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Abstract—This study presents a new method to determine both the macroscopic and microscopic (including elastic mismatch, thermal misfit and
plastic misfit) residual stresses in metal matrix composite (MMC) welds via neutron diffraction. As an illustration, friction stir welded 17 vol.%
SiCp/2009Al-T4 plates were investigated. It is shown that the calculation of the thermal misfit plus plastic misfit residual stresses in the metal matrix
of the MMC welds is much more accurate by using the absolute unstrained lattice parameter of the SiC powder sample based on the stress equilib-
rium condition compared with using that of the unreinforced alloy sample. The profiles of the longitudinal (L), transverse (T) and normal (N) com-
ponents of the total residual stress in the reinforcement are entirely different from those in the matrix. It was found that the profiles and total
variations of the L, T and N components of the total residual stress are dominated by those of the macroscopic residual stress in the matrix, and
by those of the elastic mismatch residual stress in the reinforcement, revealing a significant load transfer from the matrix to the reinforcement.
The maximum total residual stress in the metal matrix of the FSW 17 vol.% SiCp/2009Al-T4 weld could reach up to �69% of the yield strength
of the 2009Al-T4 alloy. Increasing the rotation rate has small effects on the basic profiles of the total residual stress, apart from increasing the width
of the profiles.
� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Metal matrix composites (MMCs) possess greater stiff-
ness and strength, improved resistance to fatigue, wear
and creep, a lower coefficient of thermal expansion (CTE)
and better dimension stability compared to unreinforced
metals, which makes MMCs the ideal structural materials
for aerospace and defense applications. However, the high
manufacturing cost, the poor formability and weldability of
MMCs are the major factors that limit the widespread
application of MMCs [1].

Friction stir welding (FSW), an innovative solid-state
joining technique, is considered to be a promising technique
to produce high quality MMC welds. In the early stage of
applying FSW to MMCs, due to the poor flow ability of
material and the severe tool wear, welding defects were easy
to form in the welds, such as the surface defects [2], the
matrix voids [3,4], the particle cracks [5], and the impurities
http://dx.doi.org/10.1016/j.actamat.2015.01.006
1359-6462/� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights

⇑Corresponding author. Tel./fax: +86 24 83978908; e-mail:
zyma@imr.ac.cn
resulting from the tool wear [2,6]. In recent years, with the
development of new types of welding tools, such as the
WC/Co tool coated with diamond [7] and the ultra-hard
cermet tool [8], sound MMC welds can be produced via
FSW under careful design of the welding parameters [9,10].

As with other welding processes, residual stresses are
generated after FSW. Early in FSW development, the resid-
ual stress in FSW joints was thought to be very small com-
pared to that in fusion welded joints [11], however, in recent
years further research has revealed that the residual stress
in FSW joints can be significant [12–20]. For instance, the
ratio of the maximum longitudinal (L) residual stress to
the yield strength of the base material ranges from �20%
to 99% in FSW aluminum alloys [18–20]. Residual stress
in the welds is a crucial issue because it significantly affects
the weld performance [21–25], such as plastic collapse
[21,25], fatigue properties [23,24] and stress corrosion [26].
To guarantee the safety of engineering design, improve
the accuracy of life prediction and damage evolution mod-
els for highly reliable structures, accurate knowledge of the
residual stress in the welds is crucial.

Until now, there have been only limited studies on
the residual strain or stress in MMC welds using
reserved.
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non-destructive measurements [22,27,28]. For instance, Jun
et al. [27] measured the residual stress in linear friction
welded 25 vol.% SiCp/2124Al plate via neutron diffraction.
The unstrained lattice parameters were roughly obtained
through the measurements at the corner of the plate, how-
ever, because strain-free samples were unavailable [27]. This
introduced significant errors because the variations of the
unstrained lattice parameter of the 2124Al matrix due to
thermal exposure were not taken into account. Other inves-
tigators [22,28] measured the residual stress in small sam-
ples cut from MMC welds. Due to stress relaxation, the
measured residual stresses were found to be small [22,28].
An unexpected profile of the residual stress that was mea-
sured using traditional X-ray diffraction was also detected
due to uncertain surface effects [22]. No systematic study
has been undertaken to investigate the residual stress in
MMC welds.

According to their scales and sources, the residual stres-
ses in MMCs are divided into macroscopic and microscopic
(including elastic mismatch, thermal misfit and plastic mis-
fit) residual stresses [29]. The macroscopic residual stress
has a variation wavelength at the scale of several millimeters
or more. The elastic mismatch residual stress, reflecting the
load transfer from the matrix to the reinforcement, is the
result of the mismatch in elastic constants between the
matrix and the reinforcement. The thermal misfit plus plas-
tic misfit residual stresses arise during cooling because of the
mismatch in the CTE between the two phases. The plastic
misfit residual stress is generated because plastic deforma-
tion occurs in the ductile matrix, while only elastic deforma-
tion takes place in the stiff reinforcement. The plastic
deformation in the matrix can be caused by the macroscopic
temperature gradient, the stirring effect of the welding tool
and the heterogeneous deformation during the cooling stage
of the FSW process due to the mismatch in the CTE
between the matrix and the reinforcement. The elastic mis-
match, thermal misfit and plastic misfit residual stresses
are phase specific and belong to the microscopic residual
stress, with a variation wavelength at the scale of several
micrometers. Clearly, the residual stress in MMCs is more
complex than that in unreinforced metals. Consequently,
current methods of determining the residual stress for unre-
inforced metals have their limitations for MMC welds.

