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FOREWORD

The purpose of this document is to provide background information on the scope, development, and
verification of elevated-temperature design and construction rules as defined in the ASME Boiler and
Pressure Vessel Code (“BPVC”), Section IIl Rules for Construction of Nuclear Facility Components,
Division 5 High Temperature Reactors Subsection HH, Class A Nonmetallic Core Support Structures,
Subpart A Graphite Materials, 2017 edition. The general requirements applicable to nonmetallic core
components are discussed in BPVC Subsection HA General Requirements, Subpart B, Graphite Materials.
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1 INTRODUCTION

Before its appearance in the 2011 edition of ASME BPVC, there was no internationally recognized graphite
core design code. Although the need for such a code was recognized by stakeholders such as the US Nuclear
Regulatory Commission (NRC) and several reactor designer/constructers, it was not until 2002 that ASME
formed a project team to initiate a graphite design code. Graphite is used extensively for reactor internal
components in high-temperature gas reactor concepts, as it is needed to establish core geometries allowing
coolant flow react|V|ty control and shutdown element msertlon serve as a moderator Whl|e supportmg the

¢ and | T ' basis

veen
ising
nent

tallic
kean
ved.

and
e for

Aftef assessment, a new probabilistic approach was adopted; It concluded that the designer can alloyv for
cracks in the component but must demonstrate through analysis and testing that the component can maintain
the gssigned safety function. Moreover, the design.should account for the effects of irradiation op the
thermal and mechanical properties of the graphite irrthe design of the graphite core and consider statigtical
strength variations within a billet, as well as variation from billet to billet due to different production funs.
The pew approach also does not follow the.standard ASME practice of defining primary and secorjdary
strespes but instead uses a combined stress-approach that incorporates the largest stress contributofs —
irradjation-induced stresses and mechanical stress concentrations — as well as lesser stress contribptors

It was initially envisioned that the design code would be applied for helium-cooled high-temperpture

The [purpose of this deecument is to provide background information on the scope, development| and
verification of elevated-témperature design and construction rules as defined in ASME BPVC Sectiop I,
Divigion 5 Subsection HH, Class A Nonmetallic Core Support Structures, Subpart A Graphite Materials,
2017 edition. The-general requirements applicable to nonmetallic core components are discussed in BPVC

Simifar to-the rules for metallic components, BPVC Section Ill, Division 5, High Temperature Reactors is
strugtured to provide a central location for all aspects of construction for high-temperature reaitors,
including nonmetallic components or, more specifically, graphite components, in the 2017 edition. For
nonmetallic components, according to ASME code terminology, “construction” includes all aspects of
Materials (HHA-2000), Design (HHA-3000), Machining, Examination and Testing (HHA-4000),
Installation and Examination (HHA-5000), and Nameplates (HHA-8000). The rules stipulate details for
material specifications (HHA-I), the requirements for preparing a material data sheet (HHA-II), and the
requirements for generating design data for different graphite grades (HHA-III). It also gives reference
guidance for consideration of factors such as graphite as a structural material (HHA-A) and the
environmental and oxidation effects in graphite (HHA-B).
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The general requirements under BPVC subsection HAB complement the technical rules, as subsection HAB
details the rules for classifying graphite core components (HAB-2000), the responsibilities and duties
during the design and construction process (HAB-3000), the quality assurance aspects (HAB-4000), the
Authorized Inspection requirements (HAB-5000), the applicable standards (HAB-7000), and the required
certificates and reports (HAB-8000). It also provides a glossary of highlighted terms (HAB-9000). It
specifically states the limitations of the rules in HAB-1130 [2]:

The rules of this Subpart and Subsection HH, Subpart A provide requirements for new
construction and include consideration of mechanical and thermal stresses due to cyclic
Operation. They nctude consigeration of deteroration that may occur T Service a5 a Tesutt
of radiation effects and oxidation.

At the outset, several materials issues were considered when drafting the code:

¢ Differences between nuclear graphite and traditional ferrous core construction metals
¢ The manufacture of graphite
¢ The effect of the reactor environment on nuclear graphite

Sevelral important differences between the properties and behavior of graphitecand steels were recognized,
as ligted in Table 1 (refer to Appendix A):

Table 1: Comparison of the Behavior of Steels ahd*Nuclear Graphite

Steel (Metal) Nuclear Graphite (Nonmetallic)
Region of linear elastic behavior Always nonlinear elastic behavior
Yidld stress can be defined Yield stress is not definable
Higdh tensile strength, fracture strain, and-fracture | Low tensile strength, fracture strain, and fracfure
toughness toughness
Small scatter in strength data Large scatter in strength data

Streéngth decreases with increasing temperature | Strength increases with increasing temperature

Rellief of peak stréss'due to plasticity Relief of peak stress due to microcracking

Logal peak'stresses are not critical Local peak stresses can cause damage

Crack initiation depends upon the flaw §ize
distribution and total Stress

Crackiinitiation dplnpndc upon the primary stress

Material properties depend on thermal neutron | Material properties are independent of thermal
flux neutron flux

Fast neutron flux influences the material | Fast neutron flux changes all properties and induces
properties (raises the nil ductility temperature) dimensional change (shrinkage/swelling) and creep

Moreover, graphite is not weldable like metal.
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One unique aspect of the behavior of graphite is the material’s temperature response. Graphite, unlike other
materials, increases in strength with increasing temperature. Tensile strength increases of ~50% are typical,
with the strength increasing with temperature until the onset of plasticity at approximately 2000°C. This
behavior requires the exclusion of oxidizing gases, such as air, to prevent gasification of the graphite.

