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Abstract

The Accelerator Production of Tritium (APT) facility has been developed as a possible tritium

supply to the United States Nuclear Weapon Stockpile.  To produce tritium, tungsten targets are

bombarded with high-energy protons producing neutrons, via spallation reactions. The neutrons

produced by these reactions are then captured in a 3He blanket to produce tritium.  Design

requirements and safety consideration do not allow coolant to be in direct contact with the tungsten,

necessitating cladding of the rods.  Inconel 718 was chosen as the cladding material for its superior

mechanical, thermal, and neutronic properties.  Because the cladding must be in intimate contact

with the tungsten at operating temperatures, the materials are diffusion bonded by Hot Iso-static

Pressing (HIP) at 1080°C.  However, the difference in thermal expansion coefficients of inconel

718 and tungsten produce large residual stresses upon cooling.  We have utilized X-ray diffraction

(XRD) to study a tungsten tube clad with inconel 718 on both the inner and outer surface.  The

classical XRD (d vs. sin2ψ) technique was used to determine the stresses in the outer layer of

inconel 718.  These results are used to benchmark Finite Element Analysis (FEA) calculations, and

a direct comparison is made in this paper.

Introduction

The production of tritium within the APT facility will rely upon the preferential absorption of

neutrons by 3He, an isotope of Helium, to produce tritium. Neutrons are produced within the target

region by spallation reactions between high-energy protons and tungsten. To optimize the

production of neutrons within the target, the tungsten is split apart and spaced to allow neutrons to

escape the target. To produce the required geometry and cool the target, a ladder-rung arrangement

is used. Within the rungs of the ladder, inconel-718-clad concentric tungsten tubes will be placed

with coolant circulated around them.

The concentric tube arrangement was chosen during the design process to reduce analysis

uncertainty and increase thermal-hydraulic safety margins. To ensure safe operations the tungsten

target cannot be allowed to come in contact with the water coolant during off normal or accident

conditions, thus necessitating cladding of the tungsten tubes. Safe operating conditions require a

target geometry which maintains a geometry capable of being cooled during normal and off-normal

operations. To ensure this condition, the cladding must remain in intimate contact with the tungsten

at all times. However, the higher coefficient of thermal expansion (CTE) of inconel 718, coupled

with the geometric layout of the tube, requires the cladding to be bonded to the tungsten. Hot iso-

static pressing of the clad rods was proposed to diffusion bond the inconel 718 to the tungsten.

However, the HIP process generates residual stresses within the tube that must be accouuring plant



operations. In this research, the objective was to apply finite element modeling to simulate the

evolution of thermal residual stresses during the HIP process and to benchmark these predictions

with XRD measurements after the completion of the consolidation process.  Once benchmarked, the

finite element model can be used for subsequent analysis determining the response of the target to

plant normal operational and safety-case conditions.

Numerical Simulation of Residual Stresses using Finite Element Modeling (FEM)

Physical Geometry. The clad tube studied by this analysis is manufactured by sliding a 16.027

mm inside diameter (ID) tungsten tube into an inconel 718 tube with a 0.152 mm wall thickness and

a nominal 16.078 mm inside diameter. This creates a nominal 0.0254˚mm on-radius clearance

between the outer cladding and tungsten. This gap is explicitly modeled within the finite element

models to accurately predict processing stresses. A second 11.862˚mm ID, 0.152 mm wall thickness

inconel 718 tube is slipped inside the tungsten cylinder with the same nominal gap clearance. End

caps are then electron-beam welded on the ends of the tube to completely encase the tungsten tube

in inconel 718.

HIP Process. After assembly and welding the clad tube is placed within a hot isostatic press and

subjected to the pressure and

time history shown in Fig. 1.

Externa l ly  apply ing  an

appreciable pressure to the

assembly forces the inconel 718

cladding to entirely contact the

tungsten. At some undetermined

time during the cycle, they

become bonded together.

