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Abstract

Fracture resistance of the current ITER ®rst wall con®guration, a copper alloy±stainless steel layered structure, is a

major design issue. The question of dynamic crack propagation into and through the ®rst wall structure is examined

using dynamic ®nite element modeling (FEM). Several layered con®gurations that incorporate both strain and fric-

tional energy dissipation during the fracture process are considered. With ®xed overall specimen geometry, the energy

required to extend a precrack is examined as a function of material properties, and the layer structure. It is found that

the crack extension energies vary dramatically with the fracture strain of materials, and to a much lesser extent with the

number of layers. In addition, it is found that crack propagation through the lower ductility copper alloy layer may be

de¯ected at the stainless steel±copper interface and not result in total fracture of the structure. Although the total energy

required is a�ected only to a small degree by the interface properties, the time to extend the precrack is strongly a�ected.

By making proper selections of the interface and the layered material, crack propagation rates and the possibility of full

fracture can be substantially reduced. Ó 1998 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

Layered composite structures have been selected for

a variety of plasma facing and primary wall applications

in ITER and other fusion devices. These structures will

be used for components, including the primary wall, the

limiters, and the divertor, that will experience severe

service conditions. For ITER, these structures are slated

to employ IG 316LN stainless steel as a structural ma-

terial. One of three possible copper alloys, CuA125,

CuNiBe or CuCrZr, is to be bonded to the steel for ef-

®cient heat removal of the high thermal ¯uxes emanat-

ing from the plasma. One of several possible plasma

facing materials will be laminated on top of the copper

alloy. Current possible plasma facing materials are Be,

W or carbon±carbon composites. The methods for

bonding the layers in these structures, and their perfor-

mance under a variety of mechanical and thermal

loading conditions has been the topic of several recent

and ongoing studies by the ITER partners [1±5].

The fabrication process must ensure an adequate

bond, preserve the bulk material properties of the

components of the composite, and be viable for large (1

m ´ 1 m) complex structures. Hot isostatic pressing

(HIP) has been selected to accomplish this bonding.

Temperature, pressure and duration of this process is

still under investigation, but reasonable bonds between

copper alloys and 316L stainless steel can be produced

for the following HIP conditions: T� 920±980°C,

P� 102 MPa, and t� 2 h. The precipitation strength-

ened copper alloys (CuNiBe and CuCrZr) require an

additional heat treatment to develop a proper precipi-

tate structure, usually an additional heat treatment for

3±5 h at 380±500°C, depending on the alloy and the

desired size and distribution of the precipitates.

While there have been substantial e�orts to investi-

gate these structures for mechanical properties, primar-

ily to establish the strength and integrity of the bond,

little attention has been paid to dynamic fracture issues

with such structures. Dynamic loading is often used as a
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method of assessing lower bound fracture resistance

since dynamic fracture usually tends to result in less

energy absorption than standard fracture toughness

tests performed at more moderate strain rates. In fact,

there has been very little consideration of dynamic

fracture of laminate structures other than some early

considerations regarding potential strengthening and

fracture resistance e�ects [6]. The current work examines

the dynamic loading e�ects in Glidcop and stainless steel

layered structures.

2. Modeling and computational approach

All modeling was performed using a dynamic ex-

plicit-integration ®nite element code, ABAQUS Explicit,

from Hibbit, Karlsson and Sorensen Corporation [7].

Some portions of the input ®les were generated using

IDEAS-SDRC Version VI [8]. ABAQUS Explicit uses a

dynamic analysis procedure that implements an explicit-

integration rule with the use of diagonal mass matrices

[7]. The code integrates through time using many small,

stable time increments. The time increment scheme in

ABAQUS is fully automatic and requires no user in-

tervention. The use of small increments (dictated by a

stability limit) is advantageous in that it allows the so-

lution to proceed without iterations and without re-

quiring tangent sti�ness matrices. It also simpli®es the

treatment of contact.

The stable time increment decreases exponentially

with decreasing element size. Therefore, the total CPU

time usually increases exponentially with the re®nement

of the mesh and linearly with the number of elements in

the model. The explicit procedure is ideally suited for

analyzing high speed dynamic events like those found in

impact testing.

ABAQUS Explicit contains an elastic-plastic mate-

rial model that allows crack extension to be modeled by

deleting elements from the mesh. ABAQUS treats crack

extension by calculating an element-averaged strain and

then deleting elements in the mesh when any element

reaches an input de®ned plastic fracture strain �epl
f �. In

order for this deletion of elements to produce stable

results, the stress state of the damaged element must be

reduced to zero by the time of fracture. ABAQUS ac-

complishes this by applying a damage level parameter

to the material prior to fracture. This damage param-

eter is used to degrade the stress state as well as the

elastic moduli. The damage value of any element is zero

until the strain in the element exceeds a user-de®ned

o�set fracture strain �epl
0 �. The damage (D) in an ele-

ment can range from zero (no damage) to one (failed)

and is calculated from the equivalent plastic strain as

follows:

D �
epl ÿ epl

0

� �
epl

f ÿ epl
0

� � :
When the damage reaches a value of one, the element

is deleted from the mesh and a crack is formed or ex-

tended.

