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The application of a creep model previously applied to compressive creep data for H-451 irradiated at
900 �C (13.7 and 20.8 MPa) has been extended to compressive creep data for H-451 irradiated at
600 �C (13.7 and 20.8 MPa). The basis of the creep model is discussed and the experimental data required
to evaluate the terms in the creep model are reported and discussed. The model, which corrects the true
(crystal) creep strain for the effect of creep on the dimensional change component of the creep specimen,
is shown to be a good fit to the data. Creep strain data for H-451 graphite irradiated at 900 �C under a
tensile stress of 6 MPa are also reported, along with the required experimental data to evaluate the terms
in the creep model. The model is shown to inadequately represent the high dose (post volume turn-
around) H-451 tensile creep strain data. Reasons for the models limitation are discussed and an approach
to a potentially improved graphite irradiation creep model is suggested.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The US Department of Energy is planning the construction of a
Very High Temperature Reactor (VHTR), named the Next Genera-
tion Nuclear Plant (NGNP). The NGNP is a graphite-moderated, he-
lium cooled rector capable of providing high temperature process
heat and electricity. Graphite irradiation induced creep data are
needed for NGNP design and licensing purposes. Consequently,
new irradiation creep experiments are being planned and designed
to furnish the required data [1,2]. In a parallel effort compressive
creep data for grade H-451 graphite is being re-analyzed and pre-
viously unpublished data for the high dose tensile creep behavior
of H-451 are analyzed and reported.

During operation in the reactor core graphite undergoes neu-
tron irradiation induced dimensional changes [3,4]. Local differ-
ences in neutron dose and temperature cause differential stresses
to develop in the graphite. These stresses are relaxed by neutron
irradiation induced creep strain. Graphite does not undergo ther-
mal creep at the temperatures experienced in the reactor core.
The irradiation induced creep strains in graphite can be very large,
exceeding several percent, and premature failure of the graphite
would occur if it were not for irradiation induced creep strain.

A mechanism for the irradiation induced creep of graphite has
been proposed by Kelly and Foreman [5] which involves irradiation
induced basal plane dislocation pinning/unpinning in the graphite
crystals. Pinning sites are created and destroyed by neutron irradi-
ation (radiation annealing). Under neutron irradiation dislocation
lines may be completely or partially pinned depending upon the
dose and temperature of irradiation. The pinning points were spec-
ulated to be interstitial atom clusters 4 ± 2 atoms in size [6,7]. The
ll rights reserved.
interstitial clusters are temporary barriers since they are annealed
(destroyed) by further irradiation. Thus irradiation can release dis-
location lines from their original pinning site and the crystal can
flow due to basal plane slip at a rate determined by pinning and
unpinning of dislocations.

Kelly and Foreman’s theory assumes that polycrystalline graph-
ite consists of a single phase of true density q0 and apparent den-
sity q. The material may be divided into elementary regions in
which the stress may be considered uniform and which may be
identified as mono-crystalline graphite. Significantly, the model
excludes porosity. It is further assumed that the only deformation
mode is basal plane slip for which the strain rate is determined by

_exz ¼ kðrxzÞc; and ð1Þ
_eyz ¼ kðryzÞc; ð2Þ

where c is the fast neutron flux, k is the steady state creep coeffi-
cient, and r is the stress in the given direction. The microscopic
deformation assumes the usual relationship between the basal
plane shear rate (_e) and the mobile dislocation density (X), and is
given by

_e ¼ Xbm ¼ krc; ð3Þ

where b is the Burgess vector and m is the dislocation velocity as a
function of the pinning point concentration in the basal plane as
the pins are created and destroyed by neutron flux. The dislocation
line flow model used the flexible line approach where the disloca-
tion line is pinned/unpinned and the dislocation line bowing is a
function of the line tension and pin spacing. The concentration of
pinning sites increases under irradiation from the initial value (from
intrinsic defects) to a steady state concentration. The initial creep
rate is high and decreases to a steady state value as the pinning
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concentration saturates at a level controlled by the neutron flux and
temperature. Thus a two-stage model can be envisioned where the
primary creep rate is initially high and falls to a secondary or ‘stea-
dy state’ creep rate. The steady state creep term should be domi-
nated by the dose at which physical property changes due to
dislocation pinning have saturated. Kelly and Foreman state that
at higher temperatures the steady state (secondary) creep rate (k)
would be expected to increase due to (i) incompatibility of crystal
strains increasing the internal stress and thus enhancing the creep
rate, and (ii) additional effects due to the destruction of interstitial
pins by thermal diffusion of vacancies (thermal annealing as well as
irradiation annealing). Kelly and Foreman [5] further speculate that
the non-linearity of creep strain with stress, which is expected at
higher stress levels, may also be related to the high dose dimen-
sional change behavior of polycrystalline graphite [8].

