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Abstract: Material formability it is material ability to deform permanently in different stress condition without structure damage. The fracture 
limit of material in bulk metal forming is based on fracture and formability criteria. In metal forming, two formability criteria and two workability 
diagrams are being used: a) the strain based and b) stress based formability diagram. Strain based formability diagram represents the 
dependence of the principal strains on the free surface of specimen at the moment of the fracture occurrence. The stress based formability 
diagram represents the relation between limit strain and stress triaxiality ratio in the zone of fracture. In this paper, methodology of formability 
diagrams determination is presented and application of formability diagram for the limit strain prediction in multi-stage upsetting of prismatic 
specimen by V-shape dies is performed. 
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INTRODUCTION 
Material formability (or material workability) is material ability to 
deform permanently in different stress condition without structure 
damage. It is convenient to distinguish two groups of formability 
criteria, theoretical and empirical. Empirical criteria are based on 
experimental investigation of real forming processes and they can 
be presented by two variants of the formability diagram (FLD): a) 
the strain-based and b) the stress-based formability limit diagram. 
Formability diagram based on strain criterion represents 
relationship between two principal strains in the moment of 
fracture appearance [5-14, 16-19]. Usually this diagram is used in 
conjuction with upsetting test with different initial geometry. The 
strain based formability diagram and, therefore, the corresponding 
fracture criterion are path-independent [19]. 
According to the stress criteria, limit strain mainly depends on the 
stress state in the critical zone of the specimen, i.e., in the zone of 
material damage. Generally, the material formability depends on 
two groups of factors:  

# type of material, and  
# process conditions. 

Quantitative measure of formability limit is effective strain, ( l
eϕ ), i.e., 

strain at the moment of material structure damage, strain 
localization or can be defined by any other criteria. For the given 
material, with the defined initial microstructure and in cold forming 
conditions by quasistatic deformation, material formability is a 
function of stress state only [5]: 

( ) ( )l
e F T Fσ βϕ = =    (1) 

where: Tσ – stress tensor 
β – triaxiality stress ratio at the critical point of specimen, i.e., at the 
point of structure damage. Stress indicator is defined as: 
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where:  σe – effective stress. 
σx, σy, σz– normal stress components in three orthogonal directions 
(x, y, z) 
Graphical interpretation of the relationship (1) is the stress-based 
formability limit diagram [5]. This diagram shows that in bulk metal 
forming processes in which compressive stresses prevail        ( 0β <
), values of limit strains achieved are higher than in the processes in 
which tensile stresses are predominant ( 0β > ). 
Values of stresses in expression (2) are determined from the stress-
strain relation and the Misses yield criterion. 
In the upsetting process (Figure 1) crack occurs at the free surface 
of the cylinder and at that point plain stress state exists, because

0rσ = . 

 
Figure 1. Upsetting of cylinder 

Axial and tangential stress components could be determined by 
following expressions. 
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where α is the strains ratio: 
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φθ and φz are logarithmic strain components in z and θ direction, 
experimentally determined by measuring specimen 
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It is also necessary to find relationship between these strain 
components. This function represents strain path in the area of 
crack appearance. 

2
z zB Aθϕ ϕ ϕ= ⋅ + ⋅             (7) 

Stress factor β is determined by: 
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Stress-based formability limit diagram could be determined 
experimentally, by employing basic deformation models: 
# uni-axial tensile test, 1β = +  

# torsion test,  0β =  

# uni-axial compression test, 1β = −  
At β=+1, the limit strain is experimentally determined by tension 
test at the stage of uniform deformation. It has also been shown 
that the uniaxial tension test can be replaced with the collar 
cylinder test for obtaining a point on the formability diagram where 
the fracture criterion based on an average value of the triaxiality 
ratio is adopted [12]. It is also shown that the collar test provides a 
more accurate prediction of the strain to fracture.  
A more detailed determination of the formability limit diagram 
demands application of more sophisticated methods. 
In the case of non-monotonous processes, stress indicator (β) 
changes during deformation and its mean value is inserted in the 
FLD diagram. The mean value of stress indicator is defined as 
[6,7,10,11]: 
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where: ( )eβ ϕ  – history of triaxiality stress ratio which indicates 
change of stress-state as a function of effective strain. 
It has been shown in [17] that the average value of the triaxiality 
ratio is expressed through the in-surface principal strains 1lϕ  and 

