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, FutureASME Code Development and Reactor Deployment

* ASME code rule modification for support of

new reactor concepts and commercial 20 1 e pcea 7s0c
vendors » PCIB, 750°C
. . . 15 4| * NBG-10, 750°C
— Key properties include, but is not ¢ 16-110, 750°C

limited to, the strength, elastic | iy
modulus, coefficient of thermal © N8 10,8507
expansion, dimensional change, etc.

— The turnaround dose signals when
many other properties will significantly
deteriorate.

— Irradiation temperature is a key 5
parameter effecting turnaround dose.

AV/V, (%)

-10

* Dependent on coke source, and dpa
manufacturing process, each nuclear

graphite has a unique response. M.C.R. Heijna et al. / Journal of Nuclear Materials
492 (2017) 148-156
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~* . ~Can We Define a Universal Response for Nuclear Graphite?

A
o

by 20
- Qualifying each candidate N I
grade of nuclear graphite, at R s
various temperature regimes, is 10 * NBG-10
unreasonable. S Wi
- New irradiation campaigns F O B
are time consuming 2
— Can be extremely °1 e
expensive (millions) 5
* For development of ASME 0.
code rule, and to inform dpa
vendors, can a universal Fig. 2. Dimensional change as function of dpa at 750 °C.

' ?
response be defined? M.C.R. Heijna et al. / Journal of Nuclear Materials

492 (2017) 148-156
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:- Candldate Grades for Reactor Concepts and Obsolete Grades
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Major Grades in AGC - 1

T PaSt | rraq Iatl ons . p rl ma rl Iy TOCU Sed Graphite Manufacturer Coke Type Grain Size Forming Process Remarks
for grap hite use in prism atic reactor 1G-110 Toyo-Tanso Petroleum Fine grain  Iso-molded Prismatic fuel element,
conce ptS . coke replaceable reflector, and core
support pedestals
 Since that time , many new reactor 1G-430 Toyo-Tanso  Pitch coke Fine grain  Iso-molded Prismatic fuel element,
. laceable refl d
concepts and new candidate oot podestats
g rades have eme rg ed. NBG-18 SGL Pitch coke Medium  Vibramolded  Prismatic replaceable reflector
grain Pebble bed reflector structure
- Code develo pme nt and NBG-17 SGL Pitch coke Medium  Vibramolded  Prismatic fuel element and
manufactures still need irradiation grain replaceable reflector. Pebble bed
data for prope rty chan ges reflector structure and insulation
. blocks
. T . PCEA GrafTech Petroleum Medium Extruded Prismatic fuel and replaceable
* New irradiation cam paigns wou Id coke grain block. Pebble bed reflector and
be a significant financial burden insulation blocks
: : H-451 SGL Petroleum Medium Extruded Historical reference, no longer
and time consumi ng coke grain available.
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-+ . Dimensional Change Theory

dG, 1 dX, 1 dX,
=4, (= 1—4

' |

X . Direction (not specific)

y . Fast neutron fluence (n/m?)
A, . Structural factor: ration of grains to c-axis within x direction (i.e., purely isotropic 4,, = 0.5
X4, X, . Fractional dimensional change to a- and c- axes

f,- Fractional dimensional change from pores per neutron fluence

Linear

Integration yields: G,(y) = A,G.(y) + (1 —A4,)G,(y) + E,(¥Y)
- Non-linear

J. E. Brocklehurst, B. T. Kelly, Carbon, 31, 155-178 (1993).
[ ADVANCED REACTOR TECHNOLOGIES s



L . Dimensional Change Theory

¢ G(V) =A,G.(¥) + (1 —A)G,(Y) + Fx(¥)

If the porosity function is assumed to be quadratic (i.e., porosity decreases then

increases with increasing dose), the semi-empirical relationship is given by:
G.(¥) = a1y* + azy
Where a4 and a, are temperature dependent constants.

