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The status of ongoing structural materials programs being conducted in the U.S. to support development and deployment. of the 
high-temperature gas-cooled reactor (HTGR) is described. While the total U.S. program includes work in support of all variants of 
this reactor system, the emphasis of this paper is on the work aimed at support of the steam cycle/cogeneration (SC/C) version of 
the HTGR. Work described includes activities to develop design and performance prediction data on metals, ceramics, and graphite. 

INTRODUCTION 
1. From the materials standpoint, the two most important 
features of the HTGR are (1) maximum temperatures in the 
reactor are high enough that diffusional processes in materials 
are a major consideration and (2) the use of an essentially inert 
coolant (helium) facilitates the use of graphite as a major con
struction (as well as moderator) material for the core and core 
support structures. In addition, the use of'a prestressed concrete 
reactor vessel (PCRV) has required the development of some 
specialized materials technology. 

2. The materials technology required to support the devel
opment of the HTGR is dependent upon the maximum core 
outlet temperature. Currently in the U.S., interest is focused 
upon four potential variants of the reactor system. The steam 
cycle HTGR is aimed at commercial power generation and is 
similar in concept to the Fort St. Vrain, Peach Bottom, and 
THTR reactors. The SC/C system, which is receiving consid
erable attention in the U.S., is aimed at exploiting the HTGR 
in a situation where maximum economic benefit can be derived 
from the potential of the system for electricity generation and 
for the generation of steam for chemical process applications. 
Core outlet temperature in both these systems is around 7oo•c .. 
The gas turbine (HTGR-GT) and process heat (HTGR-PH) var
iants of the HTGR are more advanced systems characterized 
by significantly higher primary coolant outlet temperatures 
(850-950°C). Both of these systems have been studied exten
sively in recent years, and the process heat system, in partic
ular, continues to receive considerable attention in the U.S. 

3. In general, the demands placed on materials by the higher
temperature systems (such as the HTGR-GT and the HTGR
PH) will be much greater than the demands on materials for 
the steam cycle and cogeneration systems. In the U.S., materials 
programs are currently under way in support of both the 
higher- and lower-temperature systems. The principal partic
ipants in the U.S. DOE efforts are General Atomic Company 
(l.JA), Oak Hidge National Laboratory (URNL), and General 
Electric Company. While all three organizations are active in 
materials programs supportive of both advanced and steam
generating systems, the greater part of the work in support of 
the advanced systems is being performed at General Electric 
Company. The GA and ORNL programs are primarily oriented 
toward the SC/C system. Therefore, in this paper the work in 
support of the SC/C system will be emphasized. 

HTGR-SC/C MATERIALS ISSUES 
4. A typical current HTGR-SC/C nuclear steam supply system 
(NSSS) is illustrated in Fig. 1. As indicated, the reaetor core, 

heat exchangers, and circulators are all contained within a 
PCRV. Flow of the helium gas from the core to the heat ex
changers occurs via ducts interconnecting the cavities within 
the vessel. 

5. Typical service conditions and construction materials for 
HTGR-SC/C components are given in Table 1. In general, the 
service conditions of the various components and the materials 
employed are similar to those in the Peach Bottom, Fort St. 
Vrain, and THTR reactors. Thus, a considerable body of ex
perience data exists, forming an adequate basis for the selection 
of major materials for all components. In addition, work done 
in recent years to develop data pertinent to the advanced sys
tems has generated a large body of information which is useful 
in the context of the SC/C systems. The materials issues that 
have been and are being addressed in the overall U.S. programs 
are indicated in Table 2 along with the facets of the program 
that are pertinent to the SC/C systems. In the balance of this 
report, results obtained from the SC/C program will be em
phasized and discussed. · 

METALS 
6. In many cases the HTGR components in which metals are 
employed constitute the primary coolant boundary, and as a 
result these components are subject to the rigorous require
ments imposed by Section 3 of the ASME Code. In addition, 
where these components operate at elevated temperature (i.e., 
in the creep range), requirements for additional detailed anal
ysis are imposed by rules such ·as those in ASME Code Case 
N47. In order to perform the required analyses, a complete set. 
of data for the materials of interest is required. Typically, the 
properties of concern are tensile strength, fracture toughness, 
creep and rupture strength, and low-cycle, high-cycle, and 
creep-fatigue behavior. In addition, it is necessary to have in
formation describing the influence on design properties of the 
various service environments, including interaction with the 
impurities in the primary coolant helium, compatibility with 
steam/water environments, the effects of radiation, etc. The 
influence of long-time exposure at elevated temperature on 
properties and the influence on performance of fabrication fac
tors such as welding, cold forming, etc., must also be considered 
in the evaluation of potential material behavior. 

