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Abstract

The real-time development of texture and the evolution of temperature during a friction stir processing
(FSP) of a Mg alloy were investigated using an operando neutron diffraction measurement technique. A
novel neutron diffraction approach was applied in this study where the real-time, quasi-steady state
measurements performed as a function of position during FSP are converted to a Lagrangian dataset that
reveals the transient behavior as a function of time. The in situ FSP was carried out under two different
thermo-mechanical processing conditions represented by the Zener-Hollomon parameter, Z. The results
show that: (i) a shear texture develops from the initial strong basal texture with the peak temperature
reaching about 775 K during a low-Z processing and (ii) a strong off-normal texture develops with a peak
temperature of 640 K during a high-Z processing. Moreover, time-temperature-texture diagrams were
established to reveal the transient development of the texture during the real-time processing for both the
low Z and high Z processing conditions. The in-situ texture development will be discussed in the context
of plausible deformation mechanisms during the FSP: first, as the tool shoulder approaches, as the tool
pin approaches, immediately after the stirring, the transient behavior at the wake of the tool pin and then
the shoulder, and finally, during cooling.
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1. Introduction

Solid state joining technique such as friction stir welding (FSW) has become more prevalent in electrical
vehicles and aerospace industry because it overcomes the drawbacks of solidification defects and grain
growth in fusion welding [1, 2]. Friction stir processing (FSP), a variation of FSW, is a solid state
processing technique, which has been applied to control the microstructure by producing a ultra-fine grain
structure [3], forming homogenously distributed nanocomposites [4], and tailoring the crystallographic
texture [5].

Mg alloys, with the hexagonal-closed-packed (HCP) crystal structure, there is an intrinsic deficiency
of slip systems at ambient temperature resulting in a significant plastic anisotropy, poor formability, and
tension-compression asymmetry [6, 7]. In Mg alloys, the plastic deformation modes include basal slip,
twinning, prismatic slip, and pyramidal slip. The activation of these deformation systems is a function of
critical resolved shear stress (CRSS) of each mode, Schmid factor, and grain size [8-10]. The critical
resolved shear stresses (CRSS) of these modes at room temperature, e.g., with a ratio of 1:2:4:8 [11], can
be insensitive to the manufacturing processes.

On the other hand, the Schmid factor is a function of the grain orientation that can be quite readily
manipulated. Therefore, controlling the crystallographic texture of Mg alloys has been an effective way to
control the mechanical properties [5, 9, 12]. For example, the poor formability of wrought Mg alloy sheet
products is partly due to the strong basal texture (with the basal plane normal predominantly aligned
along the normal direction of the plate) and resulting in a plastic anisotropy.

Weakening the initial basal texture by alloying rare-earth elements [13] or Ca could be one way to
achieve improved formability . A deep drawing study of a ZE10 alloy (Mg-1Zn-RE) with weakened basal
texture were drawn more readily at lower temperatures compared to AZ31 (Mg-3Al-1Zn) with strong
basal texture [14]. In the room-temperature Erichsen test with the punch speed of 6 mm/min and blank-
holder force of 10 kN, AZMX1110 alloy (Mg-1.3A1-0.8Zn-0.7Mn-0.5Ca) with weakened basal texture
exhibited a relatively larger index Erichsen (IE) value of 7.8 mm compared to an IE value of 2.7 mm for
an as-rolled AZ31 Mg alloy with a strong basal texture [15].

Alternatively, using various thermo-mechanical processing techniques, the strong basal texture of the
hot-rolled Mg alloy plates can also be modified. For example, the changes in the texture of AZ31 Mg
alloy plate subjected to a series of hot compression along the normal direction (ND) were investigated as
a function of thermo-mechanical input, indexed using the Zener-Hollomon parameter (Z), which is, in
turn, a function of temperature and strain rate [10, 16]. The Z parameter exerts a strong influence on the
changes in texture, altering the initial strong basal texture to a shear texture, a strong off-ND, and to a
combination of off-ND and extension twin textures with the increase in Z. Such changes in texture also
resulted in dramatic changes in the subsequent mechanical behavior both in terms of activation of
different slip systems and resulting yielding behavior [16]. Xin et. al applied two different processing
parameters: 800 rpm, 90 mm/s (Z: 3x10" s) and 1600 rpm, 10 mm/s (Z: 1x10" s™") to FSP AZ31 hot-
rolled plates and studied the texture of FSPed Mg plate [17]. They found that shear texture and off-normal
texture was formed in the stir zone of the low Z and high Z processed plate, respectively. Kim et. al
employed three-dimension finite element analysis (FEA) and polycrystal modeling to simulate the texture
around the keyhole of FSPed Mg plate [18]. However, it failed to provide the texture evolution as a
function of time.

Moreover, the effectiveness of FSP on modifying the texture and resulting tensile ductility of a hot-
rolled Mg alloy plate has also been examined in terms of the Z parameter [5]. After a low-Z FSP (using a
high tool rotation speed and a slow travel speed), the initial strong basal texture has transformed into a
shear texture. After a high-Z FSP (using a low rotation speed and a high travel speed), the initial basal
texture was evolved into a strongly polarized off-ND texture with the basal poles tilted about 40° towards
the processing direction. The subsequent tensile ductility (along the processing direction) was increased
from about 15% for the as-rolled plate to about 25% for specimens with the shear texture and to about
40% for the off-ND texture samples [5].



The experimental investigations of the material flow [19, 20], grain size refinement [21-23], texture
modification [5, 24, 25], residual stress [24, 26, 27], and mechanical properties [5, 23, 28-31] of various
alloys subjected to the FSW/FSP have been conducted by post-mortem examinations. The final texture in
the stir zone of FSP AZ31 Mg alloy [5, 17, 21, 26, 32-37] can be generally categorized as: (i) shear
texture (<0001> // processing direction, PD) for a low Z processing and (ii) off-ND texture (<0001> lies
between ND and PD) for a high Z processing. During the FSP, there are five key stages: (i) when the
material is subjected to the influence of the tool shoulder, (ii) when the tool pin approaches while under
the tool shoulder, (iii) when the pin stirs the material, (iv) when the pin travels away but still under the
shoulder at the wake, and (v) when cooling away from the influence of the tool. At these different stages,
the thermo-mechanical conditions would vary potentially resulting in a dynamic evolution of the texture.
Currently, however, the real-time development of the texture during the FSP of Mg alloys is not clearly
understood beyond the apparent correlation between the processing condition and the final texture based
on post-mortem evaluations as mentioned above.

