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Development of an in-plane biaxial test for FLCharaterization of metalli sheetsI. Zidane, D. Guines, L. L�eotoing, E. RagneauUniversit�e Europ�eenne de Bretagne, Frane, INSA-LGCGM - EA 3913,20, avenue des Buttes de Co�esmes 35043 RENNES C�edexE-mail: dominique.guines�insa-rennes.frAbstrat. The main objetive of this work is to propose a new experimental devieable to give for a single speimen a good predition of rheologial parameters andformability under stati and dynami onditions (for intermediate strain rates). In thispaper, we fous on the haraterization of sheet metal forming. The proposed devie isa servo-hydrauli testing mahine provided with four independent dynami atuatorsallowing biaxial tensile tests on ruiform speimens. The formability is evaluatedthanks to the lassial forming limit diagram (FLD) and one of the diÆulties ofthis study was the design of a dediated speimen for whih the neking phenomenonappears in its entral zone. If neking is loated in the entral zone of the speimen,then the speed ratio between the two axes ontrols the strain path in this zone anda whole forming limit urve an be overed. Suh a speimen is proposed througha numerial and experimental validation proedure. A rigorous proedure for thedetetion of numerial and experimental forming strains is also presented. Finally, anexperimental forming limit urved is determined and validated for an aluminium alloydediated to the sheet forming proesses (AA5086).Keywords: biaxial tensile test, ruiform speimens, forming limit diagram (FLD),dynami tests, Digital Image Correlation (DIC)Submitted to: Meas. Si. Tehnol.1. IntrodutionSheet metal forming is one of the most ommon metal proessing operation. Moreand more preision is required relatively to both the geometry and the mehanialproperties of the �nal produt. For this reason, the traditional trial-and-error method ofoptimizing suh metal forming operations is apparently ineÆient. Also, the modellingof material behavior is a very eÆient way of reduing the time and osts involved inoptimizing manufaturing proesses. Simulation of sheet metal forming, mainly basedon �nite element (FE) modelling, requires to know preisely the onstitutive law andformability limits of the material. These material properties have to be haraterized



Development of an in-plane biaxial test for FLC haraterization of metalli sheets 2at strain, strain rate and temperature ranges orresponding to forming proesses. Asmost metal forming operations are arried out under biaxial states of stress, limitingthe evaluation of material's mehanial harateristis to uniaxial tensile tests an leadto a misrepresentation of the behavior of the material. The use of more realisti loadingduring the test suh as the introdution of biaxial loading onditions leads to a moreaurate representation of the expeted behavior of the material by onsidering preiselyanisotropy e�ets, for example.The general purpose of this work is to propose an experimental test and theassoiated speimen shape for determining the whole elasto-plasti behavior of metallisheets inluding hardening, anisotropi behavior and formability limits. As explainedabove, to be in aordane with operating onditions enountered in metal formingproesses, theses haraterizations must be performed for biaxial loadings and forlarge ranges of strain rate and temperature. At the present time, the identi�ationof hardening parameters under mono-axial, stati or dynami loadings are lassiallyperformed by means of numerial modelling used with optimization methods in theso-alled inverse analysis proedure ([1℄, [2℄). This paper fouses on the developmentof both an experimental test and the assoiated speimen shape appropriate for thedetermination of a whole forming limit urve for stati loadings.A well-known method of desribing the formability of materials is the forming limitdiagram (FLD). In FLDs, a FLC (Forming Limit Curve) represents a plot of major andminor available prinipal strains in the plane of the deformed sheet orresponding tothe ourrene of the neking. The FLD determination is usually obtained from stationventional tests (Mariniak test [3℄, Nakazima test [4℄ or bulge test [5℄). In suh tests,only linear strain paths (ratio between major and minor strains) an be realized. Thepaths are de�ned from the speimen or tool geometry and many di�erent speimensare required to over the whole forming limit urve. Depending on the onsidered test,the frition e�et between the speimen and the tool an inuene the predition of thematerial formability and it is still a diÆulty to evaluate the oeÆient frition value.Moreover, strain-rate sensitivity has been identi�ed as an important fator determiningformability of sheet metal and an alter substantially the level and the shape of FLCs.A review of urrently available literature shows that relatively little attention has beenpaid to models taking strain rate into aount. Analytially, the strain rate sensitivityhas been studied mainly through the lassial M-K model [6℄. In these analytial models,the strain hardening behavior and the strain rate sensitivity of materials are generallyrepresented by simplisti power laws. But it has been shown that these simplisti lawsare not well adapted, espeially for aluminium alloys, and only permit the study ofthe inuene of the strain rate sensitivity index but not the inuene of the value ofthe strain rate and temperature [7℄. Experimentally, it is relatively diÆult to adaptthe onventional tests to dynami loadings due to the dynami response of the wholetesting devies. Very few experimental data are available and no orrelations have beenpresented between experimental results and those of numerial or analytial preditivemodels of FLCs.



