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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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Аннотация 

Введение. Современное развитие штамповочного авиастроительного производства неразрывно связано с 

оценкой предельных возможностей листовых заготовок. Однако малоизученным является вопрос 

бездефектного формоизменения заготовок из авиационных алюминиевых сплавов. Важность данного вопроса 

связана с тем, что алюминиевые сплавы достаточно часто используются при изготовлении тонкостенных 

изделий авиационного назначения. При реализации процессов формообразования возможно появление 

различных дефектов — гофрообразования или недопустимого утонения. В связи с этим целью работы являлось 

построение диаграммы предельных деформаций основных авиационных сплавов и проведение сравнительного 

анализа кривых предельного деформирования для данных материалов. 

Материалы и методы. Для учета больших деформаций были использованы логарифмические деформации, 

обладающие свойством аддитивности. Построение диаграммы предельных деформаций формоизменения 

проводилось в постановке деформационной теории пластичности. Вопрос построения диаграммы предельных 

деформаций рассмотрен на основании критерия положительности производной силы нагружения. В области 

отрицательных значений наименьших главных деформаций для построения кривой предельного 

деформирования использовался критерий Хилла, а в зоне положительных значений главных наименьших 

логарифмических деформаций — критерий Свифта. При построении диаграммы предельного деформирования 

использовалась степенная аппроксимация закона упрочнения. 

Результаты исследования. Получены кривые предельных деформаций для авиационных сплавов: АМг-6, 

Д16АТ, АМг2М, 1201-Т, АМцМ. Согласно проведенному сравнительному анализу областей безопасного 

формоизменения, сопоставлены значения деформаций начала шейкообразования и их влияние на изменение 

положения кривой предельного деформирования заготовок: чем больше деформация шейкообразования, тем 

выше положение кривой предельных деформаций. Описана концепция диаграммы предельных деформаций 

Килера. Представлены подходы к построению критериев Хилла и Свифта, используемых по результатам 

испытания листовых образцов на разрыв. 

Обсуждение и заключения. На основании построенных кривых предельных деформаций для авиационных 

сплавов АМг-6, Д16АТ, АМг2М, 1201-Т, АМцМ выяснили, что наибольшую область безопасного 

формоизменения имеет сплав АМг2М, наименьшую — сплав 1201-Т, что объясняется отличием относительных 

деформаций начала шейкообразования. Проведенное исследование позволило оценить возможности 

бездефектного формоизменения тонкостенных заготовок из основных авиационных алюминиевых сплавов. 

Применение построенных диаграмм предельного деформирования позволит прогнозировать появление 

разрывов в процессе формообразования листовых заготовок. 
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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]: 

𝜎𝑖 = √𝜎1
2 + 𝜎2

2 − 𝜎1𝜎2 = 𝜎Т , 

where 𝜎1, 𝜎2 — primary true stresses, at 𝜎3 = 0 due to the light gauge of the blank; 𝜎𝑖 — intensity of true stresses;        

𝜎Т — 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:  

 
𝑒1=

𝑒𝑖
𝜎𝑖

(𝜎1−
1

2
𝜎2),

𝑒2=
𝑒𝑖
𝜎𝑖

(𝜎2−
1

2
𝜎1),

},  (1) 

where 𝑒1, 𝑒2, — 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:  

𝑒𝑖 =
2

√3
√𝑒1

2 + 𝑒2
2 + 𝑒1𝑒2.  

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

 𝛼 =
𝑒2

𝑒1
, β =

𝜎2

𝜎1
 . (2) 

Based on ratio (1) and (2), the relationship between 𝛼 and 𝛽 is determined by: 

 β =
2𝛼+1

2+𝛼
.   (3) 

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

𝜎𝑖 = 𝜎1√1 − β + β2 = 𝜎Т , 

and the intensity of deformations: 

е1 

е2 
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 𝑒𝑖 =
2

√3
𝑒1√1 + 𝛼 + 𝛼2.  (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 ∆𝑃 = 0 and continues at ∆𝑃 < 0 (Fig. 2). 

 

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]:  

𝜎𝑆 = 𝐴𝑒𝑛 или 𝜎𝑖 = 𝐴𝑒𝑖
𝑛 ,  

where 𝜎𝑆 = 𝑃 𝐹⁄  — true stress; 𝑃 — tensile force; 𝐹— current cross-sectional area of the sample; 𝑒 = ln (1 +

∆𝑙 𝑙0)⁄ , 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             

∆𝑃 = 0 (Fig. 3) [32]: 

 𝑒ш = 𝑒𝑖ш = 𝑛.   (5) 

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

only approximate equality is possible. 

        
а) b) c) 

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

 а — sample; b — stress state; c — 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). 

Р 

Р𝑚𝑎𝑥  

max 

Р𝑚𝑎𝑥  

max 

∆Р = 0 

∆Р > 0 

𝜎1 

∆Р < 0 

∆𝑙 

𝑑𝑒1 

𝑑𝑒21 

𝑑𝑒3 
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а)   b) c) 

Fig. 4. Stress-strain state of the plate under biaxial tension: а — plate; b — stress state; c — deformed state [33] 

 

Using the criterion of positivity of the derivative of the loading force, we determine the deformation limit value 𝑒𝑖ш 

at the moment when forces 𝑃1 or 𝑃2 are maximum. For the case when 𝐹2 𝐹1 = const⁄ , 𝑃2 𝑃1 = const⁄ , at the moment of 

maximum tensile forces 𝑑𝑃1 = 𝑑𝑃2 = 0. H. W. Swift [19] proposed the relation for the limit deformation: 

𝑒𝑖ш = 4𝑛
(1 − β + β2)3 2⁄

4 − 3β − 3β2 + 4β3
.  

According to expressions (2)–(4), the relation for describing the curve of limit deformations at various exponents of 

power approximation in the hardening zone has the form: 

4(𝑒1 − 𝑛)(𝑒2 + 2𝑒1)3 − 3(𝑒1 − 2𝑛)(𝑒1 + 2𝑒2)(𝑒2 + 2𝑒1)2 − 

 −3(𝑒1 + 2𝑛)(𝑒2 + 2𝑒1)(𝑒1 + 2𝑒2)2 + 2(2𝑒1 + 𝑛)(𝑒1 + 2𝑒2)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: 

 𝑒𝑖ш = 2𝑛
(1−𝛽+𝛽2)

1 2⁄

1+𝛽
.   (7) 

Taking into account expressions (2), (4), expression (7) for constructing a limit deformation diagram according to 

the Hill criterion has the form: 

 𝑒1 + 𝑒2 − 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 𝑒2 ≤ 0 according to (8); the Swift criterion, which is used for 𝑒2 ≥ 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: 𝜀ш = 0.18 (AMg6), 𝜀ш = 0.16 (D16AT), 𝜀ш = 0.2 

(AMg2M), 𝜀ш = 0.06 (1201-T), 𝜀ш = 0.1 (AMcM) [34]. 

Determining 𝑒ш from formula 𝑒ш = ln(1 + 𝜀ш) 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. 

 

𝑑𝑒1 

𝑑𝑒3 

𝜎1 

Р1  

max 

𝐹1 

max 

𝑑𝑒2 𝜎2 Р2  

max 

𝐹2 

max 
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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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