' 500 :A - .  50 . .  . . 
. . 

ZIIR Wet 400 400 90  0.18 1 . 8  
(02.10) Dry 100' 100 . . ' 20 . . 0.18 1 . 8  

U l t r ad ry  ' 50-100 . . 3--8 25-50 0.. 5-3 d .  a 1  0.18 1 . 8  

FIAT Normal 200 20 4 0 
( I t a l y )  

.. . 
Reactors  

I-' 
Peach C o r e 1  , 11-34 li-34 <11 . '23-68 23--160 2.31 22.8 cn 

Bottom Core 2 ,114-456 11-34 1 1-2 3 (11 <2 .- . 11-68 2.31 22.8 

F o r t  S t .  24: Power : 

Vrain  11.4% Power 
20.5% Power 
26.0% Power 

. - 
Dragan Normal ' . 

(England) During H20 
i n j e c t i o n  
experiment  

AVR Normal 
(dermany) 

a 
See  Table  5 f0. i  Data sou rce s .  

- b ~ a r t s  pe r  m i l l i o n  t imes  t o t a l  p r e s s u r e  i n  atmospheres.  1 atm = 0.10132 Pa. . . . . .  
C Oxygen and a rgon  a r e  normally n o t  chromatographica l ly  s epa ra t ed .  

d ~ e l o w  d e t z c t i o n  l i m i t . .  . 



Table 5. Sources of  Data i n  Table 4 

F a c i l i t j j  . Source 

R. J. Wolwowicz, Creep Rupture Properties of  
Ineoloy 800H, 2 1/4 Cr- I  Mo Steel  and HastelZoy X 
AZZoys i n  Simulated HTGR Environment, Interim 
Report, GA-A-13876 (June 1976).  

CIIR (Oslo) H.G.A. Bates  e t  a l . ,  "The Behavior of Metals i n  
High Temperature Reactor Helium f o r  Steam 
Generators  ," Nucl. Technol. 28(3) : 427 (March 1976) . 

FIAT ( I t a l y  

R. J .  Pearce ,  R.A.V. Huddle and P. Kofs tad t ,  
Fundamental Aspects of the Interaction of the HTGR 
Helium with Metals and Alloys, Cen t ra l  E l e c t r i c i t y  
Generat ing Board, ' R D / B / R ~ ~ ~ ~ - R P c / c M / P ( ~ ~ ) ~ - D P T N / ~ ~ ~  
(modified) (January 1974).  

H.G.A. Ba tes  and R. H.  Cook, The Program for Environ- 
mental Creep Testing of Primary Circuit  Materials 
a t  CRL, LTAT, Dragun Bru-j e c t  Report 933 (May 1975) . 

Peach Bottom W. J .  Sche f fe l ,  N. L.  Baldwin, and R. W .  Tomlin, 
Operating History Report for the Peach Bottom HTGR, 
CA-A-13907, -Val. I (August 1976) . 

F o r t  S t .  Vrain Public Service Company of  CoZorado 330 MWfel High- 
Temperature Gas-Cooled Reactor Research and 
DeveZopment Prsgram, GA-A-13957 (October 1976).  

Dragon (England) M. R. E v e r e t t ,  IIeZium Impuritg Levels for Compati- 
and AVR (Germany) b i l i t y  Testing of  HTGR Primary Circuit Materials, 

Dragon P r o j e c t  Report 932 (May 1975).  



gas contains less oxygen than the carrier gas10 (99.9999% He). This 

means that oxygen present in the gas entering the test chambers reacts 

almost completely with H2 and CO so that 0 2  is below the limit of 

detection in the exit gas. 

RESULTS AND 'DISCUSSION 

Tensile Properties 

Tensile tests were conducted on both 2 114 ~ r - 1  Mo steel and 

Hastelloy X (from room temperature through appropriate elevated tempera- 

tures) in known heat treatment conditions. The results of these tests. 

are described below. 

Tests at room temperature and at 2.10 to 593°C (500-1100°F) in 

increments of 55.5"C (lOO°F).were conducted on three heats (Babcock and 

Wilcox heats 36202, 72768, and X-6216) of 2 114 Cr-1 Mo steel tubing. 

These heats, which were also tested in.our environmental creep program, 

were isothermally annealed [i.e.,. austenitized at 927°C (1700°F), held 

for 2 hr at 704°C (1300°F), and .cooled at controlled rates from 927 to 

704°C (1700-1300°F) and from 704°C (1300°F) to room temperature] before 

tensile testing. The 0.2% offset yield strengths and ultimate tensile 

strengths determined for these heats are shown in Table 2. Yield strength 

values tend to follow the trend of the "expected minimum yield strength 

vs temperature" curve given in Code Case 1592, but a number of our 

experimentally determined values fall somewhat below the subject curve. 

