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Figure 2.7: Definition of tool push, rake and tilt angle. The rake, tilt and push
angle are equal in size'*.
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Figure 2.8: Effect1of rake angle on flow of material for 1100 and 5005 aluminium
alloys’.

The rake angle has an effect on flow patterns and on the formation of the onion
ring structure in the weld nugget. Tilting the tool head by 1-5 degrees establishes
sufficient downwards pressure and moves the stagnant point upwards enough to
create a weld without defects. As tool tilt angle increases, however, the contact
area hetween the shoulder and the alloy decreases, thus lowering the efficiency of
the process since less heat will be generated by friction between the tool shoulder
and the material being welded. A tilted tool also limits the feed rate that can be
used because the tool may lift out of the material at high feed rates®. Large tilt
angles increase back flash and vertical force on the tool®. Results by Chen and
Maginess? indicate that an increase in tilt angle from 0° to 4° increases the depth
at which the rear of the shoulder presses downward into the alloy. This then
pushes more material forwards, producing a larger forging force and a larger

! Shinoda, T (2001)

2 Dawes, CJ and Thomas, WM (1891)
3 Smith, CB (2000)

* Chen, ZW and Maginess, R (2004)
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indicates that high spindle speed and low feed rate lead to lower tool forces.
Force analysis can assist in developing optimized tools as well as helping to
explain the flow behaviour around the tool, since the material flow behaviour is the
cause of the forces acting on the tool'.

Forces acting on the tool pin can be used to predict whether a tool will fail or not?.
As the plunge depth increases all forces increase, for example F, (downward
force), Fy (transverse or side force) and torque®. Ulysse* used a 3D FEM visco-
plastic model to predict the effect of rotational speed and feed rate on plate
temperature and tool forces in order to avoid tool breakage. The heat contribution
of the pin was included in the model. He also validated the model with
experimental investigations. It was found that the pin forces increased with feed
rate and decrease with rotational speed. In this model the rotation of the pin
surface was simulated by a constant tangential velocity. A small plate size of 60 x
100 mm and a smooth pin surface were considered in the model, in order to save
computational time. The measured temperature was consistently less than the
temperature predicted by the FEM model. The temperature decreased with
increasing feed rate and increased with rotational speed.

The forces on the tool have been modeled by Shi et al® assuming that a constant
shear stress acts on the tool. The torque under the tool surface was resolved in Fy
and Fycomponents and is given by

1.5T (y) 1.5T (x-X,,)
= - = (2.
* uDr® {n)’ Fy mDr,’ r 23)
where

T = torque (Nm)

r = distance from a point on the tool surface to the tool centre (mm)
X-Xi001 = X coordinate distance from the tool centre

y = coordinate distance from tool centre

rs = radius of the shoulder

D = the plunge depth over which the load was applied

! Ouyang. JH et al (2002)
2 Uliyse, P (2002}

* Johnson, R (2001)

* Ulyssa, P (2002)

% Shi, Q et al (2003)
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This mechanical tool loading was combined with a thermal model by Shi et al' to
determine the residual stresses in the welds.

According to Chen and Kovacevic? Finite Element Models revealed that increasing
rotational speed decreases F, and no significant effect was seen in the F, or F,
directions. F, and Fy increased with feed rate, with an associated slight increase in
Fz.

Results by Colligan et al® show that introducing flats on the tool pins influences the
forces generated on the tool. A new parameter was introduced, by these authors
namely, travel per flat per revolution = (feed rate/(spindle speed*number of flats).
They found that an increase in this parameter from 0.127 to 0.254 increased F,
from 9 to 16 kN, while results for F, did not show any clear trends. These authors
proposed that the number of flats influence the amount of material captured by the
tool as it rotates. The tool that had no flats exhibited a very large transverse force,
F,. Colligan et al® attributed this to the fact that the plastic material was now being
extruded around the pin instead of being captured during a revolution by the flats
on the pin.

It is clear from this literature review that past research has not focused on any
dependencies between forces on the tool and mechanical properties of the welds
for 5083-H321 alloy. In the investigation described in this thesis the tool forces
were measured during welding and their influence on the tensile, residual stress
and fatigue characteristics of the FS welds was examined. The underlying
hypothesis was that there is a correlation between energy input and the forces on
the tool and hence with mechanical properties of the welds.

2.3.7 The polar plot or “force footprint “diagram

The ‘force footprint’ is a graphical representation of the resultant force vector
experienced by the tool during a single revolution, which can be resolved into x
and y components®. The force footprint data are obtained via strain gauges that
rotate with the tool and measure its deflections under load. These strain values
can be converted to forces from conventional strain gauge theory. The analogue

' Shi, Q et al {2003)

2 Chen, C and Kovacevic, R (2003)
? Colligan, KJ et al (2003)

* Hattingh, DG et al (2004}
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footprint should therefore provide useful insight into routes to optimise these
critical aspects of the welded joint. The anticipated result should be a substantial
improvement in our ability to predict appropriate welding conditions for various
combinations of alloy, plate thickness, tool design, and production rates. Results
by Hattingh et al' indicated that the areas of the polar plots while welding 6 mm
thick Al 5083-H321 plates increased when the rotational speed was increased
from 300 to 600 rpm. This supports the theory that the areas of these diagrams
should be related to energy input into the welds. It was also found that a decrease
in tool pitch of 0.18 mm/rev caused a 30° counter-clockwise rotation of the peak
force position in the polar plots. it was speculated that this shift is related to the
plastic flow processes in FSW'.

Information on forces could be coupled with single-point machining models? to
extend model predictions to different alloys and weld conditions, and to determine
optimum tool form. The polar 'force’ footprint associated with FS welding may
therefore provide fundamental insights linking process parameters with weld
properties and performance.

Polar plots were obtained and analyzed for all the welds made in this research.
The maximum force per revolution was used to determine the work input per
revolution as the tool moves along the weld from the relationship Work = Force x
distance. The resultant force is calculated to determine an interrelationship
between the process parameters and energy input. To the knowledge of the
author this is the first time that this avenue of research has been undertaken in FS
welding.

2.3.8 Tool temperature

The optimum temperature to ensure adequate plasticity of the material to be
friction stir welded is usually 0.6 to 0.8 of the material melting point®>. As the
temperature rises the yield strength of the material falls below the applied shear
stress so that a region of highly deformed plasticized material forms around the
immersed and contacting regions of the tool. The plasticized material provides
some hydrostatic effect that enables the material from the front of the tool to be

! Hattingh, DG et al (2004)
2 Altintas, Y (2000)
LI, ¥ ot ol (1939)
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a = 0.04-0.06

k =0.65-0.75

w = rotational speed

f = feed rate

Tm = melting temperature of the alloy

Tmax = maximum temperature during welding

2

WT = a pseudo heat index

They noted that a slightly higher temperature was found on the advancing side of
the weld.

In summary, it is clear that the temperature in the weld can be altered by changes
in feed rate, rotational speed and type of material welded. Previous research has
proven that the maximum temperature in the stirred zone of the welds is below the
melting point of the material; that the maximum temperature during welding
increases with an increase in rotational speed at a constant feed rate; that the
maximum temperature decreases with increasing feed rate at a constant rotational
speed; and that the maximum temperature increases with 1/pitch. No studies
have yet been made that relate tool temperature to other process parameters or to
mechanical properties of welds. These aspects are investigated in this research

study.
2.5  Microstructure

Weld microstructures are determined by the thermal welding cycle, by the plastic
deformation and by the properties of the base metal. The small recrystallised
grain structure within FSW nuggets would generally be considered beneficial for
the mechanical properties. The types of grain structure found within FSW depend
on the welding parameters, energy input and feed rate of welding. An
understanding of micro-structural evolution during FSW and the effect of
microstructure on mechanical and physical properties, such as fatigue crack
growth and toughness, is critical to weld process optimization. Such an
understanding will bring broader acceptance in industry and, inevitably, new
applications for this innovative technology. A good understanding of the heat
transfer process in the work piece would be helpful in predicting weld thermal
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different dislocation densities and distributions. Adjacent layers should show
different strain hardening exponents and hardness which could lead to strain
partitioning between different layers when the weld is loaded. Work by Reynolds
has indicated that strain partitioning occurred between the adjacent layers in the
TMAZ'. Strain partitioning is often associated with the occurrence of ductility-
related cracking problems i.e. strain-age embritttement and reheat cracking. It
was proposed by James et al® that large planar defects observed on the fracture
surfaces of 5083-H321 welds were formed due to strain partitioning-induced
ductility drop at layer interfaces, possibly coupled with partial forging occurring
during welding. The activation of such mechanisms would be influenced by crack
orientation, strain rate and the relative differences in strain hardening exponents of
adjacent layers in the onion skin structure. These defects were observed to
reduce the fatigue strength by up to 20%?.

The shape of the nugget also varies with process conditions and with the type of
tool used. Dalle Donne and Biallas® concluded that the concentric rings in the
nugget seemed to become less evident with increasing weld feed rate and
rotational speed for oval shaped tools, and that the V-shaped non-threaded tools
did not produce an onion skin structure. Studies by Hassan et al* on 7010-T7651
aluminium alloy indicated that the nugget zone became wider and flatter as the
spindle speed was increased at a fixed feed rate as heat input increased. The
spacing of the rings could be related to the feed rate, and an increase in rotational
speed increased the spacing.

Work by Peel et al® (Figure 2.31) has demonstrated how the nugget zone varies
with changes in feed rate and rotational speed for dissimilar welds made from AA
5083 and 6061-T6 aluminium alloys. These nuggets were obtained using a tool
with a standard M5 threaded pin and the rake angle was 2 degrees. The
advancing side of the welds is on the right hand side of each macrograph. The
6082 aluminium alloy is on the advancing side. There is a distinct difference in the
appearance of the stir zone as the rotational speed increases.

' Raynalds, AP (2003)

2 James et al, MN (2003)

¥ Dalle Donne, C and Biallas, G (1998)
* Hassan, Kh A.A et al (2003)

° Peel, M et al (2003)
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Fracture location in tensile tests has been observed as occurring in the positions
of largest strain and hardness minima for FS welds 7075-T651 aluminium’.

It is clear that feed rate, tool speed, pitch and the thermal cycle produced during
welding, influence the magnitude and shape of the hardness profile in FS welds.
For a given spindle speed grain size reduces with higher feed rate, while an
increase in grain size is observed with higher levels of heat input per unit length.

In this thesis these concepts are examined for each weld. The aim is to link
process input parameters with alloy related parameters and thus with property and
performance parameters.

2.6  Mechanical properties
2.6.1 Defects

The defects occurring in FSW are now briefly discussed, with reference to their
origin and effect on mechanical properties, since weld defects are often highly
detrimental to the mechanical properties. Intrinsic weld-related defects occurring
in fatigue samples are also investigated in this work. Defect levels are usually low
in FSW since the weld zone produces a fine grained structure in the stirred region
and the low heat input limits residual stresses to a low fraction of the proof
strength of the weld metal®. FSW also overcomes problems with porosity and hot
cracking associated with fusion welds. The quality of joints is affected by choice of
tool profile, rotational speed, feed rate, tilt angle, plunge depth, welding gap
tolerance, thickness mismatch and variation in plate thickness®. Good quality

welds can only be produced within specific process windows®.

Large planar defects have also been observed on the fracture surfaces of fatigue
specimens which apparently reflect the onion skin structure and are proposed to
result from strain-partitioning at layer boundaries®. These are discussed in more

' Mahoney, MW et al (1898)

Z James, MN et al (2004)

® |.eonard, AJ and Lockyer, SA (2003)
* Midling, OT (2003)

¥ James, MN and Hattingh, DG (2002)
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FSW do contain defects as discussed in this section. Some attempts have been
made to relate defect formation with FSW parameters. This research study
investigates the defects observed from optical macrographs as well as defects at
the initiation site on fatigue specimens to determine whether the type of defect
formed could be related to input and/or process parémeters. The tensile and
fatigue strengths are also compared to the type of defects formed in the FS welds.

2.6.3 Tensile Investigations

The tensile properties of FS welds, as a function of process parameters, have
been studied by several researchers™?. Figure 2.48 illustrates the effects of tool
rotational speed and feed on the tensile properties of the nugget zone for AA 7010
-T7651 alloy'. The base metal values are shown as a dashed line. The 0.2%
proof stress shows relatively minor changes (=10%) with spindle speed and feed
rate. However, the UTS and ductility values varied sharply as a function of spindle
speed, but were less strongly affected by feed rate (about 10%, the same as proof
stress). From Figure 2.48 it is evident that higher UTS and proof strength values
occur as higher feed rates for all spindle speeds examined. In the case of UTS
and ductility maximum values are observed at higher spindle speeds, with
increasing feed rates leading to the maximum value occurring at higher spindle
speeds. The proof stress shows a variation of up to 10% with rotational speed and
feed rate. The tensile strength shown in Figure 2.48 (b) varies up to 25% with tool
speed and 10% with feed rate. Figure 2.48 (c) shows that the ductility varies up to
100% to 700% with the variation of rotational speed and from 60% to 100% with
feed rate. The ductility of the welds is probably highly dependent on the local
micro-strain variations that are dominated by heat input or plastic flow. The
ductility is therefore very strongly affected by both feed rate and rotational speed.
The tensile and proof strength are macro-level (gross) properties and are less
affected by these local variations in microstructure.

! Hassan, Kh AA et al (2001)
% Lee, WB et al {2003)
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fatigue strength is complicated and no consistent trend has been obtained to date.
Hori et al' reported that for a specific mmirev ratio, the fatigue strength of the FS
weld was not affected by the tool traverse speed. However, Biallas et al® observed
that for a constant rev/mm ratio = 10, the fatigue strength of 2024-T3 aluminium
alloy in plates 1.6 mm and 4 mm thick was increased from 100050 to 100150
cycles while simultaneously increasing tool rotation and traverse speed. S-N data
for 1.6 mm thick FS welds made at a high tool rotation rate of 2400 rpm and a
traverse speed of 240 mm/min were even within the scatter band of the base
metal.

Low plasticity burnishing (LPB) after FSW can enhance the fatigue life of the FSW
joints. Jayaraman et al® reported that LPB processing increased the high cycle
fatigue endurance of FSW aluminum alloy 2219-T8751 by 80% due to the
introduction of a deep surface layer of compressive residual stress, coupled with
surface polishing. Compressive residual stresses at near-surface and high-quality
surface finish are generally desirable for good fatigue properties. While the fatigue
resistance of FSW specimens in air is inferior to that of the base metal, Pao et al*
reported that FSW and parent metal specimens of 2519-T87 aluminium alloy have
similar fatigue lives.

Investigations by James and Hattingh® were the first to report fairly detailed results
relating fatigue strength with feed rate and rotational speed in FSW. A maximum
decrease of 19% in endurance limit stress at 10’cycles was observed in 5083-
H321 aluminium alloy in the as welded state. This reduced to 11% for polished
specimens as, travel speed increased from 80 to 200 mm/min, as illustrated in
Figure 2.55. It seems that the lowest speed provided the best performance in
terms of both absolute endurance limit value, and in terms of the smallest
reduction in strength between the as-welded and polished conditions. The surface
condition may vary between specimens and thus could also contribute to scatter
observed in the data.

" Hori, H et a! (1999)

? Biallas, G et al (1999)

? Jayaraman, N etal (2003)

* Pao, PS et al (2003)

% James, MN and Hattingh, DG (2002)
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It is clear from the above literature review that polished specimens yield higher
fatigue strength and were therefore used in this investigation. No previous work
has reported a comprehensive comparison of fatigue strength as a function of feed
rate, rotational speed and pitch. All the previous investigations compared only 3 to
5 test runs. This thesis considers 11 different input parameter settings. Equally,
littte work has been reported on the relationship between process parameters and
energy related functions, such as the force footprint, and the resulting fatigue
strength.

