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Mathematical models of critical states of discrete heterogeneous joints under conditions
of plane deformation are considered. The boundary between sections of different strengths
is assumed to be a two-link polyline or contains such a fragment. The purpose of the work
is to study the features of the characteristic fields (sliding lines) of such models and to
find the stress state at the inner boundary. A characteristic variant of such a field is given;
possible locations of stress rupture lines (lines of violation of smoothness of characteristics)
and zones of plastic flow in a durable part of the joint are indicated. It has been established
how the value of the coefficient of heterogeneity affects the appearance of a plastic section
in a durable part of the joint.
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Introduction

The work is devoted to the study of critical states that occur in the plastic zone during
the loading of heterogeneous joints. In both model and applied situations, the internal
boundary (the boundary between sections of different strengths) was often assumed to be
rectilinear [1-8|. In fact, it can have a complex form [9-11|. The paper considers discretely
heterogeneous joints with an internal boundary containing a two-link polyline. A two-
link polyline is a model example that reveals the main features of the stress state in the
vicinity of the contact boundary. The work is a continuation, addition and development
of articles [12] and [13]. In [12], the basic concepts used in the work are formulated: the
object of study is discrete heterogeneous compounds; the subject of study is critical states
of structures and samples (states of pre - destruction); features and characteristics of the
joint deformation process — plane deformation, loss of stability of the plastic deformation
process, contact hardening, complete and incomplete implementation of contact hardening;
concepts related to the theoretical methodology of investigation of the studied processes
are the stress state of an object, a system of quasi—linear partial differential equations of
hyperbolic type, fields of characteristics, in particular, uniform and fan-centered fields of
characteristics, Riemann invariants along characteristics, and the conjugation problem for
stresses at the inner boundary. The strength of the joint and the heterogeneous structure
is determined by the magnitude of the external load, leading to a critical condition, which
is exhaustively characterized by a field of characteristics. The aim of the work is to analyze
the critical state of an heterogeneous joint with an inclined inner boundary, in particular,
when the inner boundary contains a two-link polyline. A new situation has been studied
when the angle of inclination of the boundary is negative, which was not considered in
[12]. The description of the characteristic fields is given. The conditions under which
a more durable section enters into plastic deformation are being studied. The normal
and tangential stresses at the contact boundaries at different angles of inclination are
calculated.
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1. Preliminary Information

The stress state of the plastic section in dimensionless unknowns is determined by a
system of equations [11, pp. 13-14, etc.|:

0o,  OTyy
ox oy

oy , 0Ty

Ay ox

=0,

=0,

(0, —0,)° + A2, = 4K?.

and the boundary conditions on the free boundary

Toy(1,y) =0; o.(l,y) =0,

where k = k™ on the more durable section, and & = k= on the less durable one. This system
is of the hyperbolic type. Its Riemann invariants (Genka integrals) along the characteristics
(sliding lines) are known: o+2kvy = ¢, where ¢ is a constant along the characteristic, v is
the angle of inclination of the characteristics to Oz axis (Fig. 1), the plus sign in the above
formula is for a family of characteristics with an acute angle . The equilibrium equations
in dimensionless unknowns at the contact boundary (see Fig. 1) have the form:

+ _ - + _ -
O'y/ = O'y/, Tac’y’ = Ta)’y" (1)

Here (2';y') are Cartesian coordinates with the Oz’ axis directed along the contact
boundary. Let k% be plastic constants corresponding to parts of joints of different strength,
K = k*/k~. In dimensionless unknowns, the system of equations (1) can be written:

+ _ + -
KO'y/ = 0, KTx/y’ =T - (2>

Y x'y
The stress conjugation problem (internal boundary problem) is formulated as follows: find
the stresses 7., and o, on the contact surface from the boundary conditions on the free
boundary and the conjugation conditions (2). It was shown in [12, 13| that if the plastic
regions are adjacent to the inner boundary (for example, AFPF; DA section in Fig. 1),
then

