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Abstract

Spatial variations of microstructure, hardness, chemical composition, tensile behavior, texture and residual stresses were investigated
in a friction-stir-processed (FSP) AZ31B magnesium alloy. The residual stresses were measured using two different methods: neutron
diffraction and the contour method. No significant variations in the hardness and chemical compositions were found in the FSP zones,
including the severely deformed stir zone (SZ), which showed a finer grain size compared to the heat-affected zone and base material. On
the other hand, significant changes in the tensile yield strength, texture, and residual stresses were observed in the FSP zones. The rela-
tionship between the texture variations and yield strength reduction; and its influence on the decrease in the residual stress near the SZ is
discussed. Finally, the residual stresses measured by neutron diffraction and the contour method are compared and the effect of the tex-
ture on neutron diffraction residual stress measurements is discussed.
� 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Friction-stir welding (FSW) is a newly developed joining
process that has attracted tremendous interest in research
and applications due to numerous advantages over tradi-
tional fusion welding, including nearly defect-free welds
with minimized cracking, fine grain structures and mini-
mized distortion [1]. FSW uses a rotating tool consisting
of a threaded pin and shoulder to apply severe plastic
deformation and frictional heating to the base metal and
produce a strong metallurgical joint, which is achieved in
the solid-state during welding [2]. Friction-stir processing
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(FSP), a variation of FSW, is used to modify the micro-
structure of materials; examples os such modifications
include localized grain refinements and homogenization
of precipitate particles [3]. The economic and technological
benefits of FSW/FSP have been well recognized in various
engineering materials [4].

Magnesium alloys have been receiving significant atten-
tion in the transportation industry as lightweight structural
materials for energy-efficient vehicles. Various studies have
recently been reported on the FSW/FSP of Mg alloys and
the topics covered can be classified into three categories: (i)
microstructure and hardness [5–12], (ii) texture and frac-
ture [13–15] and (iii) surface modification in metals and
composites [16–20].

First, Esparza et al. [5] investigated characteristic grain
structures such as the recrystallized stir zone (SZ), transi-
tion zone (TZ) and base material (BM) in FSW AZ31B
Mg alloy and noted no loss of weld-related strength (based
rights reserved.
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on microhardness) in the SZ. Later, Chang et al. [6] and
Wang et al. [7] reported that the smaller grain size in the
SZ did not significantly increase the hardness and sug-
gested a weak grain size dependence in terms of the Hall–
Petch relationship in AZ31B Mg alloy. On the other hand,
several reports have presented significant hardness
decreases in the SZ in the case of initially strain-hardened
AZ31B-H24 alloy [9–12]. Secondly, Park et al. [13,14]
observed a strong texture development in FSW AZ61 Mg
alloy and suggested that the basal plane is roughly aligned
with the surface of the tool pin column in the SZ. Woo
et al. [15] provided quantitative texture changes using neu-
tron diffraction in FSP AZ31B Mg alloy, which were, in
turn, correlated with reduced yield strength and increased
elongation along the longitudinal direction in the SZ. The
results showed that the integrity and performance of
FSW products can be significantly influenced by the texture
changes, especially for the Mg alloy, which has a hexagonal
close packed (hcp) lattice structure and shows poor work-
ability due to the limited number of available slip systems
[21]. Finally, application of the grain-refining capability
of FSP to Mg alloys was demonstrated on the highly form-
able AZ91D Mg alloy [16], Mg-based composites with SiO2

or SiC reinforced particles [17,18] and AM60B or AZ91
Mg cast alloys [19,20].

The frictional heating and severe plastic deformation
involved in FSW/FSP can induce significant residual stres-
ses. The residual stresses in FSW aluminum alloys have
been studied extensively – see, for example, Refs. [22–28].
Generally, the maximum tensile residual stresses along
Fig. 1. Schematic of (a) FSP, (b) tool design and (c) spatially resolved neutr
magnesium alloy plate.
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the welding direction are measured as �20–50% of the yield
strength of the BM for Al alloys. Furthermore, a recent
report [29] showed that the longitudinal residual stress
can approach 100% of the yield strength (�300 MPa) of
the BM in FSW 304L stainless steel. However, direct exper-
imental investigation of the residual stress in FSW Mg
alloys has not been reported.

