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Abstract
In the present paper we report the results of a study into friction stir welds made in 12.7 mm-thick 12%-Cr steel plates.
Residual stress measurements were performed using angle-dispersive neutron diffraction. Complete characterization of
the three-dimensional residual stress state in friction stir weld samples was obtained by analysing diffracted peaks; peak
broadening for identifying the regions of severe plastic deformation and the associated residual strain (eigenstrain) acting
as the source of residual stress and peak shifting for evaluating residual elastic strains in the welded component. Three
different methods were used to address the key issue of determining the d0 variation across the weld. The comb (or
matchstick) method was compared with two other approaches: the balance method, and the zero traction method. It was
found that a combination of the comb and the zero traction methods allows reliable residual strain/stress distributions.
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Introduction

Among the manufacturing processes that cause residual
stresses in engineering components, welding is one of
the most significant. Although welding is necessary to
join the components, it frequently leaves behind tensile
residual stresses that are likely to have adverse effects
on structural integrity. Conventional fusion welding, in
general, produces large tensile stresses with a maximum
value that is approximately equal to the yield strength
of the materials being joined, balanced by lower com-
pressive residual stresses elsewhere in the component.
Much attention has been paid to the reduction, or at
least to control of the magnitude of these stresses due
to the fact that tensile residual stresses may promote
cracking and failure of manufactured components, and
reduce their durability.

Recently, friction stir welding (FSW) has been intro-
duced as a solid state joining process that involves no
attendant melting. Not only may the residual stresses
created by the welding process be considerably reduced
by FSW, but also other properties such as microstruc-
ture, fatigue life, tensile strength, etc. can significantly
improved compared with conventional welding
techniques.

Friction stir welding was first proposed and patented
around 1991 at TWI (The Welding Institute, UK) and
is built on a remarkably simple concept. The welding
process uses a welding tool which consists of a shoulder
and a pin. The tool is rotated around its axis and
inserted at the interface between the abutting edges of
the two plates or sheets being joined, that are simulta-
neously being pressed together in a jig. The tool then
translates along the interface, and ‘zips’ it together.1–3

The tool serves two primary functions such as (a) heat-
ing of the workpiece, and (b) stirring and intermingling
of the material(s) to produce the joint. The heat is gen-
erated by the friction between the tool and the work-
piece. The localized heating softens the material around
the pin, and the combination of tool rotation and trans-
lation leads to the movement of material from the front
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of the pin to the back of the pin. During the FSW
process, the material undergoes intense plastic deforma-
tion at elevated temperature, resulting in the generation
of fine and equiaxed recrystallized grains at some
locations.4–8

The process creates asymmetric structures in the
welded plates due to the addition and subtraction
between the tool rotation speed and the tool travel speed
that occur to two sides of the pin path, called the advan-
cing and retreating sides, respectively. The former may
receive a somewhat higher heat input than the latter due
to the higher relative velocity of the tool,9 resulting in
different microstructure and mechanical properties. In
general, the advancing side has higher tensile properties
and hardness.10–13 As an effect of the friction stir weld-
ing process, four different forms of microstructure are
observed in the welded plates. Parent material (PM)
which exists relatively far from bond line shows no
material deformation during the FSW process. Remote
material is affected by neither the heat flux nor in terms
of the microstructure and mechanical properties. In the
weld nugget (WN), the original grain structure appears
to be replaced with fine, equiaxed recrystallized grains
characterized by the nominal dimension of a few mm.
The material in the thermal-mechanically affected zone
(TMAZ) is plastically deformed by the tool in the pres-
ence of the high heat flux and considerably elevated tem-
perature. This exerts some influence on the material
microstructure, and as a consequence extensive defor-
mation is evident in this zone. The heat affected zone
(HAZ) is a zone where the material has undergone a
thermal cycle that modified the microstructure and/or
mechanical properties. However, no plastic deformation
occurred in this area.4,5 Note here sometimes the term
weld zone (WZ) is used to refer to the combined region
of WN and TMAZ.

