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Abstract. The work is devoted to the use of mathematical modeling in the framework of the
problems of non-destructive testing of structural materials. A mathematical formulation of a
three-dimensional problem of diagnostics for elastic layered medium is constructed, which
makes it possible to determine the spatial distribution of residual stresses from the values of
displacements measured on the surface of a layered half-space, which arose as a result of a
specially initiated wave process. Under the assumption of weak inhomogeneity and anisotropy
of the layers, a transition is made to a linearized (which is ill-posed) problem, the procedure for
solving which is constructed using the method of stationary basic processes. As an example, the
case of diagnosing a one-dimensional (depending only on the distance to the surface) distribution
of residual stresses is considered.

1. Introduction

Initial (residual) stresses arise at the stage of materials manufacturing (during crystallization, glass
formation, polymerization [1,2]), at the stage of manufacturing and technological processing of
structural elements (during pressure treatment, radiation exposure, heat treatment, etc.), as well as at the
stage of assembly (during welding, soldering, gluing, etc. [3]) and operation of products (for example,
[4]). The particular relevance of this problem for layered composite materials is associated with the
additional possibility of residual stresses due to the difference in melting temperatures, thermal linear
expansion coefficients, drying shrinkage coefficients and other (depending on the manufacturing
technology) physical properties of the materials of the reinforcing layers (components of the composite
material) [5]. All of these factors can also lead to distortion of the shape of the layers. Initial stresses, as
arule, play a negative role in the operation of structures, which makes it desirable to eliminate them (for
example, annealing glass and ceramic products) or, at least, take them into account when assessing the
quality of products. The need to study initial stresses arises when solving problems of biomechanics,
rock mechanics, and other areas of solid mechanics [6,7], which makes the development of non-
destructive methods for determining residual stresses relevant.
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The purpose of this work is to construct a mathematical formulation and solve the problem of
diagnosing residual layered media based on the use of elastic wave processes.

2. Materials and methods

To build the relationships of a mathematical model that describes diagnostic tests, the conceptual and
methodological apparatus of the dynamic theory of elasticity (elastodynamics) of anisotropic
inhomogeneous bodies is used [8]. The procedure for solving the problem is constructed using the
methods of the theory of partial differential equations and inverse problems for differential equations
[9,10].

3. Statement of the problem of diagnosing residual stresses in a layered medium

The problem of determining the residual stresses by the values of the characteristics of the elastic wave
processes occurring in it, which are considered to be known at the boundary of the layered half-space,
is studied.

h%(x,x2)
h%(x1,x2)
h(x1,x2)

hx1,x2)

Figure 1. Layered half-space.

As a model of a massive body with a multilayer protective coating, we consider a semi-bounded
body ©2={(X1,X2,%3)|xs=>h@}, where layers: 29={(x1,%2,x3)|N®>x3>hED}, (here the function x3=h©@(x4,x,)
describes the outer surface of the body, and the functions xs= h®(x1,x.) — contact surfaces of the layers,
hO>hED g=1,....8) lie on a semi-limited body (25*Y={(x1,x2,x3)|xs=>h®}, which is the basis (figure 1).

We will assume that the static residual stresses oy O(x) (i,j=1,2,3; s=1,...,S+1; x=(x1,X2,Xs)), may be
of an arbitrary nature, including those caused by irreversible deformations (plasticity, creep, etc.), but
at the same time they satisfy in the area of each layer ° u B o6mactu ocrosr 25 equilibrium
equations

oy =0 (ij=12,3; s=1,...,5+1) M)
homogeneous boundary conditions in the efforts homogeneous boundary conditions in the efforts
{o; ™30 % ) =0 (ij=123) @

and the continuity conditions for the components of the force vector when passing through the contact
boundaries of the layers

{0 =N (% %,0D) =0 (i =1,23; s=1,...,8) 3)

