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Abstract
This study investigates the cold formability of Vanadium microalloyed steel DIN 30MnVS6 by characterizing the material’s 
mechanical behavior at room temperature and constructing the fracture-forming limit diagram. A carefully selected set of 
tests was conducted to establish formability limits in terms of local deformations. Concurrently, finite element numerical 
analysis was employed to deepen the understanding of the influence of local stress and strain states on the material’s ability 
to deform without fracturing. The effects of geometric conditions, lubrication, and friction on formability were thoroughly 
investigated. Surface stress analysis highlighted the close relationship between formability and the stress state induced by 
process parameters. The construction of the fracture-forming limit diagram revealed that DIN 30MnVS6 exhibits formability 
comparable to steels widely used in cold forging. The steel proved to be a promising option for applications in this process, 
providing a viable alternative in terms of formability.
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1  Introduction

The global market for cold forged products was valued at 
$11.63 billion in 2017, with a projected growth to reach 
$17.25 billion by 2025 [1]. The continuous growth of this 
market is attributed to the fact that cold forging processes 
enable the manufacturing of components with complex 
geometries, excellent tolerances, and surface finish very 
close to the final form (near-net-shape). Cold work enhances 
the mechanical properties of the forged part, increasing 
mechanical strength, and microstructurally generating a 
grain-oriented structure in the direction of mechanical defor-
mation. These effects allow the use of lower-cost materials 
as substitutes for steels with a higher percentage of alloying 
elements.

In the production of high-strength components, work 
hardening alone is insufficient to meet mechanical strength 
specifications, and post-forging heat treatments are neces-
sary. Quenching, tempering, martempering, austemper-
ing, and surface treatments can be applied depending on 

the product requirements [2]. To reduce or even eliminate 
these heat treatments, several innovative approaches have 
been developed. One example is low-alloy boron steels. 
These materials exhibit good formability in the as-rolled 
state, eliminating the need for intermediate annealing due to 
low hardenability and forming martensite with an excellent 
hardness-to-toughness ratio, thus eliminating the need for 
tempering [3]. For the complete elimination of quenching 
and tempering heat treatments, cold forging of high-strength 
steels, such as bainitic [4], dual-phase, [5], TWIP [6], and 
TRIP [7] steels, has been the focus of studies. Despite the 
reduced ductility, which limits application to relatively sim-
ple geometries, these materials can exhibit yield strengths 
of up to 1600 MPa after cold forming [8], allowing for the 
suppression of subsequent heat treatments after forging.

In this context, there is an interest in the application of 
vanadium microalloyed steel DIN 30MnVS6 in cold forging. 
In this steel, the addition of a small amount of vanadium 
provides a distribution of fine carbonitride precipitates that 
ensure high mechanical strength in the as-rolled condi-
tion [9]. The high strength combined with work hardening 
generated during cold forming would be sufficient to meet 
strength requirements without the need for heat treatments.

In cold forging processes, plastic deformation and the 
forces required to generate strain are relatively high, leading 
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to a significant risk of material failure during processing. 
Thus, the applicability of a new material in cold forming 
depends on a comprehensive analysis of formability. As 
it is a high-strength steel, studying the formability of DIN 
30MnVS6 steel is particularly relevant. Only through this 
investigation can defect-free production be achieved, avoid-
ing high rates of raw material and energy wastage and ensur-
ing the benefits of using this material in cold forging.

Formability analysis is conducted based on criteria 
derived from experimental studies related to industrial appli-
cations. In cold forging, formability limits are traditionally 
established in terms of the fracture-forming limit diagram 
(FFLD) [10–33].

Therefore, this work aims to analyze the cold formabil-
ity of vanadium microalloyed steel DIN 30MnVS6, through 
the characterization of the material’s mechanical behavior at 
room temperature and the establishment of DIN 30MnVS6 
formability limits in terms of local strains, using the fracture-
forming limit diagram. Additionally, numerical analysis using 
finite element methods is employed to enhance understanding 
of the effects of local stress and strain states on formability.

2 � Materials and methods

2.1 � Initial characterization of DIN 30MnVS6

The DIN 30MnVS6 steel was provided by Gerdau® in the 
form of machine wire rods, approximately 500 mm in length 
and 16.15 mm in diameter. The steel underwent chemical 
analysis using a Q2ION spectrometer, BRUKER brand. The 
mass percentage results are listed in Table 1. The composition 
falls within the nominal range found in the literature [34].

