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The  effects  of  welding  speed  on  the macroscopic  and  microscopic  residual  stresses  (RSes)  in friction  stir
welded  17 vol.%  SiCp/2009Al-T4  composite  plates  were  studied  via  neutron  diffraction  and  an  improved
decoupled  hierarchical  multiscale  modeling  methods.  Measurements  showed  that  the  macroscopic  and
total RSes  had  the  largest  variations  in the  longitudinal  direction  (LD).  Increasing  the welding  speed  led
to  higher  values  of measured  LD  macroscopic  and  total  RSes  in the matrix.  The  welding  speed  also  sig-
nificantly  influenced  the  distributions  and  magnitudes  of  the microscopic  RSes.  The  RSes  were  predicted
eywords:
etal-matrix composites (MMCs)

riction stir welding
esidual/internal stress
eutron diffraction
inite element analysis (FEA)

via  an  improved  hierarchical  multiscale  model,  which  includes  a  constant  coefficient  of  friction  based
thermal  model.  The  RSes  in  the  composite  plates  before  friction  stir  welding  (FSW)  were  computed  and
then  set  as the  initial  states  of  the  FSW  process  during  modeling.  This  improved  decoupled  multiscale
model  provided  improved  predictions  of  the  temperature  and  RSes  compared  with  our  previous  model.

©  2019  Published  by Elsevier  Ltd  on  behalf  of The editorial  office  of  Journal  of  Materials  Science  &
Technology.
ultiscale simulation

. Introduction

Metal matrix composites (MMCs) are broadly used in advanced
pplications owing to their excellent combined properties [1,2].
riction stir welding (FSW) is considered to be a promising
echnique to join MMCs  [3]. Significant residual stresses (RSes), par-
icularly the microscopic ones, are known to inherently develop in

MCs  during FSW due to the heterogeneous thermo-mechanical
eformation [4], and they are heritable and variable during subse-
uent processes and service life [5]. The tensile RSes are detrimental
o the structural integrity of MMCs  and their structures [6–8].
herefore, precise characterization of RSes is particularly impor-
ant.

So far, many work has shown that the FSW RSes do not have
he small magnitudes as researchers believed in the early stage
f FSW research [9–11]. The RSes in FSW MMCs  are more com-

lex than those in FSW alloys. In MMCs, the RSes contain both
he macroscopic and microscopic ones originating from the elastic

ismatch, thermal and plastic misfit between matrix and rein-

∗ Corresponding author.
E-mail address: zyma@imr.ac.cn (Z.Y. Ma).

ttps://doi.org/10.1016/j.jmst.2018.11.005
005-0302/© 2019 Published by Elsevier Ltd on behalf of The editorial office of Journal of
forcement. Hence it is more difficult to characterize the RSes in FSW
MMCs. Recently, the present authors established a new experimen-
tal method to determine the macroscopic and microscopic RSes
in FSW joints of MMCs  via neutron diffraction [4]. Especially, the
effects of rotation rate on the total RSes were assessed [4].

The welding speed is another important FSW parameter, which
significantly affects both the temperature and the mechanical prop-
erties of the FSW joints [12]. Nevertheless, the effects of welding
speed on the macroscopic and especially the microscopic RSes in
FSW MMCs  have not been reported yet. In fact, from the mechanical
point of view, the heterogeneous microscopic RSes in each phase is
critical for local damage behaviors in MMCs, such as crack initiation,
healing and growth [6,13]. Therefore, it is important to assess the
effects of FSW parameters for optimizing the RSes in FSW MMCs.

In our previous work, an enhanced multiscale modeling method
was developed to predict the multiscale RSes in FSW MMCs [14].
The model considered the effects of initial RSes and temperature
history dependent constitutive laws. The model gave reasonably
well predictions of the macroscopic RS and some components of

the microscopic RSes. However, the accuracy of the model needs
further improvement.

This work aims at assessing the effects of welding speed on
the multiscale RSes in FSW MMCs. A 17 vol.% SiCp/2009Al-T4 com-
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Table  1
Coordinates of ten macro-micro points.