7. Baseline properties of all the major materials used in 
HTGR construction are generally well established, particularly 
all those materials operating below the creep range. One of the 
few exceptions is the steel used as closures in the penetrations 
of the PCRV. These closures constitute pressure vessels which 
are designed in accordance with the rules of of ASME Code, 



Section 3, Division 1. These rules require that freedom from 
the potential for brittle failure be established through the use 
of the K1R curve. Several of the steels used in the PCRV closures 
are different from those from which the ASME Code K1R curve 
was formulated. As a result, an extensive program of work is 
being carried out to confirm that the existing K1R curve is 
conservative relative to these steels (see Fig. 2). 

8. Design of elevated-temperature components to Code Case 
N47 requires the availability of creep-fatigue data. Since such 
data for materials in pertinent components of the HTGR are 
limited, considerable work is in progress to generate the re
quired information. There are several ways in which creep fa
tigue damage accumulation in metals may be summed. Case 
N47 suggests the linear damage method. In this procedure the 
expected stress response of a material to a given strain history 
is identified, and the resulting damage is assessed through eval
uation of the creep and fatigue damage fractions. An underlying 
assumption of the procedure is that the sum of the creep and 
fatigue damage fractions at failure should be unity, although 
it has been noted in several cases that this behavior is not 
observed experimentally. Analysis of data recently obtained for 
Alloy SOOH indicates that unity does not seem fully applicable 
to this alloy under certain conditions since D values of 0.1 and 
less are frequently observed in tests on this alloy. 

9. The extended exposure of metals at elevated temperatures 
commonly results in microstructural changes that influence 
mechanical properties. Figure 3 illustrates a general trend of 

toughness of Alloy SOOH with extended aging at different tem
peratures. The typical effect of long-time thermal aging on the 
toughness properties of Hastelloy X is indicated in Fig. 4. As 
can be seen, the residual toughness values of Hastelloy X after 
very long-term aging are relatively low, and t~is is of some 
concern. Work is under way to quantify the loss of toughness 
in engineering terms and to evaluate the heat-to-heat varia
bility of this aging response. 

10. In addition to characterization of the base line properties 
of materials and evaluation of the influence of thermal aging 
on these properties, it is necessary to establish the influence 
on properties and behavior· of the various environments to 
which the materials will be subjected in the HTGR. One of these 
environments is unique to the HTGR: the high-pressure pri
mary coolant helium gas. Helium is, of course, chemically inert. 
However, there are practical limits to the purity levels that can 
be obtained in a circulating primary coolant gas, and interac
tions can occur between these impurities and the structural 
materials. Table 3 lists some typical impurities expected to be 
present in the primary coolant of an HTGR-SC/C plant during 
normal operation. Examination of these impurity species from 
a thermodynamic standpoint indicates that a wide range of 
material responses can be expected. For example, within the 
expected impurity range for the HTGR-SC/C, it is possible to 
find environments that are decarburizing to both high- and 
low-chromium alloys and environments in which high-alloy 
materials may carburize while low-chromium ferritic steels will 
be decarburized. Analysis of data from laboratory experiments 

Table 1. Service conditions and structural materials for HTGR·SC/C components 

Component 

Core structures 

Core support 
Graphite 
Ceramics 

Core restraints 

Control rods 

Class B thermal barrier 

Class A thermal barrier 

Steam generators 
Structures 
Tubes 

Max. temp. 
during normal 

operation 
'C 

950 

810 
810 

560 

750 

760 

340 

700 
635 

Materials or CODSifiiCiiOD 

Graphite (H·451) 

Graphite (202Q and PGX/TS·I621) 

Alumina, silica 

Inconel 718, Alloy SOOH 

Alloy SOOH, B4C/graphite 

Hastelloy X, Saffil alumina and Kaowool fibrous insulation 

Carbon steel, Kaowool 

Alloy SOOH, 2·1/4 Cr • 1 Mo. 304 stainless steel 

Core auxiliary heat exchanger (CAHE) 
Structures 340 

340 

Carbon steel, 2·1/4 Cr • 1 Mo. Alloy 800H 

Tubes 

Circulators 
PCRV 

340 

60 

12% Cr martensitic stainless steels (410, 422) 

Concrete. rebar, prestressing tendons 

Table 2. Issues being addressed in HTGR materials programs in U.S. 

