OAK RIDGE

National Laboratory

August 2026

Target Segment
Thermostructural
Analysis

Joseph B. Tipton, Jr.

Engineering Analyst, Second Target Station

@ &% US. DEPARTMENT  ORNL IS MANAGED BY UT-BATTELLELLC
&9 of ENERGY  FORTHE US DEPARTMENT OF ENERGY



Outline

* Front Matter

* [Introduction & Requirements

* CAD Geometry

* Mesh Discretization

* Material Models

 Manufacturing Simulation Residual Stresses
e Static Load Cases

* Fatigue Load Cases

* Ratcheting Analysis

e Sensitivity Analysis & Results

%OAK RIDGE

National Laboratory



Three charge questions are addressed in this presentation

#2

Has the design
been shown to
meetthe

requirements?
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#3

Do DACs and other
supporting
documentation
adequately support
the final design?

#5

/s the design
Sufficiently mature
to proceed with
finalizing the
procurement
package?



This presentation summarizes 3 DACs (all reviewed, sighed,

published) as part of the Target Assembly scope

$03020000-DAC10000

Target Systems Analysis:
Material Model Definitions

Joseph B. Tipton, Jr.
Justin Mach

IN718(SA) constitutive
models by Justin Mach

May 5, 2026
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$03020400-DAC 10000

Target Segment Thermostructural
Analysis

April 212026 Analysis inspired and
guided by Justin Mach
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$03020400-DAC10001-RO1

Second Target Station Project:
Analysis of Target Inconel-to-
Tantalum Debonding

T. McManamy
J. Tipton

July, 2026

Analysis created by Tom
McManamy
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Key parameters driving target segment structural performance

Case Beam Loads Body Loads Water
ID Case Power Focus® Profile Name  Offset  Pulses Trips | Grav Rot Accel | Temp Flow Press
KW 10t v/h, mm 108 10° gpm  psi
A Nominal 700 6.24 60cm? 0/0 1.35  1.25 ] 7.5 36

IN718(SA) Goodman Diagram
@ 1.35M Cycles

S
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Manufacturing HIP Profile
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Introduction & Requirements

What part of the target segmentis analyzed?
What information is used to construct analyses?
What requirements are addressed?

How are the requirements translated into analyses?



The scope of this analysis is the target segment foot & heel

Target Assembly Target Segment
/\ F ". 3 ﬁ; /\ g )
Rotating target drive ]
Target Viewing
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target K
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https://neutrons.ornl.gov/sts/sts-target-systems
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Analyses derive from CAD, DACs, Regmnts, Mat’ls, and Specs

Spec. for Electron Beam

Shaft, Lower Body Weldment Target Segment Assembly Requirements, Target Segment Material Model Definitions Spec. for HIP Welding
[0000002985.asm] [0000005039.asm] [S03020400-SRD10000-A.8] [S03020000-DAC10000-A.5] [S07030100-TSP10001-A14] [0000017745]
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REQMT: 1600 - Design Loads and Acceptance Criteria

The target segment shall be designed so that limit states (structural integrity) are maintained under all load
combinations (including seismic). Loads and limit states are defined by:

Table 1. Failure Mode Acceptance Criterion

Failure Mode® | ASME? | ASCE 7 | AISC 360 | NASA | Judgment | Datasheet

Seismic Interactions X
General Stress X
Weld Stresses
Residual Stress
Buckling
Resonance X
Cyclic Loading X
Bolt Pullout X
Bolt Failure X
Slip Critical Joints X
COTS components X¢

4 Limit states and methods of evaluation only. Target Assembly is not a pressure vessel and
does not require fabrication methods, stamping, material sourcing, and allowable materials.
b Ref (Sec VIII, D2, ASME Boiler and Pressure Vessel Code, Rules for Construction of
Pressure Vessels) limit states are followed for the segment leg, shaft, and drive where possible
but the nature and materials of the Target Segment foot do not adhere to the Boiler and
Pressure Vessel Code (BPVC). The code provides conservative lifetimes to prevent failures,
whereas the project acknowledges failure will occur and is interested in an accurate lifetime
assessment.

¢ Manufacturer Data Sheets may not include complete data on all load scenarios. The
engineer must use good judgment or a conservative approach to failure modes or loadings
beyond the manufacturer’s published data.

| > e s
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REQMT: 1574 - Segment Lifetime

Segment Fatigue margin shall be equal to or greater than 1 for a 10-year operational life
for all materials with the following load combinations:

%

Case Beam Loads Body Loads Water State  Criteria

ID Case Power Focus® Profile Name  Offset  Pulses Trips | Grav Rot Accel | Temp Flow Press | State  Criteria
KW 10M v/h, mm 108 10° °C  gpm  psi

A Nominal 700 6.24 60cm? 0/0 1.35 1.25 Y Y N 322 75 36 | WOLP Req 1574°¢
B Nominal-corner 700 6.24 60cm? 85/12 135 1.25 Y Y \ 322 75 36 | WOLP Req 15744
C  Nominal-low flow | 700 6.24 60cm? 0/0 1.35 1.25 Y Y N 322 571 36 | WOLP Req 15744
D  Overfocused 714 6.6 57cm? 0/0 1.35 1.25 Y Y N 322 75 36 | WOLP Req 1574¢
E Diffuse 700 4.61 94.5cm? 0/0 1.35 1.25 Y Y N 322 75 36 | WOLP Req 1574¢

3 protons/mm? /sec

® Worst of Life material conditions (irradiated elastic modulus and thermal condictivity, but not strength)
¢ Fatigue methodology (weld reduction factors, etc.) determined in accordance with ASME ASME BPVC Sec. VIII.2, Part 5; allowable stresses are determined from
best-in class irradiated material limits and not ASME fatigue curves.
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Analyses derived from
requirements...
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Residual Stress
(HIP + Machining)
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CAD Geometry

What CAD models are used?
How are the CAD models simplified for analysis?

How do the CAD models capture the manufacturing reality?

