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Abstract

The paper presents the results of investigations of different graphite materials, among with the
standard reactor graphite manufacturing by electrode technology and a number of advanced graphites
of new generation.

During the investigation of radiation stability of standard reactor graphite the basic mechanisms
of radiation damage of its structure were studied.

With the help of transmission electron microscopy deformations and cracking of filler and binder
were detected in the vicinity of the boundaries, separating these two components. Cracking begins
with crystallite splitting and ends in full fracture of boundary layers. Such process of degradation can
be explained by disjoint deformations resulting from difference in growth rate of filler and binder
crystallites, in its turn caused by considerable difference between their sizes.

It has been concluded that radiation stability of graphite may be improved by creating such
graphite materials, in which the difference in sizes of crystallites of different structure components
would be the minimal possible. When developing production technology of isotropic graphite for high
temperature reactors, some progress was made towards the solution of this problem.

Despite considerable swelling at high temperature this type of graphite appeared to be
substantially less susceptible to the degradation of the structure and to deterioration of phisico-
mechanical properties.

In addition to graphites manufactured by tradition technology, the graphite was investigated, in
which pyrocarbon precipitated from gas phase under 1000°C was used as binder. Carbon
precipitated in such a way was non-graphitized at high temperatures and therefore it demonstrated
sharp shrinkage under irradiation at high temperatures, and shrinkage rate correlated with pyrocarbon
quota in graphite structure.

In Russia, since the end of the 1970s to the beginning of the 1990s, a lot of work devoted to
selection and development of graphite for HTGR has been carried out as a part of R D T & E
concerning nuclear reactors VG-400 and VGM. In Russia, the development of graphites stable at
high irradiation temperature followed roughly the same way as in western countries in the end of the
1960s - 1970s [1].

In the beginning, nuclear graphites GR-280 and GRP2, used in RBMK, has been studied at
high temperatures. These materials, produced using traditional electrode technology, has
demonstrated catastrophic swelling and degradation of physic-mechanical properties as a result of
irradiation at temperatures >900°C (Fig.1-3).
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Fig.l. The relative volume changes of reactor
graphite GR-280 irradiated at 500-1270°C
as function of neutron fluence.
1 - Tin=350-450°C; 2 - TirT=500-600°C;
3 - Tir=900-1000°C; 4 - TilT=1100-1270C.

Fig.2. The dependence of graphite GR-280,
irradiated at 350-1270°C, relative changes of
Young's modulus, on neutron fluence.
1 - Ti;i=350-450oC; 2 - TirT=500-600°C;
3 - Tiri=900-1000oC; 4 - T: =1100-1270°C
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Fig.3. The dependence of graphite GR-280 thermal conductivity on neutron fluence.

Simultaneously with these studies, a variety of model materials has been investigated. Among
them, the highest radiation stability has been observed in industrial grade graphite MPG-6. That is
why, in radiation-stable materials for Russian high-temperature gas-cooled reactors, an uncalcined
coke was used as a filler.

As a result of the studies, graphite GR1, containing a composite filler from uncalcined coke has
been developed.

In testing at high temperature, the material has demonstrated greater radiation stability in
compare with GR-280, GRP2 (Fig. 4-6). GSP - graphite binded by pyrocarbon - is one of the
new materials designed in FSU as part of the HTGR program [2]. This material, with different
technological modifications, has been considered as a spherical fuel element matrix material and as a
material for bricks in the internal reflector. It is produced by binding commercial graphite powder
with low-temperature (1000-1300°C) pyrocarbon with subsequent heat treatment to final shape.
Graphite is preliminary formed on burning binder into shape. This material has some specific features
of behaviour under irradiation. In particular, the amount of shrinkage is larger than for nuclear
graphite's, at all temperatures. Also, the temperature dependence of the rate of radiation-induced
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dimensional change is weak as compared with nuclear graphite's. Also, this materials stabile in its
physical and mechanical properties under high-temperature irradiation (Fig.7-9).
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Fig.4. The relative volume changes of graphite
GR-1, irradiated at 500-1000°C as function
of neutron fluence.
1 - TilT=500-600°C; 2 - TirT=750-800°C;
TitT=900-1000°C.
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Fig.5. The relative changes of graphite GR-1
Young's modulus as function of

neutron fluence.
1 - TirT=500-600°C; 2 - TirT=700-750°C;
TirT=900-1000°C.

In Table 1 data concerning fabrication technology and principal physic-mechanical properties of
the enumerated graphites are presented.