For IG-110, literature gives the following values:

Grade 1G-110

Irradiation temperature a, a,
(°C)

400 0.279 -1.64

600 0.450 -1.86

800 0.821 -2.19

S. Mohanty, S. Majumdar, M. Srinivasan, U.S.N.R. Commission HTGR Graphite Core Component
Stress Analysis Research Program — Task 1 Technical Letter Report (2011) ADVANCED REACTOR TECHNOLOGIES
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-+ ~Theoretical vs Empirical Modeling

b P y

. |

Neutron Irradiated 1G-110

800 4« Between best fit polynomial, theory at
= AGC2 400 and 600°C, there is little to no
61 X heo.3 7 deviation before turnaround dose.
v ORNL/HFIR ’]
—— Best fit polynomial
4 - - - - Thoery (600°C) .
2 Thoery (400°C) .~ 1+ Shown is that the methodology,
S ,- _ theoretical or purely empirical, is not
significant until after turnaround.
04, ¥ |
2_\‘ v v | * Proposed is to empirically fit all
available data to inform ASME code
o 5 10 15 20 25 30 35 development.
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AllGraphltes Behave Similar — Can we Predict the %A?

b
R

AV/V, (%)

20

15 A

10

-10 -

= PCEA

o PPEA

» PCIB

* IG-110
+ NBG-10

a NBG-17
* NBG-18
o NBG-25

dpa

Fig. 2. Dimensional change as function of dpa at 750 °C.

M.C.R. Heijna et al. / Journal of Nuclear Materials

492 (2017) 148-156

25

Proposed is empirical polynomial fitting
up to turnaround.

To be used as a reference for ASME
code / commercial vendors, for
dimension change (%A) at a given dose.

Shown is 5" order polynomial fits, which
accurately captures the delayed
dimensional change response.

Literature reviews suggest PCEA to have
the largest dimensional change of
candidate grades.

Can PCEA data be used as a ‘lower
bound’ for all candidate grades in the
design code (% dimensional change).
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s -Irradiation Data From AGC1-3 and InnoGraph

Define a 95% lower
___ Upper Prediction Band 1G-110 prediction band with PCEA.
°r *oof Medium grained,
' extruded

Lower Prediction Band PCEA

Define a 95% upper

> 0

> ’ . . .

< " y 1 predication band with 1G-110
2 “ ] 7] . . .

e y ! Fine grained, isomolded
4+ I 4
ol |
0 é 110 115 ZIO 0 é 1IO 115 ZIO
dpa dpa
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_, ';'.‘.‘_”Irl'j.adi'ati'on Data From AGC1-3 and InnoGraph

15

25

Nuclear graphite grades: NBG-
10, NBG-17, NBG-18, NBG-25,
PCEA, H-451, 1G-110, and 2114.

Needs to be refined by
temperature.

For adequate fitting, irradiation

data was taken from 400-800°C.

— Currently collaborating with
ORNL to compile and produce
open-source data for analysis.

With enough data, additional
refinements may be possible.

- Ex. by small, medium and
large grained graphites.
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% ~Turnaround Dose as a Function of Temperature

IRy - Historical grade H-451 dimensional
change model (3rd order polynomial).

* ldentify turnaround dose as a function

400°C
500°C of temperature.
——600°C .
| Jo0c « Turnaround is a temperature
—— 800°C dependent response (thermally

activated).
* Define an Arrhenius function

_Ea
TA(T) = Aexp <—>

| | I I | —400°C ka
— 500°C
— 600°C
IR I - All graphites should have the same
) activation energy (E,).
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T .. L
L
1 1 T T T T T T 9 T T T T T T T
m H-451,., TAdosevs. T| | m H-451 . TAdosevs. T| |
10 Arrenhius Fit 8 Arrenhius Fit
Model NewFunction4 (User) Model NewFunction4 (User
Equation A"exp(-bix) Equation A*exp(-b/x)
Plot B Plot B
A 240635 £ 0.20799 A 174392 + 0.06198
9L b -987.03292 + 68.2214 7L b 1087 03992 4.0
Reduced Chi-Sq  0.05819 Reduced Chi-Sqr  0.21185
R-Square (COD ppsesd ] R-Square (COD)  0.92782
Adj. R-Square : 8 Adj. R-Square 092782
8 TglL
7 5L
6 | 4 .
1 1 i 1 1 1 T T T T T T T
600 700 800 900 1000 1100 600 700 800 900 1000 1100

Temperature (K)

Temperature (K)

':_ﬁf'_'-;,.--' . ';'.:_"H(;Id"'Ea'Constant and Allow Pre-exponential to Vary

Plot and fit Arrhenius equation
for H-451

Activation energy should be
constant and not orientation
dependent.