Recently, Cioffi et al. [20] proposed a method to deter-
mine the macroscopic residual stress in unreinforced metals
based on a genetic algorithm and equilibrium conditions of
both stress and bending moments, avoiding measuring the
unstrained reference parameter. So far, applying this new
method [20] to MMCs remains a great challenge and the
process needs further development. The complexities
induced by the load transfer from the matrix to the rein-
forcement and the presence of the thermal misfit plus plas-
tic misfit residual stresses have to be taken into account. To
solve these issues, the measurements of the unstrained ref-
erence lattice parameters may be unavoidable. Besides, fur-
ther hypotheses about these methods may be necessary. For
instance, the elastic mismatch, thermal misfit and plastic
misfit residual stresses may be assumed to be constant
across the weld, and then, the problem is virtually the same
as exists without reinforcement. In spite of this, the mea-
surements of the unstrained reference lattice parameters
for the metal matrix of MMCs are especially difficult [30],
because the precipitation state in the matrix is changed
due to the non-uniform thermal histories. Such variations
of the precipitation state lead to changes in the unstrained
reference lattice parameters according to Vegard’s law [31].
So far, there is no report of applying these methods to
ascertain the macroscopic and phase specific microscopic
residual stresses in MMC welds.

To sum up, there is a strong demand to develop a new
framework to measure, separate and analyze the macro-
scopic and phase specific microscopic (including elastic mis-
match, thermal misfit and plastic misfit) residual stresses in
each phase of MMC welds and such a framework is the
main contribution of the present work. The effects of the
rotation rate on the residual stress in FSW MMC welds
are also assessed. The residual stresses in FSW 17 vol.%
SiCp/2009Al-T4 plates are studied as an example.
2. Experiments

2.1. Material and FSW

3.1 mm thick 17 vol.% SiCp/2009Al-T4 composite plates
were used in the present work. 2009Al alloy has a nominal
composition of Al–4.0Cu–1.4Mg (wt.%) and SiC particles
have an average size of 7 lm. The composite was fabricated
using the powder metallurgy (PM) technique and subse-
quently hot rolled into plates at 480 �C. The detailed fabri-
cation and rolling processes have been described in a
previous study [22]. The composite plates were heat treated
to T4 condition (solution treated at 516 �C for 1 h, water
quenched and naturally aged for 7 days).

Composite plates 300 � 75 � 3.1 mm3 in size were
welded parallel to the rolling direction, at a welding speed
of 100 mm/min with rotational rates of 600 and
1500 rpm. A cermet tool with a shoulder 14 mm in diameter
and a cylindrical pin 5 mm in diameter and 2.7 mm in
length was adopted. The FSW MMC samples are named
R600 (600 rpm) and R1500 (1500 rpm), respectively. The
detailed information about FSW of the composites was
reported in the previous investigations [8,9,22,32–34]. Opti-
cal microscopic (OM) examination was carried out on the
transverse section of the welds. The OM specimens were
mechanically polished and etched by Keller’s reagent.

2.2. Neutron diffraction

Neutron diffraction at the diffractometer STRESS-SPEC
of FRM II [35] was used to measure the three principal
strains, along the L, transverse (T) and normal (N) direc-
tions, across the welds at the middle thickness and the mid-
dle weld length (see Fig. 1). The Si monochromator was
selected using symmetric (400) reflection yielding a wave-
length of k = 1.7458 Å for the neutron diffraction. This
wavelength enabled simultaneous measurement of the
2009Al (311) and 6H SiC (116) reflections at scattering
angles of 2hAl �91� and 2hSiC �83�, respectively.

The states of the residual stress in different samples
should be understood for extracting different residual
strains. Usually a comb sample, in which the macroscopic
residual stress is assumed to be relaxed, is used to determine
the unstrained reference lattice parameter d0 for calculating
the macroscopic residual strains in welded samples [36]. In
MMCs, the macroscopic residual stress will create addi-
tional microscopic residual stress due to the mismatch in
stiffness, i.e. the elastic mismatch residual stress. Taking
this into account, the elastic mismatch residual stress is
therefore also assumed to be relaxed in the comb samples.



Fig. 1. Pictures of (a) the diffractometer STRESS-SPEC of FRM-II,
(b) experiment setup and definition of coordinate system, and (c) comb
sample for measuring the macroscopic plus elastic mismatch residual
strains free parameters dm;MþeM

0 and dp;MþeM
0 .
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In this regard, only the thermal misfit plus plastic misfit
residual stresses remain in the comb samples of MMC
welds, so the macroscopic plus elastic mismatch residual
strains can be extracted by calculating the relative differ-
ences in the lattice parameters between the welded and
comb MMC samples.

In the present work, two FSW MMC samples, R600 and
R1500, and the two corresponding comb samples, R600-ref
and R1500-ref, were measured. The lattice parameters of
the matrix and reinforcement measured from the FSW
MMC samples are written as dm and dp, respectively, where
the superscripts m and p denote the matrix and the rein-
forcement, respectively. The lattice parameters of the
matrix and the reinforcement measured from R600-ref
and R1500-ref are written as dm;MþeM

0 and dp;MþeM
0 , respec-

tively, where the superscript M denotes macroscopic, eM
elastic mismatch.

In order to estimate the thermal misfit plus plastic misfit
residual stresses in the reinforcement, one SiC powder sam-
ple was measured to find the ‘absolute unstrained reference’
parameters dp;a

0 , where the superscript a denotes absolute.
The thermal misfit plus plastic misfit residual strain in the
reinforcement can be extracted by calculating the relative
differences in the lattice parameters between the comb
MMC samples and the SiC powder samples. The thermal
misfit plus plastic misfit residual stresses in the matrix can
be calculated from the ones in the reinforcement using
the equilibrium condition of microscopic residual stresses.
For the purpose of comparison, a cubic sample of the unre-
inforced 2009Al alloy was also measured to determine a
rough ‘absolute unstrained reference’ lattice parameter
dm;a

0 , from which the thermal misfit plus plastic misfit resid-
ual strains in the matrix can be roughly calculated.

