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ENVIRONMENTAL TESTS OF CANDIDATE MATERIALS 

FOR THE HtGH TEMPERATURE LATTICE TEST REACTOR 

INTRODUCTION 

This report describes the f i r s t  environmental test  resul ts  relative 

to  some of the common high temperature alloys which a r e  under considera- 

tion for  use in the High Temperature Lattice Test  Reactor (HTLTR). The 

test  program, which is continuing, a l so  included compatibility evaluations 

of fuel, control, and spacer  materials.  

Essentially, the HTLTR i s  a 10 ft cube of graphite containing chan- 

nels fo r  fuel and control devices. Surrounded by ceramic  insulation, the 

graphite is heated electrically with graphite resis tance elements.  The 

operating temperature limit is 1000 OC, but it is desirable to extend this  

limit to 1200 OC. 

At peak operating conditions, the reactor  crea tes  a severe  environ- 

ment fo r  metallic components such a s  fuel cladding, control rods ,  safety 

blades, brick hangers,  and piping. A 10,000 h r  life at  1000 OC is required 

of these components. Although the neutron flux is insignificantly low, the 

chemistry of the environment crea tes  problems with materials.  Since a 

nitrogen atmosphere will be maintained throughout the graphite and insula - 

tion, oxygen, which inevitably will be present a s  a contaminant, will react 

with the graphite to fo rm carbon monoxide a t  the operating temperature.  

Most of the high temperature alloys, which depend on chromium f o r  corro-  

sion resis tance,  will be subject to some degree of carburization and ni tr i -  

ding. Fur thermore ,  in the reducing atmosphere, there a r e  possibilities of 

reactions between alloys and other materials  such a s  UOZ, B4C, and the 

refractory brick. Because of the available water on and in construction 

materials  such a s  refractory brick, the water content of the atmosphere 

may be an  important factor early in the life of the reactor .  The effect of 

a few hundred ppm H 0 in the atmosphere on the stability of materials  such 2 
a s  B4C may influence the design of control hardware. 



SUMMARY 

A s e r i e s  of screening tes ts  established that definite problems would 

exist with the use of some alloys, and permitted a selection of materials  for  

l a t e r  and more  detailed testing. Candidate cladding, s t ructural ,  control,  

and fuel materials  were evaluated on the bases of weight gain, metallogra- 

phic change, and room temperature mechanical properties.  Test specimens 

were exposed in a simulated HTLTR environment f o r  various periods up to 

840 h r  in a nitrogen-graphite environment a t  1000 o r  1200 OC. 

The most pronounced effect on metallic specimens was carburization 

of alloys containing carbide fo rmers .  TD Nickel and Nickel 200 showed the 

least  effects. Hastelloy B and Inconel 600 displayed limited serviceabili ty,  

and were more  stable than nickel when in contact with the refractory brick 

which will be used for  insulation in the reactor .  Embrittlement occurred 

in Hastelloy X,  Inconel 625, Molybdenum, and Hastelloy X with commer-  

cially applied coatings of aluminum and ceramic.  

Reactions between granulated B4C and nickel and powdered U02 and 

nickel resulted in low melting alloys which melted during exposure. Mas- 

s ive B4C and powdered UO did not reac t  with TD Nickel cladding in other  2 
tes ts .  Aluminumnitridewas found to be stable,  but boron nitride decom- 

posed in the simulated reac tor  environment. 

TEST PROCEDURES 

The initial screening tes ts  f o r  the candidate s tructural  and cladding 

alloys were  based on 200-hr exposures in a simulated reac to r  environment. 

Selected alloys were then tested for  longer periods and the i r  compatibility 

with fuel and control materials  was investigated. The f i r s t  200 h r  tes t  was 

a t  1000 OC, and subsequent exposures were a t  1200 OC. 

Prepurified nitrogen was passed through a graphite baffle, then over 

specimens held in graphite racks  and finally over specimens held ei ther  in 

metal racks o r  ce ramic  racks made f r o m  the ref rac tcry  br ick  used in the 

reactor .  To compare the effect of the atmosphere alone and the effect of 

contact o r  close proximity to graphite,  a l l  of the components were  in one 



container and a l l  were run at  the same temperature.  Nitrogen and carbon 

monoxide were the reactive components of the atmosphere a t  the test  tem- 

perature of 1000 and 1200 OC. F o r  the production of carbon monoxide, 

oxygen was available a s  a n  impurity (5 ppm) in the nitrogen, a s  adsorbed 

a i r  on the container and components, and f rom reduced oxides. 

