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Abstract

Although significant progress has been made in the efforts to
commercialize both NizAl and Fe;Al alloys, important
technological issues related to their processing, fabrication,
mechanical behavior, and environmental resistance are not
completely resolved. Weldability, i.e., the degree to which
defect formation is resisted when an alloy is welded, is a
specific issue related to fabrication technologies that is a major
concern for both of these aluminide alloy systems. Work to
define and improve the welding behavior of NisAl and Fe;Al
alloys is reviewed, and progress is illustrated by examples of
current activities. The cast NisAl alloys currently under
development, IC221M and IC396M, have low resistance to
solidification cracking, and therefore, they are difficult to
weld. Modifications to the composition of both base alloys
and weld deposits, however, increase their resistance to
cracking. Crack-free, full-penetration welds were made in
centrifugally cast tubes of IC221M. The tensile and stress-
rupture properties of the weldments were determined and they
compare favorably with base metal properties. Weldability
issues have limited the use of Fe;Al alloys to weld overlay
applications.  Filler metal compositions suitable for weld
overlay cladding were developed, and experimental
determinations were made of preheat and postweld heat
treatment needed to avoid cracking.

THE EXPECTATION THAT Fe:Al AND Ni;Al ALLOYS
will become important engineering materials provides the
motivation for studying their processing and fabrication
characteristics. Because of its importance as a fabrication

technology, fusion welding has remained a key issue in the
development of both the iron and nickel aluminides. It is clear
that the ability to weld these alloys will greatly increase the
opportunities to use them in engineering applications. Both
types of alloys can be welded under certain conditions.
Studies of their basic behavior show that phenomena such as

solidification cracking and heat-affected zone (HAZ) cracking
which are frequently observed in advanced iron-based and
nickel-based alloys also occur in the aluminides. The iron
aluminides have the added complication of being susceptible
to hydrogen cracking. In this paper, studies detailing the
welding behavior of the iron and nickel aluminides will be
briefly reviewed. Also, some recent results related more
toward application of these alloys will be presented.

Background: Ni;Al Alloy Welding

Initial studies of the welding behavior of NizAl alloys
confirmed that they were susceptible to both HAZ cracking
and solidification cracking, and they showed that cracking
susceptibility depended on both alloy composition and welding
parameters (1). Two types of single-phased alloys were
evaluated: a series of binary NisAl alloys containing
intentional B additions of 0.01-0.25 wt%; and, two alloys
containing 10.7Fe-0.05B wt%. Autogenous electron beam
(EB) welds on the binary alloys cracked under all welding
conditions. However, those made under identical conditions
showed that the alloy containing 0.02B wt% was most resistant
to the combined effects of HAZ and solidification cracking.
This behavior was attributed to the influence of B on elevated-
temperature ductility. The Fe addition resulted in the
appearance of NiAl phases in both the weld fusion zones and
HAZ's, and under certain EB welding conditions the
suppression of cracking was attributed to their formation.

Subsequent studies (2-4) examined the behavior of the Fe-
containing alloys in considerable detail. The importance of B
concentration to the welding behavior of these alloys was
confirmed when it was observed that reducing the B from 0.05
to 0.02 wi% improved cracking resistance (2). Also,
fractography indicated that HAZ cracks were intergranular
with no indication that liquid films were present. The latter
observation supported the earlier conclusion that the HAZ
cracking was related to low grain boundary strength at high
temperatures. High temperature tensile testing using a Gleeble
machine confirmed that the ductility of the Fe-containing




alloys was improved by decreasing the B concentration to 0.02
wt% (3). Computer modeling of the transient stresses induced
in the HAZ by welding showed that they exceeded the yield
strength of the Fe-containing alloys under welding conditions
where cracking occurred (4). The stress analysis supported the
claims that the alloy containing 0.02B wt% had better cracking
resistance because it could accommodate thermal stresses in
excess of its yield stress by local plastic flow.

Other works have examined the influence of Cr, Hf, and
Zr as alloying elements in B-doped NijAl alloys. Santella et al
(5,6) observed that an addition of 1.7Hf wt% could prevent
cracking in an NisAl alloy containing 0.02B wt% (IC50). A
variety of autogenous EB and gas tungsten arc (GTA) welds
were made in wrought sheet. Also, a defect-free EB weld was
made in 5-mm-thick powder compacted alloy. Strips were
sheared from wrought sheet and used to GTA weld together
other coupons. The welding characteristics of the alloy as a
filler metal were excellent. Test results showed that the
weldment tensile properties of the thick-section EB weld and
the filler-added GTA welds were comparable to those of base
alloy materials. It was also observed that the cast alloy was
not resistant to cracking, and this was attributed to
embrittlement of grain boundaries by microsegregation.

