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ABSTRACT  

The Interstitial Free steels (IF) are widely used in the automotive industry due to their excellent mechanical properties (relative to 

deep drawing), combined with high mechanical strength. Currently, the main applications of the IF steel are focused on automotive 

industry parts production with a high forming requirement, such as the exterior panels of the cars body. The objective of this paper 

was to present results obtained about the behaviour of the IF steel sheets associated with high deformation. In order to evaluate the 

deep drawing aptitude of the sheet, samples were subjected to different mechanical tests: tensile test, hole expansion tests, n and r 

values determination and Erichsen test, all of them used commonly to verify the deep drawability of the sheets. This information was 

completed with microhardness measurements. The results were correlated with microstructural studies involving optical microscopy 

and scanning electron microscopy (SEM), including semi-quantitative EDS analysis. The IF steel microstructure is formed from 

ferritic grains with very fine grain size. Different types of precipitates are distributed on the grain boundaries and within grains. The 

information obtained allowed to understand the mechanical behavior in relation with the distribution of the particle’s types (identified 

in the structure), their composition and impact on the microstructure evolution associated with temperature. Through thermodynamic 

simulation applying FactSage 8.1, the phase transformation temperature (Tand the conditions of precipitates formation were 

estimated, in order to correlate with industrial processing conditions of the material. In addition, T value was determinedby dila-

tometry test. The main precipitates identified in the microstructure were TiN, TiC, TiS and C2S2Ti4, in coincidence with the results of 

the thermodynamic predictions. It is known that the failure of the material during the deep drawing or stamping process of the pieces 

is evidenced through the formation of microcracks or cracks in areas with changes of critical angles. For this reason, it is relevant to 

understand the mechanisms of fracture nucleation and propagation of the IF steel. In this sense, a fractography study was carried out 

on the samples tested by tensile test up to failure. It was possible to verify the presence of cavitation mechanism as results of super-

plastic flow at high deformation conditions, promoting necking and fracture after a high plastic deformation achieved. All the results 

obtained allowed to verify that the IF steel sheet satisfy the requirements of an EDDQ quality steel. 
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INTRODUCTION 
 

Steel is an essential material in the economy of industrially de-

veloped countries and presents special interest to achieve the 

growth of the automotive industry. The current demand for 

steels has critical requirements such as high mechanical strength 

and low weight, which promote passenger safety and fuel sav-

ings. These purposes are possible due to the possibility of form-

ing sheets at room temperature to manufacture high-strength 

structural parts or panels with complex shapes. One of the man-

ufacturing processes used for this type of auto parts is stamping. 

Currently ULC steel grades containing ultra-low carbon con-

tents, such as the Interstitial Free (IF), are considered one of the 

material of great industrial interest for this type of applications 

due to their particular combination of mechanical properties: ap-

titude to deep drawing, acceptable values of mechanical re-

sistance and a microstructure of ultrafine grain [1].  

The mechanical properties can be improved by refining and re-

arranging the microstructure. In addition, these materials can be 

easily coated, painted and welded. These properties make IF 

steel suitable to be applied to the exterior panels of the automo-

tive body [2-4]. These steels are characterized by containing mi-

cro alloying elements such as titanium and/or niobium, among 

other elements that remove the carbon from the matrix, promot-

ing the precipitation of different carbides, nitrides and carboni-

trides (of Ti and Nb). The precipitates affect the mechanical 

properties of steels because they control grain size refinement. 

In this steel grain shape is nearly equiaxed even when the strain 

is large. In addition, crystallographic texture represents another 

factor that influences the material drawability aptitude. Fibers γ 

{ND // <111>} are suitable for deep drawing, while the presence 

of α fibers {RD // <110>} could adversely affect on the sheets 

forming [4, 5]. 

Different methods are used to evaluate the drawability of alloys 

through mechanical tests in order to obtain knowledge about the 

mentioned behaviour. It is relevant to consider that cold forming 

induces strength properties increase and inhomogeneous defor-

mation, promoting residual stresses. These tests are classified 

into stretching tests, drawing tests and combined tests. Within 

the stretching tests, Erichsen test can be mentioned, which con-

sists of the stretching of a circular steel sample through a hemi-

spherical punch and where the height of the cup (or advance of 

the punch) is evaluated until the sample fracture, measured in 
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mm. This parameter is called Erichsen Index (EI). Other neces-

sary information within the characterization of IF sheets in-

volved are tensile tests, Hole Expansion tests and n-r values de-

termination. It is relevant to remember that drawability is the ap-

titude to develop a good plastic flow in the sheet plane, mean-

while the steel simultaneously presents high resistance to plastic 

flow in the thickness direction. This mechanical property is 

called normal anisotropy and it is evaluated by rm values or the 

average of r [6]. It was possible in this case to calculate rm values 

by the expression (1) that involves r values determined on sam-

ples tested (by tensile test) at O°, 45° and 90° respect rolling 

direction (RD). The planar plastic anisotropy (Δr) was calculated 

using the expression (2). 

 

rm = (r0 + 2r45 + r90) / 4                     (1.) 

 

Δr = (r0 – 2r45 + r90) / 2                  (2.) 

