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Abstract. Twinning induced plasticity steels (TWIP) are very good candidate for automotive 
industry applications because they potentially offer large energy absorption before failure due to 
their exceptional strain hardening capability and high strength. However, their behaviour is 
drastically influenced by the loading conditions. In this work, the mechanical behaviour of a 
TWIP steel sheet sample was investigated at room temperature under monotonic and reverse 
simple shear loading. It was shown that all the expected features of load reversal such as 
Bauschinger effect, transient strain hardening with high rate and permanent softening, depend 
on the prestrain level. This is in agreement with the fact that these effects, which occur during 
reloading, are related to the rearrangement of the dislocation structure induced during the pre-
deformation. The homogeneous anisotropic hardening (HAH) approach proposed by Barlat et 
al. (2011) [1] was successfully employed to predict the experimental results.  

1.  Introduction 
One of the oldest materials, steel, has been continuously improved over the years, maintaining its 

supremacy for manufacturing even today. The Twinning Induced Plasticity (TWIP) steel is one of the 
new steel grades, which exhibit high tensile strength in the range 1300-1500 MPa and significant 
ductility with strains to failure above 0.3 (30%). This high performance is the result of the exceptional 
strain hardening ability induced by the TWIP effect [2-4]. The obstacles produced by twins to dislocation 
glide lead to the reduction of the dislocation mean free path. Recently, it was shown by Bintu et al. [5] 
that the strain hardening of TWIP steel is strongly dependent on twin density, which can lead to a 
negative strain hardening rate sensitivity parameter. In the cited work, the author changed the density of 
twins by varying the strain rate. In the present work, different prestrain amount are considered for the 
same purpose. 

The large flow stress and large ductility of the TWIP steel makes this material useful in applications 
requiring large energy absorption. Since most applications require that the material deforms plastically 
under non-proportional loading, the objective of this work is to analyse the mechanical response of 
TWIP steel subjected to reverse loading when the prestrain is gradually increased. Moreover, this study 
is conducted to evaluate the capability of the homogeneous anisotropic hardening (HAH) model 
proposed by Barlat et al [1] to describe the material behaviour. 
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2.  Material and experimental details 
An Fe-Mn-C-Si-Al austenitic TWIP steel supplied by POSCO (South Korea) with the chemical 
composition shown in Table 1 is considered in this study. The material was supplied in the form of sheet 
of 1.85 mm thickness. The as-received TWIP steel is austenitic at room temperature. The austenite is 
stabilized by a high concentration of Mn (higher than 15%). Under load, this material twins, but no 
phase transformation to martensite is observed. Si is added to prevent C precipitation leading to the 
formation of carbides.  

Table 1 Chemical composition of the TWIP steel considered in the present study 

C Mn Si Al 

0.6% 18% 0.22% 1.5% 
 
The material was tested in simple shear using a Shimadzu Autograph Machine (Shimadzu, Japan) 

with maximum load capacity of 100 kN and the deformation was measured with ARAMIS -  non-contact 
and material-independent measuring system based on digital image correlation (GOM, Germany). The 
simple shear device used in this work is an improvement of the previous tool developed at the University 
of Aveiro. This device compared to others has the particularity that it is compact enough to use it inside 
a thermic chamber if needed. Fig. 1 shows the simple shear device used in the present work. Moreover, 
due to the high strength of this material, the geometry of the specimens (Fig. 2) proposed by Guitierez-
Urutia et al. [6] is adopted. 

                    
      Figure 2. Sample for shear test. 
Figure 1. Simple shear device for AHSS   a) front view; b) up view 

3.  Constitutive Modelling 
In this study, an advanced constitutive model based on anisotropic non-quadratic yield functions and a 
distortional hardening framework, is used. A brief description is given below but more details can be 
found in [1]. 

3.1 Swift isotropic hardening model 
The Swift model expresses the isotropic strain hardening component in the form of a the power law 

𝜎𝜎 = 𝐾𝐾(𝜀𝜀0 + 𝜀𝜀)̅𝑛𝑛     (1) 
where ε  is the effective plastic strain, and K, ε0, n are material parameters. 

3.2 YLD2000-2D Yield Function 
The Yld2000-2d plane stress yield function introduces plastic anisotropy with two linear transformations 
on the Cauchy stress tensor. It is expressed in terms of the deviatoric stress components as: 

( ) ( ) Y2 ,aφ φ φ σ′ ′ ′′ ′′= + = S S        (2) 

where φ′  and φ′′ are two isotropic functions defined by 

( )φ′ ′S 1 2' ' ,
a

S S= −      (3) 
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( )φ′′ ′′S " " " "
2 1 1 22 2 ,

a a
S S S S= + + +              (4)  

while ′S  and ′′S  are linear transformations of the effective stress tensor s, which is defined as the 
deviatoric part of the Cauchy stress. Hence, 

, ,′ ′ ′′ ′′= = S C s S C s                        (5) 
where ′C  and ′′C  represent the linear transformations of the effective stress tensor s and contain the 
material anisotropy coefficients. 

