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The paper presents the results of studies on the changes in mechanical characteristics of a “08Cr18Nil0Ti-steel 10” bimetal
strip subjected to incremental plastic deformation by rolling in 5 passes with a reduction of about 10% per pass. The bimetal was
obtained by explosion welding. Tensile tests of bimetallic samples after each rolling pass were carried out. It is demonstrated
that the relative reduction of individual layers is changed non-proportionally to the magnitude of the relative reduction of the
bimetallic strip as a whole. The weld zone obtained as a result of explosion welding is separately considered. To define the size
of the weld zone, the distribution of the values of microhardness in the cross sections of the bimetallic strip after each rolling
pass was used. The size of the weld zone decreased from 0.4 mm to 0.1 mm after 5 passes. The values of conventional yield
strength for the weld zone and the individual layers of the bimetal were obtained by kinetic indentation with the processing of
loading curves by an original method developed in the IES UB RAS. The value of conventional yield strength of the bimetal
after explosion welding is higher than that of each material individually. With further plastic strain, the strength properties
of the stack do not increase as intensively as the strength properties of stainless steel. A mixture rule can be used in order to
calculate the theoretical conventional yield strength for the bimetal after explosion welding.
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MccnenoBaHyne MeXaHM4YEeCKIX CBOJICTB OMMeTallIa,
IOJTy4€HHOT'O CBapKOJ B3PbIBOM,
NP MO3TAMHOMN MIACTUYeCKOI TedopManumn

Konosanos [I. A.", Beperennukona V. A.

Nucturyt mammnnosegenns YpO PAH, yn. Komcomonsckas, 34, Ekatepun6ypr, 620049, Poccus

B pabore mmpuBeneHbl pe3y/IbTaThl UCCIELOBAHNA MeXaHIYeCKIX CBOVICTB CBAPHOTO COeAVIHEHA OYIMeTa/UINYeCKON II0/I0CHI
«08X18H10T-cranp 10» mocie noaranHoit gedopmarnuy mpokarkoit B 5 mpoxoos ¢ ookarrem 10% 3a npoxox. bumerann
OB IIOJTy4eH CBapKoii B3pbIBOM. OCYIeCTBIEHBI MCIIBITAHVA Ha pacTsDKeHMe OMMeTa/INYecK/X 00pas1ioB HOC/Ie KaXK[0ro
IIpOXOfja IIPOKAaTKN. BbUIO NOKasaHo, 4To AedopMalusa COCTaB/IAIINX OMMeTa/UIa Ipy IIpOKaTKe He IPONOPLVOHAIbHA
medopmanyi Nonocs B nenoM. Ocoboe BHMMaHMe yeJIeHO CBApHOI 30He, IIOJTy4aeMOll B pe3y/IbTaTe CBapK/ B3PbIBOM.
Ha ocHOBaHUM pacnpenesieHNs 3HAYEHNII MUKPOTBEPAOCTY Ha TIONepeYHbIX IUtndax B 00/1acTy CBApHOI I'PaHMIIbL OuMe-
tayuia «08X18H10T-cranp 10» 6bUIN ONpefie/ieHbl pa3Mepbl CBapHOIL 30HbL. 1lIupuna cBapHOI 30HBI yMeHbIIaeTcA ¢ 0,4 MM
1o 0,1 MM 3a 5 TpoXofj0B MpoKaTKu. [lory4eHbl 3HaUYeHNA YCIOBHOTO IpefieNia TEKY4IeCTH [ CBAPHOI 30HBI M OT/e/IbHBIX
COCTaB/IAIONINX OMMeTa/lIa B 3aBUCUMOCTI OT OOXKATIA ¢ IIOMOIBIO METOfja KMHETUYeCKOr0 MHICHTUPOBaHNUA ¢ 06paboT-
KOJI KpMBBIX HAarPy>KeHN A 10 OPUTMHA/IBHON MeTofVIKe, paspadoTanHoli B IMAIIL YpO PAH. 3HaueHue ycIoBHOTO IIpefiena
TeKy4ecTy OMMeTalIa II0C/Ie CBapKI B3PbIBOM BBIIIIe 3HAYEHMII I KaXXJ0ro MaTeprana B oTAenbHOCTH. [Tocte nomonum-
Te/IbHO IUIACTIYEeCKON 3HaYeHIe YCIIOBHOTO IIpefieNia TEKY4eCTH I OuMeTaslIa CyLIeCTBEHHO HYDKe 3HAYeHUI 1A yIIpod-
HeHHoII Hep>xaBeroleit cTam 08X18H10T. B nensAx pacyeTa TeopeTMYeCKOro YCIIOBHOTO IIpefie/ia TeKy4ecTy Ajid OuMeTana
II0CJIe CBaPKM B3PBIBOM MOXKHO IIPUMEHATD IIpaBWIO cMecu. IIpaBuiio cMecu Mo>keT ObITh IPUMEHEHO IJI TeOPeTUIeCKOro
pacdeTa yCJIOBHOTO IIpefiesia TeKY4eCTH st OMMeTalIOB, OMYy4eHHBIX CBapPKOJl B3PbIBOM.