Microstructural analysis of the material in its received con-
dition was conducted through optical micrographs using con-
ventional metallographic techniques. Image capture was per-
formed on an inverted optical microscope, OLYMPUS brand, 
model GX-51. The average ferritic grain size was determined 
using the line intersection method, as described in ASTM 
E112, with the assistance of the ImageJ® software, which 
was also employed for determining the volumetric fraction of 
material microconstituents. Microhardness tests were carried 
out using a Microhardness Tester, model Hardness Tester ISH-
TDV 1000, INSIDE brand. Three samples were tested, and the 
average of 10 measurements on each sample was established 
as the Vickers hardness in the initial condition.

2.2 � Mechanical behavior characterization of DIN 
30MnVS6

There is a lack of consistent information in the literature 
regarding the mechanical behavior of DIN 30MnVS6 during 
cold forming. Therefore, mechanical tests were conducted 
to analyze how the steel responds to plastic deformation at 
room temperature. In this stage, uniaxial compression tests 
were performed to generate the flow curve. Additionally, 
the ring test was included in this phase to determine the 
coefficient of friction under the lubrication conditions used 
in subsequent tests. The details of the compression tests for 
generating the flow curve are listed in Table 2.

Friction between the samples and the flat dies used in the 
compression tests was quantified through the ring test [35]. 
Table 3 outlines the parameters of the tests conducted to 
define the coefficient of friction ( � ). Calibration curves for 
the ring test on DIN 30MnVS6 steel were obtained through 
finite element analysis. Two-dimensional numerical simula-
tions were performed using Simufact.Forming® 15.0 soft-
ware, with the samples discretized into triangular elements 
with a size of 0.3 mm.

Table 1   Result of chemical 
analysis of DIN 30MnVS6 steel 
(% weight)

Element C Si Mn P S V

% weight 0,262 0,484 1,210 0,024 0,020 0,111

Table 2   Parameters of compression tests to survey the flow curve of 
DIN 30MnVS6

Sample diameter (mm) 8

Sample height (mm) 12
Roughness of compression dies (μm) Ra = 0.165

Lubrication PTFE
Equipment EMIC universal testing 

machine with 600kN 
capacity

Tool speed (mm/s) 1

Table 3   Parameters used in the ring test

External diameter of samples (mm) 12

Inner diameter of samples (mm) 6
Sample height (mm) 4
Height reductions (%) 20

40
60

Lubrication Zinc stearate
Synthetic lubricant
Without lubricant



753The International Journal of Advanced Manufacturing Technology (2024) 134:751–763	

2.3 � Construction of the fracture‑forming limit 
diagram of DIN 30MnVS6

The FFLD is derived from compression tests on cylindrical 
specimens. During compression, the expanding lateral sur-
face of the cylinder takes on a barrel shape, and fracture on 
the free surface occurs, initiating at the midpoint. To define 
the material’s formability limit, the conventional cylindrical 
coordinate system ( r, �, z ) is assumed, and the strain compo-
nents of the external surface of the cylinder are calculated. 
Circumferential (��) and axial (�z) strains that develop at the 
midpoint of the sample are calculated from the beginning 
of compression until the moment fracture is observed. The 
evolution of deformations during compression is referred 
to as the deformation path. Connecting the endpoints of the 
deformation paths, corresponding to the values of �

θ
 and �z 

at the moment of fracture, generates the fracture-forming 
limit line.

Compression tests to define the formability limit of DIN 
30MnVS6 were carried out in different geometries and fric-
tion conditions, allowing a broad assessment of the influ-
ence of stress and deformation states on the occurrence of 
fracture. Figure 1 lists the test conditions, geometries, and 
dimensions of compression samples.

In compression tests, the moment of fracture is deter-
mined by observing the initiation of cracks in the mid-area 
of the external surface of the samples. However, to enhance 

the precision of fracture detection, the following methodol-
ogy was followed:

•	 Preliminary tests were conducted for all sample condi-
tions to determine the approximate fracture height. In 
these tests, the samples underwent height reduction 
increments of 0.5 until cracks were observed.

•	 New tests were carried out with the samples initially sub-
jected to a height reduction 10% less than that defined 
in the preliminary tests. Subsequently, height reduction 
increments of 2.5% were performed, followed by inspec-
tion under an optical microscope with a 50 × magnifica-
tion. This testing method ensures that the measurement 
error is within 2.5% of the initial sample height.