These values are, however, consistent with minimum yield strengths 

recently incorporated into the Nuclear Systems Materials Handbook. " 
Ultimate tensile strengths, with an intermediate temperature maximum at 

about 371°C (700°F), are also consistent with Handbook data. 

'%. C. Cavenah, Beckman Instruments, inc., Fullercon, Calif. 
W. A. Hilchey, Le Fleur corporation, Gardena, Calif., A Sensitive 
System for Analyzing Permanent Cases, unpublished manuscript. 

l ~ u c l e a r  Systems Materials Handbook, Vol. 1 - Design Data, 
TID-26666, (continually updated). 



Resu l t s  of  . t h e  tests on 13-mm (112-in.) p l a t e  ~ a s t e l l o ~  X .(Cibot . 

Corp.' Heat 2600-3-4936) a r e  shown i n  Table 3. Some of '  t h e  t e s t s '  on 

H a s t e l l o y  X ( s e e  n o t a t i o n  i n  Table 3) w e r e  r u n  a t  a ' r a t e  of 0;4%/min 

through f a i l u r e .  However, most of t h e  t e s t s  were run  a t  0.4%/min th ro igh  

y i e l d i n g  and t h e n  a t  1.6%/min t o  f a i l u r e .  The only  proper ty  t h a t  seemed 

t o  be  s i g n i f i c a n t l y  a f f e c t e d  by th i s .  d i f f e r ence  i n  t e s t  method was 

r e d u c t i o n  of a r e a  [e .g . ,  a t  760°C (1400°F), r educ t ion  of a r e a  was 

<60% f o r  t h e  two-stage r a t e  and. >79% f o r  t h e  o t h e r ] .  

' I  . 
Creep and c r e e p - ~ u p t u r e  Behavior of  2 114 C r - 1  Mo s t e e l  

. . 
. . 

'We have oomplctcd 1 8  ereep CesLs un I sorhemal ly  annealed % 1/4 Cr- 

1 Mo steel i n  s imula ted  HTGR primary coo lan t  helium environment and a i r ,  
. . 

and Table 6 s h o w s t h e  r e s u l t s  t oge the r  wi th  th.e a v a i l a b l e  d a t a  from 

tests c u r r e n t l y  i n  progress .  

The r u p t u r e  l i f e ,  t i m e  t o  t e r t i a r y  c reep ,  and minimum creep  r a t e  

f o r  t h e  HTGR helium t e s t s  a r e  compared wi th  d a t a  from l i t e r a t b r e  on 

a i r  t e s t s  i n  F igs .  8 ,  9 ,  a n d l O , ' r e s p e c t i v e l y ,  ' I n  al.1 t h r e e  f i g u r e s ,  

t h e  s o l i d  l i n e s  r e p r e s e n t  average va lues  f o r  a i r  data and t h e  p o i n t s  a r e  

t aken  from t h e  HTGR environment test da t a .  The l i n e s  a r e  c a l c u l a t e d  

from equa t ions ,  report 'ed by M. K. Booker ' e t  a1. l 2  and f i t  t h e  average 

of  many a i r  t e s t s  conducted a t  vatiIous l a b o r a t o r i e s .  

I n  t h e  s t r e s s - r u p t u r e  p l o t ;  da t a  p o i n t s  from t e s t s  conducted a t  

General  ~ t o m i c '  are a l s o  inc luded .  It appears  t h a t  t h e r e  i s  no ' 

s i g n i f i c a n t  d i f f e r e n c e  between t h e  d a t a  from t h e  helium enfirnnmen'+;ll 

tests and a i r  tests a t i t b e  temperature-s tress- t ime (maximum 15,200 h r ) .  

combinat ions ,tested. this f a r ,  except  . f o r  t h e  t h r e e  482°C (900 OF) t e s t s  

conducted a t  General Atomic. Those tests had r u p t u r e  l i v e s  'much longer  

than those show'~l by t h e  average a i r  tests. 

1 2 ~ .  I<. Booker; T. L. Hebble, D.. 0. Hobson, and C. R. Brinkman, 
Mechunical Properties CorreZations. for 2 1 / 4  Cr-1 Mo -St;esI. i.n Szipport 

. of  NucZeuraReactor Systems Design,, O~~L/TM-5329-('June 1976).  

' 3 ~ .  J. - Wolwowicz, Creep Rupture Properties of IneoZoy 800H, 
2 1/4 Cr-1 Mo Steel  and HasteZZoy X AZZoys i n  SimuZated HTGR Environment, 
Interim Report, GA-A-13876 (June 1976).  