KnroueBbie cmoBa: 6I/IMeTaTUI, yCJ'[OBHbIﬁ IIpeferl TEKy4€eCT!, CBapHadA 30Ha, IVTaCTUYECKad HCCbOpMaIII/IH, CBapKa B3pbIBOM.
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1. Introduction

At the present stage of industry and science development,
great attention is paid to the use of bimetallic materials
produced by explosion welding (EW) in the manufacture
of structures, machines and mechanisms [1,2]. Optimum
conditions for producing high-quality bimetals by EW are
currently known [3]. One of the main lines of further research
is the study on the behavior of a bimetal in subsequent
processing and operation. The problem of using bimetals,
which hampers its wide application, is the risk of fracture in
the weld zone under subsequent deformation. The weld zone
consists of the weld boundary and adjacent areas of initial
metals, which are significantly strengthened by EW.

When designing machines and mechanisms, it is
necessary to know the values characterizing the strength
and deformation properties of the materials. Conventional
yield strength and tensile strength, which can be obtained by
means of standard mechanical tests, are traditionally used as
characterizing parameters in a standard engineering design
[4]. The characteristics of a bimetal and the effect of the weld
zone on the mechanical characteristics of the entire finished
packageare determined by means of standard testing methods.
However, it is technically complicated to study the change in
the mechanical properties of the bimetal constituents and
the weld zone by these methods. Nondestructive testing
methods are applied in this case. One of these methods
is the kinetic indentation, which allows local mechanical
properties of bimetal constituents to be determined without
manufacturing many samples. Previous studies [5,6] reported
the development, testing and adaptation a technique that
makes it possible to obtain a strain hardening curve using the
test results obtained from impressing three conical indenters
with different cone angles.

In this paper, conventional yield strength is used as a
comparative parameter. Conventional yield strength is an
important material characteristic, which corresponds to the
stress causing permanent strain of 0.2% [4]. Working stresses in
parts must be below the conventional yield strength. When this
value is exceeded, the structure undergoes irreversible changes
in its linear dimensions, and this leads to an inadmissible
change in the shape of the product and may cause its total
failure.

The aim of this study is to estimate the changes of the
conventional yield strength of a bimetallic strip as a whole,
its weld zone and individual layers under incremental plastic
deformation. The resulting data facilitates understanding
the deformation behavior of individual constituents in the
bimetal and their contribution to the deformation behavior
of the entire package during plastic deformation. The
determination of the actual mechanical properties of weld
zones enables one to predict the operability and durability
of bimetallic constructions more reliably. This study employs
standard experimental methods of tensile testing, the authors’
technique and analytical formulas, and this has allowed us
to evaluate the strength characteristics in terms of different
approaches. A bimetallic composite constituted by stainless
steel and carbon steel is selected as the test material. The
selection of this material is stipulated by its wide application
in industry and also by its usability for conducting model

experiments [7-8]. Incremental rolling is chosen as the
method of plastic deformation.

