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Abstract
Introduction. The modern development of stamping aircraft manufacturing is inextricably linked with the assessment of

the limiting capabilities of sheet blanks. However, the issue of defect-free forming of blanks made of aviation aluminum
alloys is understudied. The importance of this issue is due to the fact that aluminum alloys are often used in the
manufacture of thin-walled products for aviation purposes. During the implementation of shaping processes, various
defects may appear, specifically, corrugation or unacceptable thinning. In this regard, the objective of the work was to
construct a diagram of the limit deformations of the base aviation alloys and to conduct a comparative analysis of the
limit deformation curves for these materials.

Materials and Methods. Logarithmic deformations with the property of additivity were used to account for large
deformations. The construction of the diagram of the limit deformations was carried out in the formulation of the
deformation theory of plasticity. The issue of constructing a diagram of limit deformations was considered on the basis
of the positivity criterion of the loading force derivative. In the area of negative values of the smallest major
deformations, the Hill criterion was used to construct the limit deformation curve, and in the area of positive values of
the smallest major logarithmic deformations, the Swift criterion was used. When constructing the limit deformation
diagram, a power approximation of the hardening rule was used.

Results. The curves of limiting deformations for the following aviation alloys were obtained: AMg6, D16AT, AMg2M,
1201-T, AMcM. According to the comparative analysis of the areas of safe forming, the values of deformations of the
beginning of necking and their influence on the change in the position of the curve of the limiting deformation of blanks
were compared: the greater the deformation of the neck formation, the higher the position of the curve of the limiting
deformations. The concept of the Keeler's limit deformation diagram was described. Approaches to the construction of
the Hill-Swift criteria used on the basis of the results of tensile testing of sheet specimens were presented.

Discussion and Conclusions. Based on the constructed curves of limiting deformations for aviation alloys, AMg-6,
D16AT, AMg2M, 1201-T, AMcM, the following has been found. AMg2M alloy has the largest area of safe forming,
1201-T alloy has the smallest one. That is explained by the difference in relative deformations of the beginning of neck
formation. The conducted research made it possible to evaluate the possibilities of defect-free forming of thin-walled
blanks made of basic aviation aluminum alloys. The use of the constructed diagrams of limiting deformation will

provide predicting the appearance of breaks in the process of forming sheet blanks.
Keywords: sheet stamping, forming limit diagram, logarithmic strains, Hill-Swift diagram.
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ITocTpoenune nmarpamMmbl npeaeabHbIX AeopMannii GopMon3MeHeHus!
JINCTOBBIX 3ar0TOBOK M3 ABMAIIMOHHBIX AJJIOMHMHHEBBIX CIIJIABOB
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AHHOTAUUA
Beeoenue. CoBpeMEHHOE pPa3BUTHE IITaMIIOBOYHOTO aBUACTPOUTEIHLHOTO MPOU3BOJICTBA HEPA3phIBHO CBSI3aHO C

OIICHKOH TpemeNbHBIX BO3MOXKHOCTEH JIHCTOBEIX 3aroToBoK. OJHAKO MAaJIOM3YYCHHBIM SIBIIICTCS  BOIIPOC
6e3neeKTHOro (hOPMOU3MEHECHHUS 3arOTOBOK M3 aBHAIIMOHHBIX aJIFOMUHHMEBBIX CIUIAaBOB. Ba)KHOCTH MAHHOTO BOIpOCa
CBs3aHA C TEM, YTO ANIOMHHHEBHIC CIUIABBI JOCTATOYHO YaCTO HCIOJNB3YIOTCS TPH HM3TOTOBICHHUH TOHKOCTEHHBIX
U3JCNIUi  aBHAIIMOHHOTO HasHayeHus. [lpu peanmuzamuu mporeccoB (HopMooOpa3oBaHUS BO3MOXHO MOSBICHUE
pa3IHIHBIX Ae(peKToB — roppoodpa3oBaHMs WA HEAOIMYCTHMOTO YTOHCHHA. B CBS3H ¢ 3THM Lenbi0 paboTHl SBISIOCH
MMOCTPOCHKE TUArPAMMBI TPEACIBHBIX Ne(OpPMAaIUii OCHOBHBIX aBHAI[HOHHBIX CILIABOB M MPOBEACHUC CPABHUTEIHHOIO
aHaIN3a KPUBBIX IPEAeTbHOTO 1e(hOPMHUPOBAHHUS ISl JAHHBIX MaTEPHAIIOB.