Table  6 .  R e s u l t s  of Creep T e s t s  on 2 . 1 / 4  C r - 1  Mo S t e e l s  

Temperature S t r e s s  Time t o  I nd i ca t ed  
Environ- Creep S t r a i n  (h r )  Minimum Time t o  

T e s t  Heat Rupture Elongat ion  
men t Creep Rate  ~ e r t i a r ~  Creep L i f e  

("C) ( O F )  (MPa) ( k s i )  (hr - I )  ( h r )  . ( h r )  (%) , 

1% 2% 5% 

HTGR-He 
HTGR-He 
HTGR-He 
HTGR-He 
HTGR-He 
HTGR-He 
HTGR-He 
HTGR-He 
HTGR-He 
Air  
HTGR-He 
HTGR-He 
HTGR-He 
A i r  
A i r  
HTGR-He 
HTGR-He 
HTGR-He 
HTGR-He 
Air  
HTGR-He 
HTGR-He 
HTGR-He 
A i r  
HTGR-He 
Air  

288 47.2 
361 34.6 
513 29.1 

I n  Progress  
89.5 42.1 

1337 ' 51.3 
328 50.8 
436 46.8 
793 44.5 I+ 
388 52.5 \O 

9660 38.9 
7784 26.6b 
3186~ 2.8 
6698 27.3 

I n  Progress  
I n  Progress  
I n  P rog re s s  

15232 41.7 
14957 38.2 

I n  P rog re s s  
I n  Progress  

3494 35.7 
I n  P rog re s s  

6611 45.3 
13509 40.2 

I n  Progress  

%elium w i t h  i m p u r i t i e s :  275 patm Hz, 30 patm CHs, 20 patm C0,'20 patm H 2 0  (1 patm = 0.101 Pa) .  

b ~ ~ r m i n a t e d  s h o r t  of  r up tu r e .  



Pig. 8. Rupture Life Versus Stress for 2 114 Cr-1 Mo Steel in 
Simulated HTGR-Helium Environment and Air at Different Temperatures. 

TIME TO TERTIARY CREEP (hr) 

Pig. 9. Time to Tertiary Creep Versus Stress for 2 114 Cr-1 Mo Steel 
in Simulated HTGR-Heli~lm Environment and Air at Different Temperatures. 



MINIMUM CREEP RATE @ /hr) 

Fig. 10. Minimum Creep Rate Versus S t ress  f o r  2 114 C r - l  No Steel 
i n  HTGR-Environment and A i r  a t  Different Temperatures. 

Also, no s ign i f ican t  differences i n  the times t o  onset of t e r t i a r y  

creep f o r  the a i r  tests and the HTGR-helium tests were observed. Actually, 

the  pa t te rn  of the s t r e s s  vs  time-to-tertiary creep p lo t  looks very 

s imilar  t o  t ha t  of t he  stress-rupture p lo t ,  except a t  482OC ( 9 0 0 ° ~ ) ,  

where the  t e r t i a r y  creep s tage s t a r t ed  s l i gh t ly  e a r l i e r  fo r  the  HTGR- 

helium tests than fo r  the  a i r  t e s t s .  

Figure 10 is a p lo t  of minimum creep r a t e  vs s t r e s s .  It i s  

c l ea r  tha t  a t  64g°C (1200°F) the  minimum creep r a t e  was lower f o r  the  

HTGR-helium tests than fo r  the  a i r  tests. However, it is in te res t ing  

t h a t  i n  helium, the time t o  t e r t i a r y  creep and the  rupture l i f e  were 

shorter ,  although the differences were small. 

Three tests of 2 114 C r - 1  Mo steel i n  a i r  have been completed. 

I n  Fig. 11, t h e i r  creep curves a r e  compared with  creep curves from 

t e s t s  conducted i n  the  simulated HTGR-helium environment. Again, 

t i m e  t o  t e r t i a r y  creep was much longer i n  a i r  than i n  HTGR helium at  

482OC (900°F) and 207 MPa (30 ksi), although the minimum creep r a t e  

w a s  the same. A t  593OC (1100°~)  and 69 MPa (10 k s i ) ,  t h i s  trend w a s  

reversed and the minimum creep r a t e  i n  a i r  w a s  twice a s  high a s  i n  



Fig. 11. Comparison of Creep 
Curves for 2 1/4 Cr-1 Mo Steel 
Conducted in Simulated HTGR-Helium 
Environment and Air at Three 
Different Test Conditions. 



HTGR helium. At 593OC (1100°F) and 103 MPa (15 ksi), the creep curve 

for an air test was similar to two creep curves for HTGR-helium tests, 

whereas two other tests.conducted in HTGR helium had a lower minimum 

creep rate and a longer time'to rupture. Test 16882 showed quite 

different behavior. The minimum creep rate was one-tenth that for 

Test 17377, which was identical in all respects: same heat,.same 

environment, and even the same creep frame. 

Creep and Creep-Rupture Behavior of Hastelloy X 

Fifteen creep tests of Hastelloy X have been conducted in either the 

simulated HTGR primary coolant helium environment or air. The results 

are shown in Table 7 together with the available data from additional 

tests that are in progress. 

