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ABSTRACT. The paper presents the results of the analysis of the influence of p—
the applied plate layer on the state of stress in the bimetallic perforated plate.
The finite element method ANSYS program was used for numerical
calculations. The paper presents the results of stress tests for a single-layer
clad plate made of S355]2 steel and a bimetallic perforated plate consisting of
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layers made of S355]2 steel and titanium. In addition, the study presents the
results of the research on the influence of the method of loading, i.e. the
concentrated force P in the geometric center of the plate and the external
pressure g on the entire surface of the plate, and the method of support, i.c.
free support and fixed, on the location of stress concentration zones in the
bimetallic circular perforated plate. It has been shown that the presence of a
perforated layer in the plate reduces the value of the equivalent von Mises
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stress by a minimum of approximately 30% in the base (steel) layer.

KEYWORDS. Applied layer; Base layer; Stress analysis; Numerical calculations;
FEM.

INTRODUCTION

n engineering structures, e.g. process equipment [1] or energy equipment [2], elements consisting of many layers and
I of many materials are used, i.e. bimetallic (plated) elements (Fig. 1) [3, 4], laminated elements [5] and composite
elements [6]. Such structural elements may include layers made of structural steel, titanium alloys, brass, aluminum,
nickel, but also of non-metallic materials such as polyethylene, glued wood, glass fibers and carbon fibers. These types of
elements are most often used due to the improvement of corrosion resistance, appropriate frictional properties or special
properties of thermal conductivity as well as the mechanical parameters of the structure in which such elements are present.
The thickness of the applied layers, depending on the type of use of the plated sheet, may vary from 1.5-15% of the substrate
thickness. Layering methods can be divided into two groups: cold plating, i.e. cold rolling, explosion [7, 8, 9] or hot plating,
i.e. hot rolling, broaching, sintering. The use of elements consisting of many types of materials and multiple layers allows to
obtain a material with specific properties that a single-layer material does not have.
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Figure 1: Model of bimetallic perforated plate [3].

In the works [10. 11], an analytical solution was presented using mathematical formulas enabling engineers to estimate the
effort of the designed plated perforated plates subjected to various types of load. The results of these calculations were
compared with the results obtained numerically using the finite element method and a good agreement was obtained. On
the other hand, the work [12] presents the results of experimental research of the state of stress in a bimetallic perforated
plate consisting of two layers, i.c. a steel and a titanium layer. It was found that the use of the ANSYS program enables the
determination of the state of stress of the plated perforated plate at any point of the plate, i.e. on the bridge between the
holes, around the holes, along the thickness of the titanium and steel layers. It also enables the determination of stress
concentration zones, and thus the location of dangerous places in the designed plate. Experimental methods based on
tensometry do not offer such possibilities.

In this work, among others, influence of the applied layer on the state of stress in a bimetallic circular perforated plate, freely
supported at the edge and fixed at the edge, and loaded in the first case with a centrally concentrated force P perpendicular
to the plate surface and in the second case with external pressure ¢ over the entire surface of the plate. The research carried
out at work was carried out on the basis of the application of the finite element method (FEM). The test results in the form
of stress values presented in the paper can be used by engineers in the design of bimetallic perforated plates loaded
perpendicular to their surface.

MATERIAL AND GEOMETRY

of two layers, i.e. the base layer B in the form of structural steel with a thickness of H = 10 mm and the applied layer

A in the form of titanium with a thickness of « = 2.5 mm was adopted. (Fig. 2, 4b, 4d, 4f, 4h). However, in the
second case, a perforated plate with the following dimensions was adopted: diameter D = 300 mm consisting of one layer,
i.e. the base layer B in the form of structural steel with a thickness of H = 10 mm (Fig. 2, 4a, 4c, 4e, 4g). 100 holes with
different radii located on the plate. These holes were arranged in five circles with 20 holes in each circle. On the first outer
circle, the plate had holes ¢; = 20.5 mm in diameter and on the fifth, inner circle holes 45 = 9.5 mm in diameter (Fig. 2).
Steel plate grade S355]2 was adopted as the base material, and titanium sheet was adapter as the applied material with the
following mechanical and material parameters (Tab. 1) [13]. The materials used in the work, titanium and steel included in
the bimetallic perforated plate, were modeled as elastic materials.