Mamepuansl u memoost. J1ns ydera Oonbmux aedopmanuii ObLIM HCHOJB30BaHbI Jiorapudmuueckue nedopmann,
o0Jamarolue CBOWCTBOM aJMTUBHOCTH. [loCTpoeHHe aMarpaMmbl MpeleibHbIX jaedopMaiuii (hopMOU3MEHEHUS
MIPOBOJIMIIOCH B TTOCTAaHOBKE Je(POpPMAIMOHHON TEOPUH ILIACTUYHOCTH. BOIpOC MoCTpoeHus TuarpaMMbl MpeaeTbHBIX
nedhopmanuii pacCMOTPEH Ha OCHOBAaHUM KPUTEPHS TMOJOKUTEIHHOCTH MPOU3BOJHOMN CHUJIBI HarpyxeHus. B obmactu
OTPHUIIATEIFHBIX 3HAUCHWA HAUMCHBIIMX TJAaBHBIX JOedopMamuii s TOCTPOCHUS KPHUBOH MpEAeThbHOTO
ne(OPMHUPOBAHUS HCIIOIB30BANICS KpuTepuil XWiula, a B 30HE IMOJIOKUTCIbHBIX 3HAYCHUN TJIABHBIX HAUMEHBIIUX
norapudmmdeckux nepopmanuit — xpurepuit Cpudra. [Ipu mocTpoeHUn AHarpaMMBl MPEaSIEHOTO 1e(hOPMUPOBAHUS
HCTIOJIb30Bajach CTETIEHHAS allPOKCUMAITUS 3aKOHA YIIPOUYHEHUSI.

Pesynomamut uccnedosanusn. IlorydeHbl KpUBBIC TPENENBHBIX IehOpMannil UIs aBHAMOHHBIX CIUIaBOB: AMr-6,
H16AT, AMr2M, 1201-T, AMuM. CorjacHO NpPOBEICHHOMY CpPaBHHUTEIBHOMY aHanu3y objacteil 0e30macHOro
(hopMOM3MEHEeHHs, COTIOCTABIICHBI 3HaYCHHS JaedopMaluii Havyaia MIeHKooOpa30BaHWs W WX BIHSHHE Ha M3MCHEHUC
MOJIOKCHUST KPUBOHM MpeaesbHOro ae)OpMUPOBAHUS 3ar0OTOBOK: 4eM Oouibliie jaedopMmalius IeHKo0Opa3oBaHUs, TEM
BEIIIIE TIOJIO)KEHUE KPUBOW MpeneNbHBIX nedopmanuid. OmrcaHa KOHIENNUSA AWarpaMMbl IpeAelbHBIX IedopManuii
Kunepa. IlpencraBieHbl MOAXOAbI K MOCTpOcHHIO KpuTepueB Xwwia ¥ CBu]Ta, HCMOIB3YEeMbIX IO Pe3yjbTaTam
WCTBITAHUS JINCTOBBIX 00Pa3IOB HA Pa3phIB.

