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INTRODUCTION
In the last years the environment concerning the forging industry 
has undergone significant changes [1]. Forging is one of the 
most economical and efficient methods for fabricating complex 
metal components. Near-net-shape or net-shape manufacturing 
is become a trend in metal forming, especially in cold forging, 
resulting in material and energy efficiency [2]. In this process, the 
workpieces are usually deformed to large strains by using high 
compression loads, generally applied by single- or multi-stage 
hydraulic or knuckle-joint press [3]. The resulting components 
have a refined grain structure and improved mechanical properties 
[4-6]. However, cold forging is influenced by many factors such as 
friction at the tool-workpiece interface, part geometry and tools 
shape. For this reason, the forging process has a high tendency 
to form defects studied by a lot of researchers in the past [7-15].
To prevent the formation of such defects, the selection of 
appropriate process parameters and proper design of the forging 
tools becomes crucial.

In recent years, computer-aided simulation techniques in metal 
forming have proved to be a powerful tool to predict and analyse 
the material deformation during a forging operation. Metal 
forming processes represent an interest field of application for 
recent CAE (Computer-Assisted Engineering) techniques due to 
the theoretical complexity of the processes and the influence of 
different parameters. In practice, cold forging requires several 
pre-forming operations to transform an initial simple workpiece 
into a final complex product without defects. The design of a 
forging process sequence involves the determination of the 
number, shapes and dimensions of pre-forms. Traditionally, the 
forging-sequence is carried out using mainly empirical guidelines, 
experience and trial-and-error approach, which results in a high 
products cost. In this context, the finite element method (FEM) 
may be a very useful tool to virtually study the forging process and 
reduce the time to market [16-18]. In this work, the conventional 
cold forging process of a low-carbon steel component is first 
analysed; by using FEM, the re-design of the conventional single-
stage cold forging process to form stainless steel components 
(i.e. AISI 304L and duplex stainless steel (DSS) 2205) is then 
carried out. In particular, the project is aimed at controlling the 
material flow, the loads and stresses exerted on tools in order to 
prevent the formation of defects during the forging operation. 
The stainless steel forged components obtained slightly meet 
the drawing tolerances established by the company for the AISI 
1005 part, ensuring the development of a new component with 
better mechanical and chemical properties. In order to evaluate 
and compare the microstructural evolution of steels before and 
after deformation, metallographic investigations are carried 
out by using an optical microscope (OM) and a Field-Emission 
Gun Environmental Scanning Electron Microscope (FEG-ESEM) 
equipped with an Electron Back-Scattered Diffraction (EBSD).

Simulazione

The conventional forging process applied to carbon steel to form a hex-head plug fitting used in thermo-hydraulic 
applications was studied by means of experimental tests and numerical simulations. The variations of forging 

parameters necessary to adapt the process to AISI 304L and DSS 2205 were also investigated.
The microstructural evolution of steels before and after deformation was analyzed by means of optical microscope 

(OM) and Field-Emission Gun Environmental Scanning Electron Microscope (FEG-ESEM) equipped with Electron 
Back-Scattered Diffraction (EBSD). Numerical and experimental results were found in good agreement and 

provided the basis for the industrial production of a new stainless ste el forged component.
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CONVENTIONAL COLD FORGING PROCESS
The forged component analyzed is an hex-head plug fitting used in thermo-hydraulic applications. Its CAD geometry is shown in Fig. 
1. Traditionally, it is an AISI 1005 low-carbon steel component (Wr. N. 1.0303).

Fig. 1 - a) AISI 1005 hex-head plug fitting and b) front and top views. All dimension are in mm.

Thanks to its excellent cold formability and plastic properties, 
this kind of steel is widely used for the production of small 
components and quite complex geometries by using single- 

or multi-stage forging operations. Fig. 2 shows the traditional 
single-stage cold forging process analysed in this work.

Fig. 2 - Forming process of the single-stage forged plug fitting.