Fig. 1(a) shows the experiment setup in STRESS-SPEC
of FRM II. The picture detail in Fig. 1(b) shows the defini-
tion of the coordinate system for the FSW MMC samples.
The origin of the coordinate system is located at the geo-
metrical center of the FSW MMC sample. The positive T
direction is on the advancing side of the FSW MMC sam-
ple. Fig. 1(c) shows the comb sample which had a dimen-
sion of 30 � 122 � 1.8 mm3. Around ±9 mm of the weld
center (T direction) each tooth had a dimension of
25 � 1.8 � 1.8 mm3, and beyond ±9 mm (T direction) posi-
tions each tooth had a dimension of 20 � 1.8 � 1.8 mm3,
with the inter-teeth distance of 0.2 mm.

The gauge volumes for measuring the L, T and N com-
ponents of the residual strains of R600 and R1500 were
2 � 2 � 1, 20 � 1 � 1, and 1 � 20 � 1 mm3. The gauge vol-

ume for measuring dm;MþeM
0 and dp;MþeM

0 of R600-ref and
R1500-ref was 10 � 1 � 1 mm3.

The raw diffraction data were analyzed using StressTex-
tureCalculator (STeCa) software [37] to extract the scatter-
ing angle 2h of diffraction peaks. The total residual strains
eb;total

i are then calculated using

eb;total
i ¼ db

i � db;a
0

db;a
0

¼ sin hb;a
0

sin hb
i

� 1 ð1Þ

where the superscript b denotes each phase in MMCs
(b ¼ m or p), the subscript i the tensor component (i = L,

T or N), db
i are the lattice parameters of the FSW MMC

samples, db;a
0 the lattice parameters of ‘absolute unstrained

reference’ samples, hb;a
0 the diffraction angles of ‘absolute

unstrained reference’ samples, and hb
i the diffraction angles

of the FSW MMC samples.
The macroscopic plus elastic mismatch residual strains

eb;MþeM
i are calculated using:

eb;MþeM
i ¼ db

i � db;MþeM
0

db;MþeM
0

¼ sin hb;MþeM
0

sin hb
i

� 1 ð2Þ

where db;MþeM
0 is the lattice spacing of comb samples, and

hb;MþeM
0 the diffraction angles of the comb samples.

The thermal misfit plus plastic misfit residual strains

eb;tMþpM
i are assumed to be isotropic and are calculated

using:

eb;tMþpM
i ¼ db;MþeM

i � db;a
0

db;a
0

¼ sin hb;a
0

sin hb;MþeM
i

� 1 ð3Þ

where the superscript tM denotes thermal misfit and pM
plastic misfit.
3. Experimental results

3.1. Microstructures

Figs. 2(a) and 3(a) show that no defect was detected
in both R600 and R1500, indicating that sound welds



Fig. 3. Fig. 2 Optical images of R1500: (a) macrograph of the weld, (b) base material, (c) top of nugget zone, (d) center of nugget zone, (e) bottom of
nugget zone. The locations of (b)–(e) are shown in (a) (RS: retreating side and AS: advancing side).

Fig. 2. Optical images of R600: (a) macrograph of the weld, (b) base material, (c) top of nugget zone, (d) center of nugget zone, (e) bottom of nugget
zone. The locations of (b)–(e) are shown in (a) (RS: retreating side and AS: advancing side).
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could be achieved via FSW at rotation rates of 600 and
1500 rpm. It is noted that no onion structure was
observed in the nugget zone (NZ) for R600, whereas
the onion structure was visible for R1500. Yan et al.
[38] also showed that the onion structure appeared in
the NZ at higher rotation rates due to stronger stirring
effects of the welding tool.

Figs. 2(b)–(e) and 3(b)–(e) show that particle clusters in
the BM were broken up and the particle distribution in the
NZ was homogeneous for both R600 and R1500, in agree-
ment with previous studies [8,9,22,32–34]. Figs. 2(d) and
3(d) show that unlike those in the top and bottom of the
NZ, the SiC particles in the center of the NZ tended to align
along the vertical direction (the N direction), in agreement
with previous studies [9,22]. Besides, it can be seen that
more SiC particles aligned along the N direction for
R1500 compared to R600.

3.2. Residual strains

Fig. 4 shows the results of macroscopic plus elastic

mismatch residual strain eb;MþeM
i in the half-thickness

across the weld for R600 and R1500. Fig. 4(a) shows that
in the 2009Al matrix the profiles of em;MþeM

L are approxi-
mately M-shaped, in agreement with previous results
[20,39–41]. The total variations of em;MþeM
L are �2300 le

for both R600 and R1500. Fig. 4(b) shows that in the

SiC reinforcement the profiles of ep;MþeM
L , unlike those of

em;MþeM
L , have three peaks. The values away from the weld

are �0 le. The highest values of ep;MþeM
L are found at the

weld center and are �520 le for both R600 and R1500.
Fig. 4(c) shows that in the 2009Al matrix the total varia-
tions of em;MþeM

T are �850 and �730 le for R600 and
R1500, respectively. Fig. 4(d) shows that in the SiC rein-

forcement the total variations of ep;MþeM
T increase from

�420 to �730 le when increasing the rotation rate from
600 to 1500 rpm. Fig. 4(e) shows that in the 2009Al
matrix the profiles of em;MþeM

N were approximately W-
shaped, with total variations of about 1000 le. Fig. 4(f)
shows that in the SiC reinforcement the profiles of

ep;MþeM
N are V-shaped, with the lowest value located

approximately at the weld center. The lowest values of

ep;MþeM
N are about �180 and �460 le for R600 and

R1500, respectively.
Fig. 5 shows the results of the measured total residual

strains eb;total
i for both R600 and R1500. The difference

between the total residual strain and the macroscopic plus
elastic mismatch residual strain is caused by the thermal
misfit plus plastic misfit residual strains.