0, =1+42w" +cos(2w™ + 2a), U;C =1-2wt + cos(2w™ + 2a), (3)

oy = S(2w™ +2a), 75, =sin(2w? 4 2a) (4)

T

Using the last expressions, we can write the system (2) in the form [12, 13]:
142w + cos(2w™ +2a) = K(1 —2w™ + cos(2w™ + 2a)), (5)

sin(2w™ + 2a) = Ksin (2w’ + 2a). (6)

Incomplete implementation of contact hardening in the vicinity of a free boundary.
FFy, AH, segments are stress rupture lines in the stronger part of the joint. An important
feature of heterogeneous connections are stress rupture lines. They exist either because of
the peculiarities of the sample shape [14, pp. 164-168| or because of the heterogeneity [15].
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Fig. 1. The case when the angles between the links of the contact boundary and a straight line
OO orthogonal to the free boundary have different signs: ZAFO; >0, ZPFO <0

2. The Main Results

Fig. 1 shows a fragment of the field of characteristics (sliding lines) of an
inhomogeneous connection with a boundary containing a two-link line, in which a link
not adjacent to the free boundary forms a negative angle with an axis orthogonal to
the free surface. The stress rupture lines are indicated by dotted lines. In the critical
state shown in Fig. 1, contact hardening is not fully realized, because Zw~ < ZFAB
in the neighborhood and in the neighborhood Zw™ 4+ a < 7/4. Partial implementation
occurs when [12]. In this case, a stress rupture and a violation of the smoothness of the
characteristics occurs (among other things) along a line F'F} that does not pass through
point A, i.e. the intersection of the outer and inner boundaries (a case that has not been
reported before). When studying the stress state at the boundary PF A | the segments PF
and F'A should be considered separately. They have different angles of inclination. The
magnitude of the angle depends, as can be seen from (5) and (6), on o and K. Therefore,
the full or incomplete implementation of contact hardening is determined by these two
parameters. Fig. 2 shows a line in the coordinate plane (K, «) separating the zones of full
implementation of contact hardening (the base metal does not deform plastically), and
incomplete. In this case, the base material passes into a plastic state in the vicinity of the
contact boundary. Using the least squares method, the dependence of Fig. 2 is found in
an analytical form:

1,41
K
Numerical solutions of the system (5), (6) for different conditions were obtained in [13]
and, using another iterative procedure, were refined by the authors in [12]. This solution
allows us to calculate (in this paper) the values of dimensionless normal and tangential
stresses using formulas (3), (4). Here are shown (Figs. 3) some results for different angles a.

a —0.63 — 0.03K. (7)
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Fig. 2. The zones of involvement of the more durable layer material in plastic deformation,
depending on K and alpha. There is no plastic deformation above the curve

The iterative algorithm based on formulas (5) and (6) works only in the area of incomplete
involvement of the less durable part of the joint in plastic deformation (from the bottom
of the curve in Fig. 2), that is, by virtue of (7), provided

1,41

—0.63 — 0.03K.
K

a <

This explains the decrease in the area of values of K in Fig. 3, ¢) and d).

3. Conclusion

As noted in [12], if the boundary between the less durable and more durable parts of the
joint contains a two-link polyline, the zone of involvement of the material of the more
durable section in plastic deformation may not be adjacent to the free boundary, and
the stress rupture lines may be located in the less durable part of the joint. The paper
describes a specific situation in which critical states of discrete inhomogeneous compounds
with these features are realized. In a previously unexplored case, the angles of inclination
of the characteristic fields and the normal and tangential stresses at the contact boundary
are found. The results obtained can be used to find the critical external load on the joints
of the type under study.
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AHAJIN3 KPUTNYECKHNX COCTOAHUAX
HEO/JTHOPOJHBIX COEIMHEHUI C
HEINIPAMOJIMHENTHOI KOHTAKTHON I'PAHUIIEN