The rupture life, time to tertiary creep, and minimum creep rate 

of Hastelloy X exposed to HTGR helium are plotted as ,functions of' 

stress in Figs; 12, 13, and 14, respectively. The solid lines in 

Figs. 12 and 14 represent data from air tests14 included for comparison. 

In all these figures the points plotted are data from the HTGR environ- 

mental . . tests, and 'the dotted lines are based on those points and engineer- 

ing judgment . 
i In the stress-rupture plot (Fig. 12) data points from tests conducted 

at General ~tomic'~ are included, and as. for 2 114 Cr-1 Mo steel, there 

is'no. significant difference between the rupture life of Hastelloy X 

in IHTGR-helium and in air at these temperature-stress-time combinations 

(maximum time, '6500 hr). The minimum creep rate of Hastelloy X (Fig. 14) 

was.lower in HTGR helium than in air in the temperacure range 649-871°C 

(1200-1600°F), and the lower the stress the bigger the difference 

between the HTGR-helium data'and air .data. Although the smaller minimum 

145. W. ~ackett, The Creep Rupture Properties of HasteZZoy Alloy X 
Sheet, Tech. Dept. Report 8745, Stellite Division, Cabot Corporation, 
Kokomo , Indiana, 19 75 .' 

' 'R. J . WO~WOW~CZ , Creep Rupture Properties of IncoZoy 800H, 
2 1/4 Cr-1 Mo SteeZ and HasteZZoy X AZZoys in.SimuZated HTGR Environment, 
Intorim Rapo~k, GA-A-1387 h ( . . T I . I ~ P .  1 9 76) . 



Table 7 .  Resu l t s  of Creep Tes t s  on Has te l loy  X 

S t r e s s  
Time t 3  I n d i c i t e d  

Temperature Cree-, S t r a i n ,  h r  
Minim-~a Time t o  Rupture 

Erviron- 
Tes t  Heat Creep Rate  T e r t i a r y  Creep L i f e  

('C) (OF) @Pa) ( k s i )  mert (hr-  ' I ( h r )  (h r )  
(%> 

1 (2%) (5;) . 

E ' l  1600 6 2 
E V 1  1600 34 
E l  1600 34 
€16 1500 6 9 
I:6 1500 69 
E16 1500 69 
ibO 1400 152 
760 1400 133 
i60 1400 138 
i60 1400 103  
760 1400 6 9 
704 1300 172 
4 1300 138 
X04 1300 138 
K14 1300 135 
K44 1300 103 
K.4 1303 103 
W9 1200 207 
W9 1203 872 
F 9  ' 1200 872 
W9 1200 138 
W9 1200 L33 

E T G R - H ~ ~  93 
H'IGR-He 4414 
P.%r 1022 
HTGR-He 253; 
Air 600 
Air 119 
IiTGRUe 
HTGR-He 16 
A i r  18 
HTGR-He 37; 
H'IGR-lje 
H'L%I(-He 49 
HTGR-He 113 
HTGR-He 148 
A i r  9.5 
HER-Ee 550 
A i r  96 
HZR-::e 291 
HER-iie . 471 
Air 335 
HER- J e  805 
HT3R-ie 

554 34.3 
6527 14. ? 

I n  P rogres s  
2790 25.8 
3453 18 .8  
1905 43.: 

159 57.5 
335 35.9 
297 52.L 

2690 18.3 
I n  P rogres s  

1007 35.4 
4045 21.4 
4588 23.0 
4504 18.3 

I n  P rogres s  
I n  P rogres s  
I n  P rogres s  

6466 34.9 
I n  P rogres s  

4795 ~ . 3 ~  
In  P rogres s  

a ~ e l i u m  wi th  i m p u r i t i e s :  275 !Jam 32, 33 Uatm CHu, 20 UaCm CO, 20 Latm H z 0  ( 1  patm = 0.101 P a ) .  

b ~ s t i n a t e d  va lue .  k d  extensorneter readings  through t n e  ;hole t e s t .  

' ~ e s t  still i n  minimm c reep  r a t e  s r s g e ,  and t h e r e f o r e  t h s  v a 1 u e . i ~  in t e r im .  
c, ~ e r m i n a t a d  s:iort of '  r up tu re .  Leak . in  chamber. 



ORNL-OWG 76-44093R3 

- SYMBOL ENVIRONMENT ( p a l m  IMPURITY) TEST LAB. 

HELIUM ( 275 H z .  20CO. 30CH, , 20H2  0 )  ORNL + - 
HELIUM (4500H2, 450CO. 50CH,. 50HzO) GA - AIR CABOT -1 

to 20 ' 40 6 0  80 400 200 400 600 800  4000 2000 4000 6000 8000~10.000 
RUPTURE LIFE (hr)  

Fig. 12. Rupture Life Versus Stress for Hastelloy X in Simulated 
HTGR-Helium Environment and Air. 