Here nj©(x1,x2) are the components of the normal to the body surface, and n®(x1,x,) are the
components of the normals to the contact surfaces of the layers

In formulas (1)-(3) and further the index after the decimal point means the partial derivative with
respect to the corresponding coordinate, the summation is performed over the repeated index, but the
summation is not performed over the superscript (s), which means that the given value corresponds to
the s-th layer.
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Relations (1)-(3), not closed by the constitutive equations that establish correspondences between
initial stresses and strains (strain rates), are not enough to determine six (taking into account the
symmetry i ©=0;"®) independent components initial stress tensor. Additional relationships will be
obtained from the solution of the diagnostic problem, under the assumption that the elastic moduli
(connecting the elastic components of the total stresses and strains) depend on the initial stresses.

4. Linearization of the problem of diagnostics
Consider an "ideal" layered body, in the manufacture of which it was possible to avoid residual stresses.
Each layer of this body has plane parallel boundaries (xs = h°® — const, s=0,...,S), is homogeneous
isotropic and is characterized by density °® and Lame moduli 2°®), 1°® — const (s=1,...,S+1). In this
case (since without loss of generality we can assume h°® = 0), the seml -bounded body 2 will be the
half-space R+*=(x1,X2,X3)|Xs>0}.

The elastic process occurring in an “ideal” layered body is described by the equations

PO — ﬂ0(5>uﬁ(jjs) (@294 2O )u?,(jsi) = £(xt) (4)
initial, boundary and contact conditions
U (x0)=¢{(x), (x0)=y{*(x) (5)

L2 DU +ugt )+ 6,20 10 % 0,8) = pi(xg %) (6)
{ O(S“)(uo(“”+U§‘S+“)+5i3/1°(‘°’*1)u(,-’,(f+” O(s)(uO(s)+uO(s)) 53/10‘3)u?fj5)}(x1,xz,ho(s),t)=0 )

{7 w30 o W) =0, (1 =123 5=1,...8)

The system of relations (4)-(7) makes it possible to uniquely determine the functions u®(x,t), i.e.,
completely describes the elastic process in an ideal layered medium. Calculation of strain and stress
fields can be made using the formulas:

e = (u) +u%))/ 2, U = 1200 1 5, )

When an elastic process is initiated in the medium under study, the stress field is the sum of the field
of static inelastic residual stresses aij ®(x) and the field of dynamic elastic stresses o;®(x,t), which
correspond to dynamic elastic deformations e;(x,t) and displacements u; ©(x,2), (s=1,...,.5+1).

The investigated body is considered to be made of the same materials as the "ideal” body, but with
residual stresses. It will be characterized by anisotropy and spatial inhomogeneity of the elastic
properties of the layers, since their elastic moduli Cij® ( i,j,k,1=1,2,3) are considered to be functions of
the tensor components om © (m,n=1,2,3; s=1,....S+I), and these components, generally speaking,
depend on the spatial coordinates X=(X1,X2,X3).

We will assume that the effect of the initial stresses on the elastic moduli is rather weak, i.e. quantities

1) (ona) )= 295,64 — 1°V( 848y + 6163 )| 1 9 have an order of magnitude O(g), 0<e<<L.
Neglecting values of the order of &%, we can consider the weak dependence of the elastic moduli on the
initial stresses to be linear, i.e.

Cid (o)) = 296,64 + 1°9( 548y + 83634 ) Il +6Cilons)  (ijklmn =1,2,3; s=1,...,.S+1),

where the constant coefficients Cij™® are assumed to be obtained on the basis of test tests of material
samples and are further considered to be known. We will also assume that the outer surface of the body
and the contact surfaces of the layers are slightly curved, i.e.
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h®)( Xy Xy )= hO®) 4 ghts)( X, %), 0<e<<l, h°C—const (s=0,...,S)

We will assume that the elastic process in the studied layered medium ui®(x,t), triggered by the same
set of initial and boundary conditions {f®), ¢, 1, pi®} and described by the equations

