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Mathematical models of the stress state of plastic layers (interlayers) under the tensile
load under plane deformation are investigated. The layer of rectangular shape is included
in the strip of more durable material. The method of characteristics (slip lines) is used. The
reasons that contact hardening is not fully realized are investigated. The characteristic fields
in the layer in the process of loading are analyzed. The classification of characteristic fields
at the critical moment of loading is given. The criterion for the full realization of contact
hardening of the layer material is obtained. It depends on the relative thickness of the layer
and the coefficient of mechanical heterogeneity of the joint. Explicit analytical expressions
for calculating the critical load in the case of the full implementation of contact hardening
are obtained.
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Introduction

Extensive literature is devoted to the study of the stress-strain state (SSS) and
strength of thin plastic layers (interlayers) under the action of a tensile or compressive
load. In one of the first papers devoted to the subject [1| an infinite plastic strip was
considered. It can be taken as a model of a thin interlayer. It was noted in [1], that in this
interlayer the tangential stresses do not vary along its length.

OTyy /0 = 0. (1)

Later on it was noted that this condition (the Prandtl hypothesis) can be adopted for
simulation of the SSS of not very thin layers. From hypotheses related to stresses we can
also note the hypothesis of linearity of tangential stresses of one of the variables [2-6].
Conditions (1) has a limited application. Nevertheless, there are meaningful papers [7-11],
using, together with numerical methods, the condition (1). Various restrictions laid upon
the classes of functions in which the solution is found, both of force and deformation
nature, are given in [12, 13].

However, the features of strain state and the variety of critical states of thin plastic
layers between the stronger sections of heterogeneous joints |6, 11-16| remain insufficiently
studied. A more detailed theoretical understanding of the conditions for the manifestation
of contact hardening and its effect on the strength of heterogeneous joints is also required.
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The aim of the work is to explore mathematical models of the stress state of thin
plastic layers depending on their mechanical and geometric parameters and, on this basis,
to obtain conditions for the destruction of thin layers with the full implementation of
contact hardening.

1. Critical States of the Joint

Let the tensile load increases in in the case under consideration. The material of the
layer passes into a state of plastic flow in the process of loading. In other words, the loss
of the plastic stability of the deformation process of the layer has occurred. However, in
relatively thin layers, so-called contact hardening begins to appear at this time, requiring
an increase in the external force for continuing the deformation to some point, which we
call a limiting state of the layer. This state can also be called a state of pre-destruction,
or a critical state in which the continuation of an increase in the external load leads to
deformation of the layer with uncontrolled speed and rapid destruction.

SSS of a plastic body under a plane deformation is determined by five equations. In
dimensionless variables, these equations take the following form [2]:

0o, OTyy
=0; 2
ox * oy 2)
Jo,  OTyy
— = 0; 3
(02 — Uy)Q + 47—;33, =4; (4)
Ov, ~ Ovy
“Y_0: S
Ov,  Ovy
Oy — Oy or 9y
= ) 6
27y vy N v, (6)
oy Ox
Here o0, o0, and 7,, — the stresses, v,, v, — the speed of movement in the

appropriate directions. Equations (2) and (3) are the equations of equilibrium, (4) the
plasticity condition, (5) the incompressibility equation, and (6) is the condition for the
proportionality of stress deviates and strain rates.

All these equations are considered (Fig. 1) on a rectangle (rectangular section of the
layer) of length 2 along the Oz axis and thickness 2s¢, 3¢ € (0; 1) with the axes of symmetry
as axes of the Cartesian coordinate system. Here s is the relative thickness of the layer, i.e.
the ratio of its thickness to length. The direction of the Oy axis coincides with the direction
of the external load. On the coordinate axes, by virtue of symmetry, the tangential stresses
are zero.

Tuy(2,0) = 75, (0,y) = 0. (7)

On the free surface specified by the equation x = 1 it is assumed that there are no external
loads:

0.(1,y) =0; 7(1,y) =0. (8)
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Fig. 1. A cross-section of a less hard layer in a heterogeneous joint and a field of characteristics
(slip lines) at an early stage of its plastic deformation

Proceeding from symmetry, it is sufficient to consider a quarter of the layer x > 0,y > 0
(rectangle OH AC' in Fig. 1).