2.6.5 Residual stresses

Residual stresses exist within a body in the absence of any externally applied
load. Residual stress distribution and distortion in welded plate are strongly
affected by structural features, material properties and weld process parameters
and their interaction. Restraint, arising from thermal gradients and plate clamping,
produces residual stresses in the welding direction F, (longitudinal), as well as
perpendicular to the welding direction Fy (transverse), and also normal to the weld
direction (F.). Residual stress in welding is primarily caused by the transient
thermal exposure in the vicinity of the weld’. The intense local heating generates
expansion, which is constrained by the surrounding cooler material, and the metal
yields easily due to its reduced strength?. On cooling, the misfit in strain between
the yielded and unyielded regions leads to a self-equilibrating residual stress field

around the weld zone®.

Since the welding temperature for FSW is approximately 0.6-0.8 Ty, lower residual
stresses are expected than those occurring in fusion welding. Nonetheless, as a
consequence of the large plastic deformation and non-uniform temperature
distribution, material close to the weld is subject to different rates of expansion and
contraction and therefore may develop a complex three dimensional residual state.
The magnitude of residual stresses and strains and their distribution depends on
the type of welding, material properties and degree of constraint during welding.
High restraint in FSW limits the formation of angular distortion. Despite significant
advances in the application of FSW for welding aluminum alloys, fundamentali
knowledge of the magnitude and causes of residual stress fields are still not
completely understood. It is, however, well known that residual stress associated

' Norman, AF et al (2000)
2 Preston, RV et al (2004)
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with the weld negatively affects its fatigue performance and its anticorrosion

performance’.

The influence of residual stresses on fatigue crack initiation and growth arises
from their effect on mean stress in a fatigue cycle. It is generally believed that
tensile residual stress tends to decrease the sustainable stress range on a
component and hence reduces fatigue life under equivalent service stress states.
Mean stress has a strong influence on crack initiation and on crack growth, with
higher levels of mean stress generally equating to higher crack growth rates and to
faster crack initiation. In welded structures, points of high residual stress also tend
to coincide with points of local stress concentration, which generally leads to local
yield and plastic flow. Fatigue is governed by local stress conditions, implying that
the combination of residual and applied stress, influenced by local stress
concentrations, leads to variable mean stress levels that may change fatigue life
through either plastic relaxation or cyclic hardening. This stress redistribution
under fatigue cycling could combine with local microstructural variation to shift
favoured crack initiation sites in a complex manner. Understanding of these
patterns underlying crack initiation seems likely to assist in designing optimized
weld processes. Hence there is significant interest in determining residual
stresses and in understanding their modification during applied fatigue cycling.
The importance of residual stresses, and their modification during service, to
-fatigue performance is somewhat unresolved, partly because of scarcity of
detailed data, and partly because reported results can be contradictory. For
instance, measured values of residual stresses in aluminium alloys, and the
associated scatter, may vary significantly from one study to another. Several
investigations of the residual stress distribution in FS welds have been conducted
and their results are now presented.

James and Mahoney? measured residual stress in FSW 7050-T7451 aluminium
alloy, C458 Al-Li alloy,and 2219 aluminium alloy by means of X-ray diffraction
using the siny method. This investigation revealed the following findings:
(i) The residual stresses in all the FSW welds were quite low, falling in the
ranges of -9 to -90 MPa (compressive stress) and 6 to 45 MPa (tensile
stresses) compared to those generated during fusion welding.

! Dalle Donne, C et al (2000)
2 James, M and Mahoney, M (1999)
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(i) At the transition between the fully recrystallised and partially
recrystallised regions of the TMAZ, the residual stress was about 30-80
MPa higher than that observed in other regions of the weld.

(i) Generally, peak longitudinal (parallel to welding direction) residual
stresses were tensile and transverse (normal to welding direction)
residual stresses were compressive.

The low residual stress observed in the FS welds was attributed to the lower heat
input during FSW and recrystallisation in the weld nugget.

Webster' reported measurements of residual stress in FSW Al 7108-T79, using
the synchrotron X-ray technique, which showed that the longitudinal residual
stress varied in the range from -60 MPa to 140 MPa within the tool shoulder
region, and also showed a correlation between the detailed residual stress
features and the heat flow in the weld.

Residual stress investigations by Dalle Donne et al® using laboratory X-ray,
synchrotron X-ray and neutron diffraction methods revealed that the longitudinal
stresses were always higher than the transverse residual stresses, independent of
tool design, rotational speed or feed rate. The stresses had an "M" shaped
distribution, with small compressive residual stresses in the weld seam and high
tensile residual stresses in the heat affectéd zone, as shown for the longitudinal
stress case in Figure 2.57. Larger tool shoulder diameters widen the M-shape of
the residual stress distribution, while decreasing the feed rate tends to decrease
the magnitude of the tensile residual stresses in the HAZ. Decreasing rotational
speed of the tool produces a similar effect. The unstrained lattice parameter (d,)
was determined by stress balancing across the plate, which can lead to errors if d,
varies across the plate.

' Wabster, PJ (2001)
2 Dalle Donne, CD et al (2001}
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Consolidation of the FSW is achieved in the extrusion zone through downward
forces exerted by the tool shoulder. Due to the deformation constraint provided by
the cold material along each side of the extrusion zone, heating of the extruded
material results in thermal expansion that cannot be accommodated by the cold
meflal. The extruded material therefore experiences compressive plastic strains in
transverse and longitudinal directions to the weld direction. Since the plastic state
is incompressible this requires that the extruded material must undergo
extensional plastic strain in the z direction vertical down into the plate. As the
extrusion zone is deforming plastically, the material outside this zone must remain
elastic because after cooling, this elastic region will try to retum to its initial
conditions and the plastically deformed material will try to retain its plastic
deformation state. This resuits in incompalibility and tensile transverse and
longitudinal stresses in weld and compressive through thickness stresses in the

weld zone are formed.”

Results on residual stresses in FSW of 3.2 mm thick 304 stainless steel revealed
an asymmetric residual stress distribution, with respect to the weld centre-line
where the largest gradients in residual stress were on the advancing side due to
larger thermal gradients. Longitudinal stresses showed the highest tensile
magnitude. Peak residual stress values were located just outside the pin diameter
and extended from the crown side toward mid-thickness. These results are
presented in Figure 2.58(a) and (b).
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Data obtained by John et al' indicated that residual stresses play a key role in the
crack growth in the HAZ paralilel to the weld direction for 10mm thick 7050-T7451
aluminium alloy. The magnitude of the fatigue limit depends on microstructure,
residual stresses and specimen geometry. For a constant microstructure, center
cracked tension specimens had a lower crack growth rate than compact tension
specimens through the HAZ at low R-values. This geometry dependence vanished
at high R ratios. This observation implies that the residual stresses had an effect
on the fatigue crack growth rate.

Bussu and Irving® measured the residual stresses in a single FS welded specimen
of a 2024-T351 aluminium alloy using hole drilling, and considered their effect on
fatigue crack propagation. Longitudinal tensile residual stresses were found with a
maximum value of 85% of the parent plate 0.2% proof strength at a position 11
mm away from the plate joint line. Transverse residual stresses varied from a
tensile value of 174 MPa on the plate joint line to a compressive value of -192
MPa a distance 25 mm away from this line. It should be noted that very different,
and lower, values were measured on a second specimen, which implies that
results obtained from the hole drilling technique may be difficult to interpret in the
context of life prediction. To assess the effect of residual stresses on crack growth
behaviour, the authors subjected the specimens to 2% plastic strain applied
orthogonally to the weld axis. Whilst this is effective at reducing residual stress
levels it introduces another complexity into fatigue crack growth, as it is not clear
that growth rates in strained and unstrained specimens would be the same in the
absence of residual stresses. Bussu and Irving? inferred a significant effect of the
residual stress field on fatigue crack growth but were unable to draw any firm
conclusions from their work.

Peel et al® investigated (Figure 2.59 (a) and (b)) the residual stress distribution in
FSW of annealed 5083 using synchrotron X-ray diffraction. The longitudinal
residual stress exhibited an “M”-shaped distribution across the weld similar to the
results of Dalle Donne et al*. The transverse residual stresses exhibited a peak at
the weld centre. The nugget zone was in tension in both longitudinal and
transverse directions. Peak tensile residual stress were observed 10 mm from the
weld centre-line, a distance corresponding to the edge of the tool shoulder. The

' John, R et al (2003)

2 Bussu, G and Irving, PE (2003)
? Peel, M et al (2003)

* Dalle Donne, C et al (2001)
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Clearly, maximum residual stresses observed in various friction stir welds of
aluminum alloys are generally reported to be well below 100 MPa. The residual
stress magnitudes are significantly lower than those observed in fusion welding,
and also significantly lower than the yield stress of these aluminum alloys. This
should give a significant reduction in the distortion of FSW components and an
improvement in mechanical properties.

Most studies on residual stress in FS welds reported in the research literature
contain only 2-3 changes in feed rate at a constant rotational speed or 2-3
rotational speeds at a constant feed rate. Residual stresses seem to have an
influence on crack growth rates and heat input can be associated with changes in
residual stresses. It is clear, from this limited review of some of the available
literature, that knowledge of the magnitude of residual stresses at welds is patchy,
particularly for aluminium alloys, and that their reported magnitudes vary
considerably, even for FS welds where one would expect lower peak values. Part
of the problem arises from the incomplete nature of the information gained from
hole drilling experiments, and from scatter in the results, as well as from inherent
variability of residual stresses along a weld run. Very few researchers have
addressed variability along a weld, because of the large size of the experimental
matrix required to yield meaningful resuits. Equally, the difficulty of obtaining
complete residual stress information for specimens of a structurally relevant size,
has led to a lack of work that considers modification of residual stresses by applied
loading.

In this thesis the residual stress data will be related to weld parameters and the
force foot print data over a range of feed rate from 85-185 mm/min and rotational
speeds of 250-950 rpm. No existing work documents the relationship between

process parameters and residual stress in any great detail.

2.7 Heat and power input

The heat generated between the tool and the welded plate is a very important
parameter in the FSW process. The heat should keep the maximum temperature
in the thermal cycle high enough to produce softened material that can be stirred
with the pin, and also below the melting temperature of the material to avoid
defects and large distortion of the welds. To develop a thermal model for friction
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H = coefficient of friction at the specific speed
The local heat generation rate can be calculated as

_ Pressure
Area

q(r) Usltp (26)

where

vy, = relative slip velocity = wr

The total heat generated, (considering that there is no pin, only shoulder)
according to Frigaard et al', is described as

’ 4
o) = [AmpPwridr= S wpPwr,’ 2.7)

where

rs = radius of shoulder

w = rotational speed (rpm)

H = coefficient of friction at the specific speed
P = pressure distribution across the interface

To have a numerical model is more convenient when expressing equation 2.7 in
terms of the contributions to heat input from the shoulder and the pin

q(r) = g muPw IZT‘,(rﬁ O (2.8)

The heat contributions at different locations beneath the tool shoulder can be
determined by equation 2.8.

The contribution by the pin is usually neglected because the diameter of the pin is
much less than the shoulder.

! Frigaard, @G el al (1989)
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When the pressure is replaced with (F,/Area) equation 2.8 simplifies to

4
Power=§ myF, 0 . (2.9)

Frigaard et al' used a finite difference approach to caiculate two and three
dimensional heat flow models and to predict the hardness in the weld zone. The
coefficient of friction was adjusted in order to ensure that the calculated
temperatures at all points do not exceed the melting point of the material.

The tool rotational speed is limited by the necessity of maintaining plasticity
without melting the material being welded. The applied pressure should also not
exceed the actual flow stress of the material at the operating temperature if a
sound weld is to be made'. The relationship between process parameters and
heat input is not simple since the power is determined by the product of torque and
rotational speed. The coefficient of friction is dependent on temperature and slip
velocity and is therefore difficult to determine?. The speed at which the material
flows around the tool is limited by the shear strength of the material. As the
temperature increases the frictional coefficient is supposed to decrease and the
work of plastic deformation increase. Usually the friction coefficient at the pin
surface is considered to be the same as at the shoulder. An effective coefficient of

friction (., )} can be determined using the ratio of*:

Friction = Pueg2mrrdr and Torque= Puen2nr?dr acting on an elementary area of
dA = 2wrdr in contact with the plate surface. After integration of these
relationships equation 2.10 can be derived

_3 T
Hefr= 2Fx

where
F. = vertical force on the tool (N)

T = torque on the tool (Nm)
r = distance from the tool centre or radius of the tool {(m)

! Frigaard, @G et al (1898)
2 Colegrove, P et al (1999)
3 Santella, M et al (2003)
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Most numerical models have assumed that the material sticks to the tool surface.
The model by Colegrove and Shercliff' estimates the heat input to 7075-T6 to be
15-18kW compared to the measured 2.6-3.5 kW. This model therefore
overestimates the heat input to the material. Colegrove and Shercliff', using
experimental and theoretical techniques, concluded that the different tool materials
exerted different surface shear stresses on the welded material. They found that
the peak temperature of the Al7075-T7351 when welded was near the solidus, that
the temperature reached during welding was a function of heat generation, and
that changing the rotational speed had little effect on heat generation.

Song and Kovacevec? showed that the peak temperature near the tool reached
the solidus temperatures. This suggests that a liquid layer exists close to the tool
surface which will decrease the shear stresses that can be applied to the material.
As a consequence material slip as well as material sticking conditions have been
included in some FSW thermal models as will be shown in the following
paragraphs.

To develop the sequence of events consider firstly the three dimensional flow and
thermal model developed by Colegrove®, which determines the total heat
generated by adding the contributions of heat generated by shearing of the
material, heat generated by frictional heat and the heat generated by frictional
heating on the face of the pin. They extended the previous models by adding the
frictional heat generated on the pin. Their investigations illustrated that 20% of the
total heat is generated by the pin.

Dong et al*, included effects of the slip zone around the tool. They presented a
coupled thermo-mechanical analysis of a FSW weld, using simplified models. The
authors found that frictional heating dominated the upper portion of the weld, and
plastic work induced heating dominated the lower section of the weld. The plastic
slip zone was due to interactions between the tool and the base material, and they
proposed that the stir pin geometry (shoulder diameter and pin height), and the
workpiece thickness played a role in the formation of the slip zone. They
confirmed the ratio between the translation speed and the rotation speed, referred
to as pitch, as an important welding parameter. They proposed that the shoulder

! Colegrove, P and Shercliff, HR (2003)
£ Song, M and Kovacevic, R (2002)

2 Colegrove, P et al (2000)

* Dong, P et al (2001)
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enabled the prediction of temperature distribution during FSW welds in aluminum
6061-T651 plates. The use of axis-symmetric finite element models based on
torque were developed by distributing the power to the different interfaces
between the tool and the workpieces, based on the torques generated at the
different tool surfaces. Khandkar et al' include the effects of the backing plate in
their models and prove that cooling or insulating the backing plate alter the thermal
profiles and will in turn affect the mechanical properties of the welds. Certain
limitations to the model are noted by the authors, such as uncertain values of the
variables, normally approximated, for example, thermal contact conductance and
the convection coefficient at the bottom surfaces. The authors also propose that
the backing plates may have a greater influence on weld quality. The advantage
of the torque-based model is that the value of the coefficient of friction is not
required.