The one-stage forging operation consists of two phases: a first 
compression to create the hex-head of the plug fitting (named 
“A-phase”) and a second deep backward extrusion operation 
to form the “neck” of the plug fitting (named “B-phase”). The 
cylindrical AISI 1005 steel billet (22 mm diameter, 18 mm height 
and 51 g weight) was coated using a single layer coating, in 
order to reduce friction at die-workpiece interface. The forging 
stage is obtained by the action of a single-station mechanical 
knuckle-joint press, which has a nominal power of 250 tons, a 
forging-stroke of 400 mm and a velocity of 50 spm.
During the initial deformation step (Step A in Fig. 2), the billet is 
initially compressed between the two punches (top punch and 
bottom punch, respectively) under the action of the mechanical 
press. In this way, the material fills the top die shape, creating 
the hex-head of the plug. Bottom punch is fixed during the 

forming cycle. Top punch and die is driven by press kinematism. 
The B-phase (Fig. 2) begins when the top die comes into contact 
with the bottom one. In this case the billet, partially deformed, 
is backward extruded leading to the formation of the “neck” of 
the plug. This operation is made possible because bottom die 
is floating and driven by the contact forces during the whole 
process. Finally, the formation of the hex-head of the plug, 
started in A-phase, is completed in B-phase.

NUMERICAL SIMULATION OF THE CONVENTIONAL 
FORGING PROCESS 
The analysis of the traditional single-stage forging process 
was performed by means of FORGE2011®-3D numerical code. 
Chemical composition and supply condition of the alloys analysed 
are listed in Tables 1 and 2. 
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Steel C Si Mn Cr Mo Ni Cu Co N Others Fe

AISI 1005 0.05 0.07 0.30 0.11 0.02 0.13 0.17 0.01 0.01 <0.07 Bal.

AISI 304L 0.02 0.35 1.32 18.66 0.40 8.11 0.49 0.12 0.09 <0.06 Bal.

Duplex 2205 0.02 0.52 1.28 22.30 3.13 5.68 0.19 0.07 0.18 <0.05 Bal.

Tab. 1 - Chemical compositions of the materials analyzed (wt.%).

Steel Product type Diameter [mm] Heat Treatment

AISI 1005 Round bar 22 -

AISI 304L Round bar 22 Solution heat treated at 1150 °C + water-quenched

Duplex 2205 Round bar 22 Solution heat treated at 1050 °C + water-quenched

Tab. 2 - As-received conditions of the materials analyzed.
 

In order to simplify the numerical model, forging tools were 
assumed to be rigid and at constant temperature of 20 °C. The 
billet was modelled with about 170000 four-nodes tetrahedral 
elements, sufficient to ensure accuracy and convergence [19]. 

Material modelling
To obtain results with a high degree of confidence, the input 
data must be accurate. The most important data used in FE 

computations are the material rheological properties [20,21]. In 
this work, the material flow curve was obtained by using tensile 
tests performed with a MTS 810 hydraulic materials testing 
machine at a crosshead speed of 2 mm/min.
In literature, there are several constitutive equations that describe 
the material flow behaviour. Here, Hansell-Spittel’s law is used 
[22,23] (Eq. (1)):

                                    (1)

In Eq. (1) sf, e,  are respectively stress, strain and strain rate and T is the temperature given in Celsius, m1 and m9 define the material’s 
sensitivity to temperature, m5 term coupling temperature and strain, m8 term coupling temperature and strain rate, m2, m4, and m7 
define the material’s sensitivity to strain, m3 depends on the material’s sensitivity to the strain rate. A, m1, m2, m3, m4, m5, m7, m8, m9 
are the coefficients of the Hansel Spittel equation and are potential optimization unknown parameters. They were determined by using 
strain values from experimental data and different FE iterative simulations. 
 

Regression coefficients

Steel A m1 m2 m3 m4 m5 m7 m8 m9

AISI

1005 863.63114 -0.00138 0.30842 0.02031 -0.01149 0 0 0 0

AISI

304L 1551.20326 -0.00148 0.71957 0.01014 0.00372 0 0 0 0

Duplex 2205 1600.10251 -0.00103 0.98337 0.00302 0.00001 0 0 0 0

Tab. 3 - Estimated regression coefficients of Hansell-Spittel‘s law.

The σtrue- etrue curves were derived from the nominal stress-strain (snom- enom) measurements by means of the following relations (Eq. 
(2,3):

                                                                           (2)

                                                                     (3)
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Fig. 3 shows the good correlation obtained between the experimental and numerical flow curves. 

Fig. 3 - Experimental (i.e. average engineering s - e curves) and calculated (Hansell-Spittel‘s law) flow curves.

The average values of yield strength (YS0,2%), ultimate tensile strength (UTS) and Young’s modulus (E) are collected in Tab. 4.
 

Mechanical parameters

Steel YS0,2% (MPa) UTS (MPa) E (GPa)

AISI 1005 260 366 212 

AISI 304L 443 641 188 

Duplex 2205 761 808 186

Tab. 4 - Average YS0,2%, UTS and E for the different steels analysed.

