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Abstract—An integral equation method for the analysis of clastic-plastic wave propagation is
presented. The elastic-plastic solution is thereby found as the superposition of the corresponding
clastic result with waves produced by dynamically induced plastic strains. The solutions are rep-
resented in the form of integrals with elastodynamic Green's functions as integration kernels. The
spherically symmetric problem of a dynamically loaded spherical cavity is considered and the
corresponding Green'’s functions for this geometry are derived in closed form. Time convolution is
carried out analytically over a prescribed time step and the spatial integration is performed by
Gaussian quadrature. If the wave travels within each time step just the distance of one spatial element
the evaluation of the integrals leads to a tridiagonal system of algebraic equations. Numerical
results are compared to some known analytical solutions, proving the accuracy of the method.
Computations are carried out for rate sensitive power law hardening thermal softening materials.

I, INTRODUCTION

The problem of elastic-plastic wave propagation has received interest from many
researchers. In particular. on the subject of sphericul waves in i1sotropic solids important
analytical work has been contributed by Hunter (1957), Chadwick and Morland (1969).
Morland (1969), Chadwick (1970), and comparisons with numerical solutions by the finite
difference method were presented by Mok (1968) and Milne e7 «/. (1988). A detailed account
of the subject as well as an extensive list of references is given by Hopkins (1960). All these
studies consider the propagation of spherical waves from a dynamically expanding cavity.
assuming rate independent ideal elastic-plastic material behavior or linear work-hardening.
The mathematical approach in these papers focuses on the propagation of the elastic and
the plastic shock fronts. The governing equations of the elastic as well as the plastic domain
are formally derived in analytic form, but depend on the extension and propagation of the
elastic—plastic interface. The analysis of Morland (1969) shows that in the loading range
the plastic front propagates at a constant speed ¢, for linear strain-hardening, provided
that the pressure p at the cavity wall is applied as a step load and has an amplitude larger
than the critical value p., = o, (1 ~v). (1 —2v). where a, is the initial yield stress and v is
Poisson’s ratio. If p > p.. the interface is a surface of discontinuity, and an analytic
solution can be found for simple cases [e.g. Chadwick and Morland (1969} for linear work
hardening]. These analytic results. however. are valid only as long as there is a stress
discontinuity at the interface. Numerical computations show that these discontinuities
decay rapidly and. consequently, the analytic results derived by Chadwick and Morland
(1969) are limited to the early stages of the propagation of an elastic-plastic shock wave.

For p < p., or continuous loading, the elastic -plastic interface carries no discontinuity
and the interface velocity is always smaller than ¢,,. Then. an analytic result can be obtained
only for the inverse problem, where the interface velocity is prescribed and the time varying
cavity pressure is found accordingly (Hunter. 1957).

In this kind of analysis the solution is obtained from differential equations. which
directly depend on the inelastic constitutive equations. The specific form of these constitutive
relations determines whether an analytic solution exists or not. In addition to the previously
discussed limitations any analytic results are valid only in the loading range. i.c. they break
down if unloading occurs anywhere in the solid.
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In this paper we develop a mathematical framework of wave propagation based on
dynamic Green's functions. The elastic-plastic solution is thereby found by superposition
of altogether elastic trains of waves, produced by the applied load as well as by the
dynamically induced plastic strains. The resulting integral equations are integrated numeri-
cally with the constraint that the dynamic plastic strains satisfy the constitutive equations.
The latter are used here merely as side conditions, which leaves the main analysis open to
any type of constitutive behavior. There is also no need for a separate consideration of
loading and unloading waves, because this is directly controlled by the determination of
the plastic strain from the loading/unloading conditions in the constitutive law. This strategy
allows the evaluation of stresses. displacements and deformation rates along the wave fronts
and in the wake as well, and may be used to obtain a picture of the remaining state of
selfstress in the material after a shock loading of the cavity walls. Along the same lines,
material behavior other than elastoplasticity may also be treated. For example, waves in
elastic layered media can be modeled. representing different elastic properties by equivalent
eigenstrains as in Eshelby’s method (Eshelby, 1957 ; Mura, 1987 ; Nemat-Nasser and Hori,
1993). Density differences, however, have to be treated as additional fictitious body forces
{Mura, 1987 ; p. 459f.). In that context it is also possible to treat micromechanical problems
of plasticity and/or damage. Then, those equivalent eigenstrains are found as averaged
quantities from a micromechanical analysis of a representative volume element. For example,
Giildenpfennig and Clifton (1980), in an attempt to study plastic waves in thin walled
tubes. calculated the macroscopic plastic strains of a polycrystalline aggregate from crys-
tallographic slip systems by the selfconsistent method.

In the first part of the paper we identify the necessary dynamic Green’s functions
from the dynamic Betti--Rayleigh reciprocal theorem. Later. these influence functions are
specified for spherical symmetry, and a detailed outline of the numerical integration pro-
cedure is given. We use a rate-dependent elastic-plastic material law with power law strain
hardening. that is sufficiently general to describe a variety of metallic materials. The
formulation of the constitutive equation is such that rate-independent plasticity is included
as a special case. Moreover. temperature effects due to plastic dissipation are taken into
account. Because of the slow propagation of heat when compared to the wave velocity,
only adiabatic heating will be considered. Numerous examples are used to demonstrate the
efficiency of the method and to show several interesting effects in elastic-plastic wave
propagation. Comparisons with some known analytic solutions underline the accuracy of
the numerical procedure, even in the neighborhood of the plastic shock front.

2. DYNAMIC GREEN'S FUNCTIONS

The concept of dynamic Green's functions is derived from the dynamic Betti-Rayleigh
reciprocity theorem (Eringen and Suhubi. 1975: p. 368), which reads for a body with
volume V" and surface S.