Fig. 4. Comparison of the profiles of the L, T and N components of measured macroscopic plus elastic mismatch residual strains across the welds at
the middle thickness and middle weld length for R600 and R1500: (a) L, (c) T and (e) N components in the 2009Al matrix, (b) L, (d) T and (f) N

components in the SiC reinforcements.
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4. Analysis and discussion

4.1. The unstrained reference lattice parameters

The variation of dm;MþeM
0 in the matrix measured from

the comb sample is mainly caused by five factors: the
remaining macroscopic residual stress, the thermal misfit
residual stress, the plastic misfit residual stress, the varia-
tion of the precipitation state and the inter-granular resid-
ual stress. The variation of dp;MþeM

0 in the reinforcement
measured from the comb sample is mainly caused by the
remaining macroscopic residual stress, the thermal misfit
residual stress and the plastic misfit residual stress. For
ceramic reinforcement, there is no precipitation, thus, no
variation of the precipitation state.

Generally, the remaining macroscopic residual stress in
the comb sample is small and does not lead to a large error
in the final stress calculation [19,36,42]. Previous investiga-
tion [43] showed that the remaining macroscopic residual
stress at the weld center was approximately zero, however,
the remaining macroscopic residual stress was reported to
be �10 MPa at positions ±20 mm away from the weld cen-
ter, and increased to �20 MPa at positions ±40 mm away
from the weld center [43]. Such remaining macroscopic
residual stress was probably caused by the large cross-sec-
tion of tooth (2.7 � 2.7 mm2) and the short tooth length
(8 mm) [43].
It is known that the magnitude of the remaining macro-
scopic residual stress depends on the sample size [24,44],
therefore, decreasing the dimension of the cross-section of
each tooth can reduce the remaining macroscopic residual
stress considerably. In the present study, to minimize the
remaining macroscopic residual stress in the comb sample,
each tooth was designed to have a dimension of
1.8 � 1.8 mm2 for its cross-section, just about 45% in the
area of the comb sample used as a reference in [43].

In addition, each tooth for the comb samples is con-
nected to the comb bottom for making the measurements
at different positions easier. To reduce the effect of the
comb bottom, the length of each tooth should be long
and the positions of measurements should be as close as
possible to the end of the tooth [42]. In this study, the
length of each tooth was 25 mm within ±9 mm positions
from the weld center and that was 20 mm beyond ±9 mm
positions from the weld center, which were much longer
than that (8 mm) in reference [43]. It is therefore reasonable
to assume that the influence of the remaining macroscopic
residual stresses in the comb samples was smaller than that
of earlier studies.

The thermal misfit residual stress should be hydrostatic
[29]. When the composite is cooled down from a high tem-
perature (e.g. welding or heat treatment temperature), the
thermal misfit residual stress is tensile in the 2009Al matrix
and compressive in the SiC reinforcement, which is the



Fig. 5. Comparison of the profiles of the L, T and N components of measured total residual strains across the welds at the middle thickness and
middle weld length for R600 and R1500: (a) L, (c) T and (e) N components in the 2009Al matrix, (b) L, (d) T and (f) N components in the SiC
reinforcements.
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usual behavior in MMCs with ductile Al matrix and stiff
particles [29]. Accurate determination of thermal misfit
residual stress in the 2009Al matrix of the FSW MMC
welds requires one sample of FSW unreinforced 2009Al
weld, which must be of exactly the same chemical composi-
tion and precipitation state as those in the matrix of the
FSW MMC welds. This is impossible for the following rea-
sons. Firstly, the thermal history of the whole FSW com-
posite plate is unknown. Secondly, even if a FSW
unreinforced alloy weld can be reproduced so that it expe-
riences exactly the same thermal history everywhere
throughout the sample, as the corresponding FSW MMCs,
the FSW unreinforced alloy weld does not have the same
precipitation state as that in the matrix of the FSW
MMC welds. This is because the precipitation behavior in
the matrix of MMCs is different from that in the unrein-
forced alloy due to the presence of the reinforcement [45].

The plastic misfit residual stress results from heteroge-
neous plastic deformation [21]. For MMCs, the ductile
matrix may experience plastic deformation, while the stiff
reinforcement only experiences elastic deformation. The
plastic deformation in the matrix due to the macroscopic
temperature gradient and the stirring effect of the welding
tool mainly occurs in the NZ [46]. This would lead to gen-
eration of plastic misfit residual stress. Nonetheless, it
should be noted that dynamic recrystallization during
FSW will more or less sweep away the dislocations gener-
ated by the plastic deformation. Hence, the plastic misfit
residual stress that is caused by the macroscopic tempera-
ture gradient and the stirring effect of the welding tool is
assumed to be zero after dynamic recrystallization. Hence,
the plastic misfit residual stress is mainly caused by the het-
erogeneous deformation during the cooling stage of the
FSW process due to the mismatch in the CTE between
the matrix and the reinforcement, and can be assumed to
be isotropic.

To obtain accurate values of the thermal misfit plus plas-
tic misfit residual stresses in the 2009Al matrix, the stress
equilibrium condition of the microscopic residual stresses
between the 2009Al matrix and the SiC reinforcement can
be applied:

ð1� V Þrm;tMþpM þ V rp;tMþpM ¼ 0 ð4Þ
where V is the volume content of the reinforcement. The
thermal misfit plus plastic misfit residual stresses in the
SiC reinforcement can be calculated directly using the value
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from the powder reference sample, dp;a
0 , which leads to Eq.