B. JI. Juavman', A. E. Kaweesa'
O m0-YpasbeKkuit rocy1apeTBeHHbli yHIBePCUTeT, I. JeIa0nHCK,
Poccuiickas @eiepartiust

PaccmarpuBatorcss MaTeMaTmdyecKue MOMEJNU KPUTUIECKUX COCTOSIHUN JTMCKPETHO-
HEOJITHOPOJIHBIX COEIMHEHUN B YCJOBUSIX ILIOCKOH jedopmariuu. ['panuna Mexkay ydacTka-
MU Pa3HOM MPOIHOCTH MPEITOJIATAETCS IBYX3BEHHON JJOMAHOM MM COMEPKUT TAaKOi dpar-
ment. lesb paborel: uccienoBanue 0COGEHHOCTEl NOJIell XapAKTEPUCTUK (JIMHUI CKOJIbIKe-
HUsI) TaKUX MOJEJIeH M HAXOXKJCHUE HAIPSI?KEHHOI'O COCTOsIHUS Ha BHYTPEHHEH TpaHUIE.
IIpuBenen xapakTepHbIil BAPHAHT TAKOI'O II0JIsl; YKA3AHBI BO3MOXKHBIE MECTa DPACIOJIOXKE-
HUsI JIMHUI pa3pblBa HANPsIKEHWH (JIMHUA HAPYIIeHHs! TIa/JIKOCTH XapPAKTEPUCTHUK) U 30HBI
IUIACTUYECKOTO TedeHusi B OoJiee MPOYHON YaCTUA COEIMHEHUs. YCTAHOBJIEHO, KAK BEJIHMIH-
Ha KO3 UIMEHTa HEOJHOPOIHOCTH BJIMSIET HA BO3HUKHOBEHHUE ILJIACTUYECKOTO yJIaCTKa B
0oJree IPOYHON YACTH COEIUHEHUS.

Kaouesvie crosa:  duckpemno neodnopodnvie coedunenus; Kpumudeckue coCmoanua,
HANPAICEHHOE COCTNOAHUE; 3a0a4A CONPANCEHUA; KEAZUAUHETNBIE YPABHEHUA 2unepboue-
CK020 MUNA; TAPAKMEPUCTNUKY.

References

1. IIpamarians, JI. IIpumepsr nmpuMmenenns TeopeMbl [€HKM K PaBHOBECUIO ILJIACTUYECKUX
rest / JI. Ilpasaris // Teopust miacruaroctu / nox pexa. FO.H. Padorrosa. — M.: UH.
jmt., 1948. — C. 103-113.

2. Oubriak, B. Teopus miactuanoctn HeoHopoaubix Tes / B. Oubiiak, 9. Poixiesckui,
N. Ypbanosckuii. — M.: Mup, 1964.

3. bBakmm, O.A. O BIUAHUU CTENEHN MEXaHUIECKOW HEOIHOPOJHOCTH Ha CTATHIECKYIO
poYHOCTh cBapHbIX coenuuennit / O.A. Baxkmm, M.B. Ilaxmaros, B.B. Epodees //
Crapounoe pou3BoacTBo. — 1983. — Ne 4. — C. 1-4.

4. Bakmm, O.A. O6 yuere dakTOpa MEXaHUIECKON HEOTHOPOIHOCTH CBaPHBIX COEJIIMHE-
Huil ipy ucnbitanun Ha pacrszkenue / O.A. Bakmu // Capodnoe Mpou3BOJICTBO. —

1985. — Ne 7. — C. 32-34.

5. Humeman, B.JI. O namnpsizkeHHO-16(DOPMUPOBAHHOM COCTOSAHHUU IIPHU PACTSIKCHHUH TLIa-

CTUYIECKOro cJiost ¢ nByMst ocsivu cummerpun / B.JL. JQuieman // Vss. PAH. MTT. -
2001. — Ne 6. — C. 115-124.

2025, vol. 12, no. 4 17




V. L. Dilman, A. E. Kashcheeva

6. Kim, Y.-J. Numerical Analysis of Strength Mismatch Effect on Local Stresses
for Ideally Plastic Material / Y.-J. Kim, K.-H. Schwalbe // Engineering Fracture
Mechanics. — 2004. — V. 71. — P. 1177-1199.