P _(Ci(jaul((j) )i = fl) (ij.kl1=1273),

differs from the control process by an amount of the order of &, i.e. ||u*) —u}*’ ||, ~O(e).
Neglecting quantities of the order &, we will get for ui#9=(u;®—u;°®)/s

0(s)e: 0 0 0 *(s),,0
P (s)uig(s) —u (S)Uing) —(u (®) 4 200 )ui(j?) Z(Ci??(T(S)O.m(;)ukﬁS) ),j 8)
) (x0)=0 U )(x0)=0 ©)
0(1 1 1 0(1 1 1) __*(1),0(1
{° gD +usi? )+ 8PP + G Vol Hx %, 0.t) =

= {00 O U + U3+ 5,20} %, 0.) (10

0(s+1 s+1 s+1 0(s+1 s+1 mn(s+1) __*(s+1),,0(s+1 0(s S S 0(s, S
{7 +ug™ ) + 6, 2P + Gl Vo S - 1P gl ) - G P -
* 0 0 c 0(s+1 0(s+1 0 0(s+1 0(s+1
- irgl?l(S)O-m(r?ukFIS)}(Xl’xz’h (S)’t):{n?(S)(O-ij(H )_O'ij(S+ 1)+ heO( L0 )(Ui,é? V4
0(s+1 0(s+1),,0(s+1 0 0 0 0 0 0
+u3,(i§+ ))+5i3/1 o )uj,(js:: ey (S)(Uiéé) JrUa,(ié))_&s/I (S)uj,(jsa) Xy Xz,h 1)

Lur ) —uf D (%, %,, 0% 1) = {h* Ul —ud) (%, %, ,h% t) (11)
uig(l)(xl 1 Xy ,h%) 1) =2 (X, %, at)_{hg(s)uio,(al) FXg 0%, :ho(s)at) (12)

(i,j.k,l,m,n =1,2,3)

The system of relations (8)-(12) contains, along with unknown characteristics of the elastic process
uif¥(x,t), also unknown components of the initial stress tensor omn ©(x). However, this system contains
additional (in comparison with the similar system of relations (4)-(7)) boundary conditions (12). Here
xi(x1,%2,t) — deviations from the control values of displacements on the surface of the layered half-space,
which are considered to be measured in the process of diagnostic tests. When constructing relations (8)-
(12), we used the expansion in a Taylor series at the "point" x3=h°® functions included in the boundary
and contact conditions on surfaces xs=h®(x1,x,), s=0,...,S. Taking into account the fact that h*®=(h®-
h%®)), ni@=(n;-n"®) ~O(e) when deriving relations (10)-(12), terms of the order of o(&) are discarded.

5. Solution of the linearized problem of diagnostics by the method of stationary basic processes
In accordance with the method of stationary basic processes [11], we confine ourselves to considering
the conditions for initiating elastic processes {fi{®, »®, y®, pi}, which excite stationary oscillatory
processes of the form u?®(x,t) = sin(at)gi®(x), in the «ideal» medium which is technically possible. In
the case of using oscillatory basic processes, many terms in relations (8)-(12) have the form sin(at)F(x)
and the application of the operator 4>+l (where | is the unit operator) to these relations makes it
possible to get rid of these term, having obtained for vi® = ii#9+ 2u;i#® the system of relations:

PPN~ OON) (40 + PO =0 @)

v®)(x0)=0 (14)
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{uo(l)(V.(é) +V§l.) )_1_5'3/10(1)\,(1)}()(1 X, 0,t)=0 (15)
{NO(S+1)(Vi(,§+1) +v§§+1) )+5i3/10(s+1)V§?;r1) O(s)(v(s) +V§ )+5,3ﬂ,0(5)v(5) (X, X, [hos) 1)=0 (16)
{Vi(s+1) _Vi(S) }(Xl 1X2 ’hO(S) 1t) = O

{V(l)(Xl,Xz,Ot) {x +a’ 20 X %, ) (17)
(i,j,k,Im,n =1,2,3).

