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Abstract: Changes are often required during the try-and-emoocedure of drawing tools. These changes mayeang
from adjustments in die and punch designs and dtetors like blank-holder pressure. All these a8, however,
require time and money, thus raising the needrfgaroved initial evaluations of thin sheet metatréasing interest is
therefore being estabilished in the developmeitlmfratory tests that allow stamping manufacturerbecome more
familiar with the stamping ability of the thin shewetal they use, thereby ensuring, at least irt,that the pieces
manufactured are stamped without major probleme JHeet metal forming is highlighted among the rfaarturing
processes, especially in the auto industry, whigh ted a growing concern about the safety of vehiahd emissions
from them. Cars must be light and safe and, theeefequire the use of thin and resistant plates.aAresult, the
application of new materials such as AHSS (Advarttigh Strength Steel), for example, DP steels (Rlzdse) has
increased. In this work, three different blank-resldoressures, 10, 14 e 22 MPa, were used in acdito the
traditional Nakazima drawing test tool. Thus, aralexation was made of how the different blank-holdezssures
affected the forming limit of DP600 steel. The hessobtained were investigated by the diagram foveepunch
displacement, forming limit diagram and fractureatyses. The results obtained were investigatedhbydiagram
force vs punch displacement, forming limit diagrand fracture analysis. The results were compargekgmenting
with analysis by finite element methods where tireputational limitations have been observed to fotetie time of
fracture.
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1. INTRODUCTION

The automobile industry is one of the largest mrker high-strength steels and a major drivingcéofor the
development of new materials and technologiesetemt decades, the increased competition and ggodémand for
safer, economical and less polluting cars, demanofeéutomakers, steelmakers and the scientific conity
investments in search of new steels. The resutiede studies was the significant increase in sieeofi advanced high
strength steels in automobiles.

The ongoing technological evolution of consumerdgand the need to develop an adequate infrasteutuneet
the vital needs of humanity has imposed the dewedop of relatively inexpensive materials whose @enance met
the mechanical, chemical and physical requiremes¢sied for many applications. The flat steel prtglbave virtually
universal application, thanks to the ability theywé to assume the most varied profiles of propettilpough the careful
choice of alloys and the application of specifierthal or thermomechanical treatments.

To reduce costs and optimize the process, an uadéing of the formability of sheet metal is es&drib produce
quality stamped parts. Process planners and tasijjnkrs must define the formability level requifed each part, so
that they can be sure to know the deformation le¥ghe material they use.

This present work aim is to determine the mechampiczperties and analyze the fracture of DP600 stesets after
stamping tests. It is necessary also to analyzendétallurgical behavior of materials, investigatprgperties that affect
the behavior of material during metal forming, niaiduring the propagation of cracks.

1.1. Advanced High Strength Steel (AHSS)

The design of new alloys is always associated thithdemands and the continuous challenges of et rsiarket.
When you combine a good alloy design with an apyiaitg thermomechanical processing, numerous coribnsaof
properties can be obtained such as high resistasseciated with the ductility, toughness and forilitgb The
coexistence of these mechanical properties is posgible due to the presence of different micrastinal constituents,
according to Bhadeshia (2001), Bleck (2005) anchZ@008).
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The issue of the development of new alloys for imsthe automotive industry is so prevalent thathe past 20
years, several projects are underway, involvingstientific community and major steel manufactuiarshe world.
The main objective of this sector has been to affereasingly innovative materials, production noeth and assembly
techniques that are most appropriate to their nledasing on achieving an ever higher level oksafind decrease
vehicle weight, according to Andrade et al. (20@®),Cooman (2004) and Grajcar (2005).

Could be highlighted the project entitled Ultra higSteel Auto Body - ULSAB under the leadershipPafrsche
Engineering that has a partnership of 35 steel emimeg from 18 countries. One of the benefits frdms tmajor
initiative was the introduction of high strengtreels - HSS (High Strength Steel) in the automobsésictures ,
mainlly among those the Bake-Hardening Steels -3&¢l and High Strength Low Alloy - HSLA (High Stigth Low
Alloy). Completed in 1998, the project was satitfay rated in relation to the desired goals, eslgcin regard to
safety and reduction in fuel consumption accordingndrade et al. (2000).

