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Abstract: The tensile twinning and detwinning behaviors of a wrought magnesium alloy have been
investigated during in situ four-point bending using the state-of-the-art high spatial resolution
pinhole neutron diffraction (PIND) method. The PIND method allowed us to resolve the
tensile twinning/detwinning and lattice strain distributions across the bending sample during a
loading-unloading sequence with a 0.5 mm step size. It was found that the extensive tensile twinning
and detwinning occurred near the compression surface, while no tensile twinning behavior was
observed in the middle layer and tension side of the bending sample. During the bending, the neutral
plane shifted from the compression side to the tension side. Compared with the traditional neutron
diffraction mapping method, the PIND method provides more detailed information inside the
bending sample due to a higher spatial resolution.
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1. Introduction

The deformation behavior of magnesium (Mg) alloys has been investigated extensively in the past
decades, due to its combined excellent mechanical properties and lightweight [1,2]. The hexagonal
close-packed (HCP) crystalline structure of Mg allows a limited number of slip systems, resulting in
poor formability of wrought Mg alloys at room temperature, which restricts its wide applications.
It has been well known that Mg possesses two easy deformation systems, {00.2}<11.0> basal <a> slip
and {10.2}<10.1> tensile twinning (or extension twinning) [3–6]. The {10.2}<10.1> tensile twinning
can be activated by tension parallel to the c-axis and compression perpendicular to the c-axis, which
results in a sudden reorientation of the matrix lattice, approximately 86.3◦ [7,8]. The {10.2}<10.1>
tensile twinning provides a tensile strain along the c-axis, which is not achievable by basal <a>
slip [8,9]. The detwinning process can be activated by a stress/strain reversal in twined grains [10,11].
The majority of research has been focused on the deformation twinning behavior of Mg alloys under
uniaxial loading conditions, such as tension, compression, and cyclic loading [12–21].

In automotive industries, the other deformation modes, i.e., plane strain and biaxial tension under
linear and nonlinear strain paths, are very common during sheet metal forming. The plane strain
deformation mode is critical for sheet metal forming since it has the lowest value on the forming limit
curve [22]. In other words, the sheet metal is fractured at relatively smaller deformation strain levels
compared with the other deformation modes, when it is subjected to the plane strain condition, such as
pure bending [23,24]. In pure bending, there is a steep gradient of stress/strain distribution across
the sample thickness and the deformation modes, such as twinning, can be complicated. However,
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research related to deformation twinning behaviors under pure bending conditions using in situ
nondestructive methods is rare [25] in comparison to the aforementioned uniaxial deformation mode;
in part due to the limitation of characterization tools capable of high spatial resolution. As twinning
leads to a sharp change of crystallographic orientation, in-situ diffraction techniques such as X-rays
and neutrons are often utilized for resolving the deformation behaviors.

The synchrotron high energy X-ray diffraction method provides the high spatial resolution, but the
penetration depth is limited. On the other hand, neutrons provide a much deeper penetration and
therefore their use is appropriate for various engineering materials studies [26–47]. However, the
spatial resolution of conventional neutron diffraction measurements is not high enough, which is
not applicable for the study of tensile twinning behavior during inhomogeneous deformation modes
involving large strain gradients such as bending. Recently, at the VULCAN time-of-flight (TOF)
engineering diffractometer [26], Spallation Neutron Source (SNS), Oak Ridge National Laboratory
(ORNL), a pinhole neutron diffraction (PIND) non-destructive method was developed to improve the
spatial resolution, close to 250 µm [48]. The potential scientific applications of the PIND method include
deformation mechanism, phase transition, and grain orientation for the polycrystalline materials
under load, temperature, and other external stimuli. It opens up a great opportunity for engineering
applications in resolving materials mechanical response with a large gradient.

In the present research, we demonstrate a study on the deformation behavior of a wrought Mg
alloy during four-point bending using the in situ high spatial resolution PIND method. The tensile
twinning and detwinning behaviors during the four-point bending loading and unloading with a
large strain gradient were spatially resolved with a 500 µm step size. The changes of intensity due to
twinning, and lattice strain across the thickness upon loading and unloading are presented.

2. Experimental Methods

A commercial rolled AZ31B Mg alloy plate (chemical composition: 3 wt.% Al, 1 wt.% Zn and
Mg as balance) in H24 temper (strain-hardened and partially annealed) was selected for the current
research. A typical rolling texture with the HCP crystal c-axis parallel to the normal direction (ND)
and perpendicular to the rolling direction (RD) has been analyzed in previous publications [13–16].
The four-point bending sample was machined using electrical discharge machining (EDM) with 60 mm
in length (RD) × 15 mm in width [transverse direction (TD)] × 10 mm in thickness (ND). After sample
machining, the four-point bending sample was annealed at 345 ◦C for 2 h to release the residual stress.

