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HccaenoBanue BJIMSAHHSA XOJOAHOH NPOKATKH Ha pacnpeaejieHHe
OCTATOYHBIX HANPSKEHUH B NPHINOBEPXHOCTHBIX CJOSIX MHOIO-
CJI0HOI0 MaTepuaJia, MOJYy4YeHHOI0 ¢ MOMOIIbLI0 CBAPKH B3PbIBOM

M. Cepurxu, M. Xonapnuiex

Wpanckuil yHUBEpCcUTET HAyKH U TexHosoruw, TerepaH, Mpan

Hccnedyemcs enusanue X0N00HOU NPOKAmMKU HA pacnpedenenue OCMAmoyHbiX HANPSiCeHUl 6 mpex-
CTIOTHBIX TAMUHAMAX U3 ATIOMUHUEB020 U MEOHO20 CHIABO8, NOIYUEHHBIX C8APKOU 63pbleom. Tlocie
noayuenus MHo2ocaounvlx 06pazyos Al-Cu—Al ¢ nomowpio ceapku 83pvi6om ux noodeepeanu xo100-
noul npoxkamke 00 ymenvutenus monwunvt na 11, 30, 40 u 56%. Ilpoguiu pacnpeoenenus ocma-
MOYHBIX HANPANCEHUTI NO 2TYOUHE CEAPEHHBIX 83PbIBOM U XOIOOHOKAMAHIX MHO2OCIOUHBIX 00PA3106
UBMEPAIU NPU NOCIE008AMENLHOM BbICEePIUGAHUY 6 HUX omeepcmus. [lonyuennvie pesyrvmanol
NOKA3bI6AIOM, YMO HA NOBEPXHOCIU CBAPEHHOLO 63PbIBOM MHOOCIOUHO20 MAMEPUANA OMMEYAIOMCSL
BbICOKIUE PACMALUBAIOUUE OCMATNOYHBLE HANPANCEHUS, YPOBEHb KOMOPBIX CHUMCACMCS 6 Pe3ybmame
XONOOHOU NPOKAMKU. YCMAHOBNEHO, YMO YPOBeHb PACMASUBAIOUIUX OCTNAMOUHBIX HANPAHCEHUL HA
NOBEPXHOCMU XONOOHOKAMAHBIX MHO2OCIOUHBIX 00PA3YO8 OKA3bIBACMCA Gblule NpU XO0JN0OHOU Npo-
Kamke, obecneyusaroujeli OObLUEe YMeHbLUEHUEe MOTUWUHBL 00PA3106.

Knrwouesvie cnosa: ocraToyHble HANPSHKEHUS, CBApKa B3PBIBOM, CHIKCHUE TOJIIIHU-
HBI, KO3GOUIINESHT KaTHOPOBKH.

Introduction. New explosive-welded multilayer materials superior corrosion/
wear resistance and mechanical properties and are used in aerospace and nuclear
industries [1]. The explosive welding is known as an unconventional technique [2].
Similar and dissimilar materials such as aluminum and copper are bonded together
using this process [3—6]. Because of high energy density of explosive material, the
process can join high surface area of plates [7].

Residual stresses are produced in explosive-welded multilayer due to different
linear expansion coefficients of dissimilar materials [8—10]. The created residual
stresses in the explosive-welded multilayers affect the mechanical properties of
multilayers. Therefore, it is necessary to evaluate residual stresses in explosive-
welded multilayers. Residual stresses in engineering structures are created by a
variety of different mechanisms and influence crack initiation, crack growth and
fracture [11]. Incremental hole-drilling (IHD) method can be used to evaluate
non-uniform residual stress in thickness direction of explosive-welded multilayers
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[12]. Measurement of residual-stress distribution by the incremental hole-drilling
method was carried out by Niku-Lari et al. [13]. They proposed a new method of
calibration and have shown how the finite element analysis can be used for the
determination of the correlation coefficients. Development of the high-precision
incremental-step hole-drilling method for the study of residual stress in multi-layer
materials was performed by Montay et al. [14]. They obtained the residual stress
gradient in the test specimen. Numerical evaluation of residual stress in an
explosive-welded multilayer has been done by Wang et al. [15], who predicted that
the maximum residual stress occurred in the interface of multilayer. The IHD
method has been described in the ASTM E837-08 [12]. Therefore, the IHD method
is a standard approach to estimate the non-uniform residual stress in the depth of
explosive-welded multilayers.