Work by Li and Chaki (7,8) indicated that the welding
behavior of the IC50 alloy deteriorated when Hf was replaced
by Zr. They made autogenous GTA welds on an Ni;Al alloy
containing 0.6Zr-0.02B wt% (also known as IC50). The base
metal alloy was prepared by continuous sheet casting or by
static casting into permanent molds. This version of the IC50
alloy highly susceptible to HAZ cracking. Metallographic
analysis confirmed that the HAZ cracks were intergranular and
caused by a liquation phenomenon associated with regions of
Zr enrichment. Solidification cracking in the weld fusion
zones was also observed. Annealing of the alloy at 1100°C for
5 h did not prevent the HAZ cracking.

Maguire et al (9,10) found that the hot ductility of Ni;Al
alloys containing 1.7Hf + 0.02B wt% increased with additions
of Cr up to 7.8 wi%. Following annealing treatments, oil
quenching also improved ductility compared to furnace cooled
material, and this effect was more apparent at higher Cr
concentrations. The improved ductility was attributed to the
development of a fine-scale anti-phase domain structure at the
higher Cr concentrations and cooling rates. Autogenous EB
welds were also made on furnace-cooled specimens. When
cracking occurred it was primarily in the HAZ’s. The cracks
were not associated with a liquation phenomenon, but
apparently formed in the solid state. The ability of these alloys
to resist HAZ cracking increased with Cr content, suggesting a
correlation with both domain structure and ductility. Cracking
resistance also increased with heat input as found in the earlier
studies of Ni;Al alloys.

Chromium additions are important to the NisAl alloy
development efforts because they mitigate an environmental
embrittiement problem which occurs near 800°C (11). The
nominal compositions of two alloys that are being extensively
evaluated at present are: Ni-8Al-7.7Cr-1.4Mo-1.7Zr wi%
(IC221M), and Ni-8Al-7.7Cr-3M0-0.8Zr wt% (IC396M).
These are multi-phase alloy that typically contain about 5-10

vol% of the disordered vy phase and up 5 vol% of a Ni solid
solution-NisZr eutectic, and which are being produced for
application as castings. The welding behavior of these alloy is
the subject of several more recent studies.

Li and Chaki (12,13) made a series of autogenous GTA
welds on an IC396M casting and concluded that this alloy was
more resistant to cracking than the single-phased 1C50 alloy.
However, cracks were found in the welds they made,
especially in the HAZ’s. In contrast to work on other Ni;Al
alloys, they found that the resistance of IC396M to HAZ
cracking decreased as welding heat input increased. This work
also suggested that the formation of HAZ cracks was likely
caused by liquation of the Ni-NisZr eutectic. As they observed
for the IC50 alloy, annealing of IC396M at 1100°C for 5 h'did
not prevent the HAZ cracking.

A study of the IC221M alloy (14) found that it was
susceptible to solidification cracking, rather than HAZ
cracking. Analysis of cracks showed that they were generally
associated with the Ni-NisZr eutectic which formed
interdendritically in the weld fusion zone microstructures. The
amount of eutectic in the weld microstructures increased with
the amount of Zr in the weld filler metal, and a Zr
concentration of 3 wt% in the IC221M base alloy was
sufficient to prevent solidification cracking. Weldment tensile
specimens were made from a 15-mm-thick weldment of
IC221M plates welded together with a 3Zr wt% filler metal.
The weldment yield strength at elevated temperature was
higher than at room temperature, but it was slightly lower than

that of the IC221M base material.

Further work (15,16) on the IC221M-based alloys
confirmed that both the volume fraction of Ni-NisZr eutectic
and their resistance to cracking increased with Zr
concentration. It was concluded that the overall solidification
cracking response was consistent with the analysis developed
by Borland (17). The thermomechanical conditions
experienced by the alloys during welding were analyzed by
computer modeling, and excellent agreement was obtained
between these results and experimental observations of
cracking response.

Recent Developments: Niz;Al Alloy Welding

The most recent activities on welding Ni;Al alloys directly
support efforts to commercialize these alloys. The IC221M
composition has emerged as a preferred NisAl alloy for
applications requiring castings, and it is recognized that a need
exists to weld IC221M for cosmetic as well as structural
purposes. Critical issues in this effort include identifying
suitable weld filler metal compositions, developing a
commercial supply of weld filler metal, and evaluating the
properties of weldments.