The apparent (experimentally determined) irradiation creep
strain is conventionally defined as the difference in dimensional
changes between a stressed sample and an unstressed sample irra-
diated under identical conditions. Early creep data [9–14] was ob-
served to fit a two-stage simple visco-elastic model where the total
creep strain was comprised of a reversible primary creep plus a
secondary or steady state creep proportional to the applied stress
and the neutron dose (as described above for the dislocation pin-
ning/unpinning model). The magnitude of the total primary creep
strain was observed to be approximately equal to one elastic strain
unit (r/E0), where r is the applied stress and E0 is the unirradiated
static Young’s modulus appropriate to the level of the applied
stress. The steady state (secondary) creep was shown to be repre-
sented by a linear law such that the total irradiation creep strain is
given by

Total irradiation creep (ec) = Primary (transient) creep + Second-
ary (steady state) creep

ec ¼
ar
E0
½1� expð�bcÞ� þ krc; ð4Þ

where ec is the total (apparent) creep strain, r is the applied uniaxial
stress, E0 is the initial (preirradiated) Young’s modulus, and c is the
fast neutron fluence.a and b are constants (a is usually = 1), and k is
the steady state creep coefficient in units of reciprocal neutron dose
and reciprocal stress. Because the primary creep saturates at very
low doses (<1020 n/cm2 [E > 50 keV]) to approximately one elastic
strain (r/E0) the total creep may be represented as

ec ¼
r
E0
þ krc: ð5Þ

In the UK the total creep strain is often normalized to the initial
elastic strain and written as

ec ¼ 1þ kE0c; ð6Þ

in elastic strain units (esu), or creep strain per unit initial elastic
strain, where kE0 is the creep coefficient in units of reciprocal dose.

The creep coefficient, k, was found to be independent of the sign
of the applied stress, and the linear visco-elastic law was found to
be a good fit to low and intermediate dose creep strain data
[11,15,16]. However, as increasingly larger creep strain data and
neutron dose data became available a marked deviation from the
linear law was observed [17,18]. Several models have been ad-
vanced to explain this deviation from linearity and better represent
the data. For example, the UK creep law [17,18] recognizes that the
initial creep coefficient, k, is modified by irradiation induced struc-
ture changes. Hence total creep strain is given by

ec ¼
r
E0
þ dec

dc

� �
0
r
Z c

0
S�1ðcÞ � dc; ð7Þ

where r is the applied uniaxial stress, (de/dc)0 is the initial second-
ary creep rate (k0), c is the fast neutron fluence, and S(c) is the struc-
ture factor, given by, S(c) is the E/Ep the ratio of the Young’s
modulus at dose c to the Young’s modulus after the initial increase
due to dislocation pinning.

In a reevaluation of the UK creep data Kelly and Brocklehurst
[17,18] developed a creep model that took into account the struc-
tural changes that occur in the graphite as a consequence of creep,
and that manifest themselves as changes in the coefficient of ther-
mal expansion (CTE). Kelly and Burchell [19] showed that the
application of this model to grade H-451 graphite irradiation creep
data at 900 �C to doses of �0.5 � 1022 n/cm2 [E > 50 keV] or �3.4
displacements per atom (dpa) gave good agreement with the
experimental (apparent) creep strain data. Here we demonstrate
the applicability of the Kelly and Burchell model [19] for H-451
creep strain data at an irradiation temperature of 600 �C to a dose
of �0.5 � 1022 n/cm2 [E > 50 keV] or �3.4 dpa. Furthermore, the
model is tested against H-451 tensile creep strain data from irradi-
ation experiments at 900 �C to a dose of �2 � 1022 n/cm2

[E > 50 keV] or 13.6 dpa. Deficiencies in the model as applied to
high neutron dose creep strain data are reported and discussed.

2. Theory

The Kelly and Burchell [19] model recognizes that creep pro-
duces significant modifications to the dimensional change compo-
nent of the stressed specimen compared to that of the control and
that this must be accounted for in the correct evaluation of creep
strain data.

The rate of change of dimensions with respect to neutron dose c
(n/cm2) in appropriate units is given by the Simmons’ theory [20]
for direction x in the unstressed polycrystalline graphite

gx ¼
ax � aa

ac � aa

� �
dXT

dc

� �
þ 1

Xa
� dXa

dc
þ Fx; ð8Þ

where ax is the thermal expansion coefficient in the x-direction, ac

and aa are the thermal expansion coefficients of the graphite crystal
parallel and perpendicular to the hexagonal axis, respectively, over
the same temperature range. The term Fx is a pore generation term
that becomes significant at intermediate doses when incompatibil-
ities of irradiation induced crystal strains cause cracking of the bulk
graphite [21]. For the purposes of this analysis the term Fx is ig-
nored. The parameters (1/Xc)(dXc/dc) and (1/Xa)(dXa/dc) are the
rates of change of graphite crystallite dimensions parallel and per-
pendicular to the hexagonal axis, and