Several consequences of the manufacture of graphite must be considered in formulating a design code.
Although graphite has been in production for over 100 years, there are no standardized graphite grades.
Polycrystalline graphite is produced from specifically sized carbonaceous fillers bonded with a carbon-rich
blnder thls plastlc m|x is formed into the desired shape and heat treated to carbonlze the blnder (~1000°C)
p the
ition
ique

§ ; the
availlable graphite grades and properties; and operational considerations was conducted for the [Next
Gengration Nuclear Plant project [1], which provides details and a comprehensive background and
overyiew.
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2

CODE APPROACH

This section provides the basis for the code and a typical design sequence for a graphite core component.
Because there is not a standardized graphite grade for nuclear applications, the code places the
responsibility for determining the design properties of the graphite used on the core designer. The approved
properties for the selected graphite grade are then determined through material testing and listed in the form

of a

materials data sheet [4]-[6], which is used to justify the design.

Previous studies [7], [8] determined that variations of the Weibull distribution best describe the graphite

relia
spec
othe

Top

In gé
resul

men test results so that a material reliability curve can be derived. The approach is supported by.
studies [10]-[17].

d on
any

erform a stress-based analysis, the rules derive an equivalent stress state (from a multiaxial gtress
analysis) to determine the peak equivalent stress for a component for a given load condition.

neral, parts are designed by comparing calculated stresses to strength limits based on specimen test
ts and adequate design margins. But in the case of graphite, fixed desigimargins do not empsure

unifgrm reliability because of the variability in the material. The stochastic* strength (large random

fluct
[18],
char

The
both
irrad

The

as well as billet-to-billet variation [19], require that the material be-Statistically characterized.
cterization is then used to determine the design margin [20], [21].

elastic instability and irradiation-induced dimensional changes) and environmental effects su
jation and chemical attack.

Following are fundamental concepts for the code approach.

It is possible to allocate probability-of-failute (POF) targets to the graphite parts such that
targets are met, the overall functional integrity of the assembly is ensured.

stress states can be reduced to an-eguivalent stress, which is equivalent to uniaxial stresses ap
to test specimens.

The nature of graphite implies that a probabilistic assessment method is better suited to the d
of graphite parts than is'a-deterministic method.

results to produce a’statistical distribution (referred to as the material reliability curve) and gen
confidence intervals to ensure conservatism.

values = based on the POF targets and material test data — so that when the part stresses are |

Liations from the population mean) and the nonlinear stress-strain respense (quasi-brittle) of graphite

That

dentified modes of failure for graphite are brittle fracture, fatigue, excessive deformation (inclyding

h as

f the

The effects of loads on a part can be¢alculated and expressed as stress states in the part. Conmplex

plied

Sign

It is possible to characterize the materials by a statistical treatment of the material specimen test

erate

To ensure margin against brittle fracture, for a simple assessment, it is possible to determine gtress

pwer

than-these limits, adequate reliability of the part is ensured. For a full assessment, it is possiljle to
ealculate expected POF values for a graphite part based on material test data that are dirgctly

comparable to the POF targets and ensure adequate reliability of the part

considering the changes to the input material properties.

Environmental effects such as irradiation and oxidation can be incorporated into the method by

To ensure the margin against fatigue fracture, the code requires protection against fatigue failure;

but it does not specifically address guidance regarding failure of graphite parts due to fatigue-

induced damage for the major operating cycles of the reactor (HHA-3144) [22].
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e Provisions are made for the use of fracture mechanics to extend the assessment of parts should it

be necessary.

The graphite code treats design, service, and test loadings consistently with the rest of the ASME BPVC.
The design loadings, defined in HHA-3123.1 through HHA-3123.4 [22], include the distributions of
pressure, temperature, fast neutron flux or damage dose rate, and various forces applicable to nonmetallic
core components. According to HAB-2142 [23], the design specification defines the design limits (the
enveloping case for the design) and service limits according to the designer’s classification with regard to
functional performance (Level A); the ability to withstand damage requiring repair (Level B); and the extent

with

rmal
rium

of external and internal forces and moments), secondary stress (a normal stress or a shearstress developed

The theory of failure is based on the maximum deformation energy theory, in which an equivalent str
derived from an arbitrary stress state at a point. The POF is determined by comparing the peak equiv
stresp (the highest equivalent stress computed from the total stress) with the results of a uniaxial strq
test @s specified in HHA-3213 and HHA-3214 [22]. Reducing-the risk of failure requires incorpor,
adequate design margin. As mentioned, fixed design margins‘do not ensure uniform reliability becau
the strength variability in graphite. Instead an allowable POF is used.

The [|specified design allowable POF was derived frem a review of design margins from several
metHodologies that included the proposed ASME_CE draft methodology [24], the Japan Atomic Ef
Agency (JAEA) methodology [25], [26], the Kerntechnischer Ausschuss (KTA) 3232 methodology

ment
ocal
es of

BSS 1S
alent
ngth
ating
se of

code

ergy
[27]

and the United Kingdom (UK) Advanced Gas-Cooled Reactor methodology [28] as reported by Mitchell

[20].

The JAEA methodology (and previous ASME BPVC Section Il Division 2 Subsection CE draft me
used|a predicted failure approach,applying the failure probability function with defined limits (or ra
as shiown in the Hopper diagrams in Figure 1a, the JAEA approach, and the Subsection CE approach (F
2).