For the calculation of surface axial strains, a grid of circles 
with a diameter of 2.3 mm was electrochemically marked on 
the samples. Figure 2 shows the cylindrical sample positioned 
between the flat dies (Fig. 2a) and highlights the grid marked 
on the surface of the sample (Fig. 2b).

Axial strains were calculated based on the variation in 
the dimensions of the circle marked on the lateral center 
of the samples. After each deformation increment, the 
grid was measured using an optical microscope with a 
50 × magnification. Circumferential strains were calculated 
from the variation in the equatorial diameter of the samples, 
measured with a caliper after each deformation increment. 

Fig. 1   Test conditions, geometries, and dimensions of compression samples
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The measurement of the grid dimensions and sample 
inspection was carried out using an OLYMPUS DP-GX-51 
inverted microscope through the AnalySIS® image capture 
software. Figure 3 shows the variation of the grid dimensions 
on the surface of the samples during the compression tests 
and the detection of the fracture using an optical microscope.

Numerical simulations of all tests were performed to 
construct the deformation diagram. 2D numerical simula-
tions were conducted using the Simufact.Forming® 15.0 
software, with samples discretized into triangular elements 
with a size of 0.3 mm.

3 � Results and discussions

3.1 � Initial characterization of DIN 30MnVS6

The microstructure of DIN 30MnVS6 steel in the as-received 
condition is depicted in Fig. 4.

The microstructure comprises proeutectoid ferrite and 
pearlite. The volumetric fraction of pearlite is 38.1%, 
while the remaining 61.9% corresponds to ferrite. The 
ferritic grains are equiaxial with an average size of 5 μm. 
The refined microstructure and the volumetric fraction of 
the pearlite observed in Fig. 4 contribute to the material’s 
hardness. Microhardness profiles indicate values ranging 
from 290 to 312 HV, with an average of 295 HV.

Fig. 2   a Cylindrical sample with positioned between the flat plates 
and b grid of circles marked on the surface of the sample

Fig. 3   Inspection and measurement of the grid mark on the surface of the samples. a Sample before the start of compression, b after deformation 
increments, and c at the moment of fracture detection

Fig. 4   Micrographs of DIN 
30MnVS6 in the condition 
received with magnification of a 
1000 × and b 500 × (nital 2%)
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3.2 � Flow curve of DIN 30MnVS6

Understanding the material’s flow curve is essential in any 
mechanical forming process. The flow curve obtained from 
room temperature compression tests for DIN 30MnVS6 steel 
is shown in Fig. 5.

From the experimental data, the Hollomon equation 
describing the mechanical behavior of the material when 
cold-deformed was defined. The Hollomon equation for the 
microalloyed steel DIN 30MnVS6 is expressed as follows:

Equation 1 was implemented in the simulation software 
Simufact Forming 15.0 for numerical analyses.

3.3 � Friction analysis

The calibration curves of the ring test for DIN 30MnVS6 
steel, obtained through finite element analysis, are shown in 
Fig. 6. The curves include adjusted experimental values for 
the three friction conditions employed in the compression 
tests conducted in this study.

The application of zinc stearate on the contact interfaces 
proved to be the best lubrication condition, with a coeffi-
cient of friction equal to 0.05. The use of synthetic lubricant 
resulted in a friction coefficient of 0.09. When no lubrication 
was applied, the friction coefficient was 0.15.

Friction plays a crucial role in conducting compres-
sion tests to determine the formability diagram, inten-
sifying circumferential tensile stresses that lead to sur-
face fracture [10]. To ensure the numerical results are 
employed in a precise analysis of experimental tests, the 
friction coefficient values used in simulations must reli-
ably quantify the real condition. To guarantee the accu-
racy of numerical results, two forms of validation were 
performed. First, the force–displacement curves from the 

(1)kf = 1397.6 �0.13

experimental procedure were compared to those obtained 
through numerical simulations. Then, a comparison was 
made between the maximum diameter value of the sample 
(at mid-height) obtained experimentally and numerically 
at the end of the process [36]. Figure 7 illustrates how the 
measurement is conducted.

