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Abstract
Background   Understanding biaxial loading response at the microstructural level is crucial in helping better design sheet 
manufacturing processes and calibrate/validate material deformation models.
Objective   The objective of this work was to develop a low-cost testing apparatus to probe, with sufficient spatial resolution, 
the micro-mechanical response of a sheet material in-situ under biaxial loading conditions.
Methods   The testing apparatus fabricated as a part of this study operates in a similar fashion to a standard bulge test and 
uses oil pressure to generate biaxial loading conditions. This biaxial testing apparatus was operated within a synchrotron 
beamline to characterize the mechanical response of a flash-processed steel sheet using in-situ high-energy X-ray diffrac-
tion (XRD) measurements. The GSAS-II package was utilized to develop a workflow for the analysis of the large volume 
of diffraction data acquired. The workflow was then used to extract the peak position, width, and integrated intensity of the 
XRD peaks corresponding to the major body-centered cubic phase.
Results   The equi-biaxial nature of the loading in the measured area was independently corroborated using experimental 
(XRD) and simulation (finite element analysis) methods. Furthermore, we discuss the evolution of elastic strain in the major 
body-centered cubic phase as a function of applied oil pressure and location on the steel sheet.
Conclusions   A key advantage of the biaxial apparatus fabricated in this synchrotron study is demonstrated using the results 
obtained for the flash-processed steel sheet – i.e., mapping the lattice plane-dependent response to biaxial loading for a 
relatively large sample area in a spatially resolved manner.
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Introduction

Sheet metal forming plays an integral part in the production 
of lightweight structures in the automotive and aerospace 
industries [1–3]. This operation predominantly subjects 

the sheet metal to a biaxial stress state. Traditionally, the 
material response to a biaxial stress state has been predicted 
using theoretical formulations, which utilize the material’s 
mechanical properties measured under uniaxial loading con-
ditions (i.e., yield strength, work hardening exponent, etc.) 
[4–6]. A more accurate prediction of the material response 
necessitates careful measurements under biaxial loading, 
followed by the validation and/or calibration of the above 
theoretical formulations and/or mechanical properties. Here, 
a biaxial loading and measurement system requires [1] that: 
(1) The specimen probe area is within a well-defined biaxial 
state of stress, (2) The loading apparatus must be capable of 
providing a large deformation to the specimen, and (3) The 
system should account for anisotropic material properties.

In industrial practice, a standard method used to determine 
the failure criterion for sheet metals is based on the construc-
tion of the forming limit diagram using the Nakajima bulge 
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test [7]. This methodology was further improved with digital 
image correlation (DIC) to measure the strain distribution on 
the sheet providing experimental data to validate the theoreti-
cal mechanics formulations. Another common type of testing 
methodology uses a loading apparatus with multiple load 
cells to test specimens with a cruciform geometry [1, 8–10]. 
In this test, planar biaxial stress states with varying biaxiality 
ratio can be applied to investigate the material behavior along 
different loading paths [9].

While the aforementioned testing methodologies provide 
useful guidelines for metal forming operations and help 
inform theoretical mechanics of response to biaxial load-
ing at the mm level, they can only provide limited informa-
tion on the elastic and plastic behavior at the micron level 
through post-mortem microstructural analysis. Additionally, 
these methodologies ignore the effect of the material anisot-
ropy in the biaxial response.

This scope for improvement has been realized recently 
through in-situ measurements during biaxial loading with lab 
X-ray [11], neutron [12, 13] and synchrotron [14, 15] sources. 
While other in-situ sample geometries (such as sheet [11] 
and cylinder [16]) have been employed to probe materials 
using these techniques, the cruciform has been the sample 
geometry of choice in various experimental setups for in-situ 
diffraction experiments during biaxial loading [12–15, 17]. 
While these setups allow the cruciform sample to be subject 
to different biaxial strain ratios and complex strain paths, they 
are limited by thin sample sizes and need for non-standard 
sample geometry optimization [12]. The measured elastic 
strain response to the applied biaxial loading has provided 
critical information to incorporate and validate crystal plas-
ticity models [13, 17, 18]. Additionally, these methodologies 
have been leveraged to understand the quantitative evolution 
of dislocation density/crystallite size (via peak broadening) 
and a qualitative evolution of texture (via peak intensity) 
during biaxial loading conditions under varying degrees of 
biaxiality [19]. In-situ lab X-ray studies at NIST have probed 
diffraction elastic constants [11, 20] and elastic lattice strain 
response to applied biaxial loading [11, 17]. Using ex-situ 
full texture measurements (from neutron diffraction at vari-
ous biaxial loads) and visco-plastic self-consistent (VPSC) 
simulations, these studies have extended the experimental 
findings from x-ray studies to produce flow curves of the 
material under biaxial loading.