Fig .  14 .  Minimum Creep Rate  Versus S t r e s s  f o r  Has t e l l oy  X i n  Simulated 
HTGR-Helium ~ n v i r o n m e n t  and A i r .  

c r eep  r a t e  i s  d i s t i n c t ,  no s i g n i f i c a n t l y  longer r u p t ~ i r e  1 , j . f ~  i.n HTGR. 

hel ium h a s  been observed y e t ,  b u t  t h e  d a t a  i n d i c a t e  t h a t  t h i s  can be  

expected only  i n  ve ry  long-time tests. 

Creep curves of I i a s t e l l o y  X ob ta ined  i n  a i r  and HTGR helium 

under t h r e e  d i f f e r e n t  tests c o n d i t i o n s  are compared i n  Fig.  15.  There 

was no d i f f e r e n c e  between tests conducted i n  a i r  o r  i n  HTGR helium a s  

l ong  a s  t h e  test tempera ture  was 760°C (1400°F) o r  below. A t  816°C 

(1500°F),  however, t h e  minimum creep  r a t e  was more than  twice  a s  h igh  

f o r  t h e  a i r  test a s  f o r  t h e  HTGR-helium.test. 

Corros ion  of 2 114 C r - 1  Mo S t e e l  Exposed t o  HTGR Helium 

A f t e r  r u p t u r e  we examined me ta l l og raph ica l ly  c r o s s  s e c t i o n s  of t h e  

gage s e c t i o n  and t h e  shoulder  of t h e  specimens, where t h e  stress w a s  

one- four th  t h a t  a t  t h e  gage s e c t i o n .  A t  593°C (1100°F) t h e  co r ros ion  

r a t e  of 2 114 C r - 1  Mo s teel  decreased  w i t h  i n c r e a s i n g  t i m e .  This  i s  

shown by t h e  curve i n  F ig .  16 ,  t oge the r  w i t h  micrographs of t h e  edges 

of  c r o s s  s e c t i o n s  of  specimens from d i f f e r e n t  t e s t s .  When t h e  r e s u l t s  

a r e  compared, t h e  c o r r o s i o n  r e s i s t a n c e  o f  2 114 C r - 1  Mo s t e e l  a t  
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Fig. 15. Comparison of Creep 
Curves for Hastelloy X Conducted 
in Simulated HTGR-Helium Environ- 
ment and Air at Three Different 
Test Conditions. 



Fig. 16. aorrosion Behavior of 2 1/4 Cr-1 Mo m e 1  at ~ 7 2  r t r ~ u u  'F) 
3.n Simulated HTGR-Helium Environment and Air. The micrographs are from 
.he following tests (left to right): 16266, 16883, 16882, 15047, and 15023. 



593OC (llOO°F) appears much b e t t e r  i n  HTGR helium than i n  air. The 

depth of a t t a ck  i n  air reached 24 pm i n  388 hr  and 200 pm i n  6698 h r  

( t he  l a t t e r  r e s u l t  i s  from Test 16360 and is not shown i n  Fig. 16) ,  

whereas i t  only reached 20 pm i n  9660 hr  i n  t h e  HTGR-helium environment. 

A t  482OC (900°F) t he  amounts of a t t a ck  on an air-exposed and an HTGR- 

helium-exposed specimen d i f fe red ,  but  less than a t  593OC (llOO°F). 

Figure 17 shows t h a t  t he  oxide l ayer  grew t o  a thickness of 40-50 pm 

a f t e r  6611 h r  i n  a i r  a t  482OC (900°F), compared with only 6--8 pm a f t e r  

13509 h r  of HTGR-helium exposure. 

FA%. 13, we of Cross- ~ectioa of Bk-dder af 2 114 Cr-1 HQ Steed. 
Spechem CBGWL 2 6 2 ~ 2 )  . 6 9 2  3-t 13374, mGB+eliuae exposed far 23,309 
hz at 482*C (9UOQP). (b) Test 16263, air e x p o & !  Ear 6&11 hr at 482 '~  
(4QU * F) . 400x. 



The three micrographs in Fig. 18 show the corrosion attack in 

HTGR helium as a function of temperature. The micrographs were taken of 

the edge of a cross section of the gage section of three specimens 

exposed at different temperatures, 482, 538, and 593°C (900, 1000, and 

llOO°F), for approximately the same time. The depth of attack obviously 

increases with increasing temperature. A surface oxide layer formed 

at all temperatures. At 482°C (900°F) the amount of intergranular attack 

below the oxide layer is very slight, at 538°C (1000°F) all subsurface 

reactions are intergranular, and at 593°C (1100°F) both intergranular 

and transgranular corrosion has occurred. 