The heat input is derived as follows:

dln!adaca = Qm xTorque generated by interfacial surface/Total torque ....(2.12)

The total torque at the shoulder interface can be expressed as

Maouger = fer(2mryde (2.13)

T

The torque at the bottom of the pin is given by

f,

R (2.14)

[

The torque at the vertical face of the pin is expressed as

... (2.15)

M =N, 21rh

pinsurface

where

= radial distance from the tool centre

' Khandkar, MZH et al (2003)
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ri= pin radius

ro = shoulder radius

h = length of pin

t = uniform shear stress

The total torque which is the sum of the three torque components is determined
from the average power input

Pav= Mlotw (216)
where

Pa = measured experimentally torque x w
Mot = total torque
w = rotational speed (rpm)

The above equations can be manipulated to relate the heat flux to the radial
position on the tool to give

; Pﬂvr
an=s——— (2.17)

3 il +2mrth

Average heat input in welding has been proposed by other authors in the context
of simple energy models. Heat input (J/mm) from the shoulder in FSW is
determined from spindle torque measurements that remain reasonably constant
once thermal equilibrium is reached and is given by

_ Power _ 2mwT
feedrate %

where

Q = heat (J/mm)
n = efficiency factor = 0.9 for Al'
w = rotational speed (rev/min)
T = Torque (Nm)
f = feed rate (mm/min)
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The efficiency factor in this model has been estimated by Lienert and Russell'? as
approximately 0.87 - 0.94 for welding aluminium. This means that 87% to 94% of
the heat goes into the weld. Contrary to the above results, Johnson® indicate that
torque should not be considered as the main contributor to energy input; but that
Fxalso plays an important role.

The torque based model was extended to include slip zone effects by Schmidt et

al*. They developed an analytical model that included the sum of the heat input

due to sliding and sticking conditions and extended the torque based model. The
fractional contributions of each was determined by a state variable (5 ) defined as

5=1- Viool ~ Ymatertal

Vtacl
where

vi,a = tool velocity that depends on position away from the tool

Vraera = VElOCity Of the material at the interface

A value of =0 equals to pure sliding and when the material sticks to the tool &
equals 1.

The expression for the heat at the tool/work piece interface is then given by

Qs = TeouuqWr(1-8) with 0<8<1 (2.20)

A summary of the various contributions of the heat input by Schmidt et al* is
shown in Figure 2.65

! Lienert , TJ {2002)

2 Russell, MJ (2002)

? Johnson,R (2000)

* Schmidt, H et al (2004)
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Q, power input by the shoulder
H probe Q, power input by the side of the probe
Q, power input by the base of the probe

Q, cone angle

Q4 1 Shoulder

Q 3 __E probe
—>

R shoulder

Figure 2.65: Heat model developed by Schmidt et al'.

They describe the sliding friction conditions as the state at which the material is
elastically deformed and hence moving at zero velocity, while during sticking
conditions the velocity of the material increases until it reaches the velocity of the
tool. Correction to the above must be made to account for heat loss through the
tool and the base plate. Measurement of total power consumption must also be
made to account for the losses through the machine bearings and shafts. Their
model estimated that the pin contributed about 14% to the total heat flux for
2024AI1-T3 aluminium alloy and that the analytical heat generation correlated with
the experimental heat generation at 400 rpm and 120 mm/min. Their model was
only tested at this one condition.

The various heat contributions in the Schmidt et al' model can be determined by
the following equations

Qe = Quesing *(1-00Q000g (2.21)

2 o,
Qo = 3 B~ 72+ (1- PR s ~ R )1+ 81@) + R + 3Ry )

where

Q 1al = total heat generation (W)
ayied = Yield strength (Pa)
w = the tool angular rotation rate (rad/s)

' Schmidt, H et al (2004)
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considering that the shoulder is the only source of heat; taking the material to be a
kind of non-Newtonian fluid in CFD models’; excluding the rake angle® and not
including the backing plate. In practice the thermal properties vary with
temperature; the coefficient of friction is likely to be dependent on pressure, slip
velocity and temperature gradient; the pin should also contribute to the heat input;
and a great amount of heat should be dissipated away via the backing plate.

It is beyond the scope of this thesis to model the heat flow during welding by
applying FEA or any other computational method. The accuracy of the models
can therefore only be compared to experimental measured data. Assumptions are
often made in computing the frictional coefficient, shear stress and thermal
conductivity constants when heat dissipated into the backing plate is considered.
In general, modeling does assist in determining optimum weld conditions by
eliminating numerous amounts of mechanical testing to be done. However, using
simulations from heat flow models to determine optimum mechanical properties of
FSW, is still in its infancy. In this thesis equations 2.9, 2.10 and 2.18 are used to
provide estimates of the heat and power input to the FS welds. Such an approach
can only be used to compare weld conditions and should not be considered as
accurate quantitative measurements of the heat input to any particular weld.

2.8 Summary of findings from existing research literature

Despite the initial industrial success of friction stir welding many obstacles still
need to be overcome before FSW becomes a fully developed industrial welding
technique. These include:

(i development of on-line tool wear and tool breakage sensing systems;

(i)  development of in-process weld quality inspection system,;

(i)  simulation modelling and tool development to weld high temperature
melting materials and to weld at low forces;

(iv) insight into process physics leading to better predictive modelling of the
FSW process;

(v}  Dbetter understanding of the influence of process parameters on quality
factors, such as tensile strength, fatigue life, and residual stress (The
aim here is to enable online prediction of the weld quality during the

! Bendzsak, G. et al {2000)
2Colegrove, P et al (2000)
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welding process and to choose appropriate weld parameters to optimise
the performance); and

(vi) thermo-mechanical modelling combined with improved understanding
of residual stress development, in both theoretical and experimental
terms.

It is clear from this literature survey that a limited amount of research has been
conducted to determine the influence of input parameters (thus tool rotational
speed and feed rate) on weld performance, on fracture locations and on the type
of defects found at fatigue initiation sites in FS welded 5083-H321 aluminium alloy.
All the previous investigations have compared only a relatively small set of weld
process conditions with resulting mechanical properties. In this thesis a
systematic attempt is made to relate input and process parameters to weld
performance, using a matrix of 11 combinations of overlapping process
parameters. No existing work documents the relationship between process
parameters (forces on the tool, energy input, force footprint plot and tool
temperature) and hardness, tensile, residual stress and fatigue performance of FS
welds. Additionally, no attempt has been made to generate predictive capability,
using surface plots which have also been documented to relate mechanical
properties to process parameters. In particular, the novel polar force footprint data
are related to energy input to the welds and to residual stress measurements. The
net resuit is a significant improvement in the understanding of linkages between

performance, residual stresses, energy input and process parameters.

Monitoring of process data during welding will assist in providing a clearer
understanding and better predictive capability of suitable weld conditions as a
function of alloy, plate thickness and property requirements of the joint. This will
greatly reduce the current empiricism in choice of FSW process parameters, and
will be a useful outcome of the work described in this thesis.
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3. Experimental design for identifying critical process
parameters

3.1 Introduction

Understanding the influence of process parameters on quality and performance
factors, such as weld strength, fatigue life and residual stress, is crucial to
enhancing the acceptability of FSW in industry. These investigations are also vital
to enable online control of the weld quality during the welding process. Large sets
of data are required to advance understanding of these areas, due to the inherent
variability in performance parameters and because of the multi-variable nature of
welding processes. This means that statistical analysis is an ideal tool to apply to
welding research. It provides a means of identifying important factors and their
interactions, and of developing statistical models to be used for predicting results
or consequences, and can assist in developing an in-depth understanding of the
physical processes involved.

Because of the multivariate nature of welding, the selection of technique, process
parameters and welding consumables, are generally incompletely optimized. The
situation is worsened by the fact that it is not clear whether the observed variables
are related to only some or to all of the meaningful process parameters, nor is it
clear how these parameters affect the final weld quality, even if “weld quality” can
be unambiguously defined. Finally, the lack of mathematical models for the weld
process makes it impossible to supplement experimental data by simulation. All
these aspects imply that the available experimental data must be used efficiently,
looking for the best trade-off between complexity and insight.

The Design of Experiments (DOE) technique, developed by Fisher' in England in
the 1920's, describes experimental methods used to quantify indeterminate
measurements of factors and uncertain interactions between factors statistically,
through observance of forced changes made methodically as directed by
mathematically systematic tables’. The development of appropriate weld
procedures for particular geometries, alloys and processes requires extensive
experimentation that is time consuming and expensive. The process is further

! Fisher, RA (1925)
2 (htip: ixsi fdictl ! Experi -_DOE-41.htm))
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complicated due to the fact that there are multiple sets of variables that could
deliver the required welding objectives. Traditionally weld process modeling
focused on individual processes in isolation when, in reality, these processes are
interrelated’.

Reduction in the required experimentation can be accomplished when
experiments are constructed according to an experimental array or the DOE
method, such as Taguchi's®, or with computer generated arrays, or if classical
response surface arrays>* are utilized. Researchers often make use of Taguchi
methods for screening a large number of factors that might be influential on
experimental outcomes and then narrowing these down for a study that is more
intensive, using response surface designs. Empirical models of the response
surface can then be created using for example regression techniques or neural
networks to develop an approximation between the independent variables and the
responses within a small region around the optimal value. Since the response
surface is generally curved a second order response model is usually applied.
The empirical models are used to optimize the process and confirmation tests are
then performed on these models.

Approaches used in the past for welding investigations include:
(i) static Taguchi methods®:
(i) computer generated models linked to neural networks®:
(iii) heuristic parameter optimization methods such as tolerance boxes’ ; and
(iv) classical DOE methods such as those of Bukarov®

Taguchi methods can address noise factors that are undesired variables, such as
ambient temperature, humidity and aging in a part that cannot be controlled by the
investigator. Another advantage is that Taguchi methods result in applying less
experimental runs than classical “one parameter at a time” methods. Although
there are many different approaches to Design of Experiments, Taguchi methods
stand out because of their statistical simplicity, ease of use, appeal to engineers,

' Quintana, P et al (2002)

2 park, SH (1996)

* Phadke, SM (1989)

* Choueiki, MH and Mount-Campbell, CA (1999)
5 Allen, TT at al (2002)

® Nonuk, J S (1997)

7 Harwig, DD (2000)

® Bukarov, V (1997)
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and proven track record'. Aificial neural networks (ANN) offer a coherent
approach to modeling virtually any phenomenon with a high degree of accuracy as
long as the DOE is sufficiently large.? The drawbacks are that these methods are
complicated to interpret and they provide limited information about the ability of the
process to give consistent welds with a given combination of input settings. The
accuracy of neural networks is also difficult to predict unless the training set is very
large, because of the many possible ANN implementations and because of
performance sensitivities to the choice of the DOE?.

In relation to FSW, Record et al* applied a 16-run fraction factorial design to
investigate the relationship between process parameters in FSW. They were the
first to attempt a statistical approach to characterizing the FSW process. Their
investigations indicated that feed rate, rotational speed and plunge depth are the
most important process parameters. The distance between the welds and the side
of the plate influenced the vertical force on the tool.

This chapter describes the experimental strategy and matrix employed in this
project as well as the methods of analysis used in this investigation. Taguchi
methods were not employed in this investigation, because only two important tool
input parameters were identified and the input parameters were calculated based
on a set of constant ratios of feed rate/rotational speed and not at equal intervals.
Multiple regression analyses were performed in this work to determine the most
significant parameters. This is the first time that the interrelationship between
process parameters and force polar plot parameters have been investigated.
First, however, the FSW system is described and details of the important
experimental parameters are given.

3.2 Experimental setup for welding

3.2.1 Instrumentation

The FSW system used to produce welds is illustrated in Figure 3.1. This image
shows the complete experimental setup, consisting of a conventional Nicolas
Correa F3U-E CM milling machine reconfigured as a FSW machine. The control

* Taguchi, G (1996).

? Ribardo, C (2000)

: Chousiki, MH and Mount-Campbell, CA (1999)
Record, JH (2004)
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Software architecture was developed by Kruger', using the LAN interface board in
the computer that controls the FSW machine. This enables monitoring and
controlling of the following stages in the FSW process:

(i) moving to the weld start position (X and Y axes),

(ii) starting the spindle at the user specified spindle rotational and
plunge speeds;

(i} finding the surface of the material by Z-axis motion and by
monitoring the vertical force present on the tool;

(iv) plunging the tool pin to the required depth then allow a dwell period
while the material heats up to between 0.6 to 0.8 of the melting
temperature of the material being welded. A dwell period of 8s was
long enough to obtain a sufficient “plasticized state™,;

(v)  making the weld seam with the selected spindle rotational speed and
horizontal feed;

(vi) extracting the pin from the material; and

(vii)  Moving the tool to the initial starting position.

An instrumented chuck to measure the dependent FSW process parameters was
designed by Blignault? and the monitoring system was built by Libra Measuring
Instruments (LMI) and is shown in Figure 3.22. The electronics mounted on the
chuck allow all the required variables to be sampled, the raw sensor data is signal
conditioned and passed to a microprocessor, where it is prepared for transmission
to the tool monitoring interface unit. Electrical power is transferred to the chuck
using induction and the sampled data is read off the chuck in digital form, using a
capacitive technique.

The channels of sampled data are received and processed by the microcontroller
housed in the interface unit. The captured data in the controller software is
recorded and processed. The user interface displays data in real-time to enable
the operator to make control decisions or to allow its use as inputs to a fuzzy logic
controller. A thermal insulator, a Tufnol disk {behind the power coil in Figure 3.2)
and heatsink promote heat dissipation. A temperature sensor embedded near the
electronics was used to monitor the temperature rise, thus preventing damage to

! Kruger, G (2003)
2 Blignault, C (2004)
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There are four temperature compensating Wheatstone full bridge configurations
on the rotating shaft, one each for measurement of Torque, F,-force, F,- force and
F,-force. This rotating sensor monitoring unit allows logging of a direct stream of
real-time process data including tool torque, tool temperature, and downwards
force applied by the tool shoulder to the material, as well as a horizontal force
vector that is measured through 360° as the tool rotates during welding. An
additional temperature gauge is also mounted within the rotating electronic unit of
the tool holder to monitor the potential of overheating. The system will shut down
if the threshold level of 70°C is reached within the unit. A proximity sensor
mounted on the receiver measures the exact rotational speed of the tool holder
which is displayed in revolutions per minute.

Sensor calibration was performed to ensure that data measurements were
reliable. Horizontal and vertical strain gauges were calibrated using a point load
cell and the thermocouple was calibrated using a digital thermometer. The
repeatability of measurements during a weld run was estimated to be in the range
of 100 to 150N for the X and Y forces and 200N for the F,-force’. The system was
initially calibrated and repeatability tests were done at regular intervals by
Blignault® to ensure that acceptable data would be obtained from the process
investigation tests.

3.2.2 The force foot print polar plot

The force exerted on the tool by the metal during welding can be shown as a bi-
lobed polar plot of a “force footprint” during a single rotation. Figure 3.3 shows
typical examples of F, and Fy force footprint plots and demonstrates the variation
in their area observed with different process parameters. The positions of the Fy
max are gbserved to lie in the first and third quadrants of the polar plot, and the F,
maxima are 90° (1/2 radians) out of phase with these. For this thesis it was
envisaged to use the angular positions of F, and Fy maxima to interpret aspects of
plastic deformation during welding. Software problems prevented this data from
being acquired, so all force footprint plots of Fx and Fy are presented as having
maximum values at 0° for Fx and 90° for F,, However, data for Fx and F, were
combined to give resultant force plots (see Figure 3.5) and these plots give the
correct relative angular position of the maximum force for each set of process
conditions with respect to an arbitrary axis. This has been described as the FSW
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The tool can accommodate a thermocouple to give an indication of the tool
operating temperature and was designed by Blignault'. The tool temperature was
measured in the interior of the tool body and is hence more relevant to
characterizing tool wear processes than to energy input into the welded joint.