The numerical results demonstrated that the friction 
coefficient values, defined by the ring test, were able to 
reflect the real condition in compression tests with cylin-
drical samples. However, in the compression of conical 
and flanged samples, numerical and experimental results 
diverged considerably. Thus, to define the friction con-
ditions developed during the compression of pre-bulged 
samples, an inverse analysis of the process was employed. 
The correct value of the friction coefficient was found 
iteratively through numerical simulations of the tests. The 
inverse analysis of the tests, by trial and error, was con-
ducted until the numerical results matched those obtained 
experimentally. It was verified that for pre-bulged sam-
ples, friction is higher. In these samples, the unlubricated 
condition generated a friction coefficient of 0.18. These 
results are in accordance with the literature [37], which 
shows that more severe friction conditions are found in 
non-cylindrical samples, i.e., with pre-bulging geometry.

Fig. 5   Flow curve of DIN 30MnVS6 steel obtained by the compres-
sion test

Fig. 6   Ring test calibration curves for DIN 30MnVS6 steel

Fig. 7   Comparison between the maximum diameter of the sample 
after the test and the numerical simulation
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3.4 � Deformation paths

Assuming the conventional cylindrical coordinate system, 
the deformation components on the free surfaces of com-
pressed samples consist of circumferential deformations �

θ
 

(tensile) and axial deformations �z (compressive). Experi-
mentally determined deformation paths for DIN 30MnVS6 
steel are shown in terms of the principal surface deforma-
tions in Fig. 8.

These deformation paths represent the variations of 
circumferential deformations ( �

θ
 ) as a function of axial 

deformations ( �z ) during the compression test. These 
paths are crucial for understanding the material’s behavior 
during plastic deformation, serving as an essential tool in 
formability analysis. In Fig. 8, it can be observed how the 
deformation paths for DIN 30MnVS6 steel were experi-
mentally delineated, providing crucial insights into the 
material’s behavior under compressive loads.

These paths are valuable for constructing the fracture-
forming limit diagram, offering insights into safe process-
ing conditions, and aiding in the assessment of surface 
fracture during the cold forming process.

The relationship between the principal strain and, con-
sequently, the behavior of the deformation paths obtained 
in the compression tests is affected by friction and the 
initial geometry of the samples [38]. The selected set of 
conditions for the tests allowed for a wide range of rela-
tionships between circumferential and axial strain at frac-
ture to be obtained. Between the flanged sample, with the 
lowest magnitude of �

θ
 and �z at fracture, and the cylin-

drical sample with zinc stearate lubrication, the condition 
with the highest magnitude of �

θ
 and �z at fracture, axial 

strain varied between − 0.07 and − 1.24, while circumfer-
ential strain ranged from 0.22 to 0.81. This dispersion of 
results not only enables the determination of the forming 
limit line but also ensures greater reliability of the results.

Despite the distinct behavior of the deformation paths, 
some similarities can be highlighted. All deformation trajec-
tories exhibit non-linearity from the beginning to fracture. 
Furthermore, the slope of the deformation paths increases as 
the measurement point approaches the fracture point. This 
means that at the moment of fracture, the increment of axial 
strain is almost zero, while the increment of circumferential 
strain is high [39].

For a better understanding of how friction conditions and 
sample geometry influence the relationship between �

θ
 and 

�z , the deformation paths presented in Fig. 8 were divided 
into three groups, varying friction, the ratio between height 
and initial diameter ( h0∕d0 ) of cylindrical samples, and the 
geometry of the samples through pre-buckling by machining.

3.4.1 � Friction effect

Figure 9 shows how variations in friction conditions affect 
the deformation paths of DIN 30MnVS6 steel. The geometry 
of samples 1, 2, and 3 is identical, and the change in results 
is solely due to the modification of the lubrication condition. 
The deformation path for frictionless compression, called 
homogeneous deformation, is also shown. In homogene-
ous deformation, the absence of friction prevents the barrel 
distortion of the cylinder from developing, and thus, sur-
face stresses are uniform. Theoretically, in this condition, 
crack mechanisms cannot occur, and tensile deformation is 
equal to half of the compressive deformation along the entire 
deformation path, generating a constant slope of − 0.5. Due 
to friction, the experimentally determined deformation paths 
deviated from the slope of homogeneous deformation.

Samples 1, 2, and 3, due to the different lubrication con-
ditions used, had coefficients of friction of 0.05, 0.09, and 
1.5, respectively. In compression with a higher coefficient 
of friction (sample 3), the slope of the deformation path is 
greater, and the relationship between �

θ
 and �z capable of 

causing fracture is reached more quickly.

