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ABSTRACT

The dissolution response of y' phase to thermal and mechanical effects in an inertia friction
welded turbine disk nickel base superalloy RRI000 has been investigated. The thermo-
mechanical affected zone (TMAZ) and heat affected zone (HAZ) microstructures around welds
in a commercial PM nickel-based RR1000 superalloy were simulated using a Gleeble thermo-
mechanical simulation system. Detailed microstructural examination of the simulated TMAZ
and HAZ and those present in actual inertial friction welded specimens showed that y' particles
persisted during heating to the welding temperatures, where they reacted with the surrounding
matrix producing liquid film by a eutectic-type reaction. However, it was observed that the
compressive strain during the forging stage of welding significantly enhanced resistance to weld
liquation cracking of the alloy by strain-assisted rapid isothermal re-solidification of the
constitutional liquation products within 150um of the bond line.

‘Keywords: Inertia friction welding; Thermo-mechanical affected zone, Hear affected
zone, Nickel-based superalloys; Censtitutional liguation; pre weld- cooling strain

1.0 INTRODUCTION unconnected one is restrained from rotating,
The flywheel is accelerated 10 a
predeterrmined rotational speed and then
disengaged from the drive, and the work-
pieces are forced into contact by the
application of an axial pressure. There i1s a
themomechanically affected zone (TMAY)

inside the heat affected zone (HAZ) both

Liquation cracking is 'a prominent and
generic problem that.is encountered during
conventional. welding of precipitation
hardened < mickel  based  superalloys
{Thompson et al; 1998; Radhakrishnan and

Thompson, 1993, Ojo et al; 2006). The
development of solid state welding of
unweldable nickel base superalloy is on the
increase in the welding world. This is based
on the premise that solid state welding takes
place below the solidus of the bulk alloy.
Inertia friction welding {(IFW) is a welding
procedure whereby one of the two work
pieces is connected 1o a flywheel while the

having different structures from cach other
and different structures from the paren
body. It is thus necessary to make surc these
microstructures will not be deleterious to the
overall performance of the material in
service. A recent microstructural
investigation by the present authors of an
inertia  friction welded turbine disc
precipitation  hardened  nickel  base
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superalloy has shown that constitutional
liquation of the grain boundary v
precipitates occurred during the solid state
welding in the TMAZ (Oluwasegun et al;
2010a). The extent of the liquation, and the
formation of microcracks associated with
liquation cracking were observed o be
significantly reduced when compared with
the welds of various conventional welded
nickel based superalloys (Owczarski et al;
1966; Pepe and Savage, 1967; Romig et al,
1988; Reiso et al; 1993, Radhakrishnan and
Thompson, 1991: Ernst et al; 1989;0jo et al;
2004) Infact, regions that are within
150pm from the bond line of the IFW
welded alloy were observed to be liquation-
crack free. It has been shown that the rapid
heating of the y' precipitates during IFW
could have enhanced the precipitates to
survive their solvus and thus resulted in the
unexpected constitutional liquation of the
precipitates within the temperature range
where 1t 15 thermodynamically favourable
for a y- ¥y eutectic reaction to occur
Oluwasegun et al. 2010a). The on-heating
formation  of constitutional liquation of
precipitates has been reported in various
fusion welding to increase the melting range
of the alloy and concomitantly lower the
HAZ crack resistance of the alloyduring
weld cooling (Reiso et al; 1993; Emst et al;

9; Oqo et al, 2004). Thus, the'elimination
v the constitutional liquid prior o weld
cooling via rapid isothermal solidification of
the liquid will play ap~important role in
improving HAZ liquation-crack resistance
in welds.

In the present ‘waork, the effect of induced
strain withir [50pm  [rom the bond line
during the Torging stage of an inertia friction
welded mickel base superalloy is presented
and discussed.

2.0 EXPERIMENTAL PROCEDURE
A new generation nickel base superalloy
(RR1000) (Oluwasegun et al, 2010a;
Oluwasegun et al. 2010b) designed for use

as turbine disc for aero-engine has been
used in this study. The standard chemical
composition (wt%) of the base alloy, which
has been solution heat treated at 1120°C for
4hours and aged at 760°C for 8 hours with
subsequent air is shown in Table 1. The as-
received inertial [riction welded samples
were sliced to dimensions 20mm X 12mm
X 10mm. The solid state dissolution
behaviour of y' within the nertia friction

welds was studied exclusively” under
thermal environment and under thermal
environment with imposed _compressive
strain, both within a Gleeble thermo-
mechanical simulation System. For the
exclusively thermal environment,