12



lodel focuses on heel/foot and captures key welds

W/Ta laminate

CAD Modelin
2 sym

Assembly requires welds
& machining

Replace stave w/ beam element
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Model focuses on heel/foot and captures key welds

W/Ta laminate

Assembly requires
welds & machining
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Flow passages are included with flow covers
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Analysis model invokes symmetry and usgs beam for stave

Y2 sym model for

Mat’l removed for

IN718(SA) ‘

Ta

manufacturing

machining

CAD Modelin %2 sym
* Reflect Y2 sym foot
* Join with %2 sym heel

Replace stave w/ beam element

-

Weld zone to be captured
with element set



Analysis model invokes symmetry and uses beam for stave
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Discretization

Why HEX elements are required.

Discretization of major components.

18



MK1 R&D model by Justin Mach
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2M elements with 1,138 low quality

1.

National Laboratory

Quarter Sym Target
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Flow Cover: 285k elements with 554 low quality

v

58
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Half Sym Target Heel: 755k elements with 1,150 low qualit
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Material Models

Tungsten
Tantalum
Stainless Steel

Inconel 718 (Solution Annealed)

23



Thermal Conductivity [W/m-K]

3 Point Bend Strength [MPa]

Key tungsten material models

Habainy et al. JNM (2018) & Peacock et al. JNM (2004)
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350

300

250+

Engineering Stress [MPa]

100 +
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Key tantalum material models

MSTD Tensile Test - Tantalum Sheet - 0.00025/s

MSTD Tensile Test - Tantalum Sheet - 0.00025/s
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Thermoelastic-plastic material
model captures plastic hardening
and temperature softening. Strain
rate effects not considered.

350 350
300 4 325 A
300 A
T
o
= 275 A
@
g
=]
0 SEE B e 250 1
o
£
o
0 225 A
-E‘ —— transverse0l
fim] —— transverse02
----- diagonal0l 200
----- diagonal02
----- diagonal03

==~ longitudinal0l 1754

%en & Gray, MetMatsTrans (3

Yield Strength [MPa]

996)

1000 ————————————
Experiment Ta ]
L o o JC model fit L L
800 | e0® )
3 °o° -
Oo g
. 600 2
] J
3 s

' 4

© 400 J
o
1
200} .

1. 25°C; 1300/s 4. 600°C; 2200/s
2. 200°C; 2800/s 5. 1000°C; 3000/s
3. 400°C; 2600/s

0 N T T TP R T
0 005 0.1 015 02 025 03
€

A. JC Model']

c=@+B gl + C-lnéx(l—T*) [3]

where £* is a nondimensional strain-rate value, &, is the
plastic strain, and 7* is (T — T,00)/(Tnere — Toom)- The value
of T'is in degrees kelvin, and 4, B, n, C, and m are constants
for this model.

Table III.  Fitting Parameters for JC Model
A4 B T,
(MPa) (MPa) n C m (X)
Ta 340 750 0.7 0.0575 0.400 3250



Stress [MPa]

Key stainless steel material models

ASME/BPVC provides

thermoelastic-plastic models
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Malmeldv et al. Materials (2020)

Stress [MPa]

Key IN718 material models for solution annealed condition
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Manufacturing Simulation Residual Stresses

HIP simulation + Creep = High Residual Stresses

Machining simulation redistributes stresses

28



Manufacturing simulation captures the signhificant residual

stresses
HIP Profile w/ Creep

1000
300 A

- 900

250 A - 800
) 700 ¢
- o 200 + —
abg_quarter_mfg.inp = -600 ¢
« manufacturing simulation of the target foot Y 150 4 - 500 +
« Abaqus|Implicit using *VISCO to capture creep > o
« Ta/IN718 contact modeled as *FRICTION p=0.4 a - 400 8
and then *FRICTION, ROUGH @ 100 A €
« 4 steps of HIP using *DSLOAD for pressure and o 300 &
*TEMPERATURE =

«1step of *MODEL CHANGE, REMOVE to simulate 50 4 200

machining of water passages
0 - 100
T T T T T T T T T T T T - O
0 1 2 3 45 6 7 8 9 1011 12 13 14
Time [hr]
..I.. | —
abg_quarter_mod.inp [ S|

« dummy simulation of target foot

« Abaqus|Implicit

« use *IMPORT to load previous result, sans
machined volume

« use *INCLUDE to redefine element sets and
materials, sans machined volume

« redefine Ta/IN718 contact surfaces as *TIE

Machining
cooling passages

abg_half_mfg.inp
« dummy simulation of target foot
« Abaqus|Implicit
e use *SYMMETRIC MODEL GENERATION to reflect
quarter sym into half sym
s use *SYMMETRIC RESULTS TRANSFER to load and
apply previous result
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Tungsten stress state is complicated by machining operation

Before machining simulation After machining operation

3, Max. Principal {Abs} 3, Max. Principal (Abs}
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Tantalum provides compliant inner layer

3, Mises
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Tantalum has sufficient strength to support Ta/IN718 bond
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Machining places peak stresses at Inconel cooling passages

Before machining simulation After machining simulation
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Machining places peak stresses at Inconel cooling passages

Before machining simulation After machining simulation
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Static Load Cases

Use ASME/BPVC elastic-plastic methodology to incorporate manufacturing residual stresses.
Consider plastic collapse and local failure modes.

Buckling failure considered negligible.

