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INTRODUCTION 
 

he deep drawing process of stainless steel sheet metal represents a fundamental technology for modern industry, 
thanks to its ability to generate a wide range of high quality and low cost products for applications in the food 
industry [1,2] for nautical equipment, for applications in the chemical or petrochemical sector which must guarantee 

high resistance to corrosion, for design objects and more generally for high added value uses in the civil and industrial 
sectors. The possibility of rapid mass production, combined with the ability to minimize waste, make deep drawing a highly 
competitive manufacturing method in terms of costs per unit produced. 

T 
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Despite its apparent simplicity, the process presents numerous critical issues, related both to the properties of the stainless 
steel and to the processing parameters, which can generate different types of defects, such as wrinkles, scratches and bottom 
breaks. 
To improve the process, it is possible to work on different operating conditions such as, for example, the force of the blank-
holder, the lubrication mode and the deformation speed, which influence the ability of the sheet metal to adapt to the desired 
profile [3]. Specifically, the pressure of the blank-holder must avoid the creation of wrinkles during processing, but must 
still allow the flow of material so that areas with excessive reduction in thickness are not generated. Lubrication, which can 
occur with the application of plastic films or liquid lubricants of different nature, is very important for several factors [4], 
briefly summarized below. 

- It reduces the wear of the equipment used for deep drawing, which represents one of the most important problems. 
The degradation is mainly due to adhesive wear phenomena that cause the creation of scratches and surface grooves 
[5] from which, over time, the loss of geometric and dimensional tolerances of the die occurs. This problem is 
strongly influenced by the friction coefficient between the die and the sheet metal: the greater the friction, the 
greater the adhesion phenomenon and therefore the wear. 

- It promotes the relative sliding of the stainless steel with respect to the punch, making the distribution of the stresses 
and the corresponding deformations uniform within the sheet metal. 

- Increases the overall process efficiency by reducing the forces applied to the die. 
One of the main deep drawing problems is related to the ability of a liquid lubricant to remain in the contact area between 
the die and the sheet metal during the deformation process. 
This shaping process always produce a sliding between the parts in contact, which results in a shear stress in the lubricant. 
In the case of liquid lubrication, these conditions induce a leak of the lubricant from the working area and, in extreme cases, 
it can be completely expelled generating local dry sliding conditions [6]. This problem can be increased further by the die 
geometry. Unfortunately, the great number of factors that influence the lubricant properties such as, the chemical 
composition, its viscosity [7] and its sensitivity to the temperature and the pressure, make the modelling of the contact area 
extremely complex. It is hence often necessary to investigate the influence of the lubricant by expensive experimental 
campaigns. 
The strain rate also influences the behaviour of stainless steel sheets [8–10] subjected to deep drawing. The constitutive law, 
used to describe the stress of a generic metallic material subjected to deformation, models the effect of the strain and the 
strain rate through the exponents n and m as reported in Eqn. (1): 
 

 
m* *n *σ =C                                                                                                                              (1) 

 
where: 

- σ* represents the true stress experienced by the material, calculated as σ* =σ ⋅(ɛ+1) 
- σ and ɛ are the engineering stress and strain, respectively. 
- C is the strain hardening coefficient of the material. 

- ɛ* e *  represent the true strain and the true strain rate calculated as,  *=ln 1+   and  
*

* d
=  

dt

 time derivative 

of the true strain.  
- n represents the strain hardening exponent of the material. 
- m represents the strain rate sensitivity.  

As the strain rate increases, a generic metallic material undergoes an increase in mechanical strength at the expense of 
deformability. Excessively high die speeds, cause therefore a decrease in the sheet metal deformation capacity, increasing 
both the forces and the defectiveness of the component [11]. To evaluate the deformability of the sheet metal subjected to 
deep drawing conditions, tests such as the Erichsen or the Ball Punch ones have been designed. These tests, whose execution 
methods are defined by the standards EN ISO 20482 and ASTM E643, are performed by imposing the movement of a 
hemispherical punch in a perpendicular direction to a sheet metal blocked by a blank-holder. The Erichsen testing machine 
is shown in Figure 1. The test result is expressed by the depth of the cup created at the time of failure, defined as the 
Erichsen index IE. 
If the geometry is so complex that it prevents the component from forming, different strategies can be adopted such as, for 
example, increasing the number of steps the total deformation is obtained with, use intermediate heat treatments such as 
recrystallization annealing, choose the right microstructural condition before forming  and improving the geometry of the 
part in order to adapt the deformation mode to the mechanical and metallurgical properties of the employed stainless steel. 
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The main heat treatments carried out on stainless steels subjected to deep drawing are solution annealing and full annealing, 
since they can maximize the material deformability 
 

 
 

Figure 1: Section of a generical Erichsen testing machine. d1 is the diameter of the punch, while d2 and d3 represent the internal diameter 
of the die and the blank holder. r2 is the internal radius of the blank-holder. The result of the test is represented by the depth of the 
spherical cup (IE). 
 
Solution annealing is performed on both semi-finished and finished products made with austenitic stainless steel. The heat 
treatment is carried out at high temperature (approximately between 1000°C and 1100°C), for a time that guarantees the 
homogenization of the chemical composition of the steel: during the treatment, any microstructural heterogeneity is 
eliminated, especially chromium carbides and sigma phase. To ensure successful heat treatment, austenitic stainless steels 
must be rapidly quenched in water, especially for thick components. Cooling must be rapid to avoid the precipitation of 
carbides at the grain boundaries between 450 °C and 900 °C. In the case of thin thickness, a high-pressure nitrogen flow 
can be used. 
Full annealing, performed on ferritic stainless steels, is carried out at different temperatures based on the chemical 
composition (generally between 770 °C and 930 °C). It is important to pay great attention to temperature and the holding 
time, since this family of stainless steel is very sensitive to grain growth. The cooling phase is performed in air for thin-
walled semi-finished products or for long semi-finished products with a small diameter; in water for components with a 
larger section. 
During both the solution and the full annealing, recrystallization may take place: after a cold plastic deformation, in fact, 
new polygonal grains are generated starting from the original deformed microstructure.  Regarding austenitic stainless steels, 
when a large plastic deformation is applied, local formation of martensite may occur [12], changing the material behavior 
significantly, possibly making the used process parameters not optimal for the new microstructural condition. The structural 
stability under plastic deformation can often be evaluated by means of coefficients such as the Md30, that represents the 
temperature at which martensite can be formed from austenite under a deformation of 30%. The Md30 value can be related 
to the chemical composition by different formulas present in the technical literature. In particular, Nohara et al. [13] 
proposed Eqn. (2) including the influence of the grain size as well: 
 

 
   d30M   °C =551-462 C+N -9.2 Si-8.1 Mn-13.7 Cr-29 Ni-18.3 Mo-29 Cu- 

68 Nb-1.42 (ASTM grain size number-8)

      

