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Conventional arc-welding of MA 754, an oxide dispersion-strengthened (ODS) superalloy,
poses two significant problems: agglomeration of dispersoids and weld solidification grain
boundaries perpendicular to the rolled direction, both of which reduce the high-temperature
creep and stress rupture properties. In the present work, laser welding of MA 754 alloy was
conducted to determine the effects of a high energy density source on the microstructure and
mechanical properties of a 3.2 mm thick butt joint. Tungsten-inert-gas (TIG) welding was also
studied for comparison purpose. X-ray diffraction, optical microscopy and scanning electron
microscopy analysis coupled with tensile, hardness and hot corrosion tests were used to
evaluate the performance of weldments. Results indicated the absence of dispersoid
agglomeration and superior tensile and corrosion properties of laser weldments over arc welds.
The properties of laser weldments are comparable to those of wrought MA 754,

1. Introduction

Oxide dispersion strengthening (ODS) is a method
that can be employed to extend the performance of
high-temperature metals. By introducing a small,
stable oxide dispersoid into the metal matrix, the high-
temperature strength of the materials can be signific-
antly increased. The fine dispersoids act to pin down
the dislocation motion. The oxide dispersoids are also
stable at higher temperatures [1], resulting in little
loss of strength. In addition, the dispersoids provide
excellent high-temnerature oxidation and corrosion
resistance.

ODS alloys can be produced by a chemical reaction
process in metal systems if the number of species
alloyed is limited [2]. However, in the case of complex
high-temperature superalloys used for vanes, blades or
combustors of gas turbines, the mechanical alloying
process was found to be the most effective [3]. In this
process, alloyed powders are produced in a high en-
ergy driven ball mill which facilitates continuous cold
welding, work-hardening and fracturing of elemental
powders and the oxide dispersoid to form a uniform
powder composition; the composition of each particle
is the same as that of the bulk. The powder is then
consolidated by extrusion. Hot rolling followed by
recrystallization heat treatment of consolidated pow-
ders eventually produces alloys with a coarse direc-
tional grain structure. The insoluble oxide and the
coarse grains together provide high-temperature
strength in the direction parallel to the elongated
grains. The advantage of mechanical alloying is that
any element or compound can be alloyed. For ex-
ample, mechanical alloying permits low-melting ele-
ments such as aluminium and high-melting elements
such as chromium and nickel to be alloyed with
yttrium oxide (Y,O;) in MA 754.
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Inconel alloy MA 754 is the first mechanically al-
loyed (MA) ODS Ni-Cr alloy, and is being used as a
turbine vane alloy in advanced gas turbine engines.
The nominal composition and physical properties of
this alloy [4] are given in Tables I and I, respectively.
MA 754 is comparable to TD-Ni (thoria-dispersed
nickel) but has a non-radioactive dispersoid. The
yttrium oxide provides excellent creep and rupture
strength through dispersion hardening. The Y,O; is
more effective than the predominant strengthening
phase v’ as a barrier to dislocation motion at 1000 °C
or higher. The Y,0; dispersoid does not go into
solution in the matrix up to the solidus temperature,
and also stabilizes recrystallized grain structure.

MA 754 is manufactured as hot-rolled and solution-
annealed flat bar. Thermomechanical processing is
employed to create a stable, recrystallized coarse grain
structure elongated in the direction of hot working.
Grain length to grain width aspect ratios of up to 10
are typical. The highly directional structure leads to
varying degrees of anisotropy in mechanical and
physical properties. MA 754 has a long {100} crystal-
lographic texture in the direction parallel to the hot-
working direction. The preferred texture results in a
low modulus of elasticity in the longitudinal direction
and thereby improves resistance to thermal fatigue by
lowering the stresses for given thermal strains [5]. In
addition, MA 754 shows good stability against high-
temperature cyclic oxidation, due to the Ni~Cr com-
position and the added adhesion of the chromium
oxide scale due to the homogeneous distribution of
the Y, O, dispersoid [6, 7]. The properties of the alloy
have made it desirable for many high-temperature
applications (for example, turbine vanes and blades
for the F-404 engine, which powers the F-18 fighter
plane [8]) which often require joining.
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TABLE [ Nominal chemical composition of MA 754 (wt %)