The system of equations (2) — (4) is closed (three equations and three unknown
functions o,, 0, u 7,,) and, together with conditions (7) and (8), determines the stress
state of the plastic layer.

At the moment of the transition of the layer from the elastic to the plastic state, its
stress field is homogeneous: at all points of the layer in dimensionless values

0, =0; 0,=2; 75 =0. 9)

Both families set of characteristics of a homogeneous field are families of lines. As the
tensile load increases, homogeneous field (9) is distorted. Areas of a fan-centered field
appear in the form of circular sectors with vertices at the corner points of the layer (Fig.
1 and 2, section EAB). The change in the stress state of the layer is seen as an increase
from zero of the angles w™ of these sectors. We will call the section of the field simple if
one of its families of characteristics is rectilinear.

Further transformation of the field of slip lines (characteristics) and the form of this
field depends on the loading stage and the two main connection parameters: > and K — the
coefficient of mechanical heterogeneity of the joint. The form of the field of characteristics
in the critical state of the layer, including the magnitude of the angle w™, is completely
determined by parameters » and K. One of the possible patterns of the characteristics
field at an intermediate moment is shown in Fig. 2. Here the triangles ABC and AEF
and the quadrilateral DOHG are sections of the uniform field of characteristics, sector
ABFE and area DGFE are sections of a simple field, area BDE is covered by curvilinear
characteristics.

At first the basic material is deformed elastically during the process of increasing the
external load. As the load increases, angle w™ increases too, and point D moves to point O.
There are several possible situations for the deformation process of the stretchable joint,
accompanied by an increase in the contact hardening of the layer.

Sttuation 1. In the process of increasing the external load, angle w™ reaches the
theoretically possible maximum:

wo=m7/4 (10)
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Fig. 2. The field of characteristics (slip lines) in the intermediate stage of loading of the plastic
layer, sz = 0,32

Fig. 3. The field of characteristics (slip lines) in the intermediate stage of loading of the plastic
layer with full realization of contact hardening, » = 0,21

(Fig. 3), whereas point D does not reach point O. In this case the basic material does not
go anywhere in the state of plasticity. On the segment F A, the tangential stresses reach
their absolute maximum: 7,, = k~, or, in dimensionless values 7., = 1. In Fig. 3, contact
hardening has not yet reached its limit. Indeed, the field of characteristics can continue to
vary so that, even outside the segment, the tangential stresses can turn out to be equal to
1 (more fully about this in the next section).

Thus, condition (10) is equivalent to the equality of the tangential stresses to one in a
certain segment LA including FA (Fig. 3). When segment LA reaches its greatest possible
value, the so-called full realization of contact hardening takes place. In [12, pp. 81-83],
the system of equations determining the conjugation conditions of normal and tangential
stresses on the contact surface was numerically solved. On this basis, it was shown there
that inequality

K> K,, ~ 1,98 (11)

is necessary to satisfy condition (10). For small values s, condition (11) can be sufficient
to satisfy condition (10). We shall call such layers thin underlayers.

Situation 2. As angle FAB = w™ increases, point D (Fig. 1-3) of characteristic
AFED moves to the axis of symmetry of the layer — axis Oy, i.e. to point O. The extreme
position in this situation is the hit of characteristic AED in the center of the layer, i.e.
to the coincidence of the points D and O. At this moment, angle w™ turned out to be
smaller /4, and its further increase contradicts to condition (7). Under such conditions,
further deformation of the field of characteristics and, as a consequence, growth of contact
hardening cease. The reason for this phenomenon is the "too large" relative thickness
of the layer. In the terminology of O.A. Bakshi, there is an incomplete implementation
of contact hardening. We must note that in not very thin interlayers, contact hardening
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Fig. 4. The field of characteristics of the plastic layer of the smallest relative thickness s = 0,251
subject to the full implementation of contact hardening. Characteristic AED falls into layer
center O

Fig. 5. The field of characteristics of a thin less hard layer provided the full implementation of
the contact hardening at the critical moment of loading, when s = 0,178, and the stress diagram
oy along the axis of symmetry of the layer (the first type of the stress state of the layer)

is not fully realized even under condition (11). The lower boundary »* of the relative
thickness of such interlayers will be calculated below. The boundary case between two
marked situations arises when, at the moment of the coincidence of points D and O, angle
w™ is equal to 7/4 (Fig. 4).