The JAEA methodology-defines primary, secondary, and peak stresses using the minimum ultimate strg
ratio|while assuming.a-linear cumulative damage law for fatigue evaluation with usage factors limit
1/3, 2/3, or 1 for thedifferent operating conditions [25]. The specified minimum ultimate strength (S,
a survival probability of 99% and confidence level of 95%) is applied to obtain the acceptable design g
limity as shown: in Figure la (reprinted from [25]). For example, the induced stress in the core su
strugture_should be less than 0.25 of S,, as shown in Figure 1a; but it is also shown that, by applying

hod)
[ios),
gure

ngth
pd to
with
tress
pport
this
ilure

ratio[te-a-corresponding graphite with a tensile strength distribution, it is estimated that a fracture or fz

H ranrintad froam Do

b-\b-\:lih. of10-10 1o attoinnd oo Sl ictyadnd 1o Fioy alh ( +o
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Fig
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OPERATION PRIMARY PLUS SECONDARY STRESSES PEAK STRESS
CONDITION | MEMBRANE ~ MEMBRANE PLUS BENDING PEAK FATIGUE
CATEGORY | Pp,Om OR POINT Py, Qp, Pp, Qp F
1Pm"0m1 Pn* Qm+ Pp+ Qp Pt Qmt Pp+0p +F
OR OR
Pp + Qp Pp + Qp +F
1)
&1 —0.255u —0.335u — 0.9Su
2)
i1/3
m — 0.5 Su —— 0.67 Su — 0.9 Su
2/3
I\ — 0.6 Su —— 0.8 Su — 1.0 Su
3/

1) Su is the specified minimum ultimate strength of the material:
(a) 2) Allowable fatigue life usage fraction

Probability Density Function

Residual stress

Design stress

Specified minimum _'
ultimate tensile  ;
strength (99/95) :

Safety factor

-
..... :
............ ¥

(b)

Stress

Strength

Fractur¢ Probability

'10'")

Probability Density Function

ure 1. JAEA Methodology(a) Design Stress Limit for Core Support Graphite and (b) Fracture

proposed ASME Section Ill Division 2 Subsection CE draft method similarly defines prirpary,
ndary, and peak stresses and associated allowable design limits for different service levels as shown in
e 2. The allowable design limits are defined in terms of Sy (the primary and secondary memfrane
bable stress:limit), Sy (the primary plus secondary plus bending allowable limit or primary
ndary paint allowable stress limit), S, (the allowable fatigue stress amplitude), and S, (the mini
ate tensile strength) [24].

and
mum
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The
(ado

(a) “Elestic” refers to stress calculated by linearly elastic methods.

(B)Cyclic fatigue” is failure caused by repested loads.
{e)' "“Static fatigue” Is failure caused by long term application of a static load.

Primary Plus Secondary Strem Posk Strems
s:':;' Membrane Membrane and Bending Poak
5 Pm Q, Point P, Q, P, Q £
Category m Y“m wven'y Yo p Yy
. P+ P, - o F
piiaL p,,,~o,,,;r° 0, m* Om oy )
Level A Pp+ 0, Pp+Qp+F
and
Level a
Sm | Eresvic ] S, Elostic S, '?d::
and
L ] e
S, = 1.3235,,
Sm = 0265, -~ 03335,
Cyclic
Level C 25, | Elestic — 255 | Elemic — % fatgue
and
Static
L 0.95, fotigue
2§, =~ 085S, 25, ~ 28675y, = 06675,
Cyclic
Level O 245m 243, S fatigue
and
l s Static
Y fatigue
GENERAL NOTES:

Figure-2:Proposed ASME CE-3550-1 Service Categories and Stress Intensity Levels

KTA)methodology used Weibull theory to determine design margins. The KTA 3232 draft
ted as the current ASME HHA method [9], [22]) suggested a probability density function (PD

rule

) of

the strength distribution determined from measured strength values using a Weibull distribution, as shown
in Eq. (1). Allowable POF values of 10~ to 102 were defined for class 1 and class 2 components,
respectively. The parameters are defined as the Weibull modulus (m) and the characteristic strength (Sc,)
[27]. The design margin is calculated as a function of the required POF and material variability defined by

m.

Fo=(2)"

Se

1.Smcexp [— (Sic)m];x >0.

1)
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UK AGR values are based on a safety factor (SF) or reserve strength factor (RSF) deterministic approach.
The SF and RSF approaches have had several historical evolutions. In the most current approach [28], the
SF is equal to the ratio of strength (S) and stress (), as shown in Eq. (2). The RSF shows how much reserve
the core has to handle external loads, as shown in Eq. (3).

SF = (Uintiﬂext) : (2)
RSF = (5;—‘;’“) . 3)

Figure 3 illustrates the basis for how design margins are compared, given a typical graphite. Fdr SF
comparison, the ratio of the median of the tensile strength distribution (S;) to the design stress (3m) is
compared with the UK AGR safety factor.

Design Margin
Fixed Material
’ Margin | Dependent \
Sm = St
: i
i /,\
| £\
I / : X
| [ AR
| ll‘ { \
I ',." : \
| /
: QR
I 1‘ | \
| y : \
| / i \
| ’/ | \
I / |
| / |
| |
N A g 2 ] " \_.
0 5 10 15 20 25 30
Figure 3: lllustration of Design Margin
Tablg 2 [20] compares the various methodology design margins for core supports. The comparison is based
on a|Weibull modulus-of between 5 and 15, which is typical for a nuclear graphite.
Table 2: Safety Margins for Core Support Structures (In Tensile Loading)
JAEA
e . *KTA UK AGR
(ASMEEE)
Level A 53-9.3 1.8-5.9 RSF=5.0 (SF 3)
Level B 53-9.3 1.8-5.9 RSF=3.0 (SF 2)
Level C 2.7-4.7 1.8-5.9 RSF=2.0 (SF 1.5)
Level D 2.2-3.9 1.6-3.7 RSF=1.5 (SF 1.25)

RSF: reserve strength factor; SF: safety factor; *Weibull moduli from m=5 to m=15
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The code-mandated design allowable POF and design allowable stresses are shown in Table 3 and Figure
3, respectively [22]. Note that Figure 4 demonstrates the breakdown for Structural Reliability Class (SRC)
- 1, Graphite Core Component as an example of the code application. It also shows the categorical design
and service level limits breakdown from HAB-2142 that were discussed earlier [23].