2. Materials

Samples of steel 10 and 08Cr18Nil0Ti austenitic steel, joined
by EW into a bimetallic strip, were examined. EW was carried
out in Uraltekhnoproekt LLC (Ekaterinburg) under process
conditions typical for the industrial production of blanks of
this type. In the initial state, the thicknesses of the blanks
were 3.9 mm for steel 10, 1.9 mm for the 08Cr18Nil0Tij steel
and 5.8 mm for the bimetal. It was reported in [9-10] that,
as a result of EW, a well-formed joint with a characteristic
wavy boundary was obtained in the “08Cr18Nil0Ti-steel 10”
material.

3. Experimental techniques
and methods of analysis

The experiments were performed using the equipment of the
Plastometriya collective use center affiliated to the IES UB
RAS (Ekaterinburg).

Rolling was carried out at room temperature on a Duo-
Quarto 250 laboratory rolling mill. Samples of the bimetal, as
well as single-layer steels 10 and 08Cr18Nil0Ti, were rolled.
Samples sized 15x200 mm were cut for rolling. The rolling
speed was 0.3 m/s. Relative percentage reduction # was defined
as the ratio n=(h,—h,)/h,-100%, where h, and h are the
thicknesses of the strip before and after rolling, respectively [11].

The mechanical tensile tests of the samples were carried
out at room temperature on an Instron-8801 multi-purpose
servo-hydraulic testing machine.

The microhardness distribution was investigated using a
NanoTriboindentor TI 950 complex, where the hardness is
determined by the Oliver-Pharr method.

Kinetic indentation experiments were carried out using
diamond pyramidal indenters, with the angles between the
faces of 90°, 120° and 136°, on a Zwick/Roell Z2.5 precision
test machine. The maximum load in all the tests was equal
to 100 N. The indentation was performed on the surface
of the cross section of the bimetallic strip positioning the
indenter in central parts of individual bimetal constituents.
Five indentions were made for each indenter type into each
of the three parts found in the composite (steel 10, steel
08Cr18Nil0Ti and the weld zone), 45 indentions in total.
The distance between adjacent indentations was 2 mm.
The original method, developed in the IES UB RAS and
described in [5], allows one to get the strain hardening curve
using the indentation diagrams. A three-parameter power
law dependence for approximation of the strain hardening
curve was used in the method [5]. The three-parameter
function more accurately describes the strain hardening
curves of metals than the two-parameter function, as it has
more degrees of freedom. Since the approximation involves
three parameters, three independent experiments are
needed to determine them. The conventional yield strength
is calculated by the formula g, ,=0,(1+0.002a)", where o, a
and b are approximation parameters. The values of o, a and
b are defined by the method [5] using the experiments on
indenting three indenters with different angles.

216



Konovalov et al. / Letters on Materials 8 (2), 2018 pp. 215-219

4. Results and discussion

Table 1 presents the thickness (f) of the bimetal and its
individual layers, as well as the reduction of the entire stack
and each individual layer after each rolling pass. In the case
of plastic deformation, the relative reduction of individual
layers has changed non-proportionally to the magnitude
of the relative reduction of the bimetallic strip as a whole.
Initially, the layer of steel 10 was subjected to the largest
strain. After the first pass, the reduction of the layer of
steel 10 is 37.3% versus 4.7% for the 08Cr18Nil0Ti steel
layer. In the second pass, there is practically no reduction
of the 08Cr18NilO0Ti steel layer, whereas steel 10 continues
to deform. This fact is explained by the lower strength of
steel 10 in case of small values of strain. In the third and
fourth passes, the value of the relative reduction of the
layers is approximately the same, since the hardening of
steel 10 occurred in the previous passes. In the fifth pass, the
08Cr18NilO0Ti steel layer undergoes the largest strain, and
the layer of steel 10 is strained only slightly.