~

((x. 0)*u(x, ) +u(x.0) a(x. 1) dV =
y

J {b(x)*u(x)](7) dl'+4( [E(x)*w(x)](1dS+p

S v

[ [@a(x)=b(x)](1) dV + f [ﬁ(x)*t(x)](f)dS-i-pJ (@(x. ) u(x,0)+u(x, 1) a(x,0)dV, (1)
i JS

o I

where (u.b,t) and (@1, b,f) are two distinct sets of variables, denoting the vectors of dis-
placement. body force and surface traction. respectively. The mass density is designated by
p. a superposed dot indicates a time-derivative, and [- = -] is the convolution, defined by

i~

[b(x)*u(x)](r) = | b(x.r—1) u(x.7)dr. )

VO

We assume b to be a singular body force.
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b = d(1—1)3(x~X)e. 3)

where e 1s a unit vector and o denotes the Dirac-delta function. The dimension of the
delta function is determined by the dimension of 1ts argument. Thus, d(x—x") is a three-
dimensional delta function. while (7 — 1) is one-dimensional. With eqn (3), we obtain from

(1

~ ”

ux. ) = | [a, Ax.x)yxh (XHOHAdV(x)+

ol oS

([, X x)*r, (X)](1)

=7, (X" X)), (XN SN+ p ' (ﬁ,,(x'.x.z)u, (X.O) 40, (X x i (xL0) dVx),  (4)

where a primed index refers to X" and summation over repeated indices i1s understood. The
Green's functions &, , and 7, , are the displacement », and traction 7, in X', respectively, due
to a unit force B, = 0(r—1D)o(x—x")e, in x. We ussume linearized geometric relations for
small strains. ¢, =(1 2}(u, +u,;). Note the symmetry of @t with respect to the spatial coor-
dinates. t.e. i, (X X.7) = 0, (X.X". 7).

Now consider the case where a body is loaded by a dynamic eigenstrain (X, f).
Introduction of the generalized Hooke's law 6 = C (¢ —8) into the equilibrium conditions
leads to

VACVRW] =-V(Cg) = piu. xel’ (5a)

[CaVEW]'n=C:8 'nxesS . u=0.xeS8", (5b)

where V is the gradient operator. Cis the clasticity tensor and $°, S" are those portions of
the surface S. on which either the stresses or the displacements are prescribed. It follows
from eqns (5) that the displucement in a solid with eigenstrains &(x, ¢) is the same as that
produced by equivalent body forcesb = — V-« (C:%) and tractions t = (C : g) - n. If we assume
the body to be initially at rest (u(x.0) = u(x.0) = 0) and introduce b and t for b and t in
eqn (4). we find the displacement due 10 eigenstrains &.

AN ) = . [6,, (X X)xi . (xOHND dVIX). (6)
A

Physically. the function ¢ (X.x.7—1) in egn (6) represents the stress g, in X” at time 7
due to a unit load 1+¢, 0 x at ume 7.

FHE SPHERICALLY SYMMETRIC PROBLEM

3.1. Louding by body torces

We introduce spherical coordinates (. 3. ¢). and observe that under conditions of
spherical symmetry the radial displacement «, = u is the only non-zero component. Fur-
thermore. all variables depend only on the radius + and time ¢. Accordingly, eqn (4)
simplifies to

wlro) =dn | e rEbO O dr 4+ drat [dta. ryxpl ()

a

+4dnp A W e D 0) + a(r e a0 dr, (7

g
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where « is the cavity radius. p(r) is the cavity pressure and b(r) is a radially symmetric body
force. Stresses and strains are obtained from the displacement (7) via the relations
Epo = Euy = UJF, (8a)

@©

6, =(r+20u, +200r. 64, = Gy = AU, + 204+ @ujr, (8b)

where 7 and p are Lame’s constants. and (), denotes the derivative with respect to r.
The Green’s function a(r.r'.1—1) = @(r', ¥, 1 —1) is found as the solution of the differ-
ential equation of the point-symmetric problem

2/ I . ot—1)o(r—r’ i
0, + - <17_, — - )+(/.+2y) ' L# =, )
r " 4nr’? 3
where ¢, = (~+2u p)' * is the velocity of the dilatational wave and the forcing term in eqn

(9) describes a singular radial load on a spherical surface of radius r, such that its volume
integral is unity.
In the subsequent analysis we will use the following non-dimensional variables :

N=ra. X =ra 1=c¢tla. T=c01/a, (10a)
p) _9y
2u 1—2v
(O e = e i
T4+ 2 1—v (105)
S=7-T-3+1, T=x+x"—-1 (10¢)

With these definitions. the analytical solution of eqn (9) with traction-free boundary
conditions at the cavity surface [o,.(r = «) = 0] has the form (details of the derivation are
given in Appendix A),

X x -ty =a'(x,x,T—0)y+d"(x',x,T—1), (11)
where

BTt = S (0 (=0 = d 1) (122)
2ua- 16m(xx’)"

is the displacement of the incident wave, emanating from the source, and @', the wave
reflected from the cavity. is found as

g = o Cy cH(Z)
o= = -— — ;
2ua 16m(xx’)*

U, x, [~ 1), (12b)

(X X T—7) =+ 28— 1)+ 2w —4%

+ 3P (e 20) sin(ed) + oscos(@E)]. (13)

(1)

Ineqns (12). (13) and further on. we use the abbreviations
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d=|x—x|. (14a)

. ; 'Ti‘;” _ \, lr:rj‘r{
W=/ d2-9) = T;‘ (14b)

and H(*) denotes the Heaviside function.
If we set X" = 1 in eqn (11), we obtain the displacement field for a cavity, loaded by
an impulsive unit pressure p(7) = 8(s)/4na’ (Eringen and Suhubi, 1975; p. 481),

a(l.x,1—1) = L ;eLp(:if_HE)

— i [(1 —2x) sin(wé) + wx cos(wd)], (15)
2ua- wx

5

with {(x’ = 1) = f—f—x+1. In the seq}xel. we will need also the time derivative of the
Green’s function 4, which we denote by 4. Differentiating eqns (12a, b) and (15) gives

L [((—OH(—d—1T) —x}d(—d—1D)],  (16)
2ua’ 8m(xx')”

. 1 N Dexpl(— &

~ 2ua’ 8n(xv)’ |
[ —22xx + 28 sin(wl) —w(] = 20xx7) cos(wé')]]H(é) + xx’é({)}, (16b)