F o r  each test ,  the chamber (Figure 1) was welded closed and 

flushed with flowing nitrogen f o r  at  least  an  hour before heating. A ni t ro-  

gen flow rate  of approximately 0. 5 CFH through the container was main- 

tained throughout the test .  After exposure to the simulated HTLTR envi- 

ronment, the test  materials  were evaluated on the bases of weight gain, 

Metal o r  Graphi te  Graphi te  
C e r a m i c  Racks  Racks  Baffle 

Section A-A Section B - B  Section C-C 
Metal Racks  Graphi te  Racks  Graphi te  Baffle 

FIGURE 1 

db 6. 1 in.  
Specimen 

Detail 

Exposure Chamber 

metallographic change and room temperature mechanical properties. Bend 

tests  were used a s  a primary measure of the effect of exposure on ductility. 

The test  coupons (Figure 1) were loaded a t  the midpoint a s  a simple beam. 

In general,  they broke with a minor deflection (< 20') or bent 180'. The test  

resul ts  (Tables I11 and IV, pp. 10 - 11 ) were correspondingly listed a s  "Nu 



fo r  the br i t t le  ones and "G" for  the ductile specimens. Tensile data was 

a l s o  obtained pr imar i ly  to evaluate ductility and give a qualitative indication 

of adverse  exposure effects. 

A.s  a prel iminary check on compatibility between mater ia l s ,  speci-  

mens  were exposed in racks  (Figure 1) constructed of the K - 2 3  re f rac tory  

br ick  which i s  intended f o r  use a s  insulation and will contact some metal 

s t ruc tura l  and control members .  In some of the screening t e s t s ,  containers 

of nickel, TD nickel,  o r  graphite holding fuel and control mater ia l s  were  

a l s o  exposed simultaneously with the other  mater ials .  

The following alloys were  tested: 

TD Nickel 

Nickel 200 

Hastelloy B 

Hastelloy X 

Inconel 625 

Inconel 600 

Molybdenum 

Hastelloy X-Gd 

Protect ive Coatings 
on Hastelloy X 

Ni, 2 Tho2 

99. 5 Ni 

65 Ni, 28 Mo, 5 F e  

45 Ni, 22 C r ,  18 F e ,  
9 Mo, 2 Co, 1 W 

61 Ni, 22 C r ,  18 F e ,  
9 Mo, 2 Co, 1W 

72 Ni, 14 C r ,  6 F e  

Molybdenum 

Gadolinium added (< 1%) 

Solar S10- 33A (Aluminum) 
Solarmic 56 100 (Ceramic)  
Arthur  Tickle Aluminized 

The following mater ia l s  were  checked fo r  stability and compatibility 

with container mater ia l s .  

Fuel:  U02 in the powder and consolidated f o r m  in TD Nickel, nickel,  

and graphite containers 

Control: B4C a s  powder and in the consolidated f o r m  in TD Nickel, 

nickel and graphite containers 

Control: Boron nitride in TD Nickel and graphite containers 

Spacer:  Aluminum nitride in graphite containers.  



TEST RESULTS 

The following four tests  were conducted to a s se s s  the compatibility 

of various alloys with the rather unique environment of the HTLTR. 

Generated within the test chamber, a corrodent caused failure of the 

effluent gas line and prematurely ended the attempts of Tests 3 and 4 to run 

fo r  1000 h r .  However, the specimens were not affected, and useable data 

were obtained. 

Weight change data a r e  shown in Tables I and 11, and mechanical 

properties in Tables I11 and IV. * The most significant metallographic results 

a r e  shown in Figures 2 through 15. * >$ 

The weight change and metallographic data indicate carburization a s  

the most strongly marked exposure effect. In all respects,  specimens i n  

contact with graphite underwent greater  changes than companion specimens 

held in the metal racks a few inches away from the graphite. Alloys with 

high chromium contents were least resistant to change. Nickel 200 and 

TD Nickel were least affected by the simulated reactor conditions, except 

when in close proximity to the refractory brick. A brief description of the 

principal effects of the high temperature N -graphite environment on the 2 
individual test materials follows. 

TD Nickel, Nickel 

These materials,  when in contact with graphite a t  1200 OC, took on 

carbon to approximately the extent of the solubility of nickel for  carbon 

(0. 4'7'0) at this temperature. At room temperature this carbon exists a s  

graphite nodules within the nickel matrix. Room temperature mechanical 

properties were not seriously reduced. These materials reacted with the 

'' Tables I-IV begin on p. 8. 
.I. ,L 

'" Figures 2- 15 begin on p. 12 



K-23 br ick  in the 1200 O C  reducing a tmosphere ,  resulting in an  alloy which 

s ta r ted  to melt  a t  the tes t  tempera ture  of 1200 O C  (Figure 4). Additional 

tes t  resu l t s  involving nickel a r e  descr ibed below with the fuel and control 

mater ia l  resu l t s .  