In this paper, we present: (1) microstructure, hardness,
chemical composition and tensile behavior results for the
FSP AZ31B Mg alloy; (2) spatially resolved measurements
of the texture variations and residual stresses using neutron
diffraction and (3) mapping of the residual stresses using
the contour method. The spatial variations of the residual
stresses, which were measured by the two inherently differ-
ent techniques, will be compared. Most importantly, we
discuss the relationship between the significant texture vari-
ations and yield strength reduction and its influence on the
residual stress profile in the FSP Mg alloy.

2. Processing, microstructure and mechanical properties

As-received commercial AZ31B Mg alloy plates were
used in the hot-rolled and soft-annealed condition (O tem-
pering). The nominal chemical composition (wt.%) was
3.0 Al, 1.0 Zn, 0.2 Mn and the balance Mg. The dimensions
of the FSP specimen were 306 � 306 � 6.5 mm3 (Fig. 1a).
The transverse sides of the plates were clamped to constrain
the displacement of the specimen during FSP and the
clamping was removed after FSP when the plate was air
cooled to 25 �C. The sample was prepared by the ‘‘bead-
on diffraction measurement positions across the centerline of the AZ31B
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on-plate” method using a single plate instead of joining two
pieces of plate.

In order to study the thermal and mechanical effects
responsible for the development of the microstructure
and stresses during FSP, two FSP cases were examined
[25]. A regular FSP plate (Case 1) was processed using both
the stirring pin and tool shoulder made of H-13 tool steel
and, hence, was subjected to both heating and deformation
during FSP. The plate was processed using the following
parameters: 0.97 mm s�1 traveling speed, 600 r.p.m. clock-
wise rotating speed and 8000 N compressive force using a
tool with a 19.05 mm shoulder diameter and a 6.35 mm
pin diameter with a 5.72 mm pin height. The tool was tilted
3� opposite to the processing direction, which coincided
with the rolling direction of the BM. Note that the advanc-
ing side, where the processing and tool rotating directions
are the same, is presented as the negative y-direction (the
retreating side is positive) throughout the paper. LD, TD
and ND denote longitudinal (x), transverse (y) and normal
(z) directions of the plate (Fig. 1a). To minimize the severe
plastic deformation and, therefore, isolate thermal effects, a
modified FSP plate (Case 2) was processed under the same
conditions as Case 1, but utilizing a special tool without the
stirring pin (Fig. 1b).

Microstructural characterization was performed at the
cross-section (y–z plane) of the FSP plates (Fig. 1a). The
samples were cold-mounted, ground, polished and etched
with a mixture of 4.2 g picric acid, 10 ml acetic acid,
70 ml ethanol and 10 ml diluted water solution for �10 s
at room temperature for the optical microscopy. Vickers
microhardness (Hv) was measured in the ‘‘middle” of the
plate thickness across the centerline with 1–2 mm horizon-
tal spacing on the polished cross-section using 50 gf applied
load (Fig. 1c). Chemical composition analysis was per-
formed along the same line using an energy dispersive spec-
trometer (EDS). The EDS had a focused electron beam size
of 100 � 100 lm with an error range of ±3% for the mea-
sured composition. The Mg and Al chemical compositions
(wt.%) were measured three times at the same position and
averaged.

A total of five tensile specimens were machined at posi-
tions of 0, ±10 and ±20 mm from the centerline with the
gauge length parallel to the centerline (i.e. longitudinal
direction) from both Case 1 and Case 2 plates. The speci-
mens were 6 mm wide, 6.5 mm thick and 25 mm long in
the gauge section, following ASTM E 8M-04. In addition,
20 subsize LD tensile samples were prepared from the Case
1 plate; these were 4 mm wide (along ND), 1.65 mm thick
(along TD) and 25 mm gauge long (along LD). The subsize
samples were cut every 2 mm across the centerline to probe
the spatial variation of the longitudinal tensile yield
strength in each characteristic region of the FSP plate.
All specimens were prepared using electrical-discharge
machining (EDM) and tensile tests were performed using
a material test system (MTS) load frame with hydraulic
wedge-grips at a constant crosshead velocity, providing
an initial strain rate of 6.7 � 10�4 s�1 at room temperature.
Please cite this article in press as: Woo W et al., Microstructure, text
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3. Neutron diffraction