: - . a s vonre . . .
a(lx =) = = b 5 exp(= IO+ 21 = D) sin(wd)
2ua’ dnwx
— (] =2x) cos(wé)|H(E) —wxd(€)}.  (16¢)
3.2. Loading by eigenstrains
The Green'’s functions g, ,, due to eigenstrains &, are derived from # according to
relations (8b). With respect to later applications it becomes convenient to separate & into a
deviatoric and a hydrostatic part,

L, =&+ 8n0, (Dm =) 3 (17)

where the indices (+ )¢ and (- ),, identify the deviatoric and the mean component of a tensor,
respectively. Under spherically symmetric conditions, the deviatoric components are related
by, for example,

& = =285, (18)

and eqn (6) simplifies to

u(r, 0y = 4n | B0 r)*E8 (P +3[6n (', r)xE, (PN} 2 dr. (19)

v

The Green'’s functions ¢ and d,,. appearing in eqn (19) are related to 4 through
G=206,, —G,, = 2u(d, —idr). (20a)

(d, +24a/r). (20b)

RERVAY
W
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With eqns (20). we obtain from eqns (12a. b) the following incident and reflected
components

Fx,x.1—T)=— —— [(3(F—%)" =3x" =¥ HH(f-d
( ) at 16mx*x I -0

+2xxsgn(x—x)o(f—d—1)], (2la)

¢ 8¢x"? - ¢

(X', x.1—17) = -l - 5[3'//(\ N.I—T)+2 -—S—\EP(—%)

ey | w
<[ = Jx)sin(wd )+(u,\‘cos((,u§)]:]H(§)+2,\‘.\"3(5(5)}, (21b)
- ¢ 3-20 _ o
CX X T—T) = — — = [H(T—d—T) + xsgn(x —x)o(F—d—7)]. (22a)
a' 24nxTy

(=) sin(od) + wx cos( ')g)]:|H( )+\0(5)} (22b)

where the signum function is defined as sgn (x) = x/|x[, V x # 0, sgn(0) = 0.

Two types of eigenstrain have to be considered, namely the plastic strain &°, which is
assumed deviatoric, and the thermal strain ¢". The latter is considered to be of pure bulk
type, i.e. ¢} = ¢'d,, = o(T—T,)d,,. where x is the coefficient of linear thermal expansion, T
is the temperature and T, is a reference temperature. Thus, we have

Pofe=e = a(T—T,). (23)

While &(x. 7) is unknown in principle, the external load p(f) = p, f(#) is a given function
of time and the elastic wave due to p(s) can be calculated independently. This solution,
which is indicated by a superscript (-)". reads

u'x.n = f“ [u(l X1, (24a)
2u

Do dna’

(N7 = [, )=f) (D). (24b)
RIT

od Po 47m

el = —[eQ1, x)=f (D). (24¢)
TS

Relations (24) have to be complemented by the solution due to &(x, ) (marked by a
superscript (+)*), which has the form

_ dmat [
u*(x, 1) = o HE(x, )yl (X)) + 3[Em (Y. X)xe ()] (D)} x2 dx
1

W

+dpna’ (z?(,\". XD )+ Ay, x Ha* (. 0)x P dy,  (25a)

ol
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dra* [+ . | . L - g
a*(x.7) = TJ G el (D) + 3G (v vy (D} 6 d
! ]
+4pna’ | @(x X, DUt (3L 0) + a(y, v Dk (0, 0)x 2 dy’, (25b)
. dra* [ L L L ey g
gX(x.n = T*J SO el (WD) 4+ 3[50 (v ke (V)](F) | x7- dx
o

™

+dpna’ | (AL N DN 0)+ e x DI (L 0)x P dx’. (25¢)

1
v

Consequently. the total result is the sum of the portions (24) and (25). u = u" +u*, etc. The
Green’s functions 4. é,. . 3. 5,. é. & appearing in (25b. ¢) are found as derivatives of 6. 6,,
and 7, with respect to either r or 1. The analytic expressions of these functions are given in
Appendix B.

Finally. the stress components are derived trom displacements « and deviatoric strains
&2 via the relations

bl /" \
LA IR ~ - R Y
G.= . (15,,1-5(6,.,+(3~_@)(u}*5, )), (26a)

/

2u /3 N , .
Tor = <5(| =+ e+ 3 -20wr—¢ )). (26b)

kel

4. INCREMENTAL FORMULATION

Owing to the nonlinear dependence of & on the current state of the body the integral
equations (25) have to be solved incrementally. We subdivide the radius into a sufficient
number of line elements of equal non-dimensional length Ax and consider a finite time step
A7 = Ax. such that the wave front advances just past the distance between two neighboring
points.

There are several strategies in solving wave propagation problems by integral equa-
tions. One possible way is to focus only on the location of sources, that is, external loadings
or boundary conditions, which are not satisfied by the Green’s functions. At each instant,
all signals arriving at a selected location have to be summed up, 1.e. the time convolutions
have to be performed over the entire excitation history. This requires the storage of these
histories of each source. but the spatial discretization is limited to the location of these
sources. Such a procedure proves useful in computations of elustic wave propagation. An
application of this strategy to plastic spherical waves has been devised by Ziegler er al.
(1995).

An alternative method is to evaluate displacements and velocities at each instant
throughout the (discretized) continuum. and use these as initial conditions for the next time
step. In this case. the convolutions have to be performed only over one time step, and no
storage of any excitation history is necessary. On the other hand, this method requires a
discretization of the entire volume penetrated by the wave. In inelastic materials, however,
such a discretization is unavoidable anyway. in order to satisty the constitutive equations
in each point. Hence, the latter method seems to be more appealing for plastic wave
propagation problems and we will use it in the sequel.

Assume that we know the state at the beginning of a time step, ¢ = 1,, and we rewrite
eqns (25) for the time increment As = 1,—¢,, where subscripts a and b denote quantities at
the beginning and at the end of the time step. respectively. Taking, for example (25a), we
find
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47[(14 v+ AT (CAT ,
u¥(x.7,) = J {6(X', X AT = T)eP, (X' B) 4 36 (X', X, AT—T)e" (¥, 7)} dTx"* dx’
¢ AT G0

Ay AT
+4pna’ J LI XCAD WK ) a0, x, DuXx ) [t dx, (27)

v —A7

and analogous expressions follow for (25b, c).