For the basic understanding of the transient behavior during FSW/FSP, such as the material flow and
temperature evolution, and its role in the development of microstructure and texture; studies involving
computational fluid dynamics (CFD) modeling and finite element analysis (FEA) are essential [38, 39].
For example, Yu et. al developed a three-dimensional CFD model to study the material flow and heat
transfer during a FSP of AZ31 Mg alloy [40]. Nonetheless, there are numerous challenges in simulating
the material and heat flow around the rotating and traveling tool during FSP and the simulation results
require rigorous validation using experimental data. To investigate the transient nature of the materials
behavior during FSP and for the validation of the simulation results, it is critical to experimentally
investigate the development of the texture and temperature during the processing. Therefore, a real-time
measurement of the texture and temperature development during FSP has technical and scientific merits.
Previously, neutron diffraction has been successfully used for in operando measurements of (i) the lattice
strain evolution in a running internal combustion engine [41] and (ii) the temperature evolution during
FSP of an Al alloy [42].

In this study, a series of real-time neutron diffraction measurements were conducted to measure the
changes in lattice parameters and peak intensities during the FSP of AZ31B Mg alloy plate. First, in-situ
quasi-steady state measurements were conducted during the FSP as a function of the distance between the
FSP tool pin and the measurement position. Subsequently, the in-situ dataset was converted to a
Lagrangian dataset representing a time-revolved, real-time processing data. As a result, the development
of the texture will be presented as a function of processing time. Also, based on the measured lattice
parameters and the coefficients of thermal expansion, the changes in the temperature during FSP were
estimated. Moreover, time-temperature-texture diagrams will be presented to illustrate the transition of
the texture from the as-received condition, to the initial approach of the FSP tool, then immediately after
the tool pin creating the stir zone, and at the wake of the tool during the cooling. Finally, the transient
developments of the texture and temperature as a function of the processing time will be discussed in the
context of plausible deformation mechanisms during the FSP under the two different thermo-mechanical
inputs, namely the low-Z (higher rpm, slower travel, higher strain rate, and higher peak temperature) and
the high-Z (lower rpm, faster travel, lower strain rate, and lower peak temperature) conditions.

2. Experimental details

2.1 Materials, portable FSP machine, and processing conditions

A commercial hot-rolled AZ31B Mg alloy plate was used in this study. The as-received microstructure
and texture are presented in Figure 1. The average grain size is about 16 pm and the (0002) pole figure

(PF) measured using neutron diffraction shows a strong basal texture. More details on the properties of
the as-received Mg alloy can be found in [16]. The as-received Mg alloy plates are about 750-mm long,



178-mm wide, and 6.35-mm thick. A commercial 6061-T6 aluminum alloy plate, with the same
dimensions, was used as the backing plate during the FSP.

A portable FSP machine, developed for in situ neutron diffraction measurements [42, 43], was used in
this study. The two unique design features are the followings: (i) the neutron beam can access the Mg
plate close to the tool pin and diffract to two orthogonal neutron detectors and (ii) tool rotates at a fixed
position and the workpiece (i.e., Mg plate) travels during the processing allowing a time-averaged
diffraction measurement during a quasi-steady state measurement based on Eulerian coordinates. More
details about the quasi-steady state measurement scheme used in this study will be presented in the
following section. The FSP tool shoulder and the threaded pin has a diameter of 25 mm and 6.35 mm,
respectively. The height of the pin is 5.6 mm. The processing direction (PD) is along the rolling direction
(RD) of the plate. The forging force of 8000 N along the normal direction (ND) of the plate was applied
by the tool shoulder. Two different processing conditions were used for this study: (i) 1200 rpm tool
rotation speed and 0.1 mm/s plate travel speed and (ii) 300 rpm and 1 mm/s. These two conditions
correspond to the Zener-Hollomon parameter, Z, of 3.3x10'* s and 1.2x10"° s™" and will be referred to as
the low Z (LZ) and high Z (HZ) conditions, respectively, Table 1. The details of the empirical
calculations of Z values based on the key FSP parameters used for the Mg alloy can be found in [5, 22,
44-49].

2.2 In situ neutron diffraction measurements during FSP

Neutron diffraction, with its good penetration capability, allows volumetric measurements within the Mg
alloy plate (through the Al-alloy backing plates used in this study). The time-of-flight neutron diffraction
measurement at the Spallation Neutron Source (SNS) at the Oak Ridge National Laboratory also allows
probing multiple reflections from two different sample orientations simultaneously. Moreover, the sample
stage at the VULCAN engineering beamline at SNS allows operation of a large manufacturing equipment
like the portable FSP machine during an in-situ diffraction. Hence, a neutron diffraction measurement at a
dedicated engineering beamline is very well suited for the current study. However, the time-of-flight
(TOF) neutron diffraction at a spallation source provides a relatively low flux for a time-resolved
measurement of a dynamic changes in the microstructure during the FSP. Specifically, the temporal
resolution required to probe a transient behavior as the FSP tool approaches and passes by an observation
point is too demanding for the TOF neutron diffraction. Therefore, we employed a unique approach of: (i)
conducting a series of quasi-steady state measurements that allow us to acquire time-averaged diffraction
patterns as a function of the distance between the FSP tool and measurement position and (ii) converting
such dataset into a time-resolved snapshots during the FSP to examine the transient behavior. A detailed
neutron diffraction measurement procedure used in this study is provided below.

Figure 2 shows a top view of the experimental setup used for the in-situ neutron diffraction
measurements carried out at the VULCAN engineering beamline. The portable FSP machine was placed
sideways on the sample stage with the scattering geometry set up to allow simultaneous diffraction
measurements from two different orientations. As mentioned earlier, the FSP tool rotates at a fixed
location and the Mg plate travels along the RD direction of the plate (yellow arrow). Note that the
processed region behind the FSP tool is marked by a green box. The scattering volume (marked by a red
box) is 2 x 3 x 2 mm?®, defined by a radial collimator (2 mm wide) and an incident beam slit (3 mm x 2
mm). The diffraction data with the scattering vector parallel to RD (//PD) are recorded on the detector
bank1 and the data with the scattering vector parallel to ND on the detector bank 2. Using this setup, a
series of in-situ quasi-steady state measurements were conducted as a function of the distance between the
scattering volume (i.e., the measurement location) and the tool pin, for each distance case using a new Mg
plate. A series of other measurement locations are also marked with red boxes (dotted line) in Figure 2.

