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Determination of Optimized Biaxial Cruciform Specimens of Mild Steels, SS 316L, and Aluminum Alloys
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Abstract. A methodology is described for obtaining optimum biaxial cruciform specimen designs by combining equibiaxial tension test data with finite element analysis (FEA) in conjunction with the application of an appropriate optimization strategy. This approach is applied for developing optimum specimen designs for an ASTM A1008 steel, a SS 316L, and an AA 6xxx-T4 alloy. This methodology requires in sequence the (a) selection of an appropriate initial biaxial specimen design and development of an equivalent, verified FEA model, b) optimization of the verified FEA models, (c) fabrication of cruciform specimens according to the optimized dimensions and testing under appropriate loading conditions, and (d) simulating the validation test with an equivalent FEA model with boundary conditions obtained from the tests. This study shows that such a combined “test-FEA-optimization” approach can be successfully applied to develop optimum cruciform specimen designs for advanced lightweighting materials.
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Biaxial testing of alloys is being widely used in the sheet metal forming industries to determine the mechanical properties of materials, because most forming operations include some biaxial deformation. It is preferred over the traditional uniaxial testing since sheet metal is usually highly anisotropic and biaxial testing data are expected to provide more complete information about the multidirectional deformation behavior of materials. Since advanced lightweighting alloys with relatively unknown forming behavior are increasingly being used in the automotive industries to enhance fuel efficiency of vehicles, biaxial testing of these alloys is becoming more widespread. However, there are significant challenges in developing optimum specimen designs for these materials as specimens can often fail prematurely in regions away from the gauge area.
	In-plane biaxial testing of cross-shaped or cruciform specimens has become popular for determining materials’ multiaxial forming behavior [1]. These specimens offer the possibility of obtaining various biaxial stress states by changing proportion of loads/displacements of two axes [2]. An effective biaxial testing system relies on a good design of a biaxial test specimen. Such a specimen must experience both elastic and plastic deformation and eventual failure in the gauge area. Many specimen designs have been used by researchers. They generally fall in four main categories: (a) cut, (b) reduced section, (c) strip and slit, and (d) strip and slit with reduced central section [3]. However, a cruciform specimen design has not been universally accepted [4], [5]. 
 	In this work an approach is presented for developing optimum designs of biaxial cruciform specimens for three materials (ASTM A1008 steel, stainless steel SS 316L, and aluminum alloy AA 6xxx-T4) after starting with suitable initial designs. The initial finite element analysis (FEA) models were verified by comparing predicted displacement and strain fields with those from digital image correlation (DIC) technique. Constitutive material property (isotropic) data for the steel specimens were developed from uniaxial tensile tests conducted at various strain rates, and those for the aluminum alloy specimens were developed from static uniaxial tensile tests of specimens fabricated with three different orientations relative to the sheet rolling direction. The influence of uncertainties in hardening model parameters on material deformation behavior has been described elsewhere [6]. An anisotropic yield condition (Hill’48 [7]) was used for the models constructed for the aluminum alloy specimens, which incorporated the plastic strain ratios, r-values, (based on Lankford [8]).
Initial FEA Model Development and Verification