Note that within At a disturbance applied at ¢, travels only a distance Ar = ¢, At, and,
hence, the space integration extends only over the interval x —A7 € x” < x+ Af. Moreover,
at all discrete points except the first one at x = 1, only the incident components of the
corresponding Green’s functions have to be integrated, because within a timestep Az a
reflected wave can only arrive at a point located in the interval | < x < 1 +Af.

In the evaluation of integrals like (27), we use linear shape functions in time and space.
Accordingly, each variable a(x’, A7) within an element is represented by the sum

N

ax' (). 1y = Y, N () H(i— fd)<a.ﬁ' +Ad %) (28)
il

where

5

Ny =Y Nf(px™.
k=1

n is a local coordinate, —1 < 5 < 1, and a superscript k refers to the k-th nodal point in
local numbering within a line element. The linear shape functions N*(n) are given by

N'=—= N =——. (29)

The time integrals in eqn (27), etc.. are performed analytically and the subsequent inte-
gration over x’ is carried out numerically by Gaussian quadrature.

Elementwise numerical integration transforms integral equations like (27) into
algebraic equations. We use vector notation, where column vectors are written in bold face
and matrices are enclosed in brackets. The symbols of these vectors and matrices coincide
with those of the corresponding Green'’s functions and state variables, respectively. In such
a formulation (27) and the equivalent integrals for u#* and &*] read

uf = (6]l +[6]° A6’ + (6] el +(8,]°AeT + [a]uf+ [, (30a)
U = [6]%60 + [6]° A + [6,) 2] + [6.,]Ae” + [B]u}+ [, (30b)
e*d = [§]%e0 + [8]*Ae® + [$,]"er + [3.]2 A" + [6]lu*+[e]a, (30¢c)

where it is understood that the vectors g*“, & and Ag? contain only rr-components.

From the time integration of eqn (28) it follows that there are contributions from the
initial value a! and from the increment Aa*. Hence, each Green’s function that is integrated
over t yields two matrices, indicated by the superscripts []* and []*. We will briefly
demonstrate this by evaluating the first two terms on the right of (30a) which are associated
to the variable &f,, from the integral equation (27). Using a linear time variation for &,
according to (28) and inserting (21a) for the Green's function ¢, we get
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PR

a V- AT PAT 1
uF(x. 1) = &J ~ [3(AT=1)" = 3" =X )Y H(AT—d~1T)
VoA

4A\': Pyl X
Ael (X7
+2xx sgn(v — X )HAT—d — 1)} ( (x)+ E'A%Jr)drd\ + -
(k VAl _ Af—d _ ,
= — H(Af—d) T(AI(AH—d)-—Zx(x—f—x))
AN JY AT 4

Ai—d ,
+2xx sgn(x - .\")}e,‘,’, LX)+ {T—(Afmhh 2d) —3x(x+2x)+x'7)

+2xx sgn(xy —x’ )}A dAsP,(\)}d\ + . 30

where the contributions from &' and from the initial conditions have not been written down
explicitly. The space integration of the right hand side of (31) is now carried out by Gaussian
quadrature, using the linear shape functions (29) to approximate the variations of &}, (x")
and Ae?, (x’) within the element. It becomes clear from (31) that integrations of the terms
in the first bracket constitute the components of the matrix [¢]* while [§]* is obtained from
those inside the second bracket.

While this kind of numerical integration follows those in many applications of the
boundary element method (see, for example, Banerjee. 1994), some care has to be taken in
evaluating integrals containing derivatives of delta functions. There are three different types
of integrals involving a derivative of a delta function, each with a different argument,
O (AT—d—1). &(¢) and &' (AT—d). The first two kinds appear, for example, in the Green's
function §' and 3", respectively (see Appendix B), and they are integrated over the time
interval A7. Writing the corresponding terms of the Green's functions according to
g(x'. X Af~7) 0'(AT—d—1) or g(x'.x,&) §(&). where g is a continuous function of its
arguments, the time integrals can be evaluated as

A7 A d(’?)
G X AT=D)a(x' . 1) (AT—d—1) d Z ) <g. (X' (n), x.dim)| di + Ad AI

) e Ad
+ g (), x, d) | do (AT~ d(n)) + A (32a)
AT Z— _.,’ 2
[ (X, x, Da(x'. 7)o (&) dr = Z {—g_;(.\"(ﬂ), X, 0) (uﬁ +Ad A—’L\—(”E———)
( k=

A k
+g(.\"(n).;\:0)<af.5(Al_~4\‘-.\"(17)+2)+Ti)}. (32b)

where, again a(x’,7) stands for any state variable, ; is its value at the k-th discrete point
in the element and Ad* = af — . The right-hand-sides of (32a. b) are now functions of x
and the local coordinate n and the subsequent space integration over x’ can be performed
by Gaussian integration within the interval —1 <y < 1.

The third kind of the derivative 8" appears in the evaluation of strains and velocities
from initial conditions, for example in the Green’s function é(x’, x, 7) in (25¢). In this case
integration is performed over the space interval x — A7 < X' < x+ AT, giving
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N+ A7
J g(x’, x, ADu, (x)6 (AT —d) dx’

x—A7

G AX+AL X ADu, (X + AT +g(x + AL x, ADu, - (x+ A7), X' >x

- . (33
{—g_x(x—Ar',x.Ai)ua(_\'—Af)—g(x——At',x,A?)ua‘\r(x—-Af), X <x (33)

The last term in (33) requires the evaluation of u,,. In the subsequent numerical analysis
we store only the kinematic variables u, & and &), and from these we evaluate u,, as
ua.r = (3/2)8573 +uﬁ/r'

What remains now is to establish an incremental formulation of the elastic plastic
constitutive equations, that delivers a relation between the unknown vectors Ae® and Ag'
and the current state variables.