The problem of the form (13)-(17) was studied in [12]. Assuming the functions vi®(x,t) to be known,

it is easy to restore ui#9(x,t), by solving ordinary differential equations
2

d 142
Substituting the found values into relations (8),(10),(11), we obtain the following equations for
*(s) .

Omn (X)

L - d
— U + a?uf) =v® with initial conditions u®®) =0, FU{S(S) =0 when t=0.

@"% ), = ¥ (18)

border conditions and contact conditions:
{a *(l)}( Xy % 0) =P (X,%,) (19)
{amn(Skl) *(S+l) alns'ln(s) *(s) }( Xl ,XZ ,hO(S) ) q|(S)( X]_ ;Xg ) (20)

Here introduced (for shortening the formulas) values:

{amn(S)(X) C;Ir(nln(S) (S)(X)

Fi(s)(x) — _{pO(S)uia(S) —,UO(S)U.Sﬁjs) (,u0(5)+/10(5) )UT(JSI) / sin(at)}(x0)

Py (Xy,% )= {10 l)(ué(l +U§(|l )+5|3/10(1)U O) O -h* O)(/J 1)(u|33 +Ug(l))"’é‘isﬂbo(l)u(j,11')3)/
/sm(at)}( X1 1%, ,00)

ql ( X1 ’Xl ) —{(,LIO(S+1)(UE(S+1) +u§(ls+1) )+5i3j’0(s+1)ui(js+l) O(s)(ug(s) +ug(s) ) 6i3/10(5)u‘1?,(j5) +

+na(s)(O_O(s+l) 0(5)) hb(s)(y0(5+1)(ulo(3§+1) +ug(s+1) )+5|3/10(s+1)u?(153+1)

°<S>(u,°gg> + ug“) )— 9 ﬂo(s’u?(fg )/ sin(at }}( X, ,%,,h%C) t)
are expressed in terms of the functions found earlier, and are further considered to be known.

Thus, in order to find six unknowns of the function oy ©, in addition to three equilibrium equations
(1) with boundary and contact conditions (2), (3), three more equations (18) with boundary and contact
conditions (19),(20). Relations (18) are (like equations (1)) linear equations with partial derivatives,
however (unlike (1)) they have coefficients that depend on spatial variables. Thus, finding six unknown
functions oy ®(x) from six equations (1),(18) is generally associated with mathematical difficulties.

Let us consider an approximate method for determining the desired components of the residual stress
tensor. Let, within the framework of the diagnostic task, not one, but seven test trials were carried out
under various conditions for initiating elastic processes fi®", @®", ;" pi®"}, n=1,...,7. Thus, with for
{ui®", &;;"®} we have seven systems of relations of the form (8)-(12), and then (after finding ui“®",
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n=1,...,7 ) seven systems of relations of the form (18) with for o;"®. Since the system (18) contains
three equations, then with respect to the six independent components of the tensor o (which we
denote ym, m=1,2,...,6) we have (taking into account (1)) an overdetermined system of 24 partial
differential equations. Conditionally assuming the components yn and their partial derivatives ym,r
(r=1,2,3) as independent functions Ux(x), k=1+4(m-1)+r, we can solve the resulting system of 24
algebraic equations in 24 unknowns.
The subsequent solution of six overdetermined systems of equations of the form

yO=u®, y§O =Ul,  (p=1+4(m-1), m=12,...6,r=123) (21)
can, of course, only be approximate. If we assume that the desired functions o;"® and the right parts of
equations (21) Ux® allow an approximate representation in the form of a polyharmonic function (finite
harmonic series), then by equating the coefficients for identical harmonics in the left and right parts of
equations (21), we obtain four values for each coefficient of the harmonic expansion of the desired
function &;"®.. 1deally, since all seven diagnostic tests were carried out for the same medium and were
assumed to be non-destructive (not changing its properties), these four values would have to match.
However, the influence of error (measurement, model, calculation errors) will inevitably lead to some
difference in these values. It is proposed to use some average (for example, by the minimum square
deviation) of the values of a;"® in the approximate harmonic expansion. Thus, the obtained approximate
solution can be considered as the result of averaging an excess number of experimental data. This
approach has both positive (for example, "smoothing random outliers" of errors of some type in a
separate experiment) and negative (related mainly to the need to increase the number of tests) sides.