So far a number of studies have been conducted on
FSW in order to identify and verify the advantages of

friction stir welding compared with conventional weld-
ing processes, such as arc welding, laser welding, elec-
tron beam welding, etc. The practical suitability of this
joining method is also being investigated for many
industries, such as aerospace, automobile manufacture,
ship building, etc. Most studies, however, have focused
on light (e.g. aluminium) alloys,14–22 while the applica-
tion to the materials with higher melting temperatures,
such as steel and titanium, has been limited by the diffi-
culty of identifying suitable welding tool materials.
Polycrystalline cubic boron nitride (PCBN) and alloys
based on tungsten-rhenium (W-25Re) have been the
leading candidates. However, neither material has so
far fulfilled all of the requirements for a friction stir
weld tool material, such as the sufficient resistance to
wear and thermal loading, and toughness.23–25 In spite
of the tool wear, the mechanical properties of FSW
joints of steel components are usually found to be
acceptable. However, very limited data is available on
the residual stress states.26,27

Recently, FSW of steel plates has been successfully
carried out using refractory metal welding tools at
TWI. It is noted from the macro-structural appearance
of the weld sections (see Figure 1) that great improve-
ments have been achieved in terms of low porosity and
low number of bonding defects.28 In particular aspects
of steel-FSW, the phase in WZ is in general hardened
during welding process due to the phase transformation
governed by cooling rate, chemical composition, grain
size, etc. For the use of this technique in industrial
applications, improved understanding of the residual
stresses is necessary so as to account for their presence
in design calculations, and to control them during
deformation or thermal processing. The present study
aims to investigate the effect of mechanical and thermal
behaviour of FSW process in these improved FSW
joints between thick (about ½ inch) 12%-Cr steel
plates.

Figure 1. Schematic diagram and macro-structure in the 12% Cr FSW weld.
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In this paper, residual strain measurements in FSW
welds by means of neutron diffraction are presented
and analysed. One of the key problems arising in the
residual strain analysis of weld joints is the problem of
determining the variation of the unstrained (reference)
lattice parameter as a function of position with respect
to the FSW joint. In the present study, three different
options have been considered for obtaining the varia-
tion of the unstrained lattice spacing, d0. The results for
the residual strains/stresses are then discussed in com-
parison with the corresponding full-width at half-maxi-
mum (FWHM) and hardness measurements.

Experimental

Specimen preparation

The material used in the present study was a 12%-Cr
alloy steel, with the chemical composition (in wt %):
Cr – 10.5;12.5, Mn – 1.5, Ni – 0.3;1.0, C – 0.03, N –
0.030, P – 0.04, S – 0.015, Si – 1.0, Fe balance. The
welds were manufactured at TWI (The Welding
Institute, Abington, Cambridge, UK) by butt welding
two chromium steel plates, with the refractory metal
welding tools. The tool geometry and dimension were
substantially that of WhorlTM type as described else-
where (e.g. in Mishra and Ma3) and 45mm shoulder
diameter with 10;14mm probe diameter base-tip,
respectively. The plates were placed on a stainless steel
base plate to protecting the machine bed. In the pro-
cess, the down-force was fixed at 32 kN, rotational
speed fixed at 625 r/min, lateral speed fixed at 2mm/
sec. The specification of the welds is shown in Figure 1.
The dimensions of the welds were 203.23 66.23 12.7
mm3, cut from the centre region in the initial welds of
203.23 10003 12.7mm3. Note that residual stresses
were relaxed after cutting but assume that the effect
was minor. Temperature history during the process was
measured using thermal imaging measurements.29 It is
shown in Figure 2 that a maximum temperature close
to the tool was approximately 1000 �C. It should be
noted here that the phase in WZ over the course of
thermal cycle is simply estimated by Schaeffler dia-
gram,30 such that the phase transformation would be

ferrite to austenite during welding, and to ferrite plus
martensite during cooling. Near the EDGE region (see
Figure 1), a 3mm slice was machined by EDM (electri-
cal discharge machining), for the purpose of making a
‘comb’ sample.

Residual strain measurements

Residual strain measurements on the welds were con-
ducted by neutron diffraction at STRESS-SPEC,
FRM-II facility in Garching, Germany (TU München)
with a constant neutron wavelength of l=1.6638 Å.
Neutron diffraction is particularly well suited to resi-
dual strain determination in dense materials in compar-
ison, for example, with synchrotron radiation sources,
since neutron absorption is less sensitive to the atomic
number, and thus permits experiments involving longer
beam paths. The key area of interest in this investiga-
tion was the cross-section (T–Z plane) at the CENTRE
and EDGE of the weld. Before carrying out the mea-
surements, the outline profile of the welds was mea-
sured using CMM (Coordinate Measuring Machine) at
Oxford HEXLab, in order to improve the experimental
accuracy during diffraction measurement. As can be
seen in Figure 3, the contour was then plotted in
Matlab and a grid of points spaced by 2mm near the
weld zone (640mm from the bond line) and 64mm
across the weld zone was superimposed to identify the
locations of the centres of measurement gauge volumes.