I \ or the calculations in the first case, a bimetallic perforated plate with dimensions: diameter D = 300 mm consisting
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Hole diameter  Radiusof circle

d, [mm] Ry[mm]
d, =205 Ry=130,5
d;=17.0 R.=107.5
dy=14,0 R,=E80
d,=115 Re=72,5
d.=95 R.=60,0

Figure 2: Model of bimetallic perforated plate consisting of steel thickness perforated plate H and titanium perforated plate thickness 2
containing holes with diameters d,...,ds.

$355]2 steel and titanium

Applied layer A - titanium

R, [MPa] R, [MPa] E [GPa v [ G [GPa] A5 [%]

189-215 308-324 100 0.37 36.5 4356
C Fe H N o) Ti
0.10 0.20 0.015 0.03 0.18 all

Base layer B - $355]2 steel

R, [MPa] R, [MPa] E [GPa v [ G [GPa] A5 [%]

382-395 598-605 220 0.30 84.6 2434
C Si Mn P S Cu Fe
0.22 0.55 1.60 0.025 0.025 0.45 all

Table 1: Strength properties and chemical composition of S355]2 steel and titanium, where: R, — yield strength [MPa], R, — tensile
strength [MPa], E — Young’s modulus [GPa], v — Poisson’ s ratio [-], 45 — tensile elongation [%].
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CALCULATION METHOD

advanced numerical calculations using the finite element method (FEM). The three-dimensional 3D

computational model of a circular plated perforated plate was created and discretized with the use of modeling
and finite element mesh modeling in ANSYS [14]. Finite elements used for discretization were SOLID186 finite elements.
Elements of the SOLID185 type are higher-order elements with a square shape function and well suited for modeling curved
model boundaries without losing computational accuracy. Finite elements of this type are defined in the case of a
tetrahedron-shaped element by 10 nodes with three degrees of freedom per node (UX, UY, UZ), i.e. translations in the
nodes in the x, y, and z directions and in the case of a cube-shaped element by 20 nodes (1, ], K, L, M, N, O, P, Q, R, §, T,
U, V,W,X,Y, Z, A, B) with three degrees of freedom per node (UX, UY , UZ), i.c. translations in nodes in the x, y and z
directions. These elements can have any spatial orientation as well as take into account plasticity, creep, stress stiffness, large
deflection and large strain. The calculation model for the clad perforated plate with the ring support had a total number of
3379707 finite elements, while the total number of nodes was 7027927. The entire plate had 25 finite element layers (twenty
base plate layers and five layers of add-on plate) (Fig. 3). On the other hand, the calculation model in the case of a clad
perforated plate without a support contained the total number of finite elements 2927283, while the total number of nodes
was 5029189. Tab. 2 shows the number of finite elements and nodes for each plate layer, i.c. for the steel plate layer and the
titanium plate layer, and ring support (Fig. 3).

E ‘ umerical calculations were carried out using the ANSYS finite element method software. It is a program for

Number of finite elements and nodes

Support Base layer B - steel Applied layer A - titanium
Nodes 1998738 3428852 1600337
Elements 452424 2019704 907579

Table 2: Number of finite elements and nodes in the analyzed plate.

0.00

5000 15000
Figure 3: Finite elements of a bimetallic circular perforated plate in ANSYS program.
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The base layer of the B — steel plate is combined with the applied layer of the A — titanium plate by using the "connections"
function, providing the option to bond two or more elements [14]. Details are presented in Appendix A. The calculations
were made with an accuracy of 5%.