Development of an in-plane biaxial test for FLC haraterization of metalli sheets 3In order to overome the drawbaks of the above mentioned tests, a ruiformspeimen ould be an interesting alternative if the strain path at the onset of neking isdiretly imposed by the ontrol of the testing mahine, independently from the speimenshape. Moreover, for suh speimen, the frition annot alter both formability and strainpath. Nevertheless, this kind of speimen has never been used in formability studies evenif many authors intensively used it for other mehanial haraterizations (fatigue [8℄,reep [9℄ or yield riteria and hardening laws [10℄). Although ruiform speimens havebeen investigated quite extensively, no standard geometry exists to this day [11℄ andthe design of the speimen shape is still the main diÆulty that restrits appliationsfor the ruiform biaxial tensile test.The developed test mahines to produe biaxial loading on ruiform speimen areeither stand-alone biaxial testing mahines or link mehanism attahments for biaxialtesting. The devie designed by Makinde et al. [12℄ onsisted of four hydrauli atuatorswith a apaity of 250kN . Two atuators were used on eah axis to ensure that theenter of the speimen did not move during testing. The results from this researhwere used to develop an optimum speimen for low strains. Using the same testingapparatus Green et al. [13℄ have investigated the elasto-plasti behaviour of an 1145aluminium sheet alloy. Flat ruiform speimens have been tested under in-plane biaxialloading onditions to obtain both the plasti work ontours and the biaxial ow urves.A biaxial extensometer is used to measure and ontrol the strains in the entral areaof the speimen along eah loading diretion. A �nite element analysis of eah testwas arried out. The numerial FE modeling ensure that the omputed fore in thearms versus strain in the enter of the sample urves oinide with the orrespondingexperimental ones. Thus the parameters of the four di�erent phenomenologial modelsof anisotropi plastiity and biaxial ow urves are determined. A further stand-alonedevie developed by Boehler et al. [14℄ onsisted of four double ating srew drivenpistons, mounted on an otogonal vertial frame. The test speed varies between 0:003and 0:3mm=min. This mahine was used to test various ruiform speimen typesto develop an optimum speimen design. The optimized speimen is performed toidentify anisotropi elasti behaviour. Kuwabara et al. [15℄ study the elasti and plastideformation behavior of old rolled low-arbon steel under biaxial tension. The biaxialtester was a servo type and opposing hydrauli ylinders were onneted to ommonhydrauli lines so that the same hydrauli pressure was applied to eah. A load ellwas used in eah diretion to alulate the stress in the speimen. The strain wasalulated using strain gauges plaed in the gauge setion of the speimen. The owstresses measured were in relatively good agreement with those predited by Hosford'syield riterion. Naumenko and Atkins [16℄ performed biaxial tensile tests on pre-rakedhigh-strength low-hardening aluminium speimens. They demonstrated that the e�etof biaxiality loading on the rak extension resistane R, was unexpetedly strong.Shimamoto et al. [17℄ have developed a hydrauli biaxial testing system to performboth dynami and stati tests. From dynami tests, they investigate the rak extensionbehavior on an aluminium alloy (A7075-T6) at 1000mm=s. In an attempt to redue the