Fig. 8   Deformation trajectories obtained for DIN 30MnVS6 microal-
loyed steel

Fig. 9   Effect of varying friction conditions on the deformation trajec-
tories of DIN 30MnVS6 microalloyed steel
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With the reduction of the friction coefficient, the slope 
of the deformation paths becomes smoother. For a sample 
with � = 0.05 , the path becomes almost linear, approaching 
homogeneous deformation. Thus, with reduced friction, the 
magnitude of surface deformations at fracture is increased. 
Better lubrication conditions reduce the barrel distortion of 
the cylinder and, consequently, the magnitude of surface 
tensile stresses in the circumferential direction. Thus, the 
degree of deformation achieved before fracture is signifi-
cantly increased. In tests where zinc stearate was used as 
a lubricant, a reduction in height at fracture of 80.8% was 
obtained, while for the non-lubricated condition, this value 
was 57.6%.

3.4.2 � Effect of initial cylinder dimensions

Figure 10 shows the effect of the ratio between the height 
and initial diameter ( h0∕d0 ) of cylindrical samples on the 
deformation paths. The friction condition of the tests for 
samples 3, 4, 5, and 6 was the same so that only the effect of 
changing the initial dimensions could be observed. The une-
ven distribution of deformation along the material generated 
by friction during compression is amplified as the h0∕d0 ratio 
is reduced. As a result, the barrel distortion of the sample is 
accentuated, tilting the deformation path upwards. Thus, as 
the h0∕d0 ratio of the samples was reduced from 1.5 to 0.5, 
the magnitude of deformations at fracture was also reduced.

3.4.3 � Effect of pre‑barreling of samples

Figure 11 illustrates the effect of varying the geometry of 
samples through machining pre-barreling on the deforma-
tion paths. The results of conical and flanged samples are 
compared to the result of the cylindrical sample, with the 
same friction condition maintained in all tests.

Pre-barreling of the samples, with the machining of coni-
cal and flanged shapes, allows the effects discussed earlier to 
be combined. The conical and flanged geometries simulate 
the effect of reducing h0∕d0 and amplify the friction effect, 

even generating an increase in the coefficient of friction. As 
a result, the deformation paths of these samples show a more 
significant increase in slope. The flanged geometry exhib-
its the deformation path with the highest slope among the 
tested samples. This behavior is very similar to that found 
in axial tension tests since the sample’s surface is subjected 
to high circumferential stress from the beginning [40]. The 
smoother slope of the deformation path of the conical sam-
ple resembles an intermediate behavior between tension and 
compression tests [37].

In Figs. 9, 10, and 11, in addition to the experimentally 
obtained deformation paths (solid lines), the evolutions 
of surface deformations obtained by numerical simula-
tion (dashed lines) are shown. Numerical results agree 
with experimental ones along all deformation paths, with 
differences not exceeding 5% at any point. It is believed 
that the relatively small differences between finite element 
calculations and experimental results are likely caused by 
simplifications made in the simulation process. In simula-
tions, the friction coefficient is defined as constant during 
the test. Possible variations in the actual value of the fric-
tion coefficient during plastic deformation can generate a 
noticeable difference in numerical results. Additionally, 
in simulations, the material is considered isotropic and 
homogeneous, and any material detail affecting experi-
mental results is not considered in the numerical calcula-
tions [40].

3.5 � Analysis of surface stress

The deformation paths obtained in compression tests also 
allow for the analysis of surface stresses developed in the 
samples, thus providing an understanding of the stress state 
at fracture. The stress components are calculated from the 
Levy–Mises equations that relate increments of plastic 
deformation to the stress of an isotropic material, expressed 
in cylindrical coordinates as [10]:

Fig. 10   Effect of varying the h
0
∕d

0
 ratio of cylindrical samples on the 

deformation trajectories of DIN 30MnVS6 microalloyed steel

Fig. 11   Effect of sample pre-stacking on the deformation trajectories 
of DIN 30MnVS6 microalloyed steel
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The increment of equivalent deformation (d�eq) and the 
equivalent stress ( �eq ) are expressed as:

where d�r , d�� , and d�z are the incremental deformations, 
and �r , �� , and �z are the stresses in the r , � , and z directions. 
d� is a proportionality constant that depends on the mate-
rial and the level of deformation given by d�eq∕�eq . For the 
considered surface area, the stress in the r direction is zero, 
and the stress state becomes planar. By modifying Eqs. 4 
and 5, the stress components on the surface of the samples 
during compression can be calculated according to the fol-
lowing equations:

where � is the slope of the deformation paths calculated 
during the compression test, given by � = d�z∕d�� . The 
equivalent stress �eq is obtained from the material’s flow 
curve, defined by a uniaxial compression test.