 

where:  rm  - normal anisotropy 

 Δr -planar plastic anisotropy 

The r values can also be determined by crystallographic texture 

of the steel sheet, approximating very well the experimental val-

ues [6, 7].  

The superplastic flow conditions of this type of steels, are of a 

mixed nature because of integration of structural and external 

(experimental variables), which are combined with a mechanical 

characteristic.  

In the industrial practice, plastic deformation processes are lim-

ited by the failure of the sheet, which can include: diffuse or 

global constraint, localized constraint (necking), ductile fracture 

(tearing), brittle fracture, folds formation, surface roughness and 

elastic recovery (springback). Necking is determined by the 

hardening coefficient n, since it determines the ductility, before 

the thinning starts. All of them affect the final shape or quality 

of the product and depends on the material properties. The sheet 

thickness evolution is relevant related to the states of biaxial ten-

sion and less important in pure compression state. The objective 

of this paper was to discuss the mechanical behaviour consider-

ing mechanical resistance, ductility, deep drawing and deforma-

bility of the selected IF steel, in correlation with microstructural 

aspects and deformation mechanisms. 

Thermochemistry of the alloys is considered a very important 

knowledge to understand the complex phase transitions in order 

to optimize industrial processing conditions and to evaluate the 

mechanical behaviour [8]. 

To dispose information of phase transitions and precipitation 

phenomena on the IF steel, a thermodynamic study was carried 

out applying a FactSage 8.1 simulation. The calculus was carried 

out applying Scheil cooling (of non-equilibrium) which pro-

vided valuable results that were also correlated with the micro-

structure characterization information. It is relevant to mention 

that Scheil cooling simulations also allowed to obtain plots with 

the amounts of phases versus temperature. The results were cor-

roborated by dilatometric tests carried out at different cooling 

rates, applying the methodology mentioned in [9]. 

The fracture surface of the samples subjected to tensile test up 

to failure, were studied by scanning electron microscopy. Plastic 

constraint is developed in the necked region when the material 

achieved the yield strength level. The results make it possible to 

evaluate localized constraint or necking and ductile fracture or 

tearing. The knowledge on the strain evolution associated with 

thickness decrease during deformation, is very useful because 

the failure in sheet metal forming during rolling or stamping usu-

ally occurs by thinning or localized necking. The fracture in the 

forming process of sheet metal is brought by the superplastic 

flow behaviour of the material, ductile fracture of metal is 

caused by the nucleation, growth, and coalescence of voids or 

dimples [10]. 

The information obtained is considered a contribution of interest 

to the automotive industry since in-depth knowledge of both the 

material used and the forming process allows lower production 

costs during the design, development and manufacturing stages 

of a steel for automotive parts industrial use. 

 

MATERIAL AND METHODS 

 
The material selected for this study was a commercial 0.8 mm 

thick Interstitial Free steel sheet. The steel has ultra-low C and 

N contents (<20 ppm and 47 ppm respectively); and it was sta-

bilized by Ti (510 ppm) and V (30 ppm) additions. The chemical 

composition of the material is presented in Table 1. 

 
Table 1 Chemical composition of the IF steel in weight % 

C Ti V N S Mn P Cr Si 

0.001

5 

0.05

1 

0.00

3 

0.004

7 

0.001

1 

0.09

5 

0.01

8 

0.00

9 

0.00

9 

 
The structural characterization of the IF steel was carried out on 

a sample of the as received material (AR). For this purpose, the 

observation by optical microscopy (OM) was performed using 

an Olympus GX51 microscope with the Material Plus image an-

alyzer. The study was completed by scanning electron micros-

copy (SEM), integrating semi-quantitative chemical analysis 

(EDS) to evaluate the precipitation phenomenon, using a FEI 

Quanta 200 equipment. Samples were prepared in high density 

phenolic resin and were manually polished with SiC abrasive 

papers from 180 to 1200 µm. Final polishing was carried out 

with 6 µm, 3 µm and 1 µm diamond paste and cloths. The metal-

lographic attack used to reveal the overall structure is Nital 2%. 

The structural study also considered the fracture surface obser-

vation and the thickness evolution measurements carried out by 

SEM. Microhardness measurements using a Leco LMT 300 in-

strument of the steel samples also were carried out.  

The thermodynamic simulation was performed by the software 

Fact Sage 8.1. Different databases were included: FSteel, FMisc, 

FTOxCN and FSteel. By Scheil cooling calculations (of non-

equilibrium), the T phase transformation temperature of 

the steel was determined and corroborated by dilatometric tests, 

carried out applying a Theta Dilatronics II instrument and con-

sidering different cooling rates. In addition, the content (in 

gram) of each precipitate predicted in the system were deter-

mined. The simulation was carried out considering the chemical 

composition of the IF steel and the temperature range from 100 

°C to 1150 °C. 

The mechanical behavior of the IF steel sheet was determined 

by different mechanical tests to evaluate the formability behav-

iour under high deformation. The mechanical properties in-

cluded tensile strength, yield point, percent of elongation and the 

values of n and r, were determined by tensile tests. The speci-

mens were cut out from the same sheet considering the angles: 

0°, 45° and 90° respect to rolling direction, to proof the anisot-

ropy of the material. The samples dimensions for tensile tests 

and n-r determinations are detailed in Fig. 1. The uniaxial tensile 

tests were carried by an Instron 4486 machine with a maximum 

capacity of 30 t. The strain hardening n, the plastic strain ratio r 

and the planar anisotropy r, were considered the conventional 

indicators of formability of sheet metals. 