THE METHOD OF SUPPORTING AND LOADING THE PERFORATED PLATE

of the plate was achieved by designing a annular support on which a plated perforated plate was placed. Minimal
friction contact is applied between the plate and the support. Then, in the first case, the analyzed plate was loaded

centrally with the concentrated force P, normal to its surface. The load was applied around a hole with a diameter of 4 = 12
mm located in the central part of the plate. The load was distributed over the diameter of 4 = 14 mm from the center of
the plate with the use of a pressure stemp (Fig. 4a and 4b). In the second case, the analyzed plate was loaded with external
pressure ¢ over the entire plate surface (Fig. 4c and 4d).

In the further part of the work, it was assumed that the analyzed circular plated perforated plate is fixed along its entire
perimeter. The plate was fixed by limiting all degrees of freedom to the finite elements located on the outer contour of the
perforated plate. Then, in the first case, the analyzed plate was loaded centrally with the concentrated force P, normal to its
surface. The load was applied around a hole with a diameter of 4= 12 mm located in the central part of the plate. The load
was distributed over a diameter of 4; = 14 mm from the center of the plate with a pressure stamp (Fig. 4e and 4f). In the
second case, the analyzed plate was loaded with the external pressure ¢ over the entire plate surface (Fig. 4g and 4h).

I t was assumed that the analyzed circular perforated plate is freely supported along its entire perimeter. The free support

a)

A Load P b) i Load P
—_Pressure stamp 3 Pressure stamp z Applied layer A — titanium
] Boundary zone A'—B' -
| i _ titanium-steel
X b 4 i -
_'_"'i.. i 'i 3 X;
ol | iz
—LiE i
fay Biir o A o
Base layer B — steel Base layer B — steel
C) d
qu ] Load g

_Applied layer A - titanium
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= = = i A
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L " I \‘, x :
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ST REEF T
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JUd, - i =
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Figure 4: The method of supporting and loading the perforated plate.
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STATE OF STRESS CALCULATION

Bimetallic perforated plate (Fig. 46 — 4h)
xamples of the equivalent von Mises stress distributions 0,4 given in [MPa] along the thickness of the bimetallic
perforated plate are shown in Fig. 5. The figure shows the stress distribution in the perforated plate in the first
case, simply supported on the annular support and loaded with a force P = 10 kN (Fig. 5a), in the second case,
simply supported on a annular support and loaded with external pressure ¢ = 0.4 MPa (Fig. 5b), in the third case
fixed on the perimeter and loaded with a force P = 10 kN (Fig. 5¢), and in the fourth case fixed on the perimeter and loaded
external pressure ¢ = 0.4 MPa (Fig. 5d) in the applied boundary zone A’ - titanium, in the base boundary zone B’ - steel and
in the applied layer A and base layer B. The presented stress distribution was determined on the radius » = Rs = 60 mm.
The points AP and BP denote the maximum value of stress in the area of the hole in the layer of the applied plate A -
titanium and in the base layer of plate B - steel, respectively. On the other hand, the points AP’ and BP’ represent the
maximum values of stress in the boundary zone of the plate, respectively in the boundary zone of the applied A’ - titanium
plate and in the boundary zone of the base B’ - steel plate.

Applied I lary zone A’ -~ titani J [ Applied layer A - titanium I Applicd boundary zone A’ - I [ Applied layer A - titanium

s Static Stroctursl

Equuaalent e

Type: Equaivadent fon-Mises) Sress
Unat: Py

Time: 1

IILA5 Max
30935
%

Base boundary zone B' - steel J//J Base layer B — steel J l

€)

Applicd boundary zone A’ - titani J [ Applied layer A - titanium _]

Applied boundary zone A’ - titanium J [ Applied layer A - titanium I

e Static Structual
Exquivalent Sresy

i o

-

5 10 JLCF 01816 ¢

Base boundary zone B' - steel u Base layer B - steel I Base boundary zone B’ - steel H Base layer B - steel I

Figure 5. The distribution of the equivalent von Mises stresses 0yoq in a bimetallic perforated plate on the radius » = Rs = 60 mm.