3.1. Texture measurement

Neutron diffraction is a well-established technique for
spatially resolved measurements of the texture and residual
stress inside bulk materials [30,31]. The SMARTS instru-
ment (Spectrometer for MAterials Research at Tempera-
ture and Stress) at LANSCE (Los Alamos Neutron
Science CEnter) was used for the measurements of texture
and residual stress [32]. A line scan was performed at the
middle of the plate thickness for both Cases 1 and 2
(Fig. 1c). First, diffraction along the LD and ND were mea-
sured simultaneously using a 2(x) � 2(y) � 2(z) mm3 scat-
tering volume. Note that 2 mm height (x) and width (z)
of incident beam slits and 2 mm radial collimators (y)
define the scattering gauge volume. Secondly, the TD and
ND diffractions were measured using a scattering volume
of 20(x) � 2(y) � 2(z) mm3. The intensities of multiple dif-
fractions peaks were analyzed using the single peak fitting
(SPF) method in the GSAS general structure analysis sys-
tem (GSAS) [33] and prismatic ð10�10Þ basal (0002) and
pyramidal ð10�11Þ plane results are presented here.

The integrated intensities (Is) of the diffraction peaks
provide quantitative insights into the texture variations
[30,34]. Specifically, the reduced intensity, which is Is

divided by k4 (wavelength), Zs (multiplicity) and F(s)2

(structure factor) that vary for each reflection, is propor-
tional to the number of unit cells (Ns) oriented to satisfy
Bragg’s law within the scattering volume (Vcell)

Is /
k4ZsF ðsÞ2

sin2 h

 !
N s

V cell

� �
ð1Þ

Thus, the reduced intensity of a specific (h k i l) reflection is
proportional to the number of unit cells in the scattering
volume with their (h k i l)-plane normal parallel to the scat-
tering vector. More details can be found in Refs. [34,35].

3.2. Residual stress measurement

Two measurement methods were used to assess residual
stresses in the FSP Mg alloy, namely neutron diffraction
and the contour method. For the residual stress analysis
from the neutron diffraction results, the peak-position
changes were analyzed from the same data set described
in Section 3.1. Note that the LD, TD and ND were
assumed as the three principal directions of the strain ten-
sor in the given plate and that the normal component was
measured twice with reasonable reproducibility observed.
For the peak analysis, the SPF and Rietveld peak fitting
methods were used [33,36]. While the SPF refines each (h
k i l) reflection, the Rietveld refinement analyzes the entire
diffraction profile by comparing the measured and calcu-
lated profiles based on the crystallographic space group.
The lattice spacings ðdhkilÞ for each (h k i l) lattice plane
were obtained using the SPF and the lattice parameters
ure and residual stress in a friction-stir-processed ..., Acta Mater



Fig. 2. The contour method: (a) surface contour of the cut surface and (b)
surface contour constructed by three-dimensional elastic finite-element
model with hexahedral meshes.
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for the a-axis ðaaÞ and c-axis ðacÞ in the hcp structure were
analyzed using the Rietveld method.

The residual stress was calculated using a well-estab-
lished methodology described in elsewhere [22–31,37–39].
Briefly, the residual strain from the SPF can be calculated
using ehkil ¼ ðdhkil=d0

hkilÞ � 1, where d0
hkil is the ‘‘stress-free”

lattice spacing. A total of ten stress-free reference coupons
(4 � 4 � 4 mm3) were machined from the FSP plate
(Case 1) at the 0, ±5, ±10, ±15, ±20 and 120 mm positions
using EDM. It was assumed that all macroscopic residual
stresses in the coupons were fully relaxed and d0

hkil was
measured along the LD, TD and ND using a 2(x) �
2(y) � 2(z) mm3 scattering volume. The macroscopic resid-
ual stresses were then calculated using the three compo-
nents of the residual strains by Hooke’s law

rhkil
ii ¼

Ehkil

1þ mhkil
ehkil

ii þ
mhkil

1� 2mhkil
ehkil

xx þ ehkil
yy þ ehkil

zz

� �� �
ð2Þ

where i = x, y, z corresponds to LD, TD and ND, respec-
tively. The elastic constant (Ehkil) in any direction of a hex-
agonal crystal was calculated using the compliance tensors
in pure Mg [40]. Note that 45.4 GPa was used for E10�11 and
0.35 for m10�11 during the SPF analysis. From the Rietveld
analysis, the ‘‘average” strains were calculated using
eavg

ii ¼ 2ea
ii þ ec

ii

� 	
=3 (combination of the strains along the

a- and c-axes) [41] and E (45 GPa) and m (0.35) were used
for the ‘‘average” residual stress calculation.