Figure 4 shows the experimental set-up with the
identification of the main components: incident beam
slits, sample stages, detector, etc. A two-dimensional
(2D) position-sensitive3 He detector (PSD), a multi-wire
detector with delay time encoding and with the active
area of 2003 200mm2, was used to collect the diffrac-
tion patterns. The sample was aligned on the translation
stage such that the measurement reference frame coin-
cided with the system of axes assigned in Matlab. Thus,
the centroid of each gauge volume could be accurately
lined up with the corresponding measurement node.

Figure 3. CMM outline image of the welds.
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Figure 2. Temperature history of the 12% Cr steel welds.
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For the measurement of lattice spacing in steel, the (2 1
1) reflection was used as it is generally recommended in
literature for the evaluation of macrostrains in a-Fe lat-
tices.31 This is due to the good peak intensity and its
relative insensitivity to plastic strain effects. Since the
possibility of using relatively large gauge volumes pro-
vides good averaging and produces smoother maps,
gauge volume of 23 23 2mm3 and counting time for
each measurement point of 120 s were used for the
whole experiment. Diffraction patterns were collapsed
into line profiles, and peak centre positions determined
by fitting, allowing the shifts of the Bragg peak centres
Du to be determined.32

For the ‘strain-free’ or unstrained lattice parameter
d0, the ‘comb’ sample was machined by EDM (see
Figure 5). Note that the comb method is effective when
making teeth parallel to the welding direction for a weld-
ment, since no steep variation in d0 is expected in that
direction.33,34 Fifty-one teeth, 4mm wide (T-direction)
and 8mm long (z-direction) were cut from the sample
slice of 4mm thickness (L-direction), with a basic
assumption that the stress field in the T- and L-direc-
tions is totally relaxed by the cutting process. The mea-
surements were made at mid-length in the teeth with the
same experimental set-up as above. However, note that
only measurements in transverse direction were made
due to the lack of experimental time.

Hardness testing

For the hardness contour map, Vickers hardness tests
were conducted on the same region (T-Z plane) as the

strain measurement using a diamond pyramid indenter.
The loading mass of 30 kg was used, and the dimensions
of the indents were measured by optical microscope to
determine hardness. The result was represented as a
hardness contour map.

Results

Analysis of the unstrained lattice parameter

It has been much discussed in the literature and is well-
known that in some respects obtaining the correct
unstrained lattice parameter is the most crucial part of
any residual strain measurement by diffraction.33 Note
that it is particularly difficult to determine this para-
meter in a welded structure. This is due to the fact that
the welding process creates inhomogeneous thermal
and mechanical fields, leading to the plastic deforma-
tion being accompanied by recrystallization and hence
a change of microstructure and probably a re-
distribution of chemical composition due to carbide
precipitation in the structure.34,35 In the present study,
three different approaches to obtaining the unstrained
lattice parameter variation were employed to determine
the residual strains and hence stresses.

Option 1: The comb method. Due to the limitation of the
‘comb’ measurement, it was assumed that the
unstrained lattice parameters in the transverse, in-plane
and longitudinal directions are identical. Figure 6(a)
shows the distribution of the lattice parameter. The

1.1625

1.1627

1.1629

1.1631

1.1633

1.1635

1.1637

1.1639

-120 -80 -40 0 40 80 120

d-
sp

ac
in

g 
(Å

)

T (mm)

comb (T)

0.4

0.45

0.5

0.55

0.6

0.65

0.7

-120 -80 -40 0 40 80 120

R
el

at
iv

e 
FW

H
M

T (mm)

FWHM (T)

(a)

(b)

Figure 6. Distribution of (a) unstrained lattice parameter in
the transverse direction, (b) FWHM in the transverse direction.
FWHM: full-width at half-maximum.

Figure 4. Experimental set-up at stress-spec.