35



Stress
categorization

Stress

All load cases pass for protection against
plastic collapse

ASME BPVC.VIII.2

Part 5 "Des:ig"n by Thermoelastic-
Quasi-Steady-State ) Analysis plastic curves
. Temperature Point abq_half_mfg.inp with hardening
Normal Operation Clouds [°C]
24(P+Ps+D+L+T) Normal Operation Plus Occasional Elastic-Plastic Load &
) ' ~ Seismic Load Method Resistance Factor
« Multiply pressure, dead, live AN 2M2(P+Ps+D+L+T)+1704E Design (LRFD)
load magnitudes by x2.4 \ . S .
e Multiply material CTEs by x2.4 v v
- ~] » Multiply pressure, dead, live load Convergence =
\ a abq_half_asme oY / magnitudes by x2.112 Acceptance
« apply steady loads to target segment . .
\ « Abaqus|implicit } / o Multiply material CTEs by x2.112
. use *IMPOR*'T to apply half sym target foot with « Vector sum seismic load (+/_ X) with dead
\’ manufacturing residual stresses ‘/
Normal Operation Plus « use *INCLUDE to add cover, cucrzr, heel, insert, pin, shaft load (-Y)
. . slot, and stave beam element - all in an undeformed, stress « Check both siesmic directions
Occasional Live Load esistats

« use *INCLUDE to define materials without creep models
2112 (P +Ps+ D+ T) +2712 L < use *TIE, ADJUST=yes to connect foot-to-heel,
- "" cover-to-foot, cover-to-heel, insert-to-heel, and
pin-to-heel

* use *CONTACT PAIR to define frictionless contact between

« Multiply material CTEs by x2.112 2.0 (Pt + Ps + D) " SATEL06 .
= Muttioly live load by x2.712 / e \ 565406 Normal Operation
;| NS | e by20 BEE . Converged solution
« No live load 360E+06
Normal Operation Plus / « No warm-up to gocena e Stresses below UTS
Occasional Thermal Load / quasi-steady-state elnE e
21M2(P+Ps+D+L)+2712T P 1;)23EE+D%6
AOE+03
« Multiply pressure, dead, live load

magnitudes by x2.112
o Multiply material CTEs by x2.712

Convergence?
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Quasi-Steady-State .
Temperature Point abq_half_mfg.inp

Adequate strain margin against . Clouds

Normal Operation
1.7P+Ps+D+L+T)

local failure using elastlc- -

« Multiply pressure, dead, live \
load magnitudes by x1.7 abg_half_asme.inp
p la st I C m et h O d M MU|tip|y material CTEs by x1.7 \ -applysteadylo;:ls to targe;egment

« Abaqus|implicit
« use *IMPORT to apply half sym target foot with
\ manufacturing residual stresses
« use *INCLUDE to add cover, cucrzr, heel, insert, pin, shaft
slot, and stave beam element - all in an undeformed, stress
\ free state

» use *INCLUDE to define materials without creep models
\‘ e use *TIE, ADJUST=yes to connect foot-to-heel,
cover-to-foot, cover-to-heel, insert-to-heel, and
pin-to-heel
e use *CONTACT PAIR to define frictionless contact between
pin and slot
* use *COUPLING and *KINEMATIC to define heel-to-stave

beam element connection
Emargin= €], — PEEQ

1. STEP: apply BCs and warm-up to RT

3 5E [}3 2.STEP: apply dead and live loads
- + 3.STEP: apply water pressure loads
1 DE+DD 4.STEP: warm-up to quasi-steady-state temperatures

817 4E-03
834 9E-03
752 3E-03
669 8E-03
587 2E-03
504 7E-03
422 1E-03 v
3396E-03

257 0E-03 Calculate

174 5E-03 o
91 9E-03 Local Strain Limit

0.3E-03 o 1\
€L = €Ly " ETD l_ (1 i m2> <Utriam - g)_

NO YES

C rmL ) ( eass )




%

OAK RIDGE

National Laboratory

Fatigue Load Cases

Quasi-static simulation of response to beam trip
Explicit dynamic simulation of response to proton beam pulse
Critical plane fatigue analysis using FE-SAFE
Consideration of beam cases

Weld analysis
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Fatigue analysis workflow
builds on FTS PPU, is guided
by ASME/BPVC, and

incorporates mfg stresses

abq_quarter_mfg.inp
ufocturing simulation of the target foot
~Rbaqusfimplict using “VISG0 o aptute croep
TOIN7Iacontctmodeied  “FRIGTION 0.4 and hen
« 4 steps of HIP u,mg “DSL0AD for pressure and
“TEMPERATURE
+15tep of *HODEL CHANGE, REMOVE to simulate machining
of water passages

A

abq_quarter_mod.inp

« dummy simulation of target foot
« Abaqusfimpiicit

*INPORT to oad previous resut, sans machined
volume.
+Use *INCLUDE o redefine lement sets and materas,sans

achined volume

« redefine T/IN718 contact surfaces as *TIE

abq_half_mfg.inp

« dummy simulation of target foot

abg_full_mfg.inp

Absqus|impiicit

*use “SYWNETRIC NODEL GENERATION fo reflect quarter
Sym nto half sym

- Use *SYWNETRIC. RESULTS TRANSFER [0 load and apply
previous result

Ratcheting

[€-~.

abq_half_ratchet.inp
« apply steady loads to targe segment
« Abaqus|implicit
~use *THPORT (0 apply haf sym target foot with
manufacturing esidual stresses
~use *INCLUDE to add cover, cucrar, heel nsert, pin, shaft
i undeformed, sress

cover-to-foot, cover-to-heel, insert-to-fheel, and.
pin-to-hee
« use *CONTACT PAIR to define frictionless contact between

Quasi-Steady-State
Temperature Point
Clouds [°C]

-éASE A (+Nominal)

v
abq_half_static.inp
< copisteayoads o rget segmert
+ Abaquslimpi
*se TTponT  apply ot sym et oo vitn
manufacturing esidual
+ Use *INCLUDE to acd cover, cucrzr, heel nsert, pin, shaft
ot and save beam slament - al n an undeformed, tress
st

free state
« use *INCLUDE to define materials without creep models
connect foot-to-heel,
cover-to-foot, cover-to-heel, insert-to-heel, and |

Quasi-Steady-State
Temperature Point
Clouds [°C]

CASEIC (Nominal, Low Flow)

Quasi-Steady-State
Temperature Point /- 4 = = = = = = = = =
Clouds [°C]

CASED (Overfocused)