In evaluating radiation stability of studied materials the criterion of "critical value of neutron
fluence" has been applied. After an attainment of this neutron fluence, catastrophic degradation of
physical and mechanical properties of graphite occurs. Available experimental data for nuclear
graphites shows a decrease of F c r . with an increase of irradiation temperature. Fig.10 shows the
scheme of critical fluence determination for GR-280, treated at various irradiation temperatures. At
500-600°C shrinkage followed by swelling is characteristic. This is observed at neutron fluence,
which can be considered as ultimate from the point of view of material efficiency. This is so-called
"critical fluence" (F c r ) , for after an attainment of this value, catastrophic degradation of material
properties occurs.

At the same time, the stage of volume shrinkage can be absent in a number of graphite's,
especially at higher temperatures of irradiation (for instance, in GR-280 at 900-1000°C). In these
cases the graphites demonstrate volume expansion in initial stage of irradiation, and property
degradation occurs after a definite stage of their stabilisation. This fact confirms that the processes,
defining radiation stability and property degradation, are not conditioned by the beginning of the
swelling stage, but are connected with a definite state of material structure. Also, an importance of
investigation of physical mechanisms, which define degradation of graphite properties, is evident.

Fig. 11 shows critical value of neutron fluence as a function of temperature in materials GR-280
and GR1. The material GR1 demonstrated considerably higher radiation stability in high-temperature
region. For GSP material the evaluation of Fcr maximum values is under proceedings this time.
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TABLE 1. PHYSICAL PROPERTIES OF REACTOR GRAPHITE'S

Filler

Formation method
Graphitisation

temperature,°C
Density, g/cm

Young' modulus,
104MPa

Electrical
resistivity, Ohm-m

Compression

strength.a, MPa
Tensile

strenght.a, MPa

Coeff. of thermal
conductivity, X,
(20°C), W/mK,

C.T.E., a4oo.
IO-MC1

GR-280

calcined coke
KNPS

extrusion

2600

1.72

0.65/0.50

0.3/14.8

34/24

7.6/6.0

103/89

3.2/4.9

GR-1

composition on
the base of
uncalcined coke

moulding

2800

1.70

0.75/0.77

15.0/14.0

70/84

15/18

86/90

6.8/6.7

GSP-50, original

powder of graphite
based on calcined
coke

-

1.9

1.80

18.0

195

42

6.4

GSP-50, heat
treated at 2900C

powder of graphite
based on calcined
coke

2900

1.9

1.32

17.1

172

87

5.3
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Fig.6. Graphite GR-1 thermal conductivity as
function of neutron fluence.
1 - TiT=900-1000°C; 2 - Tirr=1050-1150°C.
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Fig.8. the relative changes of Young's
modulus of GSP irradiated at 700-750C, as
function of neutron fluence. 1 - original
material; 2 - heat treated at 2900°C.
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Fig.9. The dependence of thermal
conductivity of GSP materials, irradiated at
700-750C, as function of neutron fluence. 1 -
original material; 2 - heat treated at 2900°C
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Fig.10. Scheme of critical fluence determination for graphite GR-280.

Nowadays, in Russia the researches of graphite for HTGR have been reduced to a marked
degree. Development of GR1 was retarded after a pilot lot has been produced. Nevertheless, in
RRC "Kurchatov Institute" and some other institutions, isolated studies of materials for HTGR are
continued. At the present stage, deeper understanding of a number of results, concerning the
structure and physical properties of definite carbon and graphite materials, irradiated at high
temperatures, and utilisation of these ones in future ecological practice look like the most important
from our point of view.

The most detailed report on these studies has been presented at ASTM Symposium in Sun
Valley, Idaho, June 1994 and now is publishing in "J. of Nuclear Materials"[3].

In this work, has been widely applied the electron microscopy and electron diffraction methods.
In investigation of graphite's, thinned using non-deforming method of ion etching, the processes have
been studied occurring at crystallite stack boundaries.
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Fig.ll. The dependence of critical fluence graphites GR-280, GR-1 and GSP on irradiation
temperature

Investigations on nuclear and industrial grade graphite structures by the methods of transmission
electron microscopy (and of macro diffraction) permitted to find out the main types of crystallite
stacks, characteristic for these graphite's, and the main types of boundaries that appear at a contact
of regions with different directions (and types) of crystallite stacks, see [4] for details. At
Fig.l2a,b,c,d, the microphotographs of some most typical graphite regions, with various characteristic
crystallite stack set-up, and the corresponding pictures of electron diffraction, are shown. The carried
out investigations permitted to define the characteristic sizes of crystallites, the degree of crystallite
disorientation, the nature of boundaries between the crystallites and the regions of crystallites, for all
types of basic regions, with various crystallite stacks and proportion between different types of
regions, in the graphites under study.