Oobcysrycoenue u 3axniovenus. Ha oCHOBaHMM MOCTPOEHHBIX KPHUBBIX MpPENENbHBIX JeGopMalivii I aBUAIlMOHHBIX
cuiaBoB AMr-6, [J16AT, AMr2M, 1201-T, AMuM BBISICHWIM, YTO HaWOOJBIIYHO OONACTh OE30MacHOTO
(dhopmonsmeneHus umeet ciaB AMr2M, HanMmenbiyro — crutaB 1201-T, 9To 00BbsSCHAETCS OTINYIUEM OTHOCUTEIBHBIX
nedopMmanuii Havanma mIeikooOpasoBaHus. [IpOBEEHHOE WCCICAOBAaHWE IO3BOJIMJIO OICHHUTH BO3MOXHOCTH
6e3nedexTHOr0 (POpMOM3MEHEHHSI TOHKOCTEHHBIX 3arOTOBOK M3 OCHOBHBIX aBHAIIMOHHBIX AFOMHUHUCBBIX CILIABOB.
[IpuMeHeHHE TOCTPOCHHBIX THArpaMM IPEACIbHOr0 Ae(GOPMUPOBAHKS IO3BOJMT MPOTHO3MPOBATH IIOSBICHUE

Pa3pbIBOB B IIpOIIECCe (1)0pM006pa30BaH1/m JIMCTOBBIX 3aroTOBOK.
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KaioueBble cioBa: nuCTOBas IITAaMIIOBKA, JUarpamMMa INpeelbHbIX nedopmanuii, iorapudmuueckue neopmanuy,

nuarpamma Xwa-Ceudra.

Baaronapuoctu. ABTopsl BelpaxkaroT OsarogapHocts «CoBety 1o rpanram Ilpesunenrta Poccuiickoit @enepannu amst
rOCyJapCTBEHHOH IOIAEPKKHA MOJIOABIX POCCHHUCKHX YYEHBIX M II0 TOCYHAPCTBEHHOH MOANEPIKKE BEIYIIUX HAYYHBIX
ko Poccuiickoit @enepannny» 3a GUHAHCOBYIO MOJICPKKY JUISI IPOBEACHUS HCCIICIOBAHUS B paMKaxX CTUICHIUHU IO
mpoekty CI1-2200.2022.5 «Pa3paboTka Mopeneii W alnropuTMOB pacuéra IUIacTHIecKoro (opMooOpa3oBaHUs

3aroTOBOK IITAMIIOBOYHOI'O ITPOU3BOACTBAY.

Jna unurtupoBanusi: Peoktictor C.H., AnmpmanoB W.K. Tloctpoerme nmarpamMMbl TpenenbHBIX —JedopMarimit
(opMOM3MEHEHHS JIMCTOBBIX 3ar0TOBOK M3 aBUALIMOHHbBIX ATFOMUHKEBBIX criaBoB. Advanced Engineering Research (Rostov-
on-Don). 2023;23(1):7-16. https://doi.org/10.23947/2687-1653-2023-23-1-7-16

Introduction. Modern development of the aviation production is inextricably linked with the study of sheet
stamping processes. One of the key problems in the task of shaping is the defect prediction, in particular, thinning,
ruptures, corrugation. These issues are related to the assessment of the limits of the blank. By forming limit of a sheet
blank, we will mean the ability of the material to deform to the required geometry without necking or destruction.

To date, the problem of predicting defects of sheet blanks in the stamping process is solved using the following
methods:

— empirical, based on mechanical tests for simple stretching of metal samples, thin sheets and tapes, bending tests,
as well as pipe testing methods for flaring and broaching;

— theoretical and empirical, which are based on the use and dissemination of the test results of samples for uniaxial
tension to other schemes of deformation of blanks;

— theoretical, which are based on the use of criteria for limit deformation, specifically, in the manufacture of thin-
walled products. The founders of these methods were J. Sachs, R. Hill, A. D. Tomlenov, V. D. Golovlev, G. D. Del,
Z. Marciniak, A. D. Matveev, J. D. Lubahn [1-20].

It should be noted that the disadvantage of empirical and theoretical-empirical methods is the limited use of the
results.

The most important step in solving the problem of predicting defects of thin-walled products was the development
of the concept of the forming limit diagram (FLD) proposed by S. P. Keeler [16—20], which today is generally accepted
in solving sheet stamping problems. FLD diagrams are widely used in AUTOFORM and PAM-STAMP 2G CAE
software systems.