cylindrical specimens of 8mm diameter and
7.96mm length were prepared [rom the base
alloy, heated to 1150, 1175, 1200 and
1225°C temperature at a rate of 20°C/s and
held for 3s at all“temperatures followed by
walter quenching (Figure la). Under thermal
plus imposed compressive strain condition,
samples’ were heated to 1225°C, held for
Isee, then subjected to 10% compressive
swraiw in 2seconds followed by air cooling
(Figurelb). Some other sets of samples were
subjected to 25% compressive strain. The
choice of our thermal simulation pecak
temperatures was based on the results of
finite element simulation of the peak
temperature reached during a solid state
welding (inertia friction welding, IFW) as
reported by Wang et al. (2005). The
specimen temperature was controlled with a
chromel-alumel thermocouple spot welded
to the specimens at the mudsection of the
gauge length. The specimens under
exclusively thermal environment were water
quenched subsequent to the rapid heating in
order to preserve, as much as possible. the
microstructural changes that occurred at the
simulation temperatures. The as-received
inertial  friction welded samples were
sectioned transversely to the weld, and the
Gleeble simulated samples were sectioned
al the locaton of the spot welded
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thermocouple. The sectioned samples were

polished using standard metallographic
techniqgues and  were  subsequently
clectrolyvtically ¢tched in 10%

orthophosphoric acid solution at 3.5 V for
3s. TEM samples were prepared by twin jet
¢lectro polishing, Due to the eroding effeet
of eclectropolishing technique on some
special features of interest, a Quanta 3D
FEGSEM FIB cquipped with gallium
focussed ion beam was used lo prepare
TEM samples from those specific regions of
the HAZ., Phase examination and
characterisation were carried out on optical
microscopes, an FEI-XL30 environmental
FEGSEM equipped with energy dispersive
X-ray spectrometer and Tecnai F20 and Jeol
2100 Transmission Electron Microscopes
(TEM), both equipped with Oxford energy
dispersive  X-ray spectrometry. Thermal
analyses of 3mm x Imm disc samples were
performed on a Neztsch DSC 404,

Table 1. Chemical composition of the base alfay.
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Figure I{a) Schematic thermal profile for the
exclusively simulated thermal envirenment
fhpSchematic simulated thermal+tmechanical

prafile.

3.0 RESULTS AND DISCUSSION

3. 1. Microstructure of the base alloy.

The quantification of the y' precipitates in
the pre-weld solution heat treated PM
RRI000 superalloy using optical, scanning
and transmission eleclron microscopy in
conjunction with image J analysing software

showed precipitation of ~48 vol % ordered
intermetallic phase within the grain and at
the grain boundaries of the y matnx
(Figures. 2 and 3). They consisted of a fairly
regular distribution of primary cuboidal y
0.8-2um 1n  size, hne (100-500nm)
spheroidal  secondary ¥ and wvery fine
tertiary %' (5-30nm) (Figure 2a-d). TEM
selected arca diffraction patterns (SADPs)
from primary ¥' at three different'zone axes
show the precipitates to have an ordered LI,
structure with lattice parameter a=3.55A
(Figure 4). Super lattice reflections from a
compostte SADPs from a regton of both '
and y at different zone axes confirmed ¥ to
be coherent with the disordered fec v matrix
(a=3.59A) with a_cube-cube orentation
relationship (Figure 5). Other pre::ipimluq of
smaller volume fractions, like Ti, Ta nch
MC type carbide, Cr, Mo rich MiB; type
boride and Hf rich oxides were also
observed in the solution heat treated alloy.

Figure 2 f(a) Oprical micrograph  showing the
distribution of primary y' in 3 matrix (b) SEM
micrograph showing primary and secondary ¥
precipitates in parent RRIOBG alloy (c) TEM DF
image showing primary, secendary apd tertiary '
{d) Selected area diffraction pattern (SADP} used
Sor the image in

3.2, Microstructures of the as-welded
HAZss

Microstructural changes that occur between the
weld bond hine (BL) and the region where there
15 no detectable change in the microstructure of
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the base alloy resulting from the heat and
mechamical strain of inertia welding of the
superalloy have been closely and carefully
studied in this work. Figure.6 shows the
microstructural evolution between the BL and
the base material. This figure shows regions
where both primary and secondary 4" are
depleted (Figure 6a). region with cutectic-like
features that could have resulted from localised
melting of primary y' precipitates (Figure 6h),
region  of  incomplete  liquation  of  the
transgranular primary ' (Figure 6c). region
illustrating gradual dissolution of secondary ¥'
{Figures 6d-h), and region where there is no
detectable change in microstructure  (Paremt
material) (Figure 61). These variations in the
microsiructures suggest thermal pradient across
the weld region. The dissolution behaviour of
the main strengthemng phase ¥ as observed
between 150pm-300pm away from the bond
line has been extensively discussed by the
present  author  (Oluwasegun et al, 2010a:

Oluwasegun et al, 2010b). Thus the dissolution
response within 130pum of the bond line has
been closely investigated and presented in the
following sections

3.3.  Microstructure under exclusively
thermal environment

In order to understand the dissolution
behavior of ' precipitates within the HAZ
during the solid state welding, the
microstructures of the HAZ were simulated
exclusively under thermal environment by
rapid heating of cylindrical specimens to a
pre-determined temperature, using Gleeble
thermo-mechamical system. The simulated
HAZ microstructure of a sample rapidly

154
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Figure 4 (a) TEM BF image of an intergranular
primary p' particle (Mue arrow shows the grain

Figure 3 fadkl) SEM BSE images of primary and
secandary 3! respectively (¢) Tertiary y' exiracted by
carfion replica.

oundury and black arrow shows the primary v ()
SADPs from the primary 3" in ‘a' for three different
zone axes, The bold angles are the measured tofal
tilt angle while the unbold are the calculated
angles. (c) A schemartic Kikuchi pattern along the
three zone aves in “h'

heated to 1150°C and water quenched
showed that the intragranular secondary '
precipitates dissolved completely and re-
precipitated as very fine ¥ while the primary
v particles appeared not to be affected
(Figure 7). However, in samples heated to
1175°C, primary y' particles appeared to
have survived their solvus temperature
range of approximately 1148"C-1158°C, but
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constitutionally hquated (Figure 8) with re-
sohidification features observed at the y-y'
interface. The solvus of y' precipitates were
predicted from DSC and Thermo Calc.
Results (Figure 9).

On increasing the simulation temperature to
1200°C complete liquation of the
intergranular y' particles were observed
(Figure 10). The microstructure of a
specimen heated to 1225"C shows extensive
and complete liquation of primary ¥'
particles similar to what was observed at
1200°C (Figure 11). It is noteworthy to
mention  here  that the observed
constitutional liquation products in the HAZ
simulated samples are very similar to what
was observed between 150pm and 350um
away from the bond line of the as-welded
sample as shown in figure 6.heated to
1150"C and water quenched showed that the
intragranular  secondary y' precipitates
dissolved completely and re- precipitated as
very fine y' while the primary y' particles
appeared not to be affected (Figure 7).
However, in samples heated to 1175°C,
primary y' particles appeared to have
survived their solvus temperature range of
approximately 1148"C-1158°C, but
constitutionally liquated (Figure 8) with re-
solidification features observed at the y-y'
interface. The solvus of ¥' precipitates were
predicted from DSC_and Thermo Calc.
Results (Figure 9).

On increasing the simulation temperature to
1200°C complete liquation of the
mtergranular .y particles were observed
(Figure 10). The microstructure of a
specimenthedted to 1225°C shows extensive
and -complete liquation of primary ¥
particles similar to what was observed at
1200°C (Figure 11). It is noteworthy to
mention  here  that  the  observed
constitutional liquation products in the HAZ
simulated samples are very similar to what
was observed between 150pm and 350pum
away from the bond line of the as-welded
sample as shown in figure 6.

This dissolution behaviour confirms the
report of Pepe and Savage (1967) that
precipitates within an austenitic matnx
could survive their solvus lemperature

depending on the size of the precipitate and
heating rate involved.

b |

-

Figure § fa) TEM BF image along [001] zene axis
showing intragranular 7' precipitate within the y mairix
(b)) Composite SADPs from both y and y'. showing
superlative reflections from the ordered 7' coherent with
the disordered y matriv with a cube-cube orientaiion
relationship. The bold angles are the measured total il
angle while the unbold are the calculated angles. (¢} A
schematic Kikuchi pattern along the three zone axes in
B

To further validate this proposed dissolution
behaviour during rapid heating, the
dissolution behaviour of the y' particles at
equilibrium (slow heating rate) was also
investigated. It was observed that the
primary y' particles that constitutionally
liguated duning high heating rate (non-
equilibrium), at temperatures above their
solvus, dissolved without liquation in the
matrix under equilibrium conditions of
5°C/min heating rate and holding time of
lhr at each temperature with subsequent air
cooling. This results in the production of 4
matrix with rapidly re-precipitated very fine

vy precipitates  after cooling. The
33
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micrographs  showing this  equilibrium

dissolution are presented in figure 12.