Metals 

HTGR helium effects' 

Creep and creep-rupture• 

Fatigue• 

Creep-fatigue• 

Fracture toughness• 

Thermal aging/microstructure -
property relationships• 

Surface evaporation 

Weld properties and joint 
development• 

Creep buckling 

Cast superalloy cover 
plate development 

Alloy development 

Fission product compatibility• 
Properties of large forgings• 

•Work pertinent to SC/C systems. 

Coatings 

Wear and fretting 
resistant• 

Carburization 
resistant 

Ceramics 

Solid ceramic properties• 
Property variations on 
large monoliths 
Modulus of rupture 
Static fatigue 
Oyn~mir fatigne 

HTGR helium effects 
Residual stress 
Creep anQ strE!!?~ r~~~~ation 

Fibrous insulation• 
Retention of resilience 
Effects of H20 soaking 
Structural stability 

Carbon-carbon composites 
PrnpP.rt.iP.s 
Fatigue behav.ior 
HTGR helium effects 

2 

Graphite 

Irradiation effects• 

Oxidation• 

Influence af manufacturing 
process on materials behavior• 

Material behavior modelling, 
Including behavior In multlaxlal 
stress fields• 

Development and qualification 
of nqur IJI'iphitea• 

Fracture mechanics• 



using a range of possible simulated HTGR primary coolant 
gases shows that these phenomena are, in fact, observed. For 
example, exposure of 2-1/4 Cr - 1 Mo to a simulated HTGR 
helium environment at a variety of temperatures shows that 
at high temperatures, significant decarburization occurs. In 
high-chromium alloys like Alloy 800H and Hastelloy X, expo
sure to simulated HTGR coolant gas for extended times pro
duces carburization. Recent experiments have shown that the 
rate at which carburization occurs in high-chromium alloys in 
simulated HTGR environments is strongly dependent on the 
water content of the gas. This is illustrated in Fig. 5, which 
shows the rate of carburization of Hastelloy X in environments 
containing 50 Pa hydrogen, 5 Pa methane, and 5 Pa Co with 
varied water content. It is not clear whether the influence of 
water on carburization rates is due to the formation of protec
tive surface oxide or to the influence of water on the carburizing 
potential of the gas. Investigation of these effects is currently 
under way. 

11. Environmental interactions such as carburization and 
decarburization can exert a significant influence on the prop
erties of structural materials. The strength characteristics of 
2-1/4 Cr - 1 Mo steel, for example, degrade as a result of de
carburization. In the case of high-chromium alloys, like Has
telloy X and Alloy 800H, the principal effects of carburization 
are embrittlement and loss of toughness, particularly· when 
carbon levels in the alloys achieve high enough values. In ad
dition, it has been noted that carburization in alloys of this 
type can introduce volume changes. If allowed to occur in a 
component, such volume changes could induce significant 
stresses whose influence would have to be assessed. 

12. One of the principal concerns regarding the potential in
fluence of the primary coolant environment on properties is 
with respect to creep and rupture properties. Available data 
now suggest that, while there is some influence, effects are 
generally fairly small. This is illustrated for the case of Alloy 
800H by Fig. 6, which shows that data generated in a variety 
of helium environments generally fall within the expected scat
ter band of air data for this alloy. Data from air and helium 
tests on the same heats of material generally fall within the 
same scatter band. 

13. The effects of the helium environment on fatigue and 
creep-fatigue behavior are less well known. However, available 
data all suggest (see Fig. 7) that the helium environment gen
erally is at least neutral, if not beneficial, relative to continuous 
cycling fatigue behavior. The influence on creep-fatigue behav
ior is moro complex, and con11iderable more wnrk is needed to 
fully understand these effects. 

14. Since HTGR components are fabricated by welding, it is 
important to establish that the properties of the resulting weld 
joints are compatible with those of the base metal. Therefore, 
a program of elevated-temperature testing of all weld metal 
and cross weld specimens is being conducted on Alloy 800H, 
2-1/4 Cr -1 Mo, and Hastelloy X. Detailed analysis of the avail
RhlP. nata indicates that, on the average, the rupture strength 

Table 3. Expected range of impurities in primary 
coolant of l'ITGR-SC/C 

Impurity 
Expected range 

Pa 

9-18 
0.1-5 

5-10 
1-2 

O.S-1 

3 

of the weld metals used to join Alloy 800H to itself and to join 
2-1/4 Cr - 1 Mo to itself may be slightly lower than those of 
the base metal at the longest times and highest temperatures. 
Accordingly, consideration is being given to the introduction 
of weld metal strength reduction factors into the allowable 
stresses used for long-time high-temperature design with these 
materials. Another facet of weldment behavior which it is im
portant to establish is the influence of aging on residual tough
ness. As indicated in Fig. 8, Hastelloy X welds, in particular, 
can show considerable loss of toughness as a result of elevated
temperature aging. 