Quasi-Steady-State
Temperature Point
Clouds [°C]

ICASE E (Diffuse)
H v

v
abq_half_static.inp
teady oads o torget segment
Assqusimpcn
s “TIPRT o pplynalf sym arget oo it
manufaciuing residul s
« Use “INCLUDE to add cover, cucrar, heel, nsert, in,shaft
%, v e lent - 1 an ncaformed, s

 Use “TNGLUDE t defne matrial withou ceep models
«use *TIE, ADJUST=yes to connect foot-to-heel,

v
abq_half_static.inp

« apply steay loads to target segment

« Abaqus|implicit

 use “THPORT (0 apply halfsym arget oot with
manufecturing residual tresses

+ Use *INCLUDE to add cover, cucrzr, heel, nsert, pin, shaft
slot, an tave beam element - al nan tndeformed, strss

« use * INCLUDE to define materials without creep models
+use “TIE, ADIUST=yes (0 connect foot-to-heel,

abq_half_static.inp
Joply steady loads to target segment
« Abaquslimpliit
s IIPORT o aply hf sym arget ot vih
manufacturing residual
+se *INCLUDE to acd cover, cucrar, heel nsert, pin,shaft
1%, 0 e e lment - 1 anundaorned, s

free
< vee STneLuDE 1o define materils ithout craep models
« use “TIE, connect foot-to-heel

. of target foot
‘Aosaqus|impiicit

* use "SYMHETRIC HODEL GENERATION o refiect half sym
into full mode!

 use “SYMHETRIC RESULTS TRANSFER 0 load and apply

previous result

Quasi-Steady-State
Temperature Point
Clouds [°C]

CASiE B (Noniinal, Corner)

v
abq_full static.inp
piy steady Ioads o torget segment
« Abaqus|Implicit
 use *INPORT to apply full target foot with manufacturing
resicusl stresses
 Use *INCLUDE to add cover, cucrar, hee, insert,pin, shaft
St and stave beam slement - ai n an undsformed, stres.

52 T INCLUDE to dfi materil wihout cresp models

+use “TIE, ADIUST=yes to connect foot-to-heel
cover-to-foot, cover-to-heel, insert-to-heel, and cover-to-foot, cover-to-heel, insert-to-feel, and T e e e | overvofoo ovr et mear 1o mo
pin-to-heel pin-to-heel pin-to-heel pin-to-heel in-to-heel
pin and siot + use *CONTACT PAIR to define frictionless contact between + Use *CONTACT PAIR to define frictionless contact between| « Use *CONTACT PAIR to define frictionless contact between + use *CONTACT PAIR to define frictionless contact between « use *CONTACT PAIR to define frictionless contact between.
+ use *COUPLING and *KINENATIC to define heal-to-stave. pin and siot pin and siot pin and siot pin and siot pin and siot
connection « use “COUPLING and *KINENATIC to define heel-{o-stave. « Use “COUPLING and *KINEMATIC to define heel-to-stave « Use *COUPLING and *KINENATIC to define heel-to-stave.
beam element connection

1. STEP: apply BCs and warm-up to coolant temp.
2.STEP: apply dead and iive loads

3 STEP: apply water pressure loads

4.5TEP: warm-up to quasi-steady-state temperatures

v

1. STEP: apply BCs and warm-up to coolant temp.
2.STEP: apply dead and ive loads

2:STEP: apply water pressure loads

4.STEP: warm-up to quasi-steady-state temperatures

Energy

[Jfcc/pulse]

------CASE A---

abq_half. trip ratchet.inp

« apply multple beam trip
D sria o coriaie revous anayss

proton beam pulse to target segment
+ Abaqus|Expl
« use *THPORT 1o load previous restits

« redefine all BCs and contacts as before
« redefine dead, live, and water pressure loads

2
abq_half_pulse_ratchet.inp

100 in

v v
abq_half_pulse.inp
proton beam pulse o torget segment

« Abaqus[Expiicit

- use *THPORT to load previous resus

 redefineallBCs and contacts a5 before

 redefine dead, ve, and water pressure loads

beam element connection
1. STEP: apply BCs and warm-up to coolant temp.
ply dead and live loads
[3:STEP: apply water pressure loads
[4.TEP: warm-up to quasi-steady-state temperatures

beam clement connection

1 STEP: abply 805 and warm-up 0 oolant tomp
2.STEP: apply dead and five loack

2/STep. appy water pessure loacs

2.5TEP: warm-up to quasi-steady-state temperatures

« use *COUPLING and *KINENATIC to define heel-{o-stave
beam element connection

1 STEP:appl 805 and wrm-up o coolant emp.
2.STEP: apply dead and ive loa
3:TEP: apply water pressure [oat

2.STcP: e up o Gt steadystatetomperatures

+ Use *COUPLING and *KINEMATIC to define heel-to-stave.
beam element connection

[ STEP: apply BCs and warm-up to coolant temp.
2.STEP: apply dead andlive loads
3. STEP: apply water pressure loads

[Jfcc/pulse]

CASED

v

[Jfcc/pulse]

[4.STEP: warm-up to quasi-steady-state temperatures

Point Clouds
[Jfcc/pulse]

A 4

v v
abq_half_pulse.inp
oply proton beam pulse to target segment
a Anaqus\sxpm
« use THPORT to load previous results
iadeine a1 503 ond Comocts o betore
 redefine dead, ve, and water pressure loads

2
abq_half_pulse.inp
« apply proton beam pulse to target segment
« Abaqus|Explicit
~use *THPORT toload previous results
< redefine all BCs and contacts a5 before
 redefine dead, ve, and water pressure oads

v v
abq_half_pulse.inp
1 proton beam puise o target segment
* AoaqualBxpicit
- use *THPORT to load previous resus
 redefineallBCs and contacts 35 before
redefine dead, ve, and water pressure loads

v
abg_full pulse.inp
« apply proton beam pulse to target segment
 Anaquelesplct
 use *INPORT to load previous results
< redefine al BCs and contacts as before
*fedefine dead, ive, and wate pressure loscs