Analysis of the data on structure changes for nuclear and industrial grade graphite's, obtained
after irradiation in various conditions, permits to derive the following principal features (concerning
an evolution of initial cracks, of porosity and of crystallite sizes).

The character of structural changes in investigated graphites is defined by irradiation conditions
(irradiation temperature, neutron fluence) and, besides, is essentially dependent on the type of
crystallite stacks in the region.

In all examined samples of graphites the most typical are regions with parallel crystallite stack, or
with some deviations from parallelism in crystallite. The share of these regions is * 85-90%. The
remainder is radial and tangential spherulites.

Examined nuclear graphites GR-280, and industrial grade graphite MPG-6 differ from one
another in structure because they have different ratio of different types of crystallite stacks, [4]. The
reason is that there is not visible difference in structure between binder and filler regions in MPG-6,
produced on the basis of uncalcined coke, (in contradiction with GR-280). For the same reason,
graphite MPG-6 has smaller variation in crystallite sizes. There are clearly visible crystallite regions
of filler and binder in GR-280 graphite's. As a matter of fact, both types of regions occur in the
regions with the three pointed out types of crystallite stacks types. However, for binder crystallites,
essentially smaller sizes aie characteristic, in compare with the similar regions of the filler.
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Fig.12. The structure of some most typical, for nuclear graphite's, areas with different variants of

crystallite stack types:
a) structure and diffraction of an area with parallel crystallite stack,
b) structure and diffraction of an area with considerable deviation from parallel,
c) the inter-area with different crystallite stack direction preference (dominating) boundary and

its diffraction,
d) the fragment of radial spherulite and its diffraction.
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An irradiation of MPG-6 graphite at 1200°C favours an emergency of a developed system of
secondary small cracks, located along the basal planes of the crystallites. It is observed inside regions
with different types of crystallite stacks (the most pictorial effect can be seen in regions with parallel
crystallite stack), see Fig.l3a,b.

Radiation-induced structural changes in spherulites demonstrate a number of characteristic
properties that can be observed in a wide temperature range. For radial spherulites, a destruction is
typical under irradiation of their central part, see Fig.l4a. For radial-type spherulites with tangential
belt, a stripping of the outer belt surface from the adjoint regions occurs, see Fig 14b. Tangential
spherulites, under irradiation, density themselves because of accommodation by the initial cracks of
the radiation growth of crystallites in C-direction. The pointed out character of radiation-induced
structural changes in spherulites is evident and is defined exclusively by the characteristic properties
of the forming of crystallite stacks, and by their interaction in the process of radiation dimensional
change.

a) O)

Fig.l3a,b. Generation of secondary small crack system, located along the basal crystallite planes,
inside the areas with various crystallite stacks, in MPG-6 graphite, after irradiation at 1200°C:

a - area with parallel crystallite stack,
b - area with considerable deviation from parallel.

Fig.14. a - radial spherulite central part destruction as a result of irradiation,
b - stripping of radial spherulite, with tangential belt, from ajoint structures.
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It was particularly interesting to carry out the investigations of radiation-induced structure changes
in nuclear graphite GR-280 after irradiation at 500-600°C. The reason is that for this graphite clear
maximum of volume shrinkage, and the secondary growth rate, accompanied by a strong degradation
of mechanical properties, have been observed. The last phenomena occurs after irradiation up to
neutron fluence 2.2-1026 m"2. Besides, a relative increase of specimen volume is equal to AV/V =

4% [5].
In graphite GR-280, after irradiation up to neutron fluence 1.11026m'2 (that corresponds to the

maximum of the volume shrinkage), not generation of secondary small cracks occurs. This is typical
for lower irradiation temperatures. At the same time, approaching to the shrinkage maximum, a
destruction of the filler-binder region boundaries can be observed. Due to this fact, it is possible to
observe different stages of the boundary destruction process. At the first stage, preceding the
destruction, splitting is observed - of separated filler crystallites, along the basal planes, in immediate
proximity from the filler - binder type boundary, see Fig.l5a. At the second stage, the splitting of
filler crystallites along the basic planes, from the side of the filler-binder boundary, becomes a large
scale one. Moreover, in many cases, the splitting can concern the binder crystallites, as well, from the
side of the same boundary, see Fig.l5b. At the next stage, an inter-crystallite destruction - breakage
- of the boundary begins in the joints of separate crystallite pair filler-binder, see Fig.15c. At the
last stage, a large-scale inter-crystallite destruction, in the locations of the crystallite pair filler-binder
joints, is observed. The development of this process induces the destruction of large, macroscopic
portions of corresponding boundaries, see Fig.l5d. The investigations show that the considered above
stages of the filler - binder-type boundary destruction is observed somewhat earlier than the transition
of graphite to the stage of the secondary volume expansion.