5. INELASTIC CONSTITUTIVE EQUATIONS AND THEIR NUMERICAL INTEGRATION

We assume rate dependent plasticity with combined isotropic and kinematic power
law hardening and a J,-flow condition. The constitutive framework is comprised in the
following set of equations,

Eo=op p=3%. pip=3;, (34)
S=E. v = J 5 dt (35)
1)
cd = g* —ﬁ- i — \,"/%?{?EJ- (36)
B=H @3 TW. H =cH. HGLT)=xG.T)# " (37
f=<5—g0.7.T)=0, (38)
g T) = % (5. TYag +H47™), (39)
x(nT) =(7:60)" exp(—HT—Ty)). (40)

Here, £ is the stress difference between the Cauchy stress deviator ¢ and the back
stress B. Furthermore, 7 denotes the effective plastic strain rate and y is the accumulated
plastic strain. By g, we denote the initial yield stress, &, is a reference strain rate and #,,
Ao, m, n, 3 are material constants. The function % (7, T) in (37) and (39) describes rate
dependence and thermal softening and appears as part of the isotropic hardening function
g(y, 7, T) as well as of the kinematic hardening function H(y, 7, T). The function f'constitutes
the rate- and temperature-dependent yield condition. Rate-independent plasticity is
achieved by setting n = 0, and isothermal plastic flow requires 3 = 0. For ideal elastic-
plastic behavior we have to set also #, = 4, = 0.

Adiabatic temperature changes due to plastic dissipation are governed by

.

T'=-—. (41)
pey

where ¢, is the specific heat per unit mass, and W is the plastic work rate. Equation (41)

neglects heat conduction, which is reasonable in plastic wave propagation problems, since

for most materials the propagation velocity of heat is negligibly small when compared to
Cy.
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A detailed outline of the numerical integration of eqns (34)—(41) by the generalized

midpoint rule is given by Fotiu (1995) in a general setting, i.e. for arbitrary variations of

the loading direction. In our problem, however, there is no change in the loading direction

because of the spherical symmetry. Thus, g stays constant during continuous loading, and
in unloading g merely changes its sign. Using (34), and (36),, we may formally write

3
o=y, (&l +Aa" —AP). (42)

~Yb

and integrating (37), according to the backward Euler method yields

AB =g | HGoTydy =(Hy~ Hop,. (43)

Vi

with 7 and T assumed to remain constant during the integration. Note that (43) is exact if
H is independent of 7 and 7. Using (34), ,, (43) and the generalized Hooke’s law A¢® = 2u
(Ag" — AgP), we are able to rewrite (42) as

(go+ B+ HHA ) u, = 3uien—eb —B./21). 44)

From (44) we obtain the scalar equation

g+ 3u+ HHA, = 3ule, (45)
where
Ae = (&l —el — B, 2p0) i(ed — el — B, 20) = eS — ehru — Brra 2011, (46)
H::iH“T—H\ (47)
2 A

Relation (45) represents a nonlinear equation in the unknowns Ay and AT, provided &
and, hence, Ae are given. With (37);, (39) and (40) the functions g,, H, and 7y, at the end
of the time step are given by

Io = AT+ K o0, +A)"). (48a)

Hy =y 0 G+ A, (48b)
Ay

X = (é.\ 'A"',) exp(—HT,+AT-T,)). (48¢c)
( /

Equation (45) has to be complemented by an incremental form of (41),

~

Lo
AT=— | wWrdr (49)
pe,

v,

The proper form of W depends on the microstructural material properties, i.e. the amount
of reversible energy stored during hardening. Here. we assume

WP =6 = &+ B &P (50)

Inserting (50) into (49) and carrying out the integration using relations (37)—(39), we obtain
an approximation of the adiabatic temperature increment



822 P. A. Fotiu and F. Ziegler

1 [
AT:[ gd',‘+J (ﬁa+(H—Ha)#)iﬂd>}

pe.

) Ao+ (3/2)H
ke [(oof;m;-:r)zsw ad il Lol
¢ m+1

v

+ Ayﬁa C )
pPCy

lie

(Ga+ap™! —)’Z')] (51)

Equations (45) and (51) are solved iteratively by a secant algorithm with initial guesses
Ay = Ae—g,/3puand AT = 0 (more details about this numerical procedure can be found
in Fotiu, 1995). With the solutions Ay and AT, the plastic and thermal strains are updated
as

& = S+ Asgn(u,), on = a(Ty+AT—T). (52)

6. GLOBAL EQUILIBRIUM ITERATIONS

Knowing the increments of ¢, and &', a new estimate of &2 is calculated from the global
equations (30c) and (24c), and the same procedure is repeated until global equilibrium is
obtained within a certain tolerance limit. We write

g = [§]°Ae” + (5, Ae” +Kk, (53)
where
k = &0 + [3]"e} + [§,.) el + [€]uX+ [Eu, (54)

contains all contributions, which stay constant during the iteration. If we assume gj as the
global unknown, a standard Newton algorithm has the form

B;j,.,,) = 8?,(,,,, 1 ~G(_n] SLIC T (55)
with
r(ni = sg“” - [g]AAsp (s(l'l»(n)) - [gm]AAsT (8g(n)) - k» (56)
dAe® dAg”
G =1- [§1A< j ) —[sm]A( - ) . (57
dey, /i dey /i

It must be emphasized that in the present method the numerical inversion of the gradient
matrix G is rather inexpensive, because of the banded nature of the matrices [§]* and [§,,]*.
While static integral equation methods usually deal with fully populated Green’s matrices,
the use of dynamic Green'’s functions leads here to banded matrices which can be inverted
by special subroutines. The bandwith depends on the ratio A7/Ax. In the numerical com-
putations of Section 7 we will use A7 = Ax, and in that case [§]* and [§,,]* as well as all other
matrices become tridiagonal.