(5). Note that any remaining macroscopic residual stress
may cause some mild errors.

rp;tMþpM ¼ 3Kpep;tMþpM ¼ 3Kp dp;MþeM
0 � dp;a

0

dp;a
0

ð5Þ

where K is the bulk modulus. The relationship between
rm;tMþpM and dm;a

0 is written as

rm;tMþpM ¼ 3Kmem;tMþpM ¼ 3Km dm;MþeM
0 � dm;a

0

dm;a
0

ð6Þ

Inserting Eqs. (5) and (6) into Eq. (4), and rearranging
the equation, one can recalculate dm;a

0 in terms of dp;a
0 by

dm;a
0 ¼ð1�V ÞKmdm;MþeM

0 1�Vð ÞKm�VKp dp;MþeM
0 �dp;a

0

dp;a
0

� ��1

ð7Þ
The values of the calculated dm;a

0 based on dp;a
0 for R600

and R1500 are shown in Fig. 6(a) and (c), respectively.
Variation in the precipitation state in the 2009Al matrix

is another factor in variations of dm;MþeM
0 . For age-hardened

alloys, welding thermal history leads to phase transforma-
tion [8,32]. Ni et al. [32] showed that for the base material
(BM) of the SiCp/2009Al-T351 composite, only a few S
(Al2CuMg) precipitates and Mg2Si impurities were
observed in the 2009Al matrix. For the FSW sample of
the SiCp/2009Al-T351 composite, at a rotation rate of
1000 rpm and a welding speed of 50 mm/min, significant
amounts of h (Al2Cu) and S (Al2CuMg) phases precipitated
out in the HAZ, and some h (Al2Cu) phase precipitated out
in the NZ [32]. The effects of the Cu and Mg atoms on the
lattice parameter a (10�10 m) of Al are described by
Vegard’s law [31,47]:
Fig. 6. The inter-planar spacing of different unstrained reference samples fo
dm;MþeM

0 ’ is determined from the comb samples, ‘smoothed dm;MþeM
0 ’ is smoothe

(b) and (d) d116 of the SiC reinforcements, ‘measured dp;MþeM
0 ’ is determine

‘measured dp;MþeM
0 ’, ‘measured dp;a

0 ’ is determined from the SiC powder samp
a ¼ 4:04946� 0:00480xCu ð8Þ

a ¼ 4:04946þ 0:00374xMg ð9Þ
where xCu and xMg are the solute content (at.%) of the Cu
and Mg atoms, respectively.

Taking into account Eqs. (8) and (9), it is clear that the
lattice parameter of the 2009Al matrix recovers (increases
compared to that of BM) with the formations of h (Al2Cu)
and S (Al2CuMg) phases. This explains the variation trend
in the calculated dm;a

0 for R600-ref and R1500-ref in
Fig. 6(a) and (c). The difference in the dm;a

0 between R600-
ref and R1500-ref can be explained by the variation of
welding heat input, which changed the precipitation
sequences and resulted in different precipitation states.

The calculated ‘absolute unstrained reference’ dm;a
0 sug-

gests that the variation of precipitation states in the weld
zone leads to a strain of around 221 and 77 le in the
2009Al (311) plane for R600 and R1500, respectively.
The relationship between the strain in the inter-planar spac-
ing of the (hkl) planes, ehkl, and the strain in the lattice
parameter A, eA is written as [48]:

ehkl ¼
eAffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2
p ð10Þ

Using Eq. (10), it is easy to calculate that the variations
of precipitation states results in a lattice strain eA of around
733 and 255 le for R600 and R1500, respectively.

The final factor that may possibly cause a variation of
dm;MþeM

0 for the 2009Al matrix is the inter-granular residual
stress, which is microscopic. For MMCs, the inter-granular
residual stress arises in the matrix in the manufacturing
process, e.g. rolling, because of the anisotropy of elastic
constants and plastic deformation behavior. Existence of
anisotropic plastic deformation is reflected by the
r R600 and R1500: (a) and (c) d311 of the 2009Al matrix, ‘measured
d from the ‘measured dm;MþeM

0 ’, ‘computed dm;a
0 ’ is calculated via Eq. (7);

d from the comb samples, ‘smoothed dp;MþeM
0 ’ is smoothed from the

le.
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generation of local textures in the FSW welds [49,50].
Although the inter-granular residual stress may affect the
measurements of comb samples, the effects are small. This
is supported by several recent studies [20,42,43] which
revealed that the magnitude of the inter-granular residual
stress is insignificant.

4.2. Extraction of macroscopic and microscopic residual
stresses

The diffraction elastic constants that are calculated using
software ISODEC [51] are used to extract the residual stres-
ses from the measured residual strains. Using ISODEC,
E = 72.5 GPa and m = 0.343 are determined for the
2009Al (311) reflection, whereas E = 430.5 GPa and
m = 0.175 are determined for the 6H SiC (116) reflection.

To separate the macroscopic residual stress from the
elastic mismatch residual stress, the stress equilibrium con-
dition of rb;eM

i over one gauge volume can be applied,

ð1� V Þrm;eM
i þ V rp;eM

i ¼ 0 ð11Þ
The macroscopic residual stress which is the same in

each phase can then be calculated using:

rM
i ¼ ð1� V Þrm;MþeM

i þ V rp;MþeM
i ð12Þ

rb;MþeM
i ¼ rM

i þ rb;eM
i ð13Þ

where rb;MþeM
i is the macroscopic plus elastic mismatch

residual stress that can be calculated from eb;MþeM
i . The elas-

tic mismatch residual stress is then calculated via

rb;eM
i ¼ rb;MþeM

i � rM
i ð14Þ

The thermal misfit plus plastic misfit residual stresses
rb;tMþpM are assumed to be hydrostatic stresses. rp;tMþpM

can be calculated by Eq. (5) directly, whereas rm;tMþpM

can be roughly calculated from Eq. (6), however, significant
errors would be introduced into rm;tMþpM by using the mea-
sured dm;a