Once a measurement location in the plate is determined, the scattering volume is defined. Figure 2
shows an example where the measurement location (marked by a red box) is a few millimeters behind the
tool pin in the processed zone. Once the stationary FSP tool starts to rotate (e.g., at 1200 rpm), the
diffraction measurement starts at that fixed location, while the Mg plate travels as indicated by the arrow
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providing fresh material at a given travel speed (e.g., at 0.1 mm/s). During this in-situ measurement, the
measured diffraction peak position and intensity reach a steady state and it is assumed that the states of
the material such as temperature and material flow are in a quasi-steady state [42, 43]. Therefore, from
each measurement location, a time-averaged diffraction pattern with good statistics was collected during
such quasi-steady state as long as the Mg plate was fed to the scattering volume. The measurement
duration was about 30 ~ 60 minutes for each LZ case and about 10 minutes for each HZ case, varying
slightly depending on the measurement location. Next step is to repeat the same process with a scattering
volume defined at a different distance away from the tool pin using a new Mg plate. The procedure is
repeated until all desired positions are probed under the given FSP condition.

Figure 3 presents the specific details of the time-averaged diffraction measurements conducted as a
function of distance between the tool pin and the measurement position (Figures 3a,b) as well as their
conversion to a time-revolved dataset representing a real-time evolution of diffraction data during the
processing (Figure 3c). First, Figure 3a shows all measurement locations including: the scattering volume
in front of the pin (unprocessed zone) at -9 mm, and -6 mm; and behind the pin (processed zone) at 6 mm,
7.5 mm, 9 mm, 10.5 mm, 12 mm, 15 mm, and 18 mm. These positions are also visualized with red boxes
in Figure 3b. Note that the measurement at -15 mm (blue box) represents a reference measurement where
diffraction measurement was conducted before the FSP process was started. The distance is from the
center of the FSP tool pin to the center of the scattering volume. All the measurement positions are along
the FSP centerline and at the middle of the plate thickness. Note that the RD diffraction data (on bank1)
were blocked by the FSP tool shoulder at measurement positions of -9 mm and -6 mm and, hence, not
available. These quasi-steady state, time-averaged diffraction data measured from different locations are
analyzed to obtain lattice spacings and integrated peak intensities for all available hkls from the two
detector banks and the results will be presented in Section 3 for the RD (//PD) and ND orientations and
for the LZ and HZ cases.

This dataset, however, is different from the data obtained from a more conventional Lagrangian
measurement scheme where the FSP tool travels across the plate. Therefore, the diffraction data measured
at different positions is, subsequently, converted to a dataset representing time-resolved snapshots of the
transient state of the material at different timeframe during the FSP as shown in Figure 3c. In summary,
the quasi-steady state diffraction data measured as a function of the distance between the tool pin and the
measurement location (based on Eulerian coordinates) are converted to a set of Lagrangian data
representing the temporal evolutions of lattice parameters and intensities as a function of the FSP time. In
Figure 3c, the time of 0 s (position of -15 mm) indicates that the FSP has not started yet. Then, the
elapsed time during the processing was calculated using the travel speed of the plate and -15 mm as the
starting reference point. In the LZ case shown here, the elapsed time corresponding to the distance of -9
mm is 60 s (i.e., 6 mm of travel at 0.1 mm/s speed). In the following section, the lattice parameter and
intensity data obtained from these diffraction measurements will be presented in terms of both distance
and time.

2.3 Pole figure measurements of the FSP plates

The post-mortem texture measurements were also conducted at the VULCAN beamline using cylindrical
samples (5 mm in diameter and 5.5 mm in height) extracted from the stir zone of the FSP plates processed
at LZ and HZ conditions as well as from an as-received plate. Using the neutron beam size of 5 X 5 x 5
mm? and the texture sample set up on a goniometer, full pole figure measurements were conducted with
the ¥ changing from 0° to 90° with steps of 15° and the ¢ self-rotating from 0° to 330° with steps of 30°.
The measurement time for each step was 80 s. The pole figure data was analyzed using the MTEX, a
quantitative texture analysis software [50].



2.4 Measurement of coefficient of thermal expansion of AZ31 Mg alloy

The coefficient of thermal expansion (CTE) of AZ31 Mg alloy was measured by conducting an in-situ
heating experiment using high-energy synchrotron x-ray diffraction at the Advanced Photon Source at the
Argonne National Laboratory. The as-received Mg alloy with a cross-section of 5 mm x 6 mm was heated
with a heating rate of 20 K min to temperatures of 298, 358, 418, 478, 538, and 598 K. At each
temperature, the sample was held for 3 mins and the diffraction patterns were measured. The Rietveld
refinement was performed to obtain the lattice parameters using GSASII [51]. The measured lattice
parameters and the CTE can be expressed as a function of temperature from 298 to 598 K by:

a(T) =3.64x 1071973 —3.89 x 1077T? + 2.35 x 107*T + 3.82 (D
a(T) =2.83x 1071972 —2.01 x 107"T + 6.08 X 107 2)

a is the average lattice parameter where @ = (2a + ¢)/3 and «a is the average CTE [52]. The measured
lattice parameters and CTE agree very well (R? over 0.99) with those in the literature for the pure Mg [53]
and for AZ31 Mg [54, 55].

3. Results
3.1 Neutron diffraction patterns measured during FSP

Figures 4 presents the schematics of the measurement setup and the series of diffraction patterns
measured continuously during the FSP. Figure 4a shows an example of the in-situ diffraction
measurements at the position of +10.5 mm from the FSP tool pin in the processed region under the low-Z
condition. It presents three snapshots at different timeframes of the diffraction measurements as the tool is
rotating and the plate is traveling providing fresh material into the scattering volume that is subjected to
the same processing history. Figures 4b shows the corresponding contour plot of time-of-flight neutron
diffraction patterns of d-spacing (y-axis) vs. intensity (z-axis with a color scale), evolving as a function of
time (x-axis). Figure 4b was constructed using the diffraction data collected with the scattering vector
parallel to RD (i.e., RD data). Simultaneously, the diffraction patterns were also collected with the
scattering vector parallel to ND (i.e., ND data) and the results are presented in Figure 4c. Note that the d-
spacing range shown here is a subset of the full diffraction pattern. The contour plots show the evolutions
of d-spacings and intensities of (1010), (0002), and (1011) reflections during about 60 minutes of
continuous measurements during the FSP. The Rietveld refinement analysis of these diffraction patterns
showed that the lattice parameters (a and c) and the integrated peak intensities (I) indeed reached a steady
state during which time-averaged lattice parameters and intensities are obtained. These results will be
presented in Figures 5 and 6 in the next section.

