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Abstract

An additive manufacturing technology, known as electron beam freeform fabrication, was used
in the construction of a prototype rocket engine component. The structural configuration
comprised a cylindrical combustion chamber integrated with a conical thrust nozzle with an
approximate wall thickness of 20 mm. The bi-metallic design exploited the physical properties
of a Cu-based alloy for the thermal liner and the mechanical properties of a Ni-based alloy for
the surrounding structural jacket. The successful project culminated in the radial deposition of
Inconel® 625! alloy cladding onto a pre-fabricated, complex structure of GRCop-84 alloy.

Proof-of-concept necessitated evaluation of the integrity of the interface between the dissimilar
materials. The original aim of this sub-project was the production of test coupon material for
extracting standard tensile specimens across the union between Inconel 625 and GRCop-84. A
series of deposition trials failed to produce suitable material due to circumferential cracking
during processing. Consequently, the effort shifted to a failure investigation and focused on two
ring sections that bracketed the average bulk temperature used during the parametric studies.

Ring 1 and Ring 4 represented the lower and upper limit of the substrate temperature (Tsun)
maintained during the trials. The significant difference between the deposition protocols was the
frequency and duration of static cooling intervals between successive layers. Deposition of Ring
1 was paused between every layer in order to equilibrate at Tsu, < 250°C, whereas deposition at
Tsub = 400-550°C proceeded uninterrupted for Ring 4. Significantly, premature cracking was
detected during actual deposition of Ring 1, but only during post-deposition cooling of Ring 4.

During the layer additive builds, axial deposition of the 19 mm thick ring sections comprised
seven overlapping beads in each of the = 2 mm thick layers. The sequence was such that the first
bead was deposited on the inside diameter and the seventh bead on the outside diameter of the
ring. Macroscopically, cracking started around the outer wall and progressed radially towards
the inner wall, extending through > 80% of wall thickness. The cracks were confined to an
interlayer boundary within the deposited material, rather than at the interface between the
GRCop-84 substrate and the Inconel 625 deposit, in both Ring 1 and Ring 4.

Microstructural characteristics consisted of a cellular dendritic structure oriented in the build
direction and epitaxial growth between the majority of deposited layers. Common to Ring 1 and
Ring 4, the interlayer boundary that separated during deposition processing proved to be the
exception. The isolated boundary was continuously decorated with a cupronickel phase and
exhibited a lack of microstructural bridging (epitaxial growth). The probable fracture mode,
fracture mechanisms and driving forces responsible for the premature cracking were identified.

Failure analyses indicated crack formation during deposition and crack opening during periods of
static cooling in both Ring 1 and Ring 4. The fractographic evidence was consistent with the
unique interlayer boundary behaving like a high-angle GB. Decohesive rupture through a GB
phase was the intergranular fracture mode in the semi-solid and solid state. At super-solidus
temperatures, the hot cracking via a weld metal liquation cracking mechanism was driven by
solidification shrinkage. At sub-solidus temperatures, the warm/cold cracking via a tensile
overload/yield-strength-mismatch mechanism was driven by differential thermal contraction.

LINCONEL® is a registered trademark of Special Metals Corporation, New Hartford, NY, USA.
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1. Introduction

1.1. Electron Beam Freeform Fabrication
1.1.1. Construction of Rocket Engine Components

Additive manufacturing (AM) of multi-alloy, integrated structures is one element of NASA’s
‘Low Cost Upper Stage Propulsion’ program [ref. 1]. The philosophy adopted for design and
construction of a liquid rocket engine component is captured in figure 1. As shown in figure
1(a), the prototype component comprises a regeneratively-cooled, combustion chamber
integrated with a thrust nozzle. The key features of the structure are the thermal liner and
structural jacket, which are bonded together and perform different roles [ref. 2]. The function of
the liner material is to accommodate the operating temperatures, and that of the jacket material is
to sustain the operating pressures. The bi-metallic design exploits the thermal properties of
GRCop-84 for the inner structure, and the elevated temperature tensile properties of Inconel 625
for the outer cladding.