The apparatus presented in this article mimics the 
Nakajima bulge test and uses oil pressure to generate the 
biaxial loading similar to the hydraulic system used to test for 
biaxial flexure reliability of ceramics in [21]. The apparatus 
is distinct from the ones used in studies outlined previously 
in the following ways: (1) Samples closer to actual sheet 
thickness (~ 1 mm) can be measured which is an improvement 
over cruciform samples whose probe area thickness is less 
than 0.5 mm; (2) The applied biaxial strain ratio is fixed for 

a given applied oil pressure and only depends on the location 
from the center. The key advantages of the oil-pressure based 
apparatus are: (1) It is relatively easy for design/operation 
and low-cost compared to the cruciform sample setups, (2) 
A significantly large area (~ 10 × 10 mm2) on the sample is 
accessible for measurement, which allows for a spatially 
resolved acquisition of the mechanical response of highly 
heterogeneous and/or anisotropic microstructures.

Due to their economical nature (low alloy content) and 
attractive mechanical properties, advanced high-strength 
steels (AHSS) are considered as promising candidates for 
automotive parts. The unique processing routes enable the 
formation of different amounts of soft (ferrite, austenite, 
bainite) and hard (martensite) [22] in the microstructure 
with a good combination of strength and formability. A 
recent addition to this new generation of steels is the “flash-
processed steel” [23], which is the material of interest in this 
work. Developed by Cola et al. [23–26], flash processing 
(FP) involves rapid heating of the steel sheet to the 
austenitic temperature range followed by quenching to room 
temperature. The time-temperature combinations in the FP 
method do not allow for either complete dissolution of 
carbides or the redistribution of carbon within the austenite, 
and result in complex mixed microstructure. This mixed 
microstructure [27–30], distributed homogenously along 
the sheet plane and through its thickness facilitate good 
formability during metal forming, while the finished parts 
maintain a high specific strength during service. The mixed 
microstructure in an FP steel makes it an ideal candidate for 
the biaxial apparatus designed in the current study as the 
apparatus allows for a significantly large mapping area and 
micro-scale determination of mechanical response.

The goals of this work are as follows – (1) Develop, 
design, and construct an oil-pressure based biaxial test sys-
tem that can be used inside the synchrotron beamline facility, 
(2) Confirm the existence of an equi-biaxial stress state at 
the center of the test sheet in the current apparatus inde-
pendently using finite element analysis (FEA) and X-ray 
diffraction measurements, (3) Conduct a proof-of-concept 
experiment which measures diffraction information as a 
function of applied biaxial load and location on an FP steel 
sheet. The sequence of items presented in this article follows 
the goals of the research work described above.

Materials and Methods

Components of the Biaxial Testing Apparatus

Figure 1 shows a schematic of the biaxial testing appara-
tus at a beamline for in-situ X-ray diffraction data acquisi-
tion. The coordinate axes containing the salient directions 
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corresponding to the sheet being tested will be used through-
out the article, i.e., RD – rolling direction, TD – transverse 
direction and ND – normal direction. A photograph of the 
biaxial apparatus before assembly and after assembly can 
be seen in Fig. 2(a) and (b), respectively. The metal sheet 
(Fig. 2(a) – (5)) to be tested is clamped onto the sheet stage 
holder (Fig. 2(a) – (3)) using a sheet stage clamp (Fig. 2(a) 
– (2)). The hand pump (Fig. 2(b) – (7)) is used to pump the 
oil from the reservoir through the oil inlet (Fig. 2(a) – (4)) 
to apply pressure on the test sheet. The oil pressure is moni-
tored using a digital pressure gauge (Fig. 2(a) – (1)),

with a safety valve (Fig. 2(a) – (6)) as a hazard control. 
A photograph of a test sheet after biaxial testing is shown in 
Fig. 2(c). Figure 2(d) shows an enlarged view of the location 
where the bulging occurred.

Beamline Setup for In‑Situ Experiments Using 
the Biaxial Testing Apparatus

A photograph of the placement of the biaxial testing appara-
tus in the beamline, taken from the incident beam side (i.e., 
looking downstream), is presented in Fig. 3(a). Experiments 
in the current study were performed in the high-energy 

synchrotron X-ray beamline 1-ID-E at the Advanced Pho-
ton Source (APS), Argonne National Laboratory. Monochro-
matic X-rays, with a wavelength of 0.173 Å (E = 71.676 keV) 
and a beam size of 150 µm × 150 µm, impinge on the sam-
ple through the circular window (Fig. 3(a) – (1)) present 
on the upstream side of the sheet stage holder. The Debye-
Scherrer diffraction patterns (Fig. 1) from the family of 
crystallographic planes satisfying the diffraction condition 
are captured by an area detector (GE_41RT) placed down-
stream of the biaxial apparatus and the steel sheet sample 
(Fig. 3(a) – (3)). Further, a photograph from the detector side 
(i.e., looking upstream) of the biaxial apparatus is shown in 
Fig. 3(b), with a red square marking the nominal area where 
X-ray measurements were performed and a green dashed 
circle marking the area subjected to biaxial loading. A 
schematic of the 9 × 9 measurement grid used in the current 
study is shown in Fig. 3(c) within the green dashed circle. 
The step size (both in the vertical and horizontal directions) 
between two grid points is 0.5 mm and the exposure time 
per point is 0.3 s.