Following the project ULSAB, the new program ULSAB/C (Advanced Vehicle Concepts) proposes the
application of new HSLA steels, the so-called "highistance last generation steels" - AHSS (Advaittigh Strength
Steel), among those can be nominated the Dual Ritesis — DP; the Deformation Induced Plasticieglst— TRIP; the
Complex Phase steels- CP and the Martensitic StellBRT. The AHSS steels are multiphase materibait may
contain into the microstructure: Ferrite, martemsibainite, and / or retained austenite, dependimghe alloying
elements and processing used, Andrade et al. (2000)

1.2. Dual Phase (DP) Steel

One of the resources available to maximize bothdiretility and mechanical strength of steels isuike of more
complex microstructures than ferritic or ferritiegrlitic normally present in the common low-carbaioys. This
approach is based on more complex interactionsdeetthe various constituents of the microstructwhéch also must
have significant variations in hardness among tledvas. In the late 1970s was discovered the fagetbpment in this
direction, the so-called biphase steel (dual phasejts name implies, has a microstructure cdngistf a matrix with
80 to 85% of polygonal soft ferrite and 15 to 2@#tard martensite, Rashid (1977).

Hornbogen (1980) defined the two-phase microstrecis a merger of the three basic morphologiekeoftticro-
structure with two phases: duplex, dispersion amdwark. Therefore, the two-phase microstructure kiaes
characteristics peculiar to each topological typenorphology. As occured with the duplex microsttuwe, in two-
phase microstrucure, quantities of grains per velaiboth phases are equal, therefore the rativeele@ the volumes
of grains between the two phases and their voluraetibns must be equal. From the microstructurdesnf
dispersion, results that at the biphasic, the sdmrd phase must be completely isolated by thersafrix phase,
ensuring the ductility and formability of the masdr Finally, just as the network microstructuretire biphasic, the
second phase is located exclusively in the graimbaries of the matrix phase, Gorni (1995).

During the production of dual phase steels, bothh@yhot sheet rolling and by continuous annealihg,ferrite
matrix is formed first, thereby enriching the reniag austenite with carbon and other alloying eletsieThis, in turn,
earns enough hardenability to transform to marterater, under much lower temperatures. This @éelgyrocessing of
martensite induces compressive residual stresste derritic matrix, which facilitate the procefisw and thereby
reduce the value of the yield stress and suppres®dcurrence of a plateau. A slow cooling after filrmation of
martensite can provide reduction of the fragilifytloe newly formed martensite by tempering effe&aring plastic
deformation the flow of soft ferrite matrix throughe islands of hard martensite hardens the matggaificantly,
helping to increase their strength.

In ferritic steels with low carbon and high formidlyi the correlations between microstructure anechanical
properties are relatively simple, since the migtadtire is characterized only by the size and sludigbeir grain, as
well as their crystallographic texture. The sitoatiis more complex regarding dual phase steels;esihe
characterization of its microstructure is moreidifft, involving parameters such as grain size athlphases, the ratio
between their hardness, the mean free path ofdenid the degree of contiguity between the twesehaGorni (1995).

2. EXPERIMENTAL PROCEDURE

The aim of this study is to ascertain the mecharpoaperties and fracture analysis of DP600 steekts after
stamping tests. The steel sheet used in the tasta thickness of 2.0 mm and was supplied by Usisiin

It was required a preliminary analysis of the miateto be used in the tests. This analysis beguth \&i
metallographic test to verify the metallographixttee of the material and identify the present plsest the steel. After
that it was carried out a chemical analysis tofyeahie chemical composition of the sheets usetiatdsts.

Following that, tensile tests were performed taldise the mechanical properties and the parametéosmability
of the material. Also it was performed the Nakazi{h@68) method of stamping with hemispherical putig. 1a), to
obtain the forming limit curve of the sheet metal.