Hastelloy B 

This alloy was not ser iously affected by the reac tor  a tmosphere  a t  

1000 o r  1200 O C  in 200 h r .  In a longer tes t  (840 h r )  a t  1200 O C ,  the Hastelloy 

B specimens were  embri t t led,  apparently by carburization of the molybdenum 

contained in the alloy. The alloy did not reac t  with the K-23 brick.  

Hastellov X .  Inconel 625 

These mater ia l s  were  embritt led and lost  s t rength a f t e r  200-hr 

exposures  to  the simulated reac tor  environment both a t  1000 and 1200 O C .  

The important reaction appeared to be  carburization. Weight gain and metal-  

lographic resu l t s  (F igure  7 and 8) indicated a more  pronounced reaction in 

spec imens  in contact with the graphite.  The Hastelloy X with gadolinium, 

which was tested because of i t s  possible use a s  a control mater ia l ,  p e r -  

formed the s a m e  a s  the commercial  alloy. 

Inconel 600 

This alloy became embri t t led and lost  strength when exposed in con- 

tact  with the graphite.  Specimens retained most of the i r  s t rength and duc- 

tility when held in metal o r  ce ramic  racks  a few inches away f r o m  the 

graphi te .  

Molybdenum 

Exposure in contact with graphite a t  1200 O C  resul ted in a sur face  

l aye r  of carbide.  Recrystall ization occurred  during the 1000 O C  exposure,  

and considerable grain growth resul ted f r o m  the 200 h r  exposure a t  1200 O C .  

The grain growth and possibly the sur face  carbide contributed to  a pro-  

nounced reduction in s t rength and ductility a f te r  the 1200 O C  exposure.  



Coatings 

Two vendor-applied commercial aluminum coatings and one ce ra -  

mic coating were tested a s  protection for  Hastelloy X. They failed to p re -  

vent embrittlement of the base metal in a 75 h r  tes t  a t  1200 OC. Metallo- 

graphic resul ts  (Figure 11) indicate that the aluminum coatings may have 

retarded carburization somewhat more than the ceramic  coating. 

Uranium Oxide 

This fuel material  will be contained either in graphite o r  metal con- 

tainers.  With nickel o r  TD Nickel a s  the favored metallic cladding mater -  

ial ,  a test  was run to a s s e s s  the compatibility of UO and nickel. Nickel 2 
capsules fabricated f rom 114 in. tubing were filled with U02 powder and 

closed either with loose plugs which would allow entry of the test  a tmos-  

phere  o r  by beam welding in a vacuum. In a 75 h r ,  1200 OC exposure of 

these two capsules,  a reaction occurred between the UO and nickel in the 2 
unsealed capsule, producing an alloy which melted at  the test  temperature 

(Figure 14). No reaction occu'rred in the sealed capsule. Subsequent tests  

of consolidated U02 held in an  unsealed TD Nickel container and powdered 

U02 in a sealed TD Nickel container showed no evidence of interaction. 

Boron Carbide 

One contemplated use fo r  this material  was in a collimator tube in 

which either powdered o r  massive B4C would be contained in a metal con- 

tainer .  A compatibility test  including two nickel containers of granulated 

B4C, one sealed and the other open to the atmosphere, was run a t  1200 OC 

and resulted in melt down of both capsules. The low melting alloy which 

was formed i s  shown in Figure 15. On the other hand, consolidated B4C 

exposed in contact with TD Nickel gave no reaction a t  1200 OC. 

Boron Nitride 

A s  can be seen f rom the weight change data in Table 11, boron 

ni tr ide is not stable a t  the maximum operating temperature.  

Aluminum Nitride 

This material ,  which i s  to be used a s  a neutron absorber  in some tes ts  

because of i ts  nitrogen content, was nominally stable (Table 11) at  1200 OC. 