The in-situ measurements were conducted as the applied 
oil pressure is systematically changed in steps of 100 psi 
from 0 to 1000 psi (except at 600 psi, as measurements were 

Fig. 1   A schematic of the biaxial testing instrumentation working with in-situ X-ray diffraction data acquisition in transmission mode. The metal 
sheet to be tested is clamped onto a rectangular slab using a cylindrical clamp. The pressure-generating oil is passed through the rectangular slab 
and maintained/monitored through the hand pump and pressure gauge. Simultaneously, a monochromatic X-ray beam impinges on the sample, 
through the circular window in the rectangular slab, interacts with the pressurized sheet. The resulting Debye-Scherrer diffraction patterns (e.g., 
pattern obtained for 0 MPa at center location 41 is shown) are recorded on an area detector. The incident X-ray beam is shown as a solid blue 
line and the diffracted rays are shown in dotted blue lines. Note that the salient directions corresponding to the tested sheet (TD, RD, ND) have 
been shown and will be used as coordinate axes throughout this article. The dimensions and distances presented in the schematic are not to scale
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not taken at this oil pressure) and, in steps of 200 psi from 
1000 to 2000 psi. Further mention of pressure in the arti-
cle will use MPa units (note 1 psi = 0.00689 MPa and the 

converted values have been rounded to three significant fig-
ures). At each oil pressure value, Debye-Scherrer diffraction 
patterns (e.g., Fig. 1) were acquired for each location in the 

Fig. 2   Photographs of the biax-
ial testing apparatus – (a) before 
assembly, (b) after assembly. 
The components numbered 
are – (1) Digital pressure gauge, 
(2) Sheet stage clamp, (3) Sheet 
stage holder, (4) Oil inlet, (5) 
Sample test sheet, (6) Safety 
valve, and (7) Oil pump. (c) 
Photograph of a flash-processed 
steel test sheet after biaxial 
testing. (d) Enlarged view of the 
bulge formed after testing with 
yellow arrows pointing to its 
circumference. Note that only 
the region in the yellow dotted 
rectangle in (c) is shown in (d). 
Coordinate axes corresponding 
to salient sheet directions (TD, 
ND, RD) are superimposed on 
the photograph for reference

Fig. 3   Photographs of the in-situ biaxial testing apparatus within beamline 1-ID-E, APS – (a) view from the incident beam side (i.e., looking 
downstream), (b) enlarged view of the cylindrical clamp from the detector side (i.e., looking upstream). The components numbered are – (1) Cir-
cular window for incident beam entry, (2) Stage for motion in the RD-TD plane, and (3) Area detector for diffraction data acquisition. The area 
mapped in the current experiment is shown in the red square and the area subject to the oil pressure is marked using a green dashed circle in (b). 
The red square is enlarged and roughly to scale in (c), and a schematic of the rectangular grid of mapping points measured during the current 
experiment is shown with an enlarged view of the numbering system. Three key locations (1, 21, and 41) used to discuss representative trends 
later in the article are highlighted. Coordinate axes corresponding to salient sheet directions (TD, ND, RD) are also shown for reference
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measurement grid shown in Fig. 3(c). The initial test-sheet-
to-detector distance was nominally at 870 mm at 0 MPa. The 
applied pressure bulges the sample sheet outward towards 
the detector, changing the sample-to-detector distance (Dsam) 
at each load step and for each measurement point. A gel 
with a silicon (Si) powder standard (NIST SRM 640c) was 
applied on the downstream side of the test sheet to allow 
for recalibration of Dsam at each applied oil pressure and for 
each measurement point.

Workflow for the Analysis of Diffraction Data

The 2-D Debye-Scherrer diffraction rings acquired as a func-
tion of applied oil pressure and location were analyzed using 
GSAS-II [31]. The initial instrument geometry (Dsam, detec-
tor tilt and beam center) was calibrated using the Si diffrac-
tion rings obtained at 0 MPa for one measurement location. 
Subsequently, using the 0 MPa calibration parameters as 
the initial value, only Dsam was recalibrated at subsequent 
oil pressures and each measurement point using the Si rings 
obtained at corresponding pressures and measurement points. 
The Dsam (i.e., distance between the bulge’s outer surface and 
x-ray area detector) obtained for each oil pressure is shown in 
Fig. 4(a) for three locations on the sample sheet. The detec-
tor distance is observed to decrease with increasing oil pres-
sure for all three locations, consistent with the experimental 
geometry. This can be used to calculate the height of the bulge 
(= Dsam, 0 MPa – Dsam, x MPa) as a function of oil pressure as 
shown in Fig. 4(b). Moreover, Fig. 4(c) and (d) present the 
Dsam extracted for the entire measurement grid at 1.38 MPa 
and 13.8 MPa, respectively. While the values of the Dsam are 
different, it appears that their variation in the measurement 
area is similar for both the oil pressures. This observation 
implies that the calibrant silicon gel in the measured area does 
not bulge enough in itself to cause significant variation in 
elastic lattice strain as a function of location on the measure-
ment grid. Further, the uneven spread of detector distances 
observed in the measurement grid likely arises as an artefact 
from the diffraction setup and/or a due to a slight unevenness 
in the thickness of the silicon gel after application. This une-
ven spread as a function of location on the measurement grid 
is already accounted for in the Dsam obtained after recalibra-
tion. The Dsam obtained after recalibration procedure at each 
oil pressure and measurement location provides helps separate 
out the apparent increase in elastic lattice strain caused by the 
peak position shift due to sample bulging (i.e., decrease in 
detector distance) as presented in Fig. 5(b).