Erichsen and Hole Expansion tests were performed with a CIFIC 

machine. The Erichsen Index (EI) was determined from the av-

erage of 3 measurements using a hemispherical punch with a di-

ameter of 20 mm and applying a load of 2 t. The Hole Expansion 

test was carried out using a load of 10 t (corresponding to the 

maximum possible load for the equipment) and the λ value was 
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determined by the average of 3 measurements; where Di is the 

initial diameter and Df is the final diameter. 

 
λ = (Df – Di / Di) * 100 (%)                     (3.) 

Where:   - average value of 3 measurements 

 Di [mm] – initial diameter 

 Df [mm] – final diameter 

 
Fig. 1 Geometry and dimensions of the steel samples used for 

uniaxial tensile tests and n-r coefficients determination. 

 

RESULTS AND DISCUSSION 

 
The qualities of steels in terms of their drawability are usually 

classified in increasing order with the names CQ (Commercial 

Quality), DQ (Deep Quality), DDQ (Deep Drawing Quality) and 

EDDQ (Extra Deep Drawing Quality); this last quality corre-

sponds to the IF steel under study. As was mentioned, the re-

quirements of good strength and high formability ability of IF 

steel, have a high dependence on microstructure and texture. For 

this reason, in this study a microstructure characterization of the 

as received material was carried out. The structural evaluation 

was correlated with the mechanical behaviour determined by 

different forming aptitude, mechanical tests. 

 
IF steel structural characterization 

 
Longitudinal and transversal sections samples of the IF steel 

sheet were observed by optical microscopy. The structure pre-

sented equiaxed ferritic grains of ultra-fine size (of G index = 12 

to 14, according to the ASTM E 112 standard).  

In addition, the equiaxed grains were stabilized and recrystal-

lized during the annealing treatment. The high number of triple 

points and straight grain boundaries edges corroborated this 

opinion.  

Fig. 2 shows small precipitates distributed within the ferritic 

grains and large particles of precipitates present in the grain 

boundaries, with different morphologies.  

According to [11], in which the microstructure texture aspects 

were deepened, it was verified that the grains in low relief cor-

respond to the so-called grains  and those that are in over relief 

correspond to grains , the combination of both gives the char-

acteristic texture, of this high formability alloys or suitable for 

deep drawing. 

The study was completed by scanning electron microscopy 

(SEM) and semi-quantitative EDS analysis, the characteristics 

of the ferritic grains () were corroborated and the distribution 

and chemical composition of the precipitates present in the ma-

terial were established. Fig. 3. 

In the grain boundaries, the presence of cuboid particles ~ 5 μm 

in size, which presents a Ti content peak were identified and 

considered compatibles with TiN. TiC and TiFeP precipitates 

were also determined. Particularly, TiFeP precipitates which 

tends to be formed over TiC surface and control the recrystalli-

zation and texture of the steel. 

In the study, was relevant to consider that different interphases 

were present in the microstructure: a) between different types of 

ferritic grains, b) between the ferritic grains and the precipitates 

and c) between ferritic matrix and small precipitates. 

 
Fig. 2 Structure with equiaxed ferritic grains (of andtypes 

and with presence of different precipitates. 

 

 
Fig. 3 Large cubic TiC precipitate present in a ferritic grain 

boundary and fine precipitates present inner the grains. 

 

In addition, C2S2Ti4 precipitates were identified in the structure 

associated with triple points. This type of particles improves 

drawability capacity.  

The precipitates identified inside the grains, presented different 

morphologies and compositions and were considered compati-

bles with TiN (cubic) and TiS (spherical). Both precipitates (TiN 

and TiS) improve drawability capacity, without consuming the 

carbon solute from the matrix.  

In this paper through Scheil cooling calculations, phases evolu-

tion and distribution in the IF steel was determined applying 

FactSage 8.1. This cooling simulation provided the transfor-

mation temperature value T= 926°C, associated with fcc) 

bcc) transformation of this IF steel. Fig. 4 

The T transformation temperature can be controlled by the Ti 

content and the cooling rate (Ve), during the industrial process. 

In order to evaluate the impact of the Ve on Tdilatometric 

tests were performed applying cooling rates between 5 to 

0.03°C/s, a similar methodology was used in [9]. The results are 

visualized in Fig. 5 and it is possible to observed that at low Ve 

(~0.03 to ~0.025°C/s) Ti and Tf temperatures presented val-

ues ~ 900°C. However, when Ve (~0.5 to ~2°C/s) both tempera-

tures increased up to Ti= 948°C and TfC. The increase 

of the cooling rate up to (Ve≥ 2°C/s) resulted in higher transfor-

mation temperature values (Ti= 987°C and TfC). This 
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information allowed to think that with Ve variation it is possible 

to control both the fcc) bcc) transformation temperature 

and the final austenite grain size during the industrial processing. 

Baker in [12], informed that TiN precipitates volume fraction 

allows to control the austenite grain size and, in consequence, 

the final ferritic grain size. In addition, V content increase the 

ferritic phase strength. 

