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The weldability of FejAI is very sensitive to the 
welding conditions and alloy content conditions 
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ABSTRACT. Ordered intermetallic alloys, 
such as iron aluminides, are a unique class 
of metallic materials which form long-
range-ordered crystal structures below 
their melting points (Tm) or critical order
ing temperatures (Tc). Iron aluminides, 
which are brittle at room temperature, 
have been ductilized at Oak Ridge 
National Laboratory using physical metal
lurgy principles. A key issue in the devel
opment of these alloys for engineering 
applications is weldability. 

An investigation was carried out to 
determine the weldability of a class of 
binary and higher order iron aluminides. 
Thin sheets of iron aluminides were gas 
tungsten arc and electron beam welded 
at different travel speeds and power 
levels. The results indicate that the weld
ability of these alloys is very sensitive to 
the welding conditions, producing good 
welds sometimes and severely cracked 
welds at other times. Alloys containing 
TiE>2 additions for improved strength and 
ductility cracked severely upon welding. 
The results of the hot ductility tests show 
that the modified iron aluminide alloys 
are very ductile at elevated temperatures 
and show no evidence of heat-affected 
zone (HAZ) cracking. 

Introduction 

The ordered intermetallic alloys are a 
unique class of materials with an atomic 
arrangement distinctly different from that 
of conventional or disordered alloys. 
Below the melting point (Tm) or critical 
ordering temperature (Tc) the various 
atomic species in these alloys tend to 
occupy specific sublattice sites and form 
superlattice structures. In the 1950's and 
the 1960's, the structures and properties of 
these ordered intermetallics were investi
gated extensively and as a result many 
attractive properties were identified (Refs. 
1-4). The superior performance of these 
alloys is associated with the relatively slow 
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atomic mobility and unique dislocation 
dynamics in ordered lattices. However, 
their tendency to be brittle in the ordered 
state has limited their use for structural 
applications. Liu and others (Refs. 5-12) 
have shown that ductility and fabricability 
of several intermetallic alloys can be sub
stantially improved using physical metallur
gy principles. 

Of the various ordered intermetallic 
alloys, an alloy of recent interest is the 
iron aluminide, Fe3AI. Fe3AI can occur in 
any of the three different kinds of crystal 
structure depending on the temperature: 
an ordered D03-type superlattice struc
ture below »550°C, an ordered B2-type 
superlattice between 550° and =s750°C 
(1022° and 1382°F), and disordered bcc 
at higher temperatures. The B2-type 
structure is basically bcc, while DO3 is 
comprised of eight bcc cells stacked two 
deep in each direction and results in the 
same symmetry as an fee structure. Figure 
1 shows the phase diagram of the iron-
rich region of the Fe-Al system (Refs. 13, 
14). At room temperature, alloys with less 
than =a18.5 at.-% Al are bcc solid solution 
with a disordered structure. However, 
alloys with 18.5-35.0 at.-% Al form a DO3 
structure. Alloys with greater than « 3 5 
at.-% Al form the cubic FeAl B2-type 
ordered structure. 

Iron aluminide also has attractive elec
trical, magnetic and corrosion-resistance 
properties. Other features, such as the 
low cost of iron and aluminum, and low 
density and adequate strength at temper
atures below 600°C (1112°F), make iron 
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aluminides attractive candidates for struc
tural applications. However, lack of duc
tility at room temperature and a sharp 
reduction in strength above 600°C are 
major obstacles in their utilization as 
structural materials. Earlier studies have 
shown that increasing the purity of Fe3AI 
shifted the failure mode from intergranu
lar to transgranular (Refs. 15, 16). Various 
investigations with ternary additions have 
also been carried out to improve ductility 
(Refs. 17-21). 

One of the major issues in the devel
opment of this new class of material, 
including Fe3AI, is welding, because join
ing by conventional welding is an impor
tant means of fabricating engineering 
materials into structural components. This 
paper describes the behavior of Fe3Al-
based alloys when subjected to weld 
thermal cycles. Weldability of these alloys 
using electron beam (EB) and gas tungsten 
arc (GTA) welding processes will be 
described. In addition, microstructural 
characteristics of Fe3AI alloy welds and 
the effects of alloying additions on the 
weldability will be described. 

Experimental Procedure 

The alloys used in this study are listed 
in Table 1. The alloys were prepared by 
arc melting under argon and drop casting 
into water-cooled copper molds. After 
homogenization for 5- h at 1000°C 
(1832°F), the alloys were hot-rolled to a 
final thickness of 0.76 mm (0.03 in.) start
ing at 1000°C and finishing at 600°C. 
They were then annealed 1 h at 850°C 
(1562°F) for recrystallization and at 
500°C (932°F) for 5 days to produce the 
DO3 order. Both EB and GTA autogenous 
welds were made on 20 X 40 X 0.7-mm 
(0.79 X 1.6 X 0.03-in.) coupons. The 
welding variables were adjusted to 
produce full-penetration welds at various 
welding speeds. The welding variables 
used to produce full-penetration EB 
welds were: welding speed 4.2 to 16.9 
mm/s (0.16 to 0.66 in./s); accelerating 
voltage, 75 kV; and beam current, 2.5 to 
5.5 mA. Full-penetration GTA welds were 
produced using a welding current of 35 
to 45 A and welding speeds ranging from 
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Fig. 1 — The iron-aluminum phase diagram showing the phases of 
interest to this study 

4.2 t o 8.4 m m / s (0.16 to 0.33 in./s). 
Hot ducti l i ty testing was d o n e on a 

Gleeble 1500 thermomechanica l simula
tor. The specimen design used and the 
p rocedure are descr ibed e lsewhere (Ref. 
22). W e l d m e n t specimens w e r e exam
ined by light and electron metal lographic 
techniques. The specimens fo r light 
microscopy w e r e e tched w i t h a solut ion 
containing 40 mL H N 0 3 , 60 mL 
C H 3 C O O H , and 20 mL H O . Specimens 
w e r e prepared for transmission electron 
microscopy (TEM) by spark discharge 
machining 3-mm disks f r o m the base 
material and the w e l d metal f o l l o w e d by 
electropol ishing the disks in an electro lyte 
of one part nitric acid t o four parts 
methano l in a Struers Tenupo l jet po l 
ishing unit at - 2 8 ° C ( -18°F ) . TEM exam
inations w e r e conduc ted using a Philips 
EM430. 

Results a n d Discussion 

Electron Beam Welding 

Since past studies (Ref. 23) o n o rde red 
intermetall ic alloys have s h o w n that the 
high-energy beam process can p roduce 
successful welds o w i n g to the highly 
concent ra ted heat source and possible 
grain ref inement in the fusion zone struc
ture, initial interest was focused on EB 
weld ing of i ron aluminide alloys. The 
various Fe-AI alloys w e r e EB w e l d e d at 
speeds ranging f r o m 4.2 to 16.9 m m / s 
(0.2 to 0.7 in./s). Af ter we ld ing , the 
specimens w e r e careful ly examined fo r 
cracks using a low-magni f icat ion micro
scope. This was further con f i rmed using 
metal lographic techniques. Table 2 sum
marizes the results of e lect ron beam 
weld ing o f Fe3AI as a funct ion of the 
we ld ing speed. In general, the results 
indicate that some Fe3AI-based alloys can 
be successfully w e l d e d using the EB p ro 
cess. Wh i le the mod i f ied alloys (alloys 
containing Cr, Nb or Mn) d id not exhibit 
any tendency to crack, the base alloys 

Fig. 2 - Optical micrograph showing a typical transverse crack in the 
FeyM alloy weldments 

containing TiB2 added for grain ref ine
ment (FA-41, FA-37, FA-39) d id show a 
tendency to crack. A m o n g these alloys, 
FA-41 and FA-37, a l though weldab le at 
l o w we ld ing speeds, s h o w e d severe 
cracking tendencies w i t h increasing w e l d 
ing speed. The tendency fo r cracking at 
higher speeds is also consistent w i th the 
generat ion of a tear-drop-shaped w e l d 
poo l that p romotes coarse columnar 
grain structure w i th in the fusion zone and 
p romotes cracking. Further, a similar ten 
dency to crack w i th increasing we ld ing 
speeds has been observed dur ing EB 
weld ing of Ni3AI-based nickel aluminides 

(Ref. 23). The observed increase in w e l d 
cracking tendency w i th increasing w e l d 
ing speeds was at t r ibuted to the high 
heating and cool ing rates and associated 
steep thermal gradients and stress that 
deve lop wi th in the fusion zone and the 
heat-af fected zone (Ref. 23). These fac
tors may cont r ibute t o localization of 
stress that may exceed h igh- temperature 
fracture strength. 

All o f the EB welds made at the higher 
speeds in the base alloys s h o w e d inter
granular cracks in the fusion zone w i th 
some of the cracks extending wel l into 
the base metal . Figure 2 shows a typical 

Table 1—Alloy Composition (at.-%) 

Alloys Heat A! Cr Nl> Mn TiB, Fe 
Base alloys 

Cr modified alloys 

Nb modified alloys 

Mn modified alloy 
Cr-Nb-B modified a lloy(a> 

FA-41 
FA-37 
FA-61 
FA-39 
FA-64 
FA-72 
FA-66 
FA-79 
FA-69 
FA-83 

27.0 
28.0 
28.0 
30.0 
28.0 
28.0 
28.0 
28.0 
28.0 
28.0 

4.0 
4.0 

2.0 
1.0 

4.0 

1.0 
1.0 

1.0 
1.0 

1.0 

1.0 

Bai 
Bai 
Bal 
Bal 
Bal 
Bal 
Bal 
Bal 
Bal 
Bal 

(a) For proprietary reasons, the actual composition has been omitted 

Table 2—EB Weldability 

Alloys 

Base alloys 

Cr modified alloys 

Nb modified alloys 

Mn modified alloy 
Cr-Nb-B modified alloy 

Heat 

FA-41 
FA-37 
FA-61 
FA-39 
FA-64 
FA-72 
FA-66 
FA-79 
FA-69 
FA-83 

4.2 
Speed (mm/s) 

8.5 

o 
0 

• 
o 

16.9 

o 
o 

• 
o 

• — No Cracks; O — Cracks. 
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Fig. 3-Scanning electron micrographs of FA-
37 cracked surface taken from: A — weld cen
terline; B — near the fusion line; C — the base 
material 

transverse crack in the Fe3AI alloy weld
ments. Scanning electron microscopic 
(SEM) examination of the cracked surface 
revealed the cracking in the fusion zone 
to be predominantly solidification crack
ing. Figure 3 shows a series of SEM 
photographs taken from the centerline of 
the fusion zone and into the heat-affect
ed zone (HAZ). The cracked surface with
in the fusion zone is predominantly den
dritic, indicating a hot crack — Figs. 3A and 
3B. The possible dissociation of TiB2 into 
Ti and B, as will be discussed later, could 

Fig. 4-Optical 
micrograph of FA-41 
weldment showing a 

typical centerline 
crack in the fusion 

Table 3—GTA Weldability 

Alloys 

Base alloys 

Cr modified alloys 

Nb modified alloys 

Mn modified alloy 
Cr-Nb-B modified alloy 

Heat 

FA-41 
FA-37 
FA-61 
FA-39 
FA-64 
FA-72 
FA-66 
FA-79 
FA-69 
FA-83 

4.2 

o 
o 
• 
o 
o 

Speed (mm/s) 

o 
o 
• 
o 
o 
• 

• 
o 
o 

• — No Cracks; O — Cracks. 

contribute to the formation of low melt
ing liquid that may promote hot cracking. 
Both Ti and B are known to depress the 
melting point of iron. An SEM micrograph 
of a typical ruptured specimen in the 
base material is shown in Fig. 3C. As seen 
in Fig. 3C, the fracture mode in the base 
material is predominantly transgranular 
cleavage. This also indicates the lack of 
ductility in the base material that is typical 
of this alloy (Ref. 24). 

Among the base alloys, only FA-61 
without any TiB2 addition could be suc
cessfully welded. In contrast, Alloy FA-39 
welds cracked severely. This was some
what surprising since Alloy FA-39 contain
ed the highest aluminum content (30 
at.-% Al) and an increase in aluminum 
content is known to increase the room-
temperature ductility of the Fe-AI alloy 
(Ref. 24). However, it is pointed out that 
although FA-39 contained the highest 
aluminum content, it also contained TiB2 
additions, which seem to increase the 
cracking tendency of the welds as shown 
above. Furthermore, the increase in alu
minum content significantly increases the 
thermal conductivity of the material. For 
example, considering the two alloys as a 
homogeneous mixture of iron and alumi
num, the estimated thermal conductivity 
of Alloy FA-39 (51 W rnK-1) is approxi
mately 13% more than Alloy FA-41 (45 W 
mK~1). The increased thermal conductivi
ty can increase the cooling rates, thus 

bringing the specimen into a temperature 
regime wherein the material is susceptible 
to cracking due to the lack of ductility. 
These factors, together with other metal
lurgical factors, may have contributed to 
the failure of the Alloy FA-39 weldments 
even at slowest welding speed. 

In the ternary (Fe-Al-Cr, Fe-AI-Nb, Fe-
Al-Mn) and other higher-order alloys, suc
cessful full-penetration EB welds were 
made for the full range of welding speeds 
investigated. Careful examination of the 
weld fusion zone and the heat-affected 
zone revealed no cracks in spite of the 
fact that some of these alloys contained 
1.0at.-% TiB2, which was found to have a 
detrimental effect on the weldability of 
the binary Fe-AI alloys. 

Gas Tungsten Arc Welding 

Table 3 summarizes the results of the 
GTA welding of Fe3AI as a function of 
welding speed for the different alloys 
considered in this investigation. The 
results confirm the deleterious effect of 
TiB2 dispersion on the weldability of Fe3AI 
alloys, producing cracks along the weld 
centerline as shown in Fig. 4. Most of the 
modified alloys tested also experienced 
cracking with additions of TiB2. However, 
in the absence of TiB2, successful full-
penetration welds were made on all the 
Fe3AI alloys except Alloy FA-83. Note that 
Alloy FA-66, containing niobium, did not 
exhibit any cracks even with additions of 
TiB2, indicating that niobium is beneficial 
to the weldability of iron aluminides. 
Although Nb was added to improve ele
vated temperature properties of these 
alloys, the beneficial effect of Nb in 
preventing hot-cracking in these alloys is 
not known at present. The multicompon-
ent alloy, FA-83, cracked upon welding. 
This was not expected since the alloying 
elements in FA-83, when used in a terna
ry alloy, were found to be extremely 
beneficial to the weldability of iron alu
minides. Although boron has been found 
to improve the fabricability of iron alu
minides, the results of the welding studies 
suggest that it is deleterious to the weld
ability. In general, the results indicate that 
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Fig. 5— Typical recrystallized base metal microstructures of FejAl alloys. A—FA-41 with T1B2 additions; B — FA-61 without TiB2 additions 

(a) 

• 

< ; 

0.1 um 
i i 

Fig. 6 — Transmission electron micrographs of Fe^AI alloys made using {111} superlattice reflections that show ordered DOj domains as bright areas. 
A -FA-79 base metal; B-FA-69 base metal 

some Fe3Al alloys are weldable. Further
more, the results clearly show that TiB2 

originally added to improve the low-
temperature ductility and the high-tem
perature strength is deleterious to the 
weldability of the iron aluminides. 

Microstructures 

Base Metal 

The typical recrystallized base metal 
microstructures of the Fe-AI alloys based 
on Fe3AI with and without TiB2 additions 
are shown in Fig. 5. The base alloys 
containing TiB2 added for grain refine
ment are FA-37, FA-39 and FA-41. These 
alloys had grain sizes of no larger than 50 
^m, compared to the binary Alloy FA-61 
without TiB2, which had somewhat larger 
grains of up to 300 pm. The refinement in 
grain structure is mostly due to pinning of 
the grain boundaries by TiB2. Chromium 
was added to the base alloy to improve 
the room-temperature ductility, while 

niobium or manganese were added to 
produce increased high-temperature 
strength. Chromium and manganese had 
little effect on the grain size. Chromium is 
reported to improve the room-tempera
ture ductility by modifying the slip behav
ior and increasing the cleavage fracture 
strength (Refs. 25, 26). 

Figure 6A shows a dark-field TEM 
image of unwelded Alloy FA-79 made 
with a {111} superlattice reflection that 
shows ordered DO3 domains as bright 
areas. The domains are about 4 nm in 
diameter. The domain size is sensitive to 
composition and is a function of the heat 
treatment. For example, in Alloy FA-69 
with the same heat treatment as FA-79, 
the DO3 domains grew so large that a 
typical domain structure was not 
observed — Fig. 6. 

Fusion Zone 

Figures 7 and 8 show typical EB weld 
fusion zone microstructures of two 

alloys, FA-64 and FA-72, wherein the 
former contains TiB2 and the latter does 
not. Figures 9A and 9B are dark-field 
micrographs of the fusion zone of the 
same two alloys respectively, and show 
that the DO3 domain structure is unaf
fected by the TiB2 addition. The fusion 
zone microstructure of Alloy FA-64 con
tains coarse columnar grains. However, 
the size of these grains and the curvature 
depend to a large extent on the welding 
speed and the associated weld pool 
shape (Refs. 27, 28). The relationship 
between the pool shape and the grain 
structure is discussed elsewhere (Refs. 27, 
28). In the fusion zone, the growth of the 
grains is predominantly epitaxial, lt is sur
prising to see a columnar fusion zone 
structure in welds of alloys containing 
TiB2 rather than fine equiaxed structure — 
Fig. 7. Apparently, TiB2 in the alloy does 
not seem to act as an effective nucleating 
agent for the Fe3AI alloy. In Alloy FA-72 
(without TiB2) the fusion zone structure is 
much coarser —Fig. 8. However, this is 
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Fig. 7 - Optical photomicrographs showing longitudinal and the transverse sections of the fusion zone of FA-64 alloy with TiB2 addition 

Fig. 8 — Optical photomicrographs showing the longitudinal and the transverse sections of the fusion zone of FA-72 (without TiB2 addition) 

mostly due to the coarse-grained base 
metal structure. Since most of the fusion 
zone structure develops by epitaxial 
growth of the grains near the fusion line, 
the base metal grain structure plays a 
significant role in determining the size of 
the fusion zone grains. It is pointed out 
that for all alloys the fusion zone structure 
of electron beam welds was much finer 

than the gas tungsten arc welds. The 
coarse grain structure of the GTA welds is 
one of the main reasons for greater 
incidence of cracking tendencies in the 
Fe3AI alloys during GTA welding com
pared to EB welds. Again, the relationship 
between grain structure and hot cracking 
tendency is well established in the litera
ture (Ref. 27). 

Figure 10 is a micrograph of the Alloy 
FA-72 EB weldment showing the fusion 
zone, the HAZ and the base metal. No 
significant grain coarsening due to weld
ing was observed in the HAZ. A typical 
microhardness traverse across the weld
ment is also shown. A distinct feature of 
the hardness profile is that there is no 
significant change in the microhardness 

0.1 um 
i _ i 

Fig. 9 - Transmission electron micrographs of FejAI alloys made using {111} superlattice reflections that show ordered DOj domains as bright areas. 
A -FA-64 weld metal; B-FA-72 weld metal (both at 4.2 mm/s) 
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value across the three zones. Previous 
work with other ordered intermetallic 
alloys such as (Fe, Ni)3<V,Ti) have shown 
that the hardness significantly drops in the 
HAZ and the fusion zone (Ref. 29). This is 
attributed to the disordering transforma
tion that the material undergoes at loca
tions that experience temperatures 
above the critical temperature (Tc). Typi
cally, there is insufficient time during cool
ing from a weld thermal cycle for the 
structure to reorder. However, in the 
present study the uniform hardness 
across the three zones seems to indicate 
that in the case of Fe-AI alloys the kinetics 
of the alloy going from ordered DO3 
structure to ordered B2 structure to dis
ordered a and reverting back to DO3 
upon cooling in the weld metal, and the 
adjacent heat-affected zone is considera
bly faster. This was further confirmed by 
transmission electron microscopy of the 
weld metal and the adjacent HAZ. 

Figure 11 shows the DO3 domain 
structure in Alloys FA-69 and FA-79, using 
the {111} superlattice reflections. The 
domain size in the fusion zone of both 
alloys was 6 nm regardless of the fact that 
the base metal domains were small (4 nm) 
in FA-79 and were rather large in FA-
69—Fig. 6B. Welding made no other 
difference in the microstructural features 
of these alloys. Figure 11 further com
pares the domain structure observed in 
FA-69 as a function of welding speed. 
The welding speed did not influence the 
domain size. The addition of chromium 
to the base Fe3AI alloy (Fig. 9A) doubled 
the DO3 domain size to about 12 nm 
diameter after welding as compared to 
the alloys with additions of niobium or 
manganese —Figs. 11A and 11E. 

Effect of TiB2 Addition 

A recent study by Bordeau (Ref. 17) 
has shown that Fe-AI alloys containing 
TiB2 particles could achieve room-tem
perature ductility of 15 to 20% (tensile 
elongation) with a tensile strength of 965 
MPa (140 ksi). Therefore, considerable 
interest has been devoted to Fe3AI-type 
Fe-AI alloys containing about 1.0 at.-% 
TiB2. Although TiB2 additions improve 
ductility and strength of Fe3Al alloys, it 
seems to have a deleterious effect on 
weldability. 

The deleterious effect of TiB2 on the 
weldability was more pronounced during 
GTA welding. All the alloys containing 
TiB2 cracked, typically along the weld 
centerline. The only exception was Alloy 
FA-66, indicating that Nb is very beneficial 
to the weldability of the Fe-AI alloys. 
Figure 12 shows a typical centerline crack 
in the GTA fusion zone of Alloy FA-41. 
Secondary ion mass spectroscopy was 
performed to determine the distribution 
of T1B2 in the base metal and along the 
crack and the possible effect it may have 
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Fig. 10—Micrograph 
of EB weldment of 
Alloy FA-72 showing 
fusion zone, HAZ 
and base metal. Also 
shown below is a 
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microhardness 
traverse across the 
weldment 
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Fig. 11 — Transmission electron 
micrographs of FeyM alloys made 
using {111} superlattice reflections 
that show ordered DO3 domains 
as bright areas (except D which 
was made using a {222} reflection 
to show B2 ordering). A —FA-69 
EB welded at 4.2 mm/s; B- FA-69 
EB welded at 16.9 mm/s; 
C-FA-79 base metal; D-FA-79 
EB welded at 4.2 mm/s; E-FA-79 
EB welded at 4.2 mm/s 

Z 
UJ 
2 
a. 
o 

> 
O 

O 
cr 
< 
LU 

tn 
LU 

cc 

LU 

2 
a. 
O 

> 
LU 
O 

o 
cc 
< 
LU 
tn 
LU 
OC 

2 
a. 
O 
- 1 
LU > 
LU 

a 
o 
cc 
< 
LU 

z 
LU 2 a. o 
—t 
LU 
> 

cc 
< 
tn 
LU 
cc 

z 
LU 

2 
a. 
O 
> 
LU 
O 
I 
o 
cc 
< 
LU 
tn 
m 
cc 

WELDING RESEARCH SUPPLEMENT 1377-s 



Fig. 12-Optical 
micrograph of FA-41 
weldment showing a 

typical centerline 
crack in the fusion 
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F/£. 13 — SIMS. A — Boron; and B — titanium maps in the base metal of FA-41 shown in Fig. 12 
Fig. 14 — SIMS boron map along the centerline 
crack shown in Fig. 12 

on the generation and subsequent prop
agation of the cracks. Figure 13 shows 
the boron and titanium maps in the base 
metal, indicating a uniform distribution of 
T1B2. Such a distribution cannot explain 
the cracking observed in the fusion zone. 
Figure 14 shows the SIMS boron map at 
various locations in the fusion zone, along 
the centerline crack, showing a nonuni-
form distribution of TiB2- The SIMS titani
um map is similar. Notice the relatively 
large size TiB2 particles at certain loca

tions in the fusion zone, whereas at other 
locations the material is without any TiB2. 
The results also show that the crack 
seems to have propagated along a region 
that is devoid of TiB2 and along the 
interface between TiB2 particles and the 
matrix. 

Optical microscopy of the weld fusion 
zone revealed that the TiB2 particles seg
regate preferentially to the grain and the 
solidification substructure boundaries — 
Fig. 15. The micrograph shows a nonuni-

form distribution of TiB2 particles of vary
ing size along the grain boundaries. Scan
ning electron microscopy of the crack 
surfaces further showed the segregation 
of TiB2 particles to the interdendritic liq
uid—Fig. 16. These provide further evi
dence that TiB2 does not act as an effec
tive nucleation agent for refining the 
fusion zone structure. It is possible that 
the TiB2 particles in the liquid melt may 
have dissociated at the temperature 
experienced during welding. The free 
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Fig. 15 — Optical micrograph of the fusion zone structure showing TiB2 

distribution along the grain boundaries 
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Fig. 16— Scanning electron micrograph of the crack surface showing 
TiB2 particles at the interdendritic regions 

energy change associated with the disso
ciation reaction of TiB2 can be calculated 
from thermodynamic considerations (Ref. 
30). In order to simplify the calculation it is 
assumed that the molten metal in the 
weld pool is pure iron. For the dissocia
tion of TiB2, 

JjB2 (s) = Ti(in Fe) + 2B(in Fe) 
the standard free energy AG° is, 

AG° = 29360 - 25.95 T cal/mole 
(Ref. 30) 

where, the underline indicates that Ti and 
B are in solution in Fe. Typically, the 
temperature experienced by the liquid 
melt during welding is close to 2000°C 
(3632°F). At this temperature, the calcu
lated large negative free energy change 
(= -30 ,000 cal/mole) for the reaction 
favors dissociation of TiB2 to Ti(in Fe) and 
B(in Fe). During solidification of the weld, 
the solute (Ti and B) will segregate to the 
interdendritic region and can reform TiB2 
once again since thermodynamics favors 
this reaction as the temperature 
decreases. During solidification, these 
particles tend to be segregated along the 
grain boundaries and the interdendritic 
regions without acting as potent nucle
ating sites for new grains. This can explain 
the observed columnar dendritic struc
ture in the weld metal. Typically, a potent 
nucleating agent promotes the formation 
of equiaxed grain structure. Since TiB2 
appears to be an ineffective nucleating 
agent for this alloy, it is likely that the 
bond at the interface between these 
particles and the matrix is not very strong. 
It is possible that the cracks may have 
initiated at these relatively weak locations 
and propagated during solidification as 
hot cracks. Figure 16 shows relatively 
large TiB2 particles on the surface of the 
hot cracks. 

Hot Ductility 

Although the Fe3AI alloys investigated 
did not exhibit any HAZ cracking tenden
cies, the susceptibility of these alloys for 
HAZ cracking can be determined by a 

Gleeble hot ductility test. The test is 
based on the premise that the deforma
tion behavior of a material during a given 
thermal cycle is indicative of its cracking 
tendency. The determination of the HAZ 
mechanical properties involved produc
ing a microstructure in the Gleeble speci
mens typical of a portion of the HAZ of 
the weldment. Therefore, autogenous 
bead-on-plate welds were made on cou
pons of Fe3AI, and the HAZ thermal 
cycles were measured using thermo
couples located in the HAZ. Figure 17 
shows the typical thermal cycle experi
enced by the weld HAZ during GTA 
welding at 4.2 mm/s (0.16 in./s). 

During welding, the weld HAZ experi
ences temperatures far in excess of the 
transformation temperature between 
DO3 and B2 (approximately 550°C/ 
1022°F) and between B2 and the disor
dered a phase (approximately 750°C/ 
1382°F) of the Fe3AI alloys. Therefore, an 
understanding of the mechanical behav
ior of the material in this temperature 
regime is particularly important to assess 
the behavior of the HAZ. The experimen
tally determined thermal cycle was 
imposed on the gauge section of the 
Gleeble specimen before testing at the 
preselected test temperature. Hot ductili-
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ty was evaluated for Alloy FA-39 and 
Alloy FA-41 during the heating as well as 
during the cooling phase of the thermal 
cycle. 

Figure 18 shows the on-heating hot 
ductility response of Alloys FA-39 and 
FA-41. The results show that the Fe-AI 
alloys possess excellent hot ductility at 
elevated temperatures. The ductility 
increases with an increase in temperature 
for both alloys. There was a sharp 
increase in the hot ductility with an 
increase in temperature beyond 550°C. 
The sharp increase in ductility beyond 
550°C is likely due to the transformation 
from the ordered DO3 structure to the 
ordered B2 structure at 550°C and finally 
to the disordered a phase beyond 
750°C. 

The results of the on-cooling hot duc
tility tests for Alloys FA-39 and FA-41 are 
presented in Fig. 19. The results once 
again confirm that the iron aluminides 
possess excellent hot ductility at elevated 
temperatures. The maximum observed 
ductility at 1100°C was found to be 
higher than that observed during the 
on-heating tests. The increased ductility is 
attributed to the longer exposure times at 
temperatures above 750°C (disordering 
temperature) allowing for the disordering 

Fig. 17-
Expehmenta/ly 
measured thermal 
cycle experienced 
by the weld HAZ 
during GTA welding 
at 4.2 mm/s 
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Fig. 19 - On-cooling hot-ductility response of Alloys FA-39 and FA-41 

reaction to be complete. The ductility 
drops rapidly upon cooling from 1100°C 
(2012°F). Transmission electron micro
scopy of the iron aluminide weldments 
have already shown that the kinetics of 
ordering is very rapid in these alloys, and 
that the material reverts to a completely 
ordered structure upon cooling, with 
minimal growth in the domain size. The 
preprogrammed cooling rates from the 
peak temperature, based on the experi
mentally measured thermal cycle (Fig. 17), 
is relatively low (100°C/s-180°F/s). At 
these low cooling rates, the material has 

ample time to reorder, resulting in the 
rapid reduction in the ductility. 

Table 4 shows the static hot-tensile 
ductility results for the Fe3Al alloys (Ref. 
24). These tests were performed in an 
Instron tensile testing machine at a strain 
rate of 3.3 X 10~3 on specimens of 12.7-
mm (0.5-in.) gauge length. The observed 
results from the Gleeble tests are lower 
than results of the static hot-tensile tests, 
which showed a sharp increase in ductili
ty and an associated reduction in ultimate 
strength beyond 550°C. However, the 
static hot-tensile tests were performed 

Table 4—Effect of Test Temperature on Tensile Properties of Fe3AI 

FA-41 

FA-39 

Temp. 
(°C) 

20 
200 
400 
600 
700 
800 

20 
200 
400 
600 
700 
800 

Yield Strength 
(MPa) 

483.3 
243.4 
237.9 
313.7 
160.0 
67.6 

339.2 
270.3 
259.9 
322.0 
158.6 
88.3 

Ultimate 
Strength 

(MPa) 

830.16 
952.20 
828.78 
339.23 
165.48 
70.33 

589.52 
919.79 
732.94 
430.94 
212.37 
109.63 

Elongation 

(%) 
2.8 

15.5 
21.0 
46.3 
60.3 
66.5 

4.9 
19.8 
17.6 
42.8 
68.6 
93.6 

using a strain rate of 3.3 X 10_ J com
pared to a strain rate of 1.6 X 10 - 3 for 
the Gleeble specimens, indicating that the 
alloy is strain rate sensitive. 

Summary 

The results of the electron beam and 
gas tungsten arc welding of iron alumini
des show that they are sometimes weld
able using both welding processes. How
ever, all the binary alloys and several of 
the ternary alloys experienced cracking 
either in the EB or GTA welds or in both 
when TiB2 was present. The addition of 
TiB2 did not act as an effective nucleation 
agent for refining the fusion zone struc
ture. Thermodynamics favors dissocia
tion of TiB2 in the liquid melt at the 
temperatures experienced during weld
ing. Upon solidification, Ti and B in the 
melt recombine to form TiB2- During 
solidification, these particles tend to be 
segregated along the grain boundaries 
and the interdendritic region weakening 
the grain boundary cohesive strength. 
The SIMS boron and titanium maps 
showed that the cracks in the fusion zone 
propagated along the interface between 
TiB2 and the matrix, as well as regions 
devoid of TiB2-

There was no significant change in the 
hardness across the fusion zone, the HAZ 
and the base metal. Unlike (Fe,Ni)3(V,Ti) 
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intermetallic alloy, in the case of iron 
aluminides, the fusion zone and adjacent 
HAZ reverted back to an ordered struc
ture upon cooling from peak tempera
tures. Even though the domain size in the 
fusion zone was coarser than the base 
metal, welding did not have any signifi
cant effect on the microstructural fea
tures of these alloys. Hot ductility tests 
showed that iron aluminides are ductile at 
elevated temperatures. This would indi
cate a relatively crack-free HAZ, which 
was later confirmed upon welding. 
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