The most hazardous place in the considered circular bimetallic perforated plate with various methods of support and
loading, where the highest stress concentration occurs, is at the hole radius 45 = 9.5 mm and the circle radius » = Rs = 60
mm. Tab. 3 summarizes the values and locations of stress concentration.
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Values and locations of stress concentrations

Equivalent von Mises stress Point with coordinates

Foints Ored max IMPa] < [ s ] o]
Load P = 10 kN — free supported

AP 97.99 6.0 68.51 0.0

BP 168.83 6.0 68.51 12.5
Load ¢ = 0.4 MPa — free supported

AP 114.39 -5.83 63.04 0.0

BP 188.29 -5.83 63.04 12.5
Load ¢ = 0.4 MPa — free supported

AP 51.16 8.88 -54,91 0.0

BP 91.82 8.88 -54.91 12.5
Load P = 10 kN - fixed supported

AP 30.98 5.32 62.50 0.0

BP 54.43 5.32 62.50 12.5

Table 3: Values and locations of stress concentrations in bimetallic perforated plate.

Single-layer perforated plate (Fig. 4a — 4g)

Examples of the equivalent von Mises stress distributions 0,4 given in [MPa] along the thickness of a single-layer perforated
plate are shown in Fig. 6. The figure shows the stress distribution in the first case, simply supported on a annular support
and loaded with a force P = 10 kN (Fig. 6a), in the second case, simply supported on a annular support and loaded with
external pressure ¢ = 0.4 MPa (Fig. 6b), in the third case fixed on the perimeter and loaded with a force P = 10 kN (Fig.
6¢), and in the fourth case fixed on the perimeter and loaded external pressure q = 0.4 MPa (Fig. 6d) in the base layer B.
The presented stress distribution was determined on the radius » = Rs = 60 mm. The BP point is the maximum value of
stress in the hole zone in the base layer of the steel plate B.
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Figure 6. The distribution of the equivalent von Mises stresses Oypq in a single-layer perforated plate on the radius » = Ry = 60 mm.

Base layer B — steel J

The most hazardous place in the considered circular single-layer perforated plate with different methods of support and
load, where the highest stress concentration occurs, is at the hole radius 45 = 9.5 mm and the circle radius » = Rs = 60 mm.
Tab. 4 summarizes the values and locations of stress concentration.

Values and locations of stress concentrations

. . Point with coordinates
Equivalent von Mises stress

romes Tred max [MPa] X [mm] y [mm] 7z [mm]

Load P = 10 kN — free supported

BP 224.777 13.84 61.70 10.0
Load ¢ = 0.4 MPa — free supported

BP 245.83 14.24 60.78 10.0
Load ¢ = 0.4 MPa — free supported

BP 121.14 -8.51 -54.85 10.0
Load P = 10 kN — fixed supported

BP 70.77 -14.20 61.37 10.0

Table 4: Values and locations of stress concentrations in single-layer perforated plate.

RESULTS OF THE RESEARCH

igs. 7-10 show the equivalent von Mises stresses o, along the radius r given in [MPa], determined by the finite

element method, both in the bimetallic and single-layer perforated plate. In the first case, simply supported on a

annular support and loaded with a force P = 10 kN (Fig. 7), in the second case simply supported on a annular
support and loaded with external pressure ¢ = 0.4 MPa (Fig. 8), in the third case restrained on perimeter and loaded with a
force P = 10 kN (Fig. 9) and in the fourth case, fixed on the perimeter and loaded with an external pressure ¢ = 0.4 MPa
(Fig. 10).
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Load P=10 kN

e

0 mn 20 30 40 a0 60 70 Ll S0 100 110 120 130 140 150
Radius r [mm]

3 £ 8 2 8 2 ¢

Equivalent von Mises stress ored [MPa]

o

—s=bimetallic plate —s—single-laver plate

Figure 7: Courses of equivalent von Mises stress Oy, in: a) a bimetallic perforated plate; b) a single-layer perforated plate, simply
supported on a annular support and subjected to a load of P = 10 kN.