By Scheil cooling simulation, the precipitation evolution with 

temperature also was obtained, see Fig. 6. The precipitation re-

sults were consistent with the information found by SEM + EDS. 

The results allowed to note that at temperatures higher than T 

(in austenite phase of the steel) the main precipitate predicted in 

the structure was the TiN identified as (FCC#2) FCC-A2, how-

ever at temperatures lower than T (in ferritic phase) the TiN 

showed a crystallographic variation denominated as 

((FCC#1)FCC-A1. Ooi et al. in [13], also informed consistent 

results respect TiN precipitation for IF steel at similar tempera-

tures probable associated with the steel solidification or slab re-

heating.  

 

 
Fig. 4 Transformation temperature (T of the IF steel obtained 

by Scheil cooling calculation. 

 

 
Fig. 5 Cooling rate (Ve) effect on the evolution of 

fcc)bcc) transformation temperatures for the IF steel. 

 
The precipitates such as: TiC, STi and C2S2Ti4 were predicted 

when the steel is in austenite phase and the maximum proportion 

in the structure was estimated at T≤ 926°C.  On this base, it 

was assumed that during the industrial processing, TiN 

((FCC#1)FCC-A1, TiC, STi and C2S2Ti4 reach their highest vol-

umetric fraction during coiling process or in the batch annealing 

treatment, because in both cases the temperatures are lower than 

fcc)bcc) transformation. The TiC (mainly formed at 

T≤926°C) retards the grain growth associated with {111} tex-

ture grains during continuous annealing and promotes a good 

impact on the r value of the steel. In agreement with [13, 14], the 

TiC were identified in the IF steel by SEM as spherical particles 

and TiN as cuboid coarsed particles. The authors in [13, 14], also 

determined the same shapes for TiC and TiN in the IF steel re-

spect the observed by SEM in this study. 

When the precipitation phenomenon is homogeneous, it results 

in coherent precipitates. The presence of strain fields produce 

semicoherent and incoherent precipitates, interphase precipita-

tion, heterogeneous precipitation on grain boundaries and in dis-

locations [15]. 

 

Fig. 6 Precipitates evolution in relation with temperature and 

phases of the steel predicted by Scheil cooling calculation. 

 
In agreement with Baker in [12], the results obtained (see Fig. 

6) showed that the main interphase precipitation occurs during 

the transformation of austenite to ferrite (fcc) bcc). Also, 

it was observed the efficiency of the Ti addition in the steel to 

eliminate N, S and C. This element easily forms TiN during cast-

ing and TiS during slabs reheating. The major volume fraction 

of TiS precipitate is achieved at temperatures ~ 1000°C. A sim-

ilar result was obtained by Kuziak et al. in [15], the authors in-

formed that diffusion controls the precipitation of TiC. A low 

cooling rate promotes epitaxial particles growth on TiN facets 

surface, however fast cooling promotes individual particles pre-

cipitation in the ferrite matrix. Subsequently, the S and N are 

removed with the remaining Ti which is combined with TiC dur-

ing the coiling. It is worth mentioning that by means of the cold 

rolling process a reduction in the thickness of the sheet of the 

order of 70 - 80% is achieved, until reaching a final thickness of 

0.6 - 0.9 mm, such as the IF sheet in study. As the percentage of 

cold reduction increases, a texture is generated mostly with ori-

entations {111} {100} as was reported in [11].  

Particularly, with an important ferrite grain refinement steel 

strength and toughness also increase. Ferrite grain refinement is 

obtained through two mechanisms: fine recrystallized austenite 

grains formed during hot rolling (controlling the soaking stage) 

at intermediate temperatures and austenite deformation below 

the recrystallization temperature, which promotes ferrite nucle-

ation in the structure. 

 
IF steel formability aptitude characterization 

 
Within the numerous manufacturing processes of industrial 

products, the metal forming by plastic deformation is one of the 

most important. By this type of processes auto parts with com-

plex final forms are obtained, from the action of external forces 

capable of exceeding the elastic limit of the material. Among the 
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processes applied to sheets, it is possible to mention stamping, 

stretching and a combination of drawing and bending. One of 

the most steel used to obtain good formability of automotive 

parts is the IF steel. In this type of steel, one of the most relevant 

problem in the design and analysis of sheet drawability aptitude 

is the fracture prediction. If the steel sheet does not present a 

good mechanical behaviour, fail could cause a ductile fracture 

surface during the forming process in the industry. 

In this study different mechanical tests were carried out to eval-

uate the drawability aptitude of the IF steel sheet: Erichsen 

stretching tests (to obtain the Erichsen Index), Hole Expansion 

tests, tensile tests on samples cutted at 0°, 45° and 90° (respect 

RD) for n and r values determination, were carried out. The nor-

mal (r) and planar (Δr) plastic anisotropy coefficients have been 

calculated by applying eq. (1) and (2), respectively. 

Erichsen cupping test for IF steel sheet was carried out placing 

the sample in the machine and punching a cup into the sheet until 

a crack appearance. Then the depth of the cup was measured, 

and the ductility was determined as a function of the length of 

penetration in mm. The value indicated the EI number which 

provided the ductility behaviour in the drawing plane under bi-

axial stress conditions [16]. 