15. In several components of the HTGR, it is necessary for 
relative movements (due, for example, to differential thermal 
expansion) to occur between component surfaces. There are also 
a number of locations (particularly within the heat exchangers) 
where vibratory forces create the potential for fretting wear. 
In the HTGR helium environment, such surfaces can, if left 
unprotected, suffer considerable wear damage, particularly· if 
the surfaces are operating at the higher-temperature ranges. 
To ameliorate these potential effects, coatings are employed at 
critical locations. Evaluation of these coatings consists of slid
ing and fretting wear tests, including evaluation of the effects 
of sliding velocity, contact load, etc. In addition, it has been 
noted that after extended elevated-temperature exposure to 
HTGR helium, some of these coatings will spall, and care in 
coating selection is required to avoid this. 

16. The materials in the HTGR-SC/C heat exchangers are 
exposed to water and steam environments, and it is important 
to establish their compatibility with these environments. The 
water employed in the core auxiliary heat exchanger (CAHE) 
and the steam generator is typically of ultra-high purity with 
pH (with ammonia) and oxygen (with hydrazine) control. In 
general, the compatibility of the materials used in the CAHE 
and the steam genera~or with environments of this kind is well 
established. However, it was considered prudent to determine 
experimentally the long-time corrosion behavior of the mate
rials used in the highest-temperature end of the steam gen
erator in a representative steam environment. Pertinent tests 
were performed in an experimental facility in the Bartow Steam 
Power Plant of Florida Power and Light Company. These tests 
of about 3 yr duration showed that corrosion rates of Alloy 800 
and 2-1/4 Cr -1 Mo steel were low, predictable, and satisfactory 
(see Fig. 9 for data on 2-1/4 Cr - 1 Mo). Another important 
consideration in the steam generator and CAHE is the influence 
of flow velocity relative to causing erosion-corrosion of the low
alloy steel components. Tests were performed to show that 
erosion-corrosion behavior will be satisfactory provided that 
pH is maintained in the specified regime, flow velocities are 
maintained at moderate values, and, where appropriate, low
alloy steels are employed. 

CERAMICS 
17. Work on ceramic materials has focused upon the prop
erties and behavior of the fibrous insulation employed in the 
thermal barrier system and on the load-bearing ceramics which 
insulate the core support post from the bottom head of the 
PCRV while carrying the weight of the corll. 

18. Fe;>!' fibrous insulation, qualification tests are being per
formed on both small samples and full-scale engineering mock
ups of the insulation system. The small samples are used pri
marily to generate data on such aspects as loss of resiliency as 
a function of time and temperature and to determine any struc
tural changes that occur in the ceramic fibers which might 
influence long-time performance. These data are then used as 
input to the full-scale engineering tests where the overall per
formance of the thermal barrier is demonstrated. 



19. The work performed on the load-bearing ceramic.mate
rials has similarly embraced both elemental testing and full
scale component tests. The region of the core support insulators 
exposed to the highest temperature is made of alumina. In the 
lower-temperature regions, advantage is taken of the very low 
thermal conductivity of fused silica to achieve the required 
temperature drops. 

20. Since these are load-bearing components with a signifi
cant safety function, it is necessary to establish a substantial 
body of data to show that the properties throughout typical 
core support insulator pads will be adequate for design pur
poses. Therefore, a substantial program is under way to eval
uate the variation of mechanical properties (modulus of rup
ture, creep behavior, etc.) throughout typical pads as a function 
of pad production processing. These data are generated over a 
range of temperatures pertinent to design and with a sufficient 
number of specimens to allow an assessment of the probable 
failure strength. 

21. Another important facet of the behavior of structural ce
ramics for this application is evaluation of the propensity to
ward "static fatigue." Initial evaluation has been performed 
through variable strain rate modulus of rupture tests. The re
sults indicate (see Fig. 10) that alumina grade AD-85 (presum
ably as a result of its significant silica content) shows an ap
preciable susceptibility toward slow crack growth behavior. The 
higher-purity alumina grade AD-995, on the other hand, shows 
virtual immunity to slow crack growth. 

GRAPHITES 
22. Reference graphites have been selected for the various 
core structure and support applications. The fuel blocks and 
replaceable reflector blocks are expected to be manufar.ttm~d 
of improved grades of H-451, a high-purity, isotropic specialty 
graphite. Core support posts, peripheral seal logs, and upper 
core support blocks will be made of 2020 graphite, and PGX or 
TS-1261 will be used for the lower core support blocks. 