            (2)  

                                                                        
In the previous formula, all the chemical elements content is in wt%. When the Md30 value decreases (i.e. the temperature 
becomes colder), the austenite stability increases making the selected deep drawing parameters optimal also for large 
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deformations. Eqn. (2) remarks the importance of the chemical composition, but highlights the role of the grain size too. 
The use of heat treatments is hence not only critical from economic point of view, as it increases production times and 
requires significant changes to the plant, but can have a detrimental effect because of the grain coarsening. In order to 
improve the deep drawability of stainless steels, grades with a special chemical composition have been developed. One of 
the most widely used austenitic stainless steel type is AISI 304, of which there is a modified version dedicated to deep 
drawing, called 304 mod. from here on. This material is characterized by a lower chromium content and a higher nickel 
amount, in order to stabilize the austenite and reduce the possibility of its transformation into martensite through plastic 
deformation [14] in agreement with Eqn. (2). Among the ferritic stainless steels, AISI 441 is considered more suitable for 
deep drawing in respect to AISI 430. AISI 441 is characterized by a very limited carbon content and the presence of small 
amount of titanium and niobium to stabilize the ferrite and prevent the precipitation of chromium carbides [15]. 
This research paper aims to study the differences among standard and deep drawing-optimized austenitic and ferritic 
stainless steels. Moreover, the deep drawability of the two stainless steel types will be compared with their own deformation 
capacity, evaluated by means of the percentage elongation at fracture. Then, considering the cost of ferritic stainless steels, 
significantly lower than that of austenitic grades, the results of the experimental tests will be evaluated considering this aspect 
too. In addition to the different steel types, the effect of the deformation rate, the type of lubrication and the blank-holder 
pressure was also considered. The stainless steels were fully characterized by tensile, Erichsen and HV0.2 microhardness 
tests and by micrographic analyses, aimed to understand the metallurgical properties of the steel varying the process 
parameters. The experimental plan was designed following the rules defined by the Design of Experiment (DoE) and the 
results were statistically analysed by the ANOVA technique in order to maximize the effectiveness of the experiment. 
 
 
DEFORMATION MODES IN DEEP DRAWING PROCESSES  
 

he deep drawing process causes a strong plastic deformation in the material in three dimensions. During a plastic 
deformation, the volume is constant and consequently the sum of the three principal strains is equal to zero as 
reported in Eqn. (3) [16]. 

 

l w t+ + =0                                                                                                                                  (3) 
 
where ɛl, ɛw, ɛt are the strains in the longitudinal, long transverse and short transverse (thickness) directions respectively. 
Considering the strains occurring on thin metal sheets, Figure 2 shows two main types of deformation: 

- drawing: the deformation is positive in one direction, while in the transverse direction negative strain occurs. This 
type of deformation is characteristic of processes in which the material is stretched predominantly in one direction, 
while the others are reduced. A typical example of this phenomenon is observed in the tensile test. In the deep 
drawing process, this deformation occurs in the steel flowing under the blank-holder. 

- stretching: the strain is positive both in the longitudinal and transverse directions. This condition, typical of the area 
of the sheet metal in contact with the die, is more severe than drawing because it requires a significant reduction in 
thickness to maintain the volume constant. 

By relating the deformations that occur on the plane of the sheet metal, it is possible to create a graph that describes the 
two modes previously exposed. The bisector of the first quadrant shows a particular deformation mode, called balanced 
biaxial, in which the planar deformation occurs in both directions in an equivalent way. 
Figure 3 shows a deformability limit curve, which is a useful tool to determine the maximum deformation applicable in the 
plane before the steel breaks [17]. This curve can be obtained experimentally, through ad hoc tests, or analytically, using for 
example the Storen-Rice model [18]; a third possibility is the numerical one, through the use of finite element models. The 
FLD curve is influenced by the material strain hardening exponent, by the sheet thickness and by the strain rate [19]: when 
the strain hardening exponent and the thickness increase and when the strain rate decreases, the FLD curves shift upward 
enlarging the safe zone. For a fixed sheet thickness and deformation rate, the ferritic stainless steels are hence disadvantaged 
being their strain hardening exponent generally lower than austenitic grades. 
The deformability limit curve is particularly useful for deep drawing processes, because it allows to predict any possible 
critical issues [20]. Considering the Erichsen test instead, it is easy to understand how the spherical shape of the punch 
imposes stretching conditions in the sheet metal between the punch and the blank-holder; the deformation is instead 
balanced biaxially at the apex of the cup. The deformability limit curve also allows to understand that the deformation 
conditions imposed by the Erichsen test are less severe than the plane strain condition in which the deformation is blocked 
in the direction perpendicular to the force [21]. 
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Figure 2: Deformation modes based on planar deformation values. The major and minor deformation are those on sheet metal plane 
expressed by ɛl and ɛw. In the left area the deformation occurs by drawing while in the right one by stretching. 
 

 
 

Figure 3: Generical example of a deformability limit curve. The image shows how the limit curve for drawing, in the left area, allows 
larger deformations than the one for stretching, in the right area. 
 
 
MATERIALS AND METHOD 
  

he materials under investigation are two austenitic and two ferritic stainless steels, designated according to the ASTM 
A240/240M standard. For both, two grades commonly used in the industry were considered (AISI 304 and AISI 
430). Moreover, other two steels were considered because of their improved formability (304 mod. and AISI 441). 