Figure 5. Comb sample for the determination of strain-free
reference values.

206 Journal of Strain Analysis 47(4)

 at Technical University of Munich University Library on November 10, 2016sdj.sagepub.comDownloaded from 

http://sdj.sagepub.com/


lattice parameter changes significantly in the weld zone
(within about 622mm from the bond line) that corre-
sponds to the diameter of the shoulder of the welding
tool. Outside this zone the observed variation was
insignificant. This means that the welds were plastically
deformed mainly by the rotating shoulder, induced by
high temperature and mechanical pressure. Regions
associated with plastic deformation can clearly be seen
in Figure 6(b) that shows the increased peak-width val-
ues in the weld zone.36

Option 2: The balance method. Obtaining the unstrained
lattice parameter by averaging the entire stress field in
a certain direction and applying global shift correction
is only valid if no spatial variation in d0 exists and the
macrostress is directly coupled to the d0 shift. This
method is to adopt the fundamental continuum
mechanics requirements that are stress balance and
strain compatibility. Ensure that the experimental data
set covers the entire cross section and not just a part of
it.34 In this method, a global value of a0 was obtained
instead of d0 (so that correction could be applied to all
peaks), leading to the determination of the so-called
nominal strains. The typical nominal strain error of
503 1026 was obtained, corresponding to stress uncer-
tainty of only about 10MPa for steel.

Option 3: The zero traction method. In order to achieve -
improvement over the comb method that only pro-
vided measurements of the unstrained lattice para-
meter in the transverse direction, the so-called zero
traction method was also proposed in the present
study. The purpose of the analysis was to determine
the variation of the unstrained lattice parameter in
the longitudinal direction. The fundamental hypoth-
esis of the zero traction method is this: since the stress
field in L-direction was totally relieved by the cutting
process, it was assumed that the longitudinal stresses
in the region just below the T–Z plane at the EDGE
of the weld must be equal to zero at each point of the
weld. From the triaxial Hooke’s law, the longitudinal
stresses along the transverse direction can be written
down as follows

sLh iZ =
E

1+ nð Þ 1� 2nð Þ

1� nð Þ dL � dL0
dL0

� �
+ n eT + eZð Þ

� �
ð1Þ

Then, the unstrained lattice parameter in the longitudi-
nal direction dL0 was sought under the condition
sLh iZ =0. Figure 7 shows the distribution of dL0 recon-
structed by the zero traction method. Note that the
unstrained lattice parameter in the longitudinal direc-
tion also varies in the weld zone as does in the trans-
verse direction (see Figure 6(a)), and was applied to
calculate the longitudinal residual strains.

Averaged lattice spacing

Before applying the three options for the determination
of unstrained lattice parameter, the lattice spacing is
presented in Figure 8 in order to visualize the nature of
the distribution. Figure 8 shows the distributions of the
averaged lattice spacing at the EDGE and CENTRE
sections of the welds, respectively. The traction in the
longitudinal direction was completely relieved by the
EDM cutting process. The resulting interpretation
demonstrates significant lattice spacing variation across
the EDGE section of the weld. It is argued here that
this result is justified by the physical, metallurgical and
mechanical considerations: the complex thermo-
mechanical processes occurring during welding cause
solute migration, phase changes and hence result in
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Figure 8. Distribution of averaged lattice spacing at (a) EDGE
and (b) CENTRE of the welds.
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lattice spacing variation. At the same time, the
mechanics considerations require that the out-of-plane
traction on a free surface must vanish, and this require-
ment is enforced by the zero traction analysis.

Residual elastic strains

The residual elastic strains were calculated on the basis
of the three options used for the determination of the
unstrained lattice parameter. Figure 9 shows the con-
tour plot of the strains in the EDGE and CENTRE of
the weld. The results can be summarized as follows.

(a) In the comb method, significant strain variations
can be found in the longitudinal direction at the
CENTRE region. Unlike in the conventional
fusion welding, compressive strains are found in
the weld zone and tensile strains in the heat
affected zone, as a consequence of the friction stir
welding process.9 This may be caused by phase
transformation from austenite to martensite dur-
ing cooling immediately after welding, resulting in
the volume increase in the zone. There are no sig-
nificant strain variations in the transverse and in-
plane directions, apart from existing compressive

Figure 9. Distribution of residual elastic strains at EDGE and
CENTRE of the weld with three options.
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strains at minor regions in the weld nugget for the
former direction and in the weld nugget and the
heat affected zone for the latter. At the EDGE
region, relieved strains can be seen in the longitu-
dinal direction.