4. Contour method

The contour method is a newly invented method for
determining the residual stress over a cross-section [42].
The displacements of the cut surface (surface contour)
due to the relaxation of the residual stress from the cutting
are compared to the flat original surface contour to com-
pute analytically the residual stresses using an elastic
finite-element (FE) model [43]. The main experimental pro-
cedures are: (1) specimen cutting, (2) contour measurement
and (3) data reduction and analysis. A detailed description
of the general methodology has been published in the liter-
ature [27,42–46].

First, the FSP plate (Case 1) was cut in half on the same
plane where the neutron diffraction measurements were
taken. The cut was made using EDM with a 100 lm diam-
eter brass wire with the part submerged in temperature-
controlled deionized water. A ‘‘skim cut” setting was used
to minimize cutting-induced stresses. A symmetrical clamp-
ing arrangement was used to minimize specimen movement
as stresses relaxed. Because the part was distorted, high-
strength epoxy was used to fill in gaps between the speci-
men and the clamping plate. The part was cut using a fixed
cutting rate of 0.38 mm min�1 and took 13.5 h to complete.

After cutting, the contour of the cut surface in each half
was measured using a confocal laser probe scanning with a
7 lm diameter spot with ±0.2 lm nominal accuracy [43].
The entire cross-section was mapped using 0.1 and
0.34 mm intervals along TD and ND, respectively
Please cite this article in press as: Woo W et al., Microstructure, text
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(Fig. 2a). The analysis followed published procedures
[42]. The contours on the two surfaces were interpolated
onto a common grid and then averaged, thus removing
any errors caused by shear stresses and the inability to
measure transverse displacements.

An ABAQUS 6.5 three-dimensional elastic FE model
was constructed for a half-part after the cut. The sample
geometry was meshed with 106,248 bi-quadratic (20 node)
reduced integration hexahedral elements (Fig 2b). The FE
model assumed a homogeneous, isotropic, linearly elastic
material with E = 45 GPa and m = 0.35. The signs of the
smoothed contour height were reversed to construct the
opposite contour and put into the FE model as displace-
ment boundary conditions in the x-direction on the cut sur-
face. The transverse displacements on the cut surface were
unconstrained, which enforces the condition that the sur-
face is free of shear stress. After the boundary conditions
were enforced in an equilibrium analysis step, the normal
stress was extracted from the cut surface. The contour
method used in this study only determines the stress com-
ponent normal to the surface of the cut, i.e. rxx. However,
it is worth noting that it is possible to determine other
stress components with additional work [47,48].

5. Results

5.1. Microstructure and tensile behavior

The microstructure and texture of the as-received base
material (AZ31B-O rolled plate) used in this study have
been reported previously [15]. The average grain size was
ure and residual stress in a friction-stir-processed ..., Acta Mater
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�50 lm measured by the linear intercept method. The pole
figure showed a strong texture, indicating that most of the
(0002) basal plane normals were parallel to the ND, which
is the typical hot-rolling texture of Mg alloys [13–15].
Fig. 3a shows overall macrostructure of the FSP AZ31B
Mg alloy. It shows distinct regions: stir zone (SZ), transi-
tion zone (TZ) and heat-affected zone (HAZ). Note that
the width of the SZ along the middle was �8 mm.
Fig. 3b clearly shows the significant decreases of the grain
size in the SZ (average 17 lm) compared to the BM. The
average grain size in the HAZ (87 lm) was, however, larger
than that of the BM. Furthermore, there was a significant
variation in the grain size through the thickness of the plate
(Fig. 3c). A noticeable variation was also found even within
a small area (100 � 300 lm2) marked in the SZ.

Fig. 4 shows microhardness and chemical composition
along the middle in the FSP Mg plate. There were no sig-
nificant spatial variations in hardness or chemical composi-
tion after FSP. The hardness results show some scatter (50–
70 Hv) (Fig. 4a), but without any noticeable trends. The
similarity of hardness in the SZ compared to the BM
(58–64 Hv) indicates that there was no significant increase
in the microhardness after FSP, even with the grain refine-
ment observed in Fig. 3b. This is consistent with recent
studies [6,7] that reported only a weak influence of grain
size on hardness changes in FSP AZ31B Mg alloy.
Fig. 4b presents the variations of the Mg and Al composi-
Fig. 3. Optical micrographs of the FSP AZ31B Mg alloy: (a) overall cross-sec
microstructure through the thickness of the plate along the centerline. Significan
(ii) through the thickness and (iii) even within the SZ (e.g. 100 � 300 lm2 reg
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tion in wt.%. It is evident that there were no pronounced
variations in the compositions of Mg (95–96 wt.%) and
Al (3.6–4.0 wt.%) compared to those measured in the BM
(shown as grey bands).