Microhardness measurements were made along the
transverse areas of the samples in the weld zones and the
adjacent metal zones of each layer with a maximal load of
50 mN and an indentation step of 0.1 mm [9]. The width of
the measurement area in the cross direction was 4 mm in each
case. A great body of data obtained from the measurements
has allowed us to determine the size of the weld zone, in
which the mechanical properties are different from the
properties of the bimetal layers, and to estimate the degree
of its strain hardening. Fig. S1 (Supplementary Information)
shows the microhardness maps for the cross section of the
bimetal after EW and after 3 passes of rolling. The physical
weld boundary is determined optically, then the dimensions
of the adjacent hardened areas are evaluated from the side
of the 10 and 08Cr18NilOTi steels, and the width of the
weld zone for the bimetal is calculated. The microhardness
values of the sections of 10 and 08Cr18Nil0Ti steels, which
are far from the near-weld zone, are equal to 2-3 GPa and
3.5-4.5 GPa, respectively. After the first, second and third
passes, an increase to 3.5 GPa in the microhardness values
over the volume of the layer of steel 10 is observed, and local
hardening areas with the value of microhardness up to 4 GPa
appear. Initially, the microhardness of the 08Cr18Nil0Ti steel
layer ranges between 3.5 and 4.5 GPa; with further rolling, it
evenly increases throughout the whole volume, and after the
fifth pass it is in the range from 5.5 to 6 GPa. Moreover, in
08Cr18Nil0Ti steel, after the last pass there are local sections
with a microhardness of about 6.5 GPa.

The microhardness of steel 10 in the area bordering the
weld boundary varies from 3 to 5 GPa. In 08Cr18Nil0Ti steel,
microhardness values in the weld boundary region range
between 4.5 and 5 GPa. Based on these data, dimensions of
the intermediate weld zone have been obtained (see Table 1).
Fig. S1 clearly shows that the size of the zone of the hardened
08Cr18Nil0Ti steel is several times larger than that of the
hardened zone of steel 10. After the first and second passes,
there is an insignificant increase in the microhardness values
in the selected weld zone. After the fourth pass, there is no
difference in the mechanical properties of the weld zone and
the 08Cr18Nil0Ti steel layer at the weld boundary. This is
not observed for steel 10; a narrow band of hardened material
with mechanical properties different from those of the steel
10 constituent remains along the weld boundary. Thus, the
size of the weld zone decreases with an increase in the amount
of strain. After the fourth pass, the weld zone is between the
weld boundary and the hardened region steel 10.

Fig. 1a shows the values of ¢, , depending on reduction,
which were obtained in the tensﬂe tests for single-layer
steels 10 and 08Cr18Nil0Ti and the bimetal “08Cr18Nil0Ti-
steel 107 It is obvious from Fig. la that the value of the
conventional yield strength of the initial bimetal is 1.9 times
higher than those of its constituents. This is explained by the
fact that a hardened weld zone is formed during EW.

The values of g, , increase with an increase in reduction for
all the materials. The value of the conventional yield strength
of 08Cr18Nil0Ti steel at a reduction of 30% has increased
threefold in comparison with the initial state before rolling.
With subsequent strain, the material is slightly hardened.
The value of o, for the bimetal after all rolling passes has
increased by 35% The hardening is evenly distributed. For
steel 10, after a reduction of 23.6%, a twofold increase in
the value of g, is observed, as compared to the initial state.
Further, the hardemng behavior is similar to that of the
bimetal, but the values of ¢, remain lower.