Macro-micro point
Coordinates (mm)

T L N

P0 0 150 1.55
P1  2 150 1.55
P2  4 150 1.55
P3  6 150 1.55
P4  8 150 1.55
P5  10 150 1.55
P6  12 150 1.55
P7  22 150 1.55
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P8  32 150 1.55
P9  42 150 1.55

osite was studied. The multiscale RSes in the MMC  welds were
etermined via neutron diffraction measurements. An improved
ecoupled multiscale model was developed from our previous
ork [14] to predict the RSes under different welding speeds. Com-

arison between the predictions and the measurements helps us
o verify and improve the multiscale model in the future. Such

 combined experiment-modeling work provides the impetus for
eveloping a reliable methodology towards optimization, from
rocess to performances of FSW of MMCs.

. Experimental

.1. Material and FSW

3.1 mm thick 17 vol.% SiCp/2009Al-T4 composite plates were
sed in the present work. The 2009Al alloy had a nominal compo-
ition of Al-4.0Cu-1.4 Mg  (wt%) and SiC particles had an average size
f 7 �m.  The composites were fabricated using the powder metal-

urgy technique and subsequently hot rolled into plates at 480 ◦C.
he detailed fabrication and rolling processes have been described

n a previous study [15]. The composite plates were heat treated
o T4 condition: solution treated at 516 ◦C for 1 h, water quenched
nd naturally aged for 7 days.

Composite plates with a size of 300 mm × 75 mm × 3.1 mm were
riction stir welded parallel to the rolling direction, at welding
peeds of 50 mm/min  and 100 mm/min  with a rotation rate of
000 rpm. A cermet tool with a shoulder 14 mm in diameter and a
ylindrical pin 5 mm in diameter and 2.7 mm in length was adopted.
hese FSW MMC  samples are named as V50 (for 50 mm/min) and
100 (for 100 mm/min), respectively. The temperature history was

ecorded by embedding a K-type thermocouple at the point P2 (see
able 1 and Fig. 1).

In our previous work [14], the composite plates with the size of
00 mm × 75 mm × 3.1 mm were friction stir welded at a welding
peed of 150 mm/min, also having 1000 rpm rotation rate and using
he same cermet tool. This sample was named as V150, of which
he measured RSes reported in the Ref. [14] were adopted for com-
arison. More detailed information about FSW of the composites
as presented in the previous investigations [15–20].

.2. Neutron diffraction

Neutron diffraction at the diffractometer STRESS-SPEC of FRM II
21] was applied to measure the three principal strains, along the
ongitudinal (L), transverse (T) and normal (N) directions, across
he welds at the middle thickness and the middle weld length
see Fig. 1). The Si monochromator was selected using symmet-

ic (400) reflection yielding a wavelength of � = 1.7458 Å for the
eutron diffraction. This wavelength enabled simultaneous mea-
urement of the 2009Al (311) and 6H SiC (116) reflections at
cattering angles of 2�Al ∼91◦ and 2�SiC ∼83◦, respectively. The
ce & Technology 35 (2019) 824–832 825

gauge volumes for measuring the L, T and N components of resid-
ual strains of V50, V100 and V150 were 2 mm × 2 mm × 1 mm,
20 mm  × 1 mm  × 1 mm,  and 1 mm × 20 mm × 1 mm,  respectively.
The gauge volume for measuring the macroscopic strain free ref-
erence parameters of V50, V100 and V150 comb samples was
10 mm  × 1 mm  × 1 mm.

According to our previous work [4], the procedure for determin-
ing the macroscopic and several microscopic RSes in MMC  welds
via neutron diffraction is summarized as follows:

�pa, tM+pM
i

= 3Kpaεpa, tM+pM
i

= 3Kpa d
pa, M+eM
0 − dpa, a

0

dpa, a
0

(1)

�ma, tM+pM
i

= V

V − 1
�pa, tM+pM
i

= 3VKpa

V − 1
dpa, M+eM

0 − dpa, a
0

dpa, a
0

(2)

εˇ, M+eM
i

= dˇ
i

− dˇ, M+eM
0

dˇ, M+eM
0

= sin �ˇ, M+eM
0

sin �ˇ
i

− 1 (3)

�M
i = (1 − V)�ma, M+eM

i
+ V�pa, M+eM

i
(4)

�ˇ, eM
i

= �ˇ, M+eM
i

− �M
i (5)

�ˇ, total
i

= �M
i + �ˇ, eM

i
+ �ˇ, tM+pM

i
(6)

where � is the stress, ε the strain, V the volume fraction of the rein-
forcement, K the bulk modulus, d the lattice parameter, and � the
diffraction angle. The superscripts m and p denote the matrix and
the particles, respectively; superscript tM+pM the thermal misfit
plus plastic misfit; superscript M the macroscopic; superscript eM
the elastic mismatch; superscript  ̌ each phase in MMC  (  ̌ = ma  or
pa); superscript a the absolute unstrained reference. The subscript
i denotes the stress or strain component, i = L, T or N.