6. An example of solving a diagnostic problem

Consider (as an example) a special case where the residual stresses can be easily found in a single test
run. Let it be known in advance that the distribution of residual stresses in the body under study depends
only on one spatial variable x3 (distance from the surface), and the outer and contact surfaces are parallel
planes (although, possibly, shifted compared to the position of the layers in the “control” layered body
This case, despite its obvious simplification, is quite widespread and corresponds to a uniform
distribution on the surface of the body of influences that cause residual stresses (for example, uniform
surface cooling).In this case, equations (1) have the form oiz"®,3 = 0, which means (under boundary
conditions (2) and contact conditions (3)), a3 ®=0 (i=1,2,3; s=1,...,S+1).. Problem (13)-(17) becomes
one-dimensional and classically correct. Relations (18)-(20) when used for diagnostics of one-
dimensional basic processes ui’=u’(xs,t) (i=1,2,3) are also greatly simplified and take the form

11(s)_* 12(s)_* 22(s)_* T 11(1)_*(1) | ~12(1)_*(1) , -22(1)_*( ~
(@ (S)Glgs) +aj3 (S)Glgs) +a;3 (S)O'zgs) )z = fi(s)v {ai; ( )Gl:(L )+ aj3 ( )015 s a3 ( )52(2 '}0)= P

{ai131(s+1)(7;§s+l) + ai132(s¢-1)0_1§5+1) + ai232(s¢-1)o_;(25+1) _ ai131(S)GI§S) _ ail?’z(s)a’lkgs) _ aéz(s)o_;(zs) }( hO(s) ) — ai(s)

Finding o™, 012'®, 02,"® is first reduced to determining their linear combinations
(a3 611" O+ai3"2% 61, O +ai5720 52, ") by integrating the functions f ©)(x3)) (taking into account the
existing boundary and contact) conditions and to the subsequent solution of the system of algebraic
equations. Since the coefficients of the matrix of linear equations a;™® are expressed in terms of the
constants Cij™® considered to be known and the parameters «, gi®, depending on the conditions of
diagnostic tests, the condition of the matrix non-degeneracy (det = 0) makes it possible to obtain the

requirements for the characteristics of force loadings {fi®,@®, ®,pi®} when conducting a test for
diagnosing residual stresses.

7. Conclusion
The proposed mathematical formulation of the problem of diagnosing an elastic layered medium (within
the framework of mathematical modeling of non-destructive testing of multilayer materials) makes it
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possible to determine the spatial distribution of residual stresses from the displacement values measured
on the surface, which arose as a result of a specially initiated wave process. The nonlinearity of the
problem is due to the fact that not only the characteristics of the process (depending on time and spatial
coordinates) are unknown, but also the characteristics of the medium (depending on spatial coordinates).
The linearization of the problem, performed under the assumption of weak inhomogeneity and
anisotropy of the layers, greatly simplifies it, while leaving it classically correct (according to J.
Hadamard). The use of the method of stationary basic processes makes it possible to solve (albeit in a
rather cumbersome way) a three-dimensional linearized problem. In the one-dimensional case, the
linearized problem becomes classically well-posed and is much easier to solve. Further development of
research in the field of mathematical modeling of non-destructive testing of materials may be associated
with solving problems of diagnosing media with complex physical properties (viscosity,
thermoelasticity, electroelasticity, etc.).
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