3.2.3.2 Input parameters

Since the interrelationship between process parameters in FSW is complex, only
feed rate and rotational speed of the tool were altered in this study. A plunge
depth was chosen that would keep the tool pin 0.08 mm from the bottom of the
plate since this has been proven to be sufficient to eliminate root defects™. The
range selected for feed rate and rotational speed was chosen to be as wide as
possible whilst retaining production of reasonably sound welds. This range was
assessed for 5083-H321 aluminium alloy at the Nelson Mandela Metropolitan
University (NMMU). It was found that sound welds could be made when welding
at spindle speeds between 150 and 550 rpm and feed rates (x-axis) between 40
mm/min and 250 mm/min equivalent to pitch ratios (mm/rev) of 0.27-0.45".

A tool-cooling period was used between weld runs to prevent residual heat in the
tool affecting the next weld. From practical experience, it was found that only one
weld run of 750 mm could be completed every 30 minutes at best. Welds were
not made using sequential sets of tool speed and feed but random sets, to reduce
any effect of random errors in the resuits.

Table 3.1 lists the different combinations of tool speed and feed proposed for use
in this study. A weld could not be made at 85 mm/min and 173 rpm, because the
downwards force measured on the tool was too high which could have led to tool
or telemetry system damage. The values given in Table 3.1 are the measured
data during welding and are used in all the graphs drawn to determine the
relationships between the input and process parameters.

! Blignault, C(2003)
2 Seidel,TU and Reynolds, AP et al (2001)
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The data for F,, tool temperature, tool torque and F, against weld distance were
used in the energy calculation given in Table 3.6. Tables 3.2 and 3.3 present
process parameters and polar plot data. F, tool torque and F, max are measured
from strain gauges positioned on the chuck. The standard deviation is also listed
in the table and is represented by the abbreviation “SD". The rotational speed
determined from encoder measurements are also given in Table 3.2. The data in
Tables 3.2 and 3.3 will be related to the tool rotational speed and feed rate via

surface plots.
Weld input and process parameters
Weld Feed RPM Pitch F, | SD | Torque | SD | Temp | SD
(mm/min) | (revimin) | (mm/rev) | (kN) {Nm) (°C)
1 185 436 042 |250( 4 [ 4651 | 2 | 474 | 10
2 135 423 032 |409(| 2 | 5587 | 2 | 512 | 7
3 85 201 042 |[437| 3 [ 8684 | 4 [ 464 | 8
4 185 870 0.21 320| 5 | 2564 | 2 | 524 | 10
5 136 254 0.51 243 3| 7021 | 5 | 431 | 18
6 85 266 032 |332| 2 | 6359 [ 3| 470 | 8
7 185 348 053 |[414| 3 [ 6931 [ 1 | 497 | 6
8 85 400 0.21 369 2 | 4826 | 1 | 496 | 5
9 135 318 042 |414| 2 [ 6869 | 1 | 497 | 6
10 185 617 030 |[348([ 3 [ 2620 [ 1 | 528 | 1
11 135 635 020 |[364| 4 | 3364 | 1 | 507 | 8

Table 3.2: Weld input and process parameters.

Polar plot data
Weldno | F, max | SD | F,max | SD | Fres | SD
(N) (N) (N)
1 3494 | 158 | -1913 | 92 | 3926 | 192
2 3554 | 83 | -1939 | 56 | 4054 | 96
3 2770 | 155 -1430 | 65 | 3154 | 100
4 4051 | 236 | -2296 | 95 | 4582 | 200
5 3634 |269 | -2109 | 95 | 4249 | 186
6 2248 [ 110 | -1140 | 118 | 2521 | 124
7 3476 | 36 | -1827 | 46 | 3970 | 72
8 2305 |[275| -1170 | 53 | 2560 | 117
9 2834 | 32 | -1426 | 37 | 3227 | 52
10 4293 | 54 | -1589 | 444 | 4004 | 156
11 3532 | 105 ( -1983 | 81 | 2970 | 195

Table 3.3: Polar plot data.

The percentage deviation from the average (SD/average)x 100 for all the process
parameters is listed in Table 3.4.
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Fres = 1/F,f + Ff represents the degree of plasticization and the “mixity" of material

in the weld. The peak values of Frs, Fyx and Fy as a function of process conditions
should be relatable to weld properties and defects.

When enough heat has been transferred into the material a good plasticized state
is obtained. The resistance to motion is then lower and tool torque, F, max and F,
should decrease to lower values. If the material is soft enough then F, will also
decrease. This will remain true if the plunge depth is kept constant and the
thickness of the material stays the same throughout welding, and such conditions
will minimize the possibility of root defects occurring. Polar plot areas will be
smaller and tool temperature should be higher.

When the material is not in such a well plasticized state, the values of all the force
process parameters should increase.

3.4.1 Energy input to the welds
The methods used to determine the average heat input (J/mm) and frictional

power input (J/s) into the weld were discussed in Chapter 2 and the relevant
equations from literature are repeated here.

Q,, = Z—Trw—-rfw = average heat input (J/mm) ...(3.2)
or
4 - .
P =§1Tquwr = frictional power input (J/s) ... (3.3)

The following parameters were used in the above calculations:
Efficiency (n) = 0.9

Radius of the tool {r) = 12.7 mm

The effective coefficient of friction (Jex) was determined using

_3 Torque
Her =3 Fxe
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The question now arises as to how to characterize a good plasticized state of the
material and how does the plasticized state relate to the process parameters. The
plasticized state is largely controlled by feed rate and rotational speed as
explained in the literature review, in Chapter 2. Equation 3.7 indicates that the
width of the plasticized state(£) is proportional to w?f'.

1
klh (Tsoﬂdus - Tambiem )

(3.7)
This is a simplification, since some of the parameters like the viscosity are a

R
km (Tsaudus - Tamblenl)

R 2
£ =upow( ) ( )= () bereak )

function of temperature and cannot be considered as a constant in the equation.
This simplified approach shows that the plasticized state is strongly dominated by
the choice of rotational speed. The assumption will be made in this investigation
that w?/f represents a measure of the plasticized state of the material.

If w¥f is plotted against effective coefficient of friction (equation 3.3) a linear
relationship is observed.
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Figure 3.13: The relationship between w%f and the effective coefficient of friction.

The variation of w?/f with respect to the process parameters is also investigated.
Figure 3.14 shows the general trend, for increasing w*f as a function of vertical
force (F2), tool temperature, tool torque and forces Fx max and F, max.

' North, TH et al (2000)
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342 Regression models of weld parameters23

In this section an attempt is made to determine meaningful relationships between
the input parameters and output variables via a statistical analysis. The results of
the multiple regression analyses of the process parameters are shown in Table
3.7. An observed output from the welding process, (for example tensile strength)
can be written as a function of the levels of input variables such as feed rate and
rotational speed.

y=f{a,a,a,..}y+¢, (3.9

where

y = output response variable (UTS)
aj,az... = input variables ( feed rate and speed)

g, =statistical random error term with a normal distribution which is a

measurement of the error on the response

The expected output response can then be represented as a contour plot where
two input variables form the axes in the plane of the paper and the output
response forms the perpendicular axes. The contours show conditions giving a
constant response. The first step in mathematical modelling is then to determine a
suitable output approximation for the output response as a function of the input

process variables.

If the response is well modelled by a linear relationship then the mathematical
approximation is given by

y=a,+bx, +byx, +.......... ax,+e, L. (3.10)
The method of least squares is used to determine the coefficients in the model.

This method chooses the coefficients so that the sum of the squares of the errors
is minimized and is given by.

' Park, SH et al (1986)
2 Navidi, ¥ (2007)
? Montgomery, DC {1976)
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L:g(yi -ao-gajxu)’ ..... (3.11)

The least squares estimators a,........,ax satisfy

oL - -Zi{y, b, -ib]xi] -0 (3.12)
11

0 lb,b,,......by i=1

The difference between the observed y and fitted 9 is referred to as the residual.

The variance, o? , is given by

SS
o= - _; ..... (3.13)
where

SS, = residual sum of squares or error given by Z(y, - y,)
i

=1

n-p = degrees of freedom

The value of o* depends on the form of model that is fitted to the data. A larger
variance indicates that there is more unexplained variability resulting from the
model.

The significance of regression is tested by using

S,=88,+#SS, . (3.14)

where
n o (W)
S,, = total sum of square = X'y’ =

SS, = regression sum of squares

SS, = residual sum of squares

A regression coefficient {(a,=a;=.......=0) if
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_ SSglk _MSg
° 8S./(n-k-1) MS,

exceeds the value F,, . . If the P-value for the statistic F, is less than 0.05

and(a, *a,..... # 0) then the parameter is considered to be statistically significant.

The probability-level (p-level) is the probability that the residuals are solely the
result of random error (chance). The lower the probability, the less likely it is that
the difference occurring is by chance', This test procedure is called an analysis of
variance and can be summarized as shown in Table 3.6 below.

Source of Sum of Degrees of | Mean square | F-statistic
variation squares freedom
Regression | SS, K MS, MS, /MS,
Error of
Residual SS, n-k-1 MS,
Total S, n-1

Table 3.6: Analyses of variance.

The coefficient of multiple determination R? measures the amount of reduction in
the variability of y, obtained by using regressor variables in the model and is given

by

The values of the coefficient of the multiple determinations R? fall in the
range0 < R? £1. A value of 0 means 0% of the data can be described by the
regression model. A value of R? close to 1 does not necessarily imply a good fit.
Adding a variable to the model will always increase R? regardless if this is
statistically significant or not. Large R? values could give poor predictions of new
observations of the mean response. Therefore R? adjusted values are rather used
and is given by

SS./(n-p)
Rlag=t-—e TP 3.7
s, (n-1) 17

! Zeelie, B (2002)
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A small variation between R? and R? adjusted indicates that only statistical
significant variables are contributing to the model. Adding a variable to a model
usually causes the sum of squares to increase and the error sum of squares to
decrease. Adding an unimportant variable could increase the mean square error

and therefore decrease the usefulness of the model.

The model adequacy should be tested before exploring optimisation of the model
otherwise it may lead to misleading results being obtained.

The P values for the F-statistic distribution were used as an indication as to
whether a parameter should be included in a model or not. The value of P<0.05
implies that at least one of the chosen parameters are significant and rejects the
null hypothesis that none of the independent variables are significant. However, a
P-value of 0.05 means that there is a 5% chance that the relationship emerged
randomly and a 95% chance that the relationship is real. If the coefficient of a
variable equals zero it implies that the variable does not significantly influence the
value of y. The coefficient of the variable indicates how much an increase in its
value will change the dependent variable.

The FSW parameters were related to each other, as explained in Figure 3.8. Table
3.7 lists the regression models for the process and input parameters. The process
parameters f;, tool torque, tool temperature and Fy max are related to feed rate
and rotational speed as presented by equations (a) to (d). The regression
analyses of total tool power, determined from equation (3.3) and (3.4), as a
function of feed rate and rotational speed is given in equation (e). The regression
analyses of the frictional power input and average heat input is given by equations
(9), (h) and (i), (j), respectively. The relationship of the areas of the polar plot
determined in J/s as a function of feed rate and rotational speed is given in
equation (f).

The P-values in bold have high significance, since P<0.05 and those in black are
less significant, since P>0.05. If a value is less significant it does not necessarily
imply that you can eliminate that variable completely from the equation, but rather
that the variable does not contribute to a large variation in the dependent function.

Fy max was not included in this analyses because F, max is much larger than F,
max forces and would not have a large effect on altering the weld properties.
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Examining the polar plots (equation (f)) revealed that the areas of the lobes have a
strong dependency on feed rate and are slightly influenced by rotational speed.

The average heat input into the FS welds is strongly dependent on variation in
feed rate and F, max as shown in equation (i) and (j). The coefficient of feed rate
is negative (equation (i)) therefore increasing feed rate results with a decrease of
the heat input while increasing rotational speed, increases the heat input.

3.4.3 Surface plots of process parameters versus rotational speed and feed rate

In the following sections, the relationships between the measured process
parameters and the input variables of feed rate and rotational speed are
investigated. The relationships between the energy equations and the input
variables are also determined. Three-dimensional mesh plots and two-
dimensional contour plots, obtained using Matlab, are shown in Figures 3.18 (a)-
(g). The surface plots were constructed from the data in Tables 3.2 and 3.3.
These plots more clearly reveal the dependency of measured process parameters
on feed rate, rotational speed and pitch. The possibility exists of using the plots to
determine ranges of values where local maxima and/or minima in the process
conditions are located. Note that the surface mesh is constructed through the
actual data and is not a smoothed representation according to a specific
mathematical relationship. Since variability exists in the monitored data, these
plots should be considered only as an initial step towards determining optimum
weld conditions. They show general trends in the data and indicate possible
mathematical relationships that could be used to model these trends. These plots
therefore provide a useful depiction of the interrelationship among the process

parameters.
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The highest spindle torque values are obtained at all feed rates with low rotational
speed {between 200 and 300 rpm).

The contour plot of F, (Figure 3.18 (c) and (d)) versus tool speed and feed rate
indicates that there are two distinct regions of low F,, corresponding with low
rotational speeds and low feed rates, and with high feed rates and medium
rotational speeds. These are separated by a region of speed and feed
contributions giving rise to high F,. Clearly, these data are reflecting changes in
the plastic flow processes during welding.

The lowest feed rate and rotational speed conditions produce low temperatures.
The tool temperature can be observed to decrease at a constant value of feed rate
with increase in pitch. Since an increase in pitch gives increased tool torque
values implying that less energy is put into the weld, per unit time the observed
increase in temperature is believed to be a result of higher frictional forces on the
tool. This is justified by the good linear relationship (coefficient of correlation R =
0.92) between the coefficient of friction and tool temperature. Higher F, values
correspond with higher tool temperatures.

The plots of frictional power on the tool indicates that more energy into the weld
results in an increase in temperature, less friction on the tool and therefore a
greater plasticized state during welding. The frictional power input shows a
maximum value at approximately 400 rpm and 140 mm/min. Local maxima in
power input occur with a pitch of 0.3 at high feed rates rotational speeds (for
example 185 mm/min and 617 rpm) and at low feed rates and low speeds (for
example 85 mm/min and 266 rpm). This form of data implies complex plasticity
phenomena in the TMAZ.

The heat input into the weld could not be related to the parameter w*f. The
energy model (equation 3.2) did show that as the feed rate increases, the heat
input to the weld decreases.

A linear relationship with r = 0.99 was obtained between the total frictional power
and total tool power models (thus the sum of rotational and translational energies).
The frictional power determined by equation (3.3) and (3.4) was used to compare
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the mechanical properties with the welds and will be discussed in the following
chapters.

The area contained within the polar plot of reaction forces on the tool had a good
correlation with the power input into the weld. It should therefore provide an
indication of the defect population and the dynamic performance of the welds.
Thus, weld soundness and performance should be able to be explicitly linked to
process conditions (such as tool pitch, which is defined as weld trave! increment
per revolution) as a function of alloy and tool design. Predictive capability can be
developed which will give a substantial improvement in the selection of appropriate
welding conditions for various combinations of alloy, plate thickness, tool design,
and production rates.

The resultant force on the tool determined from a polar plot has an inverse
relationship with the heat input model. As expected, larger heat input results in

smaller forces on the tool.

The next chapters link the process parameter maps to residual stress distribution

in the welds and to weld properties and performance.
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4. Microstructure, defect occurrence, tensile strength and
Vickers hardness of FSW

4.1 Introduction

Weld microstructure depends upon welding parameters such as energy input and
feed rate which determine the heating and cooling effects during welding. Final

weld characteristics which are affected by properties of the base metal include':

(i) the range of melting points of the constituent elements;
(i)  the solubility of hydrogen in molten aluminium;

(i)  oxide characteristics; and

(iv)  thermal and non-magnetic characteristics.