(b) In the balance method, it can be clearly seen that
the three-directional (3D) strain distributions at the
EDGE and CENTRE regions are considerably
similar as those in comb method, except in the weld
zone. Compared with comb method, the nominal
strain error outside the weld zone is about
1003 10–6, corresponding to the stress uncertainty
of only about 20MPa for steel. On the other hand,
the one in the weld zone is about 10003 10–6, and
200MPa as a stress uncertainty.

(c) In the zero traction method, the longitudinal strains
were obtained using the reconstructed unstrained
lattice parameter whilst the other strains were the
same as those in comb method. Compared with the
comb method, a small level of longitudinal strain at
the CENTRE region was found in the weld and
heat affected zone. On the other hand, tensile strains
found outside the heat affected zone become com-
pressive if this method is used.

(d) Asymmetric longitudinal strain distributions at
CENTRE region were found in a small region
below the crown side. This is probably associated
with the asymmetric deformation during the weld-
ing process.

Validation of residual strain measurement

In order to validate the strain measurement, high reso-
lution energy-dispersive X-ray diffraction was used to
measure the centre line at the CENTRE region, on
beamline ID15 at the European Synchrotron Radiation
Facility (ESRF) in Grenoble, France.37 Twin detector
set-up was used to allow simultaneous measurement of
strain parallel (L-direction) and perpendicular (T-direc-
tion) to the weld. Both detectors were mounted at fixed
scattering angles of 2u=58. The middle line in-plane
(Z-direction) was chosen to measure with beam
spot size of 0.53 0.5mm2 and counting time of 20 s per
point. The obtained data were analysed by single
peak fitting of the (2 1 1) reflection and GSAS (general
structure analysis system38) using Pawley refinement.
For the unstrained lattice parameter, the balance
method was used to determine the residual strains.
Figure 10 shows the comparison of the transverse and
longitudinal strains obtained using the balance method
by neutron and synchrotron X-ray diffraction. It is
found that both diffraction methods agree well, apart
from a small discrepancy in the weld and heat affected
zone.

Residual stresses

The strain data obtained were used to calculate the resi-
dual stresses using Hooke’s law for triaxial stress, i.e.

sT =
E

1+ nð Þ 1� 2nð Þ 1� nð ÞeT + n eL + eZð Þ½ � ð2aÞ

sL =
E

1+ nð Þ 1� 2nð Þ 1� nð ÞeL + n eZ + eTð Þ½ � ð2bÞ

sZ =
E

1+ nð Þ 1� 2nð Þ 1� nð ÞeZ + n eT + eLð Þ½ � ð2cÞ

where E = 200 GPa and n=0:3. Figure 11 shows the
contour plot of the stresses in the EDGE and CENTRE
of the welds. The results can be summarized as follows.

(a) In the comb method, it is seen in the longitudinal
direction at CENTRE region that significant com-
pressive and tensile residual stresses exist in the
weld and heat affected zone, respectively. In the
same region, the distributions of transverse and
in-plane stresses are close to each other, such that
small levels of compressive stresses are found
mainly in the weld nugget, whilst tensile stresses
exist in the heat affected zone. At EDGE region,
it is interesting to note that considerable tensile
stresses were found outside the weld zone in the
longitudinal direction, although no or low stress
was expected due to stress relaxation. Therefore,
it is thought and recommended that measuring
and applying the comb method in all directions of
strain measurements is imperative to obtain accu-
rate values of macrostrain or macrostress.
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Figure 10. Distribution of averaged elastic strains using
balance method in (a) transverse and (b) longitudinal direction
at MID of the weld. ESRF: European Synchrotron Radiation
Facility; FWHM: full-width at half-maximum.

Jun et al. 209

 at Technical University of Munich University Library on November 10, 2016sdj.sagepub.comDownloaded from 

http://sdj.sagepub.com/


(b) In the balance method, the difference in the stress
variations compared with the comb method was
mainly observed in the weld zone.