23: Of significance with respect to all of these grades of 
graphite is experimental work relating to irradiation and its 
effects, compression creep characteristics, and oxidation be
havior. As an example of the first area of work, irradi11tion 
exposures of H-451 graphite in both the HFIR and Petten re
actors have shown the useful life expectancy of this grade of 
material to be about 3 X 1o26 n/cm2 at 715°C. Similarly, studies 
of creep behavior under irradiation have provided data needed 
for dimensional and stress analyses and have demonstrated 
that creep itself does not alter either physical or mechanical 
properties (see Fig. 11). Programs are also in progress to de
termine oxidation kinetics and the mechanical losses due to 
oxidation. This is illustrated in Fig. 12, where fracture tough
ness values of both H-451 and 2020 graphites are shown to 
decrease as oxidation-produced porosity increases (filled sym
bols are for unoxidized specimens). 

24. Considerable emphasis is also now being given to control 
of manufacturing processes and to tighter materials specifi
cations. This effort is aimed at increasing minimum strength 
through reducing the variability of the materials while main
taining known irradiation characteristics by control of raw 
materials. 

REACTOR EXPERIENCE 
25. To date, there have be'en two opportunities to examine the 
condition of materials after extended exposure in operating 
HTGRs. One of these occurred during the post-decommissioning 
destructive t!xamination of the Peach Bottom reactor. This ex
amination evaluated the.condition of one steam generator and 
several reltio!l$ of thermal barrier. At the time of P.xamination, 
Pt!ach Bottom had operated for about 7 yr. Visual examination 
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of components prior to removal and metallographic and me
chanical testing of specimens removed from material excised 
from the components showed that all the materials of construc
tion were in excellent condition. There was no evidence of car
burization of high-chromium components nor of environmen
tally induced decarburization of low-alloy steel materials. 
Steam side oxidation films were uniform and their thickness 
was in accordance with predictions based on prior laboratory 
experiments. The only significant change observed was that the 
Alloy 800 steam generator tubing had undergone some age 
hardening as a result of this extended exposure. Nevertheless, 
the residual ductility of the material was excellent in all cases. 
Overall, the examination of the materials of the Peach Bottom 
reactor after 7 yr of service indicated no significant materials 
deterioration of any kind. All indications were that the Peach 
Bottom units could have operated for many more years. 

26. The second opportunity to examine materials exposed to 
the HTGR environment occurred recently with the removal 
from the Fort St. Vrain reactor of a diffusion probe containing 
small corrosion coupons. The coupons comprised Alloy 800H, 
Inconel 600, and :!04 stainless steel and were exposed to the 
highest-temperature gas (approximately 720°C) for approxi
mately 2 yr. Detailed metallographic examination of all samples 
showed them to be in excellent condition with no evidence of 
significant surface corrosion or internal/subsurface attack. 

27. It is recognized that the exposure period of samples re
moved from Fort St. Vrain was relatively short. Nevertheless, 
this information, taken in conjunction with the Peach Bottom 
results, suggests that the HTGR environment is relatively be
nign with respect to materials. 

CONCLUSIONS 
28. The materials selections for the major components of the 
lower-temperature HTGR systems (e.g.;SC and SC/C versions) 
are generally established, and a mature data base exists sup
porting their use. This data base consists not only of extensive 
laboratory data but also the important operating and construc
tion experience obtained from the various HTGRs that have 
operated and are being built at the present time. The results 
of examination of materials removed from the Peach Bottom 
and Fort St. Vrain reactors are most encouraging, confirming 
the suitability of the materials selections. 

29. For future HTGRs, some additional data are required on 
the various materials to allow assessment of expected compo
nent performance in accordance with modern codes and re
quirements. In addition, work is required to fully qualify those 
ceramic and graphite materials which have not been previously 
employed in HTGRs. Generation of the data required for these 
purposes is the objective of the ongoing U.S. HTGR materials 
programs. 

30. In addition, the materials challenges posed by the more 
advanced HTGRs are such that a long-range program is re
quired to obtain needed solutions. Obtaining information for 
this purpose is an additional part of the U.S. HTGR materials 
programs. 
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Fig. 1. HTGR nuclear steam supply system 
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Fig. 2. Comparison of fracture toughness characteristics 
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superheated steam 
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Fig. 10. Slow crack growth data for AD-85 Al20 3 in dry· 
helium at 22•c and 927"C 
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Fig. 11. Data indicating the effect of irradiation creep on 
graphite elastic moduli 
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