Experimental methods for constructing deformation diagrams are based on the test methodology presented in the
works of Marciniak and Nakazima. It should also be noted that the issues of plastic destruction of sheet blanks were
considered in [17-19]. In the last decade, interest in the construction of FLD diagrams has grown significantly. Most
foreign studies are aimed at experimental construction of diagrams for specific materials, as well as numerical modeling
of shape-changing processes using finite element methods [20-30]. Theoretical aspects of the construction of DFD
diagrams and deformation diagrams of the third kind are presented in [31, 32].

It is important to note that the diagram of limit deformations provides estimating the beginning of neck formation,
which ends with the destruction of the sample in the process of deformation. The FLD diagram binds the values of the
main logarithmic deformations acting in the plane of the sheet. Forming limit diagrams enable not only to predict the
destruction of the blank, but also to assess the presence of other defects, in particular, wrinkling, thinning, which, in
turn, reduce the quality of the stamped part. The main zones of the FLD diagram are the zones of destruction, possible

ruptures, safe forming, probable formation of folds, and wrinkling (Fig. 1) [31].
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Fig. 1. Forming limit diagram: 1 — zone of destruction; 2 — zone of possible ruptures; 3 — zone of safe forming;

4 — zone of probable formation of folds; 5 — zone of wrinkling [31]

Materials and Methods. When describing the processes of forming thin-walled blanks, the moment of transition to

the plasticity stage is determined in accordance with the Huber-von Mises criterion [33]:

0; =\ 0% + o} — 0,0, = or,

where o, g, — primary true stresses, at o; = 0 due to the light gauge of the blank; o; — intensity of true stresses;

or — Yield strength.
According to the deformation theory of plasticity, the relationship between the intensity of stresses and the intensity
of logarithmic deformations is defined as:
er=_Y(o1-30,),
s or-) .
i
where ey, e,, — principal deformations.

Since in sheet stamping tasks, the shaping processes can occur in several transitions, therefore, large deformations
are considered. The use of relative deformations is unacceptable. In this regard, the deformed state in (1) is presented in
true logarithmic deformations.

Intensity of the principal deformations:

2
e = NG /elz +eZ +eje,.

The ratio of the principal deformations and the primary true stresses:

a=2p=2, @

e ’ g1
Based on ratio (1) and (2), the relationship between « and g is determined by:

B = 2a+1 (3)

2+a’

According to expression (2), the Huber-von Mises criterion has the form:

0y =011 —-B+B%=o0r,

and the intensity of deformations:
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ei=%81v1+a+a2. 4)

To assess the onset of necking, the criterion of positivity of the derivative of the loading force is currently used, the
founders of which were G. Sachs and J. D. Lubahn [17]. According to the described criterion, the deformation of the
sample is stable with a positive increment of the tensile force. The moment of unstable deformation with subsequent

stretching starts at AP = 0 and continues at AP < 0 (Fig. 2).

P
‘ AP =0

Pmax

~

AP >0 AP <0

- Al

Fig. 2. Indicator diagram of uniaxial tension of the sample [33]

The deformation diagram of aluminum alloys obtained by the results of the uniaxial tensile test is approximated by a
power function in the theoretical analysis of the diagrams of the limit deformations of the shape change [18, 19, 31, 32]:

gs = Ae™ uiu g; = Ae',
where gg = P/F — true stress; P — tensile force; F— current cross-sectional area of the sample; e =In(1 +
Al/l,), while A and n — coefficients of the power approximation.

Using the criterion of positivity of the derivative of the loading force and the power approximation of the
deformation diagram of the third kind, it is possible to obtain a relationship between the limit deformation of the sample
at the time of the occurrence of the diffuse neck and the power approximation coefficient n under condition
AP = 0 (Fig. 3) [32]:

ey = €y = N. (5)

It is significant that relation (1) is performed using logarithmic deformations. In case of using relative deformations,

only approximate equality is possible.