However, there were significant changes in the tensile
behavior after FSP. Fig. 5a shows tensile stress-curves
measured using the standard ASTM specimens machined
along the LD from the BM and FSP. The BM result
shows �110 MPa longitudinal yield strength (rys) and a
32% elongation. The Case 1 results show significantly dif-
ferent tensile behavior compared to that of BM, as well as
in between the samples taken at 0 and 10 mm from the
centerline. Particularly, the 0 mm sample, which was from
the SZ, showed a significant reduction in the rys

(�55 MPa) and an increased elongation (41%). On the
other hand, Case 2 showed similar tensile behavior at
these two locations, while showing overall reduction in
the rys compared to the BM. Fig. 5b shows the ratio of
the tensile rys between FSP and BM as a function of dis-
tance from the centerline. For Case 1, at ±30 mm the rys

was �70% of the BM, approaching the centerline it
increased to >90%, but right at the centerline it sharply
decreased to �50% of the BM. The significant decrease
at 0 mm in the subsize sample is consistent with the result
from the standard tensile specimen. In contrast, the tensile
results did not show the significant reduction across the
centerline in Case 2.
tional macrostructure; (b) microstructure of the SZ, TZ and HAZ; and (c)
t variations of the grain size were observed (i) across the SZ, TZ and HAZ,

ion marked with a square in c).
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Fig. 4. (a) Microhardness and (b) chemical composition measured along
the middle of the FSP AZ31B Mg alloy. The results show no significant
variations as a function of distance from the centerline. The properties
measured from the BM are shown as a thin grey band for comparison.
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5.2. Texture variations after FSP

Fig. 6 shows the variations of the reduced peak intensi-
ties of the prismatic ð1 0�10Þ basal (0002) and pyramidal
ð10�11Þ planes along the LD, TD and ND across the cen-
terline in Cases 1 and 2. The fundamental basis and the
usefulness of the reduced intensities in describing the spa-
tial variation of the texture in FSP plate, along with the
comparison to full pole figures, have been reported previ-
ously in the case of an FSP Al alloy [35]. First, the reduced
intensity of a particular (h k i l) reflection provides quanti-
tative insights into the texture variation. Let us consider
(0002) in Case 1 (Fig. 6b). It showed a reduced intensity
of 1.4 for the (00 02) peak along the ND and 0.2 along
the TD at the �60 mm position. This indicates that there
are approximately seven times more unit cells with their
(0002) plane normal oriented to ND than TD in BM.
The relative ratio is comparable to the pole density ratio
Please cite this article in press as: Woo W et al., Microstructure, text
(2008), doi:10.1016/j.actamat.2007.12.020
(previously measured as 7.4) in the (0002) pole figure of
the BM reported in Ref. [15].

Secondly, the reduced intensities in the SZ of Case 1
were significantly different compared to the BM or HAZ
(Fig. 6a–c). Most notably, Fig. 6b shows that the 1.4
reduced intensity along ND at �60 mm increased up to
2.3 at �20 mm and significantly decreased to 0.7 at
0 mm. Furthermore, the TD and ND reduced intensity
variations suggest that the basal plane normal was mainly
parallel to the ND at BM/HAZ, mostly parallel to the TD
near the TZ and not parallel to either ND or TD in the SZ
(Fig. 6b). On the other hand, the reduced intensity profiles
in Case 2 do not show such significant variations near the
SZ (Fig. 6d–f). Although there are visible changes at 8–
12 mm of the (0002) reflection (Fig. 6e), the change was
not nearly as significant as Case 1 and the prismatic or
pyramidal reflections showed very little change. Moreover,
the full pole figure measured at 8–12 mm position showed
that the texture was similar to the BM (not shown here).
Thus, the variation of the reduced intensity (texture) was
significant in the SZ in Case 1, while almost no variation
was observed in Case 2. The ‘‘presence” of each reflection
in the diffraction profile measured in each orientation is
summarized in Table 1 and the implications of ‘‘missing
reflections” on the stress analysis will be discussed in Sec-
tion 6.2.