Thermofluid Analyses
[S03020000-DAC10003-A.7]

rg Energy Energy Energy Neutronics Energy Deposition
Deposition /g _ | _ _ _ _ _ oL ________ Deposion oo __ __ ] Deposition /g _ _|_ _ _ _ _ _ _ _ _ _ ] Deposition S I
Point Clouds Point Clouds Point Clouds

and DPA Data
[S00000000-CAC10001-A.6]

i To0psin over 100 s in 1. STEP:restor equibrum over 100 s In ew computationl T004sin 1 STER ostors gt over 100w ot
environmet envionmnt envionment envionment anvionment envionmen
2 STEP. spply puise temperature ramp aver 700 b e e 2. STEP. spply pute tempertureramp over 700 s 2.5TER: moply pula temperatra amp aver 700 2. $Te0: apal puse temperatre ramp ove 700
| 55T ahw ne systo 1 cynamicaly respond over 400 5.STEr: Shew e oy 1 ynamicaty respond over 400 5.STER: ahow na systom t Gynamicly respond ovr 400 5.STEP: ahw ne systo 1 cynamicaly respond over 400 5.STEb: ahowtna system 1 cynamical respond over 400
v s 3
DO x3 DO x3
FE-SAFE FE-SAFE FE-SAFE FE-SAFE FE-SAFE
Fatigue Fatigue Fatigue Fatigue Fatigue
Analysis Analysis Analysis Analysis Analysis
5. STEP: ramp temperature back to uniform 35°C 2. STEP: apply pulse temperature ramp over 700-ns.
6. STEP: warm-up to uasisteady-stte temperatures 2. STEP: aow thesystem to ynamicaly respond over 1.2-ms

4. STEP: apply *DSLOAD, VP to damp out stress waves over 2-ms.

5. STEP: return to quasi-static temperature field over 2-ms




Quasi-Steady-State
Temperature Point
Clouds [°C]

abq_half_mfg

v

abq_half_static.inp

« apply steady loads to target segment

« Abaqus|Implicit

« use *IMPORT to apply half sym target foot with
manufacturing residual stresses

« use *INCLUDE to add cover, cucrzr, heel, insert, pin,
shaft slot, and stave beam element - all in an
undeformed, stress free state

e use *INCLUDE to define materials without creep
models

euse *TIE, ADJUST=yes to connect foot-to-heel,
cover-to-foot, cover-to-heel, insert-to-heel, and
pin-to-heel

e use *CONTACT PAIR to define frictionless contact
between pin and slot

e use *COUPLING and *KINEMATIC to define
heel-to-stave beam element connection

1. STEP: apply BCs and warm-up to RT

2. STEP: apply dead and live loads

3. STEP: apply water pressure loads

4. STEP: warm-up to quasi-steady-state temperatures

Energy
Deposition
Point Clouds
[J/cc/pulse]

v v

abq_half_pulse.inp
« apply proton beam pulse to target segment
« Abaqus|Explicit
e use *IMPORT to load previous results
« redefine all BCs and contacts as before
« redefine dead, live, and water pressure loads

1. STEP: restore equilibrium over 100 ps in new
computational environment

2.STEP: apply pulse temperature ramp over 700 ns

3.STEP: allow the system to dynamically respond
over 400 ps

FE-SAFE
Fatigue
Analysis

Stress

Cyclic analyses capture manufacturing,
steady-state and pulse thermal shock stresses

“thermal shock”
stress
(~ 50 MPa)

(~ 170 MPa)

“transient”
stress @

\ (~ 5 MPa)
\\ -
\
N
1 L}
1 1
P13
posec | “ ”
steady-state
stress
(~ 170 MPa)
many seconds to reach
quasi steady-state
Time

Adapted from original by Peter Loveridge, ISIS
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AT ramp over 700 ns

Q=R @

Quasi-Steady-State
Thermal Field



Save ODB with each
node's worst critical
plane
(Gay O, FOS)

{ Abaqus ODB l

Read nodal
stress tensor
over each
timestep

For Each
Node
i=1.N

Node;

Rotate
through Stress
Planes
6.0

Node; & Planeg o

Rainflow cycle
counting
algorithm

Apply
Ductile/Brittle
Fatigue Model

Apply Goodman
Mean Stress

\/

Calculate
Fatigue Damage
/ FOS

stress plane
(G, Om, FOS)

<€+ Failure Model-

<&--Mat'l UTS, E~

<---S/N Curver-+
I Required
Cycles
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Tungsten

FE-SAFE fatigue software analyzes brittle tungsten,
ductile SS316L, ductile Inconel, & welds for 10 yr.

mean life of beam trips and beam pulses.
Inconel 718 (SA)

All pass”

SS316L
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Nominal beam trip fatigue contour plots of FOS
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Nominal beam pulse fatigue contour plots of FOS
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Images Courtesy Lukas Zavorka

Nominal Beam Focused Beam Diffuse Beam

Energy
(J/cclpulse)
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Energy
(J/cclpulse)
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Total heating (kW) for the 20 segments is:

IAssuming the 700 kW power, MCNP’s total heatingis: MCNP’s total heating for this case is:
Tungsten CuCrzr Inconel Steel Water Tantalum TOTAL kW Tungsten CuCrzr Inconel Steel Water Tantalum TOTAL kW
296.25055 0.29444108 33.591191 27.7405765 3.93066951 17.3506376 379.158066 267.420028 0.36135986 38.9614045 42.2033843 5.35037149 19.2055631 373.50211

Tungsten CuCrzr Inconel Steel Water Tantalum
kw 292.796577 0.3027881 34.4737958 29.1214263 4.0672098 17.5808941

. o b TS . L . o .
with Steel and Water in the legs extending up to Y=100cm. Max. energy deposition in Tungsten is and | am getting about 5% higher peak energy deposition in tungsten compared to the nominal Peak energy deposition in tungsten is 72.5% of the nominal beam case.