dXT

dc
¼ 1

Xc
� dXc

dc
� 1

Xa
� dXa

dc
: ð9Þ

The imposition of a creep strain is known to change the thermal
expansion coefficient of a stressed specimen, increasing it for a
compressive strain and decreasing it for a tensile strain compared
to an unstressed control. Thus, the dimensional change component
of a stressed specimen at dose c (n/cm2) is given by

g0x ¼
a0x � aa

ac � aa

� �
dXT

dc

� �
þ 1

Xa
� dXa

dc
þ F 0x; ð10Þ

where a0x is the thermal expansion coefficient of the crept sample,
and F 0x is the pore generation term for the crept specimen. The dif-
ference between these two equations is thus the dimensional
change correction that should be applied to the apparent creep
strain (the pore generation terms Fx and F 0x are neglected)

g0x � gx ¼
a0x � aa

ac � aa

� �
dXT

dc

� �
� ax � aa

ac � aa

� �
dXT

dc

� �

¼ a0x � ax

ac � aa

� �
dXT

dc

� �
: ð11Þ
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The true creep strain rate can now be expressed as

de
dc
¼ de0

dc
� a0x � ax

ac � aa

� �
dXT

dc

� �
; ð12Þ

where e is the true creep strain and e0 is the apparent creep strain
determined experimentally in the conventional manner.

Thus the true creep strain (ec) parallel to the applied creep
stress is given by

ec ¼ e0c �
Z c

0

a0x � ax

ac � aa

� �
dXT

dc

� �
� dc; ð13Þ

where e0c is the induced apparent creep strain, ða0x � axÞ is the
change in coefficient of thermal expansion as a function of dose,
(ac � aa) is the difference of the crystal thermal expansion coeffi-
cients of the graphite parallel and perpendicular to the hexagonal
axis, XT is the crystal shape change parameter given above, and c
is the neutron dose. The apparent (experimental) creep strain is
thus given by

e0c ¼ ec þ
Z c

0

a0x � ax

ac � aa

� �
dXT

dc

� �
� dc: ð14Þ

Substituting for ec from Eq. (5) gives the apparent (experimental)
creep strain e0c as

e0c ¼
r
E0
þ krc

� �
þ
Z c

0

a0x � ax

ac � aa

� �
dXT

dc

� �
� dc; ð15Þ

with the terms as defined above.

3. Experimental

3.1. Materials

Grade H-451 is a medium grain, near-isotropic, extruded nucle-
ar grade graphite. The bulk density is �1.75 g/cm3 and the mean
Fig. 1. An optical photomicrograph of the microstructure of grade H-451 graphite
revealing the presence of pores [P], coke filler particles [F] and cracks [C].
grain size is 0.5 mm. The microstructure of H-451 is illustrated in
Fig. 1.

3.2. Creep capsules

A series of compressive creep capsules were irradiated in the
Oak Ridge Research Reactor (ORR) [22] in the late 1970s. Compres-
sive creep stresses of 13.8 and 20.7 MPa (2 ksi and 3 ksi, respec-
tively) were applied at irradiation temperatures of 600 and
900 �C. The peak neutron dose was �0.5 � 1022 n/cm2 [E >
50 keV], or �3.4 dpa. The capsule was heated electrically and fully
thermocoupled. The creep stress was applied using gas filled bel-
lows and measured with an in-situ load cell. The capsules con-
tained both stressed and unstressed H-451 samples with nominal
dimensions of 12.7 mm diameter and 25.4 mm length. The major-
ity of the creep and control specimens were machined with their
major axis parallel to the extrusion direction, or with grain (WG).
However, a limited number where cut in the perpendicular to
extrusion direction, or against grain (AG) [23].

Tensile creep experiments [24,25] were conducted in the high
flux reactor (HFR) at Joint Research Center, Petten, The Nether-
lands. H-451 specimens were irradiated to a peak dose of
�2 � 1022 n/cm2 [E > 50 keV] or 13.6 dpa at a temperature of
�900 �C under an applied tensile stress of 6 MPa. All the tensile
creep and control specimens were cut parallel to the extrusion
direction (WG).

3.3. Physical property measurements

The coefficient of thermal expansion (CTE) of H-451 specimens
(stressed and unstressed controls) were measured using a silica
push rod dilatometer over the temperature range 20–500 �C for
the specimens irradiated at 600 �C, and 20–800 �C for specimens
irradiated at 900 �C, under an inert cover gas.