0 directly. rm;tMþpM can be calculated more pre-
cisely via rp;tMþpM based on the stress equilibrium
condition, through Eq. (4). In this regard, rm;tMþpM is writ-
ten in terms of dp;a

0 by Eq. (15).

rm;tMþpM ¼ V
V � 1

rp;tMþpM ¼ 3VKp

V � 1

dp;MþeM
0 � dp;a

0

dp;a
0

ð15Þ

The total residual stress can then be obtained by sum-

ming up rM
i ; rb;eM

i and rb;tMþpM .
Fig. 7. Comparison of the thermal misfit plus plastic misfit residual stresses a
residual stresses that were calculated via the dm;a

0 and dp;a
0 (using the equilibr
4.2.1. The thermal misfit plus plastic misfit residual stresses
Fig. 7(a) shows the thermal misfit plus plastic misfit

residual stresses rm;tMþpM for both rotation rates calculated
both via Eq. (6) using the directly measured dm;a

0 and via Eq.
(15) using dp;a

0 . The thermal misfit plus plastic misfit resid-
ual stresses calculated using dm;a

0 show significant asymme-
try and are �25 MPa away from the weld for both R600
and R1500. In the NZ rm;tMþpM has a maximum value of
�78 MPa and �41 MPa for R600 and for R1500, respec-
tively. This is surprising, because the higher temperature
level during welding for R1500 should not result in lower
thermal misfit plus plastic misfit residual stresses in the
matrix of the NZ compared to that for R600. This result
clearly reveals that the sample of unreinforced alloy is not
adequate to derive the absolute unstrained reference
parameter dm;a

0 , because it yields unreasonable results and
leads to significant errors in the final stress calculation.

Fig. 7(a) shows that the profiles of rm;tMþpM calculated
using dp;a

0 are symmetrical. For R600, the value of
rm;tMþpM calculated using dp;a

0 is �76 MPa away from the
weld center, and it decreases slightly to �72 MPa at the
weld center. For R1500, rm;tMþpM is �83 MPa away from
the weld center and has almost the same value at the weld
center as R600.

It can be seen that the thermal misfit plus plastic misfit
residual stresses in the matrix of the BM approximate to
80 MPa for both R600 and R1500. This value agrees very
well with that in the 2124Al matrix of the 17 vol.% SiCp/
2124Al composites in both natural aging and overaging
tempers in previous studies [29,52]. This indicates that the
thermal misfit plus plastic misfit residual stresses in the
matrix of the BM are inherited from the T4 treatment
and are not much affected by the welding thermal exposure.
This is easy to understand because the modification of the
pre-existing thermal misfit plus plastic misfit residual stres-
ses (caused by the T4 treatment in this study) only occurs
when the temperature is high enough. For instance, Bouafia
et al. [53] showed that the von Mises stress in the matrix did
not exceed the yield strength of the matrix in the SiCp/Al
composite that had experienced 300 �C temperature drop
and was then reheated with a 300 �C temperature rise. In
such a case, the thermal misfit plus plastic misfit residual
stresses in the matrix will not be modified because no plas-
tic deformation occurs [52].

The thermal misfit plus plastic misfit residual stresses
in the matrix of the NZ for R1500 are nearly equal to
that for R600. The phenomenon is probably related to
variations in the mechanical behavior of the matrix due
cross the welds for R600 and R1500: (a) in the 2009Al matrix, both the
ium conditions) are presented; (b) in the SiC reinforcement.
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to the change of precipitation state under the FSW ther-
mal exposure. The R1500 sample experienced higher tem-
perature exposure, and consequently is prone to generate
higher thermal misfit plus plastic misfit residual stresses,
however, higher temperature exposure usually produces
welds with lower yield strength for age-hardened alloys
[54]. During the cooling stage, plastic deformation in
the matrix caused by the mismatch of the CTE is favored
for MMC weld with softer matrix. Compared to that for
R600, a larger amount of thermal misfit plus plastic mis-
fit residual stresses in the matrix of the weld for R1500
may be relaxed through the plastic deformation, resulting
in the thermal misfit plus plastic misfit residual stresses in
the weld of R1500 being of almost the same magnitude
as that of R600.

Fig. 7(b) shows that rp;tMþpM is about �370 MPa away
from the weld, and it increases slightly to about
�350 MPa at the weld center. For R1500, rp;tMþpM is
�335 MPa away from the weld and it increases to almost
the same value at the weld center.

4.2.2. The elastic mismatch residual stress
Fig. 8(a) shows that the profile of the elastic mismatch

stress rm;eM
L is approximately M-shaped, whereas Fig. 8(b)

shows that the profile of rp;eM
L is approximately W-shaped.
Fig. 8. The profiles of rM
i ; reM

i ; rb;tMþpM and rb;total
i in both the 2009
Fig. 8(c) shows that the profile of rm;eM
T has three peaks,

whereas Fig. 8(d) shows that the profile of rp;eM
T has three

troughs. Fig. 8(e) shows that the profile of rm;eM
N is inversely

V-shaped, whereas Fig. 8(f) shows that the profile of rp;eM
N is

V-shaped.
Fig. 8 clearly shows that the profiles of the elastic mis-

match residual stress in the reinforcement rp;eM
L ; rp;eM

T and

rp;eM
N are opposite to those in the matrix rm;eM

L ; rm;eM
T and

rm;eM
N , revealing the load transfer from the matrix to the

reinforcement. Furthermore, the total variation of rp;eM
L is

significantly greater than that of rp;eM
T and rp;eM

N . This is
partly attributed to the fact that the SiC particles tended
to align along the N direction in the center of the NZ and
the load transfer from the matrix to the reinforcement is
greater along the long axis of the particle than that along
the short axis [29].