Further - sector integrations (also called “caking” or 
“radial-azimuthal sectoral binning”) of 10° at TD and RD 
(± 5°on each side) were performed to obtain 1-D diffraction 
patterns for each location at each pressure value (Fig. 5(a)). 
These 1-D diffraction patterns were analyzed using the single 
peak fitting routine in GSAS-II to extract the positions of the 

salient peaks in the diffraction pattern of the test sheet. Each 
peak was fit using a Gaussian peak shape. The step-by-step 
recipes followed for both the calibration/recalibration at each 
oil pressure and subsequent single peak fit analysis in GSAS-II 
package are detailed in the Appendix section of the article. A 
MATLAB routine scripted in-house was used to extract and 
present the relevant values from the large.csv files obtained at 
the end of sequential peak fitting.

Sample Processing and Basic Microstructural Details 
for the Test Sheets

The test sheets used were 1.02 mm thick 1020 steel (a low 
carbon steel) sheets subject to 1125 °C flash-processing at 
Flash Steel Works, MI, USA. Previous microstructural studies 
on steels processed using FP [27, 29] show the presence of a 
combination of α-BCC (body-centered cubic) ferrite and/or 
BCT (body-centered tetragonal) martensite/bainite matrix with 
orthorhombic Fe3C precipitates. In this study, the major matrix 
phase was taken to be α-BCC (Fig. 5(a)). Although most of the 
minor peaks correspond to silicon standard (marked using blue 
squares in Fig. 5(a)), the broad unidentified peaks (marked 
using black triangles in Fig. 5(a)) could correspond to the car-
bides and nitrides expected to be seen in the microstructure.

Evidence of Equi‑biaxial Stress 
at the Measured Area

Structural Analysis

Finite element analysis of a sheet (also referred to as “plate” 
in this section) subject to biaxial loading using the test sys-
tem was performed to determine a correlation between 
applied oil pressure and stress state at various locations on 
the steel sheet. The analysis was performed utilizing the 
tensor mechanics modules of Multiphysics Object Oriented 
Simulation Environment (MOOSE) [32], an open source 
finite element code developed by Idaho National Lab, USA. 
The simulated test sheet was composed of a low-alloy 4130 
steel with a thickness of 1.02 mm and diameter of 69.85 mm 
– following the geometry of the experimental test setup. The 
deformation was modeled as elastic-plastic with isotropic 
hardening following the tensile test data from [33] measured 
for flash processed 4130 steel (a medium carbon steel). The 
elastic modulus and Poisson’s ratio used were 205 GPa and 
0.29, respectively [33].

Figure 6(a) illustrates a quarter of the simulated sheet 
with the applied displacement boundary conditions and the 
finite element mesh used in the model, along with the coor-
dinate system and salient locations on the simulated sheet. 
The finite element mesh was chosen through a mesh sensi-
tivity study wherein the initial simulation was performed 
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using a coarse mesh followed by simulations with progres-
sively refined meshes until the through-thickness stress val-
ues converged, as depicted in Fig. 7(a). Figure 5(b–d) show 
the distribution of the normal stress components in the x, y 
and z directions (i.e. σxx, σyy, σzz) in the sheet under an oil 
pressure of 6.89 MPa applied to the bottom surface of the 
sheet. Note that the x, y, and z co-ordinates correspond to 
-RD, TD and ND in real sample coordinates, respectively. 
The contour plots qualitatively show that values of σxx and 
σyy are very close to each other but distinctively different 
from σzz at the center of the sheet. This qualitative observa-
tion is quantitatively supplemented by Fig. 7(b). Further-
more, the radial variation of the stress components from the 
center of the plate is graphically shown in Appendix A2.

All the normal and shear stress components at the 
center of the sheet from bottom to top at an oil pressure of 
6.89 MPa are plotted in Fig. 7(b). These quantitative results 
show a close match between σxx and σyy, while all the other 
stress components are very close to zero, confirming the 

equi-biaxial nature of the stress distribution at the center of 
the sheet throughout the thickness direction.

Figure 8(a) depicts the stress components at the top-
center (i.e., detector-facing/outer surface) and bottom-center 
(i.e., oil-facing/inner surface) of the sheet as a function of 
applied oil pressure. The sheet is consistently in a tensile 
equi-biaxial stress state at the top-center, while the stress 
state at the bottom-center transitions from compressive equi-
biaxial for at lower oil pressures to tensile equi-biaxial at 
higher oil pressure.