The values of ¢, , of the materlals constituting the bimetal
and the weld zone (see Fig. 1b) were defined using the method
of kinetic indentation and the method reported in [5]. The
data obtained for the bimetal materials according to the
method discussed in [5] are close to those obtained during
tension. This confirms the applicability of the technique
described in [5,6] to the determination of the mechanical
properties of materials. The exception is 08Cr18NilOTi
steel, for which the value of the conventional yield strength
obtained by the procedure described in [5] is 1.5 times
higher than the values obtained in tensile testing. Steels have
an austenitic structure in the initial state; however, under

Table 1. The thickness () of a bimetals and its separate layers, the total reduction of the strip and the layers after each reduction.

RedUCtion’ No tbimetal’ mm ’72’ % tUSCr]SNilOTi’ mm Noscrisnitors® % tsteel 1p> M Noeet 10> % tweld sone> T
0 5.8 - 1.9 - 3.9 - 0.4
1 4.88 15.9 1.81 4.7 3.07 37.3 0.4
2 4.4 22.6 1.8 53 2.6 46.9 0.35
3 3.97 31.6 1.59 16.3 2.38 51.4 0.3
4 3.27 43.6 1.43 24.7 1.84 62.4 0.1
5 2.96 49.0 1.18 37.9 1.78 63.7 0.1
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deformation, austenite changes into stronger strain-induced
martensite. After EW, strain-induced martensite appears in
08Cr18Nil0Ti steel. Besides, two entirely different stress-
strain patterns are observed under tension and indentation,
namely, those of tension and compression, respectively. As a
rule, the resistance of metals to compression is higher than
their resistance to tension; therefore, the values obtained in
these two types of testing differ.

After EW, the weld zone is the most stable region in the
bimetal; however, its o, , value is 40 MPa lower than for the
bimetal. When comparing the values of the conventional
yield strength of the bimetal and the weld zone at different
degrees of reduction, it is seen that these values are fairly
close, but g, , of the weld zone is lower. During the first three
passes, the conventional yield strength of the weld zone
increases to 680 MPa. Further, the mechanical properties of
08Cr18Nil0Ti steel after 3 passes (17,=31.6%) are aligned
over the entire material volume up to the physical weld
boundary. The weld zone is now considered to mean the area
between the physical weld boundary and partially hardened
steel 10. Therefore, the value of ¢, after the third pass in the
weld zone slightly decreases to 650 MPa.

Fig. S2 (Supplementary Information) shows an example
of a “08Cr18Nil0Ti-steel 10” print in the weld zone of the
bimetal. It is shown that part of the imprint is in the area of
steel 10, the largest part of it being in the area of the stainless
steel.

For the theoretical evaluation of the strength of
multicomponent systems, usually the mixture rule is
applied [12-13]; according to this rule, each constituent of
the composite makes its contribution to some mechanical
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characteristic, which is proportional to the value of the
considered characteristic for this constituent and the specific
volume of the constituent in the composite. The simplest
version is as follows [12]:

Opa2c = Zl GV, s (1)

where m is the number of constituents in the composite,
0,,. and o, are the conventional yield strengths of the
whole composite and each of the constituents, V is the
volume fraction of a constituent relative to the total
volume of the composite. There are many variations of the
rule (1). In particular, to describe the elastoplastic behavior
of bilayer clad composites, the following formula [13] is
used to determine the conventional yield strength of the
composite:

O02¢ = Ol |:1_R[1_%'11_—2j:j:| ) (2)
where o, is the strength of the metal of the basic layer; £ and
E,  are the elastic moduli of the cladding layer and the basis of
the constituents, v, and v are Poisson’s ratios; R is the ratio
of the thicknesses of the base and the entire composition.