In order to retain the quadratic convergence rate of the Newton method, it is necessary
to calculate the local derivatives dAe™/de} and dAe"/del. In integral equation methods these
derivatives are the equivalent to the elastoplastic consistent tangent operator in finite
element methods (Simo and Taylor, 1985, 1986). The first gradient is found by differ-
entiating (45).
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dAaf? _ dA(‘%E. dAy 3u 3u

- = lr/ - 7/77 Ty . \ n li'J) = T ’ ! r
dedy  dAY dety ! 3ty +(32)H, enly 3u+gn+(3/2)Hy,

(58)

where g;, = dg,-dA;, H{. = dH, dA;. and |,,| = | has been used. While (58) is exact if the
functions ¢ and H are temperature-independent. they are only approximations in a tem-
perature-dependent calculation. However, the influence of temperature variations on the
plastic strain increment is usually small and we expect the simple formula (58) still to be a
sufficiently accurate expression for the derivative dAg"‘del. The variation of the thermal
strain increment is derived from differentiating (51)

dAg" dAT dA; " oAry | Gt He H 4B 3u )
= Y e = - R , — H 0 p - - S )y
ded, dAy gt * A pe, gr T T ‘ . 3utgn+(3/2)Hy, e
(59)
where again, variations ot g and H with temperature are neglected.
Iterations are stopped if
3{ 1 _sd " 1;
IEbun . vl (60)
ish(/n|

where rol is the 1olerance limit of the error. Having found g and the plastic and thermal
strains from (52), displacements and velocities at 1 = 1, are calculated from (24a, b) and
(30a, b) and the stress components are then obtained from (26a. b).

7 ILLUSTRATIVE EXAMPLES

7.1, Ideal elastic-plastic material

At first the accuracy of the numerical results is tested in comparison to analytic
solutions, derived by Chadwick and Morland (1969). Rate-independent ideal elastic-plastic
material behavior is assumed and a step load p(r) = p,H(1) is applied at the cavity wall. If
Poio, > 1/, which is termed supercritical loading by Chadwick and Morland (1969), a
stress and velocity jump will occur at the elastic-plastic interface, that advances at a
constant speed ¢, = \ (1+v) 3(I —v)¢;. As long as the stress jump does not vanish and
there is no unloading behind the discontinuity, an analytic solution can be given. In Figs
1-3 this analytic result is shown together with numerical calculations for v = 0.315 and

-5.0 = T
analytic
-- Ax = At =0.025
-4.0 - - - Ax = At = 0.005
P/, =5
3.0 - \ .
u

bo | I

~ .

° |
-2.0 " ‘,
-1.0 - B

t=0.4
0.0 - - : ‘ .
1.0 1.5 2.0 2.5 3.0

Fig. 1. Radial stress distribution in an ideal elastic-plastic material for a step load po/o, = 5. Analytic
results of Chadwick and Morland (1969) and numerical solution for step lengths Ax = 0.025,
Ax = 0.005.
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DY - e e e e e e . —
|
s : analytic and others |
P/0, =5
<
8 v
~
= 10+ T
-
<
; !
- 0.8
(- ——
1.0 1.5 2.0 25 3.0

X
Fig. 2. Displacements in an ideal elastic-plastic material tor a step load py/a, = 5. There is no visible
difference between the analytical and the numerical results.

1 2 | — T T T T —
—— analytic
10 ¢ ---- ax=at=0.025 ]
‘ ——- Ax=At=0.005

p/C, =3

Fig. 3. Velocities in an ideal elastic-plastic material for a step load p,/, = 5. Analytic results of
Chadwick and Morland (1969) and numerical solution for step lengths Ax = 0.025, Ax = 0.005.

puoy = 5. Figure | demonstrates that the present method yields highly accurate results for
the stresses, except at the jump at the elastic—plastic interface and along the elastic precursor.
Depending on the grid size. corners of the stress profile are more or less rounded. The fine
discretization Ax = 0.005 already gives a close agreement with the exact result along the
entire stress range. The analytical solution of Chadwick and Morland (1969) is valid only
until 7 = 1.95. where the plastic shock front vanishes.

The non-dimensional displacements (pci/o,)(u/a) are given in Fig. 2, where the results
for both step lengths are practically indistinguishable from the analytic solution. A picture
similar to the radial stress is obtained for the non-dimensional velocity (pc?/oy)(@/c)).
Again, excellent agreement with the exact solution is found for Ax = 0.005 (Fig. 3).

In the previous example no unloading occurred in the plotted range. To study the
effects of unloading and reloading we apply two rectangular pulses. each of a duration of
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(a) -3.0 N, - B e e B e |
AN t=05 ! p/o,
250 N —— =2 | - ]
om0 T
220 N T R P S
N 1 2 3 :

0.5 e o D R v
1.0 2.0 3.0 4.0 5.0
X
(b) -35 £ . . B - . N . . [P — —
: " PO,
-3.0 J
| 3 “ e
25 - 4__J_—_, B
1 2 3 i
20 - x=0.5 ]

0.0 1.0 20 3.0 4.0
t
Fig. 4. Radial stress distribution i an ideal elastic-plastic material for a loading by two successive
pressure pulses p. a, = 3 (u) Spatial distribution : (h) time variation at x = 0.5, 1.

7= 1. with a resting period of the same length inbetween (Fig. 4a). The intensity of the
pulses is p, g, = 3. Here. as well as in all remaining examples in this paper, we use a
Poisson’s ratio of v = 0.3.

Plots of the radial stress vs v and 7 are shown in Fig. 4(a, b) for a step length
Ax = A7 = 0.01. At initial loading the discontinuity at the elastic-plastic interface vanishes
at a time 7 = 0.76. and at 7 = 0.5 the stress jump is clearly visible. After the end of the first
pressure pulse an unloading wave develops. which propagates with a speed ¢, > ¢,. The
second pulse again causes plastic loading. creating a plastic shock front with an elastic
precursor. However, this time the discontinuity at the elastic-plastic interface lasts sub-
stantially longer. It is well developed at a time 7 = 3 and still clearly visible at 7 = 4, that is
twice the pulse duration after the second loading. This can also be observed from Fig. 4b,
which shows the time variation of 4, at the two locations x = 0.5 and x = 1. In plastic
loading the stresses reach a nearly constant plateau, before the drop due to the unloading
wave. A step-like dent in the rising slope indicates an elastic precursor. While at x = 0.5



826 P. A. Fotiu and F. Ziegler

both pulses exhibit an elastic and a plastic front, only the second pulse in x = 1 shows such
a step-like profile. Phenomena like internal reflections of elastic unloading waves at plastic
shock fronts as described by Kolsky (1963 : p. 170 ff.) in the uniaxial case (see also Irschik
and Ziegler, 1990). occur in principle also for spherical waves, but owing to numerical
dispersion, these effects may not be easily detected in a numerical analysis.

