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Nature and Evolution of the Fusion Boundary in
Ferritic-Austenitic Dissimilar Weld Metals,
Part 1 — Nucleation and Growth

A model for heterogeneous nucleation along the fusion boundary is proposed

BY T. W. NELSON, J. C. LIPPOLD AND M. J. MILLS

ABSTRACT. A fundamental investigation
of fusion boundary microstructure evo-
lution in dissimilar-metal welds (DMWs)
between ferritic base metals and a face-
centered-cubic (FCC) filler metal was
conducted. The objective of the work
presented here was to characterize the
nature and character of the elevated-
temperature fusion boundary to deter-
mine the nucleation and growth charac-
teristics of DMWs. Type 409 ferritic
stainless steel and 1080 pearlitic steel
were utilized as base metal substrates,
and Monel (70Ni-30Cu) was used as the
filler metal. The Type 409 base metal
provided a fully ferritic or body-cen-
tered-cubic (BCC) substrate at elevated
temperatures and exhibited no on-cool-
ing phase transformations to mask or dis-
guise the original character of the fusion
boundary. The 1080 pearlitic steel was
selected because it is austenitic at the
solidus temperature, providing an
austenite substrate at the fusion bound-
ary. The weld microstructure generated
with each of the base metals in combi-
nation with Monel was fully austenitic.
In the Type 409/Monel system, there
was no evidence of epitaxial nucleation
and growth as normally observed in ho-
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mogenous weld metal combinations.
The fusion boundary in this system ex-
hibited random grain boundary misori-
entations between the heat-affected zone
(HAZ) and weld metal grains. In the
1080/Monel system, evidence of normal
epitaxial growth was observed at the fu-
sion boundary, where solidification and
HAZ grain boundaries converged. The
fusion boundary morphologies are a re-
sult of the crystal structure present along
the fusion boundary during the initial
stages of solidification. Based on the re-
sults of this investigation, a model for het-
erogeneous nucleation along the fusion
boundary is proposed when the base and
weld metals exhibit ferritic (BCC) and
FCC crystal structures, respectively.
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Introduction

The importance of joining and
cladding of dissimilar metals has in-
creased substantially in all aspects of
manufacturing over the past two
decades. Applications of dissimilar-metal
welds (DMWs) include cladding for cor-
rosion resistance and joining base metals
that exhibit large differences in structure
and properties, i.e., plain carbon or low-
alloy steels to austenitic stainless steels.
This trend can be expected to continue
with the increasing use of duplex and
super-austenitic stainless steels. Cracking
associated with DMWs has been a per-
sistent problem, resulting in significant
economic loss over the past several
decades. Cracking in DMWs typically
occurs near the fusion boundary either
along the martensitic transition immedi-
ately adjacent to the fusion boundary or
along the Type Il boundary in the weld
metal. This Type Il boundary parallels the
fusion boundary typically less than 100
um away in the weld metal.

The evolution, nature and role of weld
metal interfaces in promoting or mitigat-
ing weld-related cracking are not well
understood. The implications of bound-
aries and structures with regards to crack
growth rates, fatigue, stress corrosion
cracking, etc., have been researched ex-
tensively in the materials science arena.
In spite of the recurring problems and
economic losses, the role of boundaries
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Fig. 1 — Schematic representation of a heterogeneous nucleation of

a spherical cap on a solid substrate.

and structures in promoting or mitigating
weld-related cracking remains in dis-
pute. Therefore, a fundamental investi-
gation was undertaken to study the na-
ture and character of those boundaries
and structures near the fusion boundary
in dissimilar-metal welds.

The results of this study will be pre-
sented in two parts. The first part ad-
dresses the nature and character of the el-
evated-temperature fusion boundary and
describes mechanisms of nucleation and
growth at the fusion boundary in DMWs.
Although difficult to characterize, it is
important to understand the nature of the
fusion boundary at elevated temperature
in order to formulate the mechanisms
that explain the evolution of those struc-
tures and boundaries observed along the
room-temperature fusion boundary. The
second part of this investigation, which
will be reported in a subsequent article,
will detail the effects of on-cooling trans-
formations on the evolution of the fusion
boundary and microstructure observed
at room temperature.

Nucleation and Growth of Solid
Weld Metal

Solidification is a process that occurs
by the nucleation and growth of a new
phase (solid) at an advancing solid-liquid
interface (Ref. 1). This phenomenon has
been the subject of considerable research
over the past five decades in an attempt
to better understand, model and predict
nucleation, growth and segregation in
various types of casting applications
(Refs. 2-3).

For many years, solidifying weld met-
als have often been characterized as
small castings. In this manner, many of
the fundamental principles of solidifica-
tion in larger castings have been applied
to weld metal solidification phenomena,
i.e., nucleation and growth, segregation,
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est concern in the
present investigation
are nucleation and growth at the fusion
boundary.