4. Results and discussion

4.1. Compressive creep

The experimental (apparent) creep strain data from the ORR
compressive creep series of experiments are reported in Figs. 2–5.
In accord with the usual convention the apparent creep is taken
to be the difference between the dimensional change of a stressed
specimen and the unstressed control specimen. The apparent creep
strain data up to a fluence of�20% of the turn-around fluence is fit-
ted to the linear visco-elastic creep law (Eq. (5)), with the zero dose
creep strain being equal to (r/E0). The linear fit to the low dose data
is shown in the Figs. 2–5 along with the corresponding equation
y = -2.9294x - 0.162 
R   = 0.80222
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Fig. 2. Apparent creep strain for H-451 graphite irradiated at 600 �C and 13.8 MPa
applied stress as a function of neutron dose.



y = -4.1573x - 0.244 
R  = 0.87772

-3

-2.5

-2

-1.5

-1

-0.5

0
0 0.1 0.2 0.3 0.4 0.5 0.6

Neutron Dose 1022 n/cm2 [E>50keV]

C
re

ep
 S

tr
ai

n,
 %

Fig. 3. Apparent creep strain for H-451 graphite irradiated at 600 �C and 20.7 MPa
applied stress as a function of neutron dose.
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Fig. 4. Apparent creep strain for H-451 graphite irradiated at 900 �C and 13.8 MPa
applied stress as a function of neutron dose.
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Fig. 5. Apparent creep strain for H-451 graphite irradiated at 900 �C and 20.7 MPa
applied stress as a function of neutron dose.
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Fig. 6. Comparison of axial and radial orientation creep strain data for H-451
graphite irradiated at 900 �C under an applied stress of 13.8 MPa.

Table 1
Steady state creep coefficients (k) calculated from the low dose H-451 compressive
creep strain data (Figs. 1–4)

Irradiation
temperature
(�C)

Applied
compressive
stress (MPa)

Creep coefficient, k
(apparent creep strain (%)/
1024 cm2/n [E > 50keV])

Creep coefficient, k
(10�30 cm2/n Pa
[E > 50keV])

600 13.8 2.93 0.21
600 20.7 4.16 0.20
900 13.8 5.38 0.39
900 20.7 6.79 0.33
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and correlation coefficients. In each case the fit to the low dose data
is fairly good, with correlation coefficients �0.9.

Axial (WG) and radial (AG) creep strain data for H-451 irradi-
ated at 900 �C under a applied compressive stress of 13.8 MPa
are compared in Fig. 6. The creep strain data are similar at doses
up to �0.5 � 1022 n/cm2, suggesting the creep rate is independent
of preferred orientation in near-isotropic graphite.

The low dose creep strain data are represented by the linear
law, and the calculated values of the steady state creep coefficient
(k) are reported in Table 1. The units of k are given in % strain per
unit dose [E > 50 keV] (directly from the data plots) and converted
to the more familiar units of (cm2/n Pa) [E > 50 keV].

From the low dose creep coefficient data in Table 1, k for H-451
graphite (mean of both stress levels) was found to be 0.205 � 10�30

cm2/n Pa [E > 50 keV] at 600 �C and 0.360 � 10�30 cm2/n Pa
[E > 50 keV] at 900 �C. The creep coefficients for H-451 expressed
in terms of creep strain per unit initial elastic strain, kE0 (Eq. (6))
compare favorably with literature values. For H-451 these values
are 1.8 � 10�21 cm2/n [E > 50 keV] at 600 �C and 3.1 � 10�21 cm2/
n [E > 50 keV] at 900 �C (assuming E0 = 8.5 GPa). Blackstone et al.
[26] reported creep coefficients (kE0) for pressed Gilso-carbon
graphite irradiated (E0 = 10.5 GPa) at 650 �C of 1.6 cm2/n
[E > 50 keV]. Veringa and Blackstone [27] reported creep data for
Gilso-carbon graphite and extruded pitch coke graphite irradiated
at 650 �C. The kE0 values for the two graphite types were
2.1 � 10�21 cm2/n [E > 50 keV] (E0 = 10.5 GPa) and 1.75 � 10�21

cm2/n [E > 50 keV] (E0 = 10 GPa assumed here), respectively. The
UK value for creep coefficient was reported to be 1.3 �
10�21 cm2/n [E > 50 keV] for irradiation temperatures up to
500 �C [19]. Creep coefficients for IG-110, a fine-grain isotropic
graphite, at irradiation temperatures between 900 and 1000 �C
have been reported [11]. The coefficients (kE0) ranged from 2.5 to
3.6 � 10�21 cm2/n [E > 50 keV], in good agreement with the H-
451 value at 900 �C of 3.1 � 10�21 cm2/n [E > 50 keV].