To the best of authors’ knowledge, experimental measurement of the in-depth
residual stress in the explosive-welded multilayers and effect of cold rolling on the
residual stress distribution are not reported so far. Therefore, the aim of the present
paper is to study the measurement of residual stress gradient in Al-Cu—Al
multilayers by using the IHD method. In this paper, the material and explosive
welding tecnique, as well as theory of measurement of residual stress, are
discussed. Then the cold rolling process was used to reduce the thickness of
explosive-welded multilayer. Through-depth residual strain was measured using
strain indicator. Calibration coefficients have been obtained using finite element
modeling. Finally, through-depth residual stress was obtained in the explosive-
welded and cold-rolled multilayers.

1. Residual Stress Measurement. In this section, firstly the theory of
measurement method is explained. Then the material and explosive welding
conditions are discussed.

v
V.

Fig. 1. Strain gauge rosette arrangement for determining residual strain [12].

1.1. Incremental Hole-Drilling. In the IDH method, calculation is based on
the experimental strain measured at each increment of depth & }1 , 8,31 and calibration

coefficients 4, and B, [13]. If a 45° rosette is used (Fig. 1), the unknown
principal stresses 0, and 0,, can be calculated from Eq. (1):
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_£,(4, +B,sin20,)—¢n(4, — B, cos20,,)

Pin= 24,B,(sin20, + cos20,)Ah,, ’
1
_2(A, + B, c0s20,)—¢,(4, — B,sin20,) M
O = 24,B, (sin20, +cos20, )Ah,

A 3D finite element model can be used to compute the 4, and B, calibration
coefficients [13, 14]. Therefore, these coefficients are derived via Egs. (2) and (3):

4 = ell + 6‘3 )
n_zAhn(Oln+02n) ( a)
or
4 = eisin20n+£icos20n b
" AR (0, +0,,)(sin26, +c0s26,)’ (20)
1 3
&, — &
B — n n
" DA (0, — 0,)c0820, (32)
or
1 2
E,—¢&
B 1t (3b)

"7 Ah (04, — 0, )(sin20, +c0s26,)

2. Materials and Procedures. In this study, the parallel arrangement was
used for experimental setup of explosive multilayer. The structure of the composite
multilayer was such that the copper layer setting in the middle with aluminum
alloy layers on both sides is produced by a single explosive welding method. The
explosive material was AMATOL, of detonation velocity 2500 m/s. Density of
AMATOL is equal to 800 kg/rn3 . The explosive thickness was equal to 14 mm.
The initial thickness of explosive-welded multilayer was equal to 3.78 mm
(tp = 1.35 mm—tc, = 0.97 mm—¢,; = 1.46 mm) and the multilayer was rolled to
provide 11, 30, 40, and 56% thickness reduction (Fig. 2).

Explosive (AMATOL)

Al Layer Cold rolling
—>

Al Layer

Anvil

Fig. 2. Schematic view of parallel arrangement of explosive welding and cold rolling process.

The hole-drilling operation was performed at the speed equal to 20,000 rpm
and the strain data were measured using the strain indicator Vishay.
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3. Result and Discussion. In this study, measurement of the through-depth
residual stress has been performed in the explosive-welded and cold-rolled
multilayers. For this purpose, measurement of strain in the multilayers has been
performed using strain-gauge of type A (Fig. 1).

To investigate the residual stress distribution in the multilayers, it is necessary
to obtain the calibration coefficient in multilayers. The finite element method
(FEM) analysis can be applied to obtain calibration coefficients [13, 14]. Figure 3
shows this value in through-depth of multilayers for explosive-welded and each
thickness reduction.
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Fig. 3. Through-depth calibration coefficients in explosive-welded and cold-rolled multilayers.