Table 3: Design Allowable Probability of Failure

T=ll LA _ 239911

TAULC TITTAR Joc ™ 1

Design Allowable Probability of Failure

Service Limit

crease of stresses in service.

SRC Design Level A Level B Level C Level D
SRC-1 107 107 107 107 107
SRC-2 [Note (1)] 107 (1079 107* (1079 107 (1079 5x 107 5x 1072
SRC-3 107" 107 1072 5 x 103 5x 107
NOTIE:
(1) This applies to the SRC-2 Design as well as Service Level A and B limits. The change in limits is to indicate that this Article allows for| the

egradation of Graphite Core Components (or increase in stresses) caused by irradiation during.service. The difference between|the
itial allowable stress value and the allowable stress value in parentheses makes sure that thére is margin for material degradatioh or

Figure HHA-3221-1
Design Allowable Stresses Flowchart for SRC-1 Graphite Core Component

Combined Stress Peak Stress
Stress
Category Membrane Peak
Cin F
Cm Cn+Cp+F
For Design,
Level A,

And ~o Ry S. (10| HHA-3220
Level B N\ 4 i+ Sg (107 -
Service Sg {104 | HHA-3220

Limits -

OR
L— POF<10* HHA-3230

. 4
For Level L S, (104 |HHA-3220 RS (109

C Service,
Limits oR

L POF<10%| HHA-3230
R+ Sy (102
For Level 39(10-3) HHA-3220 -5, (107)

D Service
Limits OR

L POF<10® | HHA-3230

HHA-3220

HHA-3220

GENERAL NOTE: This only defines the allowables for SRC-1 components

Figure 4: Design Allowable Stresses Flowchart for SRC-1

HAB-3250 [29] provides a guide to the preparation of the design specification required by Division 5 for
nonmetallic core components. This document is referenced several times and provides specific inputs to
the design process [22], [30]. Before the design process begins, several parameters should be defined and
reported in the design specification (which includes the SRC as well as the design and service level loadings

and limits).
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The declared target or POF value, determined from the component classification and loading level
assessment, are then compared with the determined POF for the component, based on any one of the three
design approaches discussed in the design rules in HHA-3000 [22]. The design process can be summarized
as follows:

Classify the part, then establish and categorize the loads that are to be applied. Determine the
reliability targets for the parts for the various load conditions.

Calculate the stresses (expressed as an equivalent stress — as explained in Section 4) in the part
when jt is m(pnqprl to the various load combinations

Compare the stresses in the part with the allowable limits by one of two methods:

Simple assessment [31]: Compare the predicted stress state (for the load case) with stress ljmits
derived from the allowable POF and the material test data, as demonstrated, ly;the cumulfative
density functions (CDF) in Figure 5 [20]. The design margin is incorporated through the use of
the lower 95% confidence bound on the Weibull parameters (according to the procedures$ and
requirements established in [6], [32]) and the selection of the target reliability value. The simple
assessment assumes that the failure distribution is the same at all_parts of the component. |This
also means that the calculated allowable (or equivalent) stress, Sq,' (EQ. (4)) for a given PQF, is
the same stress at all parts of the component and equal to the overlap area referenced in thg plot
(Figure 5). The allowable stress is compared with the peakequivalent stress. This two-parameter
Weibull method has been demonstrated to be conservative for graphite components with low
POFs [18].

S, =S. [—ln(1 - POF)%] (4)

—

Distribution of stress4f the
par for a given Iqa’ding

D-istrit:-utiu:uéf M aterial
Strepgth (Material 'l|I
Ovwerlaprared, relates Rgﬁiabilitytur'.f&}
toreliatility of part
{equalto the M aterial /
Relidbility Curve value

at the applied stress)

e
L i i == i i i

a0 23 20

15
Stress [MPa]

Figure 5. Schematic of Simplified Assessment Methodology (CDF)

Full assessment [33]: Calculate the POF for a part exposed to a specific load and compare a
calculated POF directly with the target POF, as illustrated in Figure 6. The distribution of the
stress over the volume of the part is convoluted with the distribution of strength in the material,
as shown for the PDF in Figure 7 [20].

10
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Figure 6: Schematic of Full Assessment Methodology (CDF)

Strezz [MPa]

hasibeen validated and is discussed in more detail in Section 4.

20 235 0

1
u_.b‘c_i = i i \-.-‘.\-"L-_ A
(1] 15

Figure 7: Weibull Probability:Failure Prediction with the Full Assessment Method (PDF)

The full assessment-method takes account of the actual distribution of stress in the part sg
smaller volumes ©f material at the same stress level will result in a lower POF for that vo
group of the part T20]. Owing to stress concentrations in real components, a material i
subjected te'the enveloping stress value. The method accounts for the actual stress distrib
subject to~the material reliability curve. The method implemented in the code is Denning
modified Weibull weakest-link formulation [34]. This three-parameter modified Weibull mg

that
ume
5 not
ition
hof’s
thod

The simple assessment considers the peak equivalent stress of the entire part, whereas the full

assessment considersthe point equivalent stress for each-integration point or a section of the

part.