While the low dose H-451 creep strain data are well repre-
sented by the linear creep law, with creep coefficients in broad
agreement with the literature values, at higher neutron doses,
especially at Tirr = 900 �C, the apparent creep strain data begins to
deviate for the linear law (Figs. 2–5). Recently it has been recog-
nized that creep strain produces significant modifications to the
dimensional change component (behavior) of the stressed speci-
men compared to that of the control and that this must be ac-
counted for in the correct evaluation of creep data. Changes in
coefficient of thermal expansion due to irradiation and creep
strain, and the crystal shape change parameter, XT, must be evalu-
ated with respect to irradiation dose in order to evaluate the cor-
rection to the true creep strain (Eq. (15)). The parameter XT has
been evaluated for H-451 at irradiation temperatures of 600 and
900 �C from dimensional change and Young’s modulus data [28]
and is shown in Figs. 7 and 8. The parameter XT may be written
as a quadratic function of neutron dose for irradiation tempera-
tures of 600 and 900 �C, respectively
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XT ¼ 0:0431c2 þ 0:0686c; and ð16Þ
XT ¼ 0:1315c2 þ 0:2399c; ð17Þ

where c is in units of 1022 n/cm2 [E > 50 keV].
The effects of neutron irradiation to high doses (>4 � 1022 n/

cm2 [E > 50 keV]) on the CTE are shown for H-451 graphite in the
WG direction at an irradiation temperature of 600 �C in Fig. 9.
The CTE is observed to initially increase, reaching a maximum,
and then decrease. Similar behavior has been reported for graphite
grade N3M [29], grade ATR-2E [25] and grade IM1-24 [16]. The
irradiated CTE behavior of H-451 at 600 �C can be described by
the equation
y = - 0.1298x2 + 0.3257x + 3.5 
R2 = 0.551
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Fig. 9. Change of CTE with neutron irradiation for H-451 irradiated at 600 �C.
ax ¼ 0:1298c2 þ 0:3257cþ 3:5 ð10�6 �C�1Þ: ð18Þ

The effect of creep strain on the CTE of H-451 graphite at 600 �C is
shown in Fig. 10 for applied stresses of 13.8 and 20.7 MPa. Over the
limited neutron dose range for which compressive creep data is
available the change in CTE is found to be represented by a linear
relationship with neutron dose (Fig. 10)

a0x ¼ 0:5371cþ 4:3 ð10�6 �C�1Þ; ð19Þ

at an applied stress of 13.8 MPa, and

a0x ¼ 1:0701cþ 4:5 ð10�6 �C�1Þ; ð20Þ

at an applied stress of 20.7 MPa, where c is in units of 1022 n/cm2

[E > 50 keV]. The stressed CTE values at zero neutron dose are both
greater than the unstressed value. This has been attributed to the
closure of internal (Mrozowski) cracks due to compressive strain
[17,30–32], such that the CTE at a compressive stress of 20.7 MPa
would be expected to be greater than the CTE at 13.8 MPa.

The effects of neutron irradiation >1.5 � 1022 n/cm2 [E > 50 keV]
on the CTE are shown for H-451 graphite in the WG direction at an
irradiation temperature of 900 �C in Fig. 11. The CTE is observed to
initially increase, reaching a maximum, and then decrease and sat-
urate, or possibly pass through a minimum. Similar behavior has
been reported for graphite grades N3M [29], ATR-2E [25] and
IM1-24 [16]. The CTE behavior at 900 �C is described by the
equation

ax ¼ 1:3882c3 � 4:0442c2 þ 1:9309cþ 3:9 ð10�6 �C�1Þ; ð21Þ

where c is in units of 1022 n/cm2 [E > 50 keV].
y = 1.3882x3 - 4.0442x2 + 1.9309x + 3.9
R   = 0.74922
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The unirradiated (c = 0) value of the CTE is greater at 900 �C
(3.9 � 10�6 �C�1) than at 600 �C (3.5 � 10�6 �C�1) as would be ex-
pected [17,30–32] due to the thermal closure of Mrozowski cracks
in the graphite.

The effect of creep strain on the CTE of H-451 graphite CTE at
900 �C is shown in Figs. 12 and 13 for applied stresses of 13.8
and 20.7 MPa, respectively. Over the limited neutron dose range
for which compressive creep data is available the change in CTE
is found to be represented by a linear relationship with neutron
dose at an applied stress of 13.8 MPa (Fig. 12)

a0x ¼ 1:2347cþ 4:4 ð10�6 �C�1Þ; ð22Þ

and a quadratic equation at an applied stress of 20.7 MPa

a0x ¼ 1:6629c2 þ 3:5011cþ 4:4 ð10�6 �C�1Þ; ð23Þ

where c is in units of 1022 n/cm2 [E > 50 keV].
At 900 �C and 20.7 MPa applied stress the relationship of CTE

with neutron dose (and creep strain) is no longer linear. At higher
irradiation temperatures the graphite is much closer to turn-
around at the peak doses reported here. Consequently, the c-axis
closure of aligned porosity is well advanced and the creation of
new porosity due to mismatch of crystal strains has commenced.
Gray [33] reported the change in CTE with dose for three different
grades of graphite (AGOT, H-327, and POCO AXF-8Q) at stress lev-
els of 6.9 MPa (1 ksi), 13.8 MPa (2 ksi), and 20.7 MPa (3 ksi). He ob-
served that the CTE in the latter two grades tended to increase with
creep strain to a maximum, and in some instances the CTE re-
versed. The dose range over which the CTE change may be assumed
to be linear appears therefore to be limited, and is a function of the
irradiation temperature and applied stress. The linear region with
respect to neutron dose is reduced as the irradiation temperature
and the magnitude of the applied stress increase.