Finite Element Model. A two

dimensional, axisymmetric FEM

with one-half symmetry was

developed to model the HIP

process. The general purpose,

commercially available finite

element package, ABAQUS, was

chosen to  numerically simulate

the HIP process. It was chosen

for its capability to solve thermal-mechanically coupled problems, and its ability to explicitly model

contact between bodies with friction. The model consists of 12,586 4-node axisymmetric elements,

and 14,955 nodes to model the rod.

FEM Constitutive Model. The tungsten target material has a minimum purity of 99.9%, and

was obtained from a commercial vendor. A linear elastic constitutive model was used for the

tungsten, as shown in Table 1. High-temperature data was unavailable for the tungsten, so it was

assumed that these properties prevailed at all temperatures during the analysis. It should be noted

that room temperature properties suggest the tungsten behaves as a brittle material, exhibiting no

plasticity [1].

0

200

400

600

800

1000

1200

0

40

80

120

160

200

240

0 1 2 3 4 5 6 7 8

Temperature [C] Pressure [MPa]

T
e
m

p
e
ra

tu
re

 [
C

] P
re

s
s
u

re
 [M

P
a

]

Time [h]

Figure 1. HIP cycle parameters showing pressure and

temperature variation with time.



Table 1. Thermal and mechanical Properties of Pure Tungsten.

Density Youngs Modulus Yield Strength Ultimate Strength CTE
19.7 [g/cm3] 404 [GPa] 1507 [GPa] 1507 [GPa] 4.5 x 10-6 [/K]

Annealed inconel 718 was chosen for the cladding. This material was chosen for its superior

thermal and neutronic properties. Inconel 718 is a nickel-based super alloy. The constitutive model

for the inconel 718 cladding consists of explicitly defined elastic-plastic true stress versus strain

curves at various temperatures. The engineering stress versus strain curves used to develop the

constitutive relationship are shown in Fig. 2 [2], along with the temperature-dependent elastic

modulus, Poisson s ratio, and CTE [3]. Note that ABAQUS by default, uses a Von Mises yield

surface and was used for all calculations. ABAQUS also requires isotropic hardening flow rule for

coupled temperature—displacement analysis. Although isotropic hardening may not produce as

accurate results as kinematic hardening for cyclic plastic loading, the coupled solution technique

was chosen for its benefits and versatility, thus limiting the plasticity model to isotropic hardening.

ABAQUS also determines parameters by linearly interpolating to temperatures between curves, and

assumes perfect plasticity beyond the last defined point on any curve for this material model.

The ABAQUS power law model [4] was used to simulate the high-temperature creep response of

the inconel clad. This process was included in the analysis to describe the stress relief effects

material creep provides during the HIP cycle. The form of this material model is shown below:

ε̇ σ= A t
n m . (1)

where:

ε̇  is the creep strain rate [1/s],

σ  is the uniaxial equivalent deviatoric stress [Pa],

t is the total time [s],

A, m, n are user defined material dependent properties.

The user-defined coefficients for inconel 718 were determined by a linear regression fit of

available data, [5] and are listed in Table 2.
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Figure 2. Engineering properties for inconel 718 at various temperatures.



Table 2. ABAQUS User Defined Power Law Creep Parameters for Inconel 718

Temperature
[C]

A n m

24 8.3920 x 10-93 17.170 -0.9342
538 1.645 x 10-72 12.922 -0.3859
649 4.5579 x 10-59 10.587 -0.3859
760 1.9145 x 10-31 5.4141 -0.3054

FEM Analysis Procedures. The HIP process cycle, shown in Fig. 1, was divided into numerical

steps for the finite element analysis. All of the steps were coupled temperature-displacement,

(carried to steady-state) implicitly integrated steps, except for the high-temperature explicit visco-

plasticity (creep) step. During heat up, contact between the tungsten and inconel 718 was

maintained by applying pressure, and modeled using a sliding interface with a friction coefficient of

0.95. [6] The 0.95 sliding friction was maintained through the visco-plasticity step. After the visco-

plastic step the friction was then changed to a tied  contact condition, prior to cooling the tube

back to room temperature. The ABAQUS Coulomb friction model was used throughout the process.