Finally, in order to characterize the type of fiaet occurred at the DP600 steel, after the testis different
stamping pressure on blank-holder, tests were atedwith the SEM (Scanning Electron Microscope).
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2.1 FE-Model

The simulation of the Nakazima's test was performeih the commercial FEM software package
ABAQUS/Explicit using a tri-dimensional model. Thheet has been meshed with shell elements withkioats and
six degrees of freedom (S4R) with 7 integratiompmat the thickness (ABAQUS, 2009). In the strigtghiegion of the
sheet was used a mesh with with elements of 1 mmsige. The punch, die and blank-holder have beesidered as
analytic rigid surfaces. The contact between tleeshnd the tools was described by the Coulombdnianodel with a
friction coefficient of 0.1. The loads at the blamélder were changed as experimental values: 1@nti®22 MPa. The
sheet material used was the 2 mm DP600 steel.

Due to the problem is symmetrical, only one quanfethe geometry of the plate was modeled (Fig. Wégre set
out three steps in the simulation model, in thstfithe blank-holder detaches slowly touching antate, at the the
second, the blank-holder applies the load on théeplnd, at the third, the punch moves into tleedéiforming the
plate.

The material model used was the Von Mises isotrbgialening (assumes the material properties sirmlal
directions). The determination of the damage itiitracriteria were made via the ductile damagaatian criteria that
predict the damage initiation due to nucleatiolwing and coalescence of voids in ductile materitfe details of the
definition of the criteria are detailed in Lajaghal. (2010).

\\K" ; 1 - Blank Holder
2 - Punch

3 - Die

(@) (b) (©

Figure 1. Tooling proposed by Nakazima: (a) assechtdol, (b) tool dimensions in mm and (c) FE model

3. RESULTS AND DISCUSSION
3.1. Chemical composition

Aiming to know the chemical composition of the studaterial, it was performed a chemical analyss$ véth an
optical emission spectrometer. Chemical analystb®imaterial allowed the determination of the akt@mposition of
the sample provided by the manufacturer of steethe tests. The Table 1 shows the chemical coripnsh mass of
the DP600 steel.

Table 1. Chemical composition (%) of the test ressof chemical analysis of DP600 steel.

Chemical composition of DP600 steel (mass %) - Sulmgd by manufacturer
C Si Mn P S Al Cr Nb \Y Ti Ni Mo N
0,07 | 0,01 1,66/ 0,019 0,005 0,043 0,03 0,015 <0/086,005| 0,02| 0,16/ 0,0058
Chemical composition of DP600 steel (mass%) - Laledt
C Si Mn P S Al Cr Nb Zr Ti Ni Mo Cu
0,086| 0,053 1,739 0,02f 0,027 0,081 0,048 0,028 060,0 0,004 | 0,029 0,226 0,094
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Comparing the data provided by the steel manufactwith a lab test, it is possible to state tha th really the
DP600 steel, by the chemical similarity between rsgults with a discrepancy between the resulthénamount of
sulfur (S).

This chemical composition presented by the mategnads a certain level of formability of the DP6§t@el without
loss of mechanical strength.

3.2. Metallography

Through metallographic tests it was possible t@wfeine the grain morphology and to identify thesprg phases
in the steel DP600. Figure 2 shows the micrograytisa magnification of 800x and 3500x.
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Figure 2. Micrograph of the DP600 steel with islsiod martensite in a ferritic matrix.

Figure 2 illustrates the microstructure of steel6D®, containing islands of martensite (light parjidispersed in
the ferrite matrix (dark portion). The soft ferridase is usually continues, giving these steelsxaellent ductility.
When these steels deform, the deformation is cdratex at the lower resistance phase (ferrite) raddbe islands of
martensite, providing a high strain hardening fatghese steels.

3.3 Mechanical properties

Tensile tests, performed with the specimens forn@ingles of 0, 45 and 90 ° to the rolling directipnovided
information on mechanical properties such as tersilength (UTS), yield stress (YS) , elongatioh)(E&nisotropy
factor (Lankford "R") and strain hardening coeffici (“n” exponent) of the material. These two lpatameters are
needed to characterize the material formability.

Table 2 shows the results on the mechanical priegest the material obtained through the tensigstecompared
to the figures provided by the manufacturer of 600 steel.

Table 2. Comparison of the YS, UTS and El. meclamiooperties of the DP600 steel, supplied by the
manufacturer of steel and obtained from tensiltstes

Mechanical properties of the DP600 steel
Properties YS (MPa) UTS (MPa) El. (%)
Supplied by the manufacturer 385 621 23,9
Tensile tests 410 640 28,5

The results shown in Table 2 stated that both th& Walues as the YS and El., obtained by tens#és tdit
perfectly within the range preset by the steel nfacturer, without exceeding or even approaching riege
determined limit. This ensures that, in terms othamical properties, the steel sample to be usedbeequent testing
shows no restriction that may influence the resafliaboratory after.