The shift from increasing compressive to increasing 
tensile stress at the bottom can be attributed to the mate-
rial's deformation behavior switching from elastic to plastic. 
Under low applied pressure, the sheet follows linear elastic 
beam bending, exhibiting tensile stress on the top surface 
and compressive stress on the bottom surface. However, as 
the applied pressure increases and plastic deformation is ini-
tiated in the material, both the top and bottom center of the 
sheet eventually experience a tensile stress state.

Fig. 4   (a) The change in distance of the bulge’s outer surface (Dsam) from the x-ray area detector for – extracted through recalibration using Si 
Debye rings at each oil pressure. The inset highlights the three locations (refer Fig. 3(c)) on the measurement grid for which the detector distance 
(Dsam) variations are presented. (b) The height of the bulge on the sample sheet as a function of applied oil pressure extracted from the x-ray 
method. The Dsam obtained after recalibration as a function of location on the measurement grid for (c) 1.38 MPa, and (d) 13.8 MPa
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Figure  8(b) shows the evolution of elastic strain 
component in the x-direction (εxx) with increasing oil 
pressure in the simulated sheet. Note that only εxx is shown, 
since εxx ~ εyy for all oil pressures. The εxx is shown for the 
top-center and bottom-center locations on the simulated 
sheet along with their “average”, i.e., (εxx,top-center + 
εxx,bottom-center)/2. It is interesting to note that the average 
εxx (i.e., through-thickness averaged strain) is consistently 
positive, inspite of the strain at the bottom-center being 

compressive for the initial part of the biaxial loading. 
Figure 8(c) shows the von Mises effective stress (σVM) in 
the bottom-center and top-center of the sheet with increasing 
oil pressure in the simulated sheet. Given the nominal 
tensile yield strength of FP 1010 steel (very similar in 
composition to the 1020 grade used in the current study) 
was observed to be between 700–800 MPa [28], the material 
at the sheet center yields at an applied oil pressure of 2 MPa 
approximately. Further, the material in the top-center and 

Fig. 5   (a) A representative 1-D diffraction pattern obtained after sector integration of 10° along TD at location 41 (center of the grid) at 0 MPa. 
The major peaks corresponding to FP steel’s BCC structure are labeled in red circles (and indexed), along with the minor peaks corresponding to 
the Si calibrant (blue squares) and broad unidentified peaks (black triangles). (b) The peak position shift at 0 MPa (black), at 13.8 MPa without 
recalibration (red), and at 13.8 MPa after recalibration (blue) shown for three BCC peaks. This highlights the necessity for the recalibration pro-
cedure to separate out the contribution of sample bulging to the peak position shift and consequently, the elastic lattice strain

Fig. 6   (a) Quarter symmetry finite element model of the sheet with boundary conditions and salient locations marked, (b–d) distribution of the 
normal stress components in the sheet at 6.89 MPa. Deformations are exaggerated fivefold. Note that the x, y, and z co-ordinates correspond to 
-RD, TD, and ND in real sample coordinates, respectively
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bottom-center of the sheet show significant differences 
in σVM and thus a corresponding stress gradient through 
thickness with respect to applied oil pressure.

X‑ray Diffraction

In the case of uniaxial tension, the diffraction rings shrink 
in the loading direction and expand in the perpendicular 
direction due to the Poisson contraction of the sample in 
the perpendicular direction [15]. Whereas, in the case of 
equi-biaxial loading, the rings should ideally expand/con-
tract (depending on the diffraction geometry) with changing 
load and result in a similar variation of d-spacing as a func-
tion of the azimuthal angle for any value of equi-biaxial load 
[15]. To understand the change in ring position as a function 
of applied oil pressure, the Debye-Scherrer ring patterns for 
the 0 MPa and 13.8 MPa (at location 41 in Fig. 3(c)) were 
caked in sectors of 1° along the azimuth of the patterns from 
0 to 360° (RD = 0° and TD = 90°). Note that a 1° sector inte-
gration is only used for Fig. 9, however the results in all 
other figures use a 10° sector integration as described in 
"Workflow for the Analysis of Diffraction Data" section. 
This operation yielded a total of 360 1-D diffraction patterns 
for each oil pressure. A schematic of the sectors is shown in 
Fig. 9(a). The position of the BCC {110} peak/ring was then 
extracted using a single-peak fit routine in GSAS-II using 
the 1-D diffraction patterns obtained from the above opera-
tion. Figure 9(b–d) show the variation of the BCC {110} 
peak position as a function of azimuth angle (from 0 to 360° 
with RD = 0° and TD = 90°) for 0 MPa and 13.8 MPa – for 
locations 41, 1, and 21, respectively. The {110} peak posi-
tion variation as a function of the azimuthal angle for both 

0 MPa and 13.8 MPa corresponding to each location are 
nearly identical. This observation indicates that the loading 
results in the uniform contraction of the Debye rings and 
consequently implies that the loading condition is indeed 
equi-biaxial within the measured area. This observation 
provides an additional proof for the equi-biaxial nature of 
the stress state at the center of the test sheet, independent of 
the FEA results which also suggest the same. Furthermore, 
the uniform contraction of the rings implies the through-
thickness averaged strain is always positive, which is in line 
with the average εxx trends from the simulated sheet shown 
in Fig. 8(b).