Fig. 18. Edge of Cross Sectind of Gage Section of 2 1/4 Cr-1 Mo 
Steel Specimen Exposed in Simulated HTGR-Helium Environment at Three 
Different Temperatures. (a) Test 15374 (Heat 36202), exposed at 482°C 
(900°F) for 13,509 hr. (b) Test 15046 (Heat X-6216), exposed at 538°C 
(1000°F) for 14,957 hr. (c) Test 15023 (Heat X-6216), exposed at 593°C 
(1100°F) for 9660 hr. 500x. 



Small cross-sect ional  samples w e r e  c u t  from the  gage s e c t i o n  of 

severa l  of t h e  2 114 C r - 1  Mo steel creep specimens and analyzed f o r  

carbon. One sample was  a l s o  analyzed f o r  hydrogen, oxygen, and nitrogen.  

The r e s u l t s  a r e  shown i n  Table 8 together with t h e  analyses of t h e  

unexposed mater ia l .  The specimen t h a t  was exposed f o r  13,509 h r  a t  

482OC (900°F) showed v i r t u a l l y  no change i n  t h e  carbon content  ( t h e  

very s l i g h t  inc rease  observed may be due t o  t h e  l imi ted  accuracy of 

ana lys i s ) ,  whereas t h e  steel was decarburized when t h e  exposure tempera- 

t u r e  was 538OC (lOOO°F) o r  above. The r a t e  of decarbur iza t ion increased 

wi th  increas ing temperature. The increased content  of oxygen probably 

came from t h e  t h i n  oxide l a y e r  t h a t  formed during t h e  test. 

The d a t a  obtained t o  d a t e  on t h e  corros ion specimens of 2 114 C r - 1  Mo 

steel exposed i n  an unstressed condi t ion  i n s i d e  t h e  HTGR-helium environ- 

mental creep furnaces are shown i n  Table 9. Those specimens t h a t  a r e  

l i s t e d  more than once i n  t h e  t a b l e  have been exposed f o r  more than one 

creep test period. They were reweighed before  they w e r e  remounted f o r  

a new creep test. Although t h e  d a t a  base i s  sparse  and exposure t i m e s  

a r e  s h o r t ,  the  r e s u l t s  were cons i s t en t  i n  t h a t  a l l  specimens exposed 

a t  593OC (llOO°F) gained weight, and a l l  specimens exposed a t  64g°C 

(1200 OF) l o s t  weight. 

Table 8. Analysis of 2 114 C r - 1  Mo S t e e l  Specimens Tested 
i n  Simulated HTGR-Helium Environment 

Test  Conditions 
Results  of Analysis,  ppm 

Test  H e a t  . Temperature 
Time 
(hr)  

C H O  N 
("C) (OF) 

36202 Isothermally annealed 1420 

15374 36202 482 900 13509 1460 

X-6 216 Isothermally annealed 1216 9 40 125 

15046 X-6216 538 1000 14957 1050 

15023 X-6216 593 1100 9660 729 7 547 127 

17864 X-6216 649 1200 513 860 



Table 9. Results of Weight Gain Measurements on 2 1/4 Cr-1 Mo 
Steel (Heat 20017) Plate Specimens Exposed in 

Sfmulated HTGR-Helium Environments 

Temperature Exposure Weight Gain 
Specimen Time 

("C) (OF) (hr) (mg) (g/m2) 

Some Corrosion Observations on Hastelloy X Exposed to HTGR Helium 

The same kinds of examinations (metallographic, chemical analysis 

for carbon, and weight change) of 2 114 Cr-1 Mo steel were also made 

of the Hastelloy X alloy. 

By examining the surface at a cross section nf the shoulder (where 

the stress was one-fourth that at the gage section) one can assess the 

corrosion behavior of this material in the HTGR environment. The oxide 

formed on the surface of Hastelloy X exposed to HTGR helium differs 

only slightly from that formed in air at 704OC (1300°F). The differences 

are more distinct at 760'~ (1400°F), and even more pronounced at 816OC 

(1500°~). As shown in Figs. 19 through 21, there was no difference 

in specimens exposed to the HTGR helium at the three temperatures, but 

it is evident that attack in air increases with increasing temperature. 



( b )  

Fig.  19. Edge o f  Cross S e c t i o n  of  t h e  Shoulder  of  H a s t e l l o y  X 
Creep Specimens (Heat 2600-3-4936). (a) T e s t  15792, HTGR-helium-exposed 
f o r  4588 h r  a t  704°C (1300°F). (b) T e s t  16268, air-exposed f o r  4504 h r  
a t  704°C ( 1 3 0 0 ° ~ ) .  500x. 

Fig.  20. Edge o f  Cross S e c t i o n  o f  t h e  Shoulder of  H a s t e l l o y  X Creep 
Specimens (Heat 2600-3-4936) , (a) Test 16125, HTGR-helium exposed f o r  
305 h r  a t  7 6 0 " ~  (1400°F). (b) ~ e s t ' , l 7 3 3 0 ,  a i r  exposed f o r  297 h r  a t  
7 6 0 " ~  (1400°F) . 5 0 0 ~ .  