TABLE I 

Mater ia l  

Nickel 

TD Nickel 

Hastelloy B 

Molybdenum 

Inconel 600 

Inconel 625 

Hastelloy X 

Hastelloy X- 
Ar thu r  Tickle 
Aluminized 

Hastelloy X- 
Solar  
Aluminized 

Hastelloy X- 
Solar  S6100 
Coating 

WEIGHT GAIN DATA FOR METAL SPECIMENS 

Weight Gain, mg/dm2 
Held in Held in  

Metal Rack Graphite Rack 
1000 OC, 1200 OC, 1200 Oc, 1200 O c ,  1200 O c ,  
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TABLE I1 

WEIGHT CHANGE DATA FOR CERAMIC SPECIMENS 

75 h r  840 h r  
Weight Weight 

Specimen change ,  change ,  
- Size ,  g 7'0 70 

UOz, Massive,  in Unsealed 
TD Ni Container 26. 50 -0. 34 

U02,  Massive,  in Graphite 
Container -0 .44  

U02,  Powder ,  in Unsealed 
Nickel Container - - melted 

U02,  Powder ,  in Evacuated 
and  Sealed Ni Container 8. 18 

U02,  Powder ,  in Unsealed 
Graphite Container 8. 96 - 0 . 1 1  -0 .67  

BqC, Massive,  in  Unsealed 
TD Ni Container 1. 65 

B4C, Massive,  in Unsealed 
Graphite Container 1. 68 

B4C, Powder,in Graphite 
Container 

B9C, Powder, in Unsealed 
Ni Container - melted - 

B4C, Powder ,  in Evacuated 
and Sealed Ni Container - melted - 
BN, Massive,  TD Ni Can 5. 92  -3. 04 

BN, Massive,  Graphite Can 6. 75 -0 .74  - 1 . 9 3  

BN, Massive,  No Container 6. 88 -1. 3 -1. 74 

BN, Massive,  on Ceramic  
Rack 

AlN, Massive,  Graphite 
Can 

All spec imens  with the exception of one boron ni t r ide  spec imen a s  noted 
were  held in graphi te  r acks .  



TABLE 111 

PROPERTIES AFTER 200 h r  EXPOSURE 

IN CONTACT WITH GRAPHITE 

(HELD IN GRAPHITE RACKS) 

Tensile Tensile 
Yield Ultimate Elongation, 

Exposure Strength, Strength, 70 Bend 
Temperature k s i  k s i  i n l i n .  i n 2 i n .  Tes t  

TD Nickel As Received 75. 9 92. 0 12 
1000 "C 76. 2 95. 5 14  
1200 OC 45. 2 89. 9 22 

Nickel 200 A.s Received 32. 1 70. 6 44 
1000 OC 17. 7 61. 8 38  
1200 OC 13. 9 62. 1 43  

Hastelloy B As Received 53. 7 121.  8 52 
1000 OC 61. 2 106. 8 10  
1200 OC 

Hastelloy X A s  Received 62, 0 116. 0 
1000 OC 50. 0 63. 1 
1200 OC Broken Machining 

Inconel 625 As Received 79. 6 1 3 5 . 5  
1000 OC 57. 8 72. 1 
1200 OC Broken Machining 

Inconel 600 As Received 39. 4 92. 6 
1000 OC 31. 8 90. 8 
1200 OC 35. 7 40. 6 

Molybdenum As Received 86. 7 105. 1 
1000 OC - 73. 2 
1200 OC - 38. 2 

F o r  the bend test  r e su l t s ,  ' I N "  indicates br i t t le  fa i lure  with minor  deflection 
(< 20'1, and "G" indicates ductile behavior (180' bend, usually). 
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TABLE IV 

PROPERTIES AFTER 200 h r  EXPOSURE 

IN METAL RACKS 

2 in. DOWNSTREAM FROM GRAPHITE 

Tensile Tensile 
Yield Ultimate Elongation, 

Exposure Strength, Strength, '7'0 Bend 
Temperature k s i  k s i  in 1 in. in 2 in. Test  

TD Nickel As Received 75. 9 92. 0 12 
1000 OC 60. 8 80. 0 11 
1200 OC 41. 1 76. 8 2 1 

Nickel 200 As Received 32. 1 70. 6 44  
1000 OC 12. 8 60. 6 38  
1200 OC 22. 8 45. 7 50  

Has te l loyB AsReceived  53. 7 121. 8 52 
1000 OC 64. 8 112. 8 15 
1200 OC 

Hastelloy X A s  Received 62. 0 116. 0 
1000 OC 54. 0 78. 1 
1200 OC 44. 3 45. 0 

Inconel 625 A s  Received 79. 6 135. 5 
1000 OC 62. 5 106. 1 
1200 OC 49. 3 49. 8 

Inconel 600 As Received 39. 4 92. 6 
1000 OC 24. 8 81. 4 
1200 OC 22. 2 82. 2 

Molybdenum As Received 86. 7 105.  1 
1000 OC 71. 9 
1200 OC 40. 2 42. 7 

F o r  the bend test  r e su l t s ,  "N" indicates br i t t le  fa i lure  with minor  deflection 
(< 20°) ,  and " G I '  indicates ductile behavior (180' bend, usually). 