5.3. Residual stress in the FSP Mg plate

Fig. 7 shows the residual stresses measured by neutron
diffraction using both the SPF and Rietveld methods in
the FSP Mg plate (Cases 1 and 2). Since only the pyra-
midal ð10�11Þ peak exhibited sufficient intensities along
all three directions, as shown in Table 1, the longitudinal
(rxx), transverse (ryy) and normal (rzz) residual stresses
were calculated using the ð10�11Þ data (Fig. 7a). A
peak-and-valley shape is evident, such as has been seen
in FSP Al alloys [22–28]. For example, rxx shows com-
pressive stress (�40 MPa) at �60 mm, increases to maxi-
mum tensile stress (135 MPa) at ±2 mm and sharply
decreases to compressive stress (�10 MPa) around
0 mm. The changes are qualitatively similar for ryy and
rzz. Fig. 7b shows the residual stresses obtained using
the Rietveld method. The absence of the data points
within the ±2 mm region is due to the insufficient peak
intensity of certain reflections resulting from the texture
distributions in the SZ. Overall, the residual stress deter-
mined using the Rietveld method is in good agreement
with the SPF results. Fig. 7c–d shows the residual stress
profiles obtained in Case 2. Note that the lattice spacing
measured at �60 mm of the plate was used as the ‘‘stress-
free” lattice spacing. As for Case 1, the results for Case 2
are in good agreement between the two methods. How-
ever, contrary to Case 1, the results for Case 2 do not
show the sharp decrease in the residual stress near the
SZ. More detailed discussion will be presented in Section
6.1.
ure and residual stress in a friction-stir-processed ..., Acta Mater
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Fig. 8 shows the results from the contour method show-
ing the rxx measured for the FSP Mg alloy (Case 1). The
measured displacement contour (�200 lm variation) was
converted to stress following the steps of data analysis
described in Section 4. Note that the thickness of the plate
is magnified by a factor of three for clarity (Fig. 8a). Signif-
icant tensile stresses are observed at ±10 mm and mild com-
pressive stresses further away from the centerline for the
required stress balance. Fig. 8b shows the rxx profile
extracted along the three marked lines and averaged to
make it comparable to the sampling volume of the neutron
diffraction measurements. The rxx profile slows ��30 MPa
at ±150 mm and a maximum of�90 MPa at�7 mm, with a
sharp drop to �20 MPa at the centerline. It is important to
note that the significant decrease in the residual stress
(�70 MPa) from �7 to 0 mm is consistent with the result
of the neutron diffraction for Case 1 obtained using the
SPF method, as shown in Fig. 7a. For the comparison,
the longitudinal residual stress (rxx) obtained from the neu-
tron diffraction (both SPF and Rietveld) and the contour
method are plotted in Fig. 9, which show a good agreement.

6. Discussion

6.1. Residual stress in FSP Mg alloy

The influence of the severe plastic deformation during
FSP on the texture development and its effect on the longi-
tudinal yield strength (rys) will be discussed in this section.
Furthermore, the relationship between the rys reduction
and the reduction of the residual stress will be discussed
by contrasting the different experimental observations from
Cases 1 and 2.

