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ÓÄÊ 539.4

Èññëåäîâàíèå âëèÿíèÿ õîëîäíîé ïðîêàòêè íà ðàñïðåäåëåíèå

îñòàòî÷íûõ íàïðÿæåíèé â ïðèïîâåðõíîñòíûõ ñëîÿõ ìíîãî-

ñëîéíîãî ìàòåðèàëà, ïîëó÷åííîãî ñ ïîìîùüþ ñâàðêè âçðûâîì

M. Ñåäèãõè, Ì. Õîíàðïèøåõ

Èðàíñêèé óíèâåðñèòåò íàóêè è òåõíîëîãèè, Òåãåðàí, Èðàí

Èññëåäóåòñÿ âëèÿíèå õîëîäíîé ïðîêàòêè íà ðàñïðåäåëåíèå îñòàòî÷íûõ íàïðÿæåíèé â òðåõ-

ñëîéíûõ ëàìèíàòàõ èç àëþìèíèåâîãî è ìåäíîãî ñïëàâîâ, ïîëó÷åííûõ ñâàðêîé âçðûâîì. Ïîñëå

ïîëó÷åíèÿ ìíîãîñëîéíûõ îáðàçöîâ Al–Cu–Al ñ ïîìîùüþ ñâàðêè âçðûâîì èõ ïîäâåðãàëè õîëîä-

íîé ïðîêàòêå äî óìåíüøåíèÿ òîëùèíû íà 11, 30, 40 è 56%. Ïðîôèëè ðàñïðåäåëåíèÿ îñòà-

òî÷íûõ íàïðÿæåíèé ïî ãëóáèíå ñâàðåííûõ âçðûâîì è õîëîäíîêàòàíûõ ìíîãîñëîéíûõ îáðàçöîâ

èçìåðÿëè ïðè ïîñëåäîâàòåëüíîì âûñâåðëèâàíèè â íèõ îòâåðñòèÿ. Ïîëó÷åííûå ðåçóëüòàòû

ïîêàçûâàþò, ÷òî íà ïîâåðõíîñòè ñâàðåííîãî âçðûâîì ìíîãîñëîéíîãî ìàòåðèàëà îòìå÷àþòñÿ

âûñîêèå ðàñòÿãèâàþùèå îñòàòî÷íûå íàïðÿæåíèÿ, óðîâåíü êîòîðûõ ñíèæàåòñÿ â ðåçóëüòàòå

õîëîäíîé ïðîêàòêè. Óñòàíîâëåíî, ÷òî óðîâåíü ðàñòÿãèâàþùèõ îñòàòî÷íûõ íàïðÿæåíèé íà

ïîâåðõíîñòè õîëîäíîêàòàíûõ ìíîãîñëîéíûõ îáðàçöîâ îêàçûâàåòñÿ âûøå ïðè õîëîäíîé ïðî-

êàòêå, îáåñïå÷èâàþùåé áîëüøåå óìåíüøåíèå òîëùèíû îáðàçöîâ.

Êëþ÷åâûå ñëîâà: îñòàòî÷íûå íàïðÿæåíèÿ, ñâàðêà âçðûâîì, ñíèæåíèå òîëùè-

íû, êîýôôèöèåíò êàëèáðîâêè.

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.

1.1. Incremental Hole-Drilling. In the IDH method, calculation is based on

the experimental strain measured at each increment of depth �n
1 , �n

3 and calibration

coefficients An and Bn [13]. If a 45� rosette is used (Fig. 1), the unknown

principal stresses �1n and � 2n can be calculated from Eq. (1):

Fig. 1. Strain gauge rosette arrangement for determining residual strain [12].
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A 3D finite element model can be used to compute the An and Bn calibration

coefficients [13, 14]. Therefore, these coefficients are derived via Eqs. (2) and (3):
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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/m3. The explosive thickness was equal to 14 mm.

The initial thickness of explosive-welded multilayer was equal to 3.78 mm

( tAl � 1.35 mm–tCu � 0.97 mm–tAl � 1.46 mm) and the multilayer was rolled to

provide 11, 30, 40, and 56% thickness reduction (Fig. 2).

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.

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

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

Fig. 3. Through-depth calibration coefficients in explosive-welded and cold-rolled multilayers.
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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.

Fig. 4. Through-depth residual stress in explosive-welded and cold-rolled multilayers.
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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;

(ii) the calibration coefficients An and Bn 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.

Ð å ç þ ì å

Äîñë³äæóºòüñÿ âïëèâ õîëîäíî¿ ïðîêàòêè íà ðîçïîä³ë çàëèøêîâèõ íàïðóæåíü

ó òðèøàðîâèõ ëàì³íàòàõ ç àëþì³í³ºâîãî òà ì³äíîãî ñïëàâ³â, ùî îòðèìàí³ âèáó-

õîâèì çâàðþâàííÿì. Ï³ñëÿ îòðèìàííÿ áàãàòîøàðîâèõ çðàçê³â Al–Cu–Al âèáó-

õîâèì çâàðþâàííÿì ¿õ ï³ääàâàëè õîëîäí³é ïðîêàòö³ äî çìåíøåííÿ òîâùèíè

íà 11, 30, 40 è 56%. Ïðîô³ë³ ðîçïîä³ëó çàëèøêîâèõ íàïðóæåíü ïî ãëèáèí³

õîëîäíîêàòàíèõ áàãàòîøàðîâèõ òà îòðèìàíèõ âèáóõîâèì çâàðþâàííÿì çðàç-

ê³â âèì³ðþâàëè ïðè ïîñë³äîâíîìó âèñâåðäëþâàíí³ â íèõ îòâîðó. Ðåçóëüòàòè

ïîêàçóþòü, ùî íà ïîâåðõí³ áàãàòîøàðîâîãî ìàòåð³àëó, îòðèìàíîãî âèáóõîâèì

çâàðþâàííÿì, â³äì³÷àþòüñÿ âèñîê³ ðîçòÿæí³ çàëèøêîâ³ íàïðóæåííÿ, ð³âåíü

ÿêèõ çìåíøóºòüñÿ ï³ä ÷àñ õîëîäíî¿ ïðîêàòêè. Óñòàíîâëåíî, ùî ð³âåíü ðîçòÿæ-

íèõ çàëèøêîâèõ íàïðóæåíü íà ïîâåðõí³ õîëîäíîêàòàíèõ áàãàòîøàðîâèõ çðàç-

ê³â º âèùèì ïðè õîëîäí³é ïðîêàòö³, ùî çàáåçïå÷óº çíà÷íî á³ëüøå çìåíøåííÿ

òîâùèíè çðàçê³â.
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