At VULCAN, diffraction patterns were collected at fixed scattering angles by measuring
time-of-flight (TOF), the time interval between the neutron pulse generation and the detection moment,
which is essentially proportional to the neutron wavelength. The sample was located far away from
the neutron source (~42 m) to ensure a good TOF resolution (~0.2%). To preserve this good resolution
in diffraction, the angular divergence in the incident and diffracted beam must be tightly controlled,
at least in the diffraction plane. The neutron delivery system of VULCAN provides two optional levels
of angular collimation: high resolution (HR) −0.2◦ by 1.6◦ (in the horizontal and vertical plane) and
high intensity (HI) −0.6◦ by 1.6◦. Diffracted beam divergence was determined by the extension of the
sampling volume and detection area. Accordingly, large pixelated detectors were commonly used.
A time focusing method [49] was utilized to convert the data recorded on large pixelated detector banks
into a single polycrystalline pattern. At VULCAN, this procedure was facilitated by using event-based
data reduction [50]. Considering the change in scattering angle, the scale of TOF values in each pixel
was adjusted to align its diffraction pattern to the virtual center of the detector. Following that, a single
set of diffraction constants were used to convert the TOF to lattice spacing value, d. This approach
works well if the sample is small or the sampling volume is well defined. Currently, the sampling
volume is defined by the incident beam slits (adjustable from 2 to 10 mm in both the horizontal
and the vertical plane) and the radial collimators located between the specimen and the detector
banks, restricting the field of view along the neutron beam path, as shown in Figure 1a. At VULCAN,
the diffraction patterns were recorded by the two detector banks (B1 and B2), positioned at diffraction
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angles of ±90◦ with two convergent collimator options: 2 or 5 mm along the beam. Each bank includes
three wavelength-shifting-fiber (WLSF) scintillator detectors [51], which have 154 by 7 pixels over a
total area of 77 by 38 cm. The detector with a 5 mm horizontal pixel size ensured an average spatial
resolution of ~5.5 mm full width at half maximum (FWHM), with a rather large spread across the
detector [52]. The vertical dimension of a pixel is quite large (54.3 mm), but this condition does not
affect the resolution in diffraction for take-off angles close to 90◦. A cross-correlation calibration
procedure using the diffraction patterns recorded in each detector pixel by a diamond powder sample
generates the TOF shifts for time focusing. The instrument calibrations and data normalizations were
performed by recording the diffraction pattern of a Si powder loaded in vanadium (V) and a V rod,
measured in the same conditions as the studied samples.
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Figure 1. (a,b) The conventional and the pinhole neutron diffraction (PIND) setup respectively;
(c) The schematics of the stainless-tungsten layered sample and diffraction pattern from PIND
measurement; (d) The analytical results of the stainless-tungsten layered sample for a vertical single
channel slit configuration.

The results reported in Reference [48] demonstrate the capability of the PIND method within
a 2-D imaging arrangement, which used a 3He detector bank with similar pixilation in both the
horizontal and vertical planes. Here, we demonstrate a one-dimensional application by using the
WLSF detectors currently in use at VULCAN. The 1-D PIND concept is shown in Figure 1b. In this
arrangement, the ‘pinhole’ was, in fact, a slit with a relaxed aperture in the vertical plane. In the
horizontal plane, the slit was inserted between the sample and detector to create a link between a
detector pixel and a location along the neutron beam crossing the sample. There was a constant ratio
between the detector pixel size and the sample ‘virtual pixel’ size, which was determined by dividing
slit-detector distance to sample-slit distance and named magnification factor (M). Indeed, the pinhole
acts as a lens and small details on the sample are magnified at the detector by similarity. As such, the
pinhole camera or ‘camera obscura’ was probably the first optical instrument [53], with a large field
of view and a large depth of field. In light optics, the image resolution is limited by the light wave
diffraction on the slit, which is proportional to the wavelength. For a pinhole neutron magnifying
arrangement, the diffraction limit amounts to 10–15 µm at the detector, well below the pixel size. Thus,
the geometrical optics were good enough to describe the point resolution. To estimate the error in the
coordinate of the scattering event along the beam, ∆yS, the uncertainty of the same coordinate at the
pinhole location, ∆yP, and at the detector location, ∆yD, must be considered. Without considering the
parallax effect, the variance of ∆ys can be estimated as:

〈∆y2
S〉 = (1/M)2〈∆y2

D〉+ (1 + 1/M)2〈∆y2
P〉 (1)

The experimental assessment of spatial resolution was performed by using a reference sample
made by stacking foils of stainless steel and tungsten between two ticker plates of aluminum, as shown
in Figure 1c. Different thicknesses of specific material layers were created by stacking certain numbers
of consecutive foils of the same type. The layered sample was placed vertically with the foil’s surface
perpendicular to the incident beam. A gadolinium slit, 0.5 mm wide, was placed 80 mm away from
the specimen, in front of the detector bank located at 2000 mm from the sample position, resulting in a
magnification factor of 24. For background reduction, the 5 mm radial collimator was retained in this
arrangement and realigned to focus on the slit position. Since every pixel of the detector was utilized
for the pinhole diffraction, TOF versus lattice spacing calibration of each pixel was conducted by
measuring a diamond powder sample, which was moved along the beam direction to cover the entire
field of view. The relative efficiency of each detector pixel was also evaluated and was later used for
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the diffraction peak intensity normalization. As shown in Figure 1c, the patterns from stainless steel,
W and Al layers were separated both along d values (horizontal axis) as well as in real space (vertical
axis). The Bragg peaks were separated due to their different lattice parameters, and the alternation of
layers was resolved by the detector pixilation, which corresponded to 0.21 mm at the sample position.
To evaluate the point resolution FWHM from experimental data, the spatial distribution of integral
intensities of the first six diffraction peaks corresponding to stainless steel, W and Al has been fitted
with a sum of Gaussians following the known sequence of foils as shown in Figure 1d. The thinnest
layers (0.4–0.5 mm) gave a FWHM value of 0.54–0.55 mm. Subtracting the thickness of a single foil
contribution, the instrument resolution was estimated to 0.43–0.47 mm FWHM, in agreement with the
geometrical optics estimation of 0.42 mm, calculated by using Equation (1), with 5.5 mm FWHM as the
detector resolution and 0.5 mm as the slit opening.

The schematics of in situ bending measurements using the PIND method are presented in
Figure 2a. The Mg bending sample was located at 45◦ to the incoming neutron beam. The single
Gadolinium slit, 1 mm wide, was positioned between the Mg bending sample and scintillator detector
banks on each side. The distance between the Mg sample and the single Gadolinium slit was ~182 mm.
As the total distance between the sample and the detector banks was 2000 mm, a magnification factor
of ~10 was achieved, which means that the 5 mm wide detector pixel corresponded to a 0.5 mm step
size at the sample position. In this PIND arrangement, the resolution along the beam was estimated to
0.9 mm FWHM. Across the neutron beam, the slit size was 1.5 mm (horizontal) × 12 mm (vertical).

The TOF diffractometers, as VULCAN, provided diffraction peak intensity and d-spacing (it can
be used for the calculation of lattice strain) in different hkl crystal directions of grains in a polycrystalline
sampling volume illuminated by the neutron beam. In the current experimental setup, detector banks
1 and 2 were probing the intensity diffracted by grains oriented with the hkl crystal direction along
εy and εx sample directions, respectively, as shown in Figure 2a. The 2D diffraction patterns before
and after bending tests are illustrated in Figure 2b (the purple white fluctuations were due to the
background, and the regular dimmed intensities were due to the electronics efficiency of detector
pixel bundles, which were normalized over a background measurement in the following intensity
analysis). The top of the 2D diffraction pattern represents the tension side surface. From topside
down, the diffraction patterns correlate to the various locations in the bending sample, which intersects
with the incoming neutron beam. The bottom of the 2D diffraction pattern denotes the compression
side surface.

The detailed schematics of the four-point bending experiment are demonstrated in Figure 2c.
The distances between the inner and outer rollers were 20 and 40 mm, respectively. The schematics
of lattice orientations before and after four-point bending are provided in Figure 2c. The incoming
neutron beam direction is also indicated in Figure 2c. The in situ four-point bending experiment was
performed at selected load levels, i.e., 0, −9000, −12,000, −15,000, and unloading to −100 N.

For comparison purposes, the bent sample was scanned using traditional neutron diffraction
mapping method by moving the sample 1.4 mm per step across the bent area, as shown in Figure 2d.
The neutron beam size was 2 mm (horizontal) × 10 mm (vertical). The 2 mm radial collimators
were employed. The incoming neutron beam direction was the same as the PIND measurements.
The reference intensity and lattice were measured from the undeformed region by averaging all 7
measurements, as indicated in Figure 2d.