The general trends of the residual stress profiles are sim-
ilar between Case 1 (tool pin and shoulder) and Case 2
(tool shoulder only) in the FSP AZ31B Mg alloy (Fig. 7).
Please cite this article in press as: Woo W et al., Microstructure, text
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This suggests that the dominant source of the residual
stress was the frictional heating from the tool shoulder,
as established for the case of an Al alloy [25]. More inter-
estingly, the results in Case 1 show a sharp decrease in
the residual stress near the SZ, unlike Case 2 (Figs. 7 and
8). For FSP Al alloys, it has previously been reported that
the reduction in the residual stress profile observed near the
centerline is due to the rys reduction resulting from the
microstructural softenening (e.g. dissolution and coarsen-
ing of strengthening precipitates) caused by the frictional
heating, mainly from the tool shoulder [24,25,28]. There-
fore, the softening effect was observed in both Cases 1
and 2 of the FSP Al alloy [25,28]. However, in the case
of FSP Mg alloy, the softening was observed only in Case
1. Furthermore, compared to the residual stress profiles of
FSP Al alloys [22–28], the softening near the centerline is
quite distinct in the FSP Mg alloy (Case 1). It is suggested
that the severe plastic deformation from the tool pin, rather
than the frictional heating from the tool shoulder, caused
the texture changes in FSP [35]. The shear plastic flow asso-
ciated with the severe plastic deformation, which is caused
by the tool pin during FSP, creates crystallographic rear-
rangements of the basal (0002) plane (preferential slip
plane) in that the basal planes surround the tool pin surface
in the SZ [13–15]. As a result, significant texture changes
were clearly observed in the SZ of the FSP Mg alloy (Case
1) (Fig. 6a–c), while little change was observed in Case 2
(Fig. 6d–f). Since the basal plane in the Mg alloy is neither
parallel nor perpendicular to the tensile direction (LD) in
the SZ, the FSP texture near the SZ causes the increases
in Schmid factor and lower rys in the SZ compared to
the BM or HAZ [15]. The effect of severe plastic deforma-
tion on the texture variation and, in turn, on the rys is
clearly manifested in Figs. 5 and 6a–c for Case 1. In con-
trast, the nearly constant rys in Case 2 across the centerline
is well-correlated to the fact that there was almost no tex-
ure and residual stress in a friction-stir-processed ..., Acta Mater
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ture change in Case 2 (Figs. 5 and 6d–f). It is worth noting
that the hardening behavior is similar for all cases (Fig. 5a),
whereas the flow-stress is significantly lower for Case 1 at 0
(mainly due to the lower yield stress), indicating that the
Taylor factor, M, also varies as a function of position
within the FSP Mg alloy [49].

Consequently, texture-induced rys reduction could be
the main cause for the residual stress reduction near the
SZ observed in Case 1. The rys profile obtained using
the subsize tensile specimens (Fig. 5b), is qualitatively
Please cite this article in press as: Woo W et al., Microstructure, text
(2008), doi:10.1016/j.actamat.2007.12.020
similar to the residual stress profile (Figs. 7a and 8b).
The relationship between rys and residual stress is more
evident when comparing the results between Cases 1
and 2. The clear decreases in the residual stress of the
SZ in Case 1 cannot be found in Case 2, which does
not show this rys reduction. In summary, the severe plas-
tic deformation caused by the tool pin caused significant
texture variation across the centerline in Case 1, which
resulted in an increase in Schmid factor and a reduction
in the longitudinal rys near the SZ. As a consequence,
ure and residual stress in a friction-stir-processed ..., Acta Mater



Table 1
The results of SPF analysis of the diffraction profiles summarizing the
presence of the prismatic ð10�10Þ basal (0002) and pyramidal ð10�11Þ
planes along the LD, TD and ND in Cases 1 and 2

Peak LD TD ND

ð10�10Þ Prismatic O O X
(0002) Basal X Oa O
ð10�11Þ Pyramidal O O O

‘‘O” indicates that the reflection was available and ‘‘X” denotes that the
reflection was missing or of poor quality, unsuitable for analysis due to the
texture. The missing reflections were the ð10�10Þ peak along ND, the
(0002) peak along LD and the (0002) peak along TD within ±2 mm of
Case 1 due to the strong texture of the BM and FSP Mg alloy. Note that
only the ð10�11Þ peak was available along all three directions, allowing the
residual stress calculation.

a Note that the (0002) reflection along TD is missing within ±2 mm in
Case 1.
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the residual stress profile of Case 1 exhibits a sharp
decrease in the SZ due to localized texture-induced soften-
ing, which was not observed in Case 2.

Finally, the decrease in rys near the SZ in Case 1, in spite
of no corresponding decreases in hardness (Fig. 4a),
implies that the microhardness does not represent the mac-
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roscopic tensile properties in the current case where the tex-
ture change is responsible for the softening rather than the
dissolution or growth of precipitates in the case of, for
example, FSP Al 6061-T6 alloy. In addition, since nearly
constant chemical composition was observed in the SZ,
HAZ and BM (Fig. 4b), the presence or dissolution of a
new phase or compound is not plausible as an explanation
of the changes in rys.