The chemical compositions are reported in Table 1. 
The four steels, produced in the form of 1 mm thick sheet metal, were supplied in condition 2B, i.e. full annealed for ferritic 
and solubilized for austenitic, pickled and skin passed. 
The experimental plan involved mechanical, technological and metallographic tests and analyses. The materials properties 
were first investigated by uniaxial tensile tests. Then, Erichsen tests were performed to study statistically significant 
differences between standard grades and those with improved formability. The influence of the lubricant type, of the punch 
speed and of the blank-holder pressure was also considered. Finally, a wide metallographic analysis and Vickers HV0.2 
microhardness tests were carried out along the sheet metal profile at the end of the Erichsen test, in order to highlight the 
local microstructural and mechanical modifications induced by the deformation process varying the test parameters. 
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[%] C Cr Ni Mn Si S P Cu Mo Ti Nb N 

AISI 304 0.04 18.05 8.02 1.72 0.37 <0.01 0.04 0.04 0.21 - 0.03 0.06 

ASTM 
A240: 

AISI 304 
<0.08 18-20 8-11 <2.00 <0.75 <0.03 <0.045 - - - - <0.10 

304 mod. 0.05 18.06 9.56 1.46 0.35 <0.01 0.03 0.03 0.15 - 0.03 0.03 

Limit 
values for <0.05 18-18.75 9-

10.50 
<2.00 <0.75 - - - - - - - 

304 mod. 

AISI 430 0.05 16.19 0.55 0.47 0.33 <0.01 0.04 0.04 0.02 - 0.03 0.05 

ASTM 
A240: 

AISI 430 
<0.12 16-18 <0.75 <1.00 <1.00 <0.03 <0.04 - - - - - 

AISI 441 0.03 17.87 0.4 0.33 0.58 <0.01 0.04 0.04 0.04 0.25 0.45 0.01 

ASTM 
A240: 

AISI 441 
<0.03 17.5-19.5 <1.00 <1.00 <1.00 <0.03 <0.04 - - 0.1-

0.5 
0.57-
0.9 

<0.03 

 

Table 1: Experimental chemical composition of the sheets used for the experimentation compared to the limit values. AISI 304 is similar 
to EN X5CrNi18-10. 304 mod. is characterized by a chemical composition compatible with the AISI 304 limits, compared to which it 
establishes lower maximum chromium and higher minimum nickel contents. AISI 430, similar to X6Cr17. AISI 441, similar to 
X2CrTiNb18. AISI 441 is characterized by a very limited carbon content and the addition of small amount of titanium and niobium to 
stabilize the ferrite and prevent the precipitation of chromium carbides. 
 
Tensile tests 
For each type of stainless steel, nine tensile specimens were obtained, three of which were machined parallelly (L), three 
perpendicular (T) and three at 45° (Q) with respect to the rolling direction. The results, expressed as the mean value of the 
three replicates, are summarized in Tab.4. Each tensile test was carried out according to the ISO 6892 standard at a 
deformation rate of 0.005 s-1 until the elongation of 2%, then it was increased to 0.05 s-1 until failure.  
From each test, the values of the yield strength, Rp0.2, the ultimate tensile strength, Rm, the percentage plastic extension at 
maximum force, Ag%, and the percentage elongation after fracture, A% (L0 = 25 mm) were determined. Moreover, the 
strain hardening exponent was calculated according to ISO 10275, in the engineering strain range 4%-15%, while the strain 
ratio was estimated according to ISO 10113, using the slope, mr, of the true plastic width strain vs. true plastic length strain 
line.  The true plastic width strain,  εb, and the true plastic length strain, εl, were measured at the engineering strains of 2%, 
4%, 8% and 12%.  Then, from the r values measured in the three investigated directions the normal (r̄ ) and the planar 
anisotropy (Δr) coefficients were obtained. The strain ratio value is defined by Eqn. (3), whereas the normal and the planar 
anisotropy coefficients were determined according to Eqns. (4) and (5).  
 

r,  0-90-45
0-90-45

r, 0-90-45

m
r =-

1+m
                                                                                                                           (3) 

 

r,  0-90-45
0-90-45

r, 0-90-45

m
r =-

1+m
                                                                                                        (4) 

 

r,  0-90-45
0-90-45

r, 0-90-45

m
r =-

1+m
                                                                                                             (5) 

 
where r0-90-45 are the strain ratios in the longitudinal, transversal and 45° directions, εw,0-90-45 and εt,0-90-45 are the strains in the 
width and the thickness direction for the three specimens series. 
 



 
 
 

A. Casaroli et alii, Fracture and Structural Integrity, 75 (2026) 104-123; DOI: 10.3221/IGF-ESIS.75.09 
 

110 
 

Erichsen tests 
The Erichsen tests, performed according to EN ISO 20482, were carried out following the experimental setup described in 
Figure 1 and Table 2. 
 

Description Symbol 
[Figure 1] 

Dimension [mm] 

Punch diameter d1 20 

Die bore d2 27 

Blank-holder bore d3 33 

Outer diameter of the die d4 55 

Outer diameter of the blank-holder d5 55 

Outer radius of the die and the blank holder R1 0.75 
 

Table 2: Experimental setup used for Erichsen tests. 
 
The considered test conditions regarded the materials, the lubricant type and the lubricated area, the punch speed and the 
blank-holder pressure. More details are given in Table 3. The lubrication methods were selected to evaluate the effect of 
both solid lubricants, in the form of PVC adhesive film, and liquid ones, using petroleum jelly. The effect of the lubrication 
zone was also studied by applying the lubricant in the working area of the blank-holder, on the punch or on a combination 
of both surfaces. In each case, the lubricant was applied manually, taking care to create a homogeneous layer well adherent 
to the sheet metal. The experimental plan was set up following the rules of the Design of Experiment for complete and 
orthogonal planes, replicated three times for a total of 336 tests. The order of execution was completely randomized and 
the results were statistically analysed according to the ANOVA technique. 
 