i

Figure 6 SEM images showing microstructural
evalution from (a) BLZ (b) HAZ where complete
primary 3" liguation occurs (c) HAZ where
incomplete liguation of transgranwlar primary y'
occurs (d) HAZ where complete dissolution of
secondary ' oceurs without liguation of primary 3*
{e-l) HAZL  showing  gradual  disselution  of
secondary ¢ (i) the parent material where no
microstructural changes eccur.

Figurr i Sfmui'md HA{ micrastruciure in a
sample heated to 1150°C for 1s and water quenched

Fj;gura & SEM mfcrﬂgrﬂpﬁ of G."ecbfr wmpfr
heated ta 1175°C for 15 and water quenched sinset
micrograph “showing the typical crown-  like
morphology. of  re-solidified  v-y"  ewtectic
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Figure 9: (I) Therma Calc. prafile for nominal
composition of RRIOO0 superalloy, showing
phase fractions of various phasex at differens
femperatires,

34



Journal of Engineering Research, Veol. 16, Neo. 4, December, 2011 — K.M. Oluwasegun,
A V. Adedayo, A.A. Adeleke and 0.0, Oluwole

Figure 9: (I)DSC thermal profile of y' plase
rransformation in RRIOOO.(h-c) represent sofvus
temperature range of  secondary 3, {d-e)
represent solvis temperature range of primary »'.

Figure T0 fa): Simalated HAZ microstriucture in a
sample heated to 1200°C for s and water
quenched showing constitutional liqguated ' along
grain bogndaries (b) BSE mode micrograph
showing micropores around the liguared particles,

* R T

Figure 11: Simulated HAZ micrasiructure in a
sample heated 1o 1225°C for {5 and water
quenched,

3.2. Microstructures under thermal and
mechanical environment.
The effect of the .compressive mechanical
stress/strain (forging stage of weld) on the
dissolution behavior of ¥ precipitates during
rapid._heating cycle of inertia friclion

welding “has been simulated and the
microstructures  carefully swdied. The
evalved  microstructures have  been

compared with the microstructures of the as-
welded samples.

Figure 12 SEM  micregraphs(x2000) of '
disselution ander equilibrinm condition ar various
temperatures (a) JISOOC (b) 11755°C () 120000 (o)
1225°C
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(leeble compression samples were rapidly
heated to 1225°C at 20°C/s, held for 1s and
strained in compression for 2 seconds at a

rate of 0.05/s and 0.125/s to total strain of

10% and 25% respectively, followed by air
cooling. Figures 13 and 14 show the
microstructures  evolution  within  the
strained samples at the total 10% strain and
25% strain  respectively. Figure 13 is
characterised with few remaining cutectic
product ahead of a differentially etched
region. This differentially etched region has
been reported in various works on liquation
o be caused by the migration of liquid film
(Radhakrishnan and Thompson, 1990,
Barker and Purdy,1998; Nakkalil et al,
1993). Figure 14 shows complete depletion
of the constitutional liquation product afier
applied 25% strain, which is very similar to
what we observed within 150pm of the
bond line of the as-welded sample (fig.6a).
The proposed mechanism depicting this
microstructural response within this region
in the as-weld samples and the strained
gleeble samples 1s discussed below,

13 Strain assisted rapid isothermal
solidification of constitutional liquid.

With reference to the temperature prediction
of the bond line region during inertia
fncuon welding of RRI1000 superalloy
(Wang et al, 2005), it was expected that the
microstructure of this region should be very
similar to the microstructure of the Gleeble
samples with peak temperatures in the range
of the thermal prédiction. However, our
observation shows otherwise in that the re-
solidified < cutectic products from the
constitutional liquated precipitates were not
present i the TMAZ of the weld
(withinl50pm of weld joint), but were
found in the Gleeble samples exclusively
under thermal condition and also in the
HAZ (within 150pm-350pum away from the
bond line) of the as-welded samples. This
discrepancy could not be exclusively

explained via the peak temperature attained
during the welding, since similar predicted
temperature was employed in the Glechle
simulation. This suggests that the hqud
formed within the TMAZ during the
welding process could have undergone rapid
isothermal  solidification  via  another
mechanism at the welding peak temperature
prior to weld cooling.