7.2. Rate-independent power-law hardening material

We assume combined isotropic and kinematic strain hardening as described in Section
5. To study the Bauschinger effect in an otherwise equivalently hardening material we
derive the isotropic and kinematic hardening moduli ¢, and #, from a total hardening
modulus K, as

Ay =hKy. A= i(l —-b)K,, (61)

where . 0 < b < |, may be termed as the degree of 1sotropic hardening, since for b = 1 we
obtain pure isotropic hardening and » = 0 represents pure kinematic hardening. In order
to study the material response for different values of b, we have to ensure reverse plastic
loading. Hence, we assume the following loading function: p(1) =p,, 0<7<1,
p(t)y = —po, 1 <F<L2, p(1) =0, 7> 2. Strain hardening is described by the parameters
K,/a,=1 and m = 0.3. Results of the radial and circumferential stress components are
displayed in Fig. 5(a—c). Application of the first pressure pulse again leads to the devel-
opment of an elastic precursor and an elastic plastic interface, though, due to nonlinear
hardening,. there is no longer an exact jump in the stresses and the velocity. In Fig. 5 we
compare solutions for pure isotropic hardening (b = 1, bold lines) with those of pure
kinematic hardening (b = 0, thin lines). During the initial phase of loading the stresses
coincide for both types of hardening, owing to the assumption of the same total hardening
modulus K. Differences appear after reverse loading, where the Bauschinger effect leads
to reverse plastifications at a lower stress level. and the stress profile for 5 = 0 slightly
lags behind that for isotropic hardening. Owing to the prescribed boundary conditions
o.{x = 1) = —py(r) differences are more pronounced in the circumferential stress com-
ponent o, (Fig. 5b, ¢).

7.3. Rate-dependent power-law hardening and thermal softening material

Next. we study the effect of the rate-dependence of the yield stress. The cavity is loaded
by a rectangular pulse of intensity p,/o, = 6 and duration 7 = 1. The viscoplastic material
behavior is modelled by the following parameters, which are typical for metals: m = 0.2,
Kooy = 1,8ajc, = 107% b = 1. The results for two different exponents of the rate sensitivity
n = 0.01. 0.02 are compared with the rate independent solution n = 0. Figure 6 shows the
radial distribution of the effective stress ¢ at different times. A rate sensitivity of n = 0.02
elevates the effective stress at the cavity surface approximately by a factor of 4/3. As the
wave progresses the differences in the stress peaks become smaller, and, eventually at 7 = 4,
they are roughly of the same magnitude. At this time, ¢ < g, everywhere, and the wave
travels elastically.

Finally, we will consider also thermal influences. We assume the same rate-sensitive
material as above with n = 0.02 and pc,Ty/o, = 0.005, 3T, = 1, aT, = 3.5x 107*. Again,
the cavity is loaded by a rectangular pulse, but with a duration of 7= 2. The effect of
thermal softening becomes visible in Fig. 7, where effective stresses are plotted over time.
Significant softening appears only close to the cavity wall where most of the plastic dis-
sipation and, consequently, the maximum temperature rise take place (Fig. 8). At x = 1,
there is an initial overshoot in the stress, which drops immediately to an equilibrium value.
This is typical for viscoplasticity (Bodner and Aboudi, 1983), where due to rapid loading
the material initially behaves clastically and relaxes according to its degree of viscosity,
described by the constants # and &,. The extension of the (adiabatic) temperature field
indicates also the extension of the plastic zone. At 7 = 3, the domain x < 2 already undergoes
unloading and at 7 = 4 there is only a marginal further extension of the plastic zone up to
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Fig. 5. Stress distribution in a power law hardening material owing to a pressure-tensile pulse
Ppoiay = £8. Isotropic hardening (bold lines). kinematic hardening (thin lines). (a) Spatial dis-
tribution of the radial stress ; (b} Spatial distribution of the circumferential stress : (c) Time variation

of the circumferential stress.
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2.0 E—— S — ——
7 ’
P/0,

Fig. 6. Spatial distribution of the effective stress in a viscoplastic material with three different rate-
sensitivities 71 = 0. 0.01. 0.02. Loading by a rectangular pressure pulse p, o, = 6.

30— — o e e e
! P/,
! — 9T, =1
! 9T, =0
201 x=1 i
X .
QC
©
1.0
0.0 1.0 2.0 3.0 4.0
t
Fig. 7. Time variation of effective stress in a viscoplastic material, #n = 0.02: p, 6, = 6. Thermal
softening (47, = |} and no thermal sottening (47, = 0).

about x = 3.5. Finally. Fig. 9 shows the response for different values of the thermal
expansion coefficient %. It is seen that a significant difference in the stresses appears only in
the unloading domain behind the unloading wave front.
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under project PO9333-TEC.
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Figo S0 Temperature disttibution m a viscoplastic matenial. i = 0.02: pyia, = 6.