Factor Level Code 

Material 

AISI 304 304 

304 mod. 304 mod. 

AISI 430 430 

AISI 441 441 

Lubrification 

Without lubrication D 

Petroleum 
jelly 

Blank-holder + Punch J 

Blank-holder JH 

Punch JP 

PVC 

Blank-holder + Punch P 

Blank-holder PH 

Punch PP 

Punch speed 
4.3 mm/min L 

120 mm/min H 

Blank-holder pressure 
6.6 MPa L 

59.2 MPa H 
 

Table 3: Factors, factor levels and level coding used for Erichsen tests. 
 
Metallographic analysis and hardness tests 
The samples dedicated to the metallographic analysis were mirror polished using abrasive papers with decreasing grit (120, 
320, 400, 600, 800, 1200 grit) and cloths with synthetic diamond abrasive (3 µm and 1 µm grit). Lubrication was ensured 
using water for the papers and the suspension containing the abrasive for the cloths. The etching was carried out chemically 
using Vilella reagent (hydrochloric acid, 5mL, picric acid, 1g, and ethanol, 100mL), for ferritic stainless steels, and 
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electrochemically with a solution of 10 g of oxalic acid in 100 mL of distilled water, for austenitic stainless steels. The images 
were acquired using a LEICA® DM4000M optical microscope. The same samples were also used to evaluate the hardness 
according to ISO 6507. The tests were performed using a Vickers LEITZ®-WETZLAR® microhardness tester equipped 
with a digital camera, using the hardness scale HV0.2 (0.2 kgf, 15 s). 
 

 
 

Figure 4: Comparison of engineering stress-strain curves (left) and true stress - true strain regression lines in the 4%-15% strain range 
(right) for the austenitic stainless steels AISI 304 and 304 mod. and the ferritic stainless steels AISI 430 and AISI 441. Samples are 
obtained in longitudinal (L) direction. 
 

Material Direction Rp0.2 [MPa] Rm [MPa] A% Ag% n 

AISI 304 

Longitudinal L 270 661 53 47 0.343 

Transverse T 267 646 56 48 0.319 

45° Q 263 643 56 48 0.324 

304 mod. 

Longitudinal L 256 642 51 45 0.360 

Transverse T 260 631 57 48 0.329 

45° Q 269 621 54 47 0.323 

AISI 430 

Longitudinal L 335 487 22 13 0.188 

Transverse T 343 492 22 13 0.175 

45° Q 341 484 19 12 0.167 

AISI 441 

Longitudinal L 320 476 22 13 0.190 

Transverse T 335 481 22 13 0.172 

45° Q 329 479 22 13 0.184 

 
Table 4: Experimental results of tensile tests (yield strength, Rp0.2, ultimate tensile strength, Rm, elongation after fracture, A%, percentage 
plastic extension at maximum force, Ag% and strain hardening exponent, n) for the austenitic stainless steels AISI 304 and 304 mod. 
and for the ferritic ones AISI 430 and AISI 441 (right). The specimens are obtained longitudinal, perpendicular and at 45° respect to 
the rolling direction and each value is expressed as the mean of three replicates. 
 
 
RESULTS AND DISCUSSION 
 
Tensile tests 

esides the expected differences among the stainless steel grades [22], the tensile tests showed no significant difference among 
the standard grades (AISI 304 and AISI 441) and those improved for deep drawing (304 mod. and AISI 441). As shown in 
Figure 4 and Tab. 4, the yield strength of ferritic stainless steels is higher than that of austenitic ones, which however, thanks to 

their excellent plastic deformability and high work hardening index, have a higher ultimate tensile strength. The plastic deformability of 
the fcc lattice, typical of austenitic stainless steels, is in fact much higher than that of the bcc lattice. The values of the strain ratio r 
reported in Table 5, remarks an interesting difference among the ferritic and austenitic stainless steel sheets, being the normal anisotropy 
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coefficient of the former clearly higher than that of the latter. On the other hand, no notable difference was observed inside each steel 
type. In this regard, it is interesting to note how austenitic stainless steels behave in an almost isotropic way both along the thickness, 
with a value of r̄ close to 1, and in the different direction on the plane, with a Δr close to zero. On the contrary, ferritic stainless steels 
show significant anisotropy along all directions. 
 

Material Direction r r ̄  Δr 

AISI 304 

Longitudinal L 0.989 

1.22 -0.40 Transverse T 1.054 

45° Q 1.426 

304 mod. 

Longitudinal L 0.796 

1.18 -0.39 Transverse T 1.169 

45° Q 1.375 

AISI 430 

Longitudinal L 1.288 

2.42 1.90 Transverse T 5.458 

45° Q 1.468 

AISI 441 

Longitudinal L 2.236 

2.68 0.89 Transverse T 4.003 

45° Q 2.231 
 

Table 5: Experimental results of the strain ratio, r. The values of “r” were also used to evaluate the coefficients r̄ and Δr needed to 
estimate the anisotropy level of the stainless steels. The specimens are obtained in the longitudinal, perpendicular and at 45° respect to 
the rolling direction. 
 