The apparent (experimental) creep strain can now be predicted
for each temperature and stress as a function of the irradiation
dose from Eq. (15) by taking (ac � aa) = 27 � 10�6 �C�1 and apply-
ing Eqs. (16)–(23). Since the CTE change under a compressive
stress is positive and the true creep is negative (compressive) the
apparent creep strain will be less than the true creep strain. The
predicted apparent creep strain is shown in Fig. 14 for irradiation
creep at 600 �C under a compressive load of 13.8 MPa, and in
Fig. 15 for irradiation creep at 600 �C under a compressive load
of 20.7 MPa. Similarly, the predicted creep strain for an irradiation
temperature of 900 �C and compressive stresses of 13.8 and
20.7 MPa are reported in Figs. 16 and 17, respectively.

The magnitude of the CTE correction strain (shown as the dot-
ted line in Figs. 14–17) increases with increasing neutron dose, ap-
plied stress, and irradiation temperature. For example, at a neutron
dose of 0.6 � 1022 n/cm2 [E > 50 keV] the magnitude of the calcu-
lated correction at 600 �C increases from �0.2% at 13.8 MPa to
�0.4% at 20.7 MPa. Similarly, the correction at 900 �C increases
from�0.9% at 13.8 MPa to�1.4% at 20.7 MPa. In all cases the appli-
cation of the calculated correction to the (linear) true creep strain
results in an improved fit to the experimental data, as indicated by
the solid line (predicted apparent creep strain) in Figs. 14–17.

The Kelly–Burchell model accounts for non-linearity by correct-
ing the dimensional change component of the creep strain for the
induced structural changes manifested through the observed
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changes in CTE. This effect was noticeably more pronounced at
900 �C because the graphite is closer to turn-around at this tem-
perature, because a larger fraction of the aligned porosity that
accommodates the c-axis expansion is closed at the higher irradi-
ation temperature. The model demonstrates the in-crystal creep
(true creep) is linear, as postulated in the Kelly–Foreman model
[5], but allows for changes in the graphite polycrystalline structure
which manifest themselves as changes in the CTE in a crept spec-
imen. This suggests the intermediate dose non-linearity is caused
by changes in aligned porosity, both within the crystals and be-
tween the crystalline regions (domains) in the coke and binder.
Such cracks are known to cause changes in the CTE under irradia-
tion, and are thus likely to play a role in the polygrannular graphite
creep mechanism.

4.2. Tensile creep

High dose apparent (experimental) creep strain data for H-451
graphite irradiated at 900 �C in the HFR at Petten are shown in
Fig. 18 along with the calculated true creep strain (from Eq. (5))
setting k to 0.360 � 10�30 cm2/n Pa [E > 50keV]. The departure
from linearity is clearly evident, confirming the trend seen at lower
dose in compression (especially at the higher irradiation tempera-
ture of 900 �C).

The effect of irradiation on the CTE of H-451 stressed (6 MPa
tensile) and unstressed is shown in Fig. 19. There are very few data
for the effects of tensile stress on CTE compared to the unstressed
data base (represented by the solid line in Fig. 19). The CTE of the
unstressed irradiated experimental controls are reasonably well
represented by the solid line (taken for all the CTE data at 900 �C
in Fig. 11). However, there are insufficient data to accurately define
an irradiated stressed CTE curve. Also plotted in Fig. 19 are data for
the change in CTE with creep (Da). These data show that the
change in CTE with neutron dose (creep strain) is not linear over
the reported dose range under tensile stress, as also observed for
the higher compressive stress 900 �C CTE data.

The change in CTE is found to be well represented by the
equation

a0x � ax ¼ 0:2429c2 � 0:42c� 0:3 ð10�6 �C�1Þ; ð24Þ

where c is in units of 1022 n/cm2 [E > 50 keV].
The CTE behavior reported here is in agreement with that re-

ported by Gray [33] as discussed earlier. He reported the saturation
and reversal of the CTE with increasing neutron dose (creep strain)
at 800 �C.