Nickel 78
Chromium 20
Aluminium 0.3
Titanium 0.5
Carbon 0.05
Iron 1.0
Yttrium oxide (Y,03) 0.6

TABLE II Physical properties of MA 754

Density (kg m~3) 8300
Melting point (K) 1673
Lattice parameter (nm) 0.355
Thermal coefficient of expansion (x 107¢K™1) 12.22
Specific heat (Jkg™ 1K1} 440
Thermal conductivity (Wm~™1K™1) 14.26
Modulus of elasticity (textured) (GPa) 149
Modulus of elasticity (untextured) (GPa) 203

Development of a suitable joining technology is
essential for ODS alloys because components with
complicated cooling design, such as blades and vanes
as well as combustion chambers, cannot be made by other
methods. Additionally, optimum utilization of ODS
alloys requires joints between sections of the alloy or
dissimilar materials because long cross-sections are
not available. The joints must exhibit properties
suitable for service but must be produced without
degrading the properties of the ODS alloys. Excessive
heating of the ODS alloys can cause oxide coalescence
leading to severe agglomeration, so that the dispersoid
may no longer be effective in pinning the dislocations
[9]. Melting the ODS alloys results in “slagging off”
of the oxide dispersoid so that it is no longer available
for strengthening [10]. Melting and resolidification
produces an equiaxed grain structure as well as a
grain-boundary orientation perpendicular to the di-
rectional base-metal grain structure, both of which
cause a plane of weakness in the weld. Since most
ODS alloys derive much of their strength from an
elongated grain structure [3], the disruption of the
grain structure results in reduced properties. Thus,
development of procedures for joining these materials
offers a unique chalienge to the welding engineer.
Welding by conventional processes, however, has not
been successful, since the nature of most welding
processes is to melt and resolidify the base metal. The
molten pool produced by most welding processes
allows the low-density Y,QO; to rise to the top of the
molten pool and form a slag or be rejected from the
solidifying front and agglomerate [ 11]. Currently, dif-
fusion bonding and hot-isostatic-pressing (HIP) are
employed to produce joints in ODS alloys in order to
preserve the stress rupture properties.

High energy beam processes using electron beams
and lasers can be considered for joining ODS alloys.
Since the concentrated energy of these processes melts
a minimum of base metal, better-quality weldments
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than those produced by conventional welding pro-
cesses, e.g. gas—metal arc welding (MIG) and tung-
sten-inert-gas welding (TIG), can be expected. In this
paper we report the effects of laser welding on the
microstructures, mechanical properties and hot corro-
sion of MA 754 alloy.

2. Experimental procedure

2.1. Material preparation

The material used in this study was a hot-rolled
MA 754 alloy with a coarse grain structure (Fig. 1).
The microstructure of this alloy consists of spherical
Y, O, particles of the order of 0.05 um in diameter in
an fcc Ni-Cr matrix. The Y,Oj; particles, due to
their small size, are not apparent. Inclusions such as
yttrium aluminium oxide and titanium carbonitride in
the form of small and large dark particles, respectively,
are also present and are readily seen. Microtwins and
stacking faults are also commonly observed in the
microstructures (but not shown in Fig. 1). Welding
coupons with a thickness of 3.2 mm (1/8in.) were
machined from a wrought bar of 38.1 mm (1.5in.)
thick. Square grooves were then prepared for butt
joining,

2.2. Laser welding

A 1.5kW continuous-wave CO, gas transport laser
(Spectra Physics model 820) was used for welding. The
output beam size was 19 mm with a Gaussian energy
distribution {TEM,). The laser beam was circularly

250 pm
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Figure 1 Optical micrograph showing the grain structure of
wrought MA 754 alloy.



polarized and was incident normal to the specimen
surface. A ZnSe lens with a focal length of 190 mm
(7.5 in.) was used as focusing optics. The specimens
were mounted on an X-Y table, the motion of which
was controlled by a computer numerical controiler. A
single laser pass was made on both sides to achieve full
penetration in the butt joint. Autogeneous welds were
made with a laser power of 1.5 kW and a travel speed
of 423 mms~! (100i.p.m.). The laser beam was fo-
cused 0.25 mm below the surface of the specimen. The
joint gap was held less than 0.16 mm. Helium was used
as the shield gas at about 157 cm®s™*! during laser
irradiation. The welding direction was the same as
that of the longitudinal direction of the rolled bar.