Erichsen Tests 
The large amount of experimental data (336 Erichsen tests) was subjected to ANOVA statistical analysis, with all the 
interactions between the factors. Graphical analyses of the main effects and their possible interactions are reported in Figure 
8 and Figure 9 while the ANOVA table (p-value of 0.05) and the pairwise comparisons according to Tukey's test (p-value 
of 0.05) up to the second order are reported in Table 6 and Table 7. The assumptions of normality, homoscedasticity and 
independence [23] were verified for each analysis, without highlighting noteworthy anomalies. Both the preliminary graphic 
analysis and the ANOVA confirm what was found from the tensile tests: austenitic stainless steels have Erichsen index 
higher than ferritic ones, while the differences between the standard grades (AISI 304 and AISI 430) and those improved 
for deep drawing (304 mod. and AISI 441) are limited (on average less than 0.3 IE), despite being statistically different. The 
pairwise comparison highlights that AISI 441 has a slightly better IE (i.e. slightly higher) than AISI 430 while the 304 mod. 
does not show any advantages compared to AISI 304 which instead has a slightly higher IE. It is important to underline 
that the results of the Erichsen test are very influenced by the strain hardening exponent and by the percentage plastic 
elongation at maximum load, Ag%. High values of such parameters, in fact, have a superior tolerance to local concentration 
of strain and stress due, for example, to imperfections of the sheet metal, to inhomogeneous lubrication or to geometric 
errors of the die, avoiding both localized necking phenomena and unwanted breakages during the deep drawing process. 
Moreover, the major and the minor strains in this kind of test are both positive and stay in the right side of the FLD curve, 
where the influence of the strain ratio r ̅  is low. The strain hardening exponent of the ferritic stainless steels is hence a great 
disadvantage for such kind of plastic deformations as visible in Figure 5. In the technical literature, many authors proposed 
different approaches to predict the formability curves [19]. The ones presented in Figure 5 is based on the Storen-Rice 
criterion [24]. According to this approach, the minor and major strains can be calculated according to Eqns. (6) and (7) 
respectively. 
 

2 2

major 2

3α +n(2+α)
ε =  

2(2+α)(1+α+α )
                                                                                                                (6) 

 

minor majorε =αε                                                                                                                      (7) 
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where n is the strain hardening exponent and minor

major

dε
α=  , (-1 α 1)

dε
  . 

 

 
 

Figure 5: Influence of the strain hardening exponent on the formability limit curves experimentally calculated using formulas number 
(6) and (7). 
 
In the left side of the FLD curves, where drawing deformation is located, a higher normal anisotropy coefficient is beneficial 
and can limit the deformability gap with the austenitic grades. Figure 6 shows the influence of such coefficient on the limit 
major and minor strains. 
 

 
 

Figure 6: Influence of the normal anisotropy coefficient on the limit strains experimentally calculated using formulas number (6) and 
(7). 
 
On the base of these observations, the evaluation of the ferritic stainless steels deformability and deep drawability requires 
further considerations. Referring to the tensile tests results reported in Figure 4, the percentage elongation of the ferritic 
stainless steels is about 2.5 times less than that of austenitic steels. Moreover, the ratio among the ferritic and austenitic 
steels strain energy (determined as the area under the tensile curves) is equal to about 1/3. On the other hand, the Erichsen 
index of the ferritic steels is about 1.3 times less than that of austenitic grades. Moreover, it must be remarked that the price 
of ferritic stainless steels is significantly lower (at least half) and more stable over time than that of austenitic one, which is 
strongly influenced by the cost of nickel. These observations suggest that the deep drawability of ferritic stainless steel can 
be significantly improved by working on new chemical compositions able to maximize the deformability, by a careful control 
of the production process aimed at increasing the normal anisotropy coefficient and, if possible, selecting slightly thicker 
sheets. S. K. Paul [19], in fact, reported an equation to calculate the major strain when the minor is zero (plain strain 
condition). This value, called FLD0, can be predicted by Eqn. (8) when n ≤ 0.21 and the thickness t is lower than 3.1 mm. 
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Figure 7: Influence of the strain hardening exponent and of the sheet thickness on the % FLD0 value experimentally calculated using 
formula number (8). 
 
Moreover, the lower cost justifies the choice of more effective, even though more expensive, technological parameters such 
as the punch speed and geometry, the blank-holder pressure and the lubricant type. All these factors affect the material 
deformability significantly as demonstrated by the data analysis shown in Figure 6 and Figure 7. 
 

 
 

Figure 8: Effect of material, lubrication, punch speed and blank-holder pressure on the Erichsen index (IE). Preliminary visual analysis 
of the main factors (main effect plot). 
 
Pairwise comparisons using the Tukey’s test show that the PVC adhesive film significantly increases the Erichsen index, 
compared to tests performed without lubrication. In contrast, Petroleum jelly, a gelatinous lubricant, does not improve 
process performance, although it can reduce wear on machine components [5]. 
An explanation for the ineffectiveness of Petroleum jelly lies in the process conditions: high pressures tend to remove the 
viscous lubricant from the contact areas, preventing the reduction of the friction coefficient between the sheet metal and 
the punch or the blank-holder. 
For PVC, it is observed that the lubricated area significantly affects the result. In particular, complete lubrication, i.e. of both 
areas in contact with the punch and the blank-holder, gives the best results, followed by lubrication of the punch only and 
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finally of the blank-holder only. Complete lubrication has two effects: it improves the sliding of the sheet metal in contact 
with the punch and increases the quantity of steel that flows in the area between the blank-holder and the punch. The most 
significant of the two effects is certainly the first, because the sliding of the sheet metal under the blank holder remains 
limited. 

 
 

Figure 9: Effect of interactions between material, lubrication, punch speed and blank holder-pressure on the Erichsen index (IE). 
Preliminary visual analysis of interactions (Interaction Plot). 
 

Source DF Adj SS Adj MS F-Value P-Value 
Material 3 941.48 313.826 5126.18 0.000 

Lubrication 6 175.61 29.269 478.09 0.000 
Punch Speed 1 9.10 9.101 148.67 0.000 

Blank-Holder Pressure 1 11.93 11.925 194.79 0.000 
Material*Lubrication 18 52.90 2.939 48.00 0.000 

Material*Punch Speed 3 10.58 3.526 57.59 0.000 
Material*Blank-Holder Pressure 3 2.98 0.993 16.23 0.000 

Lubrication*Punch Speed 6 1.84 0.307 5.01 0.000 
Lubrication*Blank-Holder Pressure 6 2.34 0.391 6.38 0.000 

Punch Speed*Blank-Holder Pressure 1 0.64 0.643 10.51 0.001 
Material*Lubrication*Punch Speed 18 2.54 0.141 2.31 0.003 

Material*Lubrication*Blank-Holder Pressure 18 0.73 0.040 0.66 0.848 
Material*Punch Speed*Blank-Holder Pressure 3 0.09 0.032 0.52 0.672 

Lubrication*Punch Speed*Blank-Holder Pressure 6 1.16 0.193 3.15 0.005 
Material*Lubrication*Punch Speed*Blank-Holder Pressure 18 1.07 0.060 0.97 0.490 

Error 224 13.71 0.061   
Total 335 1228.71    

 

Table 6: ANOVA table of the main factors (material, lubrication, punch speed and blank-holder pressure) and their interactions up to 
the fourth order. In green the significant factors and interactions according to a p-value lower than 0.05. 
 