Low Cost Upper Stage Propulsion (LCUSP) Program

LCUSP SLM GRCop-84
Liner with Inconel 625

Combustion EBF? Jacket

Chamber

Structural
Jacket

One-Piece Inconel 625
Integrated Nozzle/Film
Coolant Ring

Thrust
Nozzle

Carbon-Carbon
Nozzle Extension

Coolant Nozzle
Inlet Thermal Extension
Manifold Liner Attach Flange

(a) Integrated Multi-alloy Structure (b) SLM Liner (Cu) / EBF3 Jacket (Ni)

Figure 1. Prototype liquid rocket engine component: (a), integrated combustion
chamber/thrust nozzle structure [ref. 2]; (b), GRCop-84 thermal liner fabricated via SLM
and Inconel 625 structural jacket fabricated via EBF? [ref. 1].

As shown in figure 1(b), construction of the combustion chamber/thrust nozzle component
utilizes both AM technology and dissimilar materials. GRCop-84 is a powder metallurgy (PM)
alloy developed at NASA-GRC that is customarily processed using standardized powder-bed
fusion technology [ref. 3]. Inconel 625 is a common high temperature alloy that is available in
the form of wire feedstock for directed-energy deposition (DED) processes. The 10 mm-thick
GRCop-84 liner, containing complex cooling channels, is manufactured by selective laser
melting (SLM) [ref. 1]. The 10 mm-thick Inconel 625 jacket is then radially deposited on the
external surface of the pre-fabricated liner using electron beam freeform fabrication (EBF®), a
technology patented by NASA-LaRC [ref. 4].



The concept of electron beam (EB)-assisted AM has been around since the early 1990s, with
pioneering research being conducted at Massachusetts Institute of Technology [ref. 5]. In
general, processing is conducted within a vacuum chamber and the EB gun/wire feed assembly is
capable of limited travel. The substrate moves in a predetermined pattern during deposition,
similar to computer-aided machining. A small pool of molten metal is created that solidifies
immediately after the EB has passed. The deposited material rapidly gains sufficient structural
strength to be self-supporting. The process is repeated in a layer-wise fashion, resulting in a
near-net-shape component that frequently only requires finish machining and heat treatment.

Careful process control is required to ensure that transient thermal effects are minimized until the
deposit cools to ambient temperatures. In vacuo processing dictates that heat dissipation is
primarily confined to conduction through the substrate beneath the deposited material [ref. 6].

As a consequence, optimal process parameters minimize residual stresses by regulating the
highly-directional temperature gradient and entire cooling profile [ref. 7]. The deposition
strategy adopted during wire feed, DED processing can also be exploited to avoid distortion and
cracking during solidification [ref. 8]. Customarily, an effective strategy must include the
deposition sequence and layer pattern, which may require adjustment with build height [ref. 9].

The EBF facility at NASA-LaRC, which is a modified version of a Sciaky 42 kW EB welder, is
shown in figure 2(a). The dimensions of the effective working volume are 1.8 m x 0.9 m x 0.6 m
and the typical operating pressure of the vacuum chamber is 10 torr [ref. 10]. Employing the
system for radial deposition of the rocket engine component is shown in figure 2(b). The EB gun
and wire feeder translate along the X direction as the horizontally mounted substrate rotates
about the X axis. A constant working distance is maintained with increasing build height by
raising the EB gun in the Z direction. The deposition sequence is such that material is deposited
in discrete sections of the component profile for thermal management purposes. In this
particular image, the GRCop-84 substrate is partially-covered with the first layer of Inconel 625.

Electron Beam Freeform Fabrication (EBF3)

o

(a) EBF3 Facility at NASA-LaRC (b) Deposition of Jacket on Liner

Figure 2. Fabrication of prototype bi-metallic combustion chamber/thrust nozzle: (a),
EBF facility at NASA-LaRC; (b), partial deposition of Inconel 625 structural jacket on to
GRCop-84 thermal liner.

The schematics contained in figure 3 illustrate the radial deposition of an Inconel 625 build onto
a GRCop-84 substrate. The EB is oriented vertically, the wire feeder is inclined at a fixed angle,
and the cylindrical substrate is oriented horizontally, rotating about the X axis. Figure 3(a)
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shows the sequence for the initial layer of beads and figure 3(b) how subsequent layers of beads
are deposited. Each bead is deposited as an individual ring and the EB gun/wire feeder assembly
is translated horizontally via a pre-determined step function that permits a 50% overlap between
consecutive beads. The process is interrupted momentarily after each bead is deposited in order
to re-position the assembly. The start/stop point in adjacent beads is continually advanced so