3.2 Intensity evolution during FSP

The changes in the integrated peak intensities during the FSP is presented using (0002) and (1011)
reflections for both LZ and HZ conditions in Figure 5. Figure 5a shows the (0002) intensity evolution
measured during the LZ FSP. First, the intensities of the (0002) pole along ND (black square) is presented
as a function of the distance between the tool pin and the measurement position ranging from -15 mm
(reference point on the unprocessed side) to +18 mm (on the processed side) using the top x-axis. Note
that the y-axis error bar on the data represents the fluctuations in the intensity during the measurement,
which indicates that the variations in the intensity during the measurement period is negligible and the
quasi-steady state was indeed achieved. This was the case for all measurement cases. The x-axis error
bars on the data indicates the spatial averaging across the neutron scattering volume.
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Initially, the (0002) intensity along ND is relatively strong as expected from the basal texture of the
as-received plate (Figure 1b). But, the (0002) intensity decreases significantly under the tool shoulder and
closer to the pin. Behind the pin and in the processed region, the (0002) intensity decreased further and
remained quite weak. On the other hand, the (0002) intensity along PD (//RD) was initially almost zero
(i.e., initial as-received plate texture). The PD (0002) remained weak but increased slightly further away
from the pin in the processed region (beyond about +9 mm). After the LZ processing, the (0002)
intensities are relatively weak but present along both ND and PD.

Moreover, also presented in Figure 5a is the intensity evolution as a function of the processing time
using the bottom x-axis. Note that this illustrates the situation of “moving tool case” obtained from the
measured “moving plate case” as explained in Section 2.2. The time-resolved snapshots of the intensity
evolution reveal that the (0002) intensity along ND was initially strong (0 s), rapidly decreased under the
tool shoulder (60 s), further decreased closer to the pin (90 s), decreased to a minimum after the stirring
(at about 210 s), and then remains relatively weak and constant at the wake of the processing as the tool
travels away (about 210 ~ 330 s). Note that the tool pin arrives at the observation point at 150 s in this
case and blocks the neutron data from the Mg plate. The (0002) along PD shows that the intensity
increases slightly at the wake of the processing with time (about 210 ~ 330 s).

Meanwhile, the (1011) intensities evolve as presented in Figure 5b. The (1011) intensity along ND
was initially very weak but increased gradually under the tool shoulder in front of the tool pin and
continued to increase behind the pin at the wake. The (1011) intensity along PD was relatively stronger,
showed a decreased intensity behind the pin, and then increased back again noticeably at the wake.

For the case of HZ FSP (Figures 5c), the (0002) along ND behaved similarly compared to that of LZ
case but the intensity dropped much lower when the tool initially approached (at 6 ~ 9 s) and further
decreased to near zero at the wake after the stirring. Note that the process was also ten times faster due to
the faster travel speed. The (0002) along PD remained near zero during the entire process unlike the LZ
case where a slight increase at the wake was observed. The (0002) poles would be almost completely
missing along ND and PD on the reconstructed PF at the end of the HZ processing unlike for the case of
LZ where (0002) intensities should be observed along both orientations.

Finally, the (1011) intensity evolution during the HZ processing is shown in Figure 5d. The
difference between the LZ and HZ cases are more obvious here. The (1011) along ND never develops
unlike the LZ case, whereas the increase in (1011) intensity along PD at the wake is much more
significant compared to the LZ case.

Here the changes in the intensities of only two reflections were presented to illustrate the transient
behavior, but, later in Section 4, the texture changes during FSP and the effect of Z input will be
discussed further using PFs reconstructed using the intensity data of all measured reflections.

3.3 Lattice parameter evolution during FSP

Figure 6 presents the changes in the lattice parameters (both a and ¢ for the Mg) during the LZ and HZ
FSP. The lattice parameter data is presented here using the same scheme used for the intensity data in
Figure 5. Also, note that the error bars shown for the lattice parameter data are adequate for both spatial
and temporal analyses. Figures 6a,b show the lattice parameters measured during the LZ processing. Both
a and c parameters from ND and PD orientations exhibit similar trends. The initial reference lattice
spacing, measured before the processing (at -15 mm and 0 s), increased rapidly as the tool approached,
reached a maximum, and gradually decreased as the tool traveled away. The changes in lattice parameters
could be caused mainly by the changes in the elastic lattice strain and the temperature from the localized
frictional heating and the stirring from the tool shoulder and the pin [42, 56-58]. These two effects on the
changes in lattice parameters will be deconvoluted and the development of temperature during FSP will
be assessed in Section 4.

Figures 6¢,d show the evolutions of a and c lattice parameters during the HZ processing. The HZ data
clearly show that the increases in the lattice parameters are much less significant compared to the LZ
case. This observation seems reasonable in that the HZ process is the case with a lower rpm and faster
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travel speed where the corresponding strain rate and the peak temperature in and around the stir zone
would be much lower than the LZ case (Table 1).

4. Discussion
4.1 Reconstruction of (0002) pole figures for the analysis of transient texture development

The in-situ neutron diffraction scheme used in this study allowed probing the evolutions of multiple
diffraction peak intensities while processing the Mg alloy using a relatively large manufacturing
equipment, which is one of the advantages of the time-of-flight neutron scattering at a dedicated
engineering beamline. However, the experimental setup permitted rather limited detector coverages at +
90° 20 (Figure 2), which was not adequate for in-situ pole figure (PF) measurements. However, the
investigation of in-situ development of texture during FSP would benefit from assessing PFs in addition
to the limited observations of the intensity evolutions along ND and RD. For example, Yu et al., based on
their post-mortem texture analysis [59], showed that the FSP Mg alloy plate exhibits characteristic
distributions of (0002) poles along ND-RD plane depending on the processing conditions. To this end,
(0002) PFs are reconstructed to investigate the in-situ development of texture during FSP using the
intensity data of all reflections available from the ND and RD (//PD) detectors.