As already observed for lubrication, the blank-holder pressure is also statistically significant, although it plays a minor role. 
In this case, a lower pressure is slightly more advantageous, since it improves the sliding of the sheet metal under the blank 
holder, feeding the deformation zone between the punch and the blank holder. This result confirms what has already been 
observed for lubrication: the more the sliding is promoted, the better the test results, since the greater the amount of stainless 
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steel that contributes to the deformation. It is in fact important to remark that the Erichsen test simulates the stretching 
conditions that can be present locally in deep drawing, such as, for example, the small radius areas nearby the die. In these 
cases, ensuring adequate sliding between the material and the die is essential for the success of the process, especially when 
the sheet metal is not completely blocked by the blank holder. Finally, it is important to highlight that the punch speed, and 
therefore the strain rate, also represents a statistically significant factor, although with a less relevant role than the stainless 
steel family and the lubrication.  
 
 
 
 

 

Material IE Mean Grouping 
304 13.1214 A    
304 mod. 12.8476  B   
441 9.7548   C  
430 9.5369    D 

Lubrication IE Mean Grouping 
P 12.6083 A     
PP 12.2125  B    
PH 11.2813   C   
D 10.8688    D  
JP 10.7917    D E 
JH 10.7583    D E 
J 10.6854     E 

 

Punch Speed IE Mean Grouping 
L 11.4798 A  
H 11.1506  B 

 

Blank-Holder Pressure IE Mean Grouping 
L 11.5036 A  
H 11.1268  B 

 

Material x 
Lubrication 

IE 
Mean Grouping 

304 P 15.0333 A              
304 mod. P 14.7667 A B             
304 PP 14.5000  B C            
304 mod. PP 14.3917   C            
304 PH 13.0500    D           
304 mod. PH 12.6750     E          
304 D 12.5667     E F         
304 JH 12.3833     E F G        
304 mod. D 12.2667      F G H       
304 JP 12.2250      F G H       
304 mod. JH 12.1167       G H I      
304 J 12.0917       G H I      
304 mod. JP 11.9417        H I      
304 mod. J 11.7750         I      
441 P 10.4417          J     
430 P 10.1917          J K    
441 PP 10.1083          J K    
441 PH 9.9250           K L   
430 PP 9.8500           K L   
441 J 9.5917            L M  
441 JP 9.5917            L M  
430 PH 9.4750             M N 
430 JP 9.4083             M N 
430 D 9.3333             M N 
441 JH 9.3167             M N 
441 D 9.3083             M N 
430 J 9.2833             M N 
430 JH 9.2167              N 

 

 

Material x Punch Speed IE Mean Grouping 
304 L 13.5571 A     
304 mod. L 13.0571  B    
304 H 12.6857   C   
304 mod. H 12.6381   C   
441 L 9.7762    D  
441 H 9.7333    D  
430 H 9.5452     E 
430 L 9.5286     E 
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Lubrication x 
Blank-Holder Pressure 

IE 
Mean Grouping 

P L 12.6958 A       
P H 12.5208 A B      
PP L 12.3708  B      
PP H 12.0542   C     
PH L 11.3417    D    
PH H 11.2208    D E   
D L 11.1750    D E F  
JP L 11.0333     E F  
JH L 10.9708      F  
J L 10.9375      F  
D H 10.5625       G 
JP H 10.5500       G 
JH H 10.5458       G 
J H 10.4333       G 

 

Lubrication x 
Punch Speed IE Mean Grouping 
P L 12.6375 A       
P H 12.5792 A       
PP L 12.4833 A       
PP H 11.9417  B      
PH L 11.4042   C     
PH H 11.1583    D    
D L 11.0542    D E   
JP L 10.9917    D E   
J L 10.9083     E F  
JH L 10.8792     E F  
D H 10.6833      F G 
JH H 10.6375       G 
JP H 10.5917       G 
J H 10.4625       G 

 

Punch Speed x Blank-
Holder Pressure Mean Grouping 
L L 11.7119 A   
H L 11.2952  B  
L H 11.2476  B  
H H 11.0060   C 

 

Material x 
Blank-Holder Pressure Mean Grouping 
304 L 13.4024 A      
304 mod. L 13.1214  B     
304 H 12.8405   C    
304 mod. H 12.5738    D   
441 L 9.8976     E  
441 H 9.6119      F 
430 L 9.5929      F 
430 H 9.4810      F 

 

Table 7: Multiple comparisons according to Tukey's test (p-value equal to 0.05) between the factor levels and their interactions up to the 
second order. Each statistically different factor and interaction is indicated by a different letter. (Example 1: Pairwise comparison 
between materials shows that all four stainless steels exhibit statistically different IE; Example 2: Pairwise comparison between 
lubrication methods shows that, in terms of IE, PVC lubrication on both the punch and the blank holder (group A), on the punch only 
(group B), and on the blank holder only (group C) are statistically different from each other and also from the condition without 
lubrication (group D) and from all those with petroleum Jelly (groups D and E). The conditions without lubrication (group D) and all 
those with Petroleum Jelly (group E) are statistically equal to each other. 
 