Development of an in-plane biaxial test for FLC haraterization of metalli sheets 4ost assoiated with building stand-alone test mahines, standard tensile or ompressivetesters have been onverted to biaxial test setup (Hoferlin et al. [18℄, Mohr and Mulalo[19℄, Ferron and Makinde [20℄). Nevertheless, link mehanism attahments for biaxialtesting mahines seem not very eÆient to study the forming limits under various andomplex loading paths whih would require to hange the geometry of the system (lengthof links, ...) for eah path. Moreover, in suh experimental devies, both high sti�nessand natural frequenies are expeted so these systems are not appropriate for biaxialtests and partiularly dynami ones. Stand-alone testing mahines seem to be moreappropriated to realize biaxial tests and more partiularly to obtain di�erent strainpaths or various stress states of biaxial tension by hanging the proportion of loads ordisplaements of the two axes. Moreover, to perform both stati and dynami testswith the same devie, hydrauli tehnology seems more appropriated, by using pumppressure or aumulator pressure for stati tests and instantaneously releasing a greatquantity of high-pressure ow aumulated for dynami tests.In this work, a servo-hydrauli testing mahine provided with four independentdynami atuators has been used. The testing devie is in a horizontal on�gurationwhih failitates aess for an easy setting of the speimen and allows a good follow-up of the entral zone throughout the test by video reording. The enter point ofthe speimen is always maintained stationary throughout the test by an eÆient servo-hydrauli ontrol. In order to determine the forming limits under omplex loadingpaths, a speimen shape has to be de�ned. The main diÆulty to design an appropriateruiform speimen shape onsists in foring the onset of neking in the entral zone andnot on the arms of the speimen. Moreover, for dynami tests, the maximum sti�nessof the speimen, the initial one, has to be adjusted aording to the experimental setupapaities in order to ontrol tensile test veloities. For the onsidered experimentaldevie, the sti�ness of the speimens should not exeed 45kN=mm for dynami tests.Others onsiderations like manufaturing onstraints must also be taken into aount.In this study, di�erent speimen shapes used in previous works are numeriallyinvestigated through FE simulations. A modi�ed ruiform speimen shape is thenproposed and the best set of geometrial dimensions is de�ned from a parametri study.The proposed speimen shape is then numerially validated. Finally, the harateristisof the developed biaxial system are presented and experiments are onduted on theproposed ruiform speimen shape. The eÆieny of the proposed speimen shape isalso validated by experiments. The entral area of the ruiform speimen is �lmed bya amera and strain �elds are determined by means of an image orrelation tehnique.For di�erent strain paths, experimental results, i.e., the strain level at the onset ofneking from the ruiform speimen are ompared with those of the more onventionalMariniak test.



Development of an in-plane biaxial test for FLC haraterization of metalli sheets 52. Speimen designTo haraterize the mehanial behavior of materials subjeted to biaxial loadings,various ruiform speimens have been de�ned. Hannon and Tiernan have publisheda omplete review on this subjet [21℄. Several researhers ([22℄,[9℄) have proposed aruiform speimen shape with a redued thikness square entral zone and grooves inthe arms. An example of suh geometry is shown on Figure 1.

Figure 1. Geometry of Speimen 1.To study the inuene of biaxial loadings on hardening anisotropi materials,Ferron and Makinde [20℄ and Demmerle and Boehler [23℄ have optimized this speimenand obtained an homogeneous stress-strain �eld over a large part of the square zone.Johnston et al. [24℄ modi�ed the speimen 1 and added a irular entral zone with asmaller thikness (Figure 2).

Figure 2. Geometry of Speimen 2.Removing arm grooves, Yong et al. [25℄ proposed the shape shown Figure 3.This form has been developed to determine the FLD under omplex loading paths



Development of an in-plane biaxial test for FLC haraterization of metalli sheets 6by numerial �nite element simulations. The initial speimen dimensions de�ned bythe authors lead to a very sti� speimen: the arm width is 90mm and the entralarea diameter is 20mm. But to date, to our knowledge, no experimental results werepublished to validate this shape.

Figure 3. Geometry of Speimen 3.Another ruiform speimen shape (Figure 4) with a redued thikness in the entralarea and variable width arms has been proposed by Zhang and Sakane [26℄. Thisspeimen has been used to realize fatigue tests, i.e. at low strain levels.