3. Multiscale modeling

Our previous work showed that considering initial RSes
and applying temperature history dependent constitutive laws
improved the predictions of both macroscopic and microscopic
RSes [14]. Based on the hierarchical multiscale modeling frame-
work proposed in our previous works [14,22,23], a further
improved decoupled multiscale model was formulated within this
framework. Two developments were made in the present work:

1) The heat source model was  changed. The presence of ceramic
particles changes the friction behaviors of the MMCs compared to
the unreinforced alloys [24,25]. In the present model, the heat gen-
eration based on a constant friction coefficient � was integrated.
In addition, according to the reported data [26], the pressure p
between the FSW tool and the work-piece varied with FSW param-
eters, i.e. welding speed in this work. This will be mentioned in
section 2.1.

2) The method of setting the initial RSes was  changed. In this
multiscale model, the initial RSes were taken into account in the
elastic predictor of the return mapping algorithm (RMA). Differ-
ently, in the previous model, the initial RSes were added when
returning the stress state to the finite element assembling. This
will be mentioned in Section 2.2.

3.1. Governing equations

At the macroscale level, the equilibrium equations for heat flow
and mechanics were solved with respect to the initial and boundary

conditions corresponding to the quenching and FSW processes. The
governing equation for heat flow reads as follows:

�McMṪM − ∇ · (kM∇TM) = q (7)
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here T denotes thetemperature,  ̌ the density, c the heat capacity,
 the heat conductivity, the upper dot denotes the time derivative.

A heat source model based on a constant friction coefficient
as integrated. The heat generation rate q for the FSW process is

omputed as follows:

 = �p
(

2�ω
60

r + 

60

sin ϕ
)

(8)

here ω is the rotation rate of FSW, r the distance away from the
ool center, 
 the welding speed of FSW, and � the angle.

The previous work [26] has shown that the pressure p varies
ith changing the type of material and the welding parameters.

or instance, for FSW of Al alloys, the pressure p increases with
ncreasing the strength of the material or increasing the welding
peed [26]. In the present work, the pressure p was set to 8.5 and
0.3 kN for V50 and V150, respectively.

With the definition of heat source from Eq. (8), the total heat
eneration Q can be calculated by summing up the shoulder heat
eneration Qs and the pin heat generation Qp:

 = Qs + Qp (9)

s =
∫ 2�

0

∫ Rs

Rp

qrdrdϕ (10)

p =
∫ 2�

0

∫ Rp

0

qrdrdϕ +
∫ 2�

0

∫ hp

0

qRpdzdϕ (11)

here Rs and Rp are shoulder and pin radius, respectively, hp the
in length.

The heat input W is defined by dividing the total heat generation
y the welding speed:

 = Q


/60
(12)

The quasi-static mechanical equilibrium equation within the
nfinitesimal deformation framework at the macroscale reads as
ollows:

 · �M = 0 (13)
here � is the stress tensor.
At macroscale, the elastic law is as follows:

M = Eeffε
e
M + �inital

M (14)
right half is modeled. Symmetry boundary conditions are imposed on the symmetry

where Eeff is the effective elastic stiffness tensor [22], εe
M the elastic

strain tensor, �inital
M the initial macroscopic residual stress.

Meanwhile, at macroscale, the MMC  was assumed as a contin-
uum media and was  modeled by a J2-flow theory of infinitesimal
thermo-elastoplasticity [14,23], based on the effective properties
determined by computational homogenization method [22]. The
macroscopic yield function reads as follows:

fM
(
�M, ˛M, T, Ṫ

)
=

√
3/2

∣∣∣∣dev
[
�M

(
˛M, T, Ṫ

)]∣∣∣∣
−�M

(
˛M, T, Ṫ

)
(15)

where � is the stress tensor,  ̨ indicates the accumulated plastic
strain, ||•|| denotes the norm of the indicated tensor, dev (•) the
deviator of the indicated tensor, the isotropic hardening function
�M

(
˛M, T, Ṫ

)
is fitted utilizing spline interpolation function based

on the effective properties determined by computational homoge-
nization method [22].