7. Schnabl, S. Analytic Solution of Two-Layer Beam Taking into Account Interlayer Slip
and Shear Deformation / S. Schnabl, M. Saje, G. Turk, I. Planninc // Journal of
Structural Engineering. — 2007. — V. 133, Ne6. — P. 886-894.

8. Kozak, D. Yield Load Solutions of Heterogeneous Welded Joints / D. Kozak,
N. Gubeljak, J.S. Konjatic // International Journal of Pressure Vessels and Piping. —
2009. - V. 86. — P. 807-812.

9. [Taxmaros, M.B. Um:keHepHble pacueTbl CBAPHBIX OOOJIOYKOBBIX KOHCTPYKITWii /
M.B. IIaxmato, B.B. Epodeen. — Hengbunck: YI'TY, 1995. — 229 c.

10. dunmeman, B.JI. Maremartmdyeckne Mojenn HalpPsKEHHOTO COCTOSHUS HEOIHOPOTHBIX
TOHKOCTEHHBIX TinHapraeckux obosouek / B.JI. Huwibman. — Yengbunck: M3ma-
teascrBo FOYPIY, 2007. — 202 c.

11. Jwmeman, B.JI. Maremarudeckoe MOgeTMpPOBAHUE KPUTHUICCKUX COCTOSHUN MATKUX
POCI0eK B HEOJHOPOHBIX coepubennsax /| B.JI. Tuieman, T.B. Epomkuna. — Yess-
ounck: Nszmar. nearp FOVYpI'Y, 2011. — 276 c.

12. Junnmeman, B.JI. Maremarmiaeckoe MojieTmpoBanne KpUTHIECKUX COCTOAHUIN TUCKPETHO
HEOJHOPOJAHBIX COCJIMHEHUN C I'PaHUIIC B BUJIE JIBY3BEHHON JIOMaHON! / B.JI. InnbMmamn,
A E. KameeBa // Hens6. dus.-marem. xypuas. — 2025. — T. 10, Nel. — C. 126-134.

13. dwnbman, B.JI. Yucrennslit anains HaIpsizKEeHUH Ha HAKJIOHHON KOHTAKTHON IMOBEpX-
HOCTHU [IPH PACTSZKEHUHN JTUCKpeTHO-HeomHopoaaoro Teia / B.JI. duasman, A.U. Ho-
caueBa // Becruuk FOYpI'Y. Cepus Maremarnueckoe MOJIeIMPOBAHUE W IPOTPAMMU-
posanue. — 2012. — Bpur. 14. — Ne40(299). — C. 164-168.

14. Kauanos, JI.M. Ocuossl Teopun miactuanoctu / JI.M. Kaganos. — M.: Hayka, 1974.
— 310 c.

15. Jwnbman, B.JI. Hanpsakernnoe cocTosinve u MPOYHOCTH HEOJIHOPOJIHON ILIACTHIECKO
noJsiocsl ¢ jedpektoM B Gostee mpounoit wactu // Mss. PAH. MTT. — 2010. — Ne2. —
C. 89-102.

Lunoman Basreputi Jletizeposuy, 0-p dus.-mam. nayx, 3acedyrousuti xagedpot
MAMEMAMUYECKO20 GHANU3A U MEMOIUKY NPENOOABAHUL MAMEMAMUKU,
FOotcro-Vpaavekuti 2ocydapemeennud yrusepcumem (2. Yeanbunck, Poccutickasn
Dedepavyus), dilmanvl@susu.ru

Kaweesa Anexcandpa Eezenvesha, acnuparm xapedpv, Mamemamuieckozo aHau3a
u memodukxu npenodasanus mamemamuru, Focno-Yparvexut 2ocydapemeeruiil
ynusepcumem. (2. Yeasbunck, Poccutickas Pedepavyusn), kashcheevaae@susu.ru

Hocmynu.na 6 pedaxuyuro 29 HosiOps 2025 1.

18 Journal of Computational and Engineering Mathematics