The apparent (experimental) creep strain can now be calculated
as a function of the irradiation dose from Eq. (15) by taking
(ac � aa) = 27 � 10�6 �C�1 and applying Eqs. (17) and (24). Since
the CTE change under a tensile stress is negative and the true creep
is positive (tensile) the apparent creep strain will once again be
less than the true creep strain. The predicted apparent creep strain
is shown in Fig. 20 along with the experimental data. While there is
reasonable agreement between the predicted apparent creep strain
at low doses, the Kelly and Burchell creep model is not a good fit to
the data at doses >0.5 � 1022 n/cm2 [E > 50 keV].

Notably, the dimensional change correction term (dashed line
in Fig. 20) increases in magnitude with neutron dose to a maxi-
mum at ��1% at �1.5 � 1022 n/cm2 [E > 50 keV] and then reduces
with increasing neutron dose.
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5. General discussion

The poor performance of the Kelly and Burchell model (Eq. (15))
at predicting the high temperature (900 �C) and high dose 6 MPa
tensile creep data (Fig. 20) suggests the model requires further
revision. H-451 graphite irradiated at 900 �C goes through dimen-
sional change turn-around in the dose range 1.3–1.5 � 1022 n/cm2

[E > 50 keV]. This behavior is understood to be associated with the
generation of new porosity due to the increasing mismatch of crys-
tal strains. The model reported here accounts for this new porosity
only to the extent to which it affects the CTE of the graphite,
through changes in the aligned porosity. Since creep occurs at con-
stant volume (up to moderate fluences) another pore related struc-
tural change must also occur.

Gray [33] observed at 550 �C the creep rate was approximately
linear. However, at 800 �C he reported a marked non-linearity in
the creep rate and the changes in CTE were significant. Indeed,
for the two high density graphites Gray reports (H-337 and AXF-
8Q) the 900 �C creep strain rate reverses. Gray postulated a creep
strain limit to explain this behavior, such that a back stress would
develop and cause the creep rate to reduce. Other workers have
shown that a back stress does not develop [13]. However, Gray fur-
ther argued that a creep strain limit is improbable since this cannot
explain the observed reversal of creep strain rate. Note, a reversal
of the creep rate is suggested by the 900 �C H-451 compressive
creep strain data reported here and is clearly seen in the 900 �C
tensile creep strain data reported here for H-451. Also, a creep
strain limit would require that tensile stress would modify the on-
set pore generation behavior in the same way as compressive
stress, because the direction of the external stress should be imma-
terial [33]. More recent data [25] and the behavior reported here
shows that this is not the case. Gray suggests a more plausible
explanation of his creep data is the onset of rapid expansion accel-
erated by creep strain, i.e., net pore generation begins earlier under
the influence of a tensile applied stress. Indeed it has been ob-
served [25] that compressive creep appears to delay the turn-
around behavior.

In discussing possible explanations for his creep strain and CTE
observations Gray noted that changes in the graphite pore struc-
ture that manifested themselves in changes in CTE did not appear
to influence the creep strain at higher doses. The classical explana-
tion of the changes in CTE invokes the closure of aligned porosity in
the graphite crystallites. Further crystallite strain can only be
accommodated by fracture. A result of this fracture is net genera-
tion of porosity resulting in a bulk expansion of the graphite. A
requirement of this model is that the CTE should increase mono-
tonically from the start of irradiation. A more marked increase in
CTE would be seen when the graphite enters the expansion phase
(i.e., all accommodating porosity filled). The observed CTE behavior
reported here and in Gray’s work [33] does not display this second
increase in CTE, thus the depletion of (aligned) accommodation
porosity is not responsible for the early beginning of expansion
behavior.

The observation by Gray [33] and Kennedy [14] that creep oc-
curs at near constant volume (up to moderate fluences) indicates
that creep is not accompanied by a net reduction of porosity com-
pared to unstressed graphite, but this does not preclude that stress
may decrease pore dimensions in the direction of the applied stress
and increase them in the other, i.e., a re-orientation of the pore
structure. Pore re-orientation could effectively occur as the result
of a mechanism of pore generation where an increasing fraction
of the new pores are not well-aligned with the crystallites basal
planes (and thus would not manifest themselves in CTE behavior)
accompanied with the closure of pores aligned with the basal
planes.

Kelly and Foreman [5] report that their proposed creep mecha-
nism would be expected to break down at high doses and temper-
atures, and thus deviations from the linear creep law (Eq. (5)) are
expected. They suggest this is due to (i) incompatibility of crystal
strains causing additional internal stress and an increasing creep
rate, (ii) destruction of interstitial pins by diffusion of vacancies
(thermal annealing of vacancies in addition to irradiation anneal-
ing), and (iii) pore generation due to incompatibility of crystal
strains. Here we postulate that this pore generation can manifest
itself in two ways (a) changes in CTE with creep strain – thus pores
aligned parallel to the crystallite basal planes are affected by creep
strain, and (b) at high doses pore generation or perhaps pore re-
orientation, under the influence of stress that must be accounted
for in the prediction of high neutron dose creep behavior.