Figure 4. Geometry of Speimen 4.2.1. Numerial investigationsThrough FE simulations, the eÆieny of the four various speimen shapes mentionedabove is numerially investigated. For that, equi-biaxial tensile test is simulated bymeans of the FE software pakage ABAQUS. Considering the symmetry of the speimengeometry, only one quarter of the speimen is analyzed. For meshing, tetrahedron



Development of an in-plane biaxial test for FLC haraterization of metalli sheets 7elements are used and a re�ned mesh is adopted in the sensitive areas where strainloalizations ould our (entral zone, intermediate setion, �llet, grooves). Theisotropi elasto-plasti behavior of an aluminium alloy is assumed. The elasti partis desribed by Hooke's model with Young modulus, E = 70000MPa and Poisson ratio,� = 0:3. For the plasti part, isotropi von Mises yield riteria is used and the hardeningbehavior is desribed by a Ludwik's law:� = �0 +K"n (1)where � and " are the equivalent stress and the equivalent plasti strain respetively,�0 is the Yield stress obtained from a mono-axial tensile test, K = 553MPa and n = 0:61are material parameters.The various shapes suggested (�gures 1 to 4) were dimensioned with the followingrules: (i) the harateristi dimension of the entral zone is �xed at a value ranging from20 to 30mm. This dimension is mainly imposed by the dynami aquisition apaities ofthe amera, (ii) other prinipal dimensions (width and thikness of the arms, thiknessof the entral area) are hosen aording to either the maximum load apaities ofthe experimental setup or the maximum sti�ness of the sample. The maximum valueof the sti�ness is de�ned by the apaities of the experimental devie. Consequently,the thikness of the entral area and arms are respetively �xed to 1 and 4mm. Forspeimens 2 to 4, the thikness of the intermediate zone is 2mm.2.2. Results and disussionTo ensure that neking always appears in the entral zone, the design of the ruiformspeimens must indue the greatest deformations in the entral zone and no strainloalizations in the other areas (grooves, �llets, ...). Both the equivalent plasti strainand the maximal prinipal strain in the speimen are observed. In the geometrialsingularities (grooves for example), the observation of the equivalent plasti strain is notsuÆient, sine the major prinipal strain an reah high values leading to a loalizationof the deformation (and then frature) although the equivalent strain is not very high.The �gures 5 and 6 show the distribution of the equivalent plasti strain (PEEQ) andthe maximal prinipal strain �elds for speimens 1 to 4. Only the interesting zone,i.e. the entral zone is observed. All the results presented orrespond to the momentwhen the maximum value of the equivalent plasti strain reahes 30% in one point of thespeimen. In order to evaluate the inuene of the shape details suh as the grooves, the�llet of the arms, the evolution of the strains (equivalent plasti and maximal prinipal)is also plotted along a path (represented by a mixed line).Aording to �gures 5 and 6, one an see that the strain onentration is morehomogeneous in the entral test setion of the speimens with grooves (speimens 1 and2). But, for the speimen 1, the maximum strain value (30%) is reahed in the grooves.This phenomenon is less pronouned for speimen 2 where an intermediate zone hasbeen added. The equivalent plasti strain is then slightly higher in the entral zone
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Figure 5. Equivalent plasti strain and maximal prinipal strain �elds for speimens1 and 2.than in the grooves. But, the maximal prinipal strain is always muh higher (27:5%)in grooves than in the entral area (15%). For the speimen 3, the maximal prinipalstrain is obtained in the �llet of the arms (25%) whereas in the entral zone the levelreahed is approximately 15%. For the speimen 4, the highest strain values (maximalprinipal strain or equivalent plasti strain) are loated in the �llet of the arms whereasin the entral area, the value of the maximum prinipal strain is the lowest one amongthe four speimens (11%).Table 1. Sti�nesses of the tested speimens.Speimen 1 2 3 4Sti�ness (KN/mm) 42 45 62 38The results of the FE simulations show that the speimens 2 and 3 seem to bethe more eÆient sine they lead to the maximum values of strain in the entral zone.But speimen 3 is, for all the speimens tested, the sti�est (Tab. 1). Moreover, for allthe speimens, to redue the stress/strain onentrations in the �llets of the arms, itwould be advisable to inrease the width of the arms but that would result in inreasingsigni�antly the sti�ness of the speimen. Finally, the shape of speimen proposed�gure 2 seems to be the most e�etive and the most promising. The positioning of thegrooves on the arms permits to limit the sti�ness of the speimen. An optimization an
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Figure 6. Equivalent plasti strain and maximal prinipal strain �elds for speimens3 and 4.be performed, FE simulations show notably that the distane between the ends of thegrooves and the edge of the square entral zone, had a great inuene on the level ofdeformation in the grooves and �llets of the arms. Thereafter, on the basis of the shapeof the sample 2, a modi�ed form is proposed and optimized in order to redue the strainloalization in grooves.3. Speimen optimizationThe speimen hosen in the previous part must be optimized in order to make eÆientits use for a whole forming limit urve identi�ation. Finally, the validity of theoptimization is veri�ed with the determination of a numerial FLC for the above usedmaterial.3.1. Optimization of the ruiform speimen shapeThe main purpose of the optimization is to ensure a strain loalization at the entralpoint of the speimen and then the onset of neking in this zone. The strain path valueat the entral point of the speimen is diretly linked to the veloity ratio of atuatorsfor the two tested axes. If the strain loalization appears in a di�erent zone, the strainpath in this zone will be di�erent from the veloity ratio and then only a partial forming