All of the dynamic modeling of fracture in this paper

is focused on drop tower impact tests. In these tests, a

specimen containing a precrack in the bottom layer is

impacted from the top by a striker. A user-de®ned

FORTRAN subroutine has been written to model the

dynamic crack propagation. This subroutine is called by

ABAQUS instead of the ABAQUS material fracture

model and uses the same mechanism for modeling crack

initiation and propagation as the ABAQUS model with

the exception of when the damage (D) is incremented. A

hydrostatic stress, averaged over the three principal

stresses in the element, is used to determine if an element

is under tensile or compressive loading. If the hydro-

static stress is positive, D is allowed to increase in that

time increment. Otherwise, no further damage can re-

sult.

The ®nite element model used is of a two-dimensional

specimen (1 cm ´ 5.4 cm). The model contained a sharp

precrack to a depth of 0.25 cm (one-quarter of the

specimens overall thickness) at the mid-length. The

precrack provides a direct indication of energies to

propagate the crack without the in¯uence from crack

initiation. In order to determine the relative fracture

resistance of multilayered structures, the amount of en-

ergy required to extend the precrack by 0.025 cm (the

smallest mesh size) is compared for all cases investi-

gated.

The specimens comprised of two to ®ve layers such

that the bottom half of the specimen (with the precrack)

was a single material (either Glidcop or stainless steel)

and the top half was either a single layer, divided into

two or four layers of the other material (either stainless

steel or Cu alloy). Two types of interfaces were assumed:

Either the layers were ``tied'' together, or they interacted

via frictional forces. In the former case, no direct energy

was dissipated due to adhesion between the layers, while

in the latter case, substantial energy could be dissipated

in the form of frictional sliding.

The materials properties for these studies were taken

from those used successfully in ®nite element modeling

(FEM) of Glidcop to stainless steel laminate mechanical

properties test programs [4]. The values are shown in

Table 1.
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3. Results and discussion

The results and discussion of the ®ndings are detailed

in two separate areas: Deformation and fracture energy,

and crack propagation.

3.1. Deformation and fracture energy

The total energy in deformation and fracture is the

sum of two predominant components, the strain energy

and the friction energy. It is important to note that the

values of the strain energies and the frictional energies

are of similar order, both play signi®cant roles in the

total energy absorption behavior, except when the co-

e�cient of friction is set to zero, making the frictional

energy term disappear.

Figs. 1±3 show the total energy absorbed during ex-

tension of a precrack by 0.025 cm in four di�erent

structures. Each structure is represented by a two letter

code described below and in Table 2. The letters S and

D stand for low (0.02) and high (0.50) fracture strain

stainless steels, while B and M stand for low (0.02) and

higher (0.08) fracture strain Glidcop alloys. Table 2 also

shows the o�set fracture strains �epl
0 � of each material

used in the modeling. The ®rst letter represents the top

layer(s) while the second letter represents the bottom

layer which is 0.5 cm thick and is precracked to a depth

of 0.25 cm. The length of the layers is 5.4 cm and the

total thickness including top and bottom layers is 1 cm.

All of the computations are performed for plane strain

conditions. The layered structure is impacted from the

top by a striker of mass 10 kg with a kinetic energy of

500 J.

The layered structures SB and DB shown on the left

side in Fig. 1 absorb approximately the same amounts

of energy (0.7 J) when the top and bottom layers (each

0.5 cm wide) are tied together. The same conclusion can

be drawn when the top is divided equally into four layers

(5 layers including the 0.5 cm thick bottom layer). Each

of the four layers is 0.125 cm thick and slides on the

adjoining layers with a coe�cient of friction (l) equal to

unity. The total energy absorbed for both SB and DB

increases from 0.7 J for the tied structures to approxi-

mately 1.7 J for the layered structure, with most of the

increase coming from frictional energy losses between

the layers. It is therefore concluded that even a sub-

stantial increase in the fracture strain of the top layer(s)

from 0.02 to 0.50 has little e�ect on the total energy

absorbed for crack extension in the bottom layer. In

addition, the layered structures appear to inhibit crack

extension by absorbing a large fraction of the energy in

frictional losses.

Similar conclusions can be drawn from the fracture

of two other layered structures SM and DM shown on

the right side of Fig. 1. Compared to the layered struc-

tures SB and DB, the material of the bottom layer in SM

and DM has a higher fracture strain of 0.08. In the case

of tied structures (2 layers), the total absorbed energy for

both structures increases to approximately 4.3 J from 0.7

J for the structures SB and DB. Again, the fracture

strain (or ductility) of the top layer has little in¯uence on

the absorbed energy, and therefore, it is concluded that

most of the energy is absorbed near the crack tip in the

bottom layer. A higher fracture strain of the bottom

precracked layer requires a higher absorbed energy for

crack extension.

A comparison of the sliding layered structures of SM

and DM in Fig. 1 con®rms the conclusions drawn for

the tied structures. With ®ve layered structures (four top

layers of equal width, 0.0125 cm, and one bottom layer

of 0.5 cm width) the total energies absorbed are ap-

proximately 4 and 5 J for SM and DM, respectively.

Although the top layer(s) in these two cases have sub-

stantially di�erent fracture strains (0.02 and 0.50), the

total energy absorbed di�ers only by 25%.

Fig. 2 shows the total energy divided into strain en-

ergy and frictional energy in a set of DM layered

structures. The tied (rigidly bonded) two layer structure

Table 2

Fracture strains used in ABAQUS model

Material (letter code) O�set fracture strain �epl
0 � Fracture strain �epl

f �
B (Glidcop) 0.015 0.020

S (stainless steel) 0.015 0.020

M (Glidcop) 0.075 0.080

D (stainless steel) 0.400 0.500

Table 1

Material properties used to model Glidcop and stainless steel

Material Yield stress (MPa) Young's modulus (GPa) Hardening modulus (GPa) Poisson's ratio

Glidcop 410 130 11.0 0.343

Stainless steel 207 200 8.0 0.285
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Fig. 1. Total energy dissipated in a layered structure to extend a precrack 0.025 cm deep in the Glidcop layer below the above stainless

steel layer(s).

Fig. 2. Total energy (in component form) dissipated in a layered structure to extend a precrack 0.025 cm deep in the Glidcop layer

below the above stainless steel layer(s).
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had a strain energy of approximately 4.3 J. The layered

structures with friction at the interface had a strain en-

ergies of 3.5, 2.4 and 2.0 J for the two, three and ®ve

layer structures, respectively. Simulations show that the

strain energy decreases monotonically with an increase

in the number of layers. The layered structures with

friction at the interface also dissipate energy in frictional

losses. The frictional energies of those structures were

0.9, 1.4 and 3.0 J for the two, three and ®ve layer

structures, respectively. The frictional energy exhibits an

opposite behavior such that an increase in the number of

layers results in an increase in the frictional energy.

The decrease in strain energy is due to the thinner

layers approaching a state of plane stress with reduced

constraints. These thinner layers do not transfer the load

to adjoining layers in comparison to the thicker layers,

resulting in a lessening of the strain energy. The increase

in frictional energy with the number of layers is due to

an increase in the area of frictional surfaces.

3.2. Crack propagation

As shown in Fig. 3, multilayer structures bonded

with friction do have an important role in the time

necessary to extend a precrack. Compared to the tied

case, the frictional multilayer structures cause a signi®-

cant increase in the time to extend the precrack. Delay in

the time for crack extension under dynamic loading has

the following implication. Longer the delay, the more

deformation is spread in the structure. Larger de¯ec-

tions, rather than faster crack propagation, occur in

layered structures due to the larger deformation in the

thinner top layers (which carry a signi®cant amount of

the load). This creates a reduced state of stress at the

crack tip in the bottom layer.

Fig. 4 provides a graphic representation of the crack

propagation in the tied model. When the bond at the

interface is strong, the relative ductility and mechanical

properties of the materials determine the path of crack

propagation. A weaker material in the bottom layer will

result in the crack advancing to the interface, then

turning parallel to the interface and running along it. In

contrast, it has been shown that if the materials are of

equal strength, then the crack usually propagates

through the interface and into the top layer.

4. Conclusions

From the results of a systematic study of the in¯u-

ence of the number of layers and interlayer frictional

losses in Glidcop to 316L stainless steel layered struc-

tures, the following conclusions can be drawn.

Fig. 3. Total energy dissipated in layered structure to extend precrack 0.025 cm deep in the Glidcop layer below the above stainless

steel layer(s). Time required to extend the precrack is substantially increased by multilayer structures.
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1. The total energy dissipated in extending a precrack

is controlled by the properties of the material at the

crack tip. Of those properties, dynamic fracture strain

in¯uences the energy dissipated the most. The fracture

strain of the layer(s) other than the precracked layer has

a weak in¯uence on the energy dissipation.

2. Layered structures do not increase the total energy

dissipated in crack extension signi®cantly. However,

they do increase the time required to extend the precrack

substantially.

3. The relative material properties of the layers de-

termine the path of crack propagation. If the precracked

layer has a su�ciently low fracture strain in comparison

with the fracture strain of the top layer, the crack

propagates to the interface, turns and runs along the

interface. In the reverse situation, however, the precrack

in the high fracture strain material propagates across the

interface into the low fracture strain material.
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