(c) In the zero traction method, no or low stress was
found at the EDGE region, particularly in the
longitudinal direction where the effect of stress
relaxation was directly accounted for. At the
EDGE region, compressive and tensile stresses
were distributed in the weld and heat affected
zone, respectively, whereas no or low stress out-
side the zone was seen, unlike in the comb method.
No significant stress variations were found in the
transverse and in-plane direction, apart from the
weld nugget where the compressive stresses were
concentrated.

FWHM

It is well known that, while diffraction peak position is
related to the average elastic strain or so-called macro-
strain within the scattering grains, the diffraction peak
shape is related to crystallite size and the so-called
micro-strain, which refers to the spread of the lattice
parameter values around the average. The spread or
broadening is caused by the inhomogeneity of

Figure 11. Distribution of residual stress at EDGE and
CENTRE of the welds.
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deformation between scattering grains and also within
each grain as a consequence of dislocation density evo-
lution, which in turn is related to plastic strain.
Therefore, the variation of FWHM within the sample
can be the basis for the choice of the size of region
exposed to eigenstrains.39 Figure 12 shows the contour
plot of the FWHM in the EDGE and CENTRE of the
welds. It can clearly be seen that the plastic deforma-
tion is localized in the weld zone at both EDGE and
CENTRE regions. Interestingly, the more severe plastic
deformation can be found in the thermo-mechanically
affected zone, specifically the region corresponding to
the edge of the pin. It may be surmised that in the weld
nugget dynamic recrystallization occurred. One possi-
bility of explaining this effect can be associated with
the local deformation caused by the welding tool in the
TMAZ. It is known that friction stir welding process
introduces severe microstructure change in terms of
grain size, structure and orientation at the interface
between weld nugget and TMAZ.6 This change may be
sufficient to induce significant dislocation density and
sub-grain formation, but not enough to recrystallize
and/or recover the grains to a significant degree.40

In addition, it is interesting and important to note
that the distribution of FWHM including that in
‘comb’ measurement (see Figure 6(b)) supports the the-
ory of eigenstrain. The eigenstrain indicates any

permanent strain arising in the material due to some
inelastic process such as plastic deformation, crystallo-
graphic transformation, thermal expansion mismatch
between different parts of an assembly, etc. It thus
accounts for all permanent strains that arise in the
material exhibiting inelastic behaviour. Based on the
distribution of elastic strains and FWHM, the eigen-
strain distribution can be determined using inverse
eigenstrain method.41 Consequently, the entire full-field
2D or 3D residual stress state can be reconstructed at
every point within the structure. The work on eigen-
strain analysis will be published in a separate paper.

Hardness

Figure 13 shows the contour plot of the hardness of the
welds. It is seen that the distribution of the hardness
correlated considerably with that of the FWHM. In the
weld zone, the material is harder than outside the zone,
and this is related to the phase transformation and
grain refinement. As can be seen in Figure 2, the tem-
perature in the weld zone was reached above 1000 �C,
partially changing the phase structure of steel from aus-
tenite to martensite.

Conclusion

The study described in this paper was devoted to the
analysis of residual strains and stresses in 12%-Cr steel
friction stir welds using angle-dispersive neutron dif-
fraction. Complete characterization of the 3D residual
stress state was obtained with the use of three different
methods (i.e. the comb method, the balance method,
and the zero traction method) for the determination of
the variation. It was found that a combination of the
comb and the zero traction methods allows reliable resi-
dual strain/stress distributions. Based on the analysis of

Figure 12. Distribution of FWHM at EDGE and CENTRE of
the welds. FWHM: full-width at half-maximum.

Figure 13. Distribution of hardness on the welds.
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peak broadening and peak shift, residual elastic strains
were found with identifying a region of severe plastic
deformation. These results were also related to micro
hardness measurements, in that highest hardness was
found in the thermo-mechanically affected zone, where
the most severe plastic deformation occurred. The com-
puted residual stresses indicated that in the longitudinal
direction there were compressive residual stresses pres-
ent in the weld zone, whilst tensile stresses in the heat
affected zone. Note that this observation has an oppo-
site trend compared with general assumption that the
welding process usually introduces a longitudinal ten-
sile stress in the weld zone and compressive in the heat
affected zone. This is probably as a consequence of
phase transformations from austenite to martensite
during cooling immediately after welding, resulting in
the volume increase in the zone. In the transverse and
in-plane directions, no significant stress variations were
observed.
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