Pairwise comparisons using the Tukey’s test demonstrate that a lower punch speed improves the Erichsen index, since it 
makes the dislocation motion easier [25]. The difference between the levels appears limited, despite the two extreme 
conditions chosen for the tests (4.3 mm/min and 120 mm/min). At room temperature, the load rate has a significant 
influence only when it is very high (έ > 100 1/s), such as in high-velocity ballistic impacts [8–10]. 
Regarding the interactions between factors, it is important to highlight that ferritic stainless steels always show lower 
performance than austenitic ones, regardless of lubrication conditions, punch speed and blank-holder pressure. At the same 
time, however, ferritic stainless steels are less sensitive to these three factors than austenitic ones. The maximum percentage 
difference between the best and worst lubrication conditions for ferritic stainless steels is about 10.7%, compared to about 
21.7% for austenitic ones. The same trend is also observed for punch speed and blank-holder pressure, which show a 
maximum percentage difference of 2.5% and 4.2% for ferritic stainless steels compared to 6.8% and 6.2% for austenitic 
ones, respectively. This difference demonstrates that to take full advantage of the large cold plastic deformation of stainless 
steels it is very important to use process parameters that improve their flow.  
 
Metallographic analysis 
Chemical analyses, tensile tests and Erichsen tests shown very limited differences between the standard grades (AISI 304 
and AISI 430) and the ones with improved deep drawability (304 mod. and AISI 441). For this reason, metallographic 
analyses and HV0.2 microhardness tests were carried out only on the former, which are more commonly used in industrial 
processes. Regarding the lubricant type, it was decided to limit the analyses to two experimental conditions: (i) with PVC 
film on the punch and the blank holder area and (ii) without lubrication. The materials tested with petroleum jelly were not 
investigated for the limited effects observed in the Erichsen tests. For the punch speed and the blank-holder pressure, the 
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low values (4.3 mm/min and 6.6 MPa respectively) cases were selected, since they resulted in better Erichsen indexes. 
Metallographic analyses were performed at two magnifications, 5x and 100x, in order to describe the microstructure from 
both general (Figure 10) and detailed (Figure 11) points of view, in correspondence with the areas listed below. 

- Area A: under the blank-holder. 
- Area B: near the knee, just beyond the blank-holder. 
- Area C: between the punch and blank-holder.  
- Areas D, E and F: characterized by a strong thinning and/or localized necking of the sheet metal. Depending on 

material and lubrication, these areas are located in the non-contact zone between the punch and the blank holder 
or in the spherical cup.  

The results were presented starting from the austenitic stainless steel AISI 304, first without lubrication and then with the 
use of PVC film. The same procedure was also applied to the ferritic stainless steel AISI 430. The zone A of the AISI 304, 
below the blank-holder, shows almost equiaxed grains typical of the sheet metal in the solubilized state. The microstructure 
confirms that the plastic flow is extremely limited in this zone. Zones B, C and E instead show an opposite situation, with 
grains strongly elongated along the deformation direction. In these areas, the microstructure is influenced by the load 
conditions generated by the Erichsen test, i.e. a strong stretching between the punch and the blank-holder. Zones D and F 
are of extreme interest, since the amount of plastic deformation strongly depends on the lubrication method. Without 
lubrication, zone F has a very little deformation, because the high friction contrasts the sliding of the sheet metal; this 
condition also influences zone D which undergoes localized necking phenomena. This area is in fact located approximately 
halfway between the blank-holder and the top of the cup, where the sheet metal is almost constrained in its movements. 
The use of the PVC film lubricant completely changes the operating conditions, allowing the sheet metal to slide and spread 
the plastic deformation between the C and F zones. The images reported in Figure 10 and Figure 11 show a constant 
reduction in thickness, without highlighting the localized necking generated without lubrication. The strong influence of 
lubrication on the ability to spread the deformations is also confirmed by AISI 430, which shows the same features 
highlighted by AISI 304, compared to which, however, it shows a more limited plastic deformation. 
 

 
 

Figure 10: Metallographic analyses at low magnification after the Erichsen tests (5x): the letters from A to E highlights the areas analysed 
at 100x, summarised in Figure 11. For AISI 430 and AISI 441 the etching was carried out by immersion in a solution of 5 mL of 
hydrochloric acid and 1 g of picric acid in 100 mL of ethanol. For AISI 304 and 304 mod. the etching was carried out electrochemically 
with a solution of 10 g of oxalic acid in 100 mL of distilled water. 
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Figure 11: Metallographic analyses at 100x after the Erichsen test of the areas from A to E indicated in Figure 10. The DRY conditions 
were without lubrication while the LUB conditions were with PVC film in the punch and blank-holder areas. In both cases the punch 
speed and the blank-holder pressure were set at 4.3 mm/min and 6.6 MPa. For AISI 430 and AISI 441 the chemical etching was carried 
out by immersion in a solution of 5 mL of hydrochloric acid and 1 g of picric acid in 100 mL of ethanol. For AISI 304 and 304 mod. 
the chemical etching was carried out electrochemically with a solution of 10 g of oxalic acid in 100 mL of distilled water. 
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Hardness tests 
The metallographic samples were also used to evaluate the HV0.2 (0.2 kgf, 15 s) Vickers microhardness according to standard 
ISO 6507. The tests were performed on ten different areas, shown in Figure 12, in order to characterize the hardness on 
the Erichsen samples for both the stainless steel types (AISI 304 and AISI 430) and the lubrication methods (without 
lubrication and with PVC film). For each area, the hardness was evaluated near the inner and outer edge of the sheet metal 
and at half of its effective thickness. Specifically, areas 1 and 2 refer to the stainless steel under the blank-holder, areas 3 and 
4 are located near the knee just beyond the blank-holder, while areas 5, 6 and 7 are located in the contact-free area between 
the blank-holder and the punch. Areas 8, 9 and 10 are instead representative of the spherical cup produced by the punch. 
 