Load ¢ = 0,4 MPa

220,00

200,00
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= 160,00
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Z 8000 — \
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= 40,00
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20,00

0,00
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-~ bimetallic plate  —s—single-layer plate

Figure 8: Courses of equivalent von Mises stress oy, in: a) a bimetallic perforated plate; b) a single-layer perforated plate, simply
supported on a annular support and subjected to a load of ¢ = 0.4 MPa.
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Figure 9: Courses of equivalent von Mises stress 0, in: a) a bimetallic perforated plate; b) a single-layer perforated plate, fixed on the
perimeter and subjected to a load of P = 10 kN.
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Load g = 0,4 MPa
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Figure 10: Courses of equivalent von Mises stress 0y,; in: a) a bimetallic perforated plate; b) a single-layer perforated plate, fixed on the
perimeter and subjected to a load of ¢ = 0.4 MPa.

Wheteas, Figs. 11 - 14 show the percentage difference of changes in equivalent von Mises stresses 80", determined along

the radius 7 given in [MPa], both in the bimetallic and single-layer perforated plate. In the first case, it is simply supported
on a annular support and loaded with a force P =10 kN (Fig. 11), in the second case simply supported on a annular support
and loaded with external pressure g = 0.4 MPa (Fig. 12), in the third case it is fixed on perimeter and loaded with a force P
= 10 kN (Fig. 13) and in the fourth case, fixed along the perimeter and loaded with an external pressure ¢ = 0.4 MPa (Fig.
14).

Load P =10 kN - freerly support
300,00 -30,00

250,00
-~—-—-—-________,/ -35,00

200,00
150,00 - 40,00
100,00
-45,00
50,00 ' ' '
& a B o
. 10 20 30 40 50 60 90 0.

80 120 130 140 150
Emgored B 189,09 130,03 108,10 94,12 81,18 82,47 75,54 44,05 46,14 21,95 33,73 3589
mmgred S 254,77 17582 146,33 127,56 110,24 10991 103,94 59,58 6538 32,36 4583 50,97
—dored -34,73 -3521 -3537 -3553 -3580 -33.27 -37.60 -3526 -41,70 -4743 -3587 -42,02
Radius r [mm]

Equivalent von Mises stress ored [MPa]
Percentage difference dored [%)]

Figure 11: Percentage difference of changes in equivalent von Mises stresses 807,; determined in the bimetallic plate GZ iy and in the

single-layer plate O'Z dg simply supported on the annular support and with a load of P = 10 kN.

The analysis of the courses of equivalent von Mises stress in the perforated plates presented in Figs. 7-10 shows that in all

cases of loading and edge support, the equivalent von Mises stress o, is lower in the base layer of the bimetallic steel

plate compared to the equivalent von Mises stress o, in the same layer of a single-layer steel plate. The presence of a

Tee

perforated titanium layer in the plate significantly increases the load-bearing capacity of the plate. Moreover, Figs. 11-14

show the courses of the percentage difference in the changes of the equivalent von Mises stresses 80, determined in the
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bimetallic plate O'ZdB and the single-layer plate o, 4, along its radius r the percentage difference in equivalent von Mises

stress for bimetallic and single-layer plates was determined from the relationship:

" "

o — O

redy redy * 0
e 100%

O i B

no_
So-red -

where:

0,,, — value of equivalent von Mises stress in the base layer B - steel bimetallic perforated plate;

n

o, — the value of the equivalent von Mises stress in a single-layer perforated plate with a thickness equal to the base layer

B - bimetallic steel plate.

Load g = 0,4 MPa - freerly support
. 140,00 -30,00
o ~—
! =
% 120,00 =l
o -35,00 £
£ 100,00 23
4 g
2 8000 £
= -40,00 5
E: 60,00 =
-~ “
oL

g 499 45,00 £
20,00 g
= =
= -9
Z 0,00 -50,00
=5 10 20 30 40 50 60 80 90 120 130 140 150
“mmsredB 8925 76,88 74,77 72,71 71,50 8892 7357 6040 5126 2743  37.62 34,81

mugred § 123,10 10506 102,21 9944 97,08 122,61 10842 83,59 76,13 3944 4993 51,63

—dored -37,93 -36,65 -36,70 -36,76 -35,78 -37.89 -47,37 -38,39 -48,52 -43,78 -32,72 -48,32