Fig. 21. Edge of Cross Section a£ Shoulder of Hastelloy X Creep 
Specimens (Heat 2600-3-4936). (a) Test 17332, HTGR-helium-exposed 
f o r  2790 h r  a t  816°C (1500°F). (b) Test 17375, air-exposed f o r  1905 h r  
a t  816°C (1500°F). 5 0 0 ~ .  

The changes i n  microstructure of Hastelloy X as a function of t h e  

exposure temperature are shown i n  Fig. 22. The as-received mater ia l  

( so lu t ion  annealed) shows only a s l i g h t  p rec ip i ta t ion  i n  the  grain  

boundaries, but  p r e c i p i t a t e  can be  observed i n  t he  g ra in  boundaries of 

t h e  specimen exposed a t  704°C (1300°F) f o r  4588 hr .  A t  760°C (1400°F) 

p a r t i c l e s  i n  t h e  g ra in  boundaries have grown i n  s i ze ,  and small  p a r t i c l e s  

have prec ip i ta ted  throughout the  e n t i r e  matrix. A t  816 and 871°C (1500 

and 1600°F) p a r t i c l e s  i n  t h e  martix have become large,  but more sparse,  

and denuded zones have formed along the  g ra in  boundaries. According 

t o  ~ a b l o n s k i ' ~  t h e  p r ec ip i t a t e s  a r e  mainly carbides of t he  M6C and M23C6 

types. The M23C6 type i s  primarily of t he  composition C T ~ ~ ( M O , W ) ~ C ~ ,  and 

t h e  M6C types range from M2.48C = Mo~.9lNiO.9~CrO.~~Feo.1,C t q  M13.25C = 

M06.34Ni5.73Cro.6gFeo.4sC . 

1 6 ~ .  A. Jablonski,  "High Temperature Fatigue Crack Propagation 
Behavior of Two Super Alloys," Master's Thesis, Massachusetts I n s t i t u t e  
of Technology, January 1976. 



Fig. 22. Edge.& Cross Seetioa of Shoulder o$ ZPaotelluy X Creep 
S p a c i q s  ( R a t  2600-3-4836) tsspo~ed i n  S i a i q t e d  H3GRrBeli~~n. Ew-ommt 
at Differeat Tqeratures, Showing the Chaag& f n  the ~cr011:ru~turue, 
Ca) &-reazei-sed {~dlution m a w l e d ) . -  (b) Test 15792, exposea'ak 704°C 
(130O0J?) for 4586 hr. ( e )  Tast 16490, espimed at 560°C (1400°F) f o r  
2690 hr. ('d) Test 17332 exp~sM a t  1816'C (150O0F3 for 2790 hr. (e) 
Test 16126, exposed at 871°C (X6OO0F) for 6527 hr. 5 0 0 ~ .  



Another microstructural  feature  of the  specimens i n  Fig. 22 is the  

subsurface zone below the  surface layer.  Prec ip i ta t ion  is very l i g h t  

i n  t h i s  region and other  inves t iga tors  have found t h a t  t h i s  region 

i e  r i c h  i n  nickel  and i ron  but depleted i n  chromium r e l a t i v e  t o  the  

nominal composition of the  a l loy.  1 7  

The r e s u l t s  of the  carbon analyses on small samples cut from the 

gage sec t ion  of t es ted  Hastelloy X specimens a r e  shown i n  Table 10. 

Carbon contents increased during a l l  the tests conducted i n  the  tempera- 

t u r e  range of 649-871°C (1200-1600°F), and the  increases w e r e  more 

s ign i f i can t  as  the  test temperature increased. A s  i n  2 1/4 Cr-1 Mo 

steel, increases i n  the  oxygen contents a r e  l i k e l y  the  r e s u l t  of the 

t h i n  oxide layer  t h a t  formed during the  t e s t .  

Only four unstressed Hastelloy X weight-gain specimens have been 

examined t o  date, and the  r e s u l t s  a r e  shown i n  Table 11. The specimens 

gained weight a t  both 649 and 816OC (1200 and 1500°F), and the  amount 

of weight gain w a s  greater  a t  the higher temperature. 

- - 

' s . N . Rosenwasser and W. R. Johnson, Gas ~ b i n e  and Advanced 
HTGR MuteriaZs Screening Test Program, 20,000-Hour Results and Semiannu. 
P m g .  Rep. W .  31, 1977, eA-Al4407, pp. 2-125. 