The deformation paths shown in Fig. 8 were approxi-
mated by third degree polynomials, and the equations that 
describe the variation of �� as a function of �z are listed 
in Table 4. Knowledge of the experimental history of plas-
tic deformations, expressed by the equations in Table 4, 
allows the evaluation of the evolution of surface stress 
components as a function of equivalent strain ( �eq ) as 
shown in Fig. 12. The solid lines correspond to the val-
ues obtained experimentally, calculated using Eqs. 7 and 
8, while the dotted lines refer to the results obtained via 
numerical simulation. The radial stress gradient ( �r ) is 
negligible in the equatorial region of the cylinder; there-
fore, in this region, the stress state is essentially plane 
stress. Furthermore, the shear stress and strain components 
are zero due to symmetry. The stress state in the equato-
rial region of the external surface of the samples is then 

(2)d�r = d�[�r − (�� + �z)∕2]

(3)d�
θ
= d�[�

θ
− (�r + �z)∕2]

(4)d�z = d�[�z − (�
θ
+ �r)∕2]

(5)
d�eq =

√

2

3
[

�

d�r − d�z

�2
+

�

d�z − d��

�2
+ (d�� − d�r)

2
]

1∕2

(6)�eq =
1
√

2
[

�

�r − �z
�2

+

�

�z − ��
�2

+ (�� − �r)
2
]

1∕2

(7)�z =
�eq
√

3

�

2� + 1
√

�2 + � + 1

�

(8)�� =
�eq
√

3

�

� + 2
√

�2 + � + 1

�

formed by the axial ( �z ) and circumferential ( �� ) stresses 
[36].

Analyzing Fig. 12, it is possible to verify that, for all test 
conditions, as the equivalent strain advances, the modulus 
of tensile stresses increases, while that of compressive stress 
decreases. Consequently, the hydrostatic stress component 
�m = (�1 + �2 + �3)∕3 becomes increasingly tensile, gener-
ating a high fracture tendency [41]. Despite the seemingly 
similar behavior of stress components, the level of equiva-
lent strain reached before fracture varied considerably. Sam-
ple 1 achieved the best result, reaching an equivalent strain 
close to 1.3 before fracture, while sample 8, with the worst 
result, did not exceed an equivalent strain of 0.17. The sig-
nificant variation in strain at fracture among the tested sam-
ples is associated with the test conditions. Comparing the 
behavior of the sample deformed under the best conditions, 
sample 1, and the specimen subjected to the most severe 
conditions, sample 8, allows a better understanding of how 
geometric and friction conditions affect the local stress state 
of the samples and, consequently, formability.

In the compression of sample 1, due to good lubrication, 
the axial stress gradually increases during height reduction. 
Throughout most of the test, the average stress is compres-
sive. Thus, only at the end of compression do tensile stresses 
predominate on the material’s surface, allowing higher levels 
of equivalent strain to be achieved before fracture. In sample 
8, on the other hand, the flanged geometry and high friction 
make the stress state tensile from the beginning of com-
pression, with high circumferential stresses and low axial 
stresses. The severe bulging of the sample is so pronounced 
that the initially compressive axial stress becomes tensile 
at the end of the process. As a result, the stress state that 
produces the conditions for crack nucleation is reached more 
quickly, leading to premature sample fracture.

It is important to note the effect of lubrication on the 
magnitude of tensile stresses. In samples 1 and 2, lubricating 
the contact interfaces between the parts and the tools signifi-
cantly reduced the intensity of circumferential stresses on the 
surface of the samples. With reduced friction, the bulging of 