The stress state of the layer at the critical moment of loading also depends on whether
normal stresses o, in some part of the layer reach stresses 2K in the basic part of the
material. We call the first type of the critical state of the layer the case when o, < 2K
everywhere in the layer (Fig. 5) and the second type of critical state of the layer — when
at some part of the layer o, = 2K (see the section HNH' in Fig. 6 and the section
HMNM'H' in Fig. 7). Note that if the angle between the contact and free surfaces is not
equal to 7/2, then the value of K. depends on this angle.

Situation 3. With the growth of the external load, there may be a moment when
the process of deformation of the layer ceases, in spite of the fact that point D has not
reached point O, and angle w™ < 7/4. This occurs when the basic material in the near-
boundary zone goes plastic state. Then the further increase of angle w™ stops 1, the contact
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Fig. 6. The field of characteristics of a thin less hard layer provided the full implementation of
the contact hardening at the critical moment of loading, when s = 0,158, and the stress diagram
oy along the axis of symmetry of the layer (the second type of the stress state of the layer)
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Fig. 7. The field of characteristics of a thin less hard layer provided the full implementation of
the contact hardening at the critical moment of loading, when s = 0,088, and the stress diagram
oy along the axis of symmetry of the layer (the second type of the stress state of the layer)

hardening has reached the limiting value and, as in situation 2, is not fully realized. This
phenomenon occurs when the mechanical heterogeneity is not very considerable [6, 13-16].

2. Conditions for the Full Implementation of Contact Hardening

The stress state of a loaded solid at each point is related to its field of characteristics
by well-known relationships. If the external load acts in the direction of axis Oy with plane
deformation, the following dependences take place:

o, = 0 —sin2vy;
o, = 0+sin2y; (12)
Tey = COS27.

Here 7 is the angle of inclination of the characteristics to axis Ox.
Let us consider a thin interlayer in situation 1, when condition (10) is satisfied. The
effect of the basic part of the joint on a less durable layer leads to an increase in tangential
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stresses on the contact surface. On segment F' A (Fig. 4), in the limiting state, the tangential
stresses reach their maximum value:

oy (T, 3¢) = 1, (13)

which in view of last equation (12) 7,, = cos 2y is equivalent to condition: v = 0. Suppose
that the tangential stresses are maximal also on the segment LE adjacent to FA. Then
the characteristics along LFE touch contact line HA. Let LA be the largest segment on
the contact boundary, where 7, = 1. Note that H # L, since vy = 7 /4. The tangential
stresses on axis Ox are indeed zero for symmetry reasons.

Such stress state arises in particular under Prandtl condition of the constancy of
tangential stresses along the layer:

OTyy /02 = 0.

For the layers symmetric with respect to axis Oz for which 7,,(z,0) = 0 this condition is
obviously equivalent to the following equality:

Tay = Y/ (14)

for some constant a.

It is common knowledge [2| that the slip lines (characteristics) are arcs of the cycloid
under L.Prandtl’s condition. The zone in which this condition at least approximately
occurs, forms area OLEBE'L’ at the cross-section of the layer (Fig. 5). The form of the
characteristic field in Fig. 5 is approximate. In some vicinities of curves EB and OL —
the boundaries of the Prandtl area — the stressed state has an intermediate form, not
being exactly Prandtl’s. For example, the curve EB can not be both an arc of a circle and
a cycloid at the same time. Cycloids passing through point B are shown in phantom in
Fig. 5.

If section LFE is absent, then the zone of the Prandtl stresses is a quadrangle OFEBE'
in Fig. 7. The layer shown in this Figure is the thickest (broadest) of all layers, in which
at point E the characteristic touches the contact line. This is equivalent to (13), in view
of the last equation (12). Let us find the relative thickness s of such layer, assuming that
in the section DEBE' (Fig. 7), there occurs Prandtl stress state. Let us calculate the
coordinates of points D and Ej;. In view of the above assumption and formulas (12) and
(14) for points of curve DE, the following assumptions are satisfied:

{Txy = cos 27,
Ty = Yy/a.