Table 10. Analysis of Hastelloy X (Heat 2600-3-4936) Specimens 
'Jested i n  Simulated HTGR-Helium Environment 

.. a,.@sEm-i.e?$$$::', ' 

Tes 1: C u r ~ d i ~ i o r ~ s  . : "8.i.Ak + , i: ; . .,( . :&&: , .:> .-:a 
Re.4111 ts nf  Analysis, ppm 

T e s t  Temperature Time 
(hr) 

C H 0 N 
("C) (OF) 

a s  received 792 11 21 545 

15772 649 1200 6466 830 

15792 704 1300 4588 8 20 

16490 760 1400 2690 880 

17332 816 1500 2790 1010 

16126 871 1600 6527 1334 8 555 545 



Table 11. Results of Weight Gain Measurements on 
~astello~ X (Heat 2600-3-4936) Plate 

Specimens Exposed in Simulated 
HTGR-Helium Environment 

Temperature Exposure Weight Gain 
Specimen Time 

("C) (OF) (hr) (mg) (dm2) 

SUMMARY AND CONCLUSIONS 

Environmental equipment has been developed for high-temperature 

creep testing of structural materials in simulated HTGR helium. The 

creep test program of 2 114 Cr-1 Mo steel and Hastelloy X is in an early 

stage, and very few test data have been obtained for times longer than 

6000 hr. Therefore, all conclusions based on these creep data should 

be considered as preliminary. 

1. Tensile tests performed on isothermally annealed 2 114 Cr-1 Mo 

steel showed minima in the strength and ductility in the tempera- 

ture range of 260-370°C. Strength values were consistent with those in 

the Nuclear Systems Materials Handbook. 

2. A minimum in the short-term tensile ductility of Hastelloy X, 

which is typical for nickel-base high-temperature alloys, fell in the 

temperature range 480-705OC. 

3. Comparisons of creep. behavior and creep-rupture data of 

2 114 Cr-1 Mo steel in HTGR helium and air show no significant difference. 

in rupture life and time to tertiary creep, whereas the minimum creep 

rake was lower for the HTGR-helium tests than for the air tests. 

4. Stress-rupture data for Hastelloy X in simulated HTGR helium 

showed no significant difference from those obtained in air, whereas 

the minimum creep rate was lower in HTGR helium than in air in the 

range of 649-871°C. The lower the stress, the larger was the difference 

between creep rates in helium and air. 



5.  Creep curves  of Has t e l loy  X ob ta ined  i n  HTGR helium and a i r  

under t h r e e  d i f f e r e n t  t e s t  cond i t i ons  were compared. They showed no 

d i f f e r e n c e  as long  a s  t h e  t e s t  temperature w a s  760°C o r  below. A t  

816OC t h e  minimum c reep  r a t e  w a s  more than  twice  a s  h igh  f o r  t h e  a i r  

test a s  f o r  t h e  HTGR-helium t e s t .  

6. Micrographs of c r o s s  s e c t i o n s  of t e s t e d  2 114 C r - 1  Mo s t e e l  spec i -  

mens showed t h a t  t h e  c o r r o s i o n  r a t e  a t  593OC i n  HTGR helium decreases  w i t h  

i n c r e a s i n g  time and t h a t  t h e  depth of a t t a c k  reached 20 pm i n  9660 h r .  

The c o r r o s i o n  r a t e  i n  a i r  w a s  much h igher .  

7. Small samples from t h e  gage s e c t i o n  of t e s t e d  2 114 C r - 1  Mo 

s t e e l  specimens exposed a t  482OC showed no change i n  carbon con ten t ,  

whereas t h e  s t e e l  specimens decarbur ized  when t h e  exposure temperature 

was 538OC o r  above. Decarbur iza t ion  inc reased  w i t h  i n c r e a s i n g  temperature.  

8. Unstressed weight-gain specimens of 2  114 C r - 1  Mo s t e e l  exposed 

t o  HTGR-helium a t  593OC gained wcight ,  and t h e  ones exposed a t  64g°C 

l o s t  weight .  

9. There was only  a  s l i g h t  d i f f e r e n c e  i 1 1  oxide formation a t  

704OC on t h e  s u r f a c e  of Has t e l loy  X exposed t o  HTGR hel ium compared 

wfeh aPr. The c o r r o s i o n  r a t e  I n  a i r  was s l i g h t l y  h igher  a t  /6UUC 

and much h ighe r  a t  816OC. 

10 .  Has t e l loy  X exposed a t  704OC (1300°F) showed some p r e c i p i t a t i o n  

i~ g r a i n  boundaries .  A t  816 and 871°C l a r g e  p a r t i c l e s  p r e c i p i t a t e d  

throughout t h e  m a t r i x  and denuded zones formed along t h e  g r a i n  

hni indar i_~s .  

11. The carbon content  increased  i n  Has te l loy  X specimens t e s t e d  i n  

HTGR helium. The i n c r e a s e  w a s  g r e a t e r  a t  h ighe r  t e s t  temperatures .  

12.  A l l  specimens of uns t r e s sed  Has t e l loy  X exposed t o  HTGR helium 

a t  649 and 816°C gained weight .  A s  t empera ture  i nc reased ,  weight ga in  

bccamc l a r g c r .  
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