Development of an in-plane biaxial test for FLC haraterization of metalli sheets 10limit urve will be drawn. Thereafter on the basis of the shape illustrated by �gure 7,a modi�ation of the form of the entral zone is proposed.

Figure 7. Geometry of the optimized speimen shape.Aording to the previous study, two key geometrial parameters have beenidenti�ed for the strain distribution in the speimen. These parameters are the lengthL between the ends of the grooves and the edge of the square entral zone and the�llet of arms R (Figure 7). As seen before, by adjusting these parameters to adequatevalues, the strain level in grooves and �llets of the arms is limited by omparison withthe level in the entral region of the speimen. This is the �rst step of the optimizationproedure, the seond step onsists in the strain loalization at the entral point of thespeimen for the strain path ontrol. Hereafter, to ahieve the proedure, two di�erentshapes are proposed and disussed for the entral zone of the speimen. For speimenI, a hamfer between the at entral irular zone and the intermediate square zone isde�ned (Figure 8) and for speimen II, the entral point and the intermediate squarezone are onneted by a urved pro�le (radius) (Figure 9).
Figure 8. Speimen I : transition with hamfer.One an see in �gures 8 and 9 that the thikness of the entral test setion T isalso a key parameter for the strain loalisation and homogeneity. For speimen I, the
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Figure 9. Speimen II : transition with radius.diameter of the at entral test setion is noted Di. A parametri study was arried outand the best set of parameters obtained is given in table 2.Table 2. Optimized geometrial parameters.L(mm) R(mm) Di(mm) T (mm)Speimen I 4.5 8 10 0.75Speimen II 4.5 8 - 0.75In order to make a hoie between speimen I and speimen II, we an observe theevolution of strain path in the two speimens (Figure 10) for equi-biaxial onditions,i.e. same imposed veloities for the two axes.

Figure 10. Strain path distribution in speimen I and II.A strain path value of 1 is logially observed at the entral point of the twospeimens but strain loalization and then the neking phenomenon doesn't neessaryappear in this zone. To identify the zone where neking is likely to appear, the evolutionof equivalent plasti strain is plotted following the diagonal line of the square entralzone (dotted lines in Figure 10) just before the onset of neking.Two di�erent evolutions of the equivalent plasti strain an be observed in Figure11. For speimen II, the maximum value is measured at the entral point of the speimenand the strain path orresponds to the imposed veloity ratio. However, for speimenI, the maximum value of equivalent plasti strain is reahed in the transition zonebetween hamfer and at entral zone. In this zone, a strain path of 0.6 is evaluated.As a result, if neking appears in this zone, the strain path is not diretly imposed
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Figure 11. Evolution of the plasti equivalent strain on the diagonal line of speimenI and II square entral zone.by the displaement onditions (ratio of 1) and the onstrution of the whole forminglimit urve beomes impossible in the expansion domain (strain path from 0 to 1). Thisresult is on�rmed by �gure 12 in whih we an observe the evolution of strain path fordi�erent speed ratios at the entral point for speimen II and at the transition zone forspeimen I. As previously stated, speimen II is more appropriate to over the wholestrain path range. Besides, at the end of the test, for the onset of neking, the strainpath remains onstant for all speed ratios for this speimen.