By comparing the diffraction patterns before and after bending, it was noticed that the (00.2)
and (10.3) peaks appeared on the compression side after bending; meanwhile, the (10.0) and (11.0)
peaks disappeared. This behavior is characteristic for tensile twinning. On the tension surface side,
the diffraction peak intensities of various hkls varied little; meaning no deformation twinning activities.
The detailed description of tensile twinning behavior during in situ four-point bending experiments
using the PIND method will be provided in the later sections. Moreover, in Figure 2b, it was noticed
that the d-spacing of (11.0) grains moved toward the high d-spacing value gradually from the middle
layer to the tension surface side after bending. This represented the residual lattice strain distribution
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across the sample. Therefore, from one measurement, the diffraction patterns across the bending
sample were achieved by the PIND method, which provided grain orientation distribution at different
locations, and diffraction peak intensity and lattice strain for each diffraction peak at each location.Crystals 2018, 8, x FOR PEER REVIEW  6 of 12 
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3. Results and Discussion

The (11.0) and (00.2) diffraction peak intensities in εx direction at different locations during the in
situ four-point bending using PIND are exhibited in Figure 3a,b, respectively. The abscissa in Figures 3
and 4 correspond to the 45◦ line of the bending sample, as marked in Figure 2c. On the compression
side, it was observed in Figure 3a that the diffraction peak intensity of (11.0) grains remained the same
when the applied load was below −9000 N. When the sample was further bent, up to −15,000 N,
the diffraction peak intensity of (11.0) grains decreased at various locations from the compression
surface to the middle layer, due to deformation by tensile twinning. The (11.0) peak intensity reduced
steeply near the compression surface, since the compressive strain was much larger near the surface
than the rest of the sample. The reduction of (11.0) peak intensity was gradually decreased when
moving from the compression surface to the middle layer, due to the macroscopic strain gradient
across the bent specimen. When the sample was unloaded to −100 N, a noticeable recovery of the
diffraction peak intensity of (11.0) grains was observed near the compression surface, from 1 to 2.5 mm.
This indicated that the detwinning occurred due to the back stress, as the local stress close to the surface
evolved from compression to tension during unloading. On the tension side, the diffraction peak
intensity of (11.0) grains remained almost unchanged during the four-point bending indicating that no
deformation twinning occurred. The opposite trend can be found in diffraction peak intensity evolution
of (00.2) grains in εx direction, as displayed in Figure 3b. The (00.2) peak intensity increased sharply
when the applied bending force increased from −9000 to −15,000 N near the compression surface. It is
interesting to note that the maximum diffraction peak intensity of (00.2) grains at −12,000 N appeared
2 mm below the compression surface. When the applied force was−15,000 N, the maximum diffraction
peak intensity of (00.2) grains moved to 3 mm below the compression surface. This indicated that a
large amount of tensile twinning occurred below the compression surface. When the sample was bent
further, severe tensile twinning happened at a location further away from the compression surface,
toward the middle layer, while the tensile twinning activities were decelerated and saturated near the
compression surface. When the sample was unloaded to−100 N, the diffraction peak intensity of (00.2)
grains decreased rapidly near the compression surface. From the change of the peak intensities, it can
be concluded that almost all of the twinned grains were detwinned at the compression surface. On the
other hand, from 3.5 mm to the middle layer, no detwinning was perceived. It is thought that large
tensile stresses near compression surface, leading to severe detwinning, equilibrate after unloading the
residual compressive stresses located closer to the middle layer. Nevertheless, from the in-situ high
spatial resolution PIND measurements, it is confirmed that the twinning and detwinning occurred
near the compression surface due to the large compressive strain enforced by bending and the change
in the sign of stress at the surface due to unloading.