First, it was assumed that (i) there is a preferred variant selection along the FSP direction (i.e.,
RD//PD) and (ii) each texture component is spread over 15 degrees concentrically. Then, the distribution
and magnitude of (0002) pole intensity on the PF were determined using a combination of: (i) directly
measured (0002) intensities along ND and RD and also (ii) calculated (0002) intensities based on the
intensities of other reflections measured along ND and RD.

4.1.1 Distribution of (0002) poles

Figure 7 shows the reconstruction of the distribution of (0002) poles on the (0002) PF using measured
intensities of (0002), (1015), (1013), (1012) and (1011) from the ND and RD(//PD) neutron detectors.
Figure 7a shows the angular positions of (0002) poles rendered on the PF according to the (101/) poles
measured along ND. For example, from the (1011) intensity measured at the ND neutron detector (black
arrow), the (0002) intensity can be rendered at 62° away from ND towards RD on the ND-RD plane (red
circle). Similarly, from all (101/) intensities measured on the ND detector (black arrows), the distribution
of (0002) poles (red circles) can be obtained. Therefore, the four red circles in Figure 7a mark the (0002)
variants selected on the ND-RD plane towards the RD(//PD) orientation based on our assumption stated
earlier. Note that the angles between (101/) and (0002) for the Mg alloy are summarized in Table 2.
Moreover, Figure 7b shows that the (101/) intensities measured at the RD(//PD) neutron detector provide
four additional (0002) pole locations as marked. For example, from (1011) intensity measured at the
RD(//PD) neutron detector (black arrow) would allow rendering of the (0002) intensity at 28° away from
ND (as marked by the red circle). Figure 7c summarizes the distribution of (0002) poles on the (0002) PF
that can be rendered using the data from all (101/) and (0002) itself measured on the ND and RD
detectors.

4.1.2 Intensity of (0002) poles

The magnitudes of the (0002) pole intensities at the center, north pole, and south pole are measured
directly from the neutron diffraction, but for the other pole locations shown in Figure 7c, it is necessary to
calculate the intensities from the measured (101/) intensities. The normalized integrated intensity (/) of
a plane (k4kil) in the time-of-flight neutron diffraction is proportional to [60]:
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where A is the wavelength of neutron, m multiplicity of the reflection, Fj,j;; structure factor of the
reflection, @scattering angle, N. the number of unit cells contributing to the scattering within the
scattering volume, V. During the current time-of-flight neutron diffraction measurement, 26 is fixed at
90° and the A is proportional to the time-of-flight and, in turn, the d-spacing of a reflection according to
the Bragg’s law. The multiplicity of (0002) plane is 2 and that of (101/) planes is 12. N, is often referred
to as a reduced intensity and used to express the texture [26, 28]. However, N, was considered constant
for different reflections along with 8 and V. Therefore, the theoretical calculation of the intensity ratios
between (101/) and (0002) summarized in Table 2 are based on a random texture case. Subsequently,
however, by using the measured intensities of (101/) and the theoretical intensity ratios, the textured
intensities of (0002) are rendered. For example, the normalized intensity ratio between (0002) and (1012)
is 1 to 0.43. Hence, the calculated intensity of (0002) would be 2.33 times the measured intensity of
(1012).

4.1.3 Comparison between reconstructed and measured (0002) PFs

By combining the distribution of (0002) poles and their intensities calculated from the (0002) and (101/)
reflections, the (0002) PFs are rendered. Figure 8 presents the comparison between the reconstructed and
measured (0002) PFs in the stir zone at the end of the FSP for both L.Z and HZ conditions. Note that the
reconstructed PFs (Figure 8a) are prepared following the procedures described above and the measured
PFs (Figure 8b) are obtained from a post-mortem texture measurement (with a full pole coverage) on
extracted cylindrical samples from the FSP plates.

For the LZ case, the reconstructed PF shows the characteristic spread of the intensity between the ND
and RD with a significantly weakened initial basal texture along ND and a new maximum near 30° from
ND. The intensities at the north and south poles are clearly rendered as well. This is in a good agreement
with the measured PF in terms of both the distribution and the intensity. Moreover, our assumption of
preferred variant selection on the ND-RD plane along RD direction seems to be reasonable. In the
measured PF, however, the spread of poles is a little bit wider and the overall intensity distribution seems
to be rotated counter clockwise by about 20° near RD. For the HZ case, there is an excellent agreement
showing a single, strong component near 30° off ND.

Generally, two different types of texture have been reported for the stir zone of the FSW/FSP Mg
plates in the literature [5, 17, 21, 26, 32-37]: (i) a shear texture where <0001> is near parallel to the PD
(which is typically parallel to RD) and (ii) an off-ND single-component texture where <0001> lies
between ND and PD. It was shown that the (0002) plane prefers to coincide with the shear surface of the
tool pin and tool shoulder during an FSW/FSP under processing conditions close to a low-Z condition
[33, 61-64]. This type of shear texture is also found in the Mg alloys manufactured using other
techniques. For the equal channel angular processing (ECAP) of Mg alloys [65, 66], it was found that
basal plane tilted 45° from the extrusion axis, parallel to the shear plane. Also, the typical basal texture of
rolled Mg alloy plates can be understood that (0002) plane tends to align parallel to the shear surface of
the rolls. On the other hand, the final texture of the HZ case is a strong off-normal texture. Recently, a
constitutive study was conducted on the effect of the Z parameter during a hot compression on the texture
and the recrystallized grain size [16]. It was shown that, above Z of about 10" s™', the dynamic
recrystallization is preceded by a significant twinning, which results in much finer recrystallized grains
forming within the twinned daughters along with a strong off-ND texture component. Also, the “stop-
action” studies on the texture of AZ31 during FSP [37, 64] reported the observation of extension twins in
front of the tool pin along with the off-ND texture in the stir zone. Figure 8c shows the optical
micrographs of the stir zone of LZ and HZ cases, respectively. The average grain size for the LZ case is
22 (+ 10) um and that for the HZ case is 5 (+ 2) um. Compared to the grain size of the as-received
specimen (16 = 7 pm), the grain size increased for the LZ case, whereas a significant refinement was
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observed for the HZ case, which is consistent with the constitutive study where the twin-assisted dynamic
recrystallization resulted in a significant grain refinement along with a strong oft-ND texture [16, 22].