Hence follows the equation of the characteristic in the Prandtl zone as a function of the
ordinate of the tilt angle of the characteristic:

Y = acos2y. (15)
At point E the tangent to curve DE is horizontal, i.e. yg = 0. Obviously yg = s, therefore

a= . (16)
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We find the equation of the curve DE as a function z of v. From .. It follows from (15)
and (16) that y = sccos 2y.. Therefore
d dx d
% = d_z% = stg !t y(cos2y)' = —4scos? v,
from which we find the equation of the curve DFE:
x = —n(2y+sin2vy+ C).

Substituting the coordinates of the point E: vz = 0, zx = 1 — v/2s¢ in the previous
equation, we get the value of the constant C. The equation of the curve DFE has the form:

T = —2(2y +sin2y) + 1 — V2. (17)
Since at point D yp = 7/4, from (17) we get:

xp=—n(m/2+1)+1— V2 (18)
Obviously, xp = 1 — 5. Therefore

|DB| = xp —2p = (7/2 + V2). (19)

Consequently, the relative thickness of the thickest layer, which allows a complete
realization of contact hardening, is equal to
_|ACT |AC| > 1

_ — — — ~ 0,251,
“710C] TIOBI[T|BCl (/24 V)t 1+1/24 2

Let us call a less hard layer a thin (thin interlayer) if its relative thickness
1

2 <t M= —— x 0951 20
- 1+ 7/24+ 2 (20)

Summarizing the results, we obtain:

Proposition 1. For the full realization of contact hardening, it is necessary and sufficient
that two conditions be satisfied: (10) and (20).

The characteristics grid for the boundary case » = »* is shown in Fig. 7.

To obtain the dimensions of Prandtl zone let us calculate |EyD|. On the curve E;D
YB, = —7/2, yg, = 3. Substituting these values into (15), we get: a = —3¢. Since it is
obvious that

dy
e = o
from (15) it follows that
dx  dxdy dy d cos 2y 9
%:d—y%:%tg’y%:%tg”y i = —4ssin” 7.

Therefore, the equation of the curve E;D can be written in the form:
x = —4%/sin27 dy = —3(2y —sin 2y + C).

Since yp = —m /4, and zp is calculated by formula (18), we get the abscissa of point Ej:
Tp, = —mx+1— V2.

And finally,
|Ev\D| =axp, —xp = »(n/2 — 1) = 0,575.
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3. The Critical State of the Less Hard Layer Provided the Full
Implementation of the Contact Hardening

The average critical stress in the stretching of a homogeneous strip in dimensionless
coordinates is equal to the value of
oo = 2K.

Since at all points of the layer the critical normal stress can not exceed the stress at the
corresponding point of a homogeneous strip of more durable material, there is an inequality
for all points of a less strong layer:

oy(z,y) < 2K. (21)

The stress state of the layer under the Prandtl condition is well known |2, 5]:

o(x,y) = —xfa—2y/1—y%/a®+C;
o,(z,y) = —x/a+ C; (22)
Toy(T,y) = y/a,

where in view of (16) a = s, and constant C' to be defined. To find it, we note that on
the one hand 0,(B) = —zp/a — 2 + C by the first formula (22), and on the other hand,
0.(B) = 0. Consequently C' = 1/ + 1. Therefore

oy(x,y) =—x/x+1/x+1 (23)

in view of (22).

Let us consider two types of stress state of a layer.