Even though the effect of strain on diffusion
1s often unduly neglected, 1t has been shown
that imposed strain  on - solids can
thermodynamically drive a non-equilibrium
system towards equilibrium (Embury et al,
2003). Fundamentally, the Kkinetics of
thermodynamically driven phase
transformations in matenals involves atomic
diffusion, which can be affected by both the
magnitude and sign of externally imposed
strain (Ola eval; 2010; Cowem et al, 1994).
In their analytical study of vacancy assisted
atomuce diffusion, Cowern et al{1994)
recently developed a relationship between
aclivation energy per unit strain, Q, and
diffusion  coefficients  under  strain,
D{strained), and without strain, D{relaxed),
as shown in equation | '

Distrained) = D{rc!‘uxrrl'}px;t{-j:-.j) (1}

where s is the strain (negative for
compression and positive for tension), k is a
constant and T is the absolute temperature.
The equation implies a linear dependence of
the activation energy of diffusion on stram.
It is obvious from equation 1 that atomic
diffusion can be enhanced by compressive
strain and reduced by tensile strain.

With the application of this concept,
Shahnari et al; (2009) and Ola et al; (2010)
have been able to illustrate the dissolution
of ¥, which is typically known to be
controlled by diffusion of ' forming
clements away from the precipitate/matrix
interface to be significantly enhanced by
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compressive  stress  in nickel  base
superalloys. This suggests that  strain
enhanced diffusion is indeed dynamic in this
class of materials.

In the same wvein it has been reported
(Barker and Purdy, 1998) that non-
equilibrium intergranular and intragranular
liquid can isothermally re-solidify through
solid-state back diffusion of solutes away
from the liquid phase.

Rapid isothermal re-solidification of
melastable liquid prior to cooling at high
temperature has been reported in literatures
to occur in fusion welds of various alloy
systems due 1o (1) back diffusion of solute
atoms from the liquid phase (Cowern et al;
1994; Barker and Purdy, 1998 and Ola et al:
2010), and (i1) liquid film migration (LFM)
(Barker and Purdy, 1998 and Ojo et al;
2004). These two phenomena have been
illustrated 1o be diffusion enhanced of which
the amount of strain in the system is a
pertinent factor as illustrated by equation 1.
With reference to this equation, the higher
the compressive strain, the higher the
diffusivity. This therefore suggests that the
induced compressive strain  during  the
forging stage of inertia frietion welding of
the alloy could  have significantly
contributed to increased diffusion of solute
atoms away from the non-equilibrium liquid
phase, and thus driving the non-equilibrium
sysiem to equilibnnum. This could have
enhanced rapid isothermal solidification of
the liquid within the TMAZ of the weld
prior. 1o, cooling as reported in other alloy
sytems (Cowern et al; 1994; Barker and
Puedy, 1998; Embury ct al; 2003 and Ola et
al; 2010). It is imperative to mention here as
stated carlier that re-solidified eutectic
products were only observed within the
HAZ of the weld which is about 150pum -
350pm away from the bond line (Figure 5b-
¢), which suggests that the induced strain
level in this zone may be marginal or not
sufficient to enhance efficient solute back

diffusion within the liquid phase. Morecover,
Barker and Purdy (1998) have been able 1o
show in their analytical model of the initial
migration velocity required for a metastable
liquid to rapidly solidify prior to cooling as
illustrated in equation 2.

V= & (2)
(CLr— Cs1)0

where D is the solute diffusivity in the
liquid phase, AC is the concentration
difference across the liquid film at the start
of the migration-proecess, C, v and Cy are
the equilibrium solute concentrations in the
liquid and solid phases respectively, at the
solidifying interface.

Fast intergranular liquid film solidification
by LFM. process has been reported to be
dependent and controlled by rapid solute
diffusional transport within the system
(Barker and Purdy, 1998 and and Ola et al:
2010, The liguid state diffusion is
primarily driven by solute concentration
gradient, AC in the liquid, which 1is
enhanced by the difference in composition
of the liguid in contact with the two adjacent
strained grains. Barker and Purdy (1998)
explained that the difference in the liquid
composition arises primarily by the
existence of differential strain, Ae. between
the adjacent grains, which leads to the liquid
composition at equilibrium with the strained
solids to differ. In accordance with the
diffusional  coherency  sirain  theory,
generation of similar levels of coherency
stress in adjacent grains is expected owing
to symmetrical lattice back-diffusion,
however Ae does exist (Handwerker et al.
1985). This has been attributed te the
difference in the value of crystallographic
orientation-dependent modulus of clasticity.
Y, in the two grains (Handwerker et al;
1985). Thus an increase in Az will produce a
corresponding increase in AC, which would
imply a higher driving force for LFM. This
suggests that any factor that effectively