Based on the good agreements with the post-mortem textures shown in Figure 8, the same
reconstruction procedure was performed for all in-situ neutron diffraction data to assess the temporal
evolution of (0002) PFs during FSP, which will be discussed in Section 4.3. But, first, let us discuss the
estimation of the temperature evolution during FSP using the measured lattice parameter data in the next
section, so that the time-temperature-texture correlation can be discussed subsequently.

4.2 Assessment of temperature evolution during FSP

From the changes in lattice parameters (a or ¢) during FSP (Figure 6), the lattice strains can be obtained
using: €* = (a — a,)/a,, where a s the lattice parameter under the influence of FSP (i.e., due to the
stress and temperature) and a,, is the reference (stress-free and ambient-temperature) lattice parameter
measured at t = 0 s (or at -15 mm) before the processing. For the Mg alloy, the average lattice strains of
& = 2/3&f* + 1/3¢f (where i = RD//PD and ND) were obtained [52]. Figures 9a and 9b show the
changes in the lattice strains of &pp and &yp measured during the processing under the LZ and HZ
conditions, respectively. It should be noted that these apparent lattice strains measured in situ using
neutron diffraction contain both elastic and thermal strain components.

The temperature profile can be obtained from this thermal strain component following the procedure
described by Woo et al. [42, 67]. First, the thermal strain (&) during the processing can be expressed by:

v 1-v 2v-1
th [1+v ( RD TD) 1+v ND E ND

4

where €gp, rp, and eyp refers to the apparent lattice strain measured along RD, TD, and ND of the plate;
v is the Poisson’s ratio; E is Young’s modulus, and oy p is the stress along ND of the plate. Due to the
geometrical difficulty of measuring the diffraction along TD during the in situ FSP, we assume that erp =
&rp- According to Woo et al. [43], the measured e7p and i of the Mg alloy after the FSP was very
comparable. A constant Poisson’s ratio v of 0.35 was used because of its weak temperature dependence.
The temperature (in K) dependent Young’s modulus E (in MPa) was obtained by fitting the data available
in the literature [55]:

E(T) = 0.19T% — 209.27T + 86074 (5)

onp Was assumed negligible outside the FSP tool (based on plane stress condition) but was estimated at
about -17 MPa under the tool (based on the ratio of forging force and the tool shoulder area).

The thermal strain (g;5) can also be estimated based on the measured coefficient of thermal
expansion, a(T), presented in Equation (2).

En = f2T98 a(T)dT (6)

By combining Equations (2), (4), (5), and (6) and solving it for T, we obtained the temperature profiles,
presented in Figures 9c and 9d.

Qualitatively, the temperature profiles of the LZ and HZ cases are quite similar in that the
temperature increased rapidly as the tool approached and then dropped sharply as the tool pin traveled
away. When the scattering volume is outside the tool shoulder (beyond +12 mm at the wake), the cooling
seems to slow down significantly from the linear cooling under the shoulder. Specifically, the most
striking difference between the two cases are the peak temperatures, which are 775 K and 640 K for the
LZ and HZ conditions, respectively. These peak temperatures are comparable to the values estimated
empirically, namely 783 K and 608 K (Table 1). Note that even though the peak temperatures for both
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cases were observed on the wake side, the temperature differences between either side of the tool pin
were small. Also, the heating and cooling rates under the shoulder are rather symmetric for both cases.
However, even though the HZ case exhibits a lower peak temperature than the LZ case, the rates of
temperature change under the shoulder for the HZ case were about 14 times faster during heating and
about 9 times faster during cooling compared to the LZ case. In summary, compared to the LZ case, the
HZ processing was overall much shorter processing (33 vs. 330 s), reached a lower peak temperature (640
vs. 775 K), and exhibited faster heating and cooling rates (19 vs. 1.4 K/s for heating and 16 vs. 1.7 K/s for
cooling).

4.3 Time-temperature-texture diagram: texture development during FSP

The time-temperature-texture diagram is presented in Figure 10. The developments of the texture during
the FSP are shown in terms of the (0002) PFs as a function of the processing time for both LZ and HZ
conditions. Also presented in the diagram is the temperature profile. The center of each PF marks the
corresponding temperature. Note that the (0002) PF at t = 0 s was also reconstructed for consistency,
following the Von Mises—Fisher distribution with a 15° angle range.

During the LZ processing, under the tool shoulder as the tool initially approached (60 s, top x-axis),
the strong basal texture weakened at ND and spread towards RD at about 730 K. About 6 mm away from
the pin surface (90 s), the temperature reached 772 K and the ND intensity weakened further and the
intensity spread a little more. After the pin stirred through and at 6 mm behind the pin in the wake (210 s),
the intensity is spread even more widely between ND and RD. The change caused by the stirring of the
pin is somewhat subtle when comparing the PFs at 6 mm in front of and behind the pin (90 s vs 210 s).
The main difference is the appearance of a new maximum between 30° ~ 50° from ND, while still
maintaining some intensity at ND. At 9 mm from the pin at the wake (240 s), still under the shoulder, the
temperature dropped to about 720 K and a new component developed along RD (both north and south
poles). At this stage, a typical shear-type texture was fully formed. This type of texture is often observed
in the FSW Mg alloy plates where the (0002) planes are aligned with the shear surfaces of the tool
shoulder and pin. Subsequently, as the tool traveled away and the temperature dropped further down to
about 670 K (270 s), the texture characteristics remained similar but the RD component became stronger
and the maximum between 30° ~ 60° off ND further intensified.

First, the RD component (at north and south
poles) is often attributed to the shear component caused by the tool pin surface. However, the RD
component did not appear immediately after the stirring at 210 s but first observed at 240 s with some
delay and further intensified at 270 s. It is plausible that an optimal combination of strain rate and
temperature would be needed at the wake of the tool pin for the RD component to form. Similarly, the
shear component formed by the tool shoulder (i.e., smearing of the ND component along ND-RD plane)
also did not appear instantaneously but took time to develop starting from 60 s to 210 ~240 s.
Alternatively, at the wake of the current LZ FSP, the processing condition would shift towards an HZ
condition away from the pin. Although the strain rate would decrease moving away from the tool pin, the
rapid decrease in temperature could more than compensate it and gradually increase the Z parameter at
the wake. This condition could promote i, potentially contributing to the increasing
intensity of the RD component.