Allow the pre-exponential factor
to vary.

Assuming constant activation
energy produces reasonable fit
(R2=0.92).

To accurately estimate a
universal activation energy, more
data is needed.
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> . Pre-exponential Factor Could be Defined per Grade

~—La
TA(T) = Aexp (k T) Fundamentally, on the atomic scale, all
b nuclear graphites are the same. Sp,
bonded Carbon with some degree of

ACE, A CTE) disorder.
0: x) Poy Variation in the irradiation response

amongst grades comes from difference in

the meso — macroscale features.

E,= Elastic Modulus The value of the pre-exponential factor

could be defined by baseline properties

A,= Anisotropic Factor specific to grade.

p,= Density Again, much more data is needed.

CTE = Coefficient of Thermal Expansion

ADVANCED REACTOR TECHNOLOGIES
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Why "'fOrily Up to Turnaround Dose?

|

Neutron Irradiated |1G-110
600-750°C . . : .
8 PR 1 hoo. Significant degradation to all properties
= AcC2 beyond turnaround dose.
6 - N ] - :
A 1 ° Other properties such as creep must
—— Best it polynomial now be considered.
4 - - - - Thoery (600°C) , . .
Thoery (400°C) -~ { = The variance in data becomes
2- ’ i significant.
3. - The amount of ‘open-source’ data is
01 7 7 scant.
L ; v | * To accurately describe the response of
| | | nuclear graphite past turnaround dose,
0 10 15 20 25 30 35 a comprehensive understanding of the
dpa damage mechanisms is needed.
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~* . ~Many Atomic Mechanisms are Energetically Favorable
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e 413, 2011

Mckenna, et al., Carbon,
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,- F|rstEV idence of ‘Ruck and Tuck’ Defect.

T | -

- First experimentally verified
AGC-3 Specimen. |1G-110 irradiated evidence of a ‘ruck and tuck’
at ~800°C to 3.56 dpa. defect in neutron-irradiated

(D) s o — nuclear graphite.

—— - Provides an alternative theory
———— to explain large c-axis
expansion in which historical
models failed.

a/b axis contraction
> <

4

basal ~~

—-——p

A
p]anes_* ‘0-----» ’— m——

S.Johns, et al., Carbon, 159, 2020 ’

interstitial  additional caxis
atom basal plane expansion

[ ADVANCED REACTOR TECHNOLOGIES Fmms
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~+ . -Zoo of Defects

AGC-3 Specimen. |G-110 irradiated at ~800°C to 3.56 dpa.

S.Johns, et al., Carbon, 116, 2020
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* First experimentally verified
evidence of a ‘ruck and tuck’
defect in neutron-irradiated
nuclear graphite.

* Provides an alternative theory
to explain large c-axis
expansion in which historical
models failed.

S.Johns, et al., Carbon, 143, 2019 ;
I ADVANCED REACTOR TECHNOLOGIES M
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I r;'édiatfon/lnduced Graphitization

* |In-situ electron-irradiation conducted at 500°C.

- At lower doses, (b) & (c), additional layers are
observed to ‘template’ onto the crystallite.

At higher doses, (d), the crystallite becomes
significantly disordered.
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s I n-situ Electron Irradiation

} y,
.. | g -

* Electron-irradiation conducted at 200keV at
800°C.

« Shown is the formation of fullerene-like
defects.

N Q)
(f)r 955s

S.Johns, et al., Carbon, 116, 2020




diated Nuclear Graphite

=Irra

Neutron

ions in

S.Johns, et al., Carbon, 116, 2020
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~* - ~Effects of High-temperature Thermal Annealing

i, ---‘\_ | -’/ \*

* Nuclear graphite IG-110 thermally annealed at
2500°C.

 All basal plane edges were observed to rearrange into
fullerene-like loops.

* Loops were found to form at 150°.

« Suggesting, closed fullerene-like loops occur on
alternating crystallographic directions (i.e., zigzag
<1120> to armchair <1010>).
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