The lattice strain evolutions of (11.0) grains in εx direction and (00.2) grains in εy direction across
the bending sample are illustrated in Figure 3c,d, respectively. In total, 4 load levels are selected,
including −9000, −12,000, −15,000, and unloading to −100 N. As displayed in Figure 3c, a large lattice
strain gradient was noticed across the sample during bending in the εx direction. The lattice strain
of (11.0) grains increased slightly from 1 to 5 mm on the compression side from −9000 to −15,000 N.
A similar trend was found from 8 to 11 mm on the tension side. It indicated that the lattice strains
were saturated close to the compression and tension surface after the applied load reached −9000 N.
On the other hand, the gradient of lattice strain in (11.0) grains varied significantly in the middle of
the sample, when the bending force increased from −9000 to −15,000 N. Additionally, neutral plane
shifting was observed during loading, which moved from the compression side to the tension side.
The neutral planes at −9000, −12,000, −15,000 N are marked as black, red, and green dashed lines,
respectively, in Figure 3c. It was also noted that the lattice strain levels on the compression surface side
were much lower than the tension surface side at the selected load levels. This mainly results from the
tension-compression in Mg, as the tensile twinning occurred on the compression side, while on the
tension side the basal <a> slip and prismatic <a> slip deformation modes were dominant. The tensile
twinning leads to an early yield and a limited strain hardening, but basal <a> slip and prismatic <a>
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slip results in a significant strain hardening behavior. After unloading, the residual lattice strains of
(11.0) grains near compression surface, from 0 to 4 mm, were close to 0. It was gradually decreased
to 6.5 mm, which reached the maximum compressive residual lattice strain at 6.5 mm, and then it
started to increase progressively from 6.5 mm to 8 mm. From 8 mm to 8.5 mm, a sudden increase was
perceived for the residual lattice strain of (11.0) grains, and it changed from the compressive to the
tensile residual strain. It remained almost unchanged moving toward the tension surface. The neutral
plane moved close to the tension surface after unloading, as marked as a blue dashed line in Figure 3c.
In the εy direction, the lattice strain of (00.2) grains varied little during loading-unloading from 0.5 mm
to 7 mm, in Figure 3d, while it decreased sharply from 7 mm to 12 mm. It was noted that at −9000 N,
the lattice strain of (00.2) grains saturated from 10.5 mm to 12 mm, but it was linear when the sample
was bent further. The relatively large lattice strain variations were observed from 10.5 mm to 12 mm
during the loading. After the unloading, a small compressive residual lattice strain was notable from
0.5 mm to 5.5 mm. The tensile residual lattice strain was observed near the middle of the sample from
6 mm to 7.5 mm. The maximum residual tensile lattice strain of (00.2) grains was found at 7 mm, in
the middle of the sample. Toward the tension side, the residual lattice strain of (00.2) grains decreased
quickly. The largest compressive residual strain was found on the tension surface. Clearly, the lattice
strain was distributed across the thickness and its evolutions at different load levels were revealed
by the in-situ PIND measurements, which provided useful high-fidelity experimental validation for
mechanics modeling and simulation of anisotropic materials deformation under bending.
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Figure 3. (a,b) The diffraction peak intensity variations of (11.0) and (00.2) grain in the εx direction
during in situ loading-unloading, respectively; (c,d) The lattice strain evolution of (11.0) and (00.2)
grains in the εx and εy directions, respectively.

The PIND characterization shows great advantages over traditional measurement.
The comparative traditional neutron diffraction mapping was performed on the bent sample



Crystals 2018, 8, 348 9 of 12

to examine the diffraction peak intensity and residual lattice strain of (11.0) grains, as shown in
Figure 4a,b, respectively, in the εx direction. The diffraction peak intensity of (11.0) grains on the
compression side is much lower than the center and tension side, due to the tensile twinning and
partial detwinning, as exhibited in Figure 4a. The maximum residual compressive and tensile lattice
strains of (11.0) grains were witnessed in the middle layer and near the tension surface respectively.
On the compression surface, a small amount of tensile residual lattice strain was perceived in Figure 4b.
The diffraction peak intensity and lattice strain of (11.0) grains were retrieved along 45◦ from the
traditional neutron diffraction mapping results, marked as a black solid line in Figure 4a,b, respectively,
to compare with the results from the PIND method. The diffraction peak intensity and lattice strain
of (11.0) grains measured by both methods are presented in Figure 4c,d, respectively. The general
trend of diffraction peak intensity and lattice strain across the sample was similar from both methods.
However, it is obvious that the results from the PIND method provide more details with higher spatial
resolution over the traditional neutron diffraction mapping method, 0.5 mm vs. 2 mm.
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strain, respectively.

4. Conclusions

The in situ high spatial resolution PIND method was employed in the present study to examine
the tensile twinning and detwinning behavior during four-point bending and unloading under a large
strain gradient. The severe tensile twinning and detwinning occurred near the compression surface
during loading and unloading. Meanwhile, in the middle layer and near the tension surface side,
no tensile twinning behavior was observed. The lattice strain saturated close to the compression and
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tension surface during bending, while a large lattice strain variation was observed across the middle
layer. During the four-point bending experiment, the neutral plane moved from the compression to
the tension side. The PIND method offered more detailed and rich information across the bending
sample with much higher spatial resolution than the traditional neutron diffraction mapping method,
which is extremely valuable to the materials science community.
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