Secondly, away from the tool shoulder during cooling at about 630 K (330 s), the RD component
weakened somewhat and also the previous maximum shifted closer to 30° and concentrated. At this point,
since the materials is out of the tool shoulder, it is mostly subjected to a static annealing. It has been
reported that the - is unstable upon annealing at 623 K and generates a recrystallization microstructure
[68-70]. For example, when Song et al. annealed equal channel angular rolled Mg plate with the basal and
extension [l texture at 623 K, the extension [l texture disappeared and a 40° off-ND texture was
formed and intensified. In the current LZ case, the weakening of RD component and the slight shift of the
maximum intensity towards 30° may be attributed to the similar effect.
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In'comparison, during the HZ processing, under the shoulder (6 mm in front of the pin, 6 s into the

processing), the material is subjected to flow at 576 K. And there is a significant weakening of the ND
component compared to the LZ case. Closer to the pin (at about 633 K), the maximum has already shifted
to about 20° off ND. At about 6 mm behind the pin in the stir zone (i.e., 21 s into the processing), the
temperature reached the peak (640 K) and the initial ND component was completely dissipated to exhibit a
strong single component texture at about 34°. This is qualitatively quite different from the shear texture
observed in LZ case. At the wake of the tool and during cooling, the characteristics of the texture remains
the same but the maximum intensifies markedly (from 11 to 23) and shifts slightly towards 30° off ND.

The HZ processing is overall a lower temperature process where the texture development is much
more abrupt and starts occurring as low as 570 K and completes at around 630 ~ 640 K. At this temperature
range, even under much slower strain rates than the estimated 9 s™', there could be significant twinning
activities. For example, Li et al. [49] investigated the effect of thermo-mechanical input on the recrystallized
grain size and development of texture of AZ31 Mg alloy during hot compression under a wide range of
temperature, strain rate, and strain. The results showed that the texture exhibited a shear type with a diffuse
distribution of (0002) poles along the ND-TD plane under relatively low Z conditions. On the other hand,
under the Z of about 10" and 10" s (similar to the current HZ condition), the deformation twinning
activities became prevalent, which changed the recrystallization kinetics. There was an incubation period
followed by a rapid recrystallization leading to a significant grain refinement. This twin-assisted
recrystallization also produced a strong off-ND texture. Moreover, Yu et al. also reported the similar effects
of the twin-assisted dynamic recrystallization on the grain refinement and texture development during a hot
compression [59] and also FSP [5] of AZ31 Mg alloy. They also showed that both the through-thickness
and in-plane hot compressions resulted in almost identical recrystallization microstructures and suggested
that the involvement of the deformation twinning in the dynamic recrystallization and grain refinement are
path independent and may prevail for the more complicated loading/flow patterns. Despite the more
complex material flow expected during the FSP compared to the uniaxial studied conducted earlier [16, 40,
59], the texture developments during the FSP indicate that the process can be considered to be strongly
governed by the Z parameter.

5. Conclusions

The time-of-flight neutron diffraction technique was used for an in-operando study on the real-time
development of texture during the friction stir processing (FSP) of AZ31 Mg alloy. First, a series of in-
situ, quasi-steady state measurements of the lattice parameters and integrated peak intensities were
conducted as a function of the distance between the FSP tool pin and the diffraction measurement
positions. Subsequently, the quasi-steady state measurement results were converted to a Lagrangian
dataset representing a series of time-resolved snapshots of the transient material behavior during the FSP.
As a result, the time-temperature-texture diagram was constructed that illustrate the development of
texture and the evolution temperature during FSP as a function of the real processing time. Moreover, the
study was conducted for two different thermo-mechanical processing conditions in terms of the Zener-
Hollomon parameter (Z) to investigate the effect of Z on the resulting temperature profile and texture
development during the FSP. The specific conclusions are as follows.
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e The two FSP conditions studied are: (i) a low-Z processing using 1200 rpm tool rotation and 0.1
mmy/s travel speed, corresponding to the Z of 4.5x10'* s™! and (ii) a high-Z processing with 300 rpm, 1
mm/s, and the Z of 3.1x10" s7!.

e Using the thermal lattice strains measured by neutron diffraction and the coefficient of thermal
expansion, the temperature profile during FSP was estimated. For the LZ and HZ cases, the peak
temperature reached at 775 K and 640 K, respectively.

e Using the integrated intensities of multiple reflections measured in situ along ND and RD during the
FSP, (0002) pole figure (PF) was reconstructed. The current reconstruction method using the in-
operando neutron data was validated by comparing the final texture to the post-mortem PF measured
using a conventional texture measurement scheme. The results showed a good agreement for both LZ
and HZ cases. The LZ FSP produced a shear texture often observed in the FSP Mg or Al alloy plates,
whereas the HZ FSP generated a strong single-component off-ND texture.

e The time-temperature-texture diagrams for both LZ and HZ FSP were established using the
reconstructed PFs and temperature profiles as a function of processing time.

e During the LZ FSP: After 60 s of processing (9 mm in front of the pin; 730 K), the strong basal
texture started weakening and spread towards RD under the shoulder. After 90 s (6 mm in front of the
pin; 772 K), the basal texture was further spread out towards RD. Immediately after the stirring (210
s; 6 mm behind the pin; peak temperature of 775 K), a broad spread of intensities along ND-RD plane
was observed with the new maximum at 41° from ND. Typical FSP shear texture was fully formed
with the RD components appearing as well after 240 s (9 mm behind the pin; 720 K). Further behind
the pin at the wake (cooling to 670 K), the RD components continued to strengthen under the
shoulder. Finally, during subsequent cooling to 630 K, the RD component weakened slightly and the
maximum shifted to about 30° off ND.

e During the HZ FSP: After 6 s (9 mm in front of the pin; 576 K), the initial basal texture was
significantly weakened. At 9 s (6 mm in front of the pin; 633 K), the maximum intensity shifted to
30° from ND. Immediately after the stirring (21 s; 6 mm behind the pin; peak temperature of 640 K),
a strong single component texture was formed at 34° off ND, which is drastically different from the
texture formed during the LZ processing. Subsequently, the characteristics of the texture remained the
same but the maximum intensified significantly from the scale of 11 to 23 (multiples of a random
distribution).

e The real-time, in-operando neutron diffraction measurements allowed the experimental observation of
the texture development along with the changes in temperature during the FSP of a Mg alloy. The
results show that the texture development can be strongly influenced by the key processing
parameters and the Z value can be one of the texture design parameters even for the processing
involving a complex materials flow. The neutron diffraction methodology used here can also be
applied to other various transient materials behavior studies involving different manufacturing
processes.
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Table 1. Friction stir processing conditions and the calculation of Zener-Hollomon parameter (Z) based
on the processing parameters and the activation energy of 164 kJ/mol [47, 49]. The peak temperature,
average strain rate, and the Z values for the stir zone are empirically calculated following [5, 22, 44-49].