Friction conditions
It is well known that friction conditions prevailing at the tool-
workpiece interface have a deep effect on material deformation, 
forming load, surface finish, internal structure of the component, 
as well as die wear characteristics in metal forming processes 
[24,25].
To avoid excessive friction, lubricants with efficient intrinsic low-
friction properties in cold forming are used. After sandblasting 
and hot water rising, the billets were dipped in an aqueous bath 
containing 70% of Bonderlube FL 744 (sodium nitrite 0.1-1%, 
dipotassium tetraborate tetrahydrate 5-10% and water 89-
94.9%) lubricant and subsequently dried in a muffle furnace. 
The cleaning operations were designed to remove fine scale and 
grease from the billet surface. The sandblasting even provided 
a porous structure that is beneficial for entrapment of liquid 
lubricant. 
In order to accurately predict the material flow during 
deformation, it is essential to evaluate the friction condition 
as close as possible to those that occur at the tool-workpiece 
interface. In literature, there are two friction laws that are widely 
used. In commercial FEM packages (e.g. FORGE2011®-3D), 
Amontons-Coulomb and constant friction models are normally 
applied. The Coulomb law uses a friction coefficient μ to quantify 
the interface friction and is expressed as follows (Eq. (4)):

                                    (4)

where τ is the friction stress and p is the normal pressure. This 
law is valid for forming process with either low contact pressure 
or low friction stress. The Coulomb expression does not limit the 
shear stress. Since the friction stress cannot exceed the shear 
strength of the material, the shear friction law (constant friction 
or Tresca law) is expressed as follows:

                                    (5)

where m is the friction factor and  is the flow stress of the 
deformed material.
In this paper, the friction coefficient μ and the friction factor m 
were obtained from a series of T-shape compression tests at 
room temperature coupled with FE simulations.
Compared to other experimental tests reported in literature [26-
31], in the T-shape compression test a cylindrical specimen (6.85 
mm diameter and 7 mm long) is compressed into a V-groove 
shape die (Fig. 4). Three specimens were tested for each kind 
of steel. The loading speed was 0.03 mm/s while the maximum 
stroke was 4.5 mm.
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Fig. 4 - T-shape compression test.

The output of the test is the curve load-stroke. The FE T-shape compression test simulation was used to calculate the values of the 
friction coefficient μ and friction factor m by means of reverse analysis. For sake of simplicity, Fig. 5 shows the comparison between 
experimental and simulated load curves for only DSS 2205. A good correlation between the experimental and numerical data is 
observed (Fig. 5b). Finally, Tab. 5 summarizes the friction coefficients μ and friction factors m values obtained.

a) b)

Fig. 5 - a) Effective strain distribution on the cross section of DSS 2205 specimen and b) comparison between the average 
experimental and simulated load curves.

Steel
Friction conditions

µ m

AISI 1005 0.11 0.83

AISI 304L 0.03 0.86

Duplex 2205 0.05 0.91

Tab. 5 - Estimated values of friction factor m and friction coefficient μ.

Results and discussion
The results obtained from the FE model of the conventional 
forging process were subsequently compared with those of the 
real tests. For the carbon steel, the simulated final shape of the 
workpiece matched very well the experimental one. However, for 
the stainless steels, the FE model showed underfilling areas at 

the hex-head of the plug fitting (Fig. 6). Furthermore, heights 
(H) of 9.1 and 8.8 mm were reached for AISI 304L and Duplex 
2205 stainless steel, respectively. These values were lower than 
the drawing tolerances established by the company (H = 10 ± 
0.5 mm).

Simulazione
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Fig. 6 - Underfilling red areas on virtual conventional cold forged parts.

COLD FORGING PROCESS OPTIMIZATION BY USING THE FEM METHOD

In order to obtain stainless steels forged components that strictly meet the drawing tolerances established by the company, the 
conventional process parameters were changed as shown in Tab. 6.

Initial billet mass Kinematics

 Conventional process Optimized process Optimized process

Diameter: 22 mm
Weight: 0,051 kg

Diameter: 22 mm
Weight: 0,055 kg

Bottom die 1 mm-
displacement along 

negative z axis

Tab. 6 - Process parameters variations.

Results and discussion

FE results of the optimized process show a reduction of the underfilling red area at the flange of the plug fitting on both stainless steels  
(Fig. 7) compared to the values obtained with the conventional process (Fig. 6). 

Fig. 7 - Underfilling red areas on virtual optimized cold forged parts.

