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Abstract ‘ . -

R . .
Autogenous gas-tungsten arc welding was performed on a {wo-phase Ni,Al alloy. Plates 3 mm thick

were cut from a cast ingot and were subjected to three pre-‘{veldiz}g heat treatments (PWHT), namély,
as-cast, annealed at 1100°C for 23 h (HT1) and HT1 plus 1120°(’,‘{;0 min/air cool (HT2). The as-cast
alloy was characterized by dendrites with many eutectic cells located at dendrite boundaries (DBs). The
eutectic cells were destroyed by HT1. However, HT2 make 1;0 fm‘ther changes on microstructure.
Analysis by energy disper;i\ve X-ray spectroscopy (EDX) revealed that the DBs of as-cast alon were
enriched with Zr. The Zr enrichment at DBs was increased further by HT1 and HT2. I\.Io.solidiﬁc'ation
crack visible to the unaided eye was found in either the fusion zone (FZ) or the heat-affected zone
(HAZ) due to wélding. The FZ cénsisted of columnar grains with a eutectic structure along the
boundaries. The feutectic structure was enriched‘With Zr and contained many microcracks and some Zr-
rich phases. Micro-solidification cracks Were occasionally found along boundaries iﬁ'”FZl. The alloy wés
sensitive to liquétion cracks that occuned along DBs in the HAZ. ~While PWHT had no effect on the
characteristics of the FZ, PWHT had a notable effect on the severity of liquation cracking. .The average

crack numbers per 5 cm weldment were 12 for as-cast, 14 for HT1, and 17 for HT2. The role of Zr-

inducing solidification cracks in FZ and liquation cracks in HAZ is discussed.



1. Introduction

Nickel aluminide, Ni,Al, is an ordered intermetallic compound with a L1,-type crystal structure. It has
attractive mechanical properties and good oxidation :e§istance at high temperatures. The yield strength
[1] of single-crystal Ni;Al initially increases with the ti’empera‘cure, reaches a maximum at about 650°C,
and then starts to decrease. But polycrystalline Ni,Al_is severely brittle and undergoes intergranular
fracture [2]. Adding a minute amount of B (a few hundred wt bpm) improves ductility in Ni-rich Ni,Al
tremendously [3,4]. Fesides B, small amounts (less than 1 wt%) of Zr or Hf are added [5] in Ni,Al

SN . .
alloys to provide solid solutit;n strengthening and creep resistz;nqe. Recently, a series of advanced Ni,Al
- alloys alloyed with E, Zr, Cr, and Mo have been developéd [57-’7.]’ at Oak Ridge National Laboratdry
(ORNL), TN. High-temperature strength and creep resistance of th;se advanced nickel aluminides have
been demonstrated to be superior to most of the common commercial heat-resistance alloys [7].

In developing a cornme;cigl alloy, weldability is a key issue because joining by a conventional welding
process is an important me‘;ns of fabricating engineering alloys into stl'uctllral components. David and
coworkers [8,9] have performed autogenous-gas-tungsten-arc (GTA) and electron-beam (EB) wélding
on several ductile Ni;Al alloys, some containing Fe. The specimens were made by arc melting followed
by repeated rollihg and annealing. They concluded that ductile NisAl is highly susceptible to hot
cracking in the h;at-affected zone (HAZ) and fhat'the cracks are along grain boundaries. ‘They made
successful joints only with EB welding operated within a narrow range czf welding speeds and beam
focus conditioné. Later, Santella et al. [10] reported crack-free GTA and EB welds in a Ni,Al alloy
containing O.l-at% B and 0.5-at% Hf. The welding was successful in the repeatedly rolled and extruded
alloy, but not in tﬁe cast alloy. To reduce the cost of Ni;Al alloys, Hf was replaced with Zr. Li et al.
[11] first reported that IC-50, a single-phase Ni,Al contaimng 0.5-wt% Zr, was highly sensitive to

liquation cracking in the HAZ and solidification cracking in the fusion zone (FZ). They found later that



quﬁation crackihg was prevailing in the HAZ, not only in the single phase Ni,Al alloy [12,13], but also
in a two-phase Ni;Al alloy containing Cr and Mo, such as IC-396M [13,14]. Liquation cracking was
caused by grain-boundary incipient melting, which V;Qas_due to Zr enrichment at grain boundaries in these
alloys. Adding Cr improved the resistance to solidiﬁ%aﬁon cracking in FZ, but exerted little effect on
liquation cracking in the HAZ [13,14]. It was also found by Li [15] that the grain-boundary melting
temperature of Ni,Al alloys confaining Zr_depended slightly oﬁ the thermal history. This study was an
attempt to exploit the gffect‘of pre-welding heat treatments bn liquation cracking in the HAZ of IC-218,

a two-phase Ni,Al alloy containing Cr and Zr. .
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2. Materials and experimental methods

A two-phase Ni,Al allqy,_designated as IC-218, used in this study was designed and developed by
ORNL, TN. The ingots w;;e made by investment casting and were provided By Armco Ipc., OH. The
chemical compositions (as provided by the supplier) were 8.65 Al-7.87 Cr-0.86 Zr-0.02 B and Ni (by
wt%) or 16.98 Al-8.02 Cr-0.51 Zr-0.10 B and Ni (by at%). Welding coupons of‘aﬁproximately 60 mm
X 15 mm x 3 mm were cut from the ingots with a silicon carbide cutting wheel and were ground to
remove oxide films and sharp edges. Three pre-;velding heat treatments were used in this Stu'dy: as-cast,
1100°C/23 b/ furnace cool (HT1), and HT1 plus 1120°C/30 min/air cool (HTZ)T fully-penetrated
weldments were‘made by a gas tungsten arc welder in alternating current mo::le. The \.velding parameters
were as follows: current - 50 A, voltage - 12 V, argon flow rate - 25 m’/h, and welding speed - 12
cm/min. Tungsten Arods (2.4 mm diameter thdriated [2 wt%]) were used to increase the electron-emission

rate. The welding was autogenous, i.e., no filler metal was used. Three weldments with a length of

about 50 mm were made for each heat-treatment condition.



All weldmenté were ground with emery paper, polished with alumina slurry, and etched with an etchant
that contained 40 mL HCI, 30 mL HNO,, 20 mL glacial acetic acid, and 10 mL glycerol. The
microstructure of the specimens was examined by an optical microscopy and a scanning electron
microscopy (SEM). The local chemical compositior;i'whs analyzed by energy-dispersive x-ray (EDX)

spectroscopy. -

3. Results and discussion | :
S

N T~

3.1. Characterization of Base Materials : .

The miqiostrucnue of as-cast IC-218 was characterized b}; the dg{ldrites with many eutectic cells, as
shown in Fig. 1a. According to the Ni-Al-Cr solidification diagréiﬁ [16], during casting, the main and
secondary dendritic arms with a disordered fcc structure (y phase) developed first, then the remaining

liquid underwent a eutectic reaction (Liquid € y’ + y), where y’ is a L1,-type ordered phase; as cooling

continued, most of the y phase transformed to y’. The volume fraction of y phase in' IC-218 equilibrated
at room temperature was about 10-15%, as 'reported by Liu et al. [5]. The average spacihg of Vmain
dendrites was 834 + 345 um. Some cast porosity and precipitates appeared. The porosity was mainly
located at the edges of the eutectic cells. Most of the precipitates were cuboidal, and a few were
triangﬁlar (Fig. 1a). The precipitates could be fouﬁd everywhere, and their mean edge léngfh was 3.9
+ 1.1 pm. An analysis by microprobe [15] showed that the particles contained 30 ;t% Zr and 65 at%
O, indicating that the particles were ZrO,. Analyses of the eutectic cells by EDX ShO\'Ned a clear Zr peak
at the edges of the eutectic cells and a weak Zr peak in the cores of the cells, suggesting that Zr was
enriched at the edges of the eutectic cells. It will be seen later that some liquation cracks occurred along
the edges of eutectic cells due to the Zr enrichment.

The eutectic cells in IC-218 were destroyed by HT1, and they produced a distinct second phase, as
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shown in Fig. 1b. Further heat treatment (HT2) did not change the microstructure produced by HT1
significantly. Pre-welding heat treatments changed not only the microstructure, but also Zr enrichment
at dendrite boundaries. An analysis by EDX on’ déndr_ite boundaries and dendrite interiors in polished
and etched specimens showed that while dendrite bouﬁaaiies in all conditions were enriched with Zr, the
specirﬂens treated by HT2 had the highest Zr enrichinént, gnd the as-cast ones had the lowest Zr
enrichment, as shown in Table 1: As mentioned before, HT1 déstroyed Zr-enriched eutectic cells in as-
cast 1C-218 and caused Zr tg redistribute. Due to the limitéd solubility of Zr in the Ni,Al alloy, Zr was
prone to segregate at grﬂgfgomdmies [17-.1 9] Therefore;;-lfi increased Zr enrichment at dendrite
boundariei. The hjgher-Zr enrichmentr at dendrite boundal;ies .re_s_\\l‘lting from HT2 was due to sliéht

dendrite-boundary melting. Li et al. [20] showed that the dendrite:boundary melting temperature of IC-

218 heat-treated using HT1- was about 1125°C.

3.2. Microstructure in the ﬁ;siOn Zone

Weldability of IC-218 was found better than that of the single phase Ni Al alloy, IC-50, whjéh is
sensitive to macrocracking in the FZ land the HAZ [11-13]. No macrocrack was found in either the FZ
or the HAZ. The FZ of IC-218 was characterized by a columnar-grain microstructure with second phase
between the columnar grains, as shown in Fig. éa. Micro-solidification cracks were occaéionélly found
in the FZ along columnar grain boundaries (Fig. 2a). The microstructure in FZ was /irndependent of pre-
welding heat tréatments because melting processes during welding elimil;ated the effect of the pre-
welding microstructure on the post-welding microstructure in the FZ. Invgstigation by SEM at higher
magnifications (3000X and higher) revealed that the second phase had striated eutectic structures, and
some of the striated regions contained microcracks or a Zr-rich phase, as shown in Fig. 2b and 2c.

Analysis by EDX showed the Zr-rich phase had an approximate composition of Zr,(Ni,Al,Cr)ss,



indicating that it was a Ni-NisZr type eutectic that had a melting temperature of about 1175°C according
to the equilibrium Ni-Zr phase diagram [21]. Analysis by EDX also showed 1.5 to 2.5 wt% Zr in the
eutectic structure and very low Zr (not detectable b}_f EDX) in the interior of the columnar grains.
According to the solidification diagram of Ni~Al-C.r’*"te'mary alloys [16], IC-218 solidified first as a

disordered y phase, and the remaining liquid between dendritic arms then underwent a eutectic reaction

of L & y + v°. The remaining liquid with high Zr solidified last by Ni-Ni,Zr eutectic reaction.

Solidification cracks appea{‘t.o be related fo t‘he Zr-rich pha;e‘bécause a Zr-rich phase usually was found
in the crack path, as shovLmr in Fig. 2d. This observation snggested that the solidification cracks were
due to the Jow-melting ir-rich phase between dendrites. The (y + y’) eutectic volume fraction in the FZ
of IC-218 was about 30%. The better resistance to solidification é’racking in the FZ of IC-218 than that
of IC-50 could be attributed to the higher-volume fraction of the eutectic liquid because more liquid was

available to share the welding stresses generated during welding cooling.

3.3. Liquation cracking in the HAZ of as-cast specimens

Li [15] showed that the microstructure of IC-218 could be changed by heat treatments, and that phase
transformation stérted at about 1150°C during fast heating and cooling. Unlike IC-50, weldments of IC-
218 exhibited a clear HAZ in which phase transfonhation took place, as shown in Fig. 3. | From Fig. 3,
one can see thatl some cracks in the HAZ developed along the driginal dendrite bounEaries. The longest
crack stretches about 1.3 mm from the fusion line (the bordef between tile FZ ar;d the HAZ). The
columnar grains in the FZ developed in epitaxial growth, i. e., they grew as if they were an extension
of the dendrites in the HAZ. The dendrite boundaries in the HAZ experienced incipient melting during

the welding thermal cycle, and cracks developed along such dendrite boundaries, as shown in Fig. 4a.

A Zr-rich phase identical to that in Fig. 2d was also found at some crack tips near the fusion line. At



a distance of about 1 mm from the fusion line, cracks occurred mainly at the edges of eutectic cells, as
shown in Fig. 4b. Investigation by SEM revealed thgt some of the cracks did not separate completely,
but were joined by small metal ligaments, as shéwn_ in Fig. 5. The above features indicated that
microcracks in the HAZ were apparently associated w;th incipient melting of dendrite boundaries in the
HAZ during welding, and the cracks formed at elevated iefnperguue when dendrite boundaries were still
in the liquid state. Such microc‘racks in P_IAZ were termed as ;'liquation cracks" and were caused by a
liquid film forming atb\c\iendl;ite boundaries during welding a;nd ‘being unable to accommodate thermally-
induced stresses du:ihg the I;c;st-Welding cooling. Liquation e;aqking is common [22-24] during welding
of Ni-base alloys. Various mechanisms have been proposéd t§ gzplain the origin of liquid at gré.in
boundaries. Accumulation of solute at grain boundaries duriné‘~ their migration can cause melting.
During rapid heating, second-phase particles can melt (known as "constitutinnal liquation") [25] and wet
the grain boundary when it sweeps the particles during its migration. Another mechanism is that,
through pipe diffusion, sol\ute atoms can be transferred from the FZ to the HAZ alqng the grain
boundaries that are continuous across the fusion line. |
Analysis by EDX on melted dendrite boundaries, liquation crack tips, and unbroken ligaments in
microcracks shoWed Zr enrichment (about 2 to 3 wt%), suggesting that the sensitivity of 1C-218 to
liquation cracking was associated with Zr enricimmént at dendrite boundaries. ACcording to the Ni-Zr
binary phase diagram [21], adding Zr decreases the melting temperature of a Ni-Z{ alloy dramatically.
By rapidly heating and quenching IC-218 from different temperatures, ~‘it was f:ound that dendrite
boundaries in as-cast IC-218 melted at about 1150°C [20], which is lowcr than that of the Ni-Zr eutectic
temperature (1175°C). The reason leading to such a low temperature is not clear yet. B might

contribute because B was found to increase the sensitivity of Ni-base superalloys to liquation cracking

in the HAZ [26], and B in Ni;Al alloys segregated at grain boundaries. The effect of B on grain

)



boundary melting in Ni,Al alloys needs to be studied. Due to the higher Zr concentration at the edges
of the eutectic cells in as-cast IC-218, the cells were prone to incipient melting, and consequently to

liquation cracking.

.

3.4. Effect of pre-welding heat treatment on liquation cxdcking in the HAZ

Liquation cracks were also fouﬁd in the —HAZs of the specimens treated by HT1 and HT2. Liquation
cracks developed along origipal dendrite‘bopndaries, as shé)\yri in Fig. 6. Analysis by EDX on melted
dendrite boundaries, c;rack '\tips,'and unbroken ligaments in ::rgcks also showed Zr enrichment. The
frequegcy\ of liquation c;ack occurrence (FLCO) in HAZ wa:,s in;:rgg_sed by HT1 and HT2. The FLCO
was defined as the number of locations within 5 cm weld in“'which liquation cracks were found.
Specimens treated by HT2 showed the highest FLCO (17+3/5 c¢m), and as-cast specimens had the lowest
FLCO (1243/5 cm), as shown in Table 2. From Table 2, it can be seen that crack numbers were related
to the initial Zr enrichment ;1t dendrite boundaries. The higher the Zr enrichment, the higher the FLCO.
4. Conclusions
1. As cast IC-218‘, a two phase Ni,Al alloy, was characterized with coarse dendrites and many eutectic
cells. Enrichment of Zr was found at the dend‘rite.boundaries and the edge of eutectic cells.
2. Heat treatment of 1100°C/23 h/furnace-cool destroyed the eutectic cells and incre;sed slightly the Zr
enrichment at dendrite boundaries. An additional heat treatment of 1126°C/30 rriin/air-cool did not
change the microstructure significantly, but did further increase the Zr enrichment at dendrite boundaries.
3. The fusion zone of the as-cast IC-218 #lloy consisted of a columnar grain structure. A striated
eutectic structure developed along the columnar grain boundaries. Some microcracks (2 to 5 um long)

and Zr-rich phases were found in the striated structure. Solidification cracks were occasionally found



along the columnar grain boundaries. A Zr-rich phase was usually found in the path along which a
solidification crack developed. Pre-welding heat treatments had no effect on the microstructural
characteristics in the fusion zone of the 1C-218 allay,_ )

4. As cast IC-218 was highly susceptible to liquation ;?aéks in the heat-affected zone. Liquation crack.
developed along the original dendrite boundaries; some short liquation cracks also developed at the edge
of eutectic cells in the base metal.' Zr enrichment was observed in the liquated dendrite boundaries, crack
tips and residual meta] in liguation cracks in the heat-affected-zone of as-cast 1C-218.

5. While pre-welding heat treatments did not change microstructural characteristics in the fusion zone,

the liquation crack density was increased in heat-affected zone. The increase in the crack density was
- s {

&

due to the increase of Zr enrichment at dendrite boundaries due t'é the heat treatments.
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Table 1. Pre-welding heat treatments and Zr enrichment at dendrite boundaries

As-Cast " HT1 HT2
DI* 1.169+.51 i 1.174+.12 956+.03
DB** 1.323+.12 | 1.415+.11 1.488+.18
Ztps/Z1y, ABRLY . 121 1.56
(Zrog-Zrp)/Zry, - 133% C205%. - . 55.6%

* Dendrite interior; ** Dendrite boundary.
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Table 2. Zr enrichment at dendrite boundaries and liquation cracks

As-Cast © HTI HT2
(8 N
Zrpp/Zrp* 1.13 1.21 1.56
(ZI‘DB-ZI'DI)/ZI'DI 1 3 .3% ) ~ 2075% . 55 . 6%
Crack #/5 cm** 12+3 14 + 2 17+3
. : 4_7 -

* DI and DB stand for dendrite interior and dendrite boundery, respectively.

**Crack number per 5-cm-long weldment. o
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Figure caption:

Fig. I Optical micrographs of IC-218. (a) As-cast specimen characterized with dendritic structure and
eutectic cells. The arrow indicates the Zr-rich particles. (b) Specimen annealed at 1100° for 23 h and
furnace cooled. The eutectic cells disappeared. f'\." .
Fig. 2. Microstructure of polished and etched surface of the FZ in as-cast IC-218. (a) Optical micrograph
at low magnification. There is a solidification crack along columnar grain boundary. (b) and (c) SEM
micrographs at high magnifications showing micro-cracks ar}'d high Zr phase (aﬁow pointed) in the
striated structure. (d) I\-Iig}f'.‘Zr phase (arrow“pointed)A in the ?éth along which a solidification crack was
deveioping. - | |

Fig. 3. Op‘t'ical micrograph showing the general features of the HAZ;n as-cast 1C-21 8 Liquation cracks
developed along the original dendrite boundaries in the HAZ.

Fig. 4. Optical mxcrographs showing liquation cracks of the HAZ in as-cast IC-218. (a) Crack near fusion
zone. The crack developed along the melted dendrite boundary. (b) Cracks at 1 mm away from fusion
zone. The cracks mainly developed at the edges of the eutectic cells.

Fig. 5. SEM micrograph at high magmﬁcation showing the details of a liquation crack at an edge of a
eutectic cell. The crack did net sepafate completely, but was joinéd by small metal ligaments that were
enriched with Zr. |

Fig. 6. Optical .micrograph showing general features of the HAZ in IC-218 heat treated by
110(J°C/23h/ﬁrhéce cool and 1120°C/30ﬁ1in/air ‘cool. Liquation cracks :ieveloped along the original

dendrite boundaries in the HAZ.
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