A s  received. All photos of mic ro -  
s t ruc tu re  include the sur face  of the 
specimen shown a t  the top of each 
picture.  

After  200 h r  a t  1000 O C  in contact 
with graphite.  

After  840 h r  a t  1200 O C  in contact 
with graphite. Carbon dissolved 
a t  1200 OC exis t s  a s  graphi te  
nodules a t  room tempera ture .  

FIGURE 2 

Effect of N2-Graphite Environment on Ni-200 
lOOX 



Control specimen exposed in evac- 
uated. quartz capsule at 1200 OC 
for 750 hr .  No observable change 
in the microstructure. 

After 200 h r  a t  1200 OC in contact 
with the graphite, the micro- 
-structure was nominally unchanged 
except for isolated patches of ca r -  
bon scattered through the structure. 

After 840 h r  at  1200 OC, the car-  
bon had begun to spherodize. 
Total carbon content similar to 
200 h r  exposure specimen. 

FIGURE 3 

Effect of N -Graphite Environment on TD Nickel 2 10  OX 



FIGURE 4 

Ni-200 (left) and TD Nickel a f ter  75 h r  at 1200 OC 
in the Simulated Re c tor  Atmosphere 

and in Contact with Kf3 Refractory Brick 
lOOX 



As Received. 

After 200 h r  a t  1000 
with the graphite.  

O C  in contact 

After 200 h r  a t  1200 O C  in contact 
with the graphite.  

FIGURE 5 

Effect of N2-Graphite Environment on Hastelloy B 
10 ox 



After 840 h r  a t  1200 OC in contact 
with graphite. Apparently suffi- 
cient time had elapsed for complete 
carburization of one constituent, 
probably molybdenum, since f ree  
graphite exists. 

Control specimen exposed in 
evacuated quartz capsule a t  
1200 OC for 750 hr.  

FIGURE 6 

Effect of N2 -Graphite Environment on Hastelloy B 
(Continued from Figure 4) 

lOOX 



As received. 

After 200 h r  in contact with 
graphite at  1000 O C .  

After 200 h r  in contact with 
graphite at  1200 O C .  

FIGURE 7 

Effect of N2-Graphit-e Environment on Hastelloy X 
1 oox 



A s  received. 

After 200 h r  in contact with 
graphite a t  1000 O C .  

After 200 h r  in contact with 
graphite a t  1200 O C .  

FIGURE 8 

Effect of N2 -Graphite Environment on Inconel 625 
lOOX 



A s  received. 

After 200 h r  in contact with 
graphite a t  1000 O C .  

FIGURE 9 

Effect of N2-Graphite Environment on Inconel 600 
l O O X  



After  200 h r  a t  1200 O C  in the  
s imulated r eac to r  a tmosphere ,  
but held in the metal  rack  out of 
contact with the graphite.  

After 200 h r  a t  1200 OC in 
contact with graphite.  

After  840 h r  a t  1200 O C  in 
contact with graphite.  

FIGURE 

Effect of N, -Graphite Envirc 
0 

(continued f r o m  
lOOX 

10 - 
~ n m e n t  on Inconel 600 
F igure  8) 



As received. 

After 200 h r  at  1000 OC in 
contact with graphite. 

Massive carbide layer  

After 200 h r  at 1200 OC in 
contact with graphite. 

FIGURE 11 

Effect of N2-Graphite Environment on Molybdenum 
lOOX 



Solar aluminized. 

Arthur tickle aluminized. 

Solar S6 100 coating (ceramic). 

FIGURE 1 2  

Hastelloy X with Commercial Coatings a s  Indicated 
after 75 h r  at  1200 O C  in N -Graphite Environment 

1002  



1 OOX 
FIGURE 13 

Structure  Resulting f r o m  Reaction 
of U02 with Nickel Container 

(Surface shown was in contact with U02. The 
container was open to  the N CO atmosphere .  

20- Exposure  was a t  1200 C fo r  74 h r .  ) 

FIGURE 14 

Reaction Product  of B4C with Nickel Container 
(Container was evacuated and sea led  before  
exposure  a t  1200 OC fo r  75 h r .  This  alloy was 

molten a t  the  tes t  t empera ture .  ) 
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