-
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mcreases the magnitude of Ae can accelerate
the LFM process significantly (Ola et al;
2010). Thus an externally imposed
compressive stress, which will generally be
several orders of magnitude higher than Ae
is involved during IFW in addition to As.
Ola et al. (2010) have shown that the
presence of relatively large Ag, due to the
contribution from externally applied
compressive stress, could significantly alter
the free energy curves of the adjacent grains
with respect to that of the liquid phase in
between them, to enhance a relatively high
AC wvalue as illustrated in Figure 16. This
will  concomitantly result in higher
migrating velocity of the liquid film and
larger migrated region than to a scenario
exclusively under thermal environment.

It is obvious from figures 13 and 15 that
liguid film migration (differentially etched
region) exists in  the microstructures
simulated under compressive strain and no
migration region in the one without
externally applied compressive strain. The
LFM in figure 13 is characterized by a small
amount of the dendritic eutectic feature left
ahead of the differentially etched zone.
Although the LFM in the 10% compressive
strained Gleeble sample could not preclude
liquation micropores like as obsérved in the
microstructure within the TMAZ of the as-
v sed material, still it illustrates a
significant migration of “the liquid film
under externally induced compressive
strain, and thus supports the theories
proposed by Cowern et al(1994) and Barker
and Purdy (1998). In figure 14, the eutectic
products were. absent in the sample
subjected “to-25% compressive strain at
1225°C, which suggests isothermal re-
solidification of the liquid due 1o strain-
assisted solute back diffusion prior to
cooling, because the eutectic features were
present in the Gleeble sample heated to the
same temperature but exclusively under
thermal  condition. This observed
microstructure in figure 14 is very similar to

the observed microstructures within the
TMAZ of the as-welded alloy, which
suggests that the compressive strain during
the forging stage of the inertia friction
welding could have aided the rapid
isothermal solidification of the liquation
product.

Resistance to liquation cracking via LFM
has also been observed in wvarious fusion
welded nickel alloys based on other rapid
solidification criteria (Radhakrishnan and
Thompson, 1990; Nakkalil et al. 1993 and
Barker and Purdy, 1998), but the migration
extent of the liquid film is relatively smaller
than what has been observed in inertia
friction welding, and thus the production of
crack free weld is limited in fusion welding.

It can be suggested at this point that the
absence of constitutional hiquation product
within the TMAZ of IFW of this superalloy
is not that constitutional liquation does not
oceur within the zone, but could have been
due to sufficient amount of strain developed
during the forging stage of the welding
process, which could have enhanced very
rapid isothermal solidification of the hquid
without leaving a trace of the liquation
product within this zone of the weld prior to
weld cooling.
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Figure 13: SEM micrographs showing the extent af
(@) liguid film migration at low magnification in
thermally simulated microsirecture with applied
10% external compressive strain, (b&e) higher
magnification of seme marked regions from ‘a’
intergranular liguid film migration.

It is important to mention also that aside the
proposed strain cffect on rapid isothermal
solidification of non-equilibrium liquid film
prior to weld cooling; it may be possible for
some of the liguid film formed during
nertia friction welding to escape from the
weld interface during the flash formation of
the welding process.
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b
Figure 14 fa&b): Secondary electron micrographs

showing the absence of ewrectic  products in
Gleeble  thermally  simulated  microstructure  af
1225°C with applicd 25% compressive strain.

Figure 15: SEM micrograph showing the absence
af liguid film migration in thermally simulated
microstructure ar 1225 € without applied

external compressive straim
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Figure 16: Shematic diagram showing (a) lguid

Jilm besween two grains of different  orientation-
dependent elastic modulus, Y, and (b) the
corresponding free energy curve, [18]

4.0 CONCLUSSION

Despite the general beliel that inerta
friction welding is a solid state welding
technique, based on the premise that the
joining occurs below the equivalent melting
temperature of bulk material, it has been
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observed that constitutional liquation of %'
precipitates  occur within the weld of the
studied superalloy during the solid state
welding. However, the effectiveness of
inertia  friction welding in producing
liguation crack-free within 150pm of the
welds as compared to other conventional
welding techniques has been shown tlo be
related to the effect ol induced compressive
strain during the forging stage of welding on
the rapid isothermal re-solidification of the
constitutional hiquation products within the
TMAZ.
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