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• Front Matter

• Introduction & Requirements

• CAD Geometry

• Mesh Discretization

• Material Models

• Manufacturing Simulation Residual Stresses

• Static Load Cases

• Fatigue Load Cases

• Ratcheting Analysis

• Sensitivity Analysis & Results

Outline
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Three charge questions are addressed in this presentation

#2
Has the design 
been shown to 
meet the 
requirements?

#3
Do DACs and other 
supporting 
documentation 
adequately support 
the final design?

#5
Is the design 
sufficiently mature 
to proceed with 
finalizing the 
procurement 
package?
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This presentation summarizes 3 DACs (all reviewed, signed, 
published) as part of the Target Assembly scope

Analysis created by Tom 
McManamy

Analysis inspired and 
guided by Justin Mach

IN718(SA) constitutive 
models by Justin Mach
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Key parameters driving target segment structural performance

Pulse ∆T ramp over 
700 ns

Quasi-Steady-State 
Thermal Field

Manufacturing HIP Profile

IN718(SA) Goodman Diagram 
@ 1.35M Cycles
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Introduction & Requirements

What part of the target segment is analyzed?

What information is used to construct analyses?

What requirements are addressed?

How are the requirements translated into analyses?
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The scope of this analysis is the target segment foot & heel

https://neutrons.ornl.gov/sts/sts-target-systems
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Analyses derive from CAD, DACs, Reqmnts, Mat’ls, and Specs
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REQMT: 1600 - Design Loads and Acceptance Criteria
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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:
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Analyses derived from 
requirements . . .
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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?
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Model focuses on heel/foot and captures key welds
W/Ta laminate

Assembly requires welds 
& machining

CAD Model in 
½ sym
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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 uses beam for stave

CAD Model in ½ sym
• Reflect ¼ sym foot
• Join with ½ sym heel
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t¼ sym model for 

manufacturing

Mat’l removed for 
machining

IN718(SA)

Ta

W
Weld zone to be captured 

with element set
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Analysis model invokes symmetry and uses beam for stave
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Discretization

Why HEX elements are required.

Discretization of major components.
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Contacts in model require Hex (C3D8R) instead of Tet 
(C3D10M) elements

MK1 R&D model by Justin Mach
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Quarter Sym Target: 1.2M elements with 1,138 low quality
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Flow Cover: 285k elements with 554 low quality
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Half Sym Target Heel: 755k elements with 1,150 low quality
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Material Models

Tungsten

Tantalum

Stainless Steel

Inconel 718 (Solution Annealed)



24

Key tungsten material models

Assume saturated 
value with irradiation

Assume ½ debit with 
irradiation

Consider direction 
and processing 
route*

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

Habainy et al. JNM (2019)
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Key tantalum material models

Thermoelastic-plastic material 
model captures plastic hardening 
and temperature softening.  Strain 
rate effects not considered.
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Key stainless steel material models

Mean fatigue life curve comes from NUREG 
data that was used to update ASME/BPVC

Morley & McLennan (PVP2022-84249)

ASME/BPVC provides 
thermoelastic-plastic models
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Key IN718 material models for solution annealed condition
Mechanistic modeling of YS

Thermoelastic-plastic model calibrated to published data

Fatigue curve 
informed from 

published data in SA 
condition
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Manufacturing Simulation Residual Stresses

HIP simulation + Creep = High Residual Stresses

Machining simulation redistributes stresses
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Manufacturing simulation captures the significant residual 
stresses

HIP Profile w/ Creep

Machining 
cooling passages

Significant Plastic 
Hardening

High Plastic Strains
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Tungsten stress state is complicated by machining operation

Before machining simulation After machining operation
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Tantalum provides compliant inner layer
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Tantalum has sufficient strength to support Ta/IN718 bond

𝜎𝜎𝑉𝑉𝑉𝑉 = 3 � 𝜎𝜎12= 3 � 185 = 320 MPa
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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.
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All load cases pass for protection against 
plastic collapse

Normal Operation
• Converged solution
• Stresses below UTS
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Adequate strain margin against 
local failure using elastic-
plastic method

= 𝜖𝜖𝐿𝐿 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
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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
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Cyclic analyses capture manufacturing, 
steady-state and pulse thermal shock stresses

Adapted from original by Peter Loveridge, ISIS

∆T ramp over 700 ns

Quasi-Steady-State 
Thermal Field
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FE-SAFE fatigue software analyzes brittle tungsten, 
ductile SS316L, ductile Inconel, & welds for 10 yr. 
mean life of beam trips and beam pulses.  All pass*

Inconel Side Weld Inconel 718 (SA) Tungsten SS316L

Beam
Trips

Beam
Pulses
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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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Total heating (kW) for the 20 segments is: 
 

 Tungsten CuCrZr Inconel Steel Water Tantalum   
kW 292.796577 0.3027881 34.4737958 29.1214263 4.0672098 17.5808941  

 
with Steel and Water in the legs extending up to Y=100cm. Max. energy deposition in Tungsten is 
38.1 J/cc/pulse. 