2.3. TIG arc welding

TIG welds were made using a filler metal prepared by
sectioning a portion of the wrought metal received.
The size of filler metal was approximately 3 mm
square bar. Welds were made with argon shielding gas
and with settings of the a.c. current 0.4 A and the
voltage 500 V, and the joint gap was held less than
Imm. Two overlapping weld passes on both the top
and bottom of the workpiece were performed. Weld-
ments were cooled in water immediately after welding.

2.4. Mechanical properties evaluation
Room-temperature tensile and hardness tests were
performed on base metal and laser and TIG weld-
ments. For tensile tests, an Instron testing machine
with a crosshead speed of 4.2 pms™! and a load cell
capacity of 2000 1b (907 kg) was used in an air environ-
ment. The specimens were machined and cleaned with
acetone prior to test. Hardness was determined using
a Vickers microhardness tester at a load of 500 g.

2.5. Hot-corrosion test

The crucible test described by Steinmetz et al. [12]
was employed for the hot-corrosion resistance studies
of base metal, laser and TIG weldments (Fig. 2). In
this test, the specimen is completely or partly sub-
merged in a container of fused salt such as Na,SO, or
Na,SO,~NaCl mixture at an elevated temperature.
Gases may be added through the melt or passed over
it to provide oxidizing or reducing environments.
Further variations may include successive dipping and
removing the specimen from the melt. Because of its
simplicity and because the attack is rapid and severe,
corrosion mechanisms differing significantly from
those prevailing in service conditions can be achieved
in the crucible test. The extent of attack may be
determined from the depth of penctration of corrosion
into the metal.

In order to reduce the aggressiveness and improve
the representation by the test of actual service en-
vironments, we modified the test configuration. The
specimen was first coated with the Na,SO,—NaCl salt
and then briefly immersed (0.5-1.0 s} in a 25% aque-
ous Na,SO,—NaCl solution. The specimen was then
kept for 10 h in a furnace at 900 °C while partially
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Figure 2 Experimental arrangement for crucible “hot corrosion”
test.

immersed in the solution. Specimens were ground and
polished prior to the hot-corrosion tests.

2.6. Metallography

Following welding, the fusion zone and base metal of
the weldments were prepared for metallographic ob-
servation by standard techniques. The welded speci-
mens were etched by 3 parts H,O, 2 parts HCI and
1 part H,0, to show the general microstructure. A
high-resolution optical microscope was used to iden-
tify the microstructures. A scanning electron micro-
scope (SEM) was used to examine tensile fractured
surfaces. X-ray diffraction using a Siemans diffracto-
meter with CuK,, radiation was used to identify the
microstructures.

3. Results and discussion

Fig. 3 shows typical transverse sections of laser-welded
MA 754 alloy. There is no evidence of cracks or
porosity in the fusion and heat-affected zones. The
fusion zone is characterized by a depth-to-width ratio
greater than unity. The shape of the fusion zone
indicates that a “keyhole” welding mechanism was
operative during laser welding. The solidification
microstructure of the laser weldment (Fig. 3b) is due
to the epitaxial growth from the side-walls of the
cavity that produced grain boundaries almost perpen-
dicular to the grain orientation of the base metal. At
the centre of the weld fusion zone there is a narrow
region where the grain growth is parallel to the base
metal grain structure (sce also Fig. Sa below). The
grain orientation of the weld is an important consid-
eration in determining the weld properties. Ideally,
welding should be done such that the grain orienta-
tion of the weld and the base metal should be the

2689



(b)

Figure 3 (a) SEM of transverse section showing laser weldment.
(b) Optical micrograph showing solidification structure of laser-
weld fusion zone.

same. It is possible, although we have not attempted it
in this study, that orienting the laser beam at some
angle to the base-metal grain structure during welding
should aliow the grains to grow parallel to the grain
orientation of the base metal.