To obtain the Erichsen index (EI) values, 3 imprints were made 

on samples of the IF sheet, at 60 mm from the sheet edge and 

separated 90 mm one from each other. The deformation was pro-

vided by the hemispherical punch, applying a load of 2 t. The 

index obtained was EI = 12.7 mm (of depth of deformation), in 

all cases normal breaks were generated. The EI value obtained 

allowed to consider that the IF steel sheet presented a good duc-

tility under biaxial deformation efforts. 

Hole Expansion test also provided relevant information of the 

steel sheets [17]. During this procedure a hole is stretched to in-

crease its diameter, these flanging operations stretch the mate-

rial, that previously has already been subjected to certain plastic 

deformation during hole preparation. In this case, samples with 

circular holes of 10 mm diameter were prepared. The test was 

performed using the maximum load of the machine (10 t). After 

deformation, each of the final hole diameters were measured 3 

times and the average value of each test was provided. Finally, 

the value of  was calculated applying eq. (3). Hole expansion 

test results were detailed in Table 2. 

After the tests samples were observed by a stereoscopic magni-

fying glass to verify the hole surface appearance. Only sample 

3, presented a localized thickness decrease (not normal, neck-

ing), however without fissure. The authors in [17], mentioned 

that imperfections and damage introduced during sample prepa-

ration in the vicinity of the hole could cause a detrimental influ-

ence on the hole expansion property and decrease material form-

ability. Fig. 7 shows both aspects after hole expansion test (with 

"good" and "failed" results observed in the hole surface).  

 

  
a) Good aspect of hole sur-

face. 

b) Failed aspect with necking 

presence of sample 3. 

 
Fig. 7 Aspects of the samples after hole expansion test results 

(a) good, (b) failed. 

 
Kim et al. in [18] established that the material microstructure is 

strongly sensitive to the hole expansion formability of steel 

sheets and allows to evaluate the stretchability by the hole ex-

pansion ratio (measurement. The good ratio value obtained 

for the IF steel sheet is consistent with the microstructure results 

obtained. 

 
Table 2 Results of the Hole Expansion tests of the IF steel sheet. 

Sam-

ple 
Result 

Load 

(t) 

DI 

(mm) 

DF average 

(mm) 





1 good 10 10 23.18 131.8 

2 good 10 10 23.22 132.2 

3 failed 10 10 23.19 131.9 

average 

(%)
    131.9 

 
The results of the tensile tests carried out on the samples at 0 ° 

(L1), 45 ° (D1) and 90 ° (T1) with respect to the rolling direction 

(RD), are presented in Table 3. Yield limit presents values in the 

characteristic range 140-150 MPa of the IF steels. Furthermore, 

the ER values obtained from the R0.2/R ratio can be observed in 

the same table.  

It is important to mention that ER values correspond to the elas-

tic relationship that establish the material aptitude for stamping 

pieces. The mechanical behaviour were consistent with the fine 

grain size measured, the presence of  and  grains associated 

with texture, the steel microhardness value obtained (Hv~ 114) 

and the precipitates identified in the microstructure. 

In Figure 8, the comparison of the tensile test curves for all the 

angles tested of the IF sheet is presented. 

 
Table 3 Tensile tests result of the IF steel sheet. 

Sample 

Tensile 

strength 

(MPa) 

Yield limit 

(R0,2) 

(MPa) 

Elonga-

tion (E) 

(%) 

ER 

0° (L1) 303.9 143.6 44.1 0.47 

45° 

(D1) 
294.9 141.9 43.1 0.48 

90° 

(T1) 
275.8 133.1 43.5 0.48 

 

 
Fig. 8 Comparison of the tensile test’s curves of samples at an-

gles 0°, 45° and 90°, respect RD. 

 
Due to the characteristics and variables of the rolling process 

that affect the microstructure evolution, sheets generally exhibit 

significant anisotropy of the mechanical properties.  

The variation of the plastic behaviour as a function of the direc-

tion is evaluated by the anisotropy coefficient or Lankford coef-

ficient "r" (determined by uniaxial tensile test and defined by the 

ratio of the deformation in width and thickness, r = ). Since 

the thickness is much less than the width and length of the sam-

ple, only the length and width are considered when determining 
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the r-value (ywhere r = . The r value is associ-

ated with the planar anisotropy of the steel sheet. In deep-draw-

ing operations, both normal as well as planar anisotropy need to 

be considered to design process parameters. Another important 

parameter is “n” which the hardening coefficient of the steel is 

during deformation. 

The comparison of the IF sheet tensile curves (Figure 8) shows 

that the material in the three directions presented a similar be-

haviour. As was expected, the sample L1 (0° with respect to RD) 

was the one with the highest deformation capacity and T1 (90° 

with respect to RD) developed the least possibility of defor-

mation respect to the others. However, this fact shows that the 

sheet has a good drawing anisotropic behaviour. In Figure 9 (a) 

and (b), the curves obtained in the tests for the determination of 

n, r and r, corresponding to the IF sheet samples (L2, D2, T2 

and L3, D3, T3), are presented. In both cases the curves obtained 

at 45° and 90° are practically overlapped in the elastic and plas-

tic deformation behaviours. In agreement with [19], the higher 

the normal anisotropy and the lower the planar anisotropy, the 

better is considered the sheet for forming operation applications. 