beam. R
38.1 J/cc/pulse. = =T E ™ " ‘“E!ne”g}
H ner

@ ( J/Eg/e;ﬂ)ée) * input data scaled by 714/700 (Jicoipulse) (Vcclpulse)
1.00E+02 1.00E+02 1.00E+02
5.01E+01 5.01E+01 5.01E+01
2516401 & 2.51E+01 — 2 51E+01

1.26E+01 1.26E+01 1.26E+01 =
1 6.31E+00 1 6.31E+00 6.31E+00
— 3.16E+00 E — 3.16E+00 1 3.16E+00
— 1.58E+00 — 1.58E+00 1 1.58E+00
— 7.94E-01 | 7.94E-01 —1 7.94E-01
1 3.98E-01 — 3.98E-01 — 3.98E-01
— 2.00E-01 — 2.00E-01 — 2.00E-01
— 1.00E-01 — 1.00E-01 — 1.00E-01
— 5.01E-02 % — 5.01E-02 /J | 50102
— 251E-02 — 251E-02 =% 2.51E-02
—1 1.26E-02 g 1 1.26E-02 — 1.26E-02

— 6.31E-03 — 6.31E-03 | 631E:03 =
3.16E-03 3.16E-03 3.16E-03
1.58E-03 1.58E-03 1.58E-03
7 .94E-04 7.94E-04 7.94E-04
3.98E-04 3.98E-04 3.98E-04
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Focused Beam
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Diffuse Beam
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Nominal - Focused Comparison

abq_half_pulse FESAFE_Tungsten

160 - e Critical Plane
Goodman (Pulses)

e Perload case, peak energy deposition for
focused beam is: 140 1

— 6.6/6.24=1.058 ora 5.8% increase

120 -

e The peak pulse AT in my fitted temps goes
from 15 to 16°C

— 1/15=6.7% increase

100 ~

80 A

* Peak 04y In W for nominal beam is ~65
MPa

— 65MPa*1.06 =69 MPa

Stress Amplitude [MPa]

60 1

40

— Indeed, the overlaid plot shows peak increases to
around 70 MPa 201

—-1000 —-800 —-600 —400 —-200 0 200 400
Mean Stress [MPa]
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Weld effects on fatigue strength are incorporated into the
modl

Design

Curve

Weld
Curve

1.35M cycles

* UTS debited by published testing of

100 filler vs. bar stock

* Fatigue strength debited by inferred
behavior of IN718(PH)

-
)]
o

S & Weld fatigue Goodman diagram for

50

%, 0AK RIDGE 0
National Laboratory 0 200 400 600 800 1000
Mean Stress [MPa]



Stress Amplitude [MPa]

Marginal performance found at edge of HAZ
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We accept the marginal performance found at edge of HAZ

FOS@Life=1-Repeats

b = NI PO NI P NS 0 O
ONWN-~RONWN-RoO

Min: 1.0
Elem: PART
Node: 1343

Why do we accept this?

* Oneelementfails at 0.92 FOS

* Mesh convergence not demonstrated

* Weld goes through HIP as a kind of post-weld heat treat

* Onthe edge of an estimated HAZ

 Assumes 10 years of fatigue with full residual stresses

* Does nottake credit for residual stresses from machining
* Does nottake credit for any surface treatments

FOS@Life=1-Repeats
50

A NN NN W
oW oNWN~ES

Min: 1.0
em: PART-1-1.1355525
Neode: 1323127
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Ratcheting Analysis

Apply multiple beam trip and beam pulse loadings

Test for plastic shakedown

52,



Quasi-Steady-State
Temperature Point
Clouds [°C]

abg_half_mfg

Plastic ratcheting analyzed for both beam

CASE A
1

trips and pulses

« apply steady loads to target segment

0.6 1 « Abaqus|Iimplicit
. . « use *IMPORT to apply half sym target foot with
manufacturing residual stresses
0.5 K I n et I C « use *INCLUDE to add cover, cucrzr, heel, insert, pin, shaft
slot, and stave beam element - all in an undeformed, stress
free state WITH ELASTIC-PERFECTLY PLASTIC PROPS
0.4 E n e r fro m < use *TIE, ADJUST=yes to connect foot-to-heel,
. cover-to-foot, cover-to-heel, insert-to-heel, and
w pin-to-heel
p4 < use *CONTACT PAIR to define frictionless contact between
3031 3 Repeat
<< « use *COUPLING and *KINEMATIC to define heel-to-stave
beam element connection
] Beam PRul
1. STEP: apply BCs and warm-up to RT
e a u S e S 2.STEP: apply dead and live loads
3.STEP: apply water pressure loads
0.1 4.STEP: warm-up to quasi-steady-state temperatures
0.0 A
T T T T T T T T T
2466
2465 4 Energy Deposition
H H Point Clouds
Plastic Deformation r Jec/pulse
2464 A p

2463 Energy Approaches
o 2462 Constant Value -

10E-06 2461 v v

B /E09 Plastic Shakedown abq_half_trip_ratchet.inp abq_half_pulse_ratchet.inp

« apply proton beam pulse to target segment

ALLPD

APEEQ after 3" trip

CASE A
1

750 E-00 2460 - SRt s coniuafredoia nayas ol
ggggg.g% T T T T T T T T T « redefine all BCs and contacts as before
500.0E-09 0 2000 4000 6000 8000 10000 12000 14000 16000 O UCHEIE IR, (7, ETE ey (EER S
416.7E-09 TIME (HS) il STE_P: restore equilibrium over 100 ps in new computational
333.3E-09 environment
250.0E-09
166.7E-09 b4
83.3E-09
0.0E+00
Max: 2.0E-06 _ _
Elem: PART-1-1.1167902 DO x3 >« f DO x3 >«
Node: 1559992
p 5. STEP: ramp temperature back to uniform 35°C 2. STEP: apply pulse temperature ramp over 700-ns