The parameters R en formability of the sheet, okthiby tensile tests are presented in Table 3.vahees were
obtained by performing a minimum of three trials éach direction of the specimen, then, an avevege calculated
for each direction, as provided by the NBR 816bl&& also shows the anisotropy average vaR)eafd the planar
anisotropy 4AR).
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Table 3. Formability parameters R,fandAR, of the DP600 steel supplied
by the manufacturer and obtained by tensile tests.

Formability parameters of the DP600 steel
Parameters R Ry Rysc Roo AR Naverag Noe Ny Ngo¢
Manufacturer 0,84 0,70 1,06 0,7( X 0,18 0,17 0,19 ,170
Tensile Tests 0,935¢ 0.6739 11,0364 0,9977 0,1996880,| 0,1892| 0,1931 0,1818

The results of Table 3 reinforce that the DP60@Iste a material intended for operations that rexjai certain
stamping degree, since the R factor and mainlynticeefficient values were high enough (the valie= 0,1996 is
extremely low, in disagreement with the other valteind) near or above 1.0 for R and around Or®, 0 such mesure
to to warrant this feature of the material. An intpat factor to note is the variation of the reswf the R factor for
each of three directions (0°, 45° and 90°), rgmtesl by B, R4 and Re. In this case, the highest value of R was
reached for the direction of 45 and then 90 degraesund 1.03 and 1.00 respectively, implying ttieg material
exhibits better formability in these directions, ghows a tendency to deform more efficiently ilatien to efforts to
rolling direction of the plate, reaching a highesfamation level without disruption at these diress. For the
direction of 0 °, the value of R had the lowestueabeing in the range of 0.67. Compared with tHaesaprovided by
the steel manufacturer, the only value that shoaveijnificant difference was in the direction of 9Q@vhich showed a
value close to 1.00 according to the test reswltile the manufacturer provided a value of 0.70.

The hardening coefficient resulting from the tasés approximately 0.19 for each of the three divestin which
the material was tested, represented dayngs. and Re. to the 0°, 45° and 90° respectively. From this i) can be said
that the DP600 has a good formability. Like theaRtdr, the higher the value of the strain hardewcivefficientn, the
better the formability of the material, Kumar (200Zhe result obtained for the exponenh the tests shows that the
material under study tends to be a high plastitabibty limit, which gives good formability stret¢ since the higher
the instability threshold of the material, the nnatle when subjected to the stamping process, témdsstribute the
deformation to the neighboring regions of the mieéormed place, resulting in a more homogeneoumitig of the
sheet. This avoids an occurrence of a thickneagctiedh in a localized portion of the material, whieads to the sheet
rupture. Figure 3 shows the Stress-Strain grapgheoDP600 steel obtained from the tensile testraakle a comparison
with other literature results.
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Figure 3. DP 400/600 steel stress vs. strain gcaptipared to the literature.

As can be seen in Fig. 3, the DP steel exhibitmiially higher hardening rate , larger UTS andadler YS / TS
than the HSLA. YS / TS is the ratio between theugalof Yield Strength (YS) and Tensile Strength)(TSe steel
tested showed higher elongation and higher hardeamite than the results of the literature. Konigc2003) mentions
that the hardening rate combined with the its d&oelelongation, gives the DP steel greater UTSirfidte Tensile
Strength) than conventional steels of similar yetiegngth.
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Analyzing the Fig. 3, there is a lack of a defirygeld point at the end of the elastic region fag P600 steel. This
is an important information for stamping operatiogiace in this manufacturing process, this pointid lead to defects
in the final product, such as Liiders lines, acaagdo Smith (1996), when the strain at some paiedsh a part of the
plastic deformation but near the elastic regiomsaay this failure. This defect may still occuttlie material is aged,
which would be evidenced by rise in the positiotyiefd point at the curve.