 
 

Figure 12: HV0.2 microhardness profiles along the Erichsen samples (areas 1 to 10) already used for metallographic analyses. The DRY 
conditions were obtained without lubrication, while the LUBRICATED conditions were obtained by applying the PVC film in the 
punch and blank holder areas. In both cases, the punch speed and the blank holder pressure were set equal to 4.3 mm/min and 6.6 MPa 
respectively. 
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The results, summarized in Figure 12, confirm that AISI 304 has a significantly higher work hardening in respect to AISI 
430. The former, in fact, shows Vickers HV0.2 microhardness values up to 180 points higher than the latter in the areas of 
highest plastic deformation. In zones 1 and 2, below the blank holder, the hardness is consistent with the solubilized state 
before plastic deformation, highlighting very limited plastic flow. Zones 3 and 4 show a hardness increase due to the plastic 
deformation of the sheet metal, forced to bend around the radius of the die. In these areas, the hardness just below the 
inner edge is higher than that on the outer edge and in the half-thickness plane. In fact, in zones 3 and 4, the inner edge is 
opposite to the die and is therefore subject to maximum deformations. In areas 5 to 10, the hardness level is strongly 
influenced by the lubrication methods. The use of the PVC film lubricant allows the sheet metal to slide and distribute the 
plastic deformation uniformly both in the area between the blank-holder and the punch and below the latter; the hardness 
values therefore increase and reach their maximum at the apex of the spherical cup. Without lubrication, the high friction 
between the punch and the sheet metal counteracts the sliding at the apex of the spherical cup, where the deformation is 
very little and the sheets is characterised by hardness levels up to 100 HV0.2 points lower than those of lubricated ones. 
Without lubrication, the maximum hardness value is therefore in zone 7, approximately halfway between the blank-holder 
and the apex of the cup, which undergoes localized necking phenomena. 
 
 
CONCLUSION  
 

his research paper compares the performances of austenitic and ferritic stainless steels improved for deep drawing, 
304 mod. and AISI 441, with the standard AISI 304 and AISI 430 grades. For all steels, the chemical composition, 
the mechanical properties (Rm, Rp0.2, Ag%, A%, n and r) and the Erichsen index (IE) were systematically evaluated 

in order to understand the effect of the main process parameters (lubrication, punch speed and blank-holder pressure) and 
their interactions on the deep drawing process. Some of the specimens used for the Erichsen tests were subjected to 
metallographic analyses and HV0.2 microhardness tests to study the modification of the microstructure during the test and 
its effect on local mechanical properties. The experimental plan was designed following the Design of Experiment (DoE) 
for complete and orthogonal plans replicated three times, while the results were statistically analysed with the ANOVA 
technique, that maximizes the effectiveness of the experiment. The results allow to draw the following conclusions. 

- The tensile tests show no significant differences between the standard stainless steel grades (AISI 304 and AISI 
430) and the ones with improved formability (304 mod. and AISI 441). Regarding the Erichsen tests, the austenitic 
grades showed very similar behaviour, whereas AISI 441 resulted in a limited increase of the Erichsen index. Even 
if AISI 430 and 441 grades showed similar formability and tensile properties, it must be remarked the higher PREN 
number of the latter, that can make it a better choice when superior corrosion resistance is required. Comparing 
austenitic and ferritic grades, the test results confirm the expected mechanical properties and formability 
differences: the yield strength of ferritic stainless steels is higher than that of austenitic ones which, however, have 
higher ultimate tensile strength because of the higher strain hardening exponent. This combination of properties 
allows austenitic stainless steels to achieve greater Erichsen index and to limit necking phenomena. Even if the gap 
among their formability can hardly be zeroed, it can be reduced working on the ferritic steels microstructural texture 
in order to increase the strain hardening exponent. Moreover, the significant lower cost justifies further research 
on the chemical composition and the selection of process parameters, such as the lubricant type, the punch speed 
and geometry, the blank-holder pressure and the sheet thickness, able to enhance the formability even when they 
are more expensive than those used for austenitic grades. 

- PVC film lubricant significantly increases the Erichsen Index compared to unlubricated processes. In contrast, 
petroleum jelly, a gel-like lubricant, does not improve the process performance. This is because high pressures tend 
to move away petroleum jelly from contact areas, preventing effective friction reduction between the sheet metal 
and the punch or blank holder. 

- The dimension of the lubricated zone influences the outcome of the Erichsen test. Complete lubrication (punch 
and blank-holder) ensures optimum results. The next most effective lubrication methods are, in decreasing order 
of effectiveness, lubrication of the punch only and, subsequently, of the blank holder only. Complete lubrication 
promotes both the sliding of the sheet metal over the punch and the increase in material flow between the blank 
holder and the punch. The first effect is the most significant, since the sliding capacity under the blank holder is 
limited in any case. 

- Both the blank-holder pressure and the punch speed are technically and statistically significant factors, although 
with a lower influence than the stainless steel family and their lubrication. A lower blank-holder pressure is slightly 
more advantageous, as it makes the sliding of the sheet metal easier and improves the feeding of the area between 

T 



 
 
 

A. Casaroli et alii, Fracture and Structural Integrity, 75 (2026) 104-123; DOI: 10.3221/IGF-ESIS.75.09 
 

122 
 

the blank-holder and the punch. Similarly, lower punch speeds improve the Erichsen index, facilitating the 
dislocation motion. 

- The interactions between factors show that ferritic stainless steels perform worse than austenitic ones, regardless 
of lubrication, punch speed and blank-holder pressure. However, ferritic stainless steels show a lower sensitivity to 
these three factors. This difference highlights how, in order to maximize the plastic deformation of stainless steels, 
it is essential to optimize the process parameters that improve their flow. This characteristic is more evident in 
austenitic stainless steels, given their superior plastic deformation capacity compared to ferritic ones. They, in fact, 
exhibit significantly greater work hardening. In particular, austenitic stainless steels show Vickers HV0.2 
microhardness values up to 180 points higher in the areas of maximum plastic deformation. 

- Metallographic analyses and hardness tests reveal that lubrication methods have a huge influence on work hardening 
and local mechanical properties. Lubrication with PVC film promotes uniform plastic deformation between the 
blank holder and the punch, and below the punch, resulting in higher hardness values that peak at the apex of the 
spherical cup. On the contrary, the absence of lubrication results in high friction, counteracting sliding at the apex 
and leading to minimum deformation and hardness values, up to 100 HV0.2 points lower than lubricated sheets in 
that area. Without lubrication, the maximum work hardening and, therefore the highest hardness, moves 
approximately halfway between the blank holder and the apex of the cup, where localized necking occurs. 
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