Figure 12. Strain paths in speimens I and II for di�erent imposed veloity ratios.In onlusion, speimen II seems to be appropriate for a omplete haraterizationof sheet formability. This is on�rmed by the following part in whih a numerial forminglimit urve an be found by use of this speimen.



Development of an in-plane biaxial test for FLC haraterization of metalli sheets 133.2. FLC identi�ationFor the numerial identi�ation of forming limit urves, the main diÆulty lies in thehoie of an appropriate riterion to detet the onset of neking. Di�erent failure riteriahave been disussed by Zhang et al [7℄. If the neking ours in a zone, a sharp hange ofstrain an be observed, orresponding to the onset of a plasti instability. Moreover, afterthe onset of this phenomenon, the level of strain remains onstant in the other adjaentzones. This behaviour an be observed by following the evolution of the equivalentplasti strain for four di�erent nodes, from the speimen entral point (node 1) (Figure13).

Figure 13. Loalization of nodes 1 to 4 in the entral zone of the speimen.The evolution of the equivalent plasti strain for nodes 1 to 4 is plotted in Figure 14for equi-biaxial onditions. An homogeneous evolution for these four urves is observedup to a moment of about t=3.5 s, after whih the equivalent plasti strain for node 1diverges rapidly ompared to that of nodes 3 and 4. As expeted, for these two nodes,the equivalent plasti strain remains onstant after the onset of neking in the zone ofnode 1. Moreover, this observation on�rms the eÆieny of speimen II in loalizingneking at its enter.In this work, the riterion widely used in the M-K model studies is hosen topredit the onset of loalized neking. When the equivalent plasti strain inrementratio between a point loated in the neking zone (node 1) and a point in a adjaentzone (nodes 3 or 4) attains a ritial value, the onset of loalized neking is assumed toour and the orresponding major and minor strains alulated at node 1 are retainedas a point on the FLC. In the literature, this ritial value generally varies from 7 [27℄to 10 [28℄ and it is neessary to rigorously �x it for our spei� geometry. From Figure14, the plasti instability is learly loated with the evolution of the equivalent plastistrain at node 1 thanks to the onset of a bifuration point at tBifuration = 3:4s. Wepropose to plot the evolution of the equivalent plasti strain inrement ratio betweennodes 1 and 3 (�"1=�"3) and between nodes 1 and 4 (�"1=�"4). In order to apply thismethod for experimental identi�ation of forming limit urves, the inrement must notbe alulated for a short time, otherwise many utuations assoiated with the auray
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Figure 14. Evolution of the equivalent plasti strain for nodes 1 to 4.of the experimental strain measurement ould appear. The inrement is alulated fora time of 1s and the results are plotted in Figure 15.
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Figure 15. Evolution of the equivalent plasti strain inrement ratios (�"1=�"3) and(�"1=�"4).For the time orresponding to the onset of neking (tBifuration), the ritial valuesare identi�ed for the two inrement ratios. Afterwards, the higher and more sensibleratio �"1=�"4 will be used and a ritial value of 8 seems to be appropriate to detetthe onset of the bifuration point and then the phenomenon of neking (Figure 15). Forthe time orresponding to the ourene of neking, the numerial limit strain, i.e., themajor and minor prinipal strains are alulated. Moreover, it is found that this ritialvalue is well appropriate for the di�erent speed ratios imposed on the two axes. Toover the whole forming limit diagram, the following speed ratios are tested : 1, 0.75,



Development of an in-plane biaxial test for FLC haraterization of metalli sheets 150.5, 0.4, 0.25, 0.1, 0, -0.02, -0.1 and free for one axis. The forming limit urve identi�edby use of this riterion is given in Figure 16.
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Figure 16. Numerial forming limit urve.Then, a whole forming limit urve is plotted for this material and we an observethat the FLC is slightly shifted ompared to a lassial one. Indeed, the minimum ofthe FLC is not loated for a zero value of the minor strain. This well known e�et [28℄is due to the non-linearity of the strain path at node 1 at the beginning of the test as itan be observed in Figure 17.
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Figure 17. Strain path at node 1 for di�erent speed ratios.A rigorous method, whih an be applied in a numerial or experimental approah,has been onstruted in this part and it is proposed to validate it through anexperimental ampaign on an aluminium alloy dediated to sheet forming proesses.



