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Multiaxial constitutive behavior of an interstitial-free steel:
Measurements through X-ray and digital image correlation
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a b s t r a c t

Constitutive behaviors of an interstitial-free steel sample were measured using an augmented Marciniak
experiment. In these tests, multiaxial strain field data of the flat specimens were measured by the digital
image correlation technique. In addition, the flow stress was measured using an X-ray diffractometer. The
flat specimens in three different geometries were tested in order to achieve 1) balanced biaxial strain,
and plane strain tests with zero strain in either 2) rolling direction or 3) transverse direction. The
multiaxial stress and strain data were processed to obtain plastic work contours with reference to a
uniaxial tension test along the rolling direction. The experimental results show that the mechanical
behavior of the subjected specimen deviates significantly from isotropic behavior predicted by the von
Mises yield criterion. The initial yield loci measured by a Marciniak tester is in good agreement with
what is predicted by Hill's yield criterion. However, as deformation increases beyond the von Mises strain
of 0.05, the shape of the work contour significantly deviates from that of Hill's yield locus. A prediction
made by a viscoplastic self-consistent model is in better agreement with the experimental observation
than the Hill yield locus with the isotropic work-hardening rule. However, none of the studied models
matched the initial or evolving anisotropic behaviors of the interstitial-free steel measured by the
augmented Marciniak experiment.

Published by Elsevier Ltd on behalf of Acta Materialia Inc.

1. Introduction

Accurate description of the flow stress behavior in multiaxial
deformation is important for sheet metal forming simulations since
the engineering metal sheets in general undergo multiaxial stress/
strain paths during the stamping process. In the literature various
experimental methods are discussed in order to obtain multiaxial
constitutive behaviors. For example, a hydraulic biaxial bulge test
has been used to characterize the work-hardening behavior of thin
sheets for an extended amount of deformation [1e3]. Alternatively,
tests using cylindrical tubes allow various ratios of the stress
components to be tested by controlling the internal pressure in
combination with axial loading [4e7]. However, both of these test
methods involve bending of the specimen with varying curvature,
leading to ambiguities in the stress state through the thickness

direction. The use of a flat cruciform specimen may reduce the
through-thickness stress gradient by applying the deformation or
force in the plane of the specimen [8]. However, tests using cruci-
form specimens typically experience failure prior to the material
failure limits due to unwanted strain/stress concentration near the
corners of the samples.

This article focuses on an experimental technique using a
combination of in-situ X-ray diffraction and digital image correla-
tion (DIC) applied to a recessed Marciniak punch. Similar studies
are found in Refs. [9] and [10] where high energy X-ray and neutron
were used, respectively, with deformation applied to cruciform
shaped specimens in an area of reduced thickness. The technique
under current investigation is slightly different from thementioned
experimental methods since a low power X-ray source is utilized in
conjunction to a forming limit test without thinning the sheet
sample. The current technique was successfully applied previously
for aluminum alloys [11,12]. In a related, but limited, study by the
current authors, this experimental technique was also applied for
an interstitial-free (IF) steel under equi-biaxial deformation [13].
The {211} diffraction plane was chosen for the steel samples due to
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its large multiplicity, high 2q angle, high intensity, and low fluo-
rescence when investigated with a chromium X-ray source. A
concomitant disadvantage of using the {211} plane is that the
simple sin2 j method cannot be applied for the stress analysis
[14,15]. For this reason, a method using more general diffraction
elastic constants was required [13,16]. In the current experiment
the gauge area of stress measurement is confined to the size of the
X-ray beam in use, that is approximately 2 mm diameter. The small
gauge area and flat recessed punch remove bending effects found in
the tube and bulge tests. The balanced biaxial stretching by a
recessedMarciniak sample is comparedwith the data obtained by a
bulge experiment from a previous study [13]. In the current article,
the experimental results obtained by the recessed Marciniak test
will be compared to two modeling frameworks: 1) macro-
mechanical approach using von Mises and Hill's yield criteria
with isotropic hardening; 2) micro-mechanical approach using the
viscoplastic self-consistent crystal plasticity code developed by
Lebensohn and Tom�e [17].