In Table 4, the values of n (hardening coefficient), r (normal 

plastic anisotropy coefficient), rm (average normal plastic anisot-

ropy coefficient) and r (planar plastic anisotropy coefficient) 

obtained can be observed.  

The deep drawability of the IF steel strip was influenced by the 

crystallographic texture of the steel. This opinion was consistent 

with the higher volume fraction of γ fiber grains identified in the 

microstructure that are associated with {111} planes texture as 

result of the rolling plane [19]. 

 

 
(a) 

 

 
(b) 

Fig. 9 Tensile curves used for n, r and r of the IF sheet. (a) 

samples L2, D2, T2, (b) samples L3, D3, T3. 

In addition, the results obtained associated with precipitates 

formed in this ultra-low C steel with Ti additions, contributed to 

developed a very low elastic limit (less than 150 MPa), which 

allowed to predict that the material satisfied the requirements to 

produce final shapes with small efforts.  

The material also presented low yield point (YS), high uniaxial 

elongation (E%), high coefficient of plastic anisotropy r or 

Lankford coefficient (≥1.8) promoting a good drawability. 

The high exponent of strain hardening n≥0.22, which measured 

the ductility, corroborated non-striction risk and strain-aging re-

sistance [5]. 

 

Table 4 Results of RE, n, r, rm and r obtained for the IF sheet. 

Sample 
Strain 

range (%) 
n r rm Δr 

L2(0°) 22 0.26 1.93 
 

1.92 

 

0.17 
D2(45°) 22 0.25 1.84 

T2(90°) 22 0.25 2.09 

L3(0°) 22 0.26 1.75 
 

1.91 

 

0.37 
D3(45°) 22 0.25 1.73 

T3(90°) 22 0.25 2.40 

 
Fractography study of the sample tested up to rupture. 

 

The study was carried out on the fracture surface of the sample 

subjected to tensile test up to failure. The observations were 

made by a stereoscopic magnifying glass and scanning electron 

microscopy (SEM), using different magnifications. Both obser-

vations allowed to note that the fracture surface showed charac-

teristics of a ductile fracture, corroborated by a large presence of 

dimples or holes with different sizes which indicates a high duc-

tility of the material. The fracture mechanism identified is asso-

ciated with dimples nucleation, growth and coalescence, in the 

plane of maximum tangential stress, see Figure 10 (a) and (b). 

Particularly, Figure 10 (a) shows the aspect of the both sheet 

surfaces with clear deformation presence (near the necking 

zone) and the fracture surface which presented small and large 

dimples distributed. At higher magnification (Figure 10(b)) it 

was corroborated that small dimples were integrated with larger 

dimples (larger dimples were formed through coalescence mi-

cro-mechanism). However, in agreement with [9], it is relevant 

to mention that the ductile fracture criteria change for different 

strain conditions applied during tensile tests (uniaxial) and Hole 

Expansion test (triaxial). 

 

 
(a) 
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(b) 

Fig. 10 Fracture surface of the sample subjected to tensile fail-

ure, which evidence high plastic deformation. 

 
Some cavities (dimples) could be present in the steel as result of 

the previous rolling process, however they could also had nucle-

ated in grain boundaries because of insufficient accommodation 

or sliding. Triple points and hard precipitates enhance the nucle-

ation of these cavities. The individual cavities growth (up to a 

critical size, rc) during deformation and when two cavities meets 

merge into one cavity with a larger volume. The critical radius 

rc of the cavity depends on the surface tension and the tensile 

stress. The measurements carried out on the fracture surface by 

SEM (Figure 10 (b) showed that the major quantities of cavities 

presented a critical radius rc~ 21 m, also part of the cavities 

presented medium values rc~ 47 m and the larger cavities pre-

sented rc~ 70 m. The fractography study corroborated the duc-

tility behaviour of the IF sheet and a large plastic deformation 

capacity prior failure. 

 
Sheet thickness profile evolution during necking of the IF 

steel 

 
The evolution of the sheet thickness profile generated during the 

period of necking until failure was measured by SEM. Ten meas-

urements of thickness were carried out in areas far from the fail-

ure (Zf) and ten measurements were carried out in areas with 

necking (Zn, close to the fracture). The results allowed to evalu-

ate the thickness decreased occurred during the necking period 

until failure. The longitudinal measurements were made consid-

ering distances of 181.6 m between each other. In Figure 11, 

the average thickness of the steel sheet in the area far from fail-

ure (Emax = 630.7 m) assumed as the original IF sheet thickness 

is observed. However, the thickness measurements carried out 

in the necking zone of the sample allowed to established that 

during the necking period (until failure) an important sheet 

thickness decrease had occurred (showed by Emin = 254.20 m) 

and was assumed as ~ 40.30% of thickness reduction. The re-

sults verified the presence of a progressive and unstable thinning 

of the IF sample material until the tear, when the break occurs. 

This constitutes the usual failure of ductile materials, with the 

presence of important necking and ductile fracture (tearing). 