Fig. 4 is a transverse section of TIG-welded
MA 754 alloy showing the base metal and one-half of
the weld. The weld width of TIG weldment is con-
siderably larger (about 14 mm) than that of laser
weldment (1.5 mm). The solidification structure is pre-
dominantly dendritic with severe micro-segregation.
The grain structure consists of equiaxed grains.

Figs 5 and 6 are SEM micrographs showing the
microstructures of laser and TIG weldments, respect-
ively. The microstructure of laser weldment consists of
Y,0, particles of the order of 0.1 to 0.4 pm in a
nichrome matrix. The average particle size of Y,0; is
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Weld fusion zone

Figure 5 (a) SEM of laser-weld fusion zone showing the centre-line
grain growth parallel to the longitudinal grains of the base metal.
(b) SEM showing the Y,O, particles in laser-weld fusion zone.

larger in the laser weldment than in the base metal,
partly due to Ostwald ripening and partly due to some
agglomeration caused by the melting. In the case of the
TIG weldment, severe agglomeration of Y,0O; par-
ticles resulting in an average size of 3 um can be
readily seen. Additionally, there is a significant loss of
Y,O, particles observed in the TIG weld, possibly due
to the “slagging out”. The severe agglomeration in the
TIG weld is attributed to the large volume of base
metal being melted and resolidified, causing the Y,O,
to form slag or be rejected from the solidifying front to



Figure 6 SEM showing the microstructure of the fusion zone of
TIG weldment. Note the presence of agglomerated oxides.

form aggregates. The absence of severe agglomeration
in laser welding is due to two reasons: lasers are
capable of purifying and redistributing the Y, O, par-
ticles to a finer degree because such particles absorb
more laser energy than the surrounding metal; the
high travel speed and highly concentrated energy
source of the laser beam would cause a small volume
fraction of the base metal to be melted. This is also
consistent with the observations by others [10, 13]
that the smaller the volume of ODS alloys liquified,
the less severe was the oxide agglomeration. A study of
pulsed Nd-YAG laser welding of an iron-based ODS
alloy MA 956 showed that the oxide dispersoid re-
mained without agglomeration and without “floating
out” of the fusion zone [11]. Transmission electron
microscopy analysis revealed that the average dis-
persoid had grown from 0.05 to 0.19 um in diameter
[11].

Fig. 7a to ¢ are the X-ray diffraction patterns of
base metal and weldments. The crystallographic tex-
tures of weldments differ from that of the base metal as
a result of the solidification. Laser weldment exhibits
predominantly {(200> growth while TIG weldment
has a preferential growth of (220). In contrast, the
base metal shows a strong peak at {1 1 1) in the X-ray
pattern.

Textural features contribute to the mechanical
properties of a material. A hardness traverse across
the width of weldments is shown in Fig. 8a and b. The
average hardness in the fusion zone of the laser weld-
ment is lower than that of the base metal but is
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Figure 7 X-ray diffraction patterns of (a) wrought base metal,
(b) laser weldment, (¢) TIG weldment.

substantially higher than that of the TIG weldment.
However, the heat-affected zone of laser weldment
exhibited a higher hardness than the base metal. Fig. 9
shows the engineering stress—strain curves of the base
metal and the weldments. Table IIT lists the tensile
properties obtained from Fig, 9. It is seen that laser
weldment has a better ductility than the base metal
and TIG weldment. However, the strength properties
(vield and ultimate tensile) of laser weldment are
slightly inferior to those of the base metal but substan-
tially higher than that of the TIG weldment.