Heterogeneous nucleation is the most
prevalent form of nucleation outside of
the controlled research solidification ex-
periment. It requires much smaller un-
dercooling, AT, or driving force, than ho-
mogeneous nucleation. In practice, it is
well known that metals and most other
liquids rarely undercool by more than a
few degrees before beginning to crystal-
lize (Refs. 2-3). The reason they rarely
undercool is because the numerous nu-
cleating agents, such as impurities, inoc-
ulants, mold walls, etc., act as catalyst
sites for nuclei, thereby reducing the free-
energy barrier or critical radius of a nu-
clei (Refs. 1-3). This reduction in free en-
ergy is brought about by a reduction in
the interfacial energy, which is effectively
achieved if the solid forms on another
surface.

When a mold wall is used as a nucle-
ating substrate, the free energy required
is a function of the wetting angle (6) be-
tween the substrate and solid formed.
This is typically the case in a weld where
the partially melted substrate at the fu-
sion boundary acts as a mold wall to the
molten weld metal. The relationship be-
tween wetting angle and interfacial ener-
gies is illustrated in Fig. 1 and Equations
1-3. In welds of similar base and filler
metal compositions (homogeneous
welds), the liquid weld metal completely
wets the partially melted substrate at the
fusion boundary. As a result, the contact

or wetting angle, 6, is zero (Equation 3),
and so the free energy, AG*, is also zero
(Equation 2), and growth of the solid ini-
tiates at the fusion boundary without dif-
ficulty (Ref. 18). It is generally accepted
there is little or no nucleation barrier in
solidifying weld metals of homogeneous
welds.

Yim = Ysm + YeL COS O, or
(yml B ysm)
Ys1

cosf =

@)

5 -4, a0

AGnomf (6) (2)
where
2+cos 9)(1— cos 9)2 O
(6) = g 2 S 3)
8 8

Growth of the solid in a weld gener-
ally initiates by epitaxial growth from the
substrate and proceeds by competitive
growth toward the centerline of the weld
(Refs. 4-5). Because the weld metal com-
pletely wets the substrate at the fusion
boundary, grain growth is initiated in the
weld by arranging atoms in the liquid
phase on the existing crystalline sub-
strate, thereby extending the solid with-
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Fig. 3 — Fusion boundary microstructure in Type 409/Monel base and weld metals. A — Transverse photomicrograph showing representative fu-
sion boundary and weld metal microstructures; B — scanning electron micrograph of the fusion boundary in Type 409/Monel system. Note the
numerous weld metal grains along the fusion boundary (black arrows).

out altering the crystallographic orienta-
tion (Refs. 6-10). In homogeneous welds,
this type of solidification growth results
in nearly complete continuity of the crys-
tallographic orientation and grain
boundary misorientation between base
and weld metal grains adjacent to the fu-
sion boundary (Refs. 8-9). Once initi-
ated, solidification proceeds toward the
weld centerline in a competitive-type
growth mechanism, as illustrated in Fig.
2. That is, grains with their easy growth
direction oriented most preferentially
along the heat flow direction gradient
tend to crowd out those grains whose
easy growth directions are not as suitably
oriented, as illustrated in Fig. 2. The easy
growth direction in BCC and FCC mate-
rials is the <100>. Competitive growth is
the predominant form of solidification
growth in welds, producing a cube-on-
cube (<100>//<100>, {100}//{100}) ori-
entation relationship between the HAZ
and weld metal grains along the fusion
boundary and a weak <100> fiber tex-
ture toward the centerline of the welds in
cubic metals. This relationship was first
confirmed by Savage and Aronson (Ref.
8) and Samuels (Ref. 9).

Although competitive growth in the
weld fusion zone is the predominant
mechanism of solidification in welds,
there are others that can interrupt and/or
dominate the solidification structure.
Other possible mechanisms of grain for-
mation include 1) dendrite fragmenta-
tion, 2) grain detachment, 3) heteroge-
neous nucleation and 4) surface
nucleation. The specific mechanisms of
these have been discussed in detail by
Kou (Ref. 4). Although unlikely to occur
in most welds, it is pointed out here to il-
lustrate the various possibilities that

could contribute to
the weld metal mi-
crostructures often
observed in ferritic-
austenitic DMW
systems.

The nature of
epitaxial growth in
weld metals de-
scribed above pro-
duces a network of
grain boundaries in
the fusion zone. As
shown in Fig. 2, the
solidification grain
boundary (SGB) net-
work in the fusion
zone is an extension

of the HAZ grain
boundaries at the fu-
sion boundary. Lip-
pold, et al. (Ref. 10),

Fig. 4 — Transverse section of fusion boundary microstructure in Type
409/Monel system. Note how the HAZ boundaries and SGBs are not
continuous across the fusion boundary.

defined the nature of
the various bound-
aries observed in single-phase weld
metal as solidification grain boundaries
(SGB), solidification subgrain boundaries
(SSGB) and migrated grain boundaries
(MGB).

Interfaces and Grain Boundaries

Although there are many aspects to
boundaries in general, the nature of in-
terphase boundaries is of particular rele-
vance to the present investigation. Inter-
phase boundaries exist where the grains
on either side of a boundary have differ-
ent crystal structures, lattice parameters
and/or compositions, such as exists in
precipitation or overgrowth. These inher-
ent differences between the phases re-
duce the likelihood the two lattices will

match perfectly along the interface, i.e.,
spacing between atomic planes and di-
rections are roughly equal. It is likely
these characteristic differences may exist
in ferritic-austenitic weld systems where
the addition of filler metal changes the
composition, crystal structure and lattice
parameter of the weld metal relative to
the HAZ grains at the fusion boundary.
The nature and relationship between
phases across such boundaries are gov-
erned by these differences.

As there are varying degrees of differ-
ence between phases, interphase bound-
aries in solids are typically divided into
three classes: coherent, semicoherent
and incoherent (Ref. 11). These describe
the degree to which the opposing crys-
talline matrices match across the inter-
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Table 1 — Base and Filler Metal Compositions (wt-%)

Element Type 409
Fe balance
Ni 0.14
Cu —

Cr 11.54

C 0.018
Mn 0.28

Si 0.49
Ti 0.18

S 0.001
P 0.023
Nb + Ta —
Creq 12.3
Nieq 0.8

AlSI 1080 Monel
balance 0.25
65.57
27.84
0.015
0.74-0.88 0.048
0.30-0.50 3.58
0.85
1.99
0.050 0.0003
0.040 —
0.005
1.3
68.8

Base Metal

Fig. 5 — Fusion boundary microstructure in 1080/Monel combina-
tion. Note the evidence of epitaxial growth as HAZ and SGBs con-
verge at the fusion boundary, and there is no evidence of Type Il

boundaries.

close-packed planes
(CPP) parallel to
CPP and/or close-
packed directions
(CPD) parallel to
CPDs in order to
minimize the inter-
facial strain energy
between the phases.
These can be de-
fined by specifying
the parallel plane
and directions in the
respective phases or
by an angle and axis
of rotation neces-
sary to align these
planes and direc-
tions. Examples of
both of these meth-
ods are listed below
for the Bain, K-S and

phase boundary. For example, a coherent
interface results when two opposing lat-
tices match perfectly across the bound-
ary interface. As the degree of lattice mis-
match increases between the phases or
grains, the boundary becomes increas-
ingly incoherent. Likewise, the strain en-
ergy at the interface increases as the two
lattices attempt to maintain a match of
atomic planes across the boundary. As
the incoherency or strain energy in-
creases, it may be more energetically fa-
vorable for one phase to adopt a new or
different orientation relative to the other
in order to reduce the lattice mismatch
between phases. Typically, nucleating
phases will orient themselves so that cer-
tain atomic planes and directions in the
growing phase are parallel (or nearly par-
allel) to specific planes and directions in
the matrix crystal, referred to as an ori-
entation relationship (OR).

There are specific ORs that are most
often observed in FCC/BCC systems,
which include the Bain, Kurdjumov-
Sachs (K-S) and Nishyama-Wasserman
(N-W) ORs. These ORs tend to orient
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N-W ORs.

OR Parallel Planes and
Directions

Angle/Axis

Bain {011} /{00 }eec:
<111>pc/l<110>Fg

45 deg/100

K-S {010 pec/M{111} pec:
<111 /I<110>pcc

35.3 deg/110

N-W {011} g /{110 ecc:

<100>pcc//<110>¢cc
In the present investigation, misorienta-
tions between the HAZ and weld metal
at the fusion boundary will be presented
by the angle/axis of misorientation.

45 deg/110

Experimental Approach
Material Selection

Two base metals, Type 409 stainless
steel and AISI 1080, were selected to pro-
duce ferrite and austenite phases, re-
spectively, in the HAZ at elevated tem-
peratures. Monel, a 70Ni-30Cu
single-phase (FCC) binary alloy with low

impurity content, was selected as the
filler metal. The chemical compositions
of the base and filler metals are listed in
Table 1. Type 409 is a ferritic stainless
steel (procured as 3-mm [0.12-in.] thick
sheet) and was selected since it is fully
ferritic from room temperature to the
solidus temperature, providing a BCC
substrate at the fusion boundary. The se-
lection of this alloy also precluded any
on-cooling transformations in the HAZ
that may eliminate or disguise the struc-
tures and boundaries present along the
fusion boundary at the onset of solidifi-
cation. On-cooling transformations in
iron or steels make it difficult to charac-
terize the relationship between base
(BCC) and weld (FCC) metals at the fu-
sion boundary. Therefore, by eliminating
these on-cooling transformations, it was
anticipated that the nature and character
of the fusion boundary would be retained
to room temperature for analysis. Such
an analysis would provide valuable in-
formation regarding the nature of epitax-
ial growth between an FCC weld metal
and a BCC substrate.

A pearlitic steel, AISI 1080, was se-
lected because it is austenitic at the
solidus temperature. This material was
procured as 6.24- by 51-mm (0.25- by 2-
in.) bar stock. Although the composition
of 1080 is significantly different from the
weld metal, the 1080/Monel combina-
tion resulted in the same crystal structure
at the solidification temperature, i.e.,
both base and weld metals would be
austenitic (FCC).

Welding Conditions

Gas tungsten arc welding (GTAW)
using a cold wire feed was used for pro-
ducing single-pass bead-on-plate welds.
Wire feed speed was used as the primary
variable for controlling and changing the
base metal dilution (BMD), where BMD
defines the percent base metal compos-
ing the weld metal. Current, voltage and
travel speed were held constantat 130 A,
10.0 V and 6 in./min (2.5 mm/s), respec-
tively, for Type 409/Monel welds. Wire
feed rates ranged from 20 to 40 in./min
(0.85 to 1.7 cm/s), producing BMDs
ranging from 30 to 50%. Current, voltage
and travel speed were constant at 250 A,
11.0 V and 6 in./min (2.5 mm/s), respec-
tively, for welds produced on Type 1080
steel. Wire feed rate ranged from 40 to 70
in./min (1.7 to 3.0 cm/s), producing
BMDs of 50-70%.

Microstructural Characterization
Numerous transverse and plan view

samples were removed from welds of
various BMDs for metallographic analy-



sis. Standard metallographic techniques
were used to prepare optical and SEM
samples. Because of the different charac-
teristics of the base and weld metal, two
etchants were used for metallographic
preparation of samples. These included
the following: 1) 4% nital, which etches
the pearlitic steel; and 2) an electrolytic
solution of 5 g Fe;Cl, 2 mL of HCL and
99 mL of methanol for the weld metal.
Optical microscopy and scanning elec-
tron microscopy (SEM) were used for mi-
crostructure characterization of struc-
tures and boundaries along the fusion
boundary. Optical metallography was
performed at magnifications up to 400X
and SEM up to 1600X.

Electron Microscopy Analysis

Electron backscatter diffraction analy-
ses were performed on both TEM thin
foils and bulk metallographically pre-
pared samples. Samples were loaded in
the SEM at an angle of 70 deg from the
incident beam toward a phosphor detec-
tor. The electron beam was then rastered
across the sample in a hexagonal grid at
specified increments. Kikuchi signals
were automatically analyzed using
OIM™ software (Refs. 12-14). This soft-
ware calculates the Euler angles of the
electron backscatter diffraction (EBSD)
patterns with reference to the sample
normal, then stores the position and an-
gles of each pattern. These data were
then used for various grain boundary and
texture analysis.

Results
Optical Microscopy

The resulting microstructures pro-
duced in the Type 409/Monel system are
shown in Figs. 3 and 4. Over the range of
BMDs investigated, all welds exhibited
roughly the same microstructures along
the fusion boundary. In general, the HAZ
exhibited a large, fully ferritic grain struc-
ture typical of fully ferritic materials with
insufficient secondary phases present to
hinder grain growth. The weld metal ex-
hibited a fully FCC cellular or
cellular/dendritic microstructure with no
evidence of epitaxial growth observed at
any of the BMDs produced. This is very
evident in Fig. 4, where the HAZ and
SGBs at the fusion boundary are not con-
tinuous; instead, they intersect the fusion
boundary at roughly mid-grain of one an-
other. In homogeneous metal welds, the
HAZ grain boundary and SGB would be
continuous across the fusion boundary,
and the misorientation across these
boundaries would be the same.

Another interesting microstructural

Weld Metal

Base Metal _|
boundary levels: 5.0° 15.0°
90.00 pm Shaded 10 0...8

Fig. 6 — Image quality grain map of fusion boundary region in Type 409/Monel base and filler
metal.

Fig. 7 —Discrete pole figures showing individual orientations by color from grain map shown
in Fig. 6. Base metal grains are represented by the large blue and green spots while the weld
metal grains are represented by small red spots.
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Table 2 — HAZ and Solidification Grain Boundary Misorientation Data Taken from OIM Analyses Shown in Fig. 6

GB Type Misorientation in Bunge Euler Angles Misorientation as Axis/Angle Pair CSL

£ F £ u v w deg sigma dev.
HAZ 284.5 76.8 114.0 -18 7 12 32.2 0 0
HAZ 284.6 76.6 113.9 -15 6 10 323 0 0
HAZ 284.6 76.8 113.9 -18 7 12 32.1 0 0
HAZ 284.2 76.3 114.2 -32 13 21 32.4 0 0
SGB 350.1 3.8 7.4 13 -2 -9 4.6 0 0
SGB 98.5 55.1 286.5 3 -5 2 40.4 0 0
SGB 168.0 13.6 187.1 -6 1 =2 14.4 0 0
SGB 282.8 3.2 71.3 7 -25 47 6.6 0 0
SGB 349.5 6.2 23.4 23 -7 50 143 0 0
SGB 264.4 40.0 89.9 -1 =21 -3 40.4 5 6.5
SGB 207.6 39.9 196.2 -30 -3 31 58.5 0 0
SGB 333.8 48.5 333.7 -1 1 -1 59.4 3 0.7
SGB 174.6 139 207.4 —44 13 72 26 0 0
SGB 321.4 2.7 28.3 12 -8 -55 10.7 0 0
SGB 252.2 3.1 112.0 -12 -33 47 5.2 0 0
SGB 86.8 42.6 275.5 3 38 2 42.7 0 0
SGB 51.6 14.4 322.4 3 3 4 20.1 0 0
SGB 143.4 7.3 195.3 -4 2 -13 22.5 0 0
SGB 77.2 87.5 269.9 -7 —41 -215 13 0 0
SGB 132.6 22.0 257.8 -1 2 3 37.4 0 0
SGB 96.9 42.6 258.4 -20 122 -13 42.8 0 0
SGB 250.1 44.8 95.9 =3 -13 —4 46.8 0 0
SGB 342.3 8.0 18.0 105 -34 4 8 0 0
SGB 284.7 7.0 77.7 13 =54 19 7.4 0 0
SGB 126.0 6.3 228.7 -8 10 -11 8.2 0 0
SGB 297.4 3.5 64.8 3 -6 4 4.1 0 0
SGB 44.8 9.9 324.1 6 5 7 13.3 0 0
SGB 99.0 2.0 249.2 -5 19 -118 12 0 0
SGB 81.4 40.6 295.5 8 26 11 43.8 0 0

feature in Type 409/Monel system was the
presence of numerous small equiaxed
grains along the fusion boundary, as
shown in Fig. 3. This type morphology
was observed in the majority of samples
evaluated in the Type 409/Monel system.
The morphology of these grains resem-
bles the appearance of a “chill zone” in a
large casting where equiaxed grains nu-
cleate randomly along the mold wall.

Pearlitic steel (AISI 1080) was selected
as a base metal because its primary solidi-
fication phase is austenite. As a result, so-
lidification of an FCC weld metal (Ni rich)
would initiate epitaxially on an austenitic
substrate, reducing the lattice mismatch
between base and weld metal crystals; it
would also eliminate the delta-to-gamma
phase transformation in the HAZ. All of
these may influence the subsequent evo-
lution of various boundaries and structures
near the fusion boundary in DMWs. The
microstructure in Fig. 5 is representative of
all the HAZ and weld metal microstruc-
tures observed in welds on the 1080 steel.
The weld metal microstructures exhibit a
fully austenitic solidification structure with
interdendritic eutectic. Weld metal epi-
taxy, as observed in homogeneous welds,
is evident at the fusion boundary as HAZ
boundaries are continuous with SGBs.
This observation is important with respect
to the effects of crystal structure and lattice
parameter on the evolution of the fusion
boundary in DMWs.
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Electron Microanalysis

Results obtained from OIM analysis
along the fusion boundary in the Type
409/Monel system are shown in Figs. 6
and 7. Figure 6 shows a simple grain map
plotted from OIM analysis with the FCC
weld metal at top and the BCC substrate
on the bottom. The black region along
the fusion boundary separating weld and
base metal exhibited a martensitic struc-
ture. Analysis using the OIM software
only allows two-phase analyses (FCC
and BCC in this investigation); therefore,
patterns and crystal orientation informa-
tion from this martensitic region were not
indexed. As a result, the software assigns
these patterns a low value on a gray
scale, indicated by the black coloring.

In Fig. 6, there is no evidence of the
typical epitaxial growth observed in ho-
mogeneous welds as the HAZ grain
boundary is not continuous across the fu-
sion boundary. Also note the majority of
small grains along the fusion boundary,
also observed optically in Fig. 3, exhibit
low-angle boundaries between many
neighboring grains. This is evident by the
thinner grain boundary lines represent-
ing misorientations between 5 and 15
deg, or changes in shading representing
misorientations less than 5 deg. Likewise,
there is no indication that the HAZ grain
boundary extends across the fusion
boundary, becoming an SGB, as ob-

served in homogeneous welds. Misori-
entation measurements of both HAZ
(blue) and SGBs (yellow), as shown in
Fig. 6 are listed in Table 2. As observed
in this table, none of the SGBs (yellow)
exhibits similar misorientations to that of
the HAZ (blue) grain boundary. The HAZ
grain boundary observed in Fig. 6 is a
high-angle grain boundary exhibiting the
following misorientation:

Onis = 32.3 deg
UVW =[18 7 12]

where 8, is the angle of misorientation
and UVW is the misorientation axis. This
misorientation was resolved from Euler
angles (¢4, @, ¢,) determined from OIM
analysis, as shown in Table 2.

Misorientation analyses between HAZ
and weld metal grains along the fusion
boundary (blue) exhibit no evidence of
typical weld metal epitaxial growth (Table
3). Unlike homogeneous welds, where
there is little or no misorientation be-
tween base and weld metal grains at the
fusion boundary, there is a random distri-
bution of large-angle grain boundary mis-
orientations in the Type 409/Monel sys-
tem. Likewise, these results exhibit no
trend in preferred misorientation between
HAZ and weld metal grains, i.e., K-S, N-
W or Bain relationships.

Orientation distribution analyses re-
veal some interesting trends in the weld



Table 3 — Misorientation Data between HAZ and Weld Metal Grains in Type 409/Monel Base and Weld Metal, Respectively

Misorientation in Bunge Euler Angles

¢ o ¢,
258.7 69.22 98.26
257.9 68.97 94.13
264.9 68.69 91.63
296.4 14.6 78.14
292.5 14.77 80.46
229.1 14.6 141
232.3 16.54 131.1
268.4 14.85 99.76
273.4 16.34 91.69
265.3 56.24 94.49
163.8 31.82 205.6
17.14 32.04 308.3
60.49 23.61 284.1
55.42 2417 286.4
52.18 23.82 287.5
34.53 24.39 295.7
32.12 22.59 301.4
65.06 59.17 262.9
75.92 72.57 269.8

Misorientation as Axis/Angle Pair CSL
u v w deg sigma dev.
-2 7 -3 24.3 0 0
-8 93 -49 24.2 0 0
-4 130 -29 219 0 0
1 -3 3 20.6 0 0
6 =21 19 19.7 0 0
-1 -1 1 17.7 31a 0.4
-3 -4 1 16.9 0 0
-2 =20 11 16.9 0 0
13 -892 274 17.1 0 0
-10 114 -11 34.2 5 5.2
-13 5 4 33.1 33b 1.7
16 11 -20 46.8 0 0
4 10 -7 28.1 0 0
10 21 -17 30.2 0 0
9 17 -16 31.2 0 0
1 1 -2 38.3 0 0
3 3 -5 34.6 0 0
-1 -2 -2 41.3 0 0
-12 -88 =71 22.4 0 0

microstructure. Individual orientation
data of weld metal grains in Fig. 6 indi-
cate a weak <100> fiber texture, as
shown in Fig. 7. To separate base and
weld metal, individual weld metal grains
were highlighted in red, while the two
base metal grains were highlighted in
blue and green. Individual weld metal
grain orientations, shown in Fig. 7, ex-
hibit a weak [100] fiber texture with the
[100] direction oriented toward the top
of Fig. 6, i.e., toward the center and top
of the weld. The <100> fiber texture is in-
dicative of the solidification direction
normally observed in cubic metals.
Although the weld metal exhibits a
[100] fiber texture toward the top of Fig.
6, this orientation is not shared with ei-
ther of the two base metal HAZ grains.
Base metal grain orientations highlighted
in blue and green in Fig. 7 show no cor-
relation with the weld metal texture. Al-
though the HAZ grains exhibit orienta-
tions close to that of the weld metal
<100> fiber texture, they are rotated
roughly 10-15 deg from the weld metal
clustering in the <100> pole figure in Fig.
7. In homogeneous welds in cubic mate-
rials, solidification initiates from the par-
tially melted HAZ grain in a preferred
[100] direction with little or no misori-
entation across the fusion boundary.

Discussion
Nucleation of Solid at the Fusion Boundary

Nucleation events, other than epitax-
ial nucleation, that initiate the formation
of solid nuclei in welds are relatively in-
frequent given the ideal substrate pro-
vided by the partially melted HAZ grains
at the fusion boundary (Refs. 7, 18, 19).
In homogeneous welds, where the base

and weld metals are of similar composi-
tion, structure and lattice parameter,
there is little or no free-energy barrier to
the phase change from liquid to solid.
This is a result of the complete wetting of
the substrate by the molten weld metal,
and the nearly ideal substrate/interface
provided by the partially melted HAZ
grains at the fusion boundary from which
the solid can nucleate and grow. As
stated previously, it is generally accepted
that growth of a solid in the molten weld
pool evolves as atoms in the molten weld
pool arrange themselves on the partially
melted HAZ grains at the fusion bound-
ary (Refs. 7, 18, 19). In this manner, HAZ
grains at the fusion boundary are ex-
tended at the expense of the liquid in the
weld pool as the weld cools. In homoge-
neous welds, the crystallographic struc-
ture and orientation of the HAZ grains is
maintained without alteration across the
fusion boundary. However, in DMWs,
where base and weld metal may exhibit
large differences in both composition
and structure, nucleation events requir-
ing small undercoolings may be neces-
sary to initiate growth of the solid at the
fusion boundary. The nature and charac-
ter of these events will be governed by
differences in composition, crystal struc-
ture and lattice parameter between the
base and weld metal adjacent to the fu-
sion boundary. As these become increas-
ingly different, the nature and character
of the fusion boundary in DMWs may de-
viate from those observed in homoge-
neous welds.

The exact nature of the fusion bound-
ary at the onset of solidification in
DMWs, or any weld, is difficult to ascer-
tain. The fact that it is difficult to analyze
structures and boundaries at these high
temperatures, coupled with the nonequi-

librium conditions associated with weld-
ing and the on-cooling transformations in
iron and steels, make this particular task
very difficult. In the present investigation,
information regarding the nature of the
fusion boundary was obtained using
Type 4009 ferritic stainless and AlISI 1080
pearlitic steels as base metal substrates.
The results presented from these two
base metals provided information about
the nature of the elevated-temperature
fusion boundary between dissimilar met-
als.

The fusion boundary morphologies
observed and analyses presented in the
present investigation are in contrast to
the traditional weld metal epitaxial
growth morphologies observed in homo-
geneous weld metal microstructures. In
the photomicrographs (Figs. 4, 5) and
EBSP analyses (Figs. 6, 7) presented, sev-
eral unique characteristics are observed
with respect to the fusion boundary. In
the Type 409/Monel system (Fig. 3 and 4),
these would include 1) the lack of corre-
lation or continuity of HAZ grain bound-
aries and SGBs at the fusion boundary
and 2) the presence of numerous small
equiaxed weld metal grains growing epi-
taxially from individual HAZ grains. In
the 1080/Monel system, despite the dra-
matic difference in composition between
base and weld metals, evidence of epi-
taxial growth is observed along the fusion
boundary.

It seems intuitive that any lack of cor-
relation between HAZ grain boundaries
and SGBs in DMWs on iron or steels is a
result of the on-cooling transformations.
As these transformations move through
the microstructure and across the fusion
boundary, the original higher-tempera-
ture fusion boundary morphologies are
disguised. As the weld cools, the delta-
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ferrite-to-austenite and austenite-to-
alpha-ferrite transformations would
change the morphology of the HAZ mi-
crostructure, making it difficult to distin-
guish any relationship between the orig-
inal &-ferrite HAZ grain boundaries and
SGBs along the fusion boundary. How-
ever, these transformations were not pre-
sent in Type 409, and there is no evi-
dence of the typical weld metal epitaxial
growth, i.e., HAZ grain boundaries and
SGBS are not continuous at the fusion
boundary.

The following mechanism is pro-
posed by which these morphologies
evolve. The heterogeneous nucleation of
solid nuclei occurs in the molten weld
pool along the partially melted HAZ
grains, creating a weld “chill zone” sim-
ilar to a casting. The grain boundary mor-
phologies and orientation analyses will
aid in the justification of such nucleation
events and the weld chill-zone-type mor-
phologies so often observed in DMWSs

It is widely agreed upon there is little
probability of any significant undercool-
ing necessary to initiate solidification in
most welds. This stems from the concept
that the partially melted grains at the fu-
sion boundary provide an almost ideal
substrate for the solid to grow from. How-
ever, the possibility of nucleation events
occurring in DMWs should not be alto-
gether disregarded. Two elements that
lend support to the heterogeneous nucle-
ation mechanism are 1) the difference in
interfacial energies between base and
weld metals as a result of differences in
composition and 2) the abundance of het-
erogeneous sites provided by the partially
melted grains at the fusion boundary.

As BMD decreases, creating a larger
compositional difference between the
base and weld metals, the interfacial en-
ergies between the base and weld metals
become increasingly different. In
DMWs, the addition of alloying elements
will undoubtedly change the composi-
tion and, thus, the interfacial energies be-
tween substrate and weld metal. As this
occurs, the wetting angle (8) subtended
between base and weld metal increases
and the free energy of formation of solid
increases (Equations 2 and 3). As the con-
tact angle increases and the liquid is un-
able to completely wet the surface, the
free-energy barrier (that is, the necessary
undercooling for changing from a liquid
to solid phase) will also increase. This
does not imply that homogeneous nucle-
ation must occur to form a solid as this
would require large undercooling in the
melt; rather, the typical epitaxial growth
observed in homogeneous welds may
not occur. Therefore, there must be other
means of forming solid nuclei at the fu-
sion boundary to initiate solidification in
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the melt. The most likely mechanism is
heterogeneous nucleation of solid nuclei
along the fusion boundary initiating the
onset of solidification in the weld pool.

In reality, there are a host of different
heterogeneous sites on any substrate
from which a solid can nucleate. As dis-
cussed previously, the free-energy barrier
is reduced dramatically when nuclei
form at heterogeneous sites; thus, most
solids nucleate in the liquid only after a
small degree of undercooling (Ref. 1). It
is a good assumption that the partially
melted HAZ grains at the fusion bound-
ary would provide numerous heteroge-
neous nucleation sites, such as interface
steps, particles, HAZ grain boundary
junctions, inclusions, precipitates, etc.
This would explain the fusion boundary
morphologies observed in the Type
409/Monel system, where numerous
weld metal grains are observed growing
from individual base metal grains. Each
of these weld metal grains has nucleated
at some heterogeneity on the HAZ grains
at the weld periphery. Because the nuclei
form on heterogeneous sites, the nucle-
ation barrier is minimal, requiring little or
no undercooling in the melt. Similar to a
casting, the weld metal grains exhibit no
orientation relationship with the sub-
strate grains. This is evident in Fig. 7 and
in Table 3, where the HAZ and weld
metal grains share no common OR. Like-
wise, there is no grain boundary misori-
entation correlation between HAZ and
solidification grain boundaries (Table 2).
This produces the “chill zone” mi-
crostructure described previously.

Once nuclei have formed at the fu-
sion boundary, the weak [100] fiber tex-
ture observed in Fig. 7 suggests solidifi-
cation proceeds in a typical manner. In
cubic materials, solidification generally
occurs along an easy growth direction,
i.e., <100>, in the direction of the steep-
est temperature gradient, i.e., toward the
top of Fig. 6, which corresponds to the
top and center of the weld. Similar re-
sults would be expected in a casting or
in homogeneous welds where competi-
tive growth leads toward a weak <100>
fiber texture.

Even more perplexing is the observa-
tion that an individual weld metal grain
can grow epitaxially from two adjacent
HAZ grains of large misorientation, as is
evident in Fig. 4. In this case, the weld
metal grains may grow from a particular
HAZ grain with which it shares a pre-
ferred misorientation, but any relation
with an adjacent HAZ grain may be a
“closest match” type boundary. This is
similar to the way in which ferrite nucle-
ates at austenite grain boundaries (Ref.
1). In fact, the SGBs in Fig. 4 intersect the
fusion boundary in the center of two HAZ

grains, probably sharing a specific OR
with one grain, while adopting a closest
match OR with the other grain.

AISI 1080/Monel System

Although the Type 409/Monel system
demonstrated the effects of composition
and crystal structure on the nature and
evolution of the fusion boundary, the re-
sults obtained from the 1080/Monel sys-
tem demonstrate which of these charac-
teristics has the greatest effect. In the
1080 pearlitic steel, d-ferrite does not
form at elevated temperature, thereby
providing an austenitic substrate from
which solidifying austenitic weld metal
grows epitaxially. Although the base and
weld metal exhibit the same crystal struc-
ture, the weld metal had been sufficiently
alloyed by the filler metal additions as to
produce dramatic differences between
base and weld metal composition. De-
spite the dramatic difference in composi-
tion, evidence of epitaxial growth from
partially melted HAZ grains was ob-
served in the as-welded microstructures
produced on 1080 pearlitic steel. These
results were presented in Fig. 5, where
the HAZ grain boundaries (decorated by
the retained austenite and indicated by
the arrows) and SGBs are continuous
along the fusion boundary.

As the first solid forms on the partially
melted HAZ grains, the crystal structures
of base and weld metal are the same.
Likewise, lattice parameters between the
base and weld metals are presumably
very similar, even though the composition
is vastly different. Once the latent heat of
fusion has been liberated, the atoms in the
weld metal arrange themselves on the
substrate provided by the partially melted
HAZ grains without altering the crystallo-
graphic structure or orientation. Thus, the
HAZ grains and grain boundaries are ex-
tended across the fusion boundary with-
out alteration, similar to that observed in
homogeneous welds.

Summary and Practical Implications

As discussed above, the nature of the
elevated-temperature fusion boundary in
DMWs depends on the characteristic dif-
ferences between base and weld metals.
Of these, the crystal structure is the pri-
mary influence and lattice parameter a
secondary influence governing the na-
ture and evolution of the fusion bound-
ary microstructure. To reduce the free-
energy barrier of forming a solid in the
weld pool of DMWs, nonepitaxial, het-
erogeneous nucleation occurs at the sub-
strate interface when the crystal struc-
tures are dissimilar (FCC/BCC).
Heterogeneous sites may be HAZ grain



boundary junctions, interfacial steps or
discontinuities, secondary phases, etc.
Because these nuclei form at heteroge-
neous sites on the HAZ interface, they
may or may not exhibit those preferred
orientation relationships observed in
FCC/BCC systems. As a result, the fusion
boundary is likely to exhibit random mis-
orientations between base and weld
metal grains.

It was the intent of the present inves-
tigation to gain a better understanding of
the nature and evolution of the fusion
boundary during the initial stages of so-
lidification in DMWs. From this basis, it
is possible to postulate the theories and
mechanisms that explain the nature and
evolution of those boundaries and their
susceptibility to failure in DMWs in en-
gineering applications, such as pressure
vessel steels clad with austenitic stainless
steels. A subsequent paper will explain
the nature and evolution of the fusion
boundary during the cooling portion of
the weld thermal cycle and the effects of
the &~y and y-a transformations. Like-
wise, the nature and evolution of the
Type Il boundary and its susceptibility to
cracking will be explained.

Conclusions

1) The effect of base metal and weld
metal microstructure at elevated temper-
ature significantly influences the nature
and evolution of the fusion boundary mi-
crostructure in dissimilar metal welds.

2) When the base and weld metal ex-
hibit  different crystal structures
(BCC/FCC) at the solidification tempera-
ture, nucleation of solid weld metal oc-
curs on heterogeneous sites on the par-
tially melted HAZ grain at the fusion
boundary.

3) When different crystal structures
are present, the fusion boundary exhibits

random misorientations between base
and weld metal grains as a result of het-
erogeneous nucleation in the weld pool.
The various misorientations along the fu-
sion boundary may or may not exhibit
some of those preferred BCC/FCC rela-
tionships, i.e., Bain, Kurdjimov-Sachs,
and Nishiyama-Wasserman.

4) When the base and weld metal ex-
hibit the same crystal structure at the
solidus temperature, standard weld
metal epitaxial growth may occur despite
significant differences in composition.

5) Although the fusion boundary does
not exhibit the typical cube-on-cube rela-
tionship, weld solidification proceeds in
the normal <100> easy growth direction.
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