The two filler metal compositions developed for welding
IC221M are designated IC221W and IC221LA. The nominal
compositions of these alloys are:

IC221W: Ni-8Al-7.7Cr-1.4Mo-3.0Zr 0.003B wt%
IC221LA: Ni-4.5Al-16Cr-1.2Mo-1.5Zr 0.003B wt%




Development of the IC221W composition was a direct result
of studies on the basic solidification cracking behavior in this
alloy system (14-16). IC221W has the advantage of being
compatible with the IC221M base alloy composition in terms
of chemistry and microstructure. Also, tensile testing of
castings of IC221W show that its yield strength is similar to
that of IC221M, but that its ductility is somewhat lower at
temperatures below 900°C (14). An undesirable side effect of
the high strength and limited ductility of IC221W is that it is
not feasible to process this alloy into wire of the size required
for welding by normal metalworking techniques. This last
point provided some of the motivation for the development of
the IC221LA composition. Selection of the base composition
of Ni-4.5A1-16Cr was largely based on the work of Hammond
et al (18) which suggested that useable high temperature
ductility could be developed in alloys near this composition.
Tensile testing of the IC221LA base alloy showed that
ductility in excess of 20% is maintained above 800°C and
suggested that this alloy can be hot worked.

To date, the only approach used to make relatively large
(> a few kg) quantities of welding wire of either IC221W or
IC221LA is the metal-powder-core technique. In this
approach, a Ni or Ni alloy strip is rolled into a tubular wire
which is filled with either elemental or prealloyed metal
powders. By adjusting the strip thickness and composition,
and the mix of metal powders a wide range of alloy wire
compositions can be produced without the need for normal
ingot melting and wire drawing. A photograph of spooled
IC221LA wire, produced by Cor-Met using prealloyed powder
supplied by Ametek, is shown in Fig. 1. Similar wire products
are being produced by Stoody Company.

Fig. 1. Standard spools of metal-powder-cored welding wire
of IC221LA.

The results presented in this paper describe the properties
of welds made in centrifugally cast IC221M tubing with both
IC221W and IC221LA filler metal. The welds were made by
manual gas-tungsten arc (GTA) welding and radiographs
indicated they were virtually free of defects. Tensile testing
indicated that the weldments maintained excellent yield
strength below 1000°C. The elongation values of the tensile

specimens were comparable to those of the base metal, except
above 800°C where the weldment made with IC221LA
showed relatively high ductility. Stress-rupture testing at 800-
1000°C showed that the weldment properties where slightly
lower than those of the base metal.

Experimental

The centrifugally cast tubing used for this welding study
was made from pure charge materials by induction melting
under an argon cover. The cast tubes had dimensions of 95-
mm OD x 6-7-mm wall thickness x 2.4-m length, and a
chemical composition of: Ni-7.68Al-7.77Cr-1.45Mo-1.39Zx-
0.008B-0.023C-0.005S-0.023N-0.0510-0.37Fe-0.07Si  wt%.
Pieces about 150 mm long were cut from one tube, and the
circumferential edges were prepared with single-vee grooves
having bevels of 30°. Beveled pieces were then tack welded
together to maintain a root opening of 2-3 mm.

The welds were made by the manual GTA process in the
flat position. A stringer-bead technique was used with welding
parameters of 90-100 A of straight polarity direct current, and
11-12 V. Nine individual weld beads were used to complete
each weld. The assembled tube sections were automatically
rotated during welding. Argon shielding gas was used for
welding, and the test assemblies were purged with Ar to
provide oxidation protection for the ID sides of the root
passes. The root passes on both test welds were made with
IC221LA filler metal. One test assembly was then welded to
completion with IC221LA filler metal; the second was
completed with IC221W filler metal. The completed welds
are shown in Fig. 2. The 1.6-mm-diameter straight lengths of
both weld filler metals were cut from standard spools of wire
produced by Cor-Met, Inc. Both welds were radiographed
which verified that neither contained significant defects.

Fig. 2. Centrifugally cast IC221M tube sections welded with
IC221LA (left) and IC221W (right) filler metals.

Tensile specimens with gage dimensions of 28.6 mm long
x 3.2 mm diameter were machined from both weldments and
from the base metal of the cast tube. The weld deposits were
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centered in the gage lengths of the weldment specimens.
Tensile tests were done in air at room temperature, 600, 800,
900, 1000, and 1100°C using a crosshead speed of 0.085mmv/s.
Stress-rupture tests were also conducted in air at stress levels
of 48-241 MPa and temperatures of 800-1000°C.

Examination of specimens was done using both optical
metallography and scanning electron microscopy.