The distributions of residual stress in the Al-Cu—Al multilayers strip (near the
surface of multilayers) are depicted in Fig. 4 by using the measured strain data, the
calibration coefficients (Fig. 3), and Eq. (1).

The results obtained show that the surface of explosive-welded multilayer
(aluminum layer) is subjected to high tensile residual stresses. The residual stress
values decrease through the thickness of multilayer. The cold rolling process
decreases the tensile residual stresses at the surface of explosive-welded multilayer.
Noteworthy is that the level of surface residual stresses is higher in specimens with
higher values of thickness reduction (Fig. 5).

Tensile residual stresses in the products are generally undesirable because they
reduce the elastic limit of the products and promote tendency to warpage during
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Fig. 4. Through-depth residual stress in explosive-welded and cold-rolled multilayers.
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Fig. 5. Thickness reduction influence on surface residual stress.

subsequent machining operations. The tensile pattern of residual stresses at the
surface is particularly undesirable, insofar as it causes an increased susceptibility to
fatigue and stress corrosion. Explosive welding process induces generation of
temsile residual stresses at the surface of multilayer material, which may cause
cracking of this surface. Therefore, tensile residual stress can be reduced by using a
low thickness reduction.
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Conclusions. In this study, measurement of through-depth residual stresses in
explosive-welded and then cold-rolled Al-Cu—Al multilayers have been performed
by using incremental hole-drilling method. The following points can be concluded
from this study:

(i) the IHD method has been used to predict the through-depth residual stress
in the explosive-welded and cold-rolled multilayers;

(i1) the calibration coefficients 4, and B, were calculated by using the FEM
analysis;

(iii) high tensile residual stresses have been shown to occur at the surface of
explosive-welded multilayers;

(iv) the cold rolling process reduces the surface residual stresses of explosive-
welded multilayer;

(v) cold rolling with higher thickness reduction produces higher level of
surface residual stresses.

Pe3ome

JlocIiKy€eThCsl BIUIMB XOJIOHOT MPOKATKH HAa PO3IOJLT 3aJUIIKOBHX HANPY>KEHb
y TPHUILIAPOBUX JIaMiHATaX 3 aTIOMiHIEBOrO Ta MiJHOTO CIUIaBIB, IO OTpPUMaHi BUOY-
XOBUM 3BaproBaHHsAM. [licig orpumanns OararomapoBux 3paskiB Al-Cu—Al BuOy-
XOBUM 3BapIOBaHHAM iX MiJIaBAIM XOJIOAHIN MPOKATLi JO 3MEHIICHHS TOBIIMHH
Ha 11, 30, 40 u 56%. Ilpodini po3noaisy 3aJIMIIKOBUX HAIPY)XEHb 0 TTIHOUHI
XOJIOZHOKAaTaHUX OaraToIIapoOBUX Ta OTPUMAaHUX BHOYXOBUM 3BaplOBaHHAM 3pa3-
KiB BUMIPIOBAJIN TIPH TOCIHTITJOBHOMY BHCBEP/UTIOBaHHI B HUX OTBOpPY. Pesymbpratn
MOKa3yloTh, 0 HA MOBEPXHi 0araromapoBoro Marepianry, OTPUMaHOTO BUOYXOBUM
3BapIOBaHHSM, BiMIYarOTbCS BHCOKI PO3TSDKHI 3aJIMIIKOBI HAIPY)KEHHSI, PiBEHb
SIKMX 3MEHILIYETHCS 1] Yac XOJIOAHOI IPOKATKU. Y CTaHOBJICHO, IO PIBEHBb PO3TSIK-
HUX 3aJIMIIKOBHX Halpy>KEHb Ha MOBEPXHI XOJOAHOKATAHUX OaraTolIapoBHX 3pa3-
KiB € BUIIMM TIPW XOJIOJHIA MPOKATIi, 10 3a0e3nedye 3Ha4HO OiIbIe 3MEHIICHHS
TOBIIMHHU 3pa3KiB.
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