If neither calculation method is applied, the component may be designed and demonstrated by

testing or experimental proof, with margins derived from the material reliability curve.

If the declared POF targets (from the design specification) are met, and all additional design requirements
(again as listed in the design specification) are met, the component design is complete. If the component
fails to meet the declared POF targets or any of the additional design requirements, then the designer is
obliged to either redesign the component or select a different graphite grade (with a less variable, higher

strength).

11
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The summarized process is shown in Figure 8 and Figure 9, extracted from later editions of the Section IlI
appendices [35].

Assign the graphite core components a
classification (SRC-1, -2 or -3} per HHA-
3111. Note, the SRC may already be

documented in the design specification

Define the core assembly component
grouping per HHA-3112. The component
in each grouping with the highest
utilization facter shall be assessed.

|dentify the design and service load

levels and service load limits {given in thig
design specification) — HHA-3221 and
HAE 2142 4 (see also HHA 3222 through
HHA-3235) and categorize the [gads into
service level A, B, Cor D

Determine the Design Allowable
Probability of Failure for each
grouping/component per Table HHA
3221-1, comsidering both SRC and
serviceJimit level

Assess the graphite core components
for general design (HHA-3212) and
acceptability requirements (HHA-3211)
I
Assess the graphite core components
for special considerations per HHA-3140
- HHA-3145, includes neutron
irradiation effects if irradiated (HHA-

31424 and oxidation Ieffev:ts {HHA-3141)
|

Determine if component will be subject
to design by analysis [HHA-3200) or test,
If design by analysis determine if a
simplified assessment (HHA-3220) ora
full assessment (HHA-3230) is needed.

If Deslign by Test see HHA-3240 =T

Figure 8: Typical Graphite Core Component Design Sequence

12
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Full Assessment
HHA-3230

Simplified Assessment
HHA-3220

FS5Ess INE Erapniie COTE COMpPONENis
for stresses and stress combinations per
article HHA-3230 (FEM Code, etc.)

AEEESS e ErdRiIe LOTe COTmigurmerTls
for peak equivalent stresses and stress
combinations per article HHA- 3220

Obtain the 3-parameter Weibull
constants fram the certified materials
data sheet per (HHA-II-3000)

Obtain the 2-parameter Weibull
constants fram the certified materials
data sheet per (HHA-II-3000)

For each load case calculate the
probability of failure (POF) of the
component per HHA-3217. Determine
the acceptability of component by
comparison to reguirements in Table
HHA-3221-1

Compare the peak equivalent stressto a
calculated allowable peak stress value in
the material data sheet for the specific
graphite grade Used and which also
depends on the SR class and the design
and servicexlimits (Table HHA-3221-1).

Assess for any deformation limits (HHA-
3232.2,-3233(b),-3234.2 -3235.2, and
HHA-3211iF1)

Assess for any deformation limits (HHA-
32223 -32243,-32253,-3225.3, and
HHA-3211iF1)

Assess any special stress limits-{HHA-
3236)

Assess any special stress limits (HHA-
3226)

Specify
dlffelr:.ant NO N > YES Component
T t T til
grap .| e or oes ecumpunf_tn meet the Stress/POF
reassign stress or POF reguirement? )
analysis complete
the SRC's

Assure the graphite core assembly
Design mmplete meets the reguirements of HHA-
3300 through HHA-3330

Figure 9: Typical Graphite Core Component Design Sequence (Continued)
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3 GRAPHITE STRENGTH

The ASME graphite design code is essentially a design methodology that compares the stress on a graphite
component with the material’s strength distribution. The major factors affecting graphite strength are
presented in this section, along with the relevant sections of the ASME graphite code.

The bond anisotropy of single-crystal graphite (in-plane strong covalent bonds, between-planes weak van
der Waals bonds) contributes to the inherent anisotropy of the polycrystalline material, even though the
behaV|or |s more |sotrop|c than smgle crystal graphlte Moreover the manufacture of polycrystalllne
[36].
The arlablllty in the porosity in proportion to the Iength scale of the filler particles of a speCIflc size|(and
thus gensity) influences the strength of the material, with higher-density graphite exhibiting higher.strength.
The ptructure, and hence the strength, of a graphite is a strong function of the exact manufacturing foute
employed. Several manufacturing features can be identified which impact the structure and properties of
the material:

Filler particle type and size
Forming method (extrusion, molding, isostatic pressing)
Process variables (filler particle type, impregnation type, processing temperatures)

Depgnding upon the extent of the materials anisotropy, the strength may’be quoted as pertaining to the vith-
grair) (WG) or against grain (AG) orientation. Generally, the WG strength is greater than AG strength.
Becduse of the many potential variations in production of different grades of graphite, each grade will have
different properties. It is important, therefore, that the graphite’grade be carefully specified. The ABME
graphite code [37] requires that the graphite be compliant.to either ASTM D7219 [38] or ASTM D[301
[39]] If irradiation-induced dimensional change is not a-significant design consideration (the amount of
dimgnsional change is not considered), an isotropy ratio (aac/aws) Of greater than 1.15, defined in terms of

Becduse of the inherent variability of the graphite flaw structure within the microstructure, the strength is

Several environmental factors also.ifnfluence the strength of graphite. For example, the strength incrgases
withlincreasing temperature. This increase is ~50% over the temperature range from 20°C to greater|than
150Q°C for most graphite grades’[36]. Typically, the data from which the Weibull distribution of strgngth
is defived are obtained by-ambient-temperature tensile testing. No credit is taken for this increase ip the
graphite strength caused by temperature, which provides added conservatism. However, if the des|gner
choagses to consider«the ‘strength increase induced by higher temperature, elevated-temperature stréngth
testimg must be conducted over the anticipated operating temperature conditions of the core. Additionally,
othef required.material property values must be tested at elevated temperatures, as required by the material
data gheets [4],