6.2. Effect of texture on the residual stress measurements

Neutron diffraction stress measurement is tricky when
the material has a strong texture, large grain size, or inho-
mogeneous chemical composition [37,39,50]. Mg alloy
plate exhibits a strong texture and the SPF results showed
insufficient peak intensities from certain specific (h k i l)
planes along certain directions, as summarized in Table
1. For example, the (0002) basal plane normal is predom-
inantly oriented to the ND/TD in the BM (Fig. 6b). Simi-
larly, the missing (0002) diffraction peak within the SZ
along TD (Fig. 6b), which is caused by the strong texture
distribution (e.g. basal plane surrounding the pin column)
in the FSP Mg alloy, is problematic for stress analysis.
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e 1 are not available due to a strong texture within the SZ.
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However, since the ð10�11Þ pyramidal diffraction peak was
available along LD, TD and ND (Fig. 6c), it was used to
calculate residual stresses in FSP plate (Fig. 7a).
Please cite this article in press as: Woo W et al., Microstructure, text
(2008), doi:10.1016/j.actamat.2007.12.020
The different stress analysis can also provide an errone-
ous result within the SZ due to the strong texture (Fig. 7b).
For example, the sharp changes in texture across the SZ in
the FSP Mg alloy can cause an inhomogeneous distribu-
tion of a certain diffraction plane within the scattering vol-
ume. This could cause a mismatch between the geometric
centroid of the nominally defined neutron gauge volume
and the centroid of the actually ‘‘sampled” gauge volume
and so could result in an artificial shift in the measured
d-spacing and errors in the measured strains. Such an effect
(often called an ‘‘edge effect”) is often encountered when
the neutron gauge volume is only partially filled with the
specimen during measurement of stresses near the specimen
surface [39,51]. Therefore, the contour method result was
essential to eliminate the ambiguities in interpreting the
neutron diffraction results due to the texture effect in FSP
Mg alloy. Indeed, the contour method result clearly
showed the significant decreases in the macroscopic rxx

within the SZ (Fig. 9). Furthermore, the comparison shows
a good agreement within experimental uncertainties. For
example, the peak at �7 mm was �90 ± 5.0 MPa using
the contour method and 93 ± 12 MPa (SPF) and 120 ±
26 MPa (Rietveld) using neutron diffraction. Furthermore,
the asymmetric distributions of the residual stress between
the advancing and retreating sides was similarly evident in
both measurements.

7. Conclusions

1. Microstructure, hardness and chemical composition
were examined in an FSP AZ31B Mg alloy. In spite of
the refined grain size, no significant variations in the
hardness or chemical composition were found in the
severely deformed SZ compared to the HAZ and BM.

2. The longitudinal tensile behavior was investigated using
tensile specimens machined along the longitudinal direc-
tion from: (i) BM, (ii) typical FSP plate (Case 1, pro-
cessed using a regular tool with a pin and shoulder)
and (iii) modified FSP plate (Case 2, processed with a
tool with shoulder only to minimize plasticity-induced
effects caused by the pin). There were significant yield
strength reductions (55% of the BM) in the SZ of Case
1, while this was not observed in Case 2.

3. Spatial texture variation as a function of distance from
the FSP centerline was measured using neutron diffrac-
tion in Cases 1 and 2. The variation of the reduced peak
intensity (texture) was analyzed using the prismatic
ð1 0�10Þ basal (0002) and pyramidal ð1 0�11Þ reflections
and it showed a significant variation in the SZ in Case
1, while almost no variation was observed in Case 2.

4. Residual stresses were measured using neutron diffrac-
tion and the contour method. The neutron diffraction
results were analyzed using both the single peak fitting
(SPF) and Rietveld methods for the FSP Mg plate
(Cases 1 and 2). For neutron diffraction results, the
residual stress profiles show significant decreases near
the SZ (±2 mm) in Case 1, while this was not observed
ure and residual stress in a friction-stir-processed ..., Acta Mater
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in Case 2. The contour method result was consistent
with the neutron diffraction results for Case 1 and it also
clearly showed the significant decreases in the residual
stress (up to 70 MPa) near the SZ.

5. Overall, similar residual stress profiles were observed in
both Cases 1 and 2, suggesting that the dominant source
of the residual stress is frictional heating from the tool
shoulder. On the other hand, near the SZ, a sharp decrease
in residual stress was observed only in Case 1, which sug-
gests that this decrease is related to the severe plastic
deformation rather than the frictional heat. The severe
plastic deformation caused significant texture variation
in Case 1, which resulted in an increase in Schmid factor
and reduction in the longitudinal rys near the SZ. As a
result, the residual stress profile of Case 1 exhibits a sharp
decrease in the SZ due to localized texture-induced soften-
ing, which was not observed in Case 2.
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