This material flow imperfection does not affect the functionality 
of the component, which maintains the established drawing 

tolerance. A slight underfilling at the hex-head (less than 0.2 mm 
on the top die) was detected on DSS 2205 plug fitting. Finally, 
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the height H reached by the FE optimized component was 9.7 
and 9.5 mm for AISI 304L and DSS 2205 plug fitting, respectively. 
In both processes, the actual forging time calculated using FE 
analysis was 0.18 s, in good agreement with the measurements 
performed on the industrial conventional and optimized forging 
cycle.
About the conventional forging cycle, the maximum force detected 
was 50 tons, which is less than the limit of the available press 
capacity. In the optimized cold forging process, the maximum 

force detected reaches values lower than 50 tons, ensuring an 
energy saving as compared to the conventional process.

EXPERIMENTAL INVESTIGATIONS
The hex-head plug fittings were analyzed through visual 
inspection by using a vernier calliper (approximation degree of 
0.02 mm). Metallographic longitudinal sections were then drawn 
from the as-received and forged samples, as shown in Fig. 8.

a) b)

Fig. 8 - a) Top view of the hex-head plug fitting CAD geometry and b) side view showing the investigated zone.

Microstructural analysis was carried out using an optical 
microscope (OM) and a Field-Emission Gun Environmental 
Scanning Electron Microscope (FEG-ESEM, model QUANTA 250 
FEI©), equipped with an Electron Back-Scattered Diffraction 
(EBSD) analyser incorporating an orientation imaging microscopy 
(OIM) system (EDAX TSL software, version 5) for crystal 
orientation mapping. The OIM images were then subjected to 
clean-up procedures, setting a minimal confident index of 0.1, in 
order to compare size and crystal grains orientation before and 
after deformation. For OM investigations, samples were etched 
with 4% HNO3 in ethanolic solution (AISI 1005), electrolytic 
solution (60% HNO3 in distilled water) (AISI 304L) and Beraha 

etching solution (10 ml HCl, 40 ml distilled water, 1 g K2S2O5) 
(DSS 2205).

Results and discussion
Surface cracks or flashes were not found on the 150 components 
analyzed. The drawing tolerances (Fig. 1) was reached in all the 
samples while an underfilling area was detected at the flange 
of the stainless steel parts, in agreement with numerical results. 
The optical observations highlighted the total absence of internal 
micro-cracks and the highly deformed areas; a qualitative 
comparison is shown in Fig. 9 between the flow lines and the 
equivalent strain maps.

Fig. 9 - Flow lines (real section) and effective strain maps (virtual section) revealed on a) AISI 1005, b) AISI 304L 
and c) DSS 2205 samples. 

Simulazione
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AISI 1005 AISI 304L Dup. 2205 (γ-phase) Dup. 2205 (α-phase)

a) b) c) d)

Fig. 10 - FEG images of steels at as-received state: a) 
α-phase of AISI 1005, b) γ-phase of AISI 304L, and c) γ-phase and d) α-phase of Duplex 2205. 

 Steel
Phase

Ferrite Austenite

AISI 1005 22 (8) -

AISI 304L - 40 (9)

Duplex 2205 9 (4) 6 (3)

Tab. 7 - Average grain sizes (μm) measured at as-received state (standard deviation in parentheses).

Fig. 11 shows EBSD analyses carried out on AISI 1005 samples at „as-received“ and deformed state. 

a) b) c) d)

Fig. 11 - EBSD analysis of AISI 1005 steel: orientation imaging microscopy micrographs of α-phase at a) as-received and c) 
deformed state and inverse pole figures of α-phase at b) as-received and d) deformed state.

The EBSD technique was used to analyze crystal orientation and 
grain size evolution in zone A (Fig. 9) during the transition between 
pre and post-deformation. Considering the rolling direction (RD) 
of the samples, coincident with the direction of the press-load, 
the EBSD maps were carried out by selecting a suitable scanning 
area along the RD-TD plane (Fig. 9). The selected area was 100 
x 150 μm2 for DSS 2205 and 200 x 300 μm2 for AISI 1005 and 
304L grade. The OIM images were then subjected to clean-up 