It is important to note that Fig. 9(b–d) indicate that the 
ring radius (i.e., {110} peak position) is slightly different 
between the RD and TD (corresponding to an elastic strain 
difference ~ 500 με). This observation might be a result 
of the difference in residual stress between two directions 
remanent from one of the material processing operations. 
Therefore, TD and RD directions were separately caked and 
interpreted to avoid an averaging effect that might be caused 
by full integration along the entire azimuth (i.e., 0 to 360° 
sector integration).

Key Results Extracted From the Diffraction Data

Elastic Strain for a Single Location as a Function 
of Oil Pressure

The peak positions extracted using single peak fitting analy-
sis on 1-D diffraction patterns, as described in "Workflow 
for the Analysis of Diffraction Data" section, were used to 

Fig. 7   Through thickness stress distributions at the center of the sheet under the application of 6.89 MPa oil pressure. (a) Mesh sensitivity analy-
sis shown for normal stress σxx, (b) Stress components calculated using the optimized fine mesh
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calculate elastic strain for each of the 6 BCC {hkl} peaks 
using the following equations:

where, λ is the X-ray wavelength (Å), θhkl is the Bragg angle 
(°) for a given {hkl}, dhkl is the interplanar spacing (Å) for a 
given {hkl}, dhkl,0 is the interplanar spacing for a given {hkl} 
at 0 MPa, and εhkl is the elastic strain for a given {hkl}. For 
the results shown in "Elastic Strain for a Single Location As 
a Function of Oil Pressure" and "Elastic Strain Maps As a 
Function of Pressure" sections, the sector integration angle 
used was 10° (i.e., ± 5°) about two perpendicular directions 
– RD (from 355º to 5º) and TD (from 85º to 95º). Note that 
the elastic strain at any applied oil pressure is with refer-
ence to or relative to the 0 MPa measurement. The common 

(1)� = 2d
hkl

sin �
hkl

(2)�
hkl

=

d
hkl

− d
hkl,0

d
hkl,0

practice is to calculate elastic strain using the measurement 
of the strain-free interplanar spacings (d0) from an annealed 
sample. However, since an annealing operation might 
destroy the unique mixed microstructure in the FP steel, we 
resorted to comparative analyses relative to the interplanar 
spacings from the 0 MPa measurement. Furthermore, the 
elastic strains obtained here are averaged over the sheet 
thickness as the diffraction measurement is performed in a 
transmission geometry.

The elastic strain in six BCC {hkl} families of planes 
– {110}, {200}, {211}, {220}, {310}, {222} – as a func-
tion of applied oil pressure for grid locations 1, 21, and 
41 about the TD is presented in Fig. 10(a–c), respectively. 
Corresponding plots for the RD are shown in Fig. 10(d–f). 
The elastic strain discussed here is obtained after the 
recalibration procedure at each oil pressure which sepa-
rates out the apparent increase in elastic strain, as shown 
in Fig. 5(b), caused by the contribution of sample bulg-
ing to peak position shift. The propagated error in strain 

Fig. 8   (a) Stress vs oil pressure at the top-center and bottom-center of the simulated sheet, (b) Elastic strain (εxx) as a function of oil pressure at 
the top-center, bottom-center, and their average, (c) von Mises effective stress at the top-center and bottom-center of the simulated sheet
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calculated from the error in peak position (θhkl) was smaller 
than the size of the data markers (i.e., less than ± 50 με) 
used in Fig. 10. Note that 1με = 1 × 10–6 strain units. Dif-
fraction measurements with similar setups have previ-
ously been reported [34, 35] to provide a strain resolution 
of ± 1 × 10–4 (i.e., ± 100 με). Therefore, the more conserva-
tive value of ± 100 με was used as the nominal error bar for 
strain in the current study.

The elastic strain is observed to follow a qualitatively 
similar trend - monotonously increasing for all three loca-
tions at both RD and TD. In the beginning of the experiment, 
the measured elastic strains from different {hkl}s remain 
close to each other. When the oil pressure goes beyond 

2 MPa, inducing σVM to exceed the nominal yield strength 
of the material, the measured strains from different {hkl}
s start to increasingly deviate from each other. The {200} 
and {310} strains start to take on a larger value compared to 
the {110} and {222} strains. This difference increases with 
increasing applied oil pressure. Similar observations have 
been reported in previous studies on BCC materials under 
uniaxial and biaxial loading by Collins et al. [15] and Marin 
et al. [36]. Moreover, the {110} and {220} strains are nearly 
identical (within error bars), which is consistent with the fact 
that the crystallographic planes contributing to these strain 
measurements are nominally identical in the experimental 
geometry employed in this work.