2
lϕ  as: 
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In this paper the experimental methodology for determination of 
formability limit diagrams (strain-based and stress-based) in bulk 
metal forming is presented. The material used in the experiments 
was steel C45E (Č.1531). 
EXPERIMENTAL DETERMINATION OF FORMABILITY DIAGRAMS 
The remaining part of this work shows the results of experimental 
determination of formability diagrams for two variants. The diagram 
was determined based on the results of basic tests: RT – Rastegaev 
test (cylinder upsetting without friction influence), BC – cylinder 
upsetting, T – torsion test, CC – collar cylinder test [7,12,13]. 
Additional tests (Type 1–5) were performed by die upsetting of five 
types of non-axisymmetric specimens [18]. 

Table 1. Basic formability tests [7,12,13] 
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Type of 
tests 

Collar cylinder Torsion 

Table 2. Additional formability tests [18] 

   
Type 1 Type 2 Type 3 

  
Type 4 Type 5 

 Strain based formability limit diagram 
Based on the strain path for the different experimental processes 
(standard and additional test, mentioned before) the strain based 
formability diagram is determined. 
Strain path curves for different specimens are shown in Figure 2. 
The limit line was derived by approximation of final values for the 
strains (on the strain path curve) of particular tests – Figure 2. 

 
Figure 2. Strain-based formability diagram for steel C45E [18] 

Basic tests: 1;  RT–Rastegev test, BC–basic cylinder test, T–torsion test 
CC–collar upsetting test, 1–5 additional tests [18] 

 Stress-based formability limit diagram 
The stress-based formability diagram (Figure 4) was generated 
applying the methodology described in the introductory section, 
based on the experimental data for the basic and additional 
forming methods. Essentially, the methodology used for 
constructing this diagram is based on the strain path diagram for 
the particular forming process shown in Figure 2, which allowed 
determination the history of triaxiality stress factor (β) using formula 
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(8). The history of triaxiality stress ratio for the standard and 
additional tests is presented in Figure 3. 

 
Figure 3. History of triaxiality stress ratio for different specimens: RT – 
Rastegaev test, BC – cylinder upsetting, T – torsion test, CC – collar 

cylinder test, 1–5 additional tests [18] 

 
Figure 4. Stress-based formability limit diagram  

of steel C45E: RT–Rastegaev test,  
BC–cylinder upsetting, T–torsion test, CC–collar cylinder test,  

1–5 additional tests [18] 
Based on the history of triaxiality stress ratio and using formula (9), 
mean value of  factor avβ was calculated. 
Stress based formability diagram represents relationship between 
limit strain ( l

eϕ ) and average values of triaxiality stress ratio ( avβ ) – 
Figure 4. 
APPLICATION OF FORMABILITY LIMIT DIAGRAM 
In metal forming process forming limit diagram is used for fracture 
prediction, i.e. for the design and optimization of the number of 
forming phases. Same procedure may be used in metal structure 
load analysis. At first, it is necessary to create formability limit 
diagram for specified material and then to analyse the stress state 
and the triaxiality stress factor at sample bulk. For stress-strain state 
analysis in bulk specimen finite element method is recommended, 
i.e. application of proper software (SimufactForming, Abaqus, and 
Deform, etc.). 
Presented below are the results of material formability analysis for 
multistage upsetting by V-shape dies of the prismatic billets made 
of Č.1221 [20]. The purpose of the analysis is to examine potential 
limit strain in this process, at upsetting with 17 stages, with sample 
rotation for 90° after each phase. Limit strain prediction is carried 
out by numerical analysis of upsetting by V shape dies of samples 

made of Č.1221. For this analysis, SimufactForming V10 software 
was used. 