Table 4   Equations that describe the deformation trajectories

Sample Equation R2

1 �� = −0.0488�3

z
+ 0.0158�2

z
− 0.5359�z − 0.0024 0.9989

2 �� = −0.507�3

z
+ 0.1953�2

z
− 0.5892�z − 0.0024 0.9999

3 �� = −0.8696�3

z
+ 0.0204�2

z
− 0.6125�z − 0.001 0.9993

4 �� = −0.7714�3

z
+ 0.283�2

z
− 0.5529�z − 0.0003 0.9975

5 �� = −4.2764�3

z
− 1.6493�2

z
− 0.735�z − 0.0091 0.9933

6 �� = −6.6398�3

z
− 2.4695�2

z
− 0.8547�z − 0.0009 0.9974

7 �� = −1.8517�3

z
+ 5.3086�2

z
− 0.0619�z − 0.0002 0.9975

8 �� = 326.8�3

z
+ 71.672�2

z
+ 0.1621�z − 0.0003 0.9984
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Fig. 12   Evolution of the circumferential ( �� ), longitudinal ( �z ), and hydrostatic ( �m ) stress components as a function of equivalent strain ( �eq ), 
during compression tests
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the samples is also reduced, making tensile stresses milder. 
The maximum values of circumferential stresses for non-
lubricated samples practically did not vary, being close to 
1300 MPa for all geometries (samples 3 to 8). However, 
the use of zinc stearate lubrication (sample 1) resulted in 
a reduction of this value by approximately 33%, while the 
use of synthetic lubricant (sample 2) reduced the maximum 
tensile stress on the surface of the samples by almost 20%.

It is clear that increasing friction; reducing the h0∕d0 
ratio; and, especially, pre-bulging the samples accelerate 
the change in stress state from compressive to tensile, and 
thus, the occurrence of fracture. The stress state induced 
by process parameters significantly influences the opening 
or closing of small cracks and can limit or accelerate their 
growth. Due to this important role of stress state, it is not 
possible to express formability solely in terms of material. 
Formability also depends on process variables such as strain, 
strain rate, and temperature [10]. The tests conducted in this 
study were performed at low speeds, so the effect of temper-
ature and strain rate can be neglected. However, in industrial 
practice, deformation speeds often exceed 50 s−1, potentially 
generating a temperature increase in the working material 
of up to 350 °C [2]. In these cases, the effect of temperature 
and deformation rate must be controlled during the process.

These results demonstrate that in compression form-
ing, significantly higher degrees of strain can be achieved 
compared to processes dominated by tensile stress. In other 
words, for a given material, temperature, and strain rate, 
the higher the compressive hydrostatic stress, the better the 
material’s formability.

The correlation between numerical and experimental 
results shown in Fig. 12 was good, allowing for an expanded 
analysis of stresses through numerical simulations. 

Figure 13 shows the distribution of hydrostatic stresses in 
the longitudinal sections of the cylindrical sample with 
h0

d0
= 1.5 (sample 1) and the conical sample (sample 7) until 

the moment of fracture. Due to excellent lubrication condi-
tions, the stress state in the cylindrical sample is predomi-
nantly compressive until the penultimate stage recorded in 
Fig. 13. The bulging of the sample only develops, altering 
the stress state, when the sample height becomes very small 
compared to the diameter. From this moment on, the bulging 
of the sample intensifies, altering the hydrostatic stress on 
the surface, while the rest of the volume has its stress state 
practically unchanged. The change in the superficial stress 
state, with the intensification of tensile stresses, quickly 
leads to fracture in this region.

In the conical sample, due to the bulging, the average 
surface stress becomes positive prematurely. With the rapid 
predominance of the tensile stress state, the remaining com-
pression results only in the concentration of tensile stresses 
on the surface and the increase in the modulus of �� until the 
material fractures. Also, from a mechanical point of view, it 
is important to note that after compression, the conical sam-
ple’s shape is identical to the cylindrical one, reinforcing the 
idea that it behaves like a pre-bulged cylindrical sample [37].

3.6 � Analysis of surface cracks

Figure 14 displays the test specimens before and after the 
compression tests, highlighting the surface cracks result-
ing from the experiments. A macroscopic examination 
of the appearance of the surface cracks revealed that all 
cylindrical samples exhibited cracks at a 45º angle from 
the surface, regardless of the lubrication condition and 

Fig. 13   Variation in hydrostatic 
tension during compression 
tests
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the h0∕d0 ratio. The conical sample showed mixed cracks 
that propagated longitudinally near the surface and became 
oblique near the center of the sample. The flanged sample, 
on the other hand, exhibited longitudinal cracks.

In compression tests and cold forging operations, the way 
surface cracks propagate fundamentally depends on the fric-
tion conditions at the workpiece-tool interface and the initial 
geometry of the sample [42]. Despite the change in friction 
conditions and the h0∕d0 ratio not affecting the way cracks 
formed, the pre-buckling of the samples was able to change 
the type of crack for the conical and flanged samples.