Fig. 9   (a) A schematic showing the multiple 1° sector integrations performed along the azimuth of a 2-D Debye-Scherrer pattern to obtain 360 
1-D diffraction patterns. The white rectangle at the center of the pattern is the beam stop and the blue “x” mark is the beam center. {110} peak 
positions, obtained from the 1-D diffraction patterns, plotted as a function of azimuthal angle for 0 and 13.8 MPa for b location 41, c location 1, 
and d location 21 (refer Fig. 3(c)). ± RD and ± TD locations are marked
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Elastic Strain Maps as a Function of Pressure

Color maps of the spatial variation in {110} TD elastic strain 
for the entire (9 × 9) measurement grid are shown as a func-
tion of applied oil pressure in Fig. 11. As expected, the color 
maps have been plotted using the same color scale and show 
a general increase in elastic strain with an increase in the 
applied oil pressure. The maps change from mostly “purple” 
colored for 1.38 MPa to mostly “red” colored for 13.8 MPa. 
Furthermore, within a given colormap (i.e., applied oil 
pressure) a spread of strain values ≤ 500 με (appreciably 
higher than the nominal error bar) is seen. This observation 
implies that there are relatively hard and soft regions within 
the microstructure (i.e. different regions in the microstruc-
ture accommodate deformation differently) and supports the 
hypothesis that the unique mixed microstructure is likely one 
of the key contributors to the improvement in formability 
of this flash-processed steel [27]. This result also demon-
strates a key strength of the current apparatus coupled with 
a synchrotron x-ray probe – spatially resolved measurement 
of {hkl}-dependent response to biaxial loading in the meso-
scale for heterogenous materials. This information is valu-
able to the meso-scale deformation modeling community for 
calibration/validation of their models.

Summary and Future Outlook

The successful design and fabrication of an oil-pressure 
based biaxial testing apparatus for in-situ synchrotron X-ray 
characterization was detailed, followed by proof-of-concept 
in-situ diffraction experiments on a flash-processed steel 
sheet. The presence of an equi-biaxial stress state at the 
center of the test sheet was independently modeled using 
finite element (FEA) simulations and measured using X-ray 
diffraction. The measured elastic strains from different {hkl}
s were similar at lower oil pressure and start to deviate from 
each other at higher oil pressures, consistent with anticipated 
macroscopic yielding. The strain response was clearly differ-
ent for different locations in the measurement grid support-
ing the hypothesis that the mixed microstructure in FP steels 
could play a significant role in enhancing their formability. 
While the characterization of the through-thickness stress 
distribution (Fig. 7) was beyond the scope of this work, 
quantifying this gradient could be technologically interest-
ing as large stress gradients encountered in forming opera-
tions could potentially induce location-dependent residual 
stresses, microstructure, and phase gradients. With advances 
in novel x-ray instrumentation [34, 37, 38], follow-up stud-
ies that exploit the biaxial testing apparatus described here 

Fig. 10   The evolution of elastic strain (in με units) in various crystallographic planes for specific locations in the measurement grid as a function 
of applied oil pressure (in MPa) – (a, b, c) measured along TD, (d, e, f) measured along RD. (a, d) are measured for location 1, (b, e) for loca-
tion 21 and (c, f) for location 41. Refer Fig. 3(c) for locations on the measurement grid. Note that 1 με = 1 × 10–6 strain units
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to explore the through-thickness stress distributions could 
be planned.

Moreover, a key improvement achieved in the appara-
tus fabricated in this work over the current practice of in-
situ biaxial testing is its relatively easy design/operation 
and low-cost. Furthermore, this apparatus configuration, 
coupled with synchrotron x-rays, is an invaluable tool to 
measure biaxial response of a sheet metal over significant 
area (~ mm2) on the sample with a fine resolution (~ 100 m). 
These capabilities are key to obtain a better fundamental 
micro-scale understanding of the mechanical response of 
heterogeneous and/or anisotropic microstructures (such as 
textured materials or HCP metals/alloys).

Appendix A1 – Step‑by‑Step Analysis 
Workflow in GSAS‑II

1.	 Calibration using Si standard Debye rings

	 (i)	 Import the diffraction images for the entire 9 
X 9 measurement grid for 0 MPa into GSAS-II 
project using Import > Image > GE Image file

	 (ii)	 Import the rough estimates of calibration param-
eters obtained using CeO2 using Parms > Load 

Controls > CeO2.imcrtl file (previously saved 
after calibration using CeO2)

	 (iii)	 Save the GSAS-II project file using Menu > 
Save project > Direction_Pressure_Sample.gpx

	 (iv)	 Calibrate using the Si rings measured at location 41

(a)	 Beam center X, Y, and wavelength are 
unchanged (i.e., remove tick)

(b)	 Inner and outer 2-Theta used were 2.9 and 
13.2° to include the first Debye ring corre-
sponding to Si (lower bound) and 7 Debye 
rings corresponding to steel (upper bound).

(c)	 Tick the distance (Dsam), tilt, and rotation as 
the parameters to be refined for the calibra-
tion process.

(d)	 Use Calibration > Calibrate and click on 
5 points around the first ring correspond-
ing to Si. Use Calibrate > Recalibrate a 
few times until the parameters being 
refined converge to a constant value for 
the other parameters.