 
Figure 4. Multi stage upsetting of prismatic specimen  

by V-shape dies [20] 
Table 3. Numerical simulation of multistage upsetting by V shape die [20] 

No.  Effective strain Effective stress 

1 

  

3 

  

7 

  

11 

  

15 

  

17 
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Triaxiality stress ratio analysis was carried out for the critical point 
on the specimen that is located at the centre of free (forehead) 
surface. The triaxiality stress factor is determined from the 
hydrostatic stress and the effective stress at the centre of the sample 
surface obtained by numerical simulations. The change of the 
triaxiality stress factor for different upsetting stages and 
corresponding effective strain values, at the centre of the sample 
forehead, is presented in table 4.  

Table 4. Triaxialiti stress factor in correlation with effective strain 
Upsetting 

stage 
1 3 5 7 9 

φe 0.39 1.58 2.29 2.61 2.83 
β - 2.88 - 2.38 - 1.95 - 1.95 - 1.91 

Upsetting 
stage 

11 13 15 17 
 

φe 2.98 3.14 3.28 3.34  
β - 1.68 - 1.56 - 1.44 - 1.17  

FLD for Č.1221 (annealed) determined experimentally by the 
cylinder upsetting with flat plates, the torsion test and the tensile 
test [15]. Based on the data from Table 4, history of triaxiality stress 
ratio was identified and approximated by following equation: 

20,09 0,156 2,925e eβ ϕ ϕ= ⋅ + ⋅ −   (11) 
Average value of triaxiality factor was determined by formula (9): 

3,34
2

0

1 (0,09 0,156 2,925) 2,32
3,34av e e edβ ϕ ϕ ϕ= ⋅ + ⋅ − = −∫   (12) 

By using numerical analysis, average value of triaxiality factor β=–
2,32 with corresponding value of limit strain 3,34l

eϕ =  was 
calculated. The illustration of fracture incidence at multistage 
upsetting of prismatic sample is presented at Figure 5. 

 
Figure 5. FLD for Č.1221 and the position of multi stage 

upsetting by V shape dies after 17 stages: a–FLD, b–history of β factor,  
c– estimated limit strain 

DISCUSSION OF RESULTS AND CONCLUSION 
 In the metal forming technology two formability criteria can be 

applied strain-based and stress-based criterion.  
 Strain-based formability criterion is simple for application 

because it is based on strain determination in the material 
fracture zone. Due this feature, its application is limited to 
processes where fracture occurs on the free surface of 
workpiece. 

 Stress-based formability criterion represents limit strain 
dependence from a stress state in the zone where material 
fracture occurs. This criterion can also be applied in the case of 

fractures occurring inside the specimen. In this paper is 
presented how stress based formability diagram can be 
determined based on data obtained from the strain-based 
formability diagram. 

 Stress-based formability diagram is more important since its 
shows a significant impact of stress state on the magnitude of 
the limit strain (Figure 4).  

 This study showed that strain-based formability diagram can be 
transformed into a stress-based one. 

 The reverse transformation of stress-based formability diagram 
into a strain-based formability diagram is also possible, as 
demonstrated in [19]. 

 The application of FLD enables the prediction of limit strain in 
real forming processes and the optimization of the number of 
stages. 

 Results of multi stage upsetting of prismatic specimen by V 
shape die proves the existance of a small reserve of material 
formability after 17 stages. 

Note: 
This paper is based on the paper presented at COMETa 2018 – The 4th 
International Conference on Mechanical Engineering Technologies 
and Applications,  organized by Faculty of Mechanical Engineering, 
University of East Sarajevo, in Jahorina, BOSNIA & HERZEGOVINA, 
between 27–30 November, 2018. 
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