Radius r [mm]

Figure 12: Percentage difference of changes in equivalent von Mises stresses 807, determined in the bimetallic plate o, 4, and in the

single-layer plate o7, 4, » simply supported on the annular support and with a load of g = 0.4 MPa.
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—gored -26,08 -30,50 -30,82 -30,98 -31,22 -27.85 -37,72 -46,71 -32,98 -34,06 -30,55 -20,02

Radius r [mm]

Figure 13: Percentage difference of changes in equivalent von Mises stresses 807, determined in the bimetallic plate o7, 4, and in the

single-layer plate o, 4, » fixed on the perimeter and with a load of P = 10 kN.
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Load ¢ = 0,4 MPa - fixed
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n

Figure 14: Percentage difference of changes in equivalent von Mises stresses 807, determined in the bimetallic plate O, 4, and in the

single-layer plate O

wa; » Simply fixed on the perimeter and with a load of g = 0.4 MPa.

The diagram in Fig. 11 shows that the maximum difference in the value of the equivalent von Mises stress is about 46%
and occurs at the radius » = 130 mm in the case of a simply supported plate loaded with a concentrated force P = 10 kN.
In the case of a simply supported plate and loaded with external pressure ¢ = 0.4 MPa, the maximum difference occurs at
the radius » = 120 mm (Fig. 12) and amounts to approx. 47%. Fixed the plate edges causes the maximum difference in the

equivalent von Mises stress in the case of P = 10 kN 80, = 48% on the radius » = 90 mm (Fig. 13). However, in the case

of the load ¢ = 0.4 MPa 80, = 38% on the radius = 80 mm (Fig. 14). From the design engineet's point of view, the zone

of the least influence of the state of stress of the applied layer A - titanium on the effort of the bimetallic perforated plate is
interesting. Figs. 11-14 show that this is the central zone of the plate from the radius 7 = 6 mm to » = 50 mm and is approx.

807, = 30%. This reserve of strength due to the presence of the A - titanium applied layer increases the safe operation of

the bimetallic perforated plate. It should be mentioned that the main purpose of introducing an applied (titanium) layer in
a bimetallic perforated plate is to improve the properties of the plate, such as: corrosion resistance, thermal transmittance,
while the task of the base layer is to transfer the load applied to the bimetallic perforated plate. It can be seen from the
above that the superimposed layer A - titanium additionally plays a positive role in the effort of the bimetallic perforated
plate.

CONCLUSIONS

ased on the tests of the state of stress of bimetallic and single-layer perforated plates and their analysis, the following
conclusions can be drawn:

1) It has been shown that in a bimetallic perforated plate subjected to bending compared to a single-layer
perforated plate, the equivalent von Mises stress minimally;

2) As the applied layer - titanium was introduced for the purposes of, among others, corrosion resistance, its
contribution to the improvement of the strength of the bimetallic perforated plate should be considered a positive
feature;

3) It should be noted that the share of the titanium layer in the bimetallic perforated plate contributes to the
improvement of the operational safety of structutes made of these plates, e.g. process equipment.

APPENDIX A

he base layer of the B — steel plate is combined with the applied layer of the A — titanium plate by using the
"connections" function, providing the option to bond two or more elements [14]. It was assumed that the
combination of the titanium layer and the steel layer of the plates is excellent. Modeling the connection of these two
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layers, contact was used in the form of inseparable bonding — as both layers were bonded permanently. This type of feature
is a default configuration and applies to all contact regions (sutrfaces, solids, lines, faces, edges, etc.). If the contact areas are
stuck together, no shifting or separation between the surfaces or edges is possible. This type of contact allows a linear
solution since the contact length / area will not change when the load is applied. A plate made of titanium was used as the
contact element, while a steel plate was used as the target element. Details are shown in Fig. A.1.

Contact Body View

45,00 50,00

Figure A.1: Application of the connections function between the base layer of the plate and the applied layer of the plate, where: a)
contact object view, b) target object view.
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