At the microscale, the temperature was assumed homogeneous
in each volume element corresponding to the macroscale integra-
tion point. This means:

Tmi = Tg
M (16)

where subscript mi  denotes the microscale and superscript g
denotes the macroscale Gaussian integration point.

The quasi-static mechanical equilibrium equation within the
infinitesimal deformation framework at the microscale reads as
follows:

∇ · �mi = 0 (17)

At microscale, the elastic law was similar to that at macroscale,
which is as follows:

�mi = Emiε
e
mi + �inital

mi (18)

where Emi is the elastic stiffness tensor, εe
mi the elastic strain tensor,

and �inital
mi the initial microscopic residual stress.

At microscale, each phase in MMC  was  modeled by a J2-flow

theory of infinitesimal thermo-elastoplasticity [14,23]. For rigid
ceramic reinforcements that normally undergo only elastic defor-
mation, the corresponding yield stress was then simply set to a
sufficient large value. The general yield condition at the microscale
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Fig. 2. Effects of welding speed on temperature fields (a), peak temperature (

eads as follows:

fmi

(
�mi, ˛mi, T, Ṫ

)
=

√
3/2

∣∣∣∣dev
[
�mi

(
˛mi, T, Ṫ

)]∣∣∣∣
−�mi

(
˛mi, T, Ṫ

)
(19)

The Voce type isotropic hardening rule reads [27]

�mi

(
˛mi, T, Ṫ

)
= �∞

mi

(
T, Ṫ

)
+ hmi˛mi

+
[
�0

mi

(
T, Ṫ

)
− �∞

mi

(
T, Ṫ

)]
exp (lmi˛mi) (20)

here �0 is the initial yield strength, �∞ the ultimate strength, both
 and l are the material constants.

In this decoupled multiscale model, the boundary conditions
or the microscale models are constructued using the macroscopic
trains. To compute the macroscopic and elastic mismatch residual
tresses, the kinematic uniform boundary conditions (KUBCs) of the
icroscale model I are constructed by [28]

I
mi = εep

M · xmi (21)

The thermal misfit plus plastic misfit RSes �ˇ, tM+pM
i

can be com-
uted by constructing the KUBCs for the microscale model II via the
acroscale thermal strain εth

M [28]:

II
mi = εth

M · xmi (22)

There is no need to calculate the homogenized stress tensor
nd modulus matrix from the microscale model for assembling the
acrscopic model. The stress tensor and modulus matrix for assem-

ling the macroscopic model are calculated using the macroscopic
onstitutive law based on Eqs. (14) and (15). Therefore, this model
s called as a decoupled multiscale model.

.2. Numerical solution scheme
The hierarchical coupling method was adopted to solve the
ultiscale problem, where the macroscale model was solved inde-

endently of the microscale models. The residual vector and the
angent stiffness matrix for all the macroscale integration points
 accumulated plastic strain along the ‘transversal line’ defined in Fig. 1(a) (c).

were computed through the pre-determined macroscale consti-
tutive model. In this work, 10 macro-micro points, where the
microscale models were defined, were used. These points are listed
in Table 1 and illustrated in Fig. 1(a).

In the present work, the well-known RMA  for computational
plasticity was  applied at both the macroscale and microscale to
update the stress states, which corresponds to the given strains at
each time increment [29,30]. During the elastic predictor stage of
the RMA, the initial RSes were taken into account in the present
multiscale model.

After updating the stress state, for those integration points at the
macroscale that were not macro-micro points, the tangent matrices
for assembling the global equation at the macroscale were directly
computed in the RMA. For the macro-micro points, the tangent
matrices were determined via the six load cases method [31]. At the
microscale, the tangent matrices for assembling the global equation
at every integration points were computed in the RMA  directly.

The computational domains at both the macroscale and
microscale were discretized into unstructured tetrahedrons with
4-nodes by TetGen [32]. Linear shape functions were applied at
both scales. The multiscale modeling was carried out with the soft-
ware MSFESL developed by the present authors [14,22,23,28]. The
temperature and multiscale RSes for V50 and V150 were modeled.