Results and Discussion

The optical microstructure of the base metal is shown in
Fig. 3. The cast tube contained areas of shrinkage porosity
distributed randomly throughout the wall thickness, and in a
somewhat higher amount near its ID surface. The constituent
distributed interdendritically in the microstructure is
predominantly the Ni solid solution-NisZr eutectic (14-16).
Isolated particles of NisZr, and other compounds such as
carbides, nitrides and oxides of Zr also appear in the
microstructure.

Fig. 3. Optical micrograph of centrifugally cast IC221M.

The optical microstructures of the weld deposits are
shown in Fig. 4. The solubility of Zr in Ni;Al alloys is low
(19), and increasing its concentration in the base IC221M
alloy increases the amount of the Ni-NisZr eutectic in the
microstructure (15,16). Otherwise, the constitution of
IC221W is expected to be nearly identical to that of the base
IC221M alloy. The microstructure of IC2211.A was not fully
characterized. It does, however, contain the Ni-NisZr eutectic
distributed interdendritically in its structure, but at a lower
fraction than that found in IC221W. This is due to its lower Zr
concentration.

The yield behavior of the weldment specimens is
compared to that of the cast tube in Fig. 5. The yield strength
of the base metal decreased slightly with temperature up to
900°C, but fell more rapidly from 900-1100°C. The yield
strength at 1100°C was still quite high, 168 MPa. Figure 5

Fig. 4. Optical micrographs of weld deposits made with filler
metals of IC221W (top), and IC221LA (bottom).

also shows that the yield behavior of the weldment specimens
from both filler metals compares favorably with that of the
base metal. Above 600°C there was considerable scatter in the
yield strength values which is likely related to the distribution
of defects in either the casting, the weld deposits, or both.
Nevertheless, high yield strengths were recorded for the
weldment specimens up to the maximum test temperature of
1100°C. The yield strength values of all specimens at 900°C
and below are within the ranges typically reported for the
IC221M alloy (20).

The elongation values measured from the tensile tests are
plotted in Fig. 6. Ductility values for the base metal were near
zero up to 1100°C. In contrast, elongation values for statically
cast IC221M range from 10-20% below 800°C, show a dip to
as low as a few percent from 800-1000°C, and then recover
somewhat at higher temperatures (20). Presumably the low
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ductility found in the centrifugally cast tube was related to“the
distribution of solidification shrinkage like that shown in Fig.
4. None of the specimens from the weld made with IC221W
filler metal fractured in the weld deposit. Likewise, the
specimens from the IC221LA weldment tested at 900°C and
below failed in the base metal. These observations confirm
that the yield strength of the weldments exceeded that of the
base metal, and support speculation that the distribution of
defects in the cast tube controlled its tensile behavior. The
specimens from the IC221LA weldment tested at 1000°C and
1100°C showed relatively high elongation values and failed in
the weld deposit. Observations made on similar alloys (18,21)
suggest that the lower strength and higher ductility. of
IC221LA at the highest test temperatures is likely caused by an
overaging of Y precipitates in its Yy matrix phase.

The results from stress-rupture testing are presented in
Fig. 7. The weldment specimens all failed in shorter times
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Fig. 7. Larson-Miller plot of stress-rupture test data from
IC221M cast tube base metal and weldment. Data from
Haynes 214 weldments are plotted for comparison.

than those required for base metal failure. This may be due to
the combination of finer microstructure and concentration of
stress in the weld deposits. All of the weldment specimens
fractured in the weld deposits, and when tested under identical
conditions their rupture strengths were not influenced by weid
filler metal composition. Because the fractions of ¥, v, and the
Ni-NisZr eutectic vary between the two filler metals, it must be
assumed that other factors, such as grain size in the weld

- deposits or stress concentration effects at the weld centerlines,

dominated their response to creep loading. Data for tests run
on Haynes 214 weldments are also shown in Fig 7 for
comparison (22). The Haynes 214 alloy was chosen for
comparison because it is based on the same alloy system as
IC221LA, namely Ni-16Cr-4.5A1, wt%. The conditions used
for these tests were: 345 MPa at 649°C, 138 MPa at 760°C,
and 48 MPa at 871°C. Figure 7 indicates that the IC221M
weldments are considerably more creep resistant than those in
the Haynes 214 alloy, and this behavior is similar to findings
about the base metal behavior (20).