Brocklehurst and Brown [13] report on the annealing behavior
of specimens that had been subjected to irradiation under constant
stress and sustained up to 1% creep strain. They observed that the
increase in creep strain with dose was identical in compression and
tension up to 1% creep strain, and that the CTE was significantly af-
fected in opposite directions by compressive and tensile creep
strains. Irradiation annealing of the crept specimens caused only
a small recovery in the creep strain, and therefore provided no evi-
dence for a back stress in the creep process, which has implications
for the in-crystal creep mechanism. Thermal annealing also pro-
duced a small recovery of the creep strain at temperatures below
1600 �C, presumably due to the thermal removal of the irradiation
induced defects responsible for dislocation pinning. Higher tem-
perature annealing produced a further substantial recovery of
creep strain. Most significantly, Brocklehurst and Brown [13] re-
ported the complete annealing of the creep induced changes in
CTE, in contrast to the total creep strain, where a large fraction of
the total creep strain is irrecoverable and has no effect on the ther-
mal expansion coefficient. Brocklehurst and Brown [13] discuss
two interpretations of their results, but report that neither is satis-
factory. One interpretation requires a distinction between changes
in porosity that affect the CTE and changes in porosity affecting the
elastic deformation under external loads, i.e., two distinct modes of
pore structure changes due to creep in broad agreement with the
mechanism proposed here.

The modified Simmons model [20,21] for dimensional changes
(Eq. (8)) and for dimensional changes of a crept specimen (Eq.
(10)) both have terms for pore generation which are currently ne-
glected. It now appears necessary to modify the current creep model
(Eq. (15)) to account for this effect of creep strain on this phenom-
ena, i.e., we need to evaluate and take account of the terms Fx and
F 0x and include the term (F 0x � Fx) in Eq. (15). Such a term should ac-
count for pore generation and/or re-orientation caused by fracture
when incompatibilities in crystallite strains become excessive. This
is the focus of our current work and will be reported soon.



54 T.D. Burchell / Journal of Nuclear Materials 381 (2008) 46–54
6. Conclusions

The Kelly and Burchell creep model previously applied to com-
pressive creep data for H-451 graphite irradiated at 900 �C (13.7
and 20.8 MPa) has been extended to compressive creep data for
H-451 irradiated at 600 �C (13.7 and 20.8 MPa). The basis of the
creep model was discussed and the experimental data required
to evaluate the terms in the creep model were reported and dis-
cussed. The model, which corrects the true (crystal) creep strain
for the effect of creep on the dimensional change component of
the creep specimen, is shown to be a good fit to the experimental
compressive creep strain data. Significantly, the magnitude of the
dimensional change correction increases with dose, applied stress,
and irradiation temperature, over the dose range of the compres-
sive creep data. The dimensional change correction applied in the
model is calculated from the change in CTE between the stressed
and unstressed specimen. The CTE change was observed to be
approximately linear over the dose range reported for the 600 �C
data at both compressive stresses, and at 900 �C at the lower com-
pressive stress (13.8 MPa). However, at the higher applied com-
pressive stress level (20.7 MPa) at 900 �C the change in CTE was
found to be non-linear, with the rate of increase in CTE decreasing
with increasing dose, i.e., CTE appears to saturate with dose in this
case (over the range reported). The observed CTE behavior with
dose and creep strain was explained in terms of the closure of
aligned porosity (which is known to affect the dilation behavior),
and at higher doses (post turn-around) the generation of additional
porosity that affects the dilatational behavior.

Creep strain data for H-451 graphite irradiated at 900 �C under
a tensile stress of 6 MPa was also reported, along with the required
experimental data to evaluate the terms in the creep model. The
magnitude of the dimensional change correction increases with
dose and then decreases. The model is shown to inadequately rep-
resent the high dose (post volume turn-around) H-451 creep strain
data.

It was postulated that the effects of porosity on the creep strain
must be further accounted for. Such a term should account for pore
generation and/or re-orientation caused by fracture when incom-
patibilities in crystallite strains become excessive. Currently the
Kelly and Burchell model only accounts for pore generation to
the extent that it changes CTE during creep. Consequently, a fur-
ther correction to the model is required to account for additional
pore structure changes. Support for the possible role of pore struc-
ture changes from the literature was reviewed and discussed. An
additional pore structure correction is required because the creep
mechanism due to Kelly and Foreman, which underpins the cur-
rent model, is a graphite crystal deformation mechanism and takes
no account of the interaction of porosity in the graphite creep
deformation mechanism. It is suggested that the pore generation
term in the modified Simmons model of graphite dimensional
change should be evaluated for crept and control samples. Current
work at ORNL is directed toward this goal.
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