The fine grain structure found within FSW nugget zones would generally be
considered beneficial to the mechanical properties of these welds. An
understanding of the microstructural evolution during FSW as a consequence of
changes in process parameters and the associated microstructural effects on
mechanical and physical properties such as fatigue, crack growth and toughness
is critical to developing a predictive methodology. Such an understanding would
bring broader acceptance and, inevitably new applications for this innovative
technology.

4.2  General properties of Aluminium 5083 - H321

Aluminium alloy 5083 is used in the fabrication of lightweight, high-speed marine
vessels?. These alloys have good welding characteristics and resistance to
corrosion in marine atmospheres. This material is cold worked, thus strain
hardened to increase the dislocation density in the material and is also stabilized
by a low temperature thermal treatment of 350 °C + 5 °C for 2-3 hours. This
softens the material slightly and increases the ductility®. This temper is also
performed to overcome localized recovery within the grains that reduce the tensile
properties. The movement of dislocations is impeded by precipitates at grain
boundaries and internal strains around precipitates that is Guinier-Preston (GP)
zones. Intermediate precipitates may be nucleated in or around stable GP zones

! Dickersan, PB(1993)
2 Shankar, K and Wu, W (2001)
? Palmear, IJ (1995)
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or at lattice defects such as dislocations. Al 5083-H321 contains no age-
hardening precipitates. During the fabrication of wrought aluminium gases such
as H,, Cl, Ar and N, may be used. Hydrogen is very soluble in Al at high
temperature and may be entrapped in the solid structure after production that
could lead to porosity. Mg is highly soluble in Al at high temperatures and offers
the largest amount of solid solution strengthening for this material. Mg increases
the rate of work hardening, which is the most important strengthening mechanism
in Al 5083. If the concentration of Mg increases from 0.2% wt to 6% wt there is a
0.2% proof strength increase from 120 MPa to 300 MPa'. The Mn is included to
increase the recrystallisation temperature and complement the strengthening
effect of the Mg®. Precipitates typically expected to form in alloys of this type are
(Fe, Mn, Cr)sSiAl;, Mg,Si, AlaMg; and Cr’. If more than 5.5% Mg is present
MgsAls may form in slip bands and grain boundaries, which may lead to stress
corrosion cracking in corrosive environments. Small percentages of Mn and Cr
raise the recrystallisation temperature and may also increase the tensile properties
for a given magnesium content. Mn can precipitate in the form (AlgFe,Mn) if more
than 0.3% Mn is present in the alloy®. Small dispersoids less than 1 um of
Alg(Fe,Mn) could retard recrsytallisation by hindering the motion of grain
boundaries and larger particles that act as nucleation sites for recrystallised
grains®. Mg,Si are usually semi coherent rods that form directly from GP zones
along the directions <100>, (001)beta//(100); [100]beta//{011] slip planes on {111}
along <110> directions, and occur due to line defect dislocations. = These
precipitates could be fcc or hexagonal in nature. The nominal composition of Al
5083-H321 is shown in Table 4.1.

Al Cr Cu Fe Mg Mn Si Ti Zn
94.8 0.05- |01 0.4 449 |041 (04 0.15 0.25
0.25

Table 4.1: Nominal wt% of Al 5083-H321.
4.3 Specimens taken from the weld

Transverse tensile (T) and fatigue (F) samples were machined from the FS welds
at the positions as indicated in Figure 4.1. The residual stress

! Brandes, EA and Brook, GB (1992)

2 Polmear, 1) (1895)

? Lee, SL and Wu, SE (1988)

* Humphreys, FJ and Hatherly, M (2002)
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and root defects as a function of the pitch-related onion skin layers. This is due to
the Poisson's contraction that occurred during fracture. The original defects would
have been planar pseudo-bonds in the alloy.

The effect of these pseudo-bond and planar defects on mechanical properties
appears to be limited, except in certain cases where they occur over a high
percentage of the fracture surface. Thus three groups of welds can be
distinguished in terms of their performance characterized as a weld performance
factor that is: relative to the parent plate:

(i) welds 3,5,6,8,10 and 11 have weld factors in the range 82-85%;
(i)  welds 1,7 and 9 have weld factors in the range 74-79%; while
(i)  welds 2 and 4 have weld factors in the range 65-68%.

The situation is somewhat different in terms of 0.2% proof strength with welds
4,7,8,9,10 and 11 having proof strength values in the range 56-59% of the parent
plate, while welds 1,2,3,5, and 6 have proof strength values in the range 60-67%
of the parent plate. It should be noted that these values of weld factor compare
well with other reported values for 5083-H321 alloy. For instance, Peel' reported
weld factor values in the range 41-67% for 3mm plate in his work, and reported
that other researchers had found weld factors of 87-97%. The 0.2% proof strength
values reported by Peel® were 145-154 MPa, which are very similar to those found
in this study, thus 141-171 MPa. The parent plate in Peel's study had a UTS of
457 MPa and a 0.2% proof strength of 392 MPa. As 5083-H321 is a strain
hardening alloy and the FSW process leads to extensive recrystallisation in the
weld nugget and TMAZ, it is not surprising that weld proof strength values are very
similar in the two studies.

! Peel, M {2005)
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When a shear fracture occurred after tensile testing an entry of “shear” was made

in Table 4.9. The defects that occurred more frequently are highlighted in bold.

Weld Weld position Conclusions
no
221 mm 493 mm 582 mm
1 planar section | planar section | planar section | planar section and
and onion skin | and onion skin | and onion skin | onion skin defects
defects defects defects
2 root defects root defects, root defect and | root defects,
and planar planar section | planar section | planar section
section and
pseudo-bonds
3 shear shear planar section | shear
and
4 root defect root defect root defect and | root defects and
planar section | planar section | planar section
5 shear onion skin shear shear, onion skin
defects
6 shear shear shear shear
7 planar section | planar section | shear planar section
8 planar section | planar section | shear onion skin defects
onion skin onion skin planar section
defects on root | defects on root
side side
9 shear shear planar section | shear, planar
10 Shear, onion shear shear and root | shear, root
skin defects defect defects
and root
defects
11 shear shear shear shear

Table 4.9: Summary of defects detected in tensile fractured specimens of FSW.

It is evident from Table 4.8 that welds containing planar sections also contain

onion skin defects. Table 4.8 showed evidence of pseudo bonds as S-shaped

features shown on welds 2,3,6 and weld 7. No confirmation could be obtained of

this feature on the tensile fracture surfaces because welds 2 and 7 contained

planar regions and onion skin whereas welds 3 and 6 were shear fractures as

listed in Table 4.9. These defects were added to the comparison (shown in
Figure 4.3) to see if they do change the UTS of FSW.

151


































5. Determination of residual stress in FSW using synchrotron
radiation

51 Introduction

During welding, the thermal contraction of weld metal is resisted by the colder
surrounding metal as well as by the plastic flow in the material. This resuilts in
residual stresses that considerably affect the mechanical properties and service
life of engineering components.

This chapter presents detailed stress profiles obtained for welds using synchrotron
X-ray diffraction. It also discusses the experimental setup used during the strain
measurements conducted at the European Synchrotron Radiation Facility (ESRF)
on the FSW Al 5083-H321 samples. Residual stress data was investigated as a
function of varying input and process parameters. Very little information is
available in the research literature on the influence of process parameters (that is
forces on the tool, tool torque or tool temperature) on the residual stresses
resulting from FSW 5083-H321 aluminium alloys. Recent studies have
investigated the residual stress variation with rotational speed in 2024-T3 and
5083-H321"%.  Most studies on residual stress in FS welds reported in the
research literature contain only 2-3 changes in input parameters, that is, feed rate
at a constant rotational speed or 2-3 rotational speeds at a constant feed rate'?.
In this study eleven experimental conditions are investigated. Stress maps are
also correlated and discussed in the context of the heat input into the welds. The
results are presented as a series of 'performance surface maps' as a function of
energy input and weld pitch (defined as tool travel increment per revolution). This
allows predictions to be made of favourable process parameters for particular

combinations of weld property characteristics.

Detailed knowledge of the residual stress and strain distributions is indispensable
in linking process parameters with mechanical properties and fatigue performance.
Points of high residual stresses are often associated with stress concentrations
which lead to local yield and plastic flow and alter the residual stress in an applied
load cycle through plastic relaxation or cyclic hardening under fatigue loading®.

' Shukla, AK and Baeslack , W A (2006)
2 Steuwer, A et al { 2006)
* James, MR and Lu,J (1996)
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The presence of residual stresses is known to affect both the initiation and growth
of fatigue cracks, through changes to the effective mean stress experienced during
fatigue cycling. Higher mean stresses generally give higher crack growth rates and
faster crack initiation'. Tensile residual stresses will add to applied stress levels
and lead to fracture at lower loads than might be expected'. Since residual
stresses can have such a large influence on the life of engineering components,
these were investigated for the FSW made for this study.

5.2 Residual stress definitions

James and Lu' give a definition of residual stress as a stress state which exists in
the bulk of a material at rest without application of an external load. Residual
stresses arise due to a misfit in the material that cannot be accommodated by the
distortion of the material. These misfits arise due to different regions of the
material experiencing different rates of thermal inputs (that is thermal misfits) or
due to different regions of the material or phases present deform differently (that is
shape or plastic misfits)2. All residual stress systems are self-equilibrating over the
whole system. The resultant force and the moment which they produce, must be
zero.

The residual stresses are generally classified into three categories that are related
to the scale that is measured in the material®:

(i) Type 1, macroscopic residual stresses, which are of a scale larger than the
grain size of the material,

(i)  Type II, micro-residual stresses (inter-granular), of a magnitude equal to or
less than the grain size often resulting due to the presence of different
phases or constituents in a material; and

(iiy  Type III, intra-granular, micro-residual stresses that range over several
atomic distances within a grain because of the presence of dislocations and
other crystalline defects.

The actual residual stress state at a point comes from the superposition of the
above stress categories. Figure 5.1 shows the three types of residual stresses.

! James, M R and Lu, J {1996)
2 Hutchings. MT et al (2005)
2 Withers, PJ and Bhadeshia HKDH (2001)
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Method Principle, advantages and limitations | Resolution, | Material
penetration | type
and
sampling
volume

Hole This method measures in plane Resolution | Metals

Drilling stresses from distortion caused by 50-100 um | Plastics

stress relaxation in plates using depth Ceramics
rosettes. Many sources of error arise increment
due to the shape and dimensions of the | Penetration
hole, surface conditions and non Equal to
orthogonal hole drilling. The size of the | Hole
rosette and hole-to-hole interference diameter
limits spatial resolution. Yielding can Sampling
occur during hole drilling close to the size
surface of the sample, and this will lead | 1-2 mm in
to inaccurate measurements. Strain can | diameter
be measured up to a depth equal to the | 1-2 mm
diameter of the drilled hole. deep

X-ray The shifts in the position of Bragg Resolution | Metals

Diffraction peaks, caused by elastic strain induced | 20 ym depth | Ceramics

in a sample, is used to determine strain. | 1 mm wide
Grains are therefore considered as Penetration
atomic strain gauges. 5um -Ti
This method requires 50 pm - Al
{i) layer removal for depth 1 mm layers
measurements by using, for | Sampling
example, electro polishing size
techniques; 0.1-1 mm?
{i)  the need to deduce principal | 0.05-0.1
stress directions (or measure | mm
6 components of strain
tensor);
(iii)  suitable lattice planes to be
chosen; and
(iv)  The sin®¥ technique to be
applied and does not require
d, measurements.
Limitations include : the whole
specimen must fit inside the
diffractometer when measurements are
taken; errors can arise from rough
surfaces, e.g. welds; only near surface
information can be measured; and this
method is sensitive to surface
preparation.
Synchrotron | This technique is discussed in detail in | Resolution | Metals
Diffraction sections 5.6 to 5.10. 20 um Ceramics
Synchrotron X-ray advantages include: | lateral
()  10'2times brighter than 1 mm in-line
laboratory X-ray source. 20- | Penetration
300 keV beam with small >500 pm
wavelength = 0.3 A; 20 mm — Al
(ii) Much higher penetration Sampling
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depths (>20 mm in Al) than size
laboratory X-rays; 0.1 mm®
(i)  Narrow beam and small
sampling volume;
(iv) Fast measurements ~ 20s per
data point; and
(v) low scattering angles ~ 10-
20° depending on (h k 1)
planes investigated; and
(vi)  Standard diffraction
technigues being used with
synchrotron X-ray
measurements.
One limitation is that the gauge volume
has an elongated diamond shape that
could make strain measurements in
certain directions not feasible due to
long paths lengths into the material.
This technique is best applied to thin
plates.
Neutron Neutrons are scattered by an electron Resolution | Metals
Diffraction cloud or nuclei. Constructive 500 um Ceramics
interference leads to the generation of | Penetration
intensity peaks from Bragg reflected 100 mm —
planes. Time of flight of the reflected Al
beam is used to determine strain. 25mm - Fe
Major advantages are: 4 mm - Ti
(i) high penetration depths of Sampling
~100 mmin Aland ~ 25 mm | size
in steel; >1 mm®

(ii)

(iii)
(iv)

v)
(vi)

(vii)

high spatial resolution — can
measure to within 0.2 mm of
surface;

narrow beam (slits);

full 3-d strain maps via strain
scanning of specimen at the
same time can be obtained;
automated translation and
rotation of a specimen;,

strain measurements during
fatigue, bending or tensile
testing (that is in service
measurements) can be taken;
and

time of flight measurements
can be taken to obtain strains
from different phases present
in the same sample at the
same time. This is possible
because different hkl
reflections will take different
amounts of time to reach the
detector.
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The only limitation is that this technique
is more expensive than Synchrotron X-
ray radiation and highly qualified
scientists are required to take strain
measurements.

Curvature Measures in plane stresses by changes | Resolution [ All

Layer in curvature of a strip coated on the Variable

Removal sample. The accuracy is limited by the | Penetration
minimum measurable curvature. Not
Near surface stresses cannot be applicable
measured with this technique. Sampling

size
Not
applicable

Magnetic Ferromagnetic properties are sensitive | Resolution | Ferro-
to the internal stress state in the 1 mm magnetic
sample. The magnetic domains closely | Penetration
aligned with stress are strained. The 20-300 pm
stress-induced magnetic anisotropy Sampling
leads to the rotation of the magnetic size
field away from the applied direction. A | >2 mm?
sensor coil can monitor these small
rotations. When no rotation is observed,
principal stress axis and the magnetic
axis are aligned. This technique is
sensitive to the micro structural and
chemistry changes in the sample. No
universal or agreed method of data
interpretation is available.

Ultrasonic The velocity of ultrasonic waves are Resolution | Metals
sensitive to stress in materials. The 5mm Ceramics
changes in speed provide a measure of | Penetration
the average stress along the wave path | >100 mm
through the material. Measurements Sampling
are affected by microstructural changes | size
in the sample. 1-400 mm?

Difficulties arise in separating multi-axial
stresses.

Raman Laser light causes atomic bonds to Resolution | Ceramics
vibrate in certain liquid and solid 0.5 ym Polymers
materials. This gives characteristic Penetration | Silicon
fluorescence luminescence lines of Surface carbide
wavelength and intensity. Raman lines | Sampling Alumina-
shift with changes in hydrostatic stress. | size zirconia
This is a surface technique for samples | - Epoxy
that are not optically transparent. Sapphire

Fibre
composites

Table 5.1: Summary of various measurement techniques and their

characteristics to determine residual stresses.
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The non-destructive tool used to measure residual stresses in this investigation is
synchrotron X-ray radiation. This was chosen because accurate data could be
obtained without any damage to the specimen and measurements could be taken
through the thickness of the 6 mm Al 5083-H321 plate. Laboratory X-ray
diffraction techniques only allow measurements up to a depth of 50 pm in
aluminium.