DP steels exhibit an excellent combination of higdength and deformation capacity, a result ofmisrostructure
with a great capacity of strain hardening. The hggtain hardening capacity of these steels ensamesnproved
absorption capacity of impact and fatigue resigardl these features make the DP steels an integesption for
structural components and safety features in caanis as the cross bars of the door, the stringeesitand B pillars, the
door-frame sill, the arch roof, the bumper, amotiges (ACELORMITTAL, 2009).

3.4. Stamping

Assays were performed according to the Nakazimmmtegy method, without punch lubrication, in order t
determine the Forming Limit Diagram (FLD) of the texdal by taking 8 samples (the dimensions of béardnged
from 25x200mm to 200x200mm), the same amount ueefdrévious work by Chemin Filho (2004) and Tigrinho
(2008). Figure 4 shows the FLD obtained for the @P6teel e compares with the FLD of the Mild St&e0/300,
350/450 HSLA and DP 350/600 steels with a 1.2 moktiess determined experimentally by Konieczny @00

The tests showed a FLD with a high degree of sfi@ithe conditions of deep drawing, the left safehe curve
(second quadrant), where the major straif) feached 0.59 while the minor straigp)(was 0.43. The plain strain,
reached a major strain of 0.33 and the minor sinais zero. In contrast, for the right side of theve, which represents
the stretch condition, the maximum strain reackedias 0.41 and, was 0.23, ie, not as high. This fact showed a
difficult feature of this type of test, which ig aichieve a comprehensive profile of the FLD to gtretch condition,
allowing only small levels of straigp.

It was evidenced the dependence of the lubricaiothe deformation modes. In the deep drawing aadptain
strain, the FLD had higher levels of strain0.59,¢, = 0.43 and:;; = 0.33,&, = 0, respectively), thereby demonstrating
that these deformation modes not tend to be depéndehe lubrication, according to Keeler (2000).

At the deformation mode by stretching, the FLD was fully represented, with low levels of deforneetje;=0,41
and mainly, £,=0,23, which demonstrates the dependence of tiiisrdation mode with the lubrication, so that it lzas
reduced friction at the interface punch — metakshend consequently higher levels of strainThe lubrication of the
punch has no significative influence on deep dragwimhereas in the stretch, the punch should be luleticated, so
that the FLD can be extended to a higher leveledbignation in the stretch, as reported by Keel®68) and Tigrinho
(2005).
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Figure 4. Forming Limit Diagram DP600 steel, obt¢airby the stamping test proposed by Nakazima caedpar
with results obtained by Konieczny (2003).

The three curves obtitained by Konieczny (2003)wsdth approximately the same profile. Whereas theaD&
HSLA steels have approximately the same value, ttie similar FLDs is expected. The Mild Steel hdsgher curve
due to the significantly greater valuerofWORLDAUTOSTEEL, 2009).
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In comparison with the experimental results obtiimethis work by the Nakazima testing it can beeed that
the FLDs of the DP600 steels have a similarity anlthe plain strain withe;=0.33 and;=0.30. In other deformation
modes, drawing and stretching, a comparison cammatade, hence the curves showed a considerabtepiscy.

After determined the steel FLD, tests were donestamping with the same hemispherical punch without
lubrication and with 200x200mm samples, but nowyiey the pressure on the blank-holder. There wesedu3
pressures: 10, 14 and 22 MPa, and stated the diagfréhe punch displacement versus stamping fdrc€igure 5 is
showed the results of practical experiments andpeden simulation. It can be observed in both calsasfor a lower
pressure at the blank-holder, the punch reacheceatey stamping, thus requiring a greater formiogd. In the
experimental results of stamping forces reached8x19x105 and 10x105 N for the blank-holder presswof 10, 14
and 22 MPa, respectively. The force values recoiidethe simulation were close to the experimenésutts, but
showed little variation of 8x105 N among the thidenk-holder pressures. Furthermore, the simulatsnlts were not
accurate to predict the onset of the crack. Astmaseen in Fig.5 for the drop in force curves iatiche onset of the
crack, in the case of practical experiments craxairred after 40 mm (22 MPa), 48 mm (14 MPa) afhdnbn (10
MPa), while the simulation results indicated thewcence of cracks after 50 mm (22 MPa), 54 mmNER&) and 55
mm (10 MPa).