C h a l le n gi n g fo r 6. STEP: warm-up to quasi-steady-state temperatures 3. STEP: allow the system to dynamically respond over 1.2-ms
4. STEP: apply *DSLOAD, VP to damp out stress waves over 2-ms
R a tC h et i n g A re a S Of 5. STEP: return to quasi-static temperature field over 2-ms
.
Concern, but Surrounded

by Plastic Shakedown APEEQ APEEQ




Beam trip ratcheting analysis shows hot spot corresponding
to area of higher heating causing flow cover bend stress

dPEEO1
154 OE-06
10E-08

Max: 154 OE-06
Elem: PART-1-1.1167903
Node: 1559996

NT11
170
159
148
137
126
115
104
93
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dPEEQ2
14.2E-06

Max: 14 2E-06
Elem: PART-1-1.1167902
Nede: 1559992

Flow distribution was
purposefully engineered to
reduce fatigue stresses in
front of target

dPEEQ3
2.0E-06

oE-06 0.0E+00
Max: 2.0E-06
Elem: PART-1-1.1167902
Node: 1550992

Max: 1.0E-068
Elem: PART-1-1.1152203
Node: 1527400

Plastic strain increment doesn’t
dissipate with repeated beam trip
applications

At location of *TIE interface. Also
yield stress cycles with AT. Is this
real?

Regardless, ~0.5ue over 125k trips
- ~6% total strain accumulation



Beam pulse ratcheting analysis shows progressive
shakedown and an elastic core
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Results & Sensitivity Analyses

Requirements summary
Sensitivity analyses to gain confidence in results

Full debonding analysis to quantify effect on fatigue

56



Analyses show
requirements are met
with 2 caveats...

%
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Residual Stress
(HIP + Machining)

A 4

ASME/B,,PVCZVHI‘2 B | Protection against _ .
Part 5 "Design by S ™ plastic Collapse ~—>| Normal Operation
Analysis" P
2
; Normal Operation
1 N—»{Plus Occasional Live
| Load
1
Normal Operation
ASCESEI7-16 |-----=--|-=-=-=-=--=-=------------- ™~ Plus Occasional
Seismic
Normal Operation
N—>{ Plus Occasional
Thermal
“—»{ Pressure Testing
\ Protection ggainst
Local Failure
Protection against
N——> Collapse from
Buckling
Protection against
\——»| Failure from Cyclic Fatigue Assessment (A) Nominal
Loading

Requirements Legend

#1600 - Design Loads
& Acceptance Criteria

#1574 - Segment
Lifetime

¥

Welds

N—>(B) Nominal-Corner

Flow

\_p| (C) Nominal-Low

N> (D) Overfocused

S—p (E) Diffuse

Ratcheting i
w (A) Nominal
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Multiple sensitivity analyses performed to gain confidence in
results

 Effect of Water Pulses

503020400-DAC10000

* Sensitivity to Tungsten Modulus

Target Segment Thermostructural
Analysis

e Sensitivity to Duration of Simulation
e Sensitivity to Pulse Duration

e Sensitivity to Data Output Frequency
e Sensitivity to Fatigue Model

* Sensitivity to Fatigue UTS
 Sensitivity to Fatigue Strength

* Sensitivity to Combined Fatigue Damage

* Mesh Refinement (Inconclusive)

%OAK RIDGE
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Sensitivity to debonding was published as an additional DAC

IN718/Ta/W bonds successfully sos0aoson oacioner.gur Can we still satisfy requirements?

demonstrated by R&D Second Target Station Project:
Analysis of Target Inconel-to- REQ MT #'] 574

Tantalum Debonding

Bond strength characterization not

available  Segment Fatigue margin shall

be equal to or greater than 1 for
a 10-year operational life for all
materials . ..

REQMT #3466

Ta assumed to provide continuous
ductility and brittle W assumed to
be crack-free

How sensitive is target segment to

complete debonding of spallation ? * The steady-state temperature in

package from shroud? any portion of the tungsten shall
Analysis created by not exceed 800°C without
Tom McManamy cooling . ..
Sl » Derived from Credited Controls
to avoid vaporization of
tungsten

%OAK RIDGE
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Abaqus thermostructural simulation of debond at IN718/Ta

created via

# Edit Interaction

MName: In_Ta
Type: Surface-to-surface contact (Standard)
Step:  Initial

' Main surface: inconel_ta ;p

(]

f| Secondary surface: tantalum-1.Ta_inconel [3

Sliding formulation; @ Finite sliding () Small sliding

Discretization method: | Surface to surface il
] Exclude shell/membrane element thickness

0.2

Contact tracking: © Two configurations (path) () Single configuration (state)

Secondary Adjustment  Surface Smoothing  Clearance

Bonding

Note: Clearance can only be used with small shding.

Contact interaction property: In_ta

Options:

Presssure/Conductance functional interface

Name: In_ta

(Default)

ame: In_ta

Contact Property Options

Tangential Behavior

Normal Behavior

Thermal Conductance

Mechanical Thermal Electrical ¥
Normal Behavior
“Hard" Contact v

Pressure-Overclosure:

Constraint enforcement method: | Default ~

@ Allow separation after contact

% Edit Contact Property X

OAK RIDGE

National Laboratory

% Edit Contact Property

Contact Property Options

Tangential Behavior
Normal Behavior

Thermal Conductance

Mechanical Thermal Electrical A
Thermal Conductance

Definition: Tabular v

(O Use only clearance-dependency data
O Use only pressure-dependency data
() Use both clearance- and pressure-dependency data
Pressure Dependency
[[) Use temperature-dependent data
(T) Use mass flow rate-dependent data (Standard only)