5.4  Continuum mechanical definition of stress and strain

The internal force acting on a small area dA of a plane that passes through a point
P can be resolved into three components: one normal to the plane and two parallel
to the plane’. The normal component divided by dA gives the normal stress
(usually denoted by @), and the parallel components divided by the area dA give
the shear stress (usually denoted by t). These stresses are average stresses, as
the area dA is finite; but when the area dA is allowed to approach zero, the
stresses become stresses at the point P. It can be proved by equilibrium that the
stresses on any plane can be computed from the stresses on three orthogonal
planes passing through the point. The three planes are normaliy chosen to be the
x-, ¥-, and z-planes. As each plane has three stresses, the stress tensor has nine

stress components which completely describe the state of stress at a point.

Stress is a second order tensor quantity with six degrees of freedom, but can be
described completely by six terms due to symmetry as shown in Figure 5.2.

z - ™
?ZZ Oxx  Txy Txz
b
o
sz > Oy _ TZX sz 2z J
Y e B
0)()(

% Agure 5.2: Components of a stress tensor in three dimensions matrix
representation.

' Dieter, GE (1989)
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In the generalized stress tensor notation, the tensor components are written as o
where o; is the stress on the j face acting in the j direction of a cube. The
relationship between stress and strain can be obtained by applying Hooke's law
and is given by

0,=2C.& e (5.1)
ki

ikl *

where

Ciju = stiffness tensor

%1 = stress at a point

€ = strain at a point

If three normal stresses at a point are known, the strain caused by each
component of stress can be derived. The total strains in three directions for an
elastically isotropic material can be represented by the following equations:

£, = %[Ux-U(Uy"'UZ)]

e, = b, v, +o.]

E, = é[ﬂz-u(ox+cy)] ..... (5.2)
where

€x.Ey,Ez = strain in directions x,y and z

E = Modulus of elasticity

0,x0y,0; = stress in directions x, y and z
v = Poisson’s ratio

Alternatively, stresses in three directions can be represented by strains in three

directions, as shown in equation (5.3):

g, = (TE%(‘I"'_U)[(‘H.U)EI +U(Ey +Ez)]
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E
g, = m[(“u)e, +ule, +e,)]
o, = ——  farue v+ )] 0 (5.3)

(1-2u){1+v)
where

€x.£y €z = strain in directions x,y and z
E = Modulus of elasticity
0x0y.0; = stress in directions x, y and z

U = Poisson's ratio

Because of the linear relationship between the elastic strain and stress, the theory
above can be applied for a three-dimensional strain and stress analysis. The
calculations developed are valid for all polycrystalline materials, provided that:’

(i) they are homogeneous and not anisotropic;
(ii) they contain no crystallographic texture;

(i)  show small grain size < 100 ym (If not the case, this could lead to
too few grains in the required orientation that produces a diffracted
volume that is not large enough for good scattering statistics);

(iv) the grain size is not too large. Peak intensities will vary for
measurements at a specific wavelength while the sample is rotated

about a plane normal to the plane of diffraction?); and

(v) they are free from stress or composition gradients in the material. A
stress gradient needs to be determined and it is difficult to distinguish

between stress and composition gradients.

55 The biaxial stress case

The stress state of a body can be simplified to a biaxial stress state if loading
occurs in the plane of the plate and the thickness of the plate is much smaller than
the other dimensions. The biaxial conditions have been applied to thin welded

* Lu, J et al (1996)
2 Vamas (2001)
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plates % The assumption that the stress perpendicular to the plate is zero is
made in this thesis. Therefore, for a biaxial stress, state o, = 0, and equation (5.3)
simplifies to®

€, +VE,

g, =E 10
€, +VE,

o, =B

where

Ex.Ey = Strain in directions x,y, and z
E = Modulus of elasticity

Ox, Oy = stress in directions x, y and z
U = Poisson's ratio

5.6 Determination of strain and stress from X-ray diffraction (XRD) data

A short synopsis of diffraction based calculation of strain in specimens will now be
given. For diffraction based stress determination we use Bragg's law. When a
monochromatic X-ray is incident on a solid material, it will be scattered at specific
angles by the atoms composing the material. The wavelength of the radiation
should be comparable or less than the inter-atomic spacing to produce a
diffraction pattern. This scattering generates a path difference between the
incident and scattered beam. For constructive interference the two beams will be
in phase if the path difference is equal to an integral number of wavelengths. The
path difference, as shown in Figure 5.3, is given by 2h=2d sin®©.

! Reynolds et al (2003}
2 James, MN et al (2004)
? James, MN et al (2004)
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Figure 6.3: Determination of the interplanar spacing.

Braggs law is given by

nA = 2dsin® ....(5.5)

where

n = order of reflection ( n=1,2,3,....)

A = the wavelength of the X-ray or neutron beam
d = the separation of the diffracting crystal planes
0 = the Bragg diffraction angle

The scattering angle measured in diffraction techniques will be twice the Bragg
angle. The assumption made in deriving the Bragg equation is that the incident
angle equals the angle of reflection. For a perfect unstressed single crystal, the
lattice spacing between atoms is constant at a given temperature. The diffraction
peaks in synchrotron X-ray radiation will be based on several crystallites and,
therefore, d-values calculated will resemble mean values over all the crystallites
yielding macroscopic stress levels.

In the absence of applied and residual stresses inside a specimen, the lattice
space for a given plane family will be the same regardless of individual
orientations. When the specimen is under stress, the lattice spacing will be
different in relation to the orientations of planes. By measuring the change of
lattice spacing, from the displacement of the diffraction peak, the elastic strain can
be derived. The lattice is therefore used as an internal strain gauge.
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Xt y* 72
0—5+0—5+?=1 ..... (5.8)
1 1 1

Any point on the surface of the ellipsoid represents the components of a normal
stress given by

o,=gg’+0a’+0a’ . (5.9)
Hence the stress in a given direction y is given by

g, =g (sinycos ) +a,(sinysing)’+ag,cos’y . (5.10)
When y = 90° the above equation simplifies to

g, =g,cos’@+o,sinf@ (5.11)
The strain in the g direction is given by

g, =€ (sinpcos @)’ +e,(sinysing)’ +e,cos’y L (5.12)

For thin plates the normal stress will be zero if the penetration depth is small and
one can therefore assume that o, =0. For the biaxial stress state (discussed in

section 5.5), the above equations then simplify to

1+u
£, = -E—(cr1 cos’@+a,sin*@)sinfy+e, (5.13)

Substituting equation (10) in (8)

yields

% =S g siny

The quantity (e, - €,) is determined by measuring the d spacing of a specific
plane when oriented perpendicular to the y direction and approximately normal to
Z. Thus

_9dy-9d, d,-d, _d,-d,
e

u

£, -E,

where

d, = unstressed spacing.

Since the measurement of d, is quite difficult, d, is set equal to an approximated

value d,.
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The different reflection planes react differently to loading applied to the material
and may show different behaviour from the response of the bulk of the material as
a result of anisotropy in the elastic and plastic behaviour of the material'. The
(311) reflection was used in this study due to its relative insensitivity to small
intergranular strain development and will therefore be a representative of the bulk

macroscopic stress of the material?.

It is assumed that the atomic spacing
between (311) planes in aluminium will be equal regardless of the orientation of
the lattice planes relative to the sample surface in a stress-free specimen. The
lattice spacing will be expanded or compressed elastically (by an amount
dependent upon the orientation of the lattice planes) by any stress present in the

specimen.

Aluminium is essentially elastically isotropic and the diffraction constants can
therefore be described in terms of the bulk modulus without intreducing a
significant error. The Young's modulus of Al 5083-1321 was taken in this work as
69 GPa for the (311) reflection and Poisson's ratio was 0.3,

59 Strain measurement using synchrotron X-ray diffraction methods at
beamline ID31

5.9.1 The production and advantages of synchrotron X-ray diffraction

All experiments in this project were performed at the beamline ID31 of the
European Synchrotron Radiation Facility (ESRF), Grenoble, France during beam-
time allocated under experiment ME 992. The following is a brief introduction of
the ID31 beamline.

The advantages of synchrotron X-ray radiation include®*
(i) high X-ray energies that provides wavelengths less than 0.1 A ;

(i) low absorption edges and high attenuation lengths to measure depths
greater than the conventional X-ray sources;

'Pang, JWL et al (1998)

2 Clausen, B et al (1998)

? Hutchings, MT et al (2005)
* Withers, PJ (2001b)
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The peak intensities, peak widths at half maximum (FWHM) and the scattering
angle are measured during synchrotron X-ray investigation. In this thesis the
scattering angle was used to determine longitudinal and transverse residual
stresses. The FWHM values will also be related to the heat input during FSW and
will be discussed in section 5.17.

5.9.2 Setup on beam line ID31

Very intense narrow polychromatic heams of highly collimated and penetrating
energetic X-ray photons of wavelengths less than 0.1 A may be produced. This
enables strain measurements to be made that are characterized by low scattering
angtes. A singlte Si(111) crystal is usually used as a monochromator from which a
desired wavelength is obtained by altering the diffraction angle. Synchrotron X-ray
strain scanning techniques were used in this project because of the high spatial
resolution due to intense beams of 10 pm-1 pm'. The depth to which these
measurements can be made depends on the X-ray energy and absorption
characteristics of the materials.

Specifications for the beamline's operational range are':

(i) an energy range of 5 - 60 keV,

(i)  very high angular resolution with an optimal instrumental contribution to the
peak width of 0.006° (the actual peak width is normally greater and is
determined by the nature of the sample);

@iy  an energy resolution around 1 eV at 10 keV (i.e. AE/E < 10™*); and

(iv) beam definition between 10 ym to 1 mm.

The beamline was operated at 60 keV, corresponding to a fixed wavelength of
0.2065 A, which generates peaks up to a limit of 1 A in d-spacings. The incident
and receiving slits were opened to 1 mm x 1.3 mm with the diffraction angle
26 = 9.68°.

The horizontally collimated beam has a flux large enough to ensure that data can
be collected more rapidly with excellent statistical quality of peak shape by having
more photons available on the specimen. The attenuation of the beam in a
material decreases the intensity of the peaks and may limit the scope of the

' htp:itwww.esrt.fiiexp_facilities
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experimental investigation. Data acquisition and storage are carried out by
dedicated computers and electronic systems. The raw data comprise a diffraction
peak in the form of photon counts over one specific angle range in specified small
steps. To obtain the best estimate of the diffraction peak centre, a standard peak
profile fitting routine based on either Gaussian, Lorentzian or Pseudo-Voigtian
distribution is used to fit the measured diffraction profile to rectify the problem of
peak asymmetry due to geomefric, hardware and other effects'?3* . The
symmetrical Gaussian function is often suitable for the elastic regime and the
Lorentzian- shaped curve, a curve that contain tail sections, is suitable for the
plastic regime. The peak uncertainties were approximately 10 x 10 strain and
much less than the VAMAS Technology Trends assessment document of 100 x
10 strain®,

5.9.3 The gauge volume and slit system

The incident slit is situated on a rectangular slit holder between the
monochromator and the sample and defines the incident synchrotron beam on the
sample. The diffracted beam slit is placed between the sample and the detector
on a slit holder mounted on the bracket of the detector. The area in the detector
where synchrotron X-rays enter is defined by the aperture of the detected beam
slit. An analyser is usually mounted before the detector to select only near-paraltel
radiation and to eliminate surface aberration effects.

The gauge volume from which the synchrotron beam is diffracted, is defined by a
series of slit systems as depicted in Figure 5.8.

! Otto, JW (1997)

2 Webster, PJ and Kang WP( 2002)
I Wilson, AJC {1973)

‘4 Hutchings, MT et al {2005)

° Webster, GA (2001)
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Results by Hughes® showed that no significant variation in strain could be
determined between three combs at different positions from the crown of the weld
in 5383-H321 aluminium alloys. Measurements in this thesis were therefore only
taken from the centre comb of the EDM sample. It was assumed that any stresses
would be largely relaxed close to the ends of the teeth and thus the position
represents the strain-free reference lattice condition’. The texturing and
microstructural variation in the parent plate microstructure is therefore taken into
account. The recrystallisation of grains in the weld nugget and TMAZ implies that
d, in this region will have the same values both along the weld and transverse to
it?.

Measurements of the lattice strain as a function of position along the teeth are
shown in Figure 5.11 for one of the FSW specimens (welds 4). Data are shown
for teeth at positions along the length of the plate, -12.5 mm to 12.5 mm
associated with the nugget, -30 mm to -35.5 mm and 30 mm to 40 mm well away
from the nugget. The distance 0 mm represents the centre position of the weld.
This data shows that a small variation of interplanar distances exists at points far
away from the weld and a larger scatter exists in the fine-grained recrystallised
weld nugget region. This is believed to reflect texture effects and genuine grain-
to-grain variation in local stresses arising from the cold rolling treatment inherent in
the H321 condition®.

Region a, shown in Figure 5.11, corresponds to distances on the advancing side
of the weld and show a region of interplanar distances much lower than those
distances found in other regions. This could imply that two d-zero values could be
present one in the parent plate and one in the weld region. There was an overlap
(region b) for the same regions away from the centre of the weld on the retreating
side with the weld region. Unfortunately, a longer length of measurements will be
required to determine accurate d-zero values using the EDM method.

It would be preferable to have measurements of dop EDM samples for each weld.
However, in the allocated experimental beam-time this was not possible.

! James, MN et al (2004)
2 Hughes, DJ et al (2004)
%James, MN et al (2004}
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However, it is possible that the stress state may be significantly different at the
starts and ends of the plates, where the conditions are not steady-state. In all
cases, the basic assumptions regarding the stress and strain distribution in the
plates are that their principal directions are determined by the symmetry of the
plates, with ox and oy being perpendicular and parallel to the welding direction
respectively, and that o, corresponds to the plate normal (through-thickness
direction). It is also assumed that the stress state is essentially two dimensional
with a negligible through-thickness residual stress and that the plate has only
moderate texture. This is probably a reasonable assumption because in the
present work, the maximum temperatures during FSW are much lower than in
fusion welding, and the plate thickness of 6 mm is much less than the weld width
of 25 mm.

Figure 5.14 shows the variation of the longitudinal residual stress at distances
from -60mm to +60 mm from the weld centre-line. The results show that the
largest residual longitudinal stress is in the weld direction and that this is in tensile
within 25 to 19 mm from the centre of the weld and is balanced by compressive
residual stresses in the parent plate. This phenomenon agrees with the
descriptions of residual stresses given by Masubuchi' and Easterling? namely that
the weld region is forced into tension and is balanced by compressive residual
stresses in the parent material.

The features in the longitudinal residual stress data correlate with known thermo-
mechanical influences occurring during the FSW process. Small peaks are seen
within a range of 5 mm from the centre of the weld towards the advancing and
retreating side which can be related to the plastic flow induced by the rotation of
the FSW tool pin (with a diameter of 10 mm). The longitudinal residual stress rises
to maximal values close to the diameter of the tool shoulder of 25.4 mm. These
effects can therefore be related to the thermo-mechanical effects induced by the
shoulder on the material in the TMAZ. The longitudinal residual stress finally
decreases over the rest of the specimen and reaches a minimum value at about
40 mm on either side of the weld centre-line. The peak longitudinal residual
stresses vary in the range 66 to 100 MPa for the selected input FSW parameters.

' Masubuchi, K (1980)
? Easterling, K (1982)
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5.12 Variation of residual stress data with respect to process parameters in

FSwW

This section discusses the variation of the residual stress profiles with FS weld
input parameters. These results are given as an example and introduction to
section 5.15 where surface plots are shown. All the data are not shown in this
section because it is not always easy to see general trends from these figures.
The general trends were not consistent for all the welds and surface plots were
needed to summarize the data and obtain general trends. These surface plots

compare the peak stresses in each profile with input and process parameters.