Morgover;the strength is markedly influenced by neutron irradiation. At low and intermediate doses, the
strength will increase with increasing neutron dose, the initial increase being very rapid. At high doses, the
strength will decrease and eventually (at much higher doses) reach zero. The ASME graphite code posits
a cohesive life limit [40] (i.e., the dose at which the WG dimensional change is +10%). Beyond this limit,
the graphite cannot be considered to contribute to a component’s structural integrity. The exact behavior
of strength with neutron dose for any selected graphite will need to be determined experimentally. Doing
so is the responsibility of the designer.

The ASME graphite code additionally provides lower dose limits [41]. For example, if the dose at any
point in a component is greater than 0.25 displacement per atom (dpa), all effects of irradiation (including
strength) shall be considered. Thus, a low-dose component can, for the purpose of structural assessment,

14
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be considered unirradiated and only irradiation effects on thermal conductivity (thermal stresses) must be
considered. (Note that most applications of this code will be in reactors, where passive safety features
relying on inherent material properties, such as heat removal by conduction to the environment, will be part
of the design. This approach is beyond the traditional application of ASME BPVC).

The final environmental effect on strength that must be considered is oxidation [42]. Oxidation (acute due
to gasification by air or chronic due to gasification by impurities in the coolant) reduces the graphite
strength, elastic modulus, and thermal conductivity. Data for the effects of oxidation shall be provided.
Design curves are provided in the BPVC [43] for normalized strength loss of graphite classes IIHP
(isormotded;Tsotropic, highpurity), INHP—(isomotded;, near-rsotropic, tighpurity)—andctasses £IHP
(extruded, isotropic, high purity), ENHP (extruded, near-isotropic, high purity), MIHP (molded, isotrppic,
high|purity), and MNHP (molded, near-isotropic, high purity) [38].

Situgtions in which chronic oxidation (greater than 1%) occurs simultaneously with neutron irradiation
(gregter than 0.25 dpa) are currently excluded from the scope of the code. This is partly.because of limited
acce$s to experimental and theoretical data. Moreover, the expected use for the code was originally foqused
on He cooled high temperature reactors.

Addftional information on nuclear graphite materials with reference to the relative bulk production, material
strugture, chemical and physical properties and characteristics is summarized elsewhere [36], [44]-[46].

15
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4 CODE VERIFICATION

The behaviors of nuclear graphite and design methods are described in Section 2 and Section 3. This section
discusses the work that was done to verify the basis of the code. The code uses a probabilistic approach
because of the variability in strength data and graphite grades [17], [18].

The material strength depends on inherent defects like pores, inclusions, cracks, and microstructural
irregularities that are common to graphite. These defects act as stress-concentrating features that may not
sustain Iow loads and may result in fracture There is also a Iarge scatter in materlal strength test

for tie behavior of graphite showed that for specimens of the same material of similar size, failure stresses
for cpmpression and bending were both higher than stresses for tension [48], [49]. For smal sample sizes
(close to the filler particle size), it was demonstrated that the strength of graphite was<ndependent gf the
volume [50], [51].

Becquse graphite’s tensile strength is less than its compression or bending strength; only tensile specjmen
test data were used to calculate the code-defined Weibull failure model of the_ different modeled geometries,
applying the full assessment approach. The results were then compared with fesults of experimental testing
of vdrious geometries to validate the applied methodology.

The yariability of the material strength lends itself to the use of a probabilistic design approach, in whiich a
PDFlis applied to describe the reliability of the material [8], [51}-

ipull’s theory is most commonly used for load-bearing structures of brittle material, as it is assumed that
the sfrength of a brittle solid is controlled by its flaws [10]+-1t was previously discussed [50] that Weibull
assumes that the POF increases with increasing volume “(more flaws or unfavorable defects in a larger
volume) and, subsequently, increasing stress will ingrease the POF. This has been demonstrated to ba true
perimental test results for nuclear graphite observing the bending strength. However, this voJume

size. Thus, Weibull’s volume theory is consistent, as it predicts that specimens under bending will
t higher stresses than specimens under tension (because of the difference in the highly stressed voJume
material). Still, it is incopsistent with the experimental results of small tensile specimen tesfs, in
whidh the strength of a tensile"specimen decreased as the gauge diameter decreased and approachefl the
size. Therefore, the standard Weibull approach poorly represent nuclear graphite, but the
chargcteristics of nucledr )graphite have been studied and a Weibull modification was proppsed.
Denminghof’s modified-volume, normalized Weibull weakest-link failure criterion approach, as repprted
indley [34], describes the POF of a graphite component under a stress state. This approach is adapted
in the ASME desigmncode [33] as the full assessment method. The formulation of the probability of surjival
(PO$) and the'POF are shown in Egs. (5) and (6) respectively.

el ny
L /T/ oy — S’y \mogs% Vi\] . [ /T‘ / o, —S'o \m095% v,
1= cAPl \_LI\SCD%% - S’O} VI/J LIl — cAyl \L‘ \Scogs% _ 510/ V“
=1 i=1

(%)

16


https://asmenormdoc.com/api2/?name=ASME NTB-4 2021.pdf

ASME NTB-4-2021: BACKGROUND INFORMATION FOR ADDRESSING ADEQUACY OR OPTIMIZATION
OF ASME BPVC SEC. 111, DIV.5 RULES FOR NONMETALLIC CORE COMPONENTS

The weakest-link formulation (Eq. (5)) defines the POS of a group (or link), L, where subscripts I, 11 etc.
denote group one, two etc., Vi is the volume associated with the link, Vi, Vi1, etc. is the total volume of the
group, ni, Ny, etc. is the sub-element number at the end of group one, two etc., Scogse IS the characteristic
strength (computed at a 95% confidence interval), S’ is the threshold value, mogsw, is the shape parameter
(computed at a 95% confidence interval) and o is the applied stress (or point equivalent stress) [50], [52].
The POF, as in Eq. (6), is now defined as one minus the POS, where the POS is defined as the product of
the L, of all the groups.