The influence of thickness is high for biaxial tensile states and 

decreases up to fade when the material is subjected to pure com-

pression. Understanding the formability of the sheets is essential 

to achieve high quality in the production of parts by stamping 

[20]. As it is known, the IF steel with very fine grains develops 

ultrahigh strength at the expense of ductility. 

 
Fig. 11 IF steel sheet thickness evolution during necking meas-

ured by SEM. 

 
Thinning of the IF steel sheet. 

 
During the large deformation in the industrial processes of roll-

ing and stamping, significant thinning of the sheet could occur. 

It is relevant to consider that this thinning may not be uniform 

throughout the sheet. In the industry dimension requirements of 

the products constitutes a quality proof, for this reason the thin-

ning behaviour must be studied and understood in order to im-

prove the design and production of automotive parts. 

Non-uniform deformation could occur promoting necking and 

thinning, under uniaxial tension or circular sheet bulging pro-

cess. In this sense, the thinning behaviour (associated with su-

perplastic flow) must be studied and understood in order to im-

prove the design and industrial production of IF steel automotive 

parts. 

Superplasticity is the ability of a polycrystalline material to ex-

hibit (generally as isotropic manner) very high tensile elongation 

prior to failure.  

The structural superplasticity is habitual in steels with very sta-

ble and fine grain size in which the average grain size should not 

exceed 10-15 m. This information is in complete agreement 

with the G index ~ 12 to 14 m obtained in the IF sheet grain 

size measurements performed.  

Superplastic steels are able to experiment large amounts of uni-

form deformation controlled by different mechanisms acting in 

the microstructure, such as stress induced by vacancy migration, 

dislocation climb associated with glide and grain boundary slid-

ing (GBS, related to interphases conditions).  

Commonly, during the deformation process, the mentioned 

mechanisms acts together (not as individual mechanisms). Grain 

boundaries sliding (GBS) cannot occur on all of them without 

some deformation presence within themselves, because they are 

affected by lattice defects and the inner precipitates present 

(TiN, TiS), considering the coherency level of them with the fer-

ritic matrix. It is possible to consider that GBS in the IF steel 

studied was also affected by the interphase nature between the 

and grains identified in the structure. In addition, the diffu-

sion along grain boundaries promoted the accommodation 

mechanism which enhanced elements transference across the 

grain interphases and triple points, promoting the precipitates 

formation: C2S2Ti4 (at triple points), TiN (cubic) and TiFeP pre-

cipitate identified on the surface of TiC particles. In triple points, 

GBS mechanisms become more complex. 

Along the years, there has been a large debate about the mecha-

nisms responsible of materials superplastic behaviour. During 

plastic deformation, polycrystalline materials present different 

phenomena that includes nucleation, propagation and interaction 
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of punctual defects (vacancies, impurity atoms), linear defects 

(dislocations), planar surfaces (grain boundaries, interfacial 

boundaries) and volumetric phenomenon (cracks, pores) present 

in the structure [21-27]. Different authors [22-25], proposed that 

the main deformation mechanism in the superplasticity is the 

grain boundary sliding (GBS), controlled by dislocations motion 

(within the grains). Dislocations can travel along the most favor-

able slip plane within the blocked grains and pile-up at the op-

posite grain boundary. In this case the intragranular deformation 

was assumed as an accommodation process which accompanied 

the grain boundary sliding. In addition, the substructure evolu-

tion in the grain and the interphases between the matrix with in-

ner precipitates also affected. 

Recently, new concepts which involve the mesolevel of super-

plastic deformation were introduced and which consider that 

grain boundary sliding does not take place independently on the 

interfaces of the polycrystalline material, because also include 

(in a single process) the presence of shear efforts in the grain 

boundaries [21]. In this IF steel was considered that the presence 

of precipitates in grain boundaries (such as TiC, TiFeP) and the 

interphases nature also were contributed to control the super-

plastic behaviour. 

The stability of the superplastic deformation allowed avoiding 

thinning or necking in the sheet. A stable flow pattern formed 

cooperative grain boundary sliding, probably (CGBS) bands, 

which ensured the maximum homogeneity of deformation [21]. 

However, different causes induced the material instability and 

structure damage accumulation: strain hardening and strain rate 

hardening [24]. 

The instability of the deformation caused the start to failure and 

it was regarded as the beginning of the neck formation in the 

specimen, that means a localized deformation in some cross-sec-

tion (irreversible growth of the neck) and the sheet thickness de-

crease, also was started. However, the thickness measurements 

carried out in the sample tested up to rupture, showed that during 

the instable deformation the IF sheet support a high plastic de-

formation (see, Figure 11). 

It has been found that instable superplastic deformation was ac-

companied by the cavitation phenomenon, that involved mech-

anisms such as: cavities growth by plastic deformation associ-

ated with GBS and the probable vacancy diffusion. The GBS 

constituted the main mechanism acting during superplastic de-

formation. Cavity growth was controlled by the IF steel plastic-

ity, which gave cavity growth through a combination of bulk de-

formation and GBS effects. In addition, precipitates presence (in 

the grain boundaries) contributed to the cavity formation. The 

mechanism proposed is described in Figure 12 and was con-

sistent with the model of cavity nucleation mentioned in the re-

view carried out by X.G. Jiang et al. in [26]. 