procedures, setting a minimal confident index (CI) of 0.1 [32]. 
It is well known that AISI 1005 reveals a predominantly ferritic 
microstructure (α-phase), whereas AISI 304L in characterized by 
an austenitic structure (γ-phase). Moreover, DSS 2205 shows a 
dual-phase balanced microstructure of ferrite and austenite. Fig. 
10 shows the FEG images of the constituent phases of each steel 
at the “as-received” state. The estimated average grain sizes are 
shown in Table 7.
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On the deformed sample, the formation of a great amount of 
subgrains boundaries and grains, due to the cold forging process, 
increases the hardness in the affected zone. 
Due to the forging process, the texture changes significantly. 
Whereas the as-received material shows a quite random 
distribution of the crystal orientations, in the deformed state (Fig. 
11d) a maximum of intensity (4.4) has been observed in [100] 
direction (pole 001 and 111). The change of grain orientations 
strongly relates to the increase of low (LABs) and high 
(HABs) angle grain boundaries, which leads to a fine-grained 
microstructure formation. An increase of the misorientations 
and a decrease of the mean value of the confidence index (CI) 
from 0.4 (undeformed) to 0.2 (deformed) also points out grain 

refinement, which leads to higher hardness and toughness [33-
36].
EBSD analysis of AISI 304L stainless steel and OIM maps are 
shown in Fig. 12. In this case, grains of as-received material 
are orientated toward the direction [100] on the 111 pole (Fig. 
12b). Moreover, OIM images point out a strong change of the 
crystallographic orientations induced by the deformation. The 
most significant changes in the texture have been identified in 
the [100] orientation, where the intensity increases from ~2.5 
on the 111 pole (undeformed condition) to ~4.9 on the poles 
011/101 (Fig. 14d). Furthermore, it is noted a strong grain 
refinement with grain size values in the range between 2 and 
20 μm.

a) b) c) d)

Fig. 12 - EBSD analysis of AISI 304L stainless steel: orientation imaging microscopy micrographs of γ-phase at a) as-received and c) 
deformed state and inverse pole figures of γ-phase at b) as-received and d) deformed state.  

Finally, EBSD analysis of DSS 2205 and OIM maps are shown in 
Fig. 13. By comparing the as-received DSS 2205 and AISI 304L 
samples, it can be noted that austenite on DSS 2205 exhibits 
a random distribution of grain orientations. On the other hand, 
deformed γ-grains point out a preferential orientation in [100] 
direction (poles 011 and 101) as observed in  304L steel grade. 
The α-phase on DSS 2205 shows a strong maximum of intensity 
(~7.5) in all direction of observation on the 001 pole at the 
as-received state. On the contrary, in case of AISI 1005 steel, 
the investigations highlighted a random distribution of grain 

orientations in all directions. On forged DSS 2205 specimen, the 
α-phase confirms the crystallographic orientation found on the 
deformed low-carbon sample, with higher intensities achieved 
on [100] direction (001 and 111 poles). 
The grain refinement phenomenon on both phases is less evident 
than on the other steel grades analyzed. The average values of 
the grain size detected on the deformed zone are in the range 
between 2 and 5 μm, starting from 6 μm and 9 μm found on 
γ- and α-phase, respectively, of as-received material.

Simulazione
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Fig. 13 - EBSD analysis of DSS 2205 steel: orientation imaging microscopy micrographs of a) γ-phase and c) α-phase at as-received 
state and of b) γ-phase and d) α-phase at deformed state and inverse pole figures of e) γ-phase and g) α-phase at as-received state 

and of f) γ-phase and h) α-phase at deformed state.  

CONCLUSIONS

The design of a conventional cold forging process to form an AISI 
1005 hex-head plug fitting used in thermo-hydraulic applications 
has been investigated. By using numerical simulation, a new 
optimized cold forming cycle has been proposed in order 
to produce AISI 304L and DSS 2205 stainless steel parts. The 
optimized forged stainless steels components were finally 
characterized from a microstructural point of view. The obtained 
results can be summarized as follows:

• Numerical simulation of the forging process is a valid 
approach that allows to optimize process parameters, 
getting over the simple designers experience, and adapt the 
conventional forging deformation cycle to new materials.

• The optimized cycle allows the loads that arise during 
forging to be reduced, leading to energy and cost saving and 
ecological benefits.

• Cold forged samples with the presence of ferrite (AISI 1005 
and DSS 2205) exhibit a preferential distribution of grain 
orientations in [100] direction on the 001 and 111 poles. 
Moreover, the α-grains in DSS 2205 at the as-received state 
show a strong crystallographic orientation in all directions of 
observation on the 001 pole.

• Cold forged samples with the presence of austenite (AISI 
304L and DSS 2205) show a change of the crystallographic 
orientations, with a preferential distribution of grains in 
[100] direction on the 011 and 101 poles.
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