Both hardness and uniaxial tensile test data indicate
the potential of laser welding over arc welding for
ODS alloys. The factors that are respousible for the
weldment properties include: grain size, extent of ag-
glomeration, grain orientation and texture. In laser
weldment, the grain size is small due to rapid solidi-
fication and thereby enables an increase in hardness
and strength as well as ductility. However, the disper-
sion hardening mechanism is less effective for the laser
weldment than for the base metal because of the
coarsening of the oxide. Furthermore, the grain and
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Figure 9 Room-temperature engineering stress—strain curves of
wrought metal and weldments; ([J) base metal, (O) laser weldment,
(A) TIG weldment.

crystal orientations reduce the strength properties. In
spite of such deleterious effects, the strength properties
of laser weldment are comparable to those of the base
metal. Additionally, laser welding can be made to
grow the grains parallel to the base-metal grain struc-
ture, in which case the strength of laser weldment can
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TABLE III Comparison of tensile properties of base metal, laser
weldment and TIG weldment

Specimen Base Laser TIG
Yield strength (MPa) 656 620 360
Ultimate strength (MPa) 824 816 540
Elongation (%) 19 22 19

Area reduction (%) 16 18 16

Figure 10 Scanning electron fractographs showing the fracture
appearance of wrought MA 754 alloy.

be equal to or better than that of the base metal. The
most favourable effect of laser welding is the enhanced
ductility.

Figs 10 and 11 show the tensile fracture surfaces of
the base metal and the laser weldment, respectively.
Large dimples accompanied by ejection of particles
can be seen in the tensile fracture of the base metal. In
contrast, small dimples distributed uniformly in the
fracture zone are visible in the weldment. The size of
dimples is governed by the number and distribution of
microvoids that are nucleated. In laser weldments, the
large number of grain boundaries due to the fine grain
size serve as nucleation sites for microvoids. The
preferential (200> growth texture and internal
stresses. due to welding also aid in nucleation of
microvoids. Thus laser weldment exhibits an equiaxial
arrangement of small dimples and fracture is preceded
by the maximum normal stress. The base metal frac-
ture showed elongated dimples indicative of some
evidence of shear fracture. Internal plastic deforma-
tion might have also distorted the dimple shape. The
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Figure 11 Scanning electron fractographs showing the fracture
appearance of laser-welded MA 754 alloy.

differences in grain size, texture, internal stresses and
secondary Y,0, phase are thus responsible for the
differences in the tensile properties and fracture beha-
viour of the base metal and the weld.

Hot-corrosion tests showed that the corrosion res-
istance of laser weldment is inferior to that of the base
metal but superior to that of the TIG weldment.
Fig. 12a to ¢ shows transverse sections of the corroded
areas of the base metal, laser weldment and TIG
weldment, respectively. The base metal has a corroded
layer of about 125 pm (Fig. 12a) that consists of pre-
dominantly oxide scale with minimal sulphur attack.
Laser weldment exhibits a corroded layer of about
200 pm thick (Fig. 12b) that is composed of sulphides,
oxide scale and some porosity. It should be noted that
the centre of the weld has a thin corroded layer as
opposed to the ends. There is not much evidence of
salt penetration. It is seen in Fig. 12¢ that TIG weld-
ment has the most severe sulphur attack, of the order
of 350 pm. The corroded layer consists of voids and
oxides near the surface followed by a deep penetration
of sulphide salts leading to catastrophic attack.

Hot corrosion is a form of accelerated oxidation
and sulphidation. Hot corrosion occurs in two stages:
first, an initiation stage where a protective oxide scale,
predominantly Cr,0O;, is formed by selective oxida-
tion because of the affinity of Cr to O, rather than S.
Then a film of Na,SO, is deposited on the oxide scale.
Second, a propagation stage where a severe attack on
the alloy takes place by reaction of the oxide scale with

Figure 12 Optical micrographs showing transverse sections of hot-
corrosion tested specimens: (a) wrought metal, (b) laser weldment,
{c) TIG weldment. (x 72)

the liquid salt deposit. In the propagation stage, the
oxide scale grows while at the same time there is a
diffusion of S into the aloy. The oxide reacts with
Na,SO, to form Na,CrO,. The sulphur released
through this reaction diffuses through the dense and
compact Cr,0O; scale. Oxide depletion occurs and
causes less protectiveness, permitting a faster rate of
oxidation. Na,SO, penetrates the oxide scale and
causes a severe attack on the metal. Internal oxides
and chromium sulphides along with Ni—-Ni;S, eutec-
tic are usually found in the salt deposits.