Figure 5.16 shows the variation of longitudinal stress with respect to the rotational
speed at a constant feed rate of 135 mm/min. This feed rate was in the midrange
of the data set. These plots clearly show that the width between the longitudinal
stress peak profile increases with increased rotational speed and increasing pitch.
The maximum longitudinal stress also decreases with increasing tool speed
except for 318 rpm (weld 9). Table 5.2 summarizes the process parameters for
these welds.

Long | Frictional

Weld | Feed | RPM | Pitch | F, |Torque | Temp | Qin | "~ Power

(mm/ | (rev/ | (mm/ kN Jis

min) | min) | rev) Nm C JJmm | MPa

5| 135 | 254 | 0.51 | 24.3 | 70.21 431 747 103 1868
9] 135 | 318 | 042 | 414 | 68.69 450 915 74 2287
2] 135 | 423 | 0.32 | 40.90 | 55.87 512 990 88 2475
11] 135 | 635 | 0.20 | 36.43 | 33.64 507 895 68 2237

Table 5.2: FSW parameter data for welds at 135 mm/min.

The data in Table 5.2 do not provide any explanation why weld 9 does not fit in the
general trend observed. For example, if heat input was the only parameter that
influenced the magnitude of the tensile longitudinal stresses, then the heat input
for weld 9 (747 J/mm) should have been greater than weld 2 (990 J/mm), to
indicate that increasing heat input produces a decrease in longitudinal stresses.
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coefficient of rotational speed. Increasing the rotational speed in equation (e) and
(a) will increase the maximum residual transverse stress and decrease the
maximum longitudinal residual stresses as indicated by the coefficient of this term.
The process parameters Fymax, F tool torque and tool temperature have P-
values that are close in magnitude and the multiple regression analysis could not
indicate which of these parameters are significant for the peak transverse residual
stresses and widths of the transverse residual stress profiles.

E Regression models for process parameters Input P- value
9 | versus longitudinal stress data parameter
@) :\2?: tensile Long stress = 40 +0.42 feed rate -0.03 Feed rate g'oggg;g
R?=0.78; AdjR?=0.72 RPM 0
Max tensile Long stress=-332-36 F, +1.4Torque+ |F; 0.003457
0.83 Temp+ 0.02 F, Torque 0.003443
(b) | R*=0.94; AdjR?=0.90 Temp 0.011433
F,max 0.001136
Width of Long stress profile=65 - (.11 feed +0.01 rpm Feed rat 0.016566
2. . Fn2 eed rate .
(C) R‘=0.54; Ad] R*=0.43 RPM 0.226278
F. 0.121401
Width of Long stress profile=73+0.39F,- 0.16Torque- Tgrque 0.113974
(d) 0.2001 Fx- 0.007 'Iz'emp Temp 0.990408
R‘=0.95; AdjR"*=0.91 F,max 0.000187
Regression models for process parameters Input P. value
versus transverse stress data parameter
© rr\g?: tensile trans stress = 44.18 -0.07 feed rate+ 0.03 Feed rate 0.1 : ;222
R?=0.56; Adj R?=0.45 RPM 00
Max tensile trans stress=152 + 0.67 F, -0.45 Torque - | F, 0.420752
) 0.21 Temp + 0.001 Fx Torque 0.188194
R?0.23=; AdjR*=0.13 Temp 0.379758
F,max 0.879383
) gvcl)dzt:lp n?f frans stress profile= 56.95 -0.02 feed+ Feed rate g_ggg 1 l
R?=0.23; Adj R?=0.04 RPM ‘
Width between trans siress profile= F. 0.737443
) -49.71-0.5 F,+0.006Torque+0.05 Fx+ 0.002 Temp | Torque 0.991763
R?=0.20; AdjR*=-0.33 Temp 0.907438
F,max 0.766129

stresses. (Eq.= equation number)
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5.14. Residual stress and heat input

The variation between the longitudinal residual stress data and the average heat
input was investigated. The maximum longitudinal residual stresses are larger for
less average heat input and the widths of the peak profiles increase with heat
input, as shown in Figure 5.20. Hot welds have lower residual stresses, possibly
because the heat is distributed over a larger volume of material and less thermal
mismatch is created between the weld and the parent plate. The correlation
coefficient was 0.76 and 0.69 for the peak stresses and width of the profiles
respectively. The correlation coefficient between the transverse residual stress
and the average heat input was 0.04 and does not give good linear models.
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Figure 5.20: Features of residual stress profile as a function of average heat
input.

5.15 Surface plots of transverse and longitudinal residual stresses

Three dimensional plots of the process parameters were investigated to see if
models could be obtained to optimize residual stresses. The relationship of pitch
with respect to residual stresses can also be investigated with these plots.

Figure 5.21 shows a comparison between the input process parameters and the
maximum tensile longitudinal and transverse residual stresses. Figure 5.21 (a)

illustrates that the maximum tensile longitudinal residual stress increases at a
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Table 5.4 gives the weld parameters and residual stress data at pitch 0.2. The
average heat input decreased with 44% and the F, max polar plot power increased
with 434% as indicated by Table 5.4. An increase in Fx, max and the power
determined from the polar plot areas (translational energy) are compared with an
increase in longitudinal residual stresses. Similar trends are observed for the
transverse residual stresses. The width between the longitudinal stress profile

decreased as the rotational speed and feed rate simultaneously increased.

Feed | Speed Lon Trans
P Fz Fx Fy Heat Fx g Width
Weld | (mm/ | (rev/ (kN) max | max (Jimm) max | stress | stress (mm)
mm mm

min) | min) (N) (N) (J1s) | (mPa) | (MPa)

8 85 400 37 | 2303 (1170 | 1284 1.7 57 44 64

11 135 635 36 | 3532 | 1963 | 839 4.6 68 46 56

4 185 870 32 | 4051 | 2295 | 682 7.2 91 52 52

Table 5.4: Summary of weld parameters and residual stress data.

From this discussion it is clear that the development of residual stress and strains
during welding reflects a complex interplay between applied forces, energy input,
temperature gradients and material flow properties.

Section 5.13 indicated that feed rate, rotational speed and Fx max are significant
parameters in changing the longitudinal residual stresses. Figure 5.23 show the
relationship between the longitudinal residual stresses and F, max. The
correlation coefficient for this model is 0.58.
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Table 5.5 gives the process parameters measured at these weld conditions. The
vertical force increases significantly by 67% from 254 rpm to 423 rpm and 50%
from 254 rpm to 635 rpm. This indicates that the vertical downwards force could
have an effect on the magnitude of the stresses at this position. The downwards
force could constrain the expansion of the material during welding and therefore

decrease the residual stresses.

Weld sR:etzgonal d o\\,n?r'\’tv::;arlds Tem poerature Torque i:?):tt Strl:’::: at
(revimin) | force (kN) ) (Nm) 1 (apmm) | €O Fm)
W5 254 24 431 70 747 115
W2 423 41 512 56 990 42
W11 635 36 506 34 894 24

Table 5.5: Process parameters at 254, 423 and 635 rpm.

The transverse residual stress is shown in Figure 5.29. The transverse residual
stresses originate from the transverse shrinkage of the weld with respect to the
plate material, causing a small distortion of approximately two degrees upwards
normal to the weld centre-line. Figure 5.29 shows a high compressive region for a
depth of -2 to -3 mm into the plate for weld 2 and 11. Weld 5 had lower tensile
transverse stresses in this region than regions close to the root and shoulder side
of the weld. The transverse residuals stresses are larger at the root side of the
welds. The transverse and longitudinal residual stresses show approximate stress
balance in the top and bottom half of the plate. There is a large variation in
transverse stresses through the depth of the plate. A larger region around the pin
is in compression as the heat input increases. This could be a result of different
thermal gradients being created around the tool at the different heat inputs.
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5.19 Conclusions

In this chapter, the variation of residual stress with input and process parameters
for a series of FSW was compared. In all the welds made, the region around the
weld line was characteristic of tensile stresses and was balanced by the
compressive stresses in the parent plate. The longitudinal strains and stresses
are approximately two to three times larger than the transverse strains and
stresses, but approximately 22% to 40% of the 0.2% proof strength of the parent
material. The largest stress magnitude was obtained on the shoulder side of the
weld. Feed rate plays a dominant role in the changes in the maximum longitudinal
residual stresses, and the peak longitudinal residual stress increases as feed rate
increases. Feed rate and rotational speed can be chosen from the prediction
maps to obtain low tensile longitudinal residual stresses.

Fx max contributes the most to the changes in the tensile longitudinal stresses. It
is interesting to note that feed rate as well as F, max has a strong dependence on
the changes of widths of the longitudinal stress profiles.

No process parameter showed a good correlation with the peak transverse
residual stresses. It seems that torque could play a role in the variation of
transverse residual stresses.

There is a strong dependence on pitch and the force footprint polar areas, as well
as the variation of pitch and the peak longitudinal residual stresses. The areas of
the polar plots also decrease with increasing feed rate and tool speed which
correlates with a decrease in energy as seen in Figure 5.20. A linear correlation of
0.82 could be obtained for the longitudinal residual stresses and the average heat
input. In general, greater heat input results in lower residual longitudinal stresses.

An excellent correlation could be obtained with the FWHM and HAZ widths and
the average heat input into the welds. This indicates that larger average heat
input does indicate a greater HAZ for FSW.
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The 2D istress maps indicated  that'the process: conditions of the Wwelds. remained
constant for: the length/imeasured since the longitudinal and transverse residual
stress. remained iuniformifor transverse sections:of the'welds and was. also uniform
for similar depths forlongittidinal sections of the FS:weids:
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6. Fatigue life in FSW aluminium 5083-H321 as a function of
process conditions

6.1 Introduction

In this chapter the intention is to address the occurrence of specific fractographic
intrinsic defect ‘indications’ for FS welded fatigue present in this project. It
examines the role of process-structure interactions, both in generating such defect
indications, and in considering the effect of these defects on dynamic performance
of the welds. This leads to some general conclusions as to the manner in which
FSW process parameters might be optimized so as to minimize any detrimental
influence of such defects on fatigue and fracture. This chapter includes a brief
introduction to the relevant theory of fatigue and a discussion of the fatigue tests
conducted on all the welds.

6.2 Background to Fatigue

Fatigue of metals refers to the process of micro-plastic deformation, crack initiation
and subsequent crack propagation, resulting from the application of variable or
constant amplitude cyclic stresses, usually significantly below the material’s tensile
strength'. Fatigue tests can be conducted under either strain controlled or force
controlled conditions to determine the fatigue strength of a material, which refers
to the sustainable stress amplitude at a given number of cycles and which is
obtained from a stress versus number of cycles (S-N) plot. Low-cycle fatigue tests
are done at high loads and short lifetimes <10* cycles. Fatigue life prediction is
usually done via strain-based models in low-cycle fatigue since these conditions
usually involve effects of yielding?. Stress based models are applied for high cycle
fatigue tests® where cyclic life is greater than 5x10% cycles in which the strain is
largely confined to the elastic range. In this thesis the range from 10* to 2x10°
cycles will be termed as medium cycle fatigue and the range >2x10° cycles as
high cycle fatigue.

The nomenclature associated with constant amplitude loading and used in this

thesis is summarized in Figure 6. Here ¢_is the allowable aiternating stress, o, is

' ASM Intemational (1991)
2 Bannantine et al (1980)
3 Callins, JA (1993)







initial polishing phase and to eliminate any sharp edges remaining on the sample
that could create notch effects during fatigue loading. The characteristic marks on
top of the FSW were removed, since any rough marks on a fatigue specimen
usually act as fatigue initiation sites. It was shown by James and Hattingh' that this
was true for FSW. This thesis focuses on investigating the effect of intrinsic
defects in FSW, rather than such surface effects.

Fatigue specimens were placed under uniaxial constant amplitude sinusoidal
loading to ensure constant load acting over the cross section of the sample. A
value of R=0.1 was chosen to ensure only tensile loads acting on the sample and
to make certain no rubbing damage to the fracture surface would be induced
during crack growth. The fatigue tests were conducted according to ASTM
standard E 466 — 96. Alignment was checked to ensure no induced bending.

The aim of the tests was to obtain cycles to failure data for all welds at the same
cyclic load and to relate these values and their variation to process parameters.
Specimen failure was defined as a 15% decrease in applied load or run out at
2x10°. The welds were tested in a random order to exclude any variation in results
arising from any systematic effects that may be associated with the material or
testing machine. Fatigue testing was done at the same load for each specimen
while maintaining the same R ratio.

6.3.3 Determining the constant stress to apply to all specimens

There is usually a considerable scatter in fatigue data, with a decreasing scatter in
fatigue life observed as the stress increases. Sufficient data is therefore required
to identify statistically meaningful trends. Three or four stress levels above the
fatigue limit are usually adequate to define the general shape of the S-N curve.
Tests should then be repeated at these levels. Little? provides guidelines for
replications and number in fatigue testing. For research and development results
a minimum of 6-12 specimens are required, which includes 33-50% replication.
The five fatigue samples available for each FSW were not enough to obtain
statistically meaningful fatigue life S-N plots. It was therefore decided to run 5
samples at the same applied stress and to use the average of these values in
comparing effects of the FSW parameters and fatigue life.

! James, MN and Hattingh, DG (2002)
? Little, RE (1975)
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The uncertainty in life is greater than the uncertainty in stress. The variability of
the data around the mean fatigue life remains fairly constant up te 1 x 10° cycles
to failure and increases significantly for lives longer than this. The distribution of
fatigue data at a specific stress level, such as log N, has a Gaussian distribution.
The variability of the data can be determined from the standard deviation of log N.
Methods do exist to determine S-N curves for small numbers of samples. A single
sample can be tested at a stress level below the fatigue limit and if it does not fail it
can be retested at intervals of 1-3% of UTS, until failure is reached. This method
can only be applied if the samples are not susceptible to strain aging which can
artificially increase the fatigue strength through “coaxing”.

Al 5083-H321 is strain hardened and each specimen has a variable fatigue
strength which value varies from sample to sample. It is therefore difficult to
determine the fatigue limit accurately and hence we need to test several groups of
specimens at several stresses. The measured tensile strength of the parent plate
was approximately 360 MPa, thus 14% higher than the parent plate data available
in the literature. The fatigue limit of this alloy in literature equals 168 MPa at 2x10°
cycles thus adding 14% gives a value of 192 MPa, which should be an estimate of
the fatigue limit at 2 x 108 for the parent plate at R=-1. This value would be higher
at R=0.1. The S-N curve of the parent plate was found as shown in Figure 6.3 and
used as a guideline to determine the conditions to apply to all the weld samples.
Figure 6.3 indicates that a fatigue life of 10° cycles corresponds to a stress of
approximately 216 MPa at R = 0.1.
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Figure 6.3: Experimental data obtained for the parent plate cut in the rolling
direction.
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A few initial tests were conducted to decide upon a load to apply to all welds in
order that no run-outs occur.

Weld UTS(MPa) Stress applied (MPa) | Fatigue life
11 306 216 20653210
10 310 242 29780
1 289 269 23850

Table 6.1: Initial trials to investigate fatigue life.

Table 6.1 did not show any systematic trend. A mid-range stress of 242 MPa was
chosen, which should give fatigue lives between 1 x 10% and 1 x 10%. Previous
work on this alloy has indicated that the pseudo-bond defects were activated at
higher levels of plastic strains and there effects are therefore more likely to be
influenced at shorter fatigue lives'. Less scatter in fatigue data is usually
associated with an increase in applied stress.