Analysis of observed structural changes leads to conclusion that the principal mechanism, defining
initial cracking in graphite's, is connected with emergence of internal stresses inside them, the latter
are caused by differences in rates of radiation-induced dimensional change in crystallites of different
sizes. The most probable locations of initial cracking are boundary regions between crystallites of the
most different sizes. This mechanism of cracking is the most important in graphites based on
uncalcined coke, for their characteristic feature is the presence of filler and binder regions with great
differences in sizes of crystallites. The rate of cracking increases with an increase in irradiation
temperature, all other factors being the same. As the graphite structure degrades in accordance with
this mechanism, the stresses, arising in the material because of anisotropy of radiation-induced
dimensional change and presence of regions with different ordering of crystals as well, lead to further
development of graphite degradation.

Fig.16 shows specific structure properties of GSP. The boundary between graphitized phase of
the graphite-filler and the pyrocarbon-binder can be clearly seen. The phase of pyrocarbon binder is
responsible for linear and volume dimensional changes that develop under irradiation. A large body of
information has been obtained concerning the influence of binding technology and binder structure
parameters on behaviour of the binder under irradiation. The data permits to say that, as a rule, the
binder densities appreciably under irradiation. Initial porosity is "healed". This can be seen from
comparison of initial and irradiated structures. The images were obtained using a replica method
(Fig. 17). However, another possibility exists. X-ray density is found to increase, so that a peculiar
radiation "graphitization" of pyrocarbon takes place (Fig. 18). It is possible that this process
contributes to volume shrinkage of the binder. So comparison of pyrocarbon binded graphite with
graphite leads to the conclusion that in GSP the role of structure elements in the material behaviour
under irradiation is quite different from their role in other materials. In this material, one of structure
components (low-temperature carbon binder) defines, in the main, its behaviour under irradiation. An
interaction between the structure components is unimportant in this case.
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a)

J'r, ,£- ,

b) d)
Fig.l5a,b,c,d. Different stages of crystallite splitting along basal planes in proximity of filler-binder-

type boundary in graphite GR-280, irradiated at 500-600°C, close to maximum of volume
dimensional shrinkage.

a - filler crystallite splitting from the side of filler-binder boundary,
b - binder and filler crystallite splitting near the filler-binder boundary; initial stage of
boundary destruction,
c - the further destruction of filler-binder boundary,
d - cracking along the filler-binder-type boundary.

Fig.16. Structure of graphite, binded by pyrocarbon (GSP). TEM. F indicates graphite filler, B
pyrocarbon binder.
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a) b)

Fig.17. The structure of graphite, binded by pyrocarbon (GSP). Replic electron microscopy.
B - indicates pyrocarbon binder, F - graphite filler, P - pores,
a - initial state, b - after irradiation at 900-1000°C, F=M02 5n/m2 .
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Fig.18. The dependence of graphites binded by pyrocarbon parameter "c" on neutron fluence.

Conclusion.

The development of nuclear grade graphites for HTGR in Russia was shown. Two main
candidate materials for inner reflector are: graphite GR1 and carbon-graphite material GSP. The
radiation induced changes in graphite structure has been studied. The Main results are as follows.

The presence, in nuclear graphite's, of crystallites with different sizes leads to internal stresses at
irradiation temperatures > 500°C. The cause of internal stresses is the difference in rates of radiation
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dimensional change for corresponding crystallites. These stresses, (under the same other irradiation
conditions) are dependent on irradiation temperature and on difference in sizes (specific for the type
of graphite): the higher is the temperature and larger is the difference, the stronger are stresses.

As applied to nuclear graphite's, produced of calcined and uncalcined coke, it has been shown
experimentally the following.

1. A stage character of graphites cracking, under various irradiation conditions. The cause of
cracking is internal stress. Its mechanism is described above.

2. The structure mechanism of filler-binder-type boundaries destruction is proposed. It holds for
nuclear graphite's, produced of calcined. The mechanism describes degradation, under irradiation, of
graphite properties.

3. The result of carbon-graphite materials, with non-graphitized binder, investigation is: their
characteristic properties of behaviour under irradiation are defined, principally, by non-graphitized
binder. Consequently, any change in filler properties, and its interaction with binder, does not
influence significantly on general process of properties change in these graphites under irradiation.
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