In the base metal, the hot corrosion is almost
exclusively .due to the initiation stage. In the weld-
ments, the protective oxide scale becomes porous and
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is therefore susceptible to sulphidation attack. Inter-
nal sulphide and oxide particles are frequently found
in the weldments. However, the degree of propagation
stage is less in laser weldment compared to TIG
weldment.

Let us examine the hot corrosion behaviour of
weldments over the wrought metal from the perspect-
ive of microstructural features and the stability of the
oxide scale. The micro-segregation of alloying ele-
ments, grain size and dispersoid agglomeration are the
chief factors that determine the hot corrosion attack.
The stability and formation of oxide scale is a function
of the micro-segregation of chromium. In the case of
wrought base metal, the alloying elements such as Cr
are uniformly distributed resulting in the continuous
availability of Cr for forming oxide scale. In weld-
ments, there is some segregation in laser weldment due
to rapid solidification and much severe segregation in
TIG weldment, causing the formation of oxide inter-
mittently. Another factor is the extent of agglomera-
tion of Y, 0.

Stringer et al. [14] suggested that the dispersoids
may be regarded as increasing the rate at which the
continuous layer of Cr,O; adjacent to the metal may
be formed. This hypothesis is based on the ability of
the dispersoid particles in the metal surface to act as
nucleation sites for the first-formed oxide, thus
decreasing the internuclear spacing. The dispersoids
also allow rapid diffusion of chromium along the
dispersoid—matrix boundary, resulting in the acceler-
ated lateral growth of Cr, O, nuclei. A decrease in the
distance between the adjacent Cr,O; nuclei reduces
the time required for the lateral growth process to
form a continuous Cr,Oj5. In the case of agglomerated
dispersoids found in TIG weldment, these effects be-
come inoperative and hence an increase in corrosion
results. Hot-corrosion studies of ODS alloys [15]
have indicated that a fine grain size can improve the
resistance to hot corrosion attack. Laser weldment
was thus less degraded under hot corrosion conditions
than TIG weldment due to the fine grain size, less
microsegregation and less dispersoid agglomeration.

4. Conclusions

An investigation into the laser and TIG welding beha-
viour of an ODS Inconel alloy MA 754 was con-
ducted. The principal results and conclusions are:

1. Due to the highly concentrated energy source
and fast processing speed, laser beam welding resulted
in a small volume fraction of the base metal being
melted and resolidified. Lasers are also capable of
purifying and redistributing oxides to a finer degree by
virtue of the increased absorption of Y,O; disper-
soids. As a result, Y,O; dispersoids were not agglom-
erated. Tungsten-insert-gas (TIG) welding, however,
resulted in a large volume of the base metal being
melted and resolidified, and thus caused the lighter
Y, 05 to rise to the top of the molten pool and be
rejected from the solidifying front and to form agglom-
erates.
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2. Both laser and TIG welding resulted in a loss of
grain orientation. In laser weldment, the loss of grain
orientation caused a loss of hardness. In TIG weld-
ment, both oxide agglomeration and loss of grain
orientation contributed to the loss of hardness.

3. The yield strength and tensile strength of laser
weldments are superior to those of TIG weldments,
and are comparable to. those of base metal. The
ductility properties of laser weldments are better than
those of TIG weldment and base metal. The mechan-
ical properties of weldments were explained on the
basis of microstructural features and fracture appear-
ance.

4. Hot-corrosion resistances of the base metal and
the laser weldment were better than for TIG weldment
due to the presence of continuous protective Cr,O,
scale layers. TIG weldment suffered from sulphur
attacks due to the discontinuous Cr, 05 scale caused
by the agglomeration of Y,Q,, microsegregation of
alloying elements and the relative coarse grain size.
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