Assuming the 700 kW power, MCNP’s total heating is: 
Tungsten CuCrZr Inconel Steel Water Tantalum TOTAL kW 
296.25055 0.29444108 33.591191 27.7405765 3.93066951 17.3506376 379.158066 

 
and I am getting about 5% higher peak energy deposition in tungsten compared to the nominal 
beam. 

MCNP’s total heating for this case is: 
Tungsten CuCrZr Inconel Steel Water Tantalum TOTAL kW 
267.420028 0.36135986 38.9614045 42.2033843 5.35037149 19.2055631 373.50211  

 
Peak energy deposition in tungsten is 72.5% of the nominal beam case. 

Nominal Beam Focused Beam Diffuse Beam

* input data scaled by 714/700

Im
ag

es
 C

ou
rte

sy
 L

uk
as

 Z
av

or
ka



45

Nominal Beam
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Focused Beam
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Diffuse Beam
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Nominal – Focused Comparison

• Per load case, peak energy deposition for 
focused beam is:

– 6.6/6.24 = 1.058 or a 5.8% increase

• The peak pulse ΔT in my fitted temps goes 
from 15 to 16°C

– 1/15 = 6.7% increase

• Peak σamp in W for nominal beam is ~65 
MPa

– 65 MPa * 1.06 = 69 MPa

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

5 MPa
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Weld effects on fatigue strength are incorporated into the 
model

 Weld fatigue Goodman diagram for 
1.35M cycles
• UTS debited by published testing of 

filler vs. bar stock
• Fatigue strength debited by inferred 

behavior of IN718(PH)
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Marginal performance found at edge of HAZ
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We accept the marginal performance found at edge of HAZ

Why do we accept this?
• One element fails at 0.92 FOS
• Mesh convergence not demonstrated
• Weld goes through HIP as a kind of post-weld heat treat
• On the edge of an estimated HAZ
• Assumes 10 years of fatigue with full residual stresses
• Does not take credit for residual stresses from machining
• Does not take credit for any surface treatments
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Ratcheting Analysis

Apply multiple beam trip and beam pulse loadings

Test for plastic shakedown
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Plastic ratcheting analyzed for both beam 
trips and pulses

Kinetic 
Energy from 
3 Repeat 
Beam Pulses

Plastic Deformation 
Energy Approaches 
Constant Value – 
Plastic Shakedown 

Beam Trips More 
Challenging for 
Ratcheting.  Areas of 
Concern, but Surrounded 
by Plastic Shakedown

∆PEEQ after 3rd trip
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Beam trip ratcheting analysis shows hot spot corresponding 
to area of higher heating causing flow cover bend stress

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

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

• Regardless, ~0.5με over 125k trips 
 ~6% total strain accumulation

Flow distribution was 
purposefully engineered to 
reduce fatigue stresses in 
front of target
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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
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Analyses show 
requirements are met 
with 2 caveats . . .
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• Effect of Water Pulses

• Sensitivity to Tungsten Modulus

• Sensitivity to Duration of Simulation

• Sensitivity to Pulse Duration

• Sensitivity to Data Output Frequency

• Sensitivity to Fatigue Model

• Sensitivity to Fatigue UTS

• Sensitivity to Fatigue Strength

• Sensitivity to Combined Fatigue Damage

• Mesh Refinement (Inconclusive)

Multiple sensitivity analyses performed to gain confidence in 
results
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Sensitivity to debonding was published as an additional DAC

IN718/Ta/W bonds successfully 
demonstrated by R&D

Bond strength characterization not 
available

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

How sensitive is target segment to 
complete debonding of spallation 
package from shroud?

Can we still satisfy requirements? 

REQMT #1574

• Segment Fatigue margin shall 
be equal to or greater than 1 for 
a 10-year operational life for all 
materials . . . 

REQMT #3466

• The steady-state temperature in 
any portion of the tungsten shall 
not exceed 800°C without 
cooling . . .

• Derived from Credited Controls 
to avoid vaporization of 
tungsten

Analysis created by 
Tom McManamy
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Abaqus thermostructural simulation of debond at IN718/Ta 
created via Presssure/Conductance functional interface
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Fully-coupled, transient simulation shows W peak 
temperature remains below limit
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CTE mismatch creates strong contact (& heat transfer) at 
edges and front cooling channels
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CTE mismatch creates strong contact (& heat transfer) at 
edges and front cooling channels
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Pulse fatigue analysis compares 10-year performance against 
bonded baseline

Bonded 
baseline

Debonded 
fatigue

Some tungsten 
elements fail
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Some tungsten elements fail – Acceptable as Inconel shroud 
continues to provide structure

W elements 
with FOS < 1
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Analyses show 
requirements are 
met with 2 caveats 

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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Target segment thermostructural analyses support important 
charge questions

#2
Has the design 
been shown to 
meet the 
requirements?

#3
Do DACs and other 
supporting 
documentation 
adequately support 
the final design?

#5
Is the design 
sufficiently mature 
to proceed with 
finalizing the 
procurement 
package?

*
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Thank you!
Q u e s t i o n s ?
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