The maximum-deformation-energy theory is used in the code to allow an arbitrary stress state to be
CONVETTET o anm equivatent Stress. At principte Stress COmpOoNENtS are CONverted to their equivatent @nsile
strespes, v as shown in Eq. (7).

0, =+\GF+G2+G2—2v (0, G+ G, G3+35,G5°) (7

whetle 61, 62and o3 are the principal stresses and v is the Poisson’s ratio [53].

The griteria in Eq. (7) are founded on the basis that the elastic energy per unitofwolume that is storeq in a
given element, at the moment of fracture, is equal to the energy that is stored’in the uniaxial loaded test
spec{men at fracture. This approach simplifies the complex multiaxial stress analysis. The difference in
the tgnsile and compressive strengths of graphite is accommodated by<using a weighting factor, f (which is
1 fontensile strength or 1/R, for compressive strength, where Ry is)thé ratio of mean compressive to mmean
tensife strength) for a specific graphite, as shown in Eq. (8).

5i=f.0'i. (8)

The [code verification work is based on the implementation of the full assessment methodology [[33].
Verification problems (VPs) or test cases were performed for graphite specimens that were not irradjated
or oXidized.

Finite element (FE) models of the test cases were created to verify the POF according to HHA-3230([33].
Thege models were broken into sub-elements of principle stresses and volume values. Equivalent gtress
valugs were then calculated from:the principle stresses and volume values for each sub-element. | The
calcylation algorithm is discussed-elsewhere [50]. It describes (1) the application of a sliding threghold
(applicable when material failure is subject to conditions under which the applied equivalent stress is lpwer
than the characteristic matenial strength), (2) the sub-element calculation (an arbitrary value that reprepents
the Rasic three-parameter Weibull distribution element), (3) the grouping criteria (the total volume|of a
group should be greater than the cube with a side length 10 times the maximum grain size), and (4) the
weakest-link calculation (by which the POS, as defined in Eq. (5), is determined from the sum or PQS of
each|group)., This approach is a good application for medium-grain graphite but is very conservativie for
finertgrain graphite because of its grain size reference. (Note: In later BPVC Section Il editions, if was
decixed to)use the process zone instead of the grain size. This decision was made after it was observed that
the process zone could be calculated and adequately accommodate both medium-grain and fine-prain
graphite.)

Several experimental test cases were modeled that consisted of specimens ranging from simple to complex
geometries. The specimens were constructed and fabricated from medium-grain-size graphite (NBG-18),
and the test scenarios consisted of various loading conditions and stress states. The experimental test data
points from the test cases were compared with the created FE model. The set of experimental cases or VPs
is shown in Table 4 [34].
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Table 4: Set of Verification Problems (VP)

strength tests

Geometry | Description Data points Ilustration
VP-00 Tensile test specimen 370 T i
VP01 Cylinders used for four-point 260

bend tests
VP}19 Compressive strength tests 262
VP12 Beams with stress- 160

concentrating geometric

features undergoing four-point

bend tests
VP}15 Sleeve burst tests 6

y

VP17 Specimens used for tensile and Mean

compressive strength tests reported

value

VP-18 Multi-axial fatigue test Mean

specimens used for static reported

tensile and compressive value

18



https://asmenormdoc.com/api2/?name=ASME NTB-4 2021.pdf

ASME NTB-4-2021: BACKGROUND INFORMATION FOR ADDRESSING ADEQUACY OR OPTIMIZATION
OF ASME BPVC SEC. 111, DIV.5 RULES FOR NONMETALLIC CORE COMPONENTS

The output from the tensile geometry FE model (VP-00) was calibrated with the tensile experimental test
results, summarized in reference [7]. The same methodology was applied to determine the predicted load
factor for the other test geometries used for the VPs (see Table 4). The objective of the failure methodology
is to predict the 50% POF load of each test case (VP). The results are shown in Figure 10 [34], where the
50% predicted failure load is normalized to the median 50% experimental failure load for each test case (as
indicated by the predicted load factor data points in Figure 10). If a load factor is predicted to be greater
than 1, it is considered not conservative; whereas if the load factor is less than 1, it is considered
conservatlve In the case of VP-00, the agreement is very good (as expected) because the model is
ause

A 5(0% POF was selected as a basis for comparison of the model output with the median experimental
results. It was previously reported [50] that 50% of all tensile specimens failed, and that the highest number
of fdilures occurred at the average experimental failure load, which corresponds to,&-50% POF|load
pred|cted by the model. There can be several reasons for differences in the theoreticahand experimental
results, such as experimental error, error in failure prediction, and/or variability in the material itselff To
illusfrate materials’ billet-to-billet variation, experimental data were collected fram’24 billets of NBG-18.
The pssessment of the mean tensile strength from the 24 billets showed that-only 50% of the billets fell
with|n the reported *+ 6% of the material mean, and 95% of the billets fell within the reported + 18% qf the
material mean [20], [34]. These bands are plotted in Figure 10 and are compared with the calculated
pred|cted load factor. On this basis, only the predicted load factersthat fall within the 6% bang are
consjdered accurate, and calculated results between +6% and %18% are considered acceptable. | The
pred|cted load factors that fall below 0.82% are considered conservative. It is noticeable that all thel VPs
werg conservative. The most accurate 50% POF failure load predictions were applicable to specimens
subjécted to a uniaxial (or approximate) tensile stress state,