The difficulty in predicting the onset of the cracknder different conditions of blank-holder pressis credited
due to metallographic characteristics of the duwmse steel. Because it has two phases with didbelcavior, the
interaction of these two phases is not sufficierdiscribed by the constitutive equations of theenit in the
simulation package.
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Figure 5. Experimental and simulation displacenaénhe punch vs. stamping force
by varying the pressure at the blank-holder.

In the Fig. 6 is possible to notice the fracturacpl in the 200x200mm samples stamped without latioic with
hemispherical punch.

¥ 22MPa

Figure 6. 200x200mm samples stamped with diffeldartk-holder loads.
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The fracture occurred far from the pole, due to ldek of efficiency of the lubrication, as the eximent was
performed without lubricant, causing an unevenistodthe material, Keeler (2000) and Tigrinho (38R0

3.5 Fracture analysis

In order to verify the type of fracture that ocadrin the DP600 steel after tensile and stampists,t¢here were

performed analysis by SEM (Scanning Electron Micope), for comparison with other authors.
Anderson (1995) classifies the fracture of metathaterials into four types: alveolar, cleavageerigtanular or

striations, see Figs. 7 and 8.
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Figure 7. Different fracture types; (a) Alveolaack; (b) Intergranular crack;
(c) Cleavage crack and (d) Crack striations. (AS&h#book, 1993)

Anderson (1995) states that all ductile fractureuos by alveolar mechanism. The cleavage mechaalsorbs so
low energy that this fracture mechanism is alwaggife. The intergranular mechanism is abnormahatals, ie, its
occurrence is evidence that some embrittlement ameésim occurred during the development or use ofrtherial. The
striation mechanism only occurs when the fractsreaused by fatigue.

According to the ASM Handbook (1993), the regiomraltteristic of a ductile fracture, ie, the fibraegion, is
always formed by the alveolar mechanism. Figuréd@s another aspect of this fracture mechanism ndticeable

rounded particles inside the alveoli, which origenthe alveoli.
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Figure 8. Particles inside the alveoli. (ASM Handk01993)

Figure 9 show the fracture of the steel DP600 dfte stamping test with magnifications of 2,500xd &,000X,
respectively. Making a comparison between Figsanth 7c with the Fig. 9, it can be said that the @P$teel fracture
is ductile and of alveolar type due to the ferrntiatrix, with regions showing brittle cleavage frae due to martensitic
phase in the steel. Even so, the proportion ofilduitacture is higher due a greater presence roitdeas compared to
the presence of martensite.

Figure 9. DP600 fracture — 2.500x and 5.000x méazatibn.

The lower the load applied to the blank-holders, Itlrger are the quantities of regions presentiegvage points.
Around 22MPa, the fracture is characterized ay fdlictile with alveolar type, at 14MPa the firstimie of cleavage
began to appear and around 10MPa the amount dfspaficleavage among the alveoli increased in ptapo

4. CONCLUSIONS

Based on experimental and simulation results amdpening them with the information from literaturedafrom
the supplier of the raw material, the following clusions can be made:

a) Chemical analysis: due the outcome of the testopmed, it can be said that the DP600 steel predetmical
elements at levels characteristic of a materidhwitod formability, and a close proximity to figanerovided by
the manufacturer;

b) Metallography: according to the analysis, it isdevit the presence of martensite islands into théefanatrix,
like the photos from the bibliography;

c) Tensile test: mechanical property values were steisi with those obtained by the steel suppliemhmaing
excellent mechanical strength to a good degreeraidbility;

d) Stamping: by the comparison of the Formability LirGiurves, obtained via Nakazima testing and liteegt
there is a similarity only at the plain strain.tlre other deformation modes, drawing and stretchiagnly by
the lack of lubrication, the results are quite eliét;
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e) Pressure at the blankhoders: the lower the pressutiee blankhoders, higher the stamping levehefrhaterial
and there is also an increase in the force reqfimedeformation.

f) Electron microscopy: the DP600 steel showed a highaportion of ductile fracture of alveolar typeedto the
ferritic matrix, with areas of brittle fracture lojeavage due to the hard martensite phase.

g) Simulation: Experimental results and simulationfmite and displacement of the punch were similat,the
simulation was not able to predict the occurrenfceracks due to limitations in describing the babawf the
material.
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