The total variation of the elastic mismatch residual

stress in the reinforcement rp;eM
L , rp;eM

T and rp;eM
N is about

4.9 times of that in the matrix rm;eM
L ; rm;eM

T and rm;eM
N , i.e.

�260 MPa vs. �53 MPa, �295 MPa vs. �60 MPa, and
�426 MPa vs. �87 MPa, which exactly correlates to the
ratio of the volume fraction between the 2009Al matrix
and SiC reinforcement in the 17 vol.% SiCp/2009Al com-
posite, as expected.
Al matrix and SiC reinforcements for R1500 across the weld.
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4.2.3. The macroscopic and total residual stresses
Fig. 8(a) shows that the profile of macroscopic residual

stress rM
L is approximately M-shaped, in agreement with

previous works [19,55]. The profile of the resulting total

stress rm;total
L is similar to that of rM

L , approximately M-

shaped. The peak stresses of both rM
L and rm;total

L are just
beyond the shoulder radius. The total variations of rM

L

and rm;total
L are �218 MPa and �221 MPa, respectively. In

addition, it can be seen that the L components of rM
i and

rm;total
i are significantly larger than the T and N components

of rM
i and rm;total

i , as shown in Fig. 8(a), (c) and (e).
Fig. 8(a) shows that the maximum rM

L is �139 MPa,
reaching up to �40% of the effective yield strength of the
17 vol.% SiCp/2009Al-T4 composite, which is �344 MPa
at ambient temperature [8]. This seems to indicate that
the total level of residual stress in MMCs is low (e.g. smal-
ler than 40%). However, the plastic, fatigue and corrosion
behaviors of the MMCs containing low contents of rein-
forcement (e.g. below 30 vol.%) are predominately deter-
mined by the behavior of the matrix. It is therefore more
appropriate to use the ratio of the maximum L component
of the total residual stress to the yield strength of the matrix
for assessing the level of the residual stress.

Taking this into account the maximum value of rm;total
L is

�213 MPa as shown in Fig. 8(a), reaching up to �69%
of the yield strength of the 2009Al-T4 alloy that is
� 310 MPa at ambient temperature. It should be noted that
the yield strength of the weld is usually lower than that of
the BM. Ni et al. [9] reported that the micro-hardness of the
NZ and HAZ of FSW weld of 17 vol.% SiCp/2009Al-T351
composite was �80% and �65% of that of the BM. Gener-
ally, the yield strength is linearly related to the hardness,
and thus it is reasonable to assume that the yield strengths
of the NZ and HAZ are �80% and �65% of that of the
BM. Taking this into account the ratio of the maximum
L component of the total residual stress to the yield
strength of the matrix in the FSW MMC welds may reach
up to 100%.

Fig. 8(a), (c) and (e) shows that in the matrix of the FSW
MMC welds, the profiles and total variations of the L, T and
N components of the total residual stress are close to those
of the macroscopic residual stress, as one would expected.
The variations of the L, T and N components of the macro-
scopic residual stress are greater than those of elastic mis-
match, thermal misfit plus plastic misfit residual stresses in
the matrix. It is known that the main material properties
that influence the development of the residual stress in the
welds include thermal conductivity, heat capacity, CTE,
elastic constants and plasticity [56]. Because all these mate-
rial properties of the MMCs with low content of reinforce-
ment (e.g. below 30 vol.%) are close to those of the metal
matrix rather than the reinforcement, it is clear that the vari-
ations of the total residual stress in the metal matrix of the
FSW MMC welds are dominated by the macroscopic resid-
ual stress in the matrix. The thermal misfit plus plastic misfit
residual stresses in the matrix only increase, almost homoge-
neously, the level of tensile residual stress, whereas the elas-
tic mismatch residual stress in the matrix has relatively small
effect on the total residual stress.

It is quite surprising that unlike the status in the matrix, in
the reinforcement of the FSW MMC welds, as shown in
Fig. 8(b), (d) and (f), the profiles of the L, T and N
components of the total residual stress rp;total
i are very differ-

ent from the usual profiles of the macroscopic residual stress
introduced by welding. The total variation of the N compo-

nent of the total residual stress rp;total
N is greater than that of

the L and T components. Fig. 8(f) shows that the profiles

of rp;eM
N and rp;total

N are similar and they are V-shaped, with
their lowest values located at the center of the weld. The low-

est value of rp;total
N is about�543 MPa with the total variation

of rp;total
N is about 378 MPa. These results show that the pro-

files and the total variations of the L, T and N components of
the total residual stress in the reinforcement are determined
by those of the elastic mismatch residual stress. The varia-
tions of the L, T and N components of the elastic mismatch
residual stress are greater than those of the macroscopic,
thermal misfit plus plastic misfit residual stresses in the rein-
forcement. This phenomenon is different from that in the
quenched MMCs in reference [29] where the macroscopic
residual stress determines the profiles and the variation of
the total residual stress in the reinforcement.

This phenomenon is probably caused by the following
major facts. First, the SiC particles in the NZ flowed and
rotated in the matrix driven by the stirring effect of the
welding tool. Some SiC particle clusters were broken up
and the particles tended to align along the N direction in
the center of the NZ, as shown in Figs. 2 and 3. These
changes can increase the load transfer from the matrix to
the reinforcement [29,57]. Second, severe plastic deforma-
tion in the matrix of the NZ due to the stirring effect of
the welding tool causes the interfacial compounds to fall
off the SiC particles. This leads to formation of more clean
interface of metallurgical bonding between the SiC particles
and the 2009Al matrix [34], which in turn increases the load
transfer from the matrix to the reinforcement in the NZ
[57]. These facts reflect the complexity involved in FSW
MMC welds. In order to obtain greater insight into the
development of the elastic mismatch residual stress, as well
as the other residual stresses during the FSW process,
advanced models like multi-scale finite element model
may be a promising tool. This work is ongoing.