4. Results and discussion

4.1. Temperature

Fig. 2(a) shows the top view of the temperature fields of V50 and
V150. It can be seen that in front of the welding tool the tempera-
ture gradient of V150 is larger than that of V50. Behind the welding
tool, it is reversed. The peak temperatures at different locations
(macro-micro points) away from the weld center of V150 are higher
than those of V50 (Fig. 2(b)). The temperature gradients cause plas-

tic deformation [6]. The higher the temperature gradient is, the
larger degree of plastic strain is. The temperature gradient of V150
is higher than that of V50, so larger plastic strain occurs in V150
than that in V50 (Fig. 2(c)).
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Fig. 3. Measured and predicted thermal cycles at location P2 for V50 (a) and V150 (b). The previous model in (a) means the multiscale model in the Ref. [14]. The line AB
denotes the preservation time td when the temperature is above 250 ◦C. The measured temperature of V150 in.(b) is from our previous work [14].
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ig. 4. Profiles of L (a), T (b) and N (c) macroscopic RSes cross welds at middle thick
re  from our previous work [14].

The measured temperature data in Fig. 3(a) and (b) show that
he peak temperature increased from 320 to 370 ◦C with increas-
ng the welding speed from 50 to 150 mm/min, while the widths
f the measured thermal cycle profiles reduced. Fig. 3 also com-
ares the measured and predicted thermal cycles at position P2
Table 1 and Fig. 1(a)). For both welding speeds, the predicted ther-

al  cycles by the present model agree with the measured results
ery well. It reveals that a constant friction coefficient based ther-
al  model with a varied pressure is verified. In our previous work
here the thermal model was based on a temperature dependent

riction coefficient [14], the predicted thermal cycle was also in
greement with the measured data for V150. However, the peak
emperature of the predicted thermal cycle using previous mul-
iscale model is about 50 ◦C higher than the experimental result
or V50 [14]. Therefore, it can be seen that for modeling the tem-
erature fields of FSW MMCs, a constant friction coefficient based
hermal model with a varied pressure is better.

.2. Macroscopic RS

Typically, the welding processes generate macroscopic RSes that
ave their largest total variation in the L direction. The L macro-
copic RS is characterized by tension from the weld center to the
eat affected zone (HAZ) and compression in the base material.
he maximum L tensile macroscopic RS usually appears near the
houlder edge for FSW [10]. In this study, the measured macro-

copic RSes showed similar behaviors, as shown in Fig. 4. For some
ases, the profile of the L macroscopic RS is an “inverted-V” shaped
ith the maximum value located near the weld center [10]. Such

ases are related to the special evolution histories of microstruc-

Fig. 5. Effects of welding speed on L macroscopic RS fields.
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009Al  matrix; (b) L, (d) T and (f) N components in reinforcement. The experimenta

ures and plastic properties (especially the yield strength and the
train hardening rate) in the joints.

Lower welding speed or higher rotation rate results in a broader
rofile of the tensile zone of the L macroscopic RS due to the higher
eat input [33]. For instance, Lombard et al. [34] found that the
idth of the tensile RS zone was proportional to the heat input in

he FSW 5083Al-H321 plates, while the maximum value of the ten-
ile RS is inversely proportional to the heat input. Furthermore, the
aximum tensile macroscopic RS is not directly proportional to

he maximum temperature [33]. In this study, the welding speed
ncreased from 50 to 150 mm/min, i.e. increased by three times.
ccording to Eqs. (8)–(11), the total heat generation Q increased

rom V50 to V150, as indicated by the temperature in Fig. 2(b). How-
ver, Q did not increase three times according to Eq. (8). Therefore,
he heat input W decreased with increasing the welding speed from

0 to 150 mm/min  according to Eq. (12). This phenomenon was  also
een observed in a previous study [35].

Fig. 4(a) shows that the measured L macroscopic RS �M
L within

he shoulder edge increased. Meanwhile, the peak values of �M
L for
middle weld length for V50, V100 and V150: (a) L, (c) T and (e) N components in
lts of V150 are from our previous work [14].

V150, V100 and V50 were ∼135, ∼131 and ∼126 MPa, respectively.
This trend agrees with previous results.