Pmax

(%1 *del
[

3

de,

P

+ de‘3 *

a) b) c)
Fig. 3. Occurrence of a diffuse neck under uniaxial tension of a flat sample:

a — sample; b — stress state; ¢ — deformed state [33]

Consider the stress state of a plate to which two tensile forces are applied at the edges, i.e., the blank experiences
biaxial tension (Fig. 4).
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Fig. 4. Stress-strain state of the plate under biaxial tension: a — plate; b — stress state; ¢ — deformed state [33]

Using the criterion of positivity of the derivative of the loading force, we determine the deformation limit value e;,
at the moment when forces P, or P, are maximum. For the case when F,/F; = const, P, /P, = const, at the moment of
maximum tensile forces dP; = dP, = 0. H. W. Swift [19] proposed the relation for the limit deformation:

(1- B+

4 — 3B —3B% + 4p%
According to expressions (2)—(4), the relation for describing the curve of limit deformations at various exponents of

eim = 4n

power approximation in the hardening zone has the form:
4(e; —n)(ey + 2e1)% —3(e; — 2n)(ey + 2e,)(e; + 2€4)% —
—3(e; + 2n)(e, + 2e;)(e; + 2e,)% + 2(2e; + n)(e; + 2e,)3 = 0. (6)

It is known from the experimental and theoretical studies that after the occurrence of a diffuse neck, plastic
deformation of the sample continues. Thereafter, a localized neck may occur, which differs from the diffuse one not
only in size, but also in that its occurrence and development are carried out under conditions of flat deformation with
intensive thinning of the sample.

According to R. Hill [20], the limit deformation criterion is determined by the moment of formation of the local
neck, at which the increment of the total force is zero. In this case, the relation for the limit deformation is determined
by the expression:

2)1/2

1-B+B
el-m =2n (T

()

Taking into account expressions (2), (4), expression (7) for constructing a limit deformation diagram according to
the Hill criterion has the form:

e;+e,—n=0. (8)

It should also be noted that the described approach is consistent with the finite element method, which has been

widely used to construct FLD diagrams of various materials in recent years [21-29].

Research Results. In practice, we will construct the FLD diagram using two criteria [31], namely: the Hill criterion,
which is used for e, < 0 according to (8); the Swift criterion, which is used for e, > 0 according to (6). Let us consider
the application of these relations to construct the curve of the limit deformations of aluminum alloys widely used in the
aviation industry at known values of deformation of necking: &, = 0.18 (AMg6), ¢, = 0.16 (D16AT), ¢, = 0.2
(AMg2M), &, = 0.06 (1201-T), &, = 0.1 (AMcM) [34].

Determining e,, from formula e, = In(1 + ¢,,) and using expression (5), we obtain the value of the strain-hardening
indices: n = 0.17 (AMg6), n = 0.15 (D16AT),n = 0.18 (AMg2M), n = 0.06 (1201-T), n = 0.09 (AMcM). Then, the

Hill-Swift diagram, according to (6), (8), will take the form shown in Figure 5.
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Fig. 5. FLD-Hill-Swift diagrams for various aviation alloys: 1 — AMg6 alloy; 2 — D16AT alloy;
3 — AMg2M alloy; 4 — 1201-T alloy; 5 — AMcM alloy

Discussion and Conclusions. According to the constructed curves of limit deformations, AMg2M alloy has the
largest area of safe forming of the five alloys studied, 1201-T alloy has the smallest one. That is due to differences in
the deformation properties of materials, specifically, the difference in the deformations of the necking onset. In AMg2M
alloy, the relative deformation of the beginning of neck formation is 20 %, and in 1201-T alloy — 6 %.

Thus, on the basis of data on the hardening curves, power approximation and deformation of necking for aviation
aluminum alloys AMg6, D16AT, AMg2M, 1201-T, AMcM, curves of limit deformations of forming have been
constructed, providing for the determination of the zone of safe deformation of sheet blanks. The study results are of
practical importance in solving sheet stamping problems for these materials to predict unacceptable thinning, raptures,
and wrinkling of thin-walled blanks.
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