We used these analysis steps to emulate the diffusion bond between inconel 718 and tungsten. This

approach allows for a direct comparison of the calculated final residual stress state with XRD

residual stress measurements upon the completion of the HIP cycle. It also allows some flexibility

to numerically simulate different interface and HIP process conditions. These simulations would

provide invaluable information and design guidance to the preliminary design of the APT target.

Evaluation of Residual Stresses using X-ray Diffraction

X-ray diffraction. The measurement of residual stress by X-ray diffraction utilizes the spacing

of the lattice planes as a gauge length for measuring strain [7,8]. A change in stress results in a

modification of the interplanar spacing, which alters the angular position of the diffraction peaks.

The interplanar spacing of a specific set of planes is obtained from grains of different orientations to

the surface normal. The variation of the interatomic spacing is determined as a function of ψ, the

angle between the surface normal and the direction of the measured strain. This is determined by

tilting the sample (by an angle of ψ) and rotating the specimen (by an angle of φ) with respect to the

incident X-ray beam. The change in interplanar spacing as a function of orientation (φ,ψ) is due to

surface strains which can be related to the surface stresses [8]. This is also known as the classical

dφψ versus sin2ψ method of measuring near surface stresses using X-ray diffraction. Accordingly,

for known values of dφψ and d0 (strain-free), the average strain along the φ−ψ direction with respect

to the surface normal (ε33) can be written as [7] 
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where (ε)φ,ψ can be related to the surface stresses by the conventional elasticity equations. For

classical X-ray stress analysis, these strains are a linear function of the angle ψ, and the surface

stress state in the sample can be determined by a linear relationship between (ε33)φ,ψ and sin2ψ [7].
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where ν (Poisson s ratio) and E (Young s modulus) are elastic constants and σ11cos2φ + σ11sin2φ =

σφ and the stresses are in the direction of σφ.

If (ε33) is plotted versus sin2ψ, then equation (3) represents the equation of a straight line with the

slope proportional to σφ. In this study, the assumption of a biaxial plane stress state is generally

valid since the average depth of penetration of Cu-Kα X-rays in this alloy has been computed to be

between approximately 11 microns (at ψ = 0o) and  6 microns (at ψ = 60o).

The stress σφ measured by the X-ray method contains both the macrostress and microstress

component. The raw data consists of plots of d versus sin2ψ which were fairly linear  also known

as regular . The slopes of the linear plots were used to determine the surface resid ual stress along

the specific orientation of measurement. For a regular  or linear behavior of d vs. sin 2ψ the stress

σφ represent a uniform stress distribution in the measured area of the sample. This also implies that

the microstress components cancel out due to equilibrium conditions within the sampling volume.

Therefore, the remaining stress component is the macrostress. This macro-stress component can be

used for validating the predictions from analytical or finite element models.

Measurement Procedure Residual stresses were measured in the inconel 718 along the axial

(parallel to the axis of the tube) and hoop (tangent to the circumference of the tube) direction for

comparison with predictions from FEM models. These measurements were made using a Huber

stress goniometer with X-rays generated from an 18 kW Scintag rotating anode located at the Lujan

Center (LANSCE-12) at Los Alamos National Laboratory.

All measurements used Cu-Kα radiation (wavelength 1.54 ). Initial measurements involved

recording 2θ scans from 40o to 160o for characterization of the material and identifying the

diffraction peaks in the high angle (2θ > 135o). The diffraction pattern revealed a single-phase

material having a face centered cubic structure (fm3m). Two diffraction planes (331) and (420) at

2θ approximately 137o and 145o respectively, were identified for residual stress measurements. The

X-ray beam was collimated using a 2 mm diameter collimator on the incident side to the sample for

axial stress measurements. The distance from the sample surface to the tip of the collimator was 40

mm. After passing through receiving slits the scattered beam was monochromated by the (200)

plane of a graphite single crystal and detected by a scintillation detector.