For each material, the initial cruciform specimen design was chosen based on a literature review. FEA models of these specimens were developed using above mentioned constitutive models along with boundary conditions obtained from cruciform tensile tests conducted. 1/2 symmetry models (symmetry in z or thickness direction) were created for FEA verification and validation, since test displacement/force data on all 4 arms are not exactly the same. 1/8 symmetry models were used for optimization, since 1/2 symmetry model is computationally prohibitive.
ASTM A1008 Steel Specimen
The initial cruciform specimen geometry is the N225D635 design [9] (Fig. 1). This 
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Fig. 1. A schematic of the cruciform geometry used for the ASTM A1008 steel with identification of key design parameters.
[bookmark: _Hlk128149623]design was chosen because this specimen was reported to fail in the central pocket region, although failure occurred when the specimen center was heated to an elevated temperature. This specimen has a central thinned-down gauge (pocket) area. Key geometric features for the design (see Fig. 1 and Fig. 9 of [10]) are the radius of the pocket flat area (Rgauge), pocket fillet radius (Fpocket), reduced thickness of the pocket flat region (Tpocket), corner notch radius (Rnotch), arm width (Warm), and specimen thickness, (Tsample). Rpocket is the radius of the pocket. Specimens were tested with a multiaxial test frame that has four independently controllable actuators with a ±500 kN capacity and ±50 mm stroke. Additional details are in [11]. Specimens were cut from a 3 mm thick sheet using an abrasive waterjet. The central pocket thickness reduction and pocket fillet were fabricated with electro-discharge machining (EDM). The dimensions of key specimen geometric features are listed in the “Sample 2” column in Table 1 of [12] and were used to develop the initial FEA model of the specimen.
	A FEA model of the specimen was built in Abaqus [13][footnoteRef:1]. Fully integrated, hexahedral elements (C3D8) were used for discretization. Potential issues related to the disparity seen in strain outputs from FEA software employing different types of elements are discussed elsewhere [14]. An isotropic, strain rate-dependent hardening evolution behavior was constructed from uniaxial tensile tests conducted at three different strain rates [15]. von Mises yielding behavior was assumed. Measured history-dependent, displacement and displacement gradient boundary conditions (obtained with DIC) were specified at about 59 mm from the specimen center on each arm (Fig. 2). The FEA verification methodology is similar to the one described in [16], [17] and was conducted using DIC image closest to 90% of the von Mises effective strain at peak force (hereinafter referred as t90). As discussed in [12] verification was conducted by comparing FEA calculated and DIC measured values of: (a) average effective strain (VM) in the region from the pocket center to half of Rgauge, (b) VM along an arc midway between the notch and pocket (arc D in Fig. 1 of ref [12]), (c) maximum principal strains (1) in the pocket along two diagonals through the center, and (d) 1 along diamond lines (Fig. 3). Fig. 4 shows a comparison of measured and FEA 1 along two diamond lines. The overall agreement is good even though FEA strain profiles had slightly lower maxima. Fig. 5 shows a comparison of the 1 (corresponding to t90) along a diagonal in the central pocket. Again, the agreement is quite good between the model and measured plots. Other comparisons of different variables have been made and show good agreement between measured and computed values but are not shown here. The FEA model was refined until no noticeable change in FEA predictions was observed. This refined model was used for further optimization. [1:  Certain equipment, instruments, software, or materials, commercial or non-commercial, are identified in this paper in order to specify the experimental procedure adequately. Such identification is not intended to imply recommendation or endorsement of any product or service by NIST, nor is it intended to imply that the materials or equipment identified are necessarily the best available for the purpose.] 