Development of an in-plane biaxial test for FLC haraterization of metalli sheets 164. Experimental validationIn this part, after a brief desription of the biaxial testing mahine and its performanes,a omparison between speimen I and speimen II is presented in order to on�rm theprevious numerial results. Finally, a forming limit urve is experimentally identi�edfor an aluminium alloy 5086.4.1. Biaxial testing mahine and performanesThe proposed experimental devie, presented in Figure 18, is a servo-hydrauli testingmahine provided with four independent dynami atuators allowing biaxial tensile testson ruiform speimens following two perpendiular axes. For eah atuator, the loadingapaity is 50KN and the maximum veloity an reah up 2m=s. The load on eah axisis measured by two spei� gage sensors plaed between the grip and atuator rod (19).

Figure 18. Servo-hydrauli testing mahine.Before the design stage of this mahine, one important requirement was thesynhronization at impat of the four atuators for whih the absolute displaementdi�erene must be less than 0:5mm. This point is always veri�ed on this mahine asillustrated in Figure 20 where the displaement of the entral point during test for aspeimen tested at a veloity of 1m=s for eah atuator is plotted. The trajetory ofthis point is held in a 0:2mm by 0:2mm window size.
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Figure 19. Grip devie for eah atuator.

Figure 20. Central point displaement.4.2. Strain measurementThe Digital Image Correlation (DIC) is used to evaluate the strain omponents duringthe experiments. To apture the onseutive images during the test, a Fastam ultimaAPX-RS digital CMOS amera assoiated with a maro lens is used. The maximumaquisition rate is 3000i=s for a 1024�1024 pixels full resolution range. For the speimengeometry de�ned above, the dimensions of the �lmed entral zone are about 30�30mm.A resolution of 512� 512 pixels and an aquisition of 500i/s are used during the tests.The DIC tehnique requires a random spekle pattern so that the image of the speimenould be represented by a disrete funtion of values depending on grey levels (Figure21). The subset size used here is 32�32 pixels. The ommerial digital imaging programCORRELA2006, developed by LMS at the University of Poitiers, is employed to performorrelation analysis in this work. The DIC program evaluates the surfae strains of thespeimen.4.3. Tests on speimen I and speimen IIIn order to validate the de�ned shapes of speimen I and speimen II, samples have beenmanufatured in a rolled aluminium alloy sheet (AA 2017) and a stati equi-biaxial test
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Figure 21. Random spekle pattern and subsets used for the orrelation analysis.has been performed (1mm=s for eah atuator). As expeted, neking and then fraturealways appear in the transition zone between hamfer and at entral zone for speimenI and at the entral point for speimen II (Figure 22).