The thermal misfit plus plastic misfit residual stresses
determine the base level of the total residual stress in the
reinforcement. The macroscopic residual stress in the rein-
forcement has relatively small effects on the total residual
stress. This is probably due to the fact that the reinforce-
ments are discontinuously distributed and their content is
low, 17 vol.% in this study.

4.3. Effects of the rotation rate

Fig. 9 compares the profiles of total residual stress rb;total
i

between R600 and R1500. It indicates that raising the rota-

tion rate has a small effect on the basic profiles of rb;total
i ,

but increases the width of the profiles of rb;total
i . For

instance, Fig. 9(a), (c) and (e) shows that raising the rota-
tion rate increases the width of the regions of the total

residual stress in the matrix rm;total
i with higher tensile values

in agreement with previous investigations [15,58]. This phe-
nomenon is mainly caused by the variation in temperature
distribution: higher rotation rates introduces higher tem-

peratures, thus the widths of the profiles of rb;total
i become

larger [15,39,58].
In the reinforcement, when increasing the rotation rate,

the widths of the regions of the total residual stress increase



Fig. 10. Comparison in the macroscopic residual stress between the
FSW MMCs and unreinforced alloys that are taken from literatures
[18,20,40,59]. The ‘normalized position’ is calculated by dividing the
real distance away from the weld center by the shoulder radius. “SiCp/
2009Al-T4, 3.1 mm, 600–100” means the material is SiCp/2009Al-T4,
3.1 mm in thickness, the rotation rate is 600 rpm, and the advancing
speed is 100 mm/min.

Fig. 9. Comparison of the total residual stress for R600 and R1500: (a) L, (c) T and (e) N components in the 2009Al matrix, (b) L, (d) T and (f) N

components in the SiC reinforcements.
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slightly. Meanwhile, a significant increase of the absolute
magnitude in the total residual stress along the N direction
occurs as depicted in Fig. 9(f). This is probably because:
first, the onion structure formed in the NZ for R1500 and
more SiC particles aligned along the N direction for
R1500 compared to R600, as shown in Figs. 2 and 3; sec-
ond, raising the rotation rate can increase the amount of
newly formed clean reinforcement/matrix interfaces. These
changes lead to a significant increase in the load transfer
from the matrix to the reinforcement along the N direction.
Since the total residual stress is determined by the elastic
mismatch residual stress in the reinforcement, hence, the
absolute magnitude of the total residual stress along the
N direction in the reinforcement increases with increasing
the rotation rate, as depicted in Fig. 9(f).

4.4. The macroscopic residual stresses in the MMCs and
unreinforced alloys

It is interesting to compare the macroscopic residual
stresses in the FSW MMCs and the FSW unreinforced
alloys. Fig. 10 shows the quantitative comparison in the
macroscopic residual stresses between the FSW MMCs
and unreinforced alloys that are taken from literatures
[18,20,40,59]. It can be seen that both the profiles and val-
ues of the macroscopic residual stresses in the FSW MMCs
are close to those in the FSW unreinforced alloys. This is
not surprising because MMCs with low contents of
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reinforcement (e.g. the volume fraction is 17% in this study)
behave like the unreinforced alloys.
5. Conclusions

This study presents a new method for ascertaining the
residual stress in MMC welds. In order to determine the
macroscopic and microscopic (including elastic mismatch,
thermal misfit and plastic misfit) residual stresses in
MMC welds, neutron diffraction data are employed with
Hooke’s law and the equilibrium conditions of the micro-
scopic residual stresses are imposed. As an example, the
residual stress in the FSW welds of 17 vol.% SiCp/
2009Al-T4 plates were investigated. The conclusions can
be summarized as follows:

(1) In the matrix, the profiles and total variations of the
L, T and N components of the total residual stress
are determined by those of the macroscopic residual
stress in the matrix. The elastic mismatch residual
stress has a relatively minor effect on the total resid-
ual stress in the matrix.

(2) The profiles of the L, T and N components of the
total residual stress in the reinforcement are totally
different from those in the matrix. The L component
of the total residual stress in the matrix in particular
has a typical M-shape, whereas that in the reinforce-
ment has three peaks. The N component of the total
residual stress in the matrix has an M-shape, whereas
that in the reinforcement has an obvious V-shape.

(3) In the reinforcement, the profiles and total variations
of the L, T and N components of the total residual
stress are dominated by those of the elastic mismatch
residual stress. This reveals a significant load transfer
from the matrix to the reinforcement. The macro-
scopic residual stress has a relatively minor effect
on the total residual stress in the reinforcement.

(4) For both the matrix and the reinforcement, the ther-
mal misfit plus plastic misfit residual stresses in the
BM are inherited from the T4 treatment, whereas
those in the weld are generated due to FSW. The
thermal misfit plus plastic misfit residual stresses in
the matrix moved the total residual stress into tensile
by about 80 MPa for both R600 and R1500. The
thermal misfit plus plastic misfit residual stresses
determine the base level of the total residual stress
in the reinforcement.

(5) The maximum total residual stress in the matrix of
R1500 reached up to �69% of the yield strength of
the 2009Al-T4 alloy. Raising the rotation rate has
small effects on the basic profiles of the total residual
stress, apart from increasing the width of the profiles.
When increasing the rotation rate, the highest stress
of the L component of the total residual stress in the
matrix increases, whereas the lowest value of the N
component of the total residual stress in the matrix
decreases.
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