Initiglly, Hindley et al. [50] made these comparisons-of the actual VP failure load with the predicted|50%
POF| for the VP being modeled using a Weibull. distribution (Figure 10). The selection of a Wagibull
distr|bution was based on prior work [51]. Hewever, the POF limits mandated by the code are 107f and
10#]22], depending on the SRC as specified for the applicable service limit shown in Table 3.

Subgequently, the predictions of the madel were extended to the code-prescribed limits of 102 and| 10~
[22]) Figure 11 shows the implementation of the method applying the code design—allowable POF loading
as it relates to tests performed on'NBG-18. The results are conservative for all the VPs.
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Load factor f
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DIN TS tests 4 'SD?;]t S tests AN-18 beams with stress cencentrating features, undergoing four-point bend tests 5|:eLe5Ve ZZ‘SLSS Multi-axial
bend T Geometry 1, Test Direction 1 Gecmetry 1, Test Direction 2 Geometry 2, Test Direction 1 Geometry 2, Test Directign, 2 burst test: fatigue
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Figure 10: Comparisen of Predicted and Experimental Mean Failure Load for Verification Problems
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5 SUMMARY

The semi-probabilistic design approach for graphite materials defined for nonmetallic design, Subsection
HH subpart A, is different from the defined deterministic approach relevant to metallic components defined
in Section 11, Division 5 of the ASME BPVC. This document provides a brief background and description
that support the basis of the rules for graphite components. Details for typical graphite material properties
and behavior are provided in the ASME STLLC technical report STP-NU-009 Graphite for High
Temperature Gas-Cooled Reactors [36].

The pqign rules define two analyqiq methods —qimplifipd assessment (twn-pammptpr) and full assessment
(threp-parameter) — based on a semi-probabilistic Weibull approach that describes the material reliability
to agcommodate the characteristic billet-to-billet and strength variability of graphite materials. | The
probpbilistic failure criteria were verified, and it was shown that the failure methodology conservatjvely
pred|cted real reactor components with larger volumes than tensile specimens.

The pode validation was largely done for isotropic or near-isotropic graphite material, “To accommqdate
trangversely isotropic graphite materials, the methodology needs to be expanded:and the maximum
defofmation energy stress formulation, defined in the component failure probability, heeds to be revaluated.

This|report is supplementary to the gap analysis report that will assess whetherthe current ASME Segtion
111 Djivision 5 Subsection HH Subpart A rules provide reasonable assuranee of adequate protection against
identified structural failure modes.
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Graphite Core Components Code
Development Progress

PT Graphite Core Components
Presented to ASME SC III
3 November 2005

« Jitroduction to the Project Team on
O~ graphite
QO * Technical approach and challenges
Q‘® — Material

O — Design
S

* Schedule for code development
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serrndne sranssss Introduction

* Project Team’s objective
— Develop Desi 1
Graphite Core Components for VHTR
Application.
* Project Team M
— Active Members 10 (5 International) Q)’
— NRC and SA NNR participation é&
* Meetings
— 4 per year
\ * 2 per year with BPVC Week
3 + | international, tied to INGSM
* 1 overseas (UK in 2006)

1000 e 3003

xO
.~ Need for the Code
L

b@né following stakeholders are seeking

the development of this code:

OC) ~ US DOE
Q — Regulators:
Q_® *« USNRC
éo * SANNR
&

— Constructors
* PBMR
* AREVA
* GA

\J/
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ASME
SETTING INE STANDAND

Graphite Material Issues

» The following material issues are to
be considered when drafting code: N
— Differences between nuclear graphite q/Qq’

and steel M
— Manufacture of graphite ’\Q)
— Effect of reactor environment on the
nuclear graphite @®

N

FM‘E Properties & b $viour of graphite are
LA A fundamenta@y different from steel

&
Steel N Nuclear Graphite (Ceramic)
Region of linear elastic behavior Always non-linear behavior
Yield stress can be define@®\® Yield stress is not definable
High tensile stmngt@“um strain, and Low tensile strength, fracture strain and
fracture toughnet fracture toughness
Small scatterWstmngth data Large scatter of the strength data
Strength vises with increasing temperature | Strength increasing with increasing temperature
Rc}i\u@&ak stresses due to plasticity Relief of peak stresses by micro-cracking
M peak stresses are uncritical Local peak stresses can cause damage
$2nck initiation depends on the primary stress | Crack initiation depends on the total stress
% | Material properties are thermal neutron flux Material properties are thermal neutron flux
_dependent independent
flux influences the material Fast neutron flux
B st the NDT)__ . Propanties
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1800 e 3003

» Not totally standardized
— ASTM Nuclear Graphite Specification

(recently approved) provides minimum N
requirements for properties and QA (]/
— ASME code may augment this (]9
* Current production grades requir%,b‘
complete characterization for reactor
design %
* Grades are supplier specif&d
present. ) /
¥ |
)
p N ;
: \Q L—_
N
%
s@
(g .
‘ASME A\Q’
"""""" Enviror@@ntal Effects - Irradiation
:\+\C)>
All properties,change during lifetime due to fast neutron irradiation
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