When considering the “08Cr18Nil0Ti-steel 10” bimetal,
taking into account that the elastic module are 205 GPa for
08Cr18Nil0Ti steel and 200 GPa for steel 10 and the weld
zone and that Poissons ratio for metallic materials is 0.3
[4], the values of ¢, were obtained by formulas (1) and (2),
see Table 2. To calculate the conventional yield strength of
the bimetal after EW and incremental rolling, the values of
0,, obtained for initial and rolled single-layer steels 10 and
08Cr18Nil0Ti were used, see Fig. 1a.

c,, (MPa)

—o— Steel 10
300 —m— Steel 08Cr18Nil0Ti
| == Weld zone of
"08Cr18Nil0Ti - steel 10" bimetal
0 T T T T T 1
0 10 20 30 40 50 n (%)
b

Fig. 1. The values of o, , as dependent on the reduction for the bimetal and single-layer steels 10 and 08Cr18Ni10Ti, obtained under tension (a),
and those for the separate parts constituting the bimetal, calculated by the method reported in [5] (b).

Table 2. Conventional yield strength of the “08Cr18Nil0Ti-steel 10” bimetal.

. Obtained in tension| Calculated by (1), | Calculated by (2), Calculated by (1) Wlth. allowance made for the weld
Reduction, No : zone and the properties calculated by the method
testing, MPa MPa MPa .
proposed in [5], MPa
0 590 305 305 336
1 645 647 686 530
2 710 698 776 617
3 760 782 782 710
4 825 908 781 813
5 970 925 782 878
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The calculated values of ¢, , by formulas (1) and (2) for
the bimetal after EW are almost half the values obt ained in
the experiment. After the first pass of rolling, the values of
o,, theoretically calculated by formula (1) are in the same
range as those obtained experimentally. From the first to
the fourth passes, the values calculated by formula (2) are
close to the experimental ones, and they are 189 MPa lower
after the fifth pass. The difference between the experimental
and calculated data for the materials after EW is attributable
to the formation of a hardened weld zone during explosion
welding. With the further plastic deformation, the
constituents of the bimetal harden, the weld zone becomes
smaller, and hence the mechanical characteristics obtained
in experiments come into closer agreement with those
obtained analytically.

We performed a separate calculation using formula
(1), with the weld zone as a separate constituent, since we
know its fraction and o, ,. The values of o, , obtained by the
method proposed in [5] were used in the calculations for
both steels studied. As a result, in view of the weld boundary,
the calculated value of conventional yield strength for the
bimetal is below the experimental values.

5. Conclusions

1. The strain of the layers of the bimetal is uneven
during rolling. Initially, the least resistant material (steel 10)
undergoes a higher strain. When this layer reaches the
value of strain resistance of the second constituent (steel
08Cr18Nil0Ti), both layers are evenly strained. This
conclusion concerns double-layer bimetals, and it may be not
true for materials with a large number of layers.

2. The value of the conventional yield strength of the
bimetal is slightly higher than that in the weld zone.

3. The thickness of the weld zone decreases with the
increase in the amount of strain during rolling. Moreover,
on the side of the 08Cr18Nil10Ti steel layer, the properties of
steel and the weld zone tend to level off as number of passes
increases, and they become the same when the reduction
exceeds 49%. For the weld zone on the side of steel 10, up
to the maximum reduction, there is a weld zone, different in
properties from steels 10 and 08Cr18Nil0Ti.

4. The mixture rule can be used to calculate the theoretical
conventional yield strength for the bimetal after explosion
welding. However, the values obtained by the mixture rule are
close to the experimental values only after additional plastic
strain. After explosion welding, the theoretically calculated
conventional yield strength parameter proves to be lower
than the experimental one. This conclusion also applies to
the case when the mechanical properties of the weld zone are
taken into account.

5. The conventional yield strength value for the bimetal
after explosion welding is higher than the values for each
material individually. With further plastic strain, the
strength properties of the stack increase less intensively
than those of the stainless steel. This suggests that, in order
to save expensive alloying components, the bimetal can be
successfully used in mechanical engineering. In the case
of a large additional plastic strain of the bimetal during
production, its strength properties will be substantially lower

than those of the stronger 08Cr18Nil0Ti stainless steel. This
must be taken into account in the design and production of
parts and structures.
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