Figure 22. Frature in speimen I (left) and speimen II.As presented in the previous numerial study and by use of the DIC tehnique,the evolution of equivalent plasti strain is measured following the diagonal line of thesquare entral zone for the two speimens (Figure 23). The same onlusions an bedrawn, for speimen I, the maximum equivalent plasti strain develops in the transitionzone between hamfer and at entral zone.4.4. Experimental forming limit urveThe proedure, presented in paragraph 3.2 for numerial FLC identi�ation, is appliedhere to detet the experimental limit strains of an aluminium alloy 5086 (Figure 24).The same value of the ritial equivalent plasti strain inrement ratio is onsidered.The strain �elds on the surfae speimen, more partiularly in the entral zone, areobtained from the DIC tehnique. The strain thikness is alulated assuming theinompressibility ondition during plasti work. Then, an "experimental" equivalent
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Figure 23. Experimental evolution of the plasti equivalent strain on the diagonalline of speimen I and II square entral zone.plasti strain an be determined. Quasi-stati onditions are onsidered for this �rstexperimental ampaign, the main objetive was to verify our proedure for a goodprediting of the onset of neking. Then, a maximum veloity of 1mm=s is �xed forone axis and for the other one, the veloity varies from free to 1mm=s. Figure 25 showsdi�erent initial diretions of frature depending on measured strain path but in all ases,the initial stage takes plae in the enter of the speimen.
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Figure 24. Experimental forming limit urve of AA5086.For the forming limit urve desribed in Figure 24, we an observe that the balanedbiaxial strain state is not obtained although the orresponding speed ratio has beentested. It means that, for this material, the onset of neking appears in the entralzone of the sample but not exatly at the entral point. This e�et an be explained
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Figure 25. Frature of speimens for di�erent sets of minor and major strains.by the anisotropi behaviour of the tested aluminium alloy. In this ase, the strainpath is slightly di�erent from the path imposed by the veloity ratio of the atuators.The results presented in Figure 24 are in aordane with results from a onventionalMariniak test, developed in parallel (Figure 26). As shown previously, the FLC fromthe biaxial test is slightly shifted ompared to the minimum value of the major strainmeasured with the Mariniak Test. Nevertheless, the average level of forming limitstrains get with the two experimental methods are rather omparable.
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Figure 26. Comparison of Mariniak and biaxial tests for prediting formability ofAA5086.On the other hand, the use of the Mariniak test under dynami onditions,i.e. with high forming rates, seems rather diÆult ontrary to our biaxial tehniqueassoiated with a high speed amera. The inuene of forming rate and then strain rateon metal sheet formability will be studied thanks to this new tehnique.



Development of an in-plane biaxial test for FLC haraterization of metalli sheets 215. Conlusions and PerspetivesThrough numerial FE simulations, various ruiform speimen shapes have beeninvestigated. A parametri study leads to the de�nition of an eÆient shape forwhih the strain loalization appears in the entral zone. The numerial approah isvalidated by experiments on an aluminium alloy AA5086. The onset of neking an beobserved and measured in the zone of interest and an experimental forming limit urveis identi�ed thanks to a systemati proedure whih an be used both on numerialor experimental results. Compared to lassial tehniques used in the �eld of elasto-plasti haraterization of the metalli sheet behavior, the proposed biaxial experimentaldevie assoiated with the optimized in-plane ruiform speimen shape presents severaladvantages:� The strain path is diretly ontrolled by displaements imposed on eah axe of thespeimen independently from the speimen shape. Moreover, omplex linear andnon-linear loading paths an be applied.� The de�ned shape leads to very non homogeneous strain and stress �elds in thespeimen. Material parameters (onstants of both hardening law and anisotropiyield riteria) an be identi�ed aurately by means of an inverse analysis assoiatedwith the global measurement of fores and displaements and with the loalmeasurement of displaement or strain �elds.� Frition e�ets have no inuene on the results obtained from the proposedrheologial test.� With a single speimen geometry, a omplete haraterization of both the FLD andrheologial behavior an be identi�ed.� Finally, the experimental devie, in the proposed on�guration, is well adaptedto haraterize the whole elasto-plasti behavior of metalli sheets under dynamibiaxial loadings.Our present works fous on the identi�ation of rheologial parameters of hardeninglaws or yield riteria using the biaxial tensile test presented in this study. Thisexperimental devie will be used in the future to study the inuene of operatingonditions suh as temperature and strain rate on formability of sheet metals.Referenes[1℄ Diot S. Guines D. Gavrus A. Ragneau E. Minimization of frition inuene on the evaluationof rheologial parameters from ompression test : Appliation to a forging steel behavioridenti�ation. Journal of engineering materials and tehnology, 131:1{10, 2009.[2℄ Davoodi B. Gavrus A. Ragneau E. An experimental and numerial analysis of the heat transfertproblem in SHPB at elevated temperatures. Institute of Physis Publishing, MeasurementSiene and Tehnology, 16:2101{2108, 2005.[3℄ Z. Mariniak, K. Kuzynski, and T. Pokora. Inuene of the plasti properties of a material on theforming limit diagram for sheet metal in tension. International Journal of Mehanial Sienes,15:789{805, 1973.
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