The first type of stress state of the layer. Let the condition (21) be satisfied throughout
the layer (see Fig. 5). Then the Prandtl stress state takes place in the region containing
entire segment OB of axis Ox. It follows the implementation of inequalities from the
conditions (21) and (20):

< < 3~ 0,251, (24)
The set of values s at which the (24) is executed is not empty provided

%*+1N
Ut

K> 2.5. (25)

Proposition 2. The first type of stress state is realized if and only if (24) and (25). The
average critical effort is calculated by the formula:

5, = I (26)

Proof.
Using (23), we obtain:

1 1—s 1— 1 2
O'CT:/ ay(x,(])dx:/ (_x+1) dx+2%:(%;).
0 0

x
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The second type of stress state of the layer. Let on some segment [0; N| of axis Ox
stress o(x,y) calculated by formula (22) exceed 2K on some segment [0; N] of axis Ox.
This means that for some point NV of axis Ox the formula is incorrect on the segment ON,
and stresses o, (x,y) = 2K (see Fig. 6 and Fig. 7). Such conditions arise if

#(2K — 1) < 1;
K > K, ~1,98; (27)
s < 3¢~ 0,251,

This type of stress state is determined by the following field characteristics (see Fig. 6
and 7). In the area OHM N M'H’ the field is simple homogeneous. In triangles NM L and
N'M'L’ the field is transitional between Prandtl field and homogeneous field, where one
of two sets of characteristics consists of straight lines.
Coordinate zy of point N is found from equation o(z,y) = 2K, which gives in view
of (23):
oy =142 —2xK. (28)

Proposition 3. The second type of stress state is realized if and only if (27). The average
critical effort is calculated by the formula:

Oer = 2K (1 + 5 — #K). (29)

Proof.

1 TN 1—s 1— 7
Ocr = / oy(z,0)dr = / 2K dz +/ ( + 1) dx + 2.
0 0 TN ”

Using (23), we obtain:

TN 1—3 1—
/ 2K dx = 2K + 2xK — 4xK?, / ( Ty 1) dr = 2xK?* — 2.
0 TN ”

Hence follows (29).

O

Both types of stress state of the layer occur in the intermediate case »(2K — 1) = 1.
Then the formulas (26) and (29) coincide.
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KPUTNYECKUE COCTOSHUNS TOHKUNX ITPOCJIOEK
I10/1 PACTATUBAIOIIIENT HATPVY3KOI

B. JI. /luabman, A. H. Tusab

Uccireyrorest MaTeMaTHIeCKIe MOJIEN HAIPSI2KEHHOTO COCTOSTHUSI IIJIACTUIECKUX CJIOEB
(HpOCJIOGK) I10/1 PACTSATUBAOIIE HArPY3KOil Ipu 1I0CKOiT tedpopmartuu. IIpocioiika mpsiMo-
YIroJIbHOM (POPMBI BXOJIUT B COCTAB IOJIOCH U3 GoJjiee IPOYHOro Marepuasia. Vcmob3yercs
METOJ[ XapaKTepUCTUK (JUHU CKOJbXKeHus ). Vlccie1oBanbl IPUYINHBL HEIIOJIHON peasn3a-
MU KOHTAKTHOTO yrpouHenusi. [IpoaHam3upoBaHbl TOJIsSI XApaKTEPUCTHUK B CJIOE B IIPOIIEC-
ce Harpyxkenusi. Jlana kiaccudukanms mojeil XapakKTePUCTUK B KPUTUIECKUIT MOMEHT Ha-
rpykenusi. [lojryden Kpurepwuii MOJTHON peain3aIiil KOHTAKTHOIO YIIPOYHEHUsI MATEPHUAJIA,
[IPOCJIONKYU B 3aBHCUMOCTH OT OTHOCUTE/ILHOMN TOJIIUHBI IIPOCIONKY 1 KO3 MUITHEHTA MeXa-
HIUYECKON HEOTHOPOIHOCTH coeuHeHus. 110y deHb! siBHbIE aHATUTHIECKUE BhIPAXKEHUS JJIsT
BBIYUCJIEHUs] KPUTUIECKON HAIPY3KU [PH TOJIHOM pean3ai KOHTAKTHOTO YIIPOTHEHUS.

Karouesvie caosa: naacmudeckuts Aol HANPAACEHHOE COCTNOANUE; CUCTNEMbL HEAUHET-
HOLT QUPPePEeHUUAALHDIT YPaABHEHUT; KOHMAKMHO0E YnpouHeHue; KoaPhuyuenm Mmerarue-

ckoti HeodrnopodHocmu.
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