Rotation speed Travel speed Peak temperature Strain rate Z
(rpm) (mmy/s) XK) (s s
1200 0.1 783 37 3.3E12

300 1 608 9 1.2E15




Table 2. The angles and normalized intensity ratios between (0002) and (1011) reflections are calculated
for the reconstruction of the distribution and magnitude of (0002) intensities on the (0002) PF. The a and
c lattice parameters of 3.19 A and 5.19 A are used for the calculations of the angles for the Mg alloy.

Plane Angle to (0002)  Calculated intensity ratio, R
(0002) 0° 1

(1015) 21° 0.09

(1013) 32° 0.46

(1012) 43° 0.43

(1011) 62° 3.53




Figure 1. As-received AZ31B Mg alloy plate: (a) microstructure and (b) (0002) pole figure.
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Figure 2. Schematic of the in=situ neutron diffraction measurement setup at the VULCAN beamline. Top
view shows that the potable FSP machine is laid sideways and the FSP tool rotates at a fixed position,
while the Mg alloy plate travels as indicated with a yellow arrow. The processed region behind the
rotating FSP tool is marked with a green box. Note that RD, PD, and ND refer to the rolling, processing,
and normal directions of the plate, respectively. Also shown are the incident neutron beam, the scattering
volume (i.e., the current measurement location marked with a solid red box), and diffracted neutron
beams reaching the two detector systems. Note that the in=situ neutron diffraction measurements were
conducted as a function of the distance between the scattering volume and the tool pin, for each distance
case using a new Mg plate. A series of other measurement locations are also marked with red boxes
(dotted line).
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Figure 3. - neutron diffraction measurements and a conversion from Eulerian to Lagrangian dataset
to probe time-resolved transient behavior during FSP. The example shown here is for the LZ case. (a)
Various quasi-steady state measurement positions in the Mg plate at different distances (mm) from the
tool pin. (b) A schematic showing all measurement positions in the plate. (c) The conversion of a dataset
measured as a function of the distance (mm) in (a) to a dataset “measured” as a function of time (s) during
processing.
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Figure 4. In-situ neutron diffraction data measured during FSP. Example here shows a quasi-steady state
measurement conducted at +10.5 mm position (red box) at the wake of the FSP in the processed region
(green region) for about 60 minutes during an LZ FSP. The stationary FSP tool was rotating at 1200 rpm
and the Mg plate traveled at 0.1 mm/s. (a) Schematics showing three different timeframes during the
measurement. Contour plots of a series of time-of-flight diffraction patterns (d vs. intensity) presented as
a function of time during the FSP are presented for: (b) detector bank 1 (i.e., RD patterns) and (c) detector
bank 2 (i.e., ND patterns). The analysis of these diffraction patterns showed that the lattice parameters and
integrated peak intensities reached a steady state during which a time-averaged lattice parameter and
intensity values are obtained. These results are presented in Figures 5 and 6.
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Figure 5. Evolution of integrated peak intensities measured along ND and PD (//RD) during the FSP
presented as a function of both the distance between the tool pin and the scattering volume (top x-axis)
and also the processing time (bottom x-axis). (a) LZ (0002), (b) LZ (1011), (c) HZ (0002), and (d) HZ
(1011). Note that the FSP tool shoulder and pin are shown on the top x-axis.
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Figure 6. Evolution of lattice parameters measured along ND and PD (//RD) during the FSP presented as
a function of both the distance between the tool pin and the scattering volume (top x-axis) and also the
processing time (bottom x-axis). (a) LZ a-axis, (b) LZ c-axis, (¢) HZ a-axis, and (d) HZ c-axis. Note that
the FSP tool shoulder and pin are shown on the top x-axis.
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Figure 7. Reconstruction of the distribution of (0002) poles on the (0002) PF using measured intensities
of (0002), (1015), (1013), (1012) and (1011) from the ND and RD(//PD) neutron detectors. (a) Angular
positions of (0002) poles on the PF according to the (101/) poles measured along ND during the neutron
diffraction. The black arrow points to the measured data point. The four red circles indicate the (0002)
variants selected from each (101/) on the ND-RD plane towards the RD(//PD) orientation. (b) Angular
positions of (0002) poles on the PF according to the (101/) poles measured along RD(//PD) during the
neutron diffraction. (¢) Compilation of (a) and (b) showing the distribution of (0002) poles that can be
rendered on the PF according to all (101/) reflections as well as the (0002) itself measured along ND and
RD.
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Figure 8. Comparison between the reconstructed and measured (0002) PFs in the stir zone after the FSP
under LZ and HZ conditions. Also presented are the corresponding light optical micrographs. (a)
Reconstructed PFs based on the -pneutron diffraction data measured during the FSP. (b) Measured
PFs with a full pole coverage using post-mortem samples extracted from the FSP plates. (¢) Optical
micrographs of the stir zone processed under the LZ and HZ conditions.
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Figure 9. The apparent lattice strains (egp and €yp) and temperature profiles are presented as a function
of both the distance between the tool pin and the scattering volume (top x-axis) and also the processing
time (bottom x-axis) for LZ and HZ conditions. Note that the FSP tool shoulder and pin are shown on the
top x-axis. (a) LZ apparent lattice strain, (b) HZ apparent lattice strain, (c) LZ temperature, and (d) HZ

temperature.
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Figure 10. Time-temperature-texture diagram for the FSP Mg alloy. The real-time evolutions of (0002) PFs and the temperature are presented as a
function of the processing time for both LZ and HZ cases. The center of each PF marks the corresponding time and temperature. Also, for each PF,
the maximum pole intensity and its location are noted. For example, (HZ: 3.6, 21°) indicates maximum intensity of 3.6 at 21° from the ND pole
towards the RD pole on the ND-RD plane.