Fig. 4(b) and (c) shows that the measured T and N macroscopic
RSes (�M

T and �M
N ) have significant magnitudes, with a variation

of ∼100 MPa  in the amplitude. During the FSW process, the rigid
clamps exert much higher constraints on the deformation of the
welded plates. These constraints hinder the contraction along the
L and T directions of the stir zone (from about -12 mm position
to about 12 mm position in Fig. 4) due to cooling, causing signifi-
cant L and T macroscopic RSes [34,36–38]. A higher welding speed
decreases the width of the profiles of the measured stresses �M

T and
�M

N (Fig. 4(b) and (c)).
Fig. 4 shows that the predictions can reproduce the basic profiles

of �M
i

. Notice that symmetrical macroscopic model was assumed as
shown in Fig. 1. Therefore, the predicted RSes are symmetrical with

respective to the butting face, e.g. 0 position in Fig. 4. The predic-
tions also reproduce the effects of welding speed on the magnitude
of �M

L , see Fig. 4(a). However, in the predictions lower welding
speed has narrower width of tensile L macroscopic RS zone, which
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Fig. 7. Longitudinal elastic mismatch RS fields of matrix and re

iffers from the measurements. In addition, significant errors exist
n �M

T and �M
N between the predictions and measurements.

Fig. 5 shows the maps of the L macroscopic RSes of V50 and V150.
t can be seen that both the magnitude and the area (especially the
ength along the L direction) of the L macroscopic RS with high
ensile values for V150, i.e. the red region, exceed those for V50.

.3. Elastic mismatch RS

Fig. 6 shows that the total variations of the measured elas-
ic mismatch RSes in the matrix �ma, eM

i
decrease at a higher

elding speed. The profile of the measured �ma, eM
L of V50 is sig-

ificantly asymmetrical, which is probably due to the variations of
icrostructure, mechanical properties and initial RS state between

he two MMC  plates before FSW. In addition, increasing the weld-
ng speed moves �ma, eM

i
towards compression and decreased the

idth of the profiles of �ma, eM
i

with high magnitude. The profiles of
pa, eM
i

are opposite to those of �ma, eM
i

, while the ratio of their total
ariations obeyed (100%-17%): 17%, i.e. about 4.9 : 1.0. The exper-
mental results reveal that increasing the welding speed tends to
educe the load transfer from the matrix to the particles. This trend
s partially caused by the variation of the macroscopic RS and is
artially due to the change in the microstructures of the welds [4].

Fig. 7 shows the L elastic mismatch RS maps of the matrix and the
einforcement at the maco-micro point P0. The maps are very close
o each other for V50 and V150. It can be seen that the variation
rends in the predictions are smaller than those in the measure-

ents.

.4. Thermal misfit plus plastic misfit RS

Fig. 8(a) shows that in the BM the measured thermal misfit
lus plastic misfit RS in the matrix �ma, tM+pM of V50, V100 and
150 had the same level, with a value of ∼80 MPa. In the stir zone

he measured thermal misfit plus plastic misfit RS in the matrix

ma, tM+pM raises with increasing the welding speed. This differs

rom the change of the rotation rate. Our previous work showed
hat increasing the rotation rate from 600 to 1500 rpm, �ma, tM+pM

pproximately kept its level in both the BM and the stir zone [4].
ement at macro-micro point P0 for V50 (a, c) and V150 (b, d).

The welding speed of V50 is 1/3 of V150, therefore, as shown in
Fig. 3, the preservation time (e.g. above 250 ◦C) for coarsening and
dissolution of precipitates in the stir zone and the heat affected
zone of V50 is approximate three times of those of V150. As a
result, the strength of the joint of V50 should be lower than that of
V150, such phenomenon was  confirmed by many previous investi-
gations about FSW of Al alloys and SiC/Al composites [12,20,39,40].
For example, Wang et al. [20] showed that higher welding speed
resulted in higher strength of the FSW joints of SiCp/2009Al-T4
composite. As a result, larger plastic deformation occurred in the
2009Al matrix during cooling of V50 due to the lower yield strength
compared with that in V150.

Larger plastic deformation causes more release of thermal misfit
plus plastic misfit RS. Hence, the measured �ma, tM+pM in the stir
zone and the HAZ of V50 is lower than that of V150, as shown in
Fig. 8(a). As expected, Fig. 8(b) shows that the profiles of �pa, tM+pM

i

are opposite to those of �ma, tM+pM
i

, while the ratio of their total
variations obeyed about 4.9 : 1.0.

Fig. 8 shows that the predicted thermal misfit plus plastic misfit
RSes �ˇ, tM+pM

i
from the present multiscale model agrees with those

measured data. Especially, the predicted thermal misfit plus plastic
misfit RS in the matrix �ma, tM+pM

i
in the stir zone is lower than

that in the BM,  which agrees with the present and our previous
experimental results [4]. In contract, using the previous multiscale
model [14], the predicted �ma, tM+pM

i
in the stir zone is much higher

than (about twice of) that in the base material (BM). Therefore, it
can be seen that the present multiscale model is more accurate than
the previous one [14].