SS 316L Specimen
The verified cruciform geometry from ASTM A1008 alloy was also used as the SS 316L verified geometry except that a few key dimensions were scaled [18] based on sheet thickness of 1.2 mm. The width of the specimen arms was such that it fit the test frame at the University of New Hampshire (UNH). Additional details are in ref. [10].
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Fig. 2. A 1/2 symmetry FEA part model used for FEA verification (steel specimens) in optimization showing location of displacement and displacement gradient boundary conditions.
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Fig. 3. FEA model for steel specimens showing diagonal and diamond lines used for model verification and validation.
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Fig. 4. Measured and FEA maximum principal strain (1) along two of the four diamond lines at a step corresponding to 90% of strain at maximum force (t90) for the ASTM A1008 steel.
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Fig. 5. Measured and FEA 1 in the pocket area along a diagonal through the center (from notch to notch) at t90 used for verification prior to the optimization study for the ASTM A1008 steel.

AA 6xxx-T4 Specimen
The planar shape of the aluminum cruciform specimen was cut from an AA 6xxx-T4 alloy sheet by an abrasive waterjet according to the design in Fig. 6. Relevant dimensions in Table 1 for the “Initial Value” column were used. The center pocket was machined (by end mill) from both faces of the specimen. Initial specimen dimensions are very close to the “optimized specimen 5” in [19] corresponding to the sheet thickness of 2.48 mm, but use a simple fillet to transition from the full thickness down to the pocket thickness. Isotropic hardening was assumed, and these data were obtained from a uniaxial RD tensile test. Since the biaxial tests result in strains beyond the uniform strain in uniaxial tests, stress-strain data were extrapolated to strains beyond uniform deformation. An approximation method was chosen that uses the DIC data sampled across the width of the specimen at the axial location of the eventual localized neck and failure. True axial strain was calculated as the average axial strain across the width for each point in time. The true stress was calculated as the applied end force divided by the current cross-sectional area at the same location and time. No correction for stress triaxiality was used. The model was built using both C3D8 and C3D8R elements. Force vs. time values for each of the four arms (from the testing machine actuators) were used as boundary conditions. A comparison of measured and FEA mean Hill’48 equivalent strain (H48) as a function of image number in the region from specimen center to Rgauge/2 is shown in Fig. 7. Also shown is the image number corresponding to the 75% strain at maximum force point. Very good agreement is seen up to the 75% strain point. Plots of VM along diamond and diagonal lines are not shown for brevity. After some mesh refinement and when results did not change appreciably further, the FEA model was then used further for optimization.
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Fig. 6. A diagram of the AA 6xxx-T4 specimen with design dimensions labeled as variables.

Table 1. Design parameter during optimization and fabrication of the AA 6xxx-T4 specimen.
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Fig. 7. A plot of mean measured and computed Hill’48 equivalent strain as a function of image number in the region from specimen center to Rgauge/2 (AA 6xxx-T4).
Specimen Optimization
ASTM A1008 Steel Specimen Optimization
Optimization was conducted using the verified FEA model described in Section 2.1 in Isight software [20] using three different techniques: Large Scale Generalized Reduced Gradient (LSGRG), Sequential Quadratic Programming (NLPQLP), and design of experiments (DOE)  [20]. All three techniques produced similar results. Average displacements of each arm as a function of time obtained from the verification mechanical test were used as boundary conditions and specified on each arm end. Design parameters were the following: fillet radius (Fpocket), radius of the pocket (Rpocket), and thickness of the specimen that was cut in the central pocket, Tcut, which equals 0.5*(Tsample – Tpocket). At the beginning of the optimization, initial values of these parameters and minimum and maximum values of the bounds were specified. Multiple FEA runs in a loop were conducted by varying the design parameter values each time and computing objective function values and evaluating the constraint condition (see below). This process continued until the desired objective and constraint conditions were achieved. The following were used as the objective function and constraint condition:

(1)




Where, VM “overbar” signifies the mean value in the central region of the pocket,  and  are nodal coordinates, respectively, of the nodes in the undeformed configuration, and n is the number of nodes. The objective function and the constraint condition were determined based on findings described in [12], which indicated variability of strains in the central pocket of the optimized specimen. Eqs. (1) and (2) were evaluated at a step corresponding to t90.
SS 316L Steel Specimen Optimization
The design goals were (1) maximized VM in the central flat gauge area (3 mm radius), (2) moderate strain uniformity (±2.5 % of the mean VM) in the gauge area, (3) sufficient flat gauge area for material characterization, (4) a machinable geometry, and (5) a design suitable for the UNH apparatus. Key specimen geometry features are same as those given in Section 2.1. Tsample (sheet thickness) was 1.2 mm and Tpocket was set to 50% of the sheet thickness or 0.6 mm. The lower bound of Fpocket was set to 0.25 mm based on practical machinability limit of end mills. Specimen width was set to 180 mm. See Table 5 of [10] for lower bound, upper bound, and optimized values of the design parameters. A 2-level DOE approach with Isight [20] was used for specimen optimization [10]. A total of 32 x 32 (1024) combinations of design parameters (based on the Latin Hypercube sampling) were used to produce models that were run with the objective function and constraint conditions (+/- 2.5 % variation) given in eqs. (3) and (4) respectively [10]. These conditions were evaluated in the center 3 mm radius of the pocket. Isotropic hardening and von Mises yield condition were used in DOE FEA simulations. From these 1024 simulations, the optimum run was identified.
	