Number of field variables: 0%

Conductance Pressure

0
133
2.54
372
488
6.02
714
8.26
9.36
105
15
126

[T . N SN VPR PR oY

= 3




Fully-coupled, transient simulation shows W peak
temperature remains below limit

Tungsten peak temperature

Rate of peak temperature Change

700 25
o 0 ST - ses & o ..
e
600
2
— 500
(&)
S 400 g15
e L—
: g
o 300 l‘E 1
=
D
= 200 i
E' 0.5
100 2
[ ]
.‘—h—H—_._._.._._.__“
f 0
0 0 100 200 200 400 500 600 700 800 800
100 100 300 500 700 900 Totaltime (s)
Time {SECD"dS} Tungsten nodes —+1150296 —-+-1151296 —+—1145926
% OAK RIDGE
National Laboratory




CTE mismatch creates strong contact (& heat transfer) at
edges and front cooling channels

NT11

HT11 +4.7698+02
+6.641e+02 +4.405e+02
+6.121e+02 +4.041e+02
+5.601e+02 +3.6778+02
+5.081e+02 +3.313e+02
+4.561e+02 +2.949e+02
+4.041e+02 +2.585e+02
+3.520e+02 +2.220e+02
+3.000e+02 +1.8562+02
+2.480e+02 +1.4028+02
+1.960e+02 +1.128e+02
+1.440e+02 +7.641e+01
+8.201e+01 +4.000e+01
+4.000e+01 Max: +4.7692+02

Mai: +6.641e+02 Mode: [NCOMEL-1.847482

Node: TUNGSTEN-1.1153326

HFL, Magnitude
(Arg: 75%)

In_Ta debonded restart 22 +2.174e+03
. +1.9038+03

v 0DE: debond_hex6_restart22.odb  Abagus/Standard 2025 Mon Feb 23 09:25:31 Eastern Standard Time 2026 +1812e+03
+1.631e+03

+1.440e+03

+1.268e+03

I Step: Step-S, second restart +1.0872+03

x Increment 1424 Step Time = 600.0 +9.058e+02
Primary Var: NT11 +7.247e+02

z Deformed War: U Deformation Scale Factor: +3.000e+01 +3.435e+02

+3.624e+02

+1.812e+02

+4.016e-02

Max: +2.1748+03
Elem: INCOMEL-1.759870
MNode: 765354

Max: +2.¥74e+03

In_Ta debonded restart 22
ODB: debond_hex6_restart22.0db  Abagus/Standard 2025 Mon Feb 23 09:25:31 Eastern Standard Time 2026

Step: Step-5, second restart

" Increment 1424: Step Time = G000
AK IDGE Primary Var: HFL, Magnitude

Deformed Yar: U Deformation Scale Factor: +3.0008+01
National Laboratory



CTE mismatch creates strong contact (& heat transfer) at
edges and front cooling channels

5, Mises

(Avg: 75%)
+5.258e+02
+4.828e+02
+4.397e+02
+3.966e+02
+3.536a+02
+3.105e+02
+2.674e+02
+2.243a+02
+1.2813e+02
+1.382e+02
+9.512e+01
+5.205e+01
+8.974a+00

Max: +5.2588+02
Elem: TUNGSTEN-1.823090
Node: 933645
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S, Max. Principal (Abs)
(Avg: 75%)
+5.9540+02
+2.400e+02
+1.635e+02
+8.7092+01
+1.064e+01
-6.581e+01
-1.423e+02
-2.187e+02
-2.952e+02
-2.7162+02
-4.481e+02
-3.245e+02
-6.010e+02
-6.774e+02
-6.77424+02

Maix: +5.9542+02
Elem: TUNGSTEN-1.894114
Mode: 899211

In_Ta te#fded restart 22
ODB: debond_hexs_restart22.0db  Abagus/Standard 2025  Mon Feb 23 09:25:31 Eastern Standard Time 2026

Step: Step-5, second restart

Increment 1424 Step Time = 6000

Primary Var: §, Max. Principal (abs)

4 Deformed Var: U Deformation Scale Factor: +1.000e+00

Possible singularity at peak




Stress amplitude [MPa]

Pulse fatigue analysis compares 10-year performance against
bonded baseline

350 250 160
+  Critical Plane »  Critical Plane s+ Critical Plane
—— Goodman (Pulses) —— Goodman (Pulses) — Goodman (Pulses)
140 4
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200 1
120 4
250 1
_ 100+
200 1 3 150 §
= v
4 }; 80 ¢
1501 4 *
4 100 % 60
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u
100 1 -
50 1
50 4 204
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n g ) i D - . 4
-1000 -750  -500  -250 0 1000 y T i T T T - -1000 -800 -600  —400  —200 0 200 a00 600
Mean Stress [MPa} -600 —400 ~200 0 200 400 600 Mean Stress [MPa]
Mean Stress [MPa)
Debonded Bonded Some tungsten
fatigue baseline elements fail
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Some tungsten elements fail - Acceptable as Inconel shroud
continues to provide structure

FOS@Life=1-Repeals

O b e ke ke b =k U D PO PO PO D 2 N
. NONWNNRPONWN~ROD
F +

Tensile “bulging” effect due to
——— loss of thermal contact with
e Inconel

l

Compressive stresses
from contact with

/ Inconel shroud

W elements L TRE Thewy TR TN
withFOS<1 < [N e Ne NP
.‘ _‘ , ¥ | -
T . | . Y T 1 |
| |- | - -\- | | -
\_\ ; t |
s b |
H-'\_‘ 1



Analyses show
requirements are
met with 2 caveats 2

In addition:

* Multiple sensitivity analyses
performed to gain confidence in
results

* Full debond analysis shows target
can still meet key requirements
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Residual Stress
(HIP + Machining)

A 4

ASME/BPVC.VIII.2 -

Protection against
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Analysis" P
2
: Normal Operation
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1
Normal Operation
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Loading
Welds

Requirements Legend
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Target segment thermostructural analyses support important

charge questions

#2

Has the design
been shown to
meetthe

requirements?

*
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#3

Do DACs and other
supporting
documentation
adequately support
the final design?

#5

/s the design
Sufficiently mature
to proceed with
finalizing the
procurement
package?

67



Thank you!

Questions?
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