6.4 Fatigue life of FSW

The variation of fatigue properties along the weld length was first investigated and
is presented in Figure 6.4. The fatigue data is also presented in Table 6.2. There
is a decrease in fatigue life up to 200 mm followed by an increase. There is a
slight scatter in the data; but fatigue measurements always produce scatter in the
results. The type of defects obtained for a specific weld also show variation. The
defects will be discussed in sections 6.6 and 6.7. Five measurements done at
each specific stress level are statistically acceptable. The indicated variation in
the standard deviation and error measurements is quite high. This variation
should be borne in mind when the results are interpreted.

Weld Average No | SD
number Cycles

1 16792 14868
2 12746 26362
3 50000 59818
4 32694 35131
5 28624 30579
6 68798 22944
7 45021 26985
8 21616 7295
9 19202 14886
10 85897 40902
11 74433 38047

Table 6.2  Average fatigue data for five samples taken along the weld.

' James, MN and Hattingh, DG (2002)
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The results can be displayed as a set of histograms (Figure 6.11) that show the
percentage of each type of defect occurring in a specific range of process
parameters.

In summary, these histograms show that:

()] vertical force (F,) = category 3 (~31-36 kN) gives highest frequency of
defect-free welds; higher F, values favour planar facets (PF), lower F,
favour onion skin defects (OS);

(i)  temperatures in category 4 (~604°C) give the best relative frequency of
defect-free welds,; category 4 also gives highest relative % of PF and OS
defects,

(i)  torque values in category 4 (~34 kNm) give best relative frequency of
defect-free welds. PF tend to occur at higher torque categories
compared to OS;

(iv)  Heat and power input in category 3 (~0.9 kJ,2300J/s) gives best relative
frequency of defect-free welds. PF facets occur in medium heat input
and high frictional power input. OS defects are favoured by medium
heat input and medium to low frictional power,;

(v)  medium high resultant force (Fs) in category 3 {(~1800 N) favours OS
defects and category 2 (~1300 N) favours PF. The greatest probability
of defect-free welds occur at medium-low and medium-high F.; and

(vi)  Fx max values in category 2(~2500 N) and 4 (~3600 N) give highest
relative frequency of defect free welds and PF. Category 4 also gives
best relative frequency of OS.

Planar defects occur at high vertical downwards forces, power and torque and
medium low temperature as well as lower heat input. This indicates a possible
rationale for the formation of the planar facets, namely:

Higher torque implies that it is more difficult to move the layer of material that
rotates around the tool from the advancing to the retreating side over the layer that
advances with the tool. [t could also be possible that the design of the tool
shoulder plays a major role in improving the flow dynamics of the material
underneath the tool and that an improved design could eliminate these planar
facets.
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The onion skin defects occur at process parameters in lower ranges compared to

the planar facets. Lower torque values indicate that the difficulty of shearing the

material around the tool does not play a role in the formation of the cnion skin

defects.

The defect population in tensile and fatigue fracture samples, ultimate tensile

strength and fatigue life as a function of frictional power and input parameters, is

ilustrated in Figure 6.12. The following conclusions can be drawn by interpreting
Figure 6.12:

(i)

(ii)

(iii)

v}
(vi)
(Vi)

(viii)

the same defects occurred on tensile and fatigue samples at the same
welding conditions;

low tensile strength concur with low fatigue life and high tensile strength
concur with high fatigue life;

high frictional power corresponds with low fatigue life and low tensile
strength;

weld 10 and 11 were defect free welds (185mm/min, 617rpm and
135mm/min, 635 rpm);

welds 4, 5 and 8 contained onion skin defects;

welds 1, 2, 3, 6, 7 and 9 contained planar facets;

the formation of the type of defects does not give a linear relationship
with frictional power. This is investigated further in Figure 6.13; and

the planar facets do correlate with frictional power, where the planar
facets become less prominent for less frictional power, clearly shown in
Figure 4.11, Chapter 4.
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6.8  Residual stress and fatigue life

Generally, when a larger stress is applied the number of fatigue cycles to failure
becomes less. If the residual stresses play a role in altering the fatigue life one
might expect that an increase in the transverse tensile stresses associated with
welding to decrease the fatigue life because these stresses would add to those
from the load applied on the sample. The previous section has shown that
defect free samples had the largest fatigue lives. Weld 10 gave the highest
fatigue life and ratios of the longitudinal and transverse tensile residual stresses
for all welds were determined using weld 10's data as reference. All the other
welds had lower longitudinal residual stresses than weld 10, thus one would
have expected that the fatigue lives should have been higher than weld 10.
However, the fatigue lives were actually less, as shown in Table 6.5, The welds
that had defects (except for weld 6) have 20-50% of the fatigue life of weld 10. It
is therefore assumed that the defects play a major role in decreasing the fatigue
life and not the residual stresses. For example, weld 11 contained no defects
and had similar longitudinal tensile residual stresses compared to weld 10 (max).
Although these welds were made at the same feed rate and weld 11 was made
at a larger rotational speed, the fatigue life for weld 11 was 86% of the maximum
and weld 9 22%, thus much lower. This must have been the result of the defect
present and not the residual stress.

For the transverse stresses welds 2, 4, 5, 6 and 11 have similar deviations:
approximately 90% of the largest, weld 10. The transverse stresses are lower
than weld 10 and therefore have a smaller effect in increasing the mean stress.
A lower stress should be applied to the sample, which should lead to an increase
in the fatigue life. For a 16% decrease in transverse residual stresses weld 11
caused a 13% decrease in fatigue strength, and weld 5 a 67% decrease in
fatigue strength for the same transverse residual stress in the sample, therefore
the defects play a greater role in decreasing the fatigue life.
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Long Lon Trans Trans . Number
nnvrfn:)der Stres’s ratig Stress ratio Fa:ilfiue of cyples d&f::t
(MPa) (MPa) ratio
w1 100.08 | 1.00 41.85 0.77 16792 0.20 0s
w2 87.74 0.87 51.38 0.94 12746 0.15 p
w3 66.56 0.66 39.73 0.73 | 49999 0.58 p
wi 90.54 0.90 52.18 0.96 | 32694 0.38 P
wb 103.03 [ 1.03 45.60 0.84 28624 0.33 0s

w6 72.44 0.72 48.84 0.90 | 68798 0.80 p,df

w7 98.50 0.98 39.72 0.73 | 45020 0.52 p.os

w8 56.92 0.57 44.26 0.81 21616 0.25 0s
w9 74.03 0.74 38.63 0.71 19202 0.22 p
w11 67.76 0.67 45.90 0.84 | 74432 0.87 df
w10 100.48 | 1.00 54.41 1 85896 1.00 df

Table 6.5: Comparison between fatigue lives and residual stress data.

6.9 Conclusions

In this chapter the influence of process parameters on the fatigue strength is
investigated. It was found that none of the process parameters exclusively
influence the changes of the fatigue life. The variation of the fatigue strength
with the process parameters are therefore non linear complex relationships. The
frictional power on the tool does show a trend with the fatigue life and there was
a comparison with the ultimate tensile strength. Unfortunately the models were
not good with a correlation coefficient of 0.4. The models did show trends of
higher tensile strength corresponding with higher fatigue life, as well as an
inverse relationship between frictional power and fatigue life. The scatter usually
obtained with fatigue data could tead to the difficulty of obtaining good correlation
in the data. More tests conducted at the same point could lead to an improved

statistical correlation.

The defect population of the fatigue specimens were also investigated and were
correlated with the process parameters. For FS welds in this 5083-H321 alloy,
the fatigue performance is dominated by defect-crack path interactions. Defect
free samples gave the highest fatigue life. Varying process parameters like tool
speed and feed effects defect type and presence much more strongly than
microstructure in the nugget or TMAZ. Low frictional power is a useful guide to
obtain high quality welds. Low torque is also beneficial, but rotational speed is
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the most influential parameter. A rotational speed of 617-635 rpm and 870 rpm
gave the lowest torque values. At 870 rpm there was a greater occurrence of
onion skin defects occurred than at 617-635 rpm. This implies that plastic flow
around the tool is critical to defect occurrence and this is why the frictional power
(a function of torque and rotational speed) showed a correlation hetween tensile
and fatigue life. Planar facets are detrimental to fatigue life and they occur at
higher vertical force, F; and higher torque values.

The surface contour plots can be used to link weld parameters with power and
heat input. Tensile and fatigue properties of the welds are related to power and
heat input. Using instrumented FS welding machines, guidance can be given on
process conditions to achieve an optimum performance.
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7. Summary of results and suggestions for future work

This dissertation investigates a process window of the influence of input and
output FSW process parameters on the quality and mechanical properties of
6 mm friction stir butt welded 5083-H321 aluminium alloy. The intention was
to determine whether the onliné monitoring system’s data can be used to

predict weld properties. The following important results were obtained:

(i) The rotational speed is the key parameter to change the magnitude of
tool torque, tool temperature and effective coefficient of friction. The
highest spindle torque values are obtained at all feed rates with low
rotational speed (between 200 and 300 rpm). The average heat input
to the weld is strongly dependent on the changes of feed rate. An

increase in feed rate decreases the average heat input.

(i) The plots of frictional power on the tool indicates that more energy into
the weld results in an increase in temperature, less friction on the tool
and therefore a greater plasticized state during welding. Comparisons
between the frictional power on the tool and process parameters were
conducted. The frictional power on the tool has a complex relationship
with feed rate and rotational speed and shows a similar trend with
regard to the vertical force on the tool. The contour plot of F, reflects
changes in the plastic flow processes during welding, where two
distinct regions of low F,, corresponding with low rotational speeds and
low feed rates, and with high feed rates and medium rotational speeds
are seen. These are separated by a region of speed and feed
contributions, giving rise to high F, . Higher F, values correspond with
higher tool temperatures. The frictional power also shows a good
quadratic relationship with tool temperature, with a correlation
coefficient of 0.67. The area contained within the polar plot of reaction

forces on the tool had a good correlation with the power input into the
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(i)

()

weld. This should provide an indication of the defect population and
the dyn'amic performance of the welds. Thus, weld soundness and
performance should be able to be explicitly linked to process conditions
(such as tool pitch, which is defined as weld travel increment per
revolution) as a function of alloy and tool design. Predictive capability
can be developed, which will give a substantial improvement in the
selection of appropriate welding conditions for various combinations of
alloy, plate thickness, tool design, and production rates. The Vickers
hardness 3mm below the too! shoulder correlates fairly well with the
inverse of frictional power (thus lower frictional power is equal to higher

Vickers hardness values).

The resultant force on the tool determined from a polar plot has an
inverse relationship with the heat input model. As expected, larger
heat input results in smaller forces on the tool. There is a strong
influence of pitch on the polar areas and the peak longitudinal residual
stresses. The areas of the polar plots also decrease with increasing
feed rate and tool speed, which correlates with a decrease in energy
as seen in Figure 5.20. A linear correlation of 0.82 could be obtained
for the longitudinal residual stresses and the average heat input.
Greater heat input in general results in lower residual longitudinal
stresses.

The relationship w?/f, which is proportional to the plasticized width
of the material around the tool, gives a relationship between

process parameters i.e tool torque, vertical downwards force and

tool temperature. The effective coefficient of friction
3 Torque

(Hew == d ) decreases linearly as the tool temperature
2 Fxr

increases.
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(i) In all the FS welds the region around the weld line was characteristic of
tensile stresses and was balanced by the compressive stresses in the
parent plate. The longitudinal stresses are approximately 2 to 3 times
larger than the transverse stresses, but approximately 22-40% of the
0.2% proof strength of the material. The largest stress was obtained on
the shoulder side of the weld. Residual stress became more
compressive as feed rate increased. Feed rate plays a dominant role in
the changes of the maximum longitudinal stresses. All the process
parameters are statistically significant parameters for the peak tensile
longitudinal residual stresses. No process parameter showed a good
correlation with the peak transverse residual stresses. [t seems that

torque could play a role in the variation of transverse residual stresses.

(ii) The longitudinal residual stress maps were constant through the length
of the plate at depths of 0 mm to -3 mm, -3 mm to -5. mm and -5 to -6
mm indicated that the process conditions of the welds remained constant
for the length measured. These maps could be used to verify a
FEM/FEA or analytical model to determine the 3D residual stress profile

around the tool.

In summary, Figure 6.12 shows the variation of tensile and fatigue data and defect
types with frictional power input. Figure 6.12 clearly show that low frictional power
regions correspond with high tensile and fatigue strength and defect free
specimens. High UTS correlate with defect free welds. Rotational energy between
650 and 400 produce defect free welds, Planar facets correspond with low UTS
regions and the degree of plastic deformation of the planar facets correlates well
with frictional power. Higher frictional power corresponds to greater plastic
deformation. Pseudo-bond defects occur at tool speeds around 400 rpm for all
feed rates. Weld 5 had the lowest rotational speed and the most prominent onion
skin layers. The rotational speed has the greatest influence on the formation of the
onion skin layers. A good inverse relationship between the frictional power on the

tool and tensile strength could be obtained. There was not a good correlation
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(i)

(iv)

v

welds with the aid of thermo-couples, even though these
measurements are difficult to obtain. The peak temperature of the
welds could then be related to process parameters, grain size and

residual stresses.

The fatigue tests in this thesis should be extended to obtain S-N
curves where fatigue life at lower applied loads are determined. This
will clarify the process window and reason for the occurrence of
onion skin defects and planar facets in FSW. It would also be
interesting to investigate the changes of the residual stresses with
applied loading or shot peening to try to improve the fatigue life of
the samples. Since residual stresses have a detrimental effect on
the fatigue life, an investigation into the reduction of residual stresses
using post weld heat treatments or tensioning of the welds will be
beneficial. This will include relationships between the parameters
like temperature, forces applied and the microstructure and
mechanical properties of the welds.

A FEM or analytical model could be useful to predict the changes of
the process parameters on mechanical properties of the weld and to
support the data found in this thesis.

Investigating different tool profiles and welding materials such as
precipitate hardened alloys for example 6061-T6 could also extend
the investigation in this thesis to determine the effects of tool design

and weld material on the:

(a) microstructure, for example grain size and hardness;
(b) fatigue properties and residual stresses;

(c) types of defects on the fatigue specimens; and

(d) fracture toughness and crack growth studies.

This would expand the data base about knowledge of FSW.
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between the 0.2% proof strength and UTS. The defect population of the
fatigue specimens were also investigated and it was found that planar
facets are detrimental to fatigue life and they occur at higher vertical
downwards force, (F; and higher torque values). The variation of the
fatigue strength with the process parameters is a non-linear complex
relationship. The frictional power on the tool does show an inverse trend
with the fatigue strength and there was a comparison with the ultimate
strength. The scatter usually obtained with fatigue data could lead to the
difficulty of obtaining good correlation in the data. More tests conducted at
the same point could lead to an improved statistical correlation.

It is clear from the results and discussion that monitoring of vertical downwards
force reaction on the tool, applied tool torque and subsequent tool temperature
would provide a much-improved way of assessing the attainment of suitable
welding conditions in the metal. This alone would eliminate some of the
empiricism currently attendant on selection of suitable weld process
parameters under changing alloy/joint conditions.

The following suggestions can assist in obtaining a better insight into FSW and
support the current data obtained in this thesis:

(i) Since the microstructure of the material was affected by the pin
movement, and not only the heat input from the shoulder, this
indicated that the flow of the material around the tool could also have
an effect on the residual stresses and Vickers hardness developed in
the weld and it would be interesting to investigate the flow dynamics
of the specific toal at various weld settings, by using either a metal
insertion technique (like Cu layers) of introducing particles in the
material or by stopping the tool during welding. The latter will
produce the most accurate results but is very costly because the tool
will have to be destroyed each time.

(i)  The relationship between grain size, hardness and residual stress
with respect to process parameters could be investigated in a greater
depth. It would be useful to determine the peak temperature in the
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