(e)	 Untick the tilt and rotation – since further cali-
bration of remaining measurement locations in 
the grid and all locations at higher pressures 
will be conducted only for distance (Dsam).

Fig. 11   {110} elastic strain (in TD) color maps for the entire 9 × 9 measurement grid (in με units) for a given oil pressure (in MPa) measured 
along TD – a 1.38 MPa, b 2.76 MPa, c 4.82 MPa, d 6.89 MPa, e 9.65 MPa, and f 13.8 MPa. Note that 1 με = 1 × 10–6 strain units
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(f)	 Use Parms > Save controls > Si_0MPa.imcrtl 
to save the calibration parameters obtained at 
location 41 and use them for higher pressures 
and the entire measurement grid.

	 (v)	 Calibrate patterns from remaining grid locations 
at 0 MPa

(a)	 Use Parms > Copy controls > Set all (to 
select all images to calibrate). Make sure 
distance (Dsam) is the only parameter used 
for calibration.

(b)	 Use Calibration > Recalibrate all > Set all 
to sequentially calibrate the remaining 80 
images in the project file. Use Calibrate > 
Recalibrate all > Set all few times until the 
distance (Dsam) converges to a constant value. 
In this case, the recalibration was repeated 3 
times.

(c)	 At the end of this step, each location on the 
measurement grid (for a given oil pressure) 
has a unique calibrated distance (Dsam).

	 (vi)	 Integrate and use sequential peak fit to obtain 
the peak position, integrated intensity, and 
width using the steps described below in Pro-
cedure 2.

	 (vii)	 Repeat steps i through vi for the analysis of data 
from higher pressures in separate project files. 
Replace step ii with Parms > Load Controls 
> Si_0MPa.imcrtl file to load the calibration 
parameters from location 41 of the 0 MPa data 
instead of the CeO2 calibration parameters.

2.	 Integration and sequential peak fitting (step vi in the 
above procedure)

	 (i)	 Starting with the TD (North direction) - set 
the integration limits to 85 to 95°. Set radial 
bins (corresponding to 2-Theta) to a high value 
(1000 in the present case) and azimuthal bins to 
1. Check to make sure the Inner/Outer 2-Theta 
range is the same as entered in step iv (b) in 
Procedure 1.

	 (ii)	 Use Integrate > Integrate All > Set all to obtain 
the sector-integrated 1-D powder patterns cor-
responding to each location for a given pressure.

	 (iii)	 Use Peak list > Peak fitting > Auto search to 
start the peak fitting process. Select the peaks 
corresponding to the material/phase being ana-
lyzed and unselect the peaks corresponding to 
Si and minor phases, if already detected by the 

Auto Search step. In the present case – the first 
6 peaks of the BCC phase were chosen.

	 (iv)	 The Peak list window displays the selected peaks 
with each of their attributes – peak position, 
intensity, sigma (Gaussian width) and gamma 
(Lorentzian width). In the Peak List window, 
double click on “intensity” and in the pop-up 
window entitled “Refine” check vary all. Use 
Peak fitting > Peakfit and repeat this for “posi-
tion” and “sigma”. After all the parameters have 
been progressively refined as described above, 
use Peak fitting > Peakfit with all of them 
selected until they converge (i.e., their values 
are unchanged after a Peakfit operation). In the 
present case, gamma is NOT refined.

	 (v)	 Use Peak fitting > Peak copy > Set all to copy 
the above peaks to all the powder patterns 
obtained for the images in the given project 
file. Further, use Peak fitting > Seq. peakfit 
> Set all to perform a sequential peak fitting 
operation. The Copy to next feature was ena-
bled (copies the fit values from the current 
pattern as the initial values for the subsequent 
pattern) and resulted in a slight decrease in 
computational time.

	 (vi)	 The sequential peak fit operation results in a 
table with the residual of fit, peak characteris-
tics and their corresponding error values (stand-
ard deviation). Export this table to a .csv file 
using Seq. export > Save table as .csv. An Rwp 
(residual) of 10-15% was seen in the present 
case and indicated a good pattern fit visually.

	 (vii)	 Repeat operations i to vi in Procedure 2 for all 
pressures to obtain the peak characteristics of 
multiple peaks for all pressures. To produce 
results along the RD (East direction), repeat 
operations i to vi in Procedure 2 with integra-
tion limits in step i set between 355º to 5º.

Appendix A2 – Radial Variation of Stress 
Components from the Plate Center

According to the finite element simulations, shown below 
in Fig. 12, the stress state at mid-thickness is equi-biaxial 
near the center of the plate and starts to deviate (>1%, 
i.e., 12.5 MPa) after a radial distance of about 5 mm from 
the center. As illustrated previously in Fig. 3c, the meas-
urement grid spanned 4 mm × 4 mm and consequently, 
the distance between location 1 and 41 is about 2.82 mm. 
Therefore, all points within the measurement grid were 
subject to an equi-biaxial stress state.
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