	(3)

	
	(4)


AA 6xxx-T4 Specimen Optimization
Six design parameters along with initial values and allowable ranges of values were identified (following [19]) corresponding to sheet thickness of 2.48 mm. They are: fillet radius (rfillet), outer radius of the thinned down central pocket (rpocket), thickness of the specimen that was cut from each face to form the central pocket (Tcut), distance from the specimen center to the ellipse center (LMO), ellipse semi-major axis radius (LMN), and ellipse semi-minor axis radius (LMP) (Fig. 6). Maximization of the mean values of H48 from center to rflat/2 (rflat is distance from center to the tangent point of the fillet) was chosen as the first objective function. The second objective is the minimization of the difference between the standard deviation H48 and a threshold value to ensure uniformity of strain in the gauge area:




      Where, x, and y are nodal coordinates in the undeformed FEA model and  is the
threshold value (which was taken as 1% of the mean H48 obtained at the time step corresponding to the maximum force point). Eqs. (5) and (6) were evaluated at a step (N_75) that is 75% of the step corresponding to the maximum force point step. A 2-step approach (DOE followed by the LSGRG method) was used for an efficient exploration of the design space. Fig. 8 (a) shows a comparison of the evolution of FEA mean H48 (in the rflat/2 region or the area of interest, AOI) as a function of frame number for the initial verified FE model, the best DOE model, and the final DOE & LSGRG optimized model. Fig. 8(b) shows a similar plot for the standard deviation of H48 in AOI. The frame corresponding to N_75 is shown by a vertical line. The optimized model (LSGRG4_55) had the highest maximum strain, while the strain variability was very close to the best DOE run (DOE_56). At frame N_75, the optimized model shows over double the mean H48 in the initial verified model and less than half the standard deviation of H48 from the initial verified model. This fulfills both objectives of this study. It can also be seen that beyond frame 1225, the optimized model shows more variability due to large associated strains (post-necking) at that time. The optimized model had lower values for the LMO, LMP, LMN, and tcut parameters and larger values of the rpocket and rfillet parameters in relation to the initial verified model (Table 1).
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Fig. 8. (a) A plot of the evolution of FE computed mean equivalent strains (in AOI) Vs. frame number for the initial verified FE model, the best DOE model, and the final LSGRG optimized model; (b) a plot of the standard deviation of the equivalent strains in AOI (AA 6xxx-T4).
Validation of the optimized model
ASTM A1008 Steel Specimen
Finally, a verification study was conducted by fabricating a specimen according to the optimized parameter values, testing this specimen under equibiaxial loading, and comparing measured results with those from an equivalent FEA model. The FEA model was developed in half symmetry. Displacement boundary conditions at each arm end were taken from the mechanical test conducted. The comparison is made for an image, which is just before the maximum force is reached in the specimen. Fig. 9(b) shows the contour plots of FEA computed VM. These trends match quite well with measured contour plots in Fig. 9(a). Comparisons of VM plots along diagonal and diamond lines are not shown here for brevity.

[image: ]
Fig. 9. Contour plots of (a) measured and (b) FEA computed equivalent strain at a frame just before the onset of localization in the validation experiment for ASTM A1008 steel.
SS 316L Steel Specimen
The optimized cruciform specimen was tested in four loading conditions (ratio of x- and y-displacements = 1:1, 2:1, 8:1, and 1: free), which resulted in deformation close to equibiaxial through plane strain to near uniaxial strain evolution conditions. Equivalent FE analyses were conducted with an 1/8 symmetry model using both von Mises isotropic yield function and an anisotropic yield function (Yld2004-18p()) with a Hockett-Sherby strain hardening model [10]. The anisotropic yield function model predicted force-displacement curves matched the measured plots quite well. Principal strain predictions for both isotropic and anisotropic models compared reasonably well with those from tests under all four loading path conditions [10].
AA 6xxx-T4 Specimen
A cruciform specimen with dimensions of design parameters in the “Actual Fabricated” column of Table 1 (which are close to the values in the LSGRG column) was fabricated and tested in equibiaxial tensile stretch conditions. An equivalent FE model using the as-fabricated specimen dimensions was also built. The model was built in half symmetry. Displacement vs. time data from each actuator of the mechanical testing machine was used in the FE model as boundary conditions. The FE model development procedure and computation methodology are same as the ones described in Section 2.3 and are not repeated here. Two FE simulations were conducted: one with C3D8 and the other with C3D8R elements. The validation efforts are ongoing where strain profiles along diamond and diagonal lines before the onset of localization are being compared with those from test data. Contour plots of the measured, FEA (C3D8 element), and FEA (C3D8R element) H48 at a frame just before the onset of localization are shown in Fig. 10. A good agreement was achieved. It is anticipated that failure would initiate from the region near the base of the fillet at four corners and progress inward. 