 
Fig. 12 Cavity mechanism formation proposed for the IF steel 

sheet. 

 
The precipitates particles (such as TiC, TiFeP and TiS) pro-

moted the cavities nucleation, growth and interlinkage according 

with the particular interphase nature conditions (including sur-

face tension behaviour) of each particle type and the ferritic 

grain boundary slide (GBS) effect. The rc different values of the 

cavities obtained by SEM microscopy together with the defor-

mation stress condition, corroborated the presence of the men-

tioned mechanism.  

During the superplastic deformation, cavities also were nucle-

ated in grain boundaries defects, triple points or preexistent mi-

crovoids (formed during rolling process), due to stress concen-

tration. 

This cavitation process was assumed as the degradation mecha-

nism that induced the fracture in the material. Cavity growth and 

interlinkage was predominant before fracture development and 

external thinning, in agreement with [20-25]. The cavities inter-

linkage occurred along a direction parallel to the tensile stress, 

before failure of the sample. 

On this base, the control of cavitation process of the material 

produced by multiples sites of nucleation including the precipi-

tate types, their crystalline characteristics (including the inter-

phase nature with the matrix) and their volume fraction was con-

sidered one of the most important feature to guaranty the pro-

duction level of automotive parts with the IF steel. This purpose 

is aligned with the current research carried out as result of the 

demand of high-performance lightweight materials with good 

toughness, strength and formability from the automotive indus-

try that involves to establish the better processing thermome-

chanical parameters in the steel-making industry [28-32]. 

 

CONCLUSIONS 

In this paper the drawability aptitude of the IF steel was deter-

mined by mechanical tests. The results obtained were corrobo-

rated by microstructural observations, the thinning behaviour as-

sociated with necking and by fractography study. The steel pre-

sented a behaviour suitable for the EDDQ quality (Extra Deep 

Drawing Quality), showing its total suitability for applications 

in automotive panels. This opinion is justified by the information 

obtained through the Erichsen tests (with an average of IE = 12.7 

mm), the Hole Expansion tests that indicate a λ> 132% (without 

the presence of any cracks) and the values of n and r coefficients. 

It was verified that the rm values were 1.91 and 1.92 (higher than 

the necessary minimum of 1.8), the planar plastic anisotropy Δr, 

resulted in values 0.17 and 0.34 (considered acceptable because 

of the ideal value for this type of steels should be 0) and the n 

coefficients (0.251 and 0.260, higher than the required minimum 

of 0.220). The structural study was in complete agreement with 

the good mechanical behaviour (drawability aptitude) obtained. 

The IF steel sheet presented a ferritic structure with equiaxed 

ultra-fine (G index=12 to 14) and stabilized grains (during an-

nealing treatment). The microhardness value determined was 

(Hv~114) was compatible with the mechanical behaviour ob-

tained. It was also demonstrated that the proportion of  and  

fibers provided the appropriate texture for the good formability 

aptitude of the material. In addition, the structure presented pre-

cipitates distributed within the grains and on the grain bounda-

ries. The main precipitates identified were TiN and TiS (within 

the grains) and C2S2Ti4 (on triple points), all of them improve 

steel strength and formability properties. This condition is also 

enhanced by the presence of precipitates on grain edges such as: 

TiC (cubic) of size ~ 5 μm and TiFeP (larger), which impact on 

the recrystallization and the texture of the steel. The precipitates 

identified by microscopy and EDS analysis were consistent with 

the Scheil cooling predictions, carried out by FactSage 8.1. This 

information allowed to understand the structure evolution in re-

lation with temperature, considering both phases and precipi-

tates. Furthermore, it was determined that the transformation 

temperature fcc)bcc) of this IF steel sheet was T = 926 ° 

C, which was corroborated by a dilatometry test. The volumetric 
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fraction of the precipitates was determined and it was possible 

to verify that TiN and C4Ti2S2, increases mainly at temperatures 

lower than 926°C, that means when the steel is in ferritic phase, 

during cooling stages (of rolling, coiling or post annealing heat 

treatment). The fractography study demonstrated that the IF 

steel sheet presented after a great plastic deformation a high duc-

tility fracture behavior, verifying the presence of the superplas-

ticity phenomenon and cavitation mechanism produced during 

thinning and necking up to rupture. The thinning and necking 

involved: nucleation, growth and coalesce of voids (dimples). 

Cavities were nucleated in grain boundaries sites with variable 

interphases nature, promoted by the interaction between the fer-

ritic grains types (and in contact with: different types of pre-

cipitates, triple points, lattice defects and preexistent voids. The 

cavitation was assisted by the grain boundary slide (GBS). The 

sample thickness evolution measurements carried out in the 

sample tested up to rupture, allowed to established that during 

necking the sheet experimented a reduction of ~40.30%, going 

from a thickness Emax = 630.7 m (original sheet thickness) to 

Emin = 254.20 m, the information was in agreement with the 

high percentage elongation, the low hardening coefficient n and 

consistent with the ductility determined by the EI index obtained 

by Erichsen test. The study provided information to identify the 

main factors or process conditions to avoid tearing or dimen-

sions variation that could affect the production level during IF 

steel auto parts forming. 
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