Fig. 9 shows the L thermal misfit plus plastic misfit RS maps
of the matrix and the reinforcement at the maco-micro point P0
for V50 are similar with those for V150. In the present multiscale
model, the effect of thermal cycle on the plastic properties including
the yield strength and plastic hardening parameters was approx-
imately modeled by a temperature history dependent hardening
law (see Eqs. (15) and (19)). Such an approximation is probably

the reason for the rough estimation of thermal misfit plus plastic
misfit RS. Further improvement requires a more accurate material
constitutive law.
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Fig. 8. Comparison of profiles of thermal misfit residual stress cross welds at middle thickness and middle weld length for V50, V100 and V150: (a) in 2009Al matrix; (b) in
reinforcement. The experimental results of V150 are from our previous work [14].
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Fig. 9. Longitudinal thermal plus plastic misfit RS fields of matrix a

.5. Remarks on the multiscale modeling of residual stress

So far, accurate prediction of the residual stresses (especially
he microscopic ones) is still difficult because they are herita-
le and variable during every processing stage in manufacturing
6]. In the present case, before FSW, initial RSes including macro-
copic and microscopic ones already existed in the rolled 17 vol.%
iCp/2009Al-T4 composite plates, which were mainly induced by
he rolling and quenching processes. These RSes can be determined
ither via multiscale modeling or measurements. In our previous
nd the present studies, these initial RSes were modeled based on
he assumption, in which the initial RSes were only induced by the
uenching process. However, the multiscale model to predict the

nitial multiscale RSes probably missed some facts, e.g. the rolling
rocess.

Our previous study showed that the solution treatment and
uenching process could not eliminate the pre-exist RSes [14].
herefore, the initial RSes in the composite plates were a product of

ll the processing stages before FSW. In this regard, measurements
ia neutron or synchrotron X-ray diffraction are preferred to obtain
he initial RS states for accurate predictions of the FSW process. In
ddition, the effect of texture generated during the rolling process
nforcement at macro-micro point P0 for V50 (a, c) and V150 (b, d).

was not considered. Texture causes anisotropic mechanical behav-
ior [41,42], while in the present work both the macroscale and the
microscale models were assumed isotropic.

Concerning the microscopic RSes, application of real microstruc-
ture based representative volume element will improve the
accuracy of predictions, with increasing the computational cost
[23]. Another way to obtain more accurate predictions of the micro-
scopic RSes is to apply the periodic boundary conditions (PBCs)
rather than the KUBCs [23]. However, it is convenient to apply the
PBCs with structural mesh, while applying PBCs with unstructured
tetrahedron mesh is difficult.

5. Conclusions

The present work studied the influences of welding speed on the
multiscale RSes in FSW 17 vol.% SiCp/2009Al composites using neu-
tron diffraction and a decoupled hierarchical multiscale modeling
methods. The following conclusions can be summarized:
(1) Increasing the welding speed increases the magnitudes of the
measured L macroscopic RS �M

L within the shoulder edge, and
decreases the widths of �M

T and �M
N with high magnitudes. The
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peak values of �M
L for V50, V100 and V150 were ∼126, ∼131

and ∼135 MPa, respectively. Significant T and N macroscopic
RSes are measured, which have significant magnitudes, with a
variation of ∼100 MPa  in the amplitude.

2) Increasing the welding speed decreases the total variations
of the measured elastic mismatch RSes in the matrix �ma, eM

i
,

and moves �ma, eM
i

towards compression and decreases the
width of their profiles with high magnitude. In the stir zone
the measured thermal misfit plus plastic misfit RS in the matrix
�ma, tM+pM raises with increasing the welding speed. The pro-
files of �pa, eM

i
and �pa, tM+pM are opposite to those of �ma, eM

i
and �ma, tM+pM, respectively, while the ratio of their total vari-
ations obeys about 4.9 : 1.0.

3) The new multiscale model provides better predictions, espe-
cially the temperature and the thermal misfit plus plastic misfit
RS, compared with the previous multiscale model [14]. Some
basic influences of welding speed on different components of
the macrosocpic RS, the L and T components of the elastic
mismatch are reproduced by the predictions. In the present
multiscale, the predicted thermal misfit plus plastic misfit RSes
agrees the measured ones reasonably well.
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