Summary- Ni;Al

Welds of acceptable quality, as judged from radiographic
examination, were made in centrifugally cast IC221M tubing
with metal-powder-cored wires of the IC221LA and IC221W
compositions. Tensile testing showed that weldment
properties were comparable to those of the centrifugally cast
base metal, except that specimens from the weldment made
with- IC221LA filler metal had lower strength and higher
ductility at test temperatures of 1000°C, and 1100°C. The
rupture life of the weldments was lower than that of the base
metal. The rupture behavior of the weldments was not
significantly influenced by weld filler metal composition.

AN




Background: Fe;Al Welding

Early work on welding Fe;Al alloys (23) followed a
course similar to the initial studies of NijAl alloys. The
combination of autogenous welding and hot ductility testing
was used to define the basic response of the alloys to welding.
The alloys studied included a binary base alloy of Fe;7,Alzg
and alloys containing TiB, particles, and additions of Cr, Nb,
and Mn. The TiB, was added to strengthen the base alloy and
refine the grain structure of weld fusion zones. Examination of
autogenous EB and GTA welds showed that these alloys were
resistant to HAZ cracking but not solidification cracking. The
alloys that did not contain TiB, were most resistant to
cracking. The Cr Mn, and Nb additions improved cracking
resistance, but Nb was most effective in this regard. The effect
of TiB, was attributed to its solution during melting, and
reprecipitation interdendritically where it was believed to
embrittle the fusion zone microstructures.

A subsequent study found that B and Zr additions
promoted solidification cracking in the Fe;Al alloys (24). The
beneficial effect of Cr and Nb was confirmed and Sigmajig
testing showed that alloys containing 28AI-5Cr-0.5Nb at%
either with or without 0.2 at% C had cracking resistance in the
range of austenitic stainless steels. Another important
observation made in -this study was that even when
solidification cracking was avoided, delayed cold cracking
often occurred in all of the Fe;Al alloys. The Fe;Al alloys are
susceptible to hydrogen embrittlement, and the delayed
cracking of the weld was attributed to contamination of the
shielding gas with traces of water vapor.

Fasching et al (25) proposed that refinement of grain size
would improve the intrinsic ductility of weld fusion zones, and
thereby reduce their susceptibility to hydrogen cracking. Both
a variation in welding heat input and magnetic arc oscillation
were used to modify the grain structure of autogenous GTA
welds in an Fe;Al alloy (FA129) with a nominal composition
of Fe-28Al-5Cr-0.5Nb 0.2C at%. Weld fusion zone
microstructures were produced with grain sizes of 115, 172,
300, and 530 um, and aspect ratios of 1.3, 2.4, 4.5 and 7.4,
respectively. Tensile testing in atmospheres where the level of
water vapor was controlled showed that the finest fusion zone
grain structure resulted in the highest weldment fracture
strength and the most resistance to hydrogen embrittlement.

Recent Developments: Fe;Al Alloy Welding

Current efforts on welding Fe;Al alloys (26) are directed,
toward minimizing hydrogen cracking and developing the
filler metals, processes and procedures required for
commercial applications. Recent testing shows that hydrogen
cracking roughly correlates with Al concentration in weld
deposits, with high (> 26 wt%) and low Al (< 12 wt%) levels
being most susceptible to cracking.

Heat treatments also appear effective for controlling
hydrogen cracking of the Fe;Al alloys. Evaluation of heat
treatments was done by producing a series of standardized
welds with preheat and postweld heat treatments reduced in

50°C steps starting at 350°C and 750°C respectively. It was
found that preheat temperatures as low as 250°C would
sometimes yield crack-free weld deposits, but that 350°C was
required to completely avoid cracking. Similarly, reduced
postweld heat treatment temperatures would often produce
sound deposits which would subsequently crack during liquid
penetrant examination. It appears that 350°C and 750°C are
minimum temperatures required to control hydrogen cracking.

The Fes;Al alloys, such as FA129, are also difficult to
fabricate into wrought solid wires. Consequently, alternative
methods of making welding filler metal wires are being
evaluated, and a promising approach is a composite wire
technique. In this approach, an Fe sheath is wrapped around
an Al wire with other alloying elements (C, Cr, Mo, Zr, B)
added as granular ferroalloys. After forming and crimping, the
composite wire is drawn to eliminate void space and to arrive
at precise final dimensions. The resulting product is readily
produced in coil form and can thus be used with automatic
wire feeders for a number of welding processes. A cross-
sectional view of such a wire is shown in Fig. 8.

g0.5mm
8519331

Fig. 8. Composite wire of Fe sheath, Al core, and granular
alloying elements used for making Fe;Al weld deposits.

Several non-pressure boundary components were clad
using the weld overlay technique and the Fe;Al composite
wire, and they were placed in service in a paper mill recovery
boiler. The performance of the clad components is still being
evaluated.
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