2. Experimental setup

2.1. Marciniak recessed punch test

A Marciniak recessed punch was used in this study. A rectan-
gular flat specimen is stacked with a washer that has a 32 mm
diameter circular hole so that the central area of the specimen re-
mains frictionless [11e13,18,19]. The speed of the punch movement
was maintained to be 0:1 mm=s such that the von Mises strain rate
on the top surface of the sample remained on the order of 10�3 s�1

within the investigated amount of deformation for all the strain
paths investigated (see below). The punch stroke is interrupted
after strain increments of approximately 0.02 so that in-situ X-ray
diffraction can be used. During diffraction, the position of the
punch remains constant (displacement control).

For the Marciniak test, the initial sample dimensions control the
strain path of tested specimen. Three different dimensions of the
sample were used for three different loading paths e see Fig. 1. The
abbreviated terms, namely, BB, PSRD, and PSTD, refer to balanced
biaxial, plane strain RD (zero strain along TD) and plane strain TD
(zero strain along RD), respectively.

The orthotropic axes of the rolled IF steel specimen remain
coincident with the stretching axes. Under such a circumstance the
orthotropic sample symmetry is preserved. Therefore, the resulting
stress response of the specimen can be mapped to the Cartesian
space of two normal stress components, i.e., S11 and S22, with the
two basis vectors (e1 and e2) being parallel to RD or TD for the
entire deformation. A similar representation is also valid for the
strain data, as they can be mapped to the Cartesian space of two
normal strain components, i.e., E11 and E22.

2.2. Digital image correlation technique

Stereo digital image correlation (DIC) was used to measure the
3D surface shape and displacements during the Marciniak test, and
the strains were calculated from this displacement field. During the
test, the surface of the specimen moves with respect to the cam-
eras, due to the punch motion. Therefore a DIC system capable of
compensating for any out of plane motion or shape change was
required. The top surface of the specimen was painted using matte
black speckles on a matte white background along with lines to
orient the sample RD and TD directions. The surface was not
patterned above the very center of the Marciniak punch where X-
ray measurements were performed. This was done to prevent the
paint from biasing the X-ray auto-focus distance, and to remove
unwanted attenuation of the X-ray signal. The system used a pair
CCD cameras with matching compact 35 mm lenses. An f-stop of
approximately 12 resulted in a sufficient depth of field to keep the
specimen properly in focus throughout the test. The cameras were
upgraded during the series of tests resulting in some tests using a
pair of 2 megapixel cameras with an average magnification of 14.8
pixels/mmwhile the other tests used a pair of 5 megapixel cameras
with a 23.5 pixel/mm magnification. In both cases, the cameras
were spaced at approximately 220mmwith a stereo angle between
them of approximately 28�. The system was oriented at an
approximately 38� angle to the surface normal with an initial
standoff distance of 480 mm, so that it would not restrict access for
X-ray diffraction measurements. The correlations were calculated
using commercial DIC software (VIC3D). Two sets of correlation
parameters were used such that the physical width used in each
strain measurement was approximately 2.6 mm. This required
square correlation subsets 29 pixels wide stepped in 7 pixel in-
crements for the 5 megapixel cameras, and subsets 13 pixels wide
stepped in 5 pixel increments for the 2 megapixel cameras. After
measurement, the 3D coordinates and displacements were rotated
to the RD direction and the initially flat surface. True strains in the
RD, TD, and shear between them were calculated from the
measured displacement field and filtered using a Gaussian
weighted filter with a diameter of five step locations. The noise
floor was assessed for each specimen using zero strain rigid body
motions resulting in one standard deviation of axial strains less
than 0.003, and one standard deviation of von Mises equivalent
strain less than 0.007.

2.3. In-situ X-ray experimental conditions

For the X-ray diffraction measurements, a Cr tube energized
with 20 kV and 4 mA was used. The {211} diffraction peak was
collected using Cr Ka radiation. The peak measurements were
made using two detectors located in the plane of xX � zX , which are
symmetrically around the incident X-ray beam (zX) e refer to Fig. 2
for the directions of the mentioned axes in reference to material

Fig. 1. Sample dimensions for balanced biaxial (BB), plane strain RD (PSRD), and plane strain TD (PSTD).
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