[image: ]
Fig. 10. Plots of (a) measured, (b) FEA computed (C3D8), and (c) FEA computed (C3D8R) equivalent strain at a frame before the onset of localization for the AA 6xxx-T4 validation test.
Summary
This study reviews a systematic approach for developing optimum biaxial cruciform specimen designs for three materials (ASTM A1008 steel, SS 316L stainless steel, and AA 6xxx-T4). For each material, the starting geometry was chosen after conducting a literature review. In each case, an initial FEA model was first verified by comparing model results with measured data in the gauge region of specimens tested under equibiaxial loading conditions. For ASTM A1008 steel, three separate optimization methodologies were used yielding similar results. For SS 316L, a 2-level DOE was used. DOE followed by LSGRG was used for AA 6xxx-T4. Validation of optimized specimens was conducted by fabricating specimens with optimized specimen dimensions, testing under equibiaxial tension, and comparing test results in the gauge area with those from equivalent FEA simulations. The approach allows to obtain the following objectives: a) strain uniformity in the gauge area [10], b) much higher equivalent strain (e.g., 0.246 for optimized Vs. 0.156 for unoptimized ASTM A1008 steel at t90 [12]), c) elimination of premature failure in regions away from gauge area and d) absence of any undesirable load sharing among horizonal and vertical arms. Hence, stress-strain data to much larger strains can be obtained from tests with optimum specimen designs than those that can be obtained from unoptimized specimens.
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Microsoft_Excel_Worksheet.xlsx
opt-FEA-test-cruc_dim

		Parameters								Initial Values				DOE (#56)		LSGRG (#55)		Fabricated

		Ellipse center to specimen center, LMO (mm)								73.19				70.48		70.479		70.48

		Ellipse semi major radius, LMN (mm)								61.62				57.11		57.11		57.11

		Ellipse semi minor radius, LMP (mm)								22.4				14.13		14.13		14.13

		Central pocket outer radius, rpocket (mm)								5.46				6.857		6.86		6.88

		Central pocket fillet radius, rfillet (mm)								1.63				3.044		3.048		2.87

		Pocket cut depth, tcut (mm)								1.035				0.8802		0.898		0.886

		Max. value of objective function, peeq_max								-				0.2511		0.2611		-

		(std_dev - threshold)								-				0.0038		0.0039		-





opt-FEA-test-cruc_dim (2)

		Table 1. Values of design parameters during optimization and fabrication of the specimen (AA 6xxx-T4).

		Parameters								Initial Values				DOE (#56)		LSGRG (#55)		Actual (fabricated)

		Ellipse center to specimen center, LMO (mm)								73.19				70.48		70.479		70.48

		Ellipse semi major radius, LMN (mm)								61.62				57.11		57.11		57.11

		Ellipse semi minor radius, LMP (mm)								22.4				14.13		14.13		14.13

		Central pocket outer radius, rpocket (mm)								5.46				6.857		6.86		6.88

		Central pocket fillet radius, rfillet (mm)								1.63				3.044		3.048		2.87

		Pocket cut depth, tcut (mm)								1.035				0.8802		0.898		0.886

		Maximum value of objective function, peeq_max								-				0.2511		0.2611		-

		(std_dev - threshold)								-				0.0038		0.0039		-
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