3.3 Homogeneous anisotropic hardening (HAH) 
This formulation is a combination of a conventional yield function (which can be isotropic or 

anisotropic) and a fluctuating component. It is described by the follows equation: 

        (6) 

where s is the stress deviator and q a constant exponent, ĥ  is a normalized tensorial state variable, 
called the microstructure deviator; f1 and f2 are two functions of two state variables g1 and g2; g3 and 
g4 capture the permanent softening. The coefficients k, k1 to k5 control the evolution of the 
microstructure deviator and state variables g1 to g4, respectively(see Table 2).  

 
Table 2. The evolutions of the state variables 

  

                       (7)                                  (11) 

                                 (8)                        (12) 

                                (9)                                (13) 

                       (10)                   (14) 

 
Table 3. Material constitutive coefficients of TWIP steel used for simulation. 

Swift law  K [MPa] ε0 n       
2398 0.12 0.685       

Yld2000-2d a α1
 α2

 α3
 α4

 α5
 α6

 α7
 α8

 

6 0.9441 1.0407 1.0123 0.9820 1.0322 1.0656 1.0127 0.9965 

HAH q k k1
 k2

 k3
 k4

 k5
   

2 30 40 45 0.1 0.75 8   

4.  Results and discussion 
The experimental stress-strain curves of TWIP steel deformed in forward-reverse simple shear loading 
are shown in Fig. 3. For reverse loading, the amount of prestrain was gradually increased in order to 
vary the twin density. Besides of a strong Bauschinger effect and a transient hardening stage, it can be 
observed that the hardening rate decreases with increasing the prestrain amount.  

In Fig. 4, the calculated and experimental shear stress-shear strain curves are presented in two graphs 
for the sake of clarity (two curves in each graph). For low amounts of prestrain, the model captures all 
the characteristics of the material behaviour very well. On the other hand, for a prestrain of 65%, the 
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model tends to overestimate the permanent-softening behaviour. One solution is to decrease the 
coefficient k4 of HAH model in order to emphasize the permanent softening, but of course this will 
affect the others curves. Another solution may be the replacement of the Swift model with a hardening 
law based on the dislocation density. 

In conclusion, the HAH model can be used for a reasonably accurate modelling of TWIP steel 
subjected to reverse loading. In the future, it will be interesting to investigate the behaviour of TWIP 
steel in cross-loading conditions. 

 

         
Figure 3. Experimental simple shear stress-strain curves with different prestrain amounts: a) Total 

strain with absolute stress and; b) cumulated strain and positive stress. 
 

                     
Figure 4. Calculated and experimental results with different prestrain amount: a) 15% and 45% and 

b) 22% and 65% 
 
Acknowledgments 
The authors acknowledge support from the Portuguese Foundation of Science and Technology (FCT) 
through projects PTDC/EME-PME/116683/2010 and UID/EMS/00481/2013. We thank POSCO (South 
Korea) for providing the studied material. 

References 
[1] Barlat F, Gracio J J, Lee M G, Rauch E F and Vincze G, 2011 Int. J. Plast. 27 1309  
[2] Barbier D, Gey N, Bozzolo N, Allain S, 2009 Journal of microscopy 235 67 
[3] U.F Kocks, 1996 Phil. Mag. 13 541 
[4] Lebedkina TA, Lebyodkin MA, Chateau JP, Jacques A, Allain S 2009 Mater. Sci. Eng.A 519 147 
[5] A. Bintu, G. Vincze, C. Picu, A. Lopes, J. Grácio, F. Barlat, 2015 Mat. Sci. Eng. A 629 54 
[6] I. Gutierrez-Urrutia, J. A. del Valle, S. Zaefferer, D. Raabe, 2010 J Mater Sci. 45 6604–6610 

-900

-600

-300

0

300

600

900

-1 -0.7 -0.4 -0.1 0.2 0.5 0.8

Sh
ea

r 
st

re
ss

 [M
pa

]

Shear Strain

Prestrain 0.15
Prestrain 0.22
Prestrain 0.45
Prestrain 0.65

0

300

600

900

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Sh
ea

r 
st

re
ss

 [M
Pa

]

Shear strain

Simple shear
Prestrain 0.15
Prestrain 0.22
Prestrain 0.45
Prestrain 0.65

-900

-600

-300

0

300

600

900

-1 -0.7 -0.4 -0.1 0.2 0.5 0.8

Sh
ea

r 
St

re
ss

 [M
Pa

]

Shear Strain

Exp 0.15

HAH 0.15

Exp 0.45

HAH 0.45

-900

-600

-300

0

300

600

900

-1 -0.7 -0.4 -0.1 0.2 0.5 0.8

Sh
ea

r 
St

re
ss

 [M
Pa

]

Shear Strain

Exp 0.22

HAH 0.22

Exp 0.65

HAH 0.65

a) b) 

a) b) 

Numisheet IOP Publishing
Journal of Physics: Conference Series 734 (2016) 032111 doi:10.1088/1742-6596/734/3/032111

4



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice





