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ABSTRACT
Residual stresses are an inescapable consequence of manufacturing and fabrication processes, with
magnitudes that are often a high proportion of the yield or proof strength. Despite this, their incorporation
into life prediction is primarily handled through sweeping assumptions or conservative application of
statistics. This can lead to highly conservative fatigue design methodologies or unforeseen failures under
dynamic loading. The pull from the desire for higher levels of materials performance, coupled with the push
of more sophisticated techniques for residual stress measurement, favours a reassessment of the accuracy of
assumptions made about residual stresses and the modification during fatigue cycling. A viewpoint is also
emerging that the fatigue performance of welded joints might be optimised through careful process control,
coupled with understanding of the relative positions of, and interaction between, residual stress peaks, weld
defects, hardness and microstructure. This paper will present information regarding the residual stress
profiles in aluminium and steel welds obtained via synchrotron and neutron diffraction at the ESRF/ILL in
Grenoble. Certain specimens were then subjected to specific cases of fatigue loading and the residual stress
field was again measured. Difficulties associated with determining the strain-free lattice spacing will be
mentioned, and the import of these data for life prediction modelling will be considered.

1 INTRODUCTION
Life prediction for components and structures is widely deemed to be a mature field, in the sense
that the underlying fracture mechanics is well understood, as are the principles of a defect tolerant
approach to fatigue lifing. Considerable insight has also been gained over the last 40 years into the
perturbation of life prediction by microstructural, environmental and load influences. These major
advances in capability allow us to design and build complex structures that operate with statistical
reliability. Despite the sum of this knowledge, it remains challenging to incorporate precise
effects associated with crack initiation, welded joints, manufacturing processes and fatigue crack
closure. A large part of this uncertainty arises from the presence of residual stresses. These derive
from manufacturing and joining processes, as well as from the crack growth process itself (crack
tip plastic zone and crack wake effects). They therefore have variable magnitudes and are affected
by the application of load cycles, particularly in the presence of stress concentrators such as weld
toes, defects and cracks.
The presence of residual stresses is known to affect both initiation and growth stages of
fatigue cracks, through changes to the effective mean stress experienced during fatigue cycling.
Tensile residual stresses will add to applied stress levels and lead to fracture at lower loads than
might be expected. In components like large castings, differential cooling rates in adjacent parts
of the casting can lead to cracking under service loading, which may be self-arresting, but is
always a cause of concern. An example of this is seen in Figure 1 which illustrates a cutter head
gearbox casing on a continuous mining machine for underground coal seams. This casing contains
a fatigue crack that has initiated at local fretting damage in the bore of the machined hole on the
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right in the picture (Figure 2) and preferentially extended down the inside of the casing. The
presence of significant residual stresses in this casting is demonstrated by 'springing' of the metal
across the two sides of the crack, leading to a noticeable inwards movement of the periphery of the
bore above the crack seen in Figure 2. Essentially, the metal has tried to reduce circumference of
the bore across the crack, which indicates that high tensile stresses existed in the bore of the hole
in the casing. A fatigue crack was initiated from a combination of localised fretting between a
bush insert and the hole, and high tensile residual stresses. Although the crack initiated in the
bore, it has then preferentially followed the tensile residual stress field down the inside of the
casing. It is likely to become self-arresting and could be monitored at scheduled intervals,
although with an associated cost in machine downtime and maintenance. The fretting occurred
because machining of large castings alters the self-equilibrating stress distribution and hence often
leads to distortion problems. A related problem can be observed in welded joints, where there is a
compromise between joints made with high clamping restraint (and therefore higher residual stress
levels) and those which have lower clamping restraint and are free to distort. Successful structural
assemblies often require at least an implicit understanding of this balance, if not an explicit
calculation of distortion and stresses.
Codified design of welded structures usually makes simplifying generic assumptions
regarding residual stress levels. For instance, fatigue life prediction codes such as Eurocode 9 [1]
or BS 7608 : 1993 [2] inherently rest on the idea that welded joints contain high (near-yield) levels
of residual stress. This assumption underpins the assumed lack of sensitivity to mean stress effects
during applied fatigue cycles, which has the advantage of making life prediction simpler. The
disadvantage of such generalised assumptions, with the conjoint effect of required conservatism of
fatigue design codes, is the application of 'lowest common denominator' design. In other words,
no account is taken of any potential improvements in joint capability arising from alloy
developments or weld process innovation. This is particularly detrimental in the case of a solid
state process like friction stir welding (FSW), which delivers joints with good grain structure, low
defect population and low geometric stress concentration. Evidence indicates that FSW joints
have high fatigue performance and low values of tensile residual stress [3, 4].
The other side of the residual stress conundrum relates to the use of compressive residual
stresses to enhance fatigue life, e.g. in shot peening. Shot peening parameters are still chosen
empirically via Almen strip deflection, and little reliable information is available in the literature
concerning values of residual stress as a function of alloy and shot peening conditions (coverage,
peening intensity, angle, type of shot). There is considerable current interest in developing
advanced fatigue life prediction models that incorporate residual stress values [5, 6]. Controversy
exists in the shot peening and fatigue community as to whether the major benefits of shot peening
should be ascribed to the compressive residual stresses or to microstructural changes which occur
over the same region and influence crack initiation.
This controversy adversely affects our ability to predict the fatigue life of peened components,
and arises partly because of uncertainties in accurately measuring the magnitude of residual
stresses through the depth of the shot peened layer, and partly from lack of knowledge of the effect
of fatigue cycling on such stresses. Some work has reported that shot peening stresses relax
rapidly during fatigue cycling [7, 8], whilst work on residual stresses in FSW butt welds in a work
hardening aluminium alloy has indicated that their magnitude may increase during fatigue cycling
[1].
This is an important issue in life prediction for shot peened components. Recent work [6]
dealing with the optimisation of the shot peening process presented a microstructural fracture
mechanics model that offers the potential to make realistic life predictions for shot peened
components, taking account of all relevant factors, e.g. hardness, grain size, plastic deformation,
small crack growth mechanics and residual stress magnitude. The potential improvement offered
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by this technique could not be properly assessed against experimental data because of poor
knowledge of the residual stress field. The stresses must be measured over a depth of at least
several millimetres below the surface, as this region has a major influence on fatigue life for small
cracks. This means that laboratory x-ray diffraction data is not useful, while incremental hole
drilling is unreliable and semi-destructive, and hence shifts crack initiation to the hole under
subsequent fatigue cycling. Numerical models of shot peened components have been attempted
but show poor correspondence between their results and those obtained from x-ray and hole
drilling data [9]. The authors recently performed a systematic synchrotron diffraction
investigation of residual stresses in shot peened 7050-T7451 alloy using specimens made with
several machining sequences and two shot peening coverage values (experiment ME 748 at the
ESRF, Grenoble). Alloy 7050-T7451 is solution heat treated, tensile strain relieved and then
artificially over-aged, and has a 0.2% proof strength of 460 MPa and a tensile strength of 520
MPa.
Strains were measured in specimens 20 mm thick, 20 mm wide and some 300 mm long in the
as-peened state and after fatigue cycling in bend. Strain scanning was performed using
synchrotron diffraction from {3 1 1} planes on beamline ID31 at the ESRF, with beam energy of
60.04 kV and a wavelength of 0.2065 Å. The gauge volume was defined using slit sizes of 0.05
mm in the direction of strain measurement and 1 mm wide. Strain was measured using 60 x 0.02
mm steps and 10 x 0.5 mm steps. Typical strains for as-rolled plate with 200% shot peened
coverage are shown in Figures 3 and 4 both in the as-peened state and after the application of
fatigue cycles with a peak bend stress of 200 MPa. Figure 3 depicts the through-thickness strain,
i.e. in the short transverse (ST) direction of the plate perpendicular to the peened surface, while inplane strains along the longitudinal axis of the specimen are shown in Figure 4. Uncertainty in the
measurements is indicated by the error bars. The actual number of applied cycles is shown in
Table 1 for all the specimens.
Even at this applied peak cyclic stress of ~ 43% of proof stress, tensile strains in the ST
direction at <0.5% of the life (10 000 cycles) have relaxed by around 25% from their peak value,
and this reduction remains fairly constant up to 5% of life (100 000 cycles). The important
compressive strains parallel to the surface (L direction in the plate) do not show such a consistent
trend in the depth of the specimen, although the strains at the surface itself are reduced by between
5-25%, with most of the data indicating ~25% reduction in compressive surface strain. These
results illustrate a major difficulty with interpreting residual strain and stress data; that of
specimen-to-specimen variation which may outweigh the trends of interest. This particular
problem will be resolved by the commissioning during 2005 of fatigue testing capability in-situ on
specific beamlines at the ESRF.
Much of the difficulty with interpreting residual stress measurements arises from limitations
associated with surface measurements, imprecision in hole drilling parameters and relatively small
data sets. Modern high intensity synchrotron and neutron radiation sources, however, coupled
with improved data analysis software and automated stages, allow large sets of strain data to be
acquired from relatively thick plates of steel or aluminium. The remit of this paper is thus to
demonstrate the opportunities offered by neutron and synchrotron diffraction strain scanning
(particularly when combined with in-situ dynamic loading in future work) to provide sufficiently
detailed data to assist in resolving some outstanding problems associated with residual stresses.
2 WELDED JOINTS IN ALUMINIUM ALLOYS
This section of the paper covers the as-welded residual stress state and the effect of fatigue cycling
on friction stir (FS) and metal inert gas (MIG) butt welds made in 8 mm plate of 5083-H321
aluminium alloy. This is a marine grade strain-hardening structural alloy with a 0.2% proof
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strength of 275 MPa along the rolling direction and a tensile strength of 370 MPa. The scientific
aim of the work was to use the residual stress data to gain insight into two different aspects of the
influence of process type and conditions on fatigue performance.
Firstly, there was interest in comparing the residual stress levels arising from fusion welding
(MIG) and from solid-state welding (FSW) and the influence on residual stresses of process
parameters such as heat input in the case of the MIG welds and number of passes in the FSW
(single or double pass). Secondly, a novel technique has been developed by the authors that
allows on-line monitoring of a polar plot of tool forces during FS welding [11]. This gives a twinlobed 'force footprint' that is related to the energy input into a friction stir weld and potentially
provides fundamental information about the mechanisms underlying weld nugget formation. One
can then systematically examine the relationships among fatigue performance, energy input into
the weld and weld process parameters such as tool rotational speed, tool feed rate along the weld
(which can be combined into a single pitch parameter giving the tool advance per revolution) and
tool geometry. Figure 5 shows typical polar plots of 'force footprint' for a series of FS welds made
in 6 mm 5083-H321 aluminium alloy plate with a single pitch value but different tool travel and
rotation speeds.
Full details of the synchrotron diffraction strain scanning are given in reference 4, and because
of the necessary brevity of this paper, only a few essential details will be repeated here. The work
was performed on the crystal diffraction beamline BM16 at the European Synchrotron Radiation
Facility in Grenoble. Reflections from the {3 1 1} planes were used, giving detector angles of
approximately 2θ = 14.5º which, with receiving slit dimensions of 0.3 x 1.0 mm, gave elongated
diamond shaped gauge volumes with an aspect ratio of about 8:1. Specimens were 150 mm along
the weld line and 190 mm transverse to it. This is large enough to preserve the full residual stress
field associated with the weld. Measurements were made of the stresses parallel to, and transverse
to, the weld for friction stir and MIG welds. Both single pass (SP) welds and double pass (DP) FS
welds were considered. These measurements were made on the central plane transverse to the
weld line and a typical map of strain of stress comprised around 1080 data points.
Figure 6 shows maps of transverse stress for the SP and DP FS welds. Line data can be
extracted from these maps to enhance the interpretation of trends and typical data for this DP plate
in the as-welded state is given in Figure 7. Peak tensile stresses occur just outside the tool
shoulder position. These measurements were repeated at selected z-positions in certain plates after
bend fatigue cycling at R = 0.1. Peak stresses in the fatigue loading were chosen to correspond to
lives of around 105 cycles and 107 cycles, which gave peak stresses of between 150 MPa and 250
MPa. Either single load cycles or 100 load cycles were applied. Figure 8 indicates the effect of
100 fatigue cycles with a maximum stress of 250 MPa on the transverse stresses, which are
important in crack initiation at welds. The surface plastic deformation which has occurred in
clearly demonstrated in the results for z = 1 mm and z = 7 mm. The really interesting point about
these measurements is that the fatigue cycling appears to have increased the peak tensile residual
stresses in the weld region through a translation of the stress distribution to generally become more
positive. This is not the behaviour that might have been expected, although the level of both
transverse and longitudinal tensile residual stress in these solid-state welds is a low percentage of
the proof strength (around 11% in the as-welded state and a maximum of some 29% after fatigue
cycling at 250 MPa). Peak compressive stresses are significantly more variable (up to 51% of the
proof strength for the longitudinal case and around 18% for the transverse case).
Typical line data obtained for 2-pass MIG welds made with a heat input of 0.56 kJ/mm and a
travel speed of 600 mm/min are shown below in Figure 9. For the welds shown bend fatigue
loading was applied at r = 0.1 with peak stresses of 100 MPa to 200 MPa, and Figure 9 compares
the as-welded stresses with those observed after 100 cycles of fatigue loading. Stresses are shown
transverse to (Y direction) and parallel with (X direction) the weld line. A full analysis of these
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data has not yet been performed, but again they indicate clearly that fatigue cycling under these
load conditions increases the level of both transverse (y-direction) and longitudinal (x-direction)
tensile residual stresses in the weld metal. The weld toe, which is the usual crack initiation site in
fusion welds, lies about 6-7 mm from the weld centre-line and hence does not experience
relaxation even after cycling at stresses of the order of the filler metal proof strength.
3 RESIDUAL STRESSES IN STEEL BUTT WELDS
The last brief discussion in this paper centres on neutron diffraction data for the residual strain
in butt welds made in 12 mm plate of high performance structural steel (794 MPa yield strength).
Synchrotron radiation can pass through perhaps 20 mm of aluminium, but residual strains in steel
above some 10 mm thick are best measured using neutron diffraction. Fast strain scanning times
of 10-15 seconds per measurement can be obtained, and Figure 10 illustrates this with a map of
strain transverse to the weld comprising some 2000 data points. This particular weld was made
using a MAG process, with undermatched filler metal (Carbofil 1 - yield strength ~ 500 MPa) and
a heat input of 3 kJ/mm. Neutron strain scanning was performed on beamline D20 at the ILL in
Grenoble using a wavelength of 1.3014Å, slit width (in the direction of strain measurement) of 2
mm and slit height of 15 mm. The weld cap run is at the top of the figure and the weld toe below,
thus transverse tensile residual strains exist in the weld. These data were obtained as part of a
systematic investigation of the role of weld process conditions (filler metal yield strength and heat
input) in varying the slope and peak magnitudes of residual strains at the critical positions for
fatigue crack initiation, i.e. the weld toe. Figure 11 illustrates the concept underlying investigation
and correlation of strain gradient, hardness gradient and the weld macrostructure. Such figures can
be related to the fatigue performance ranking order of the welds, based on hot spot strain, hot spot
stress, or nominal stress. The relative ranking may then be correlated with some physically
meaningful parameter that combines hardness and strain gradient effects in a realistic way.
The last point to make in this short paper relates to determination of the strain-free lattice
spacing (d0) in textured and welded alloys which is essential, but which can be difficult. Strainfree lattice spacing can vary dramatically between filler metal and parent plate, and also differ in
the longitudinal and transverse directions. Readers are referred to references 4 and 12 for a
detailed discussion of using 'toothcomb' reference blocks produced by electrodischarge machining
for determination of d0. These teeth are typically around 10 mm long and 2 mm by 2 mm in crosssection, and have proven useful in graded microstructures.
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Sample Number
7A206
7A208
7A207
7A210
7A213
7A209

Number of Fatigue
Cycles
0
10 000
20 000
100 000
200 000
2 000 000

Fatigue Life Used
%
0
0.5
1
5
10
~100 (run out)

Table 1: Applied fatigue cycles in four-point bend at R = 0.1 with 200 MPa peak stress.
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Figure 1: Cutter head gearbox casing containing a residual stress-induced crack at the bored hole
on the right of the picture.

Figure 2: The fatigue crack is indicated by the white marks and has initiated in association with
localised fretting damage.
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Figure 3: Strain in the short transverse direction in shot peened 7050 T7451; comparison between
as-peened and after bend loading at 200 MPa to various life fractions.

ε y against depth at centreline for 7050 T 7451
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Figure 4: Strain in the surface along the axis of the specimen in shot peened 7050 T7451;
comparison between as-peened and after bend loading at 200 MPa to various life fractions.
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Figure 5: Double-lobed polar plot contours for constant FSW weld pitch of 0.5 mm.
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Figure 6: Contour maps of transverse stress on centre plane for SP and DP welds.
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Figure 7: Line scan transverse stress data at depth from the surface z = 1, 4 and 7 mm
corresponding to the DP plate shown above. There is some variation in peak magnitude and
position through the plate. The data indicate that a transverse force balance exists in the as-welded
state.
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Figure 8: Transverse stress data for a DP specimen after 100 fatigue cycles with a maximum stress
of 250 MPa at R = 0.1.
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Spec 4: A s-w elded (BEFORE) and af ter 100 f atigue c yc les (A FTER) at R=0.1 and 100MPa peak load
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Figure 9: Residual stresses in MIG welds subject to two different fatigue loads.

Weld Cap

Figure 10: Map of transverse strain in a steel weld obtained by neutron diffraction.
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Figure 11: Weld macrostructure, shown plotted on the same distance scale as the hardness profile
and transverse strain gradient across a line 1 mm below the weld toe.