Measurements of the hoop and axial stress were performed along the length of a Inconel 718 clad

tungsten tube of size 56 mm long x 16 mm in diameter in this study.  For the purposes of this study,

the center of the rod will be labelled x = 0, with the ends being at ±28 mm.  Stresses were calculated

from the slopes of the d vs sin2ψ plots using an X-ray elastic constant of 3.5x10-6 MPa [8].

Results

Figure 3 shows plots of the predicted and measured axial and hoop residual stresses as a function

of position along the outer surface of the clad tube.  While the magnitude of the residual stresses do

not agree, the functional form of the predicted and measured stress agree nicely. Proximal to the end

cap and towards the end of the clad tube both the predicted and measured residual stresses are

compressive.  Roughly 5 mm from either end the residual stresses change sense and become tensile.

Within ±20 mm of the center of the tube the measured residual stresses are uniform and equal to

190 and 160 MPa in the axial and hoop direction respectively.  The FEM also predicts uniform

residual stresses over this range of positions, but with a magnitude of 505 and 495 MPa in the axial

and hoop directions respectively.
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Figure 3. Calculated and measured residual stresses along clad tube outer surface

Discussion

The objective of this research was to determine and benchmark FEM predictions of residual

stresses during the completion of the HIP process of an inconel 718 cladding onto a tungsten tube

against X-ray diffraction stress measurements. Tensile stresses within the inconel 718 were

expected because of the differences in the coefficients of thermal expansion of tungsten (Table 1)

and inconel 718 (Fig. 2). The finite element predictions overestimate the measurements by more

than twice the magnitude.

The finite element modeling process described within this paper uses a complex material

behavior model, which includes both plasticity and creep, and which allows for the most complete

simulation of the inconel 718 materials response.  The simulation of the bonding process however,

is simply approximated by arbitrarilly setting the time at which complete bonding occurs in the

model. Although the numerical model has some flexibility to simulate both the time at which

bonding occurs and crudely approximates the diffusion bond, the poor correlation between the FEM

and XRD results indicates that a better representation of the diffusion bond is needed to more

accurately simulate the development of residual stresses during the HIP cycle. Additional analysis

in which the bond parameters were varied would are required better understand which FEM

parameters must be modified to the change the final residual stresses state.  However, since the

goals of these analyses were to benchmark the results of the FEM analysis in order to develop a

design tool for preliminary design trade-off studies, no further effort was made to more accurately

similuate the bonding process or more accurately predict final stress states. Athough the analyses

still do not reflect the correct physical understanding of the bonding process which may provide

better correlation between predicted and measured values, the results have shown the FEM

predictions to be greater than those measured. Since the values predicted by FEM analysis are larger

than the measured values, the FEM analysis does provide a representative stress state that can be

used to perform additional parametric or trade-off studies. The parametric studies would make sense

of, or predict, trends of how the final stress state can change the tube s response to operational



loading conditions.  Finally, the FEM Analysis can be considered bounding values since it tend to

over predict the residual stress states.

Summary and Conclusions

FEA was used to predict residual stress levels from hot isostatic pressing of an inconel-718-clad

tungsten tube. Residual stresses in the hot pressed specimens were measured using the XRD

technique to benchmark FEA calculations.

The FEM predictions of surface axial and hoop stresses in the center section of the inconel clad

tube varied from 505 to 495 MPa, respectively.

The measured residual stresses in the axial and hoop direction in the same area using XRD were

190 and 160 MPa, respectively.

The FEM predictions of the axial stresses were more than twice the XRD measured stresses

levels. The disparity in the comparison of predicted and measured results indicates that a better

understanding of the bonding process is needed to make more accurate computations.
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