Researchers [43] correlated the mode of surface frac-
ture with the stresses developed on the surface of samples 
subjected to compression. According to the study, longi-
tudinal cracks form when, at the time of fracture, the axial 
stress on the surface of the workpiece is compressive, while 
oblique cracks occur when the axial stress is tensile at the 
time of fracture.

Observing the stress components shown in Fig. 12, it is 
possible to verify that, at the time of fracture, the axial stress 
components of the cylindrical and conical samples are com-
pressive, while that of the flanged sample is tensile. Thus, 
the appearance of the cracks found in the cylindrical and 
flanged samples is in accordance with the result found by 
[43]. In the conical sample, despite the axial stress remain-
ing negative, at the time of fracture, the magnitude of the 
stress component was very low. It is believed that this is the 
reason for the occurrence of mixed fracture.

3.7 � Fracture‑forming limit diagram of DIN 30MnVS6

The combination of the values of the principal deforma-
tions at the time of fracture establishes the forming limit 
line shown in Fig. 15. The forming limit line of the microal-
loyed steel DIN 30MnVS6 had a slope of − 0.5128, deviat-
ing slightly from homogeneous deformation. Thus, the line 

Fig. 14   Compression samples after testing
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that establishes the material’s deformability limit can be 
expressed by the following equation:

where ��f  and �zf  are, respectively, the circumferential and 
axial deformations at fracture. The value of 0.18 corre-
sponds to the intersection of the line on the ordinate. Since 
the formability limit line has a slope of approximately − 0.5 
for most metals, it is the intersection value with the ordinate 
that defines the extent of the safe processing region on the 
diagram and, consequently, the formability of the material.

The intercept value of the forming limit line on the ordi-
nate axis for DIN 30MnVS6 was 0.18. This value is con-
siderably lower than that of other common steels, such as 
AISI 1045 (0.29) and AISI 1020 (0.32) [12]. These steels 
are known for their good ductility and are widely used in 
cold forging operations [2]. However, the value of 0.18 is the 
same as that found for the stainless steel AISI 303 [12]. AISI 
303 is commonly used in cold forging processes, especially 
in the production of fasteners, and is known for its good 
formability [44]. This result reveals that the safe processing 
regions (below the forming limit line) of DIN 30MnVS6 
and AISI 303 are identical. In processes where formability 
is limited by the occurrence of surface fracture, the form-
ability of the two materials is comparable, demonstrating 
the suitability of the microalloyed steel DIN 30MnVS6 for 
application in cold forging operations.

4 � Conclusions

The possibility of eliminating heat treatments used in the 
conventional production route of high-strength cold-forged 
components drives the use of steels different from those tradi-
tionally employed in the process. However, the application of 
a material in cold forging operations fundamentally depends 

(12)��f = 0.18 − 0.5128�zf

on a prior analysis of formability. This research aimed to ana-
lyze the formability of microalloyed steel DIN 30MnVS6 by 
constructing the fracture-forming limit diagram.

Compression tests were used in the construction of the 
fracture-forming limit diagram of DIN 30MnVS6. In addi-
tion to defining the material’s formability limit, the experi-
mental and numerical analysis allowed an understanding of 
how process parameters affect formability. The tests were 
conducted under conditions that allowed neglecting the 
effects of temperature and deformation speed. Thus, stress 
and strain histories during plastic deformation were influ-
enced by friction and sample geometry. It was shown that 
these factors, if not controlled, can significantly reduce the 
level of deformation the material undergoes before fracture.

The formability limit of DIN 30MnVS6 is expressed by 
a line, approximately parallel to the homogeneous deforma-
tion path. The intercept value of this line with the ordinate 
axis of the fracture-forming limit diagram can be used to 
quantify the material’s formability. The value of 0.18 found 
for DIN 30MnVS6 is identical to stainless steel AISI 303, 
commonly used in cold forging operations.

In conclusion, microalloyed vanadium steel DIN 30MnVS6 
exhibits satisfactory cold formability. The results of this study 
not only validate the application of this microalloyed steel in 
cold forging operations but can also guide the process design. 
The presented formability limits can be reliably used to deter-
mine whether a cold forging operation can be performed with 
DIN 30MnVS6 without the occurrence of defects.
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