Fig. 9. Spaual distnibution of the effective stress in a viscoplastic material #n = 0.02: pya, = 6.
Response for ditferent values ot the expansion coeflicient 2.
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APPENDIX A
The solution of eqn (9) is most conveniently derived by introducing a displacement potential ®(r, 1), defined
by
u="0,. (A1)
With (A1), we can rewrite (9) as follows
/1 [ Mt —1)o(r—r
*_(I‘(D),,f d)) — _LL(__J. (A2)
\/ o Ar (A4 2u0)
After integrating (A2) and setting F(r, 1) = r®(r. 7). we obtain a simple wave equation for F,
l .. - .
R [H(rAr’)o‘[l~—r)+ ‘—‘C(r)]. (A3)
i Anr (2420 a

where C(r) 15 an arbitrary non-dimensional integration constant. A particular solution of (A3) is found by means
of the Green’s function G(x — x'.7— ) of the scalar wave equation (Graff, 1975, p. 25)

| for

Flvox.i—1) = S "‘J | Gy — X T~ D[ H(E = x)3(F — 1)+ C(£)] d< d?
47[,\"1(/;4»3‘[[) o Jo
¢ JH(I—1 - L . - = S a2 2
=g S A= T H( =X — (=) + COD}+ [(x+ (I— 1)) —x7]
= tomy

X [Hx—x"+([-1)—H(x—x'—(1—1)]}, (A4)

where
HUT— 6)[H(x — %+ (T—£)) — H(x— % — (— £))] (ASa)
Cii) = ’ﬁ»r‘)(‘(f)df, (ASb)

and the non-dimensional variables v. x". 7. T and { are defined by (10a,b). The Green’s function #(x, x’,f—1%) is
then derived from

P = - (f—(é‘fi-“"—'r——i)) ) (A6)

X
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which gives
o JHE- T

VN T = - ST =D HG (1) - Hx =X = (T D)) (A7)
2ua 1Oy )”

Furthermore. it can be shown that
H(i-flHiv v+ d-tn—H(N- N - (0 ] =H{i-x-X|-1). (A8)
which, when substituted into (A7). vields the result (12a).

The boundary conditions at the cavity are satisfied by adding to @ a proper homogeneous solution of (9),
which we denote by #,. Accordingly. the corresponding displacement potential £ is a solution of the homogeneous

wave equation F,,. - F, ¢ = 0. Hence. F, can be represented by a D" Alembert solution F,(r.1) = f(t—(r—a)ic,),
where f describes the reflected outgoing wave. starting from the cavity with radius a. With £, the displacement 1,
is found as (Timoshenko and Goodier. 1970, p. 510}

g, = -0 - (A9)

where /7 is the derivative of 7 with respect to its argument. The boundary condition at the cavity surface requires
ar=d) =lr+ 2000 = a)y~i,,r =)+ 22000 = a)y+d.0r = a))a=0. (A10)
Substituting i and (AY) into (A 10) results in a differential equation for 7t7).

/ uu:;"‘/’(m:;(“);m,, aun. (ATD)
o {

e
with

gl = - Lo RN R R O] P2 (0 A SRR R (TR SRR DRIP A SR DI
Qpa’ 16my -
(A12)

Equation (All} has the structure of the equation of mouon of a damped single-degree-of-freedom oscillator,
which can be solved by means of the corresponding dvnamic Green's function

. _ ¢ Hif— . .
th SO “expl - (7 - Mysinte(T—0)). (A1)

« )

Since g(7) vanishes for 7 < r—1r ) ¢ . (he solution of (A11) can be written as
o = A0 gy dd, (A14)

where the prime denotes a shifted time scale. for example. 7 = 7 -7~ x"+ 1. For r > a. t has to be replaced by the
D’Alembert argument -~ (+ —a)‘¢,. or. in non-dimensional form. we substitute 7—x+1 for 7. Hence, we may
introduce a non-dimensional time measure J = 7~7— v— 1 + 2 and tind & = 4, from (A9) as

o "“E’J,‘%l)_ AlS)

zl‘ \ }

If the integration (A!3) 15 curried out and the result is mtroduced mmto (A15). we obtain formula (12b) for the
reflected wave i7"

APPENDIX B

The Green's functions ot the deviatoric strains &), are derived from i by proper differentiation. In particular,
we have

E= 1, =ar). S= UG, ~arh S.= G -O.r) (B1)

The individual incident and reflected components are -
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NN X T=T) =6 (v x T-T) 3. & (v X I—1)=d(x.x.7—17) 3, (B2a)

N S ¢ N \[
é(l.x,f—1) = e =)

H()expl— ..}
2ud’ 6rt | :

» T3 - Lx) - 200N =) sin(wd)

+wx(3—2x) cos(wl)] +.\':5(§)}, (B2b)

Sl SO HT - d ) 4+ 2y - 20— d— 1)

(X ¥ 0—1) = :
2ua 12nx'x"

T (- 1)) sgn(— X0 (F—d—7)]. (B3a)

: _ i ; Jexp( -
T C PR 0 S P R Jt}(;ﬂ o ST
2pa’t 127y x “
O =200 20 = 20070+ 2070 ) singend) — e 301 =200y ) = 2067 (1 = 20X) }
X
.ws(m;’)]]H(;] + 200 2 = AN + S # (VN _ff)é'(é)}. (B3b)

(2) 5. 5,

S Fon = T [3(3(F- 1) v NTVHUT - d- T SN dd(T—d—T)

at 24n(xn)’

AN F T (T D) —d—T) =) Sy —)(T—1)].  (Bda)
Oy N

PR {[9///(_\*. VPO HO6 X)) 8

AXple)
ot 2dmxy)’ -

(&)

S(x.x. 0T

BT X (B ) F 2T DA singed) F o3V X7 = 20ex )y cos(m@’)]}H(f}

F RN 4 T =200 )OS + X (XL X f—f)é’(i)}, (B4b)

SN Tt = = P [AVHT - d 5+ - )asgnty - XS - d - 1)
at 36myix”
M:(\: X TS d -T) - 2N Sy —)(F—-1)],  (BS5a)
o o 3= 40x7expl - [ . . T
Y X Ty = {{“/7 B (33002000 = a7y sinfod)
at 36nx \1 «“

+ (3= 200 costo )] [+ vy + v =8 + % (N X, i—f)(i’(é)}. (BSb)

(3) 6.6,.i:

G N T—T) = 3ud (v T ) AN T = 3;45"(.\‘..\".77?’). (B6)
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In the above equations. 0" denotes the derivative of the delta function with respect to its argument. This

function is defined by (Lighthill. 1964)
(B9)

~h

J/(,\“l(ﬁ’(\f.j)d,\: SPUODHE @y Hie M. oty =35) = =a(E—x).

In (B4a) and (B5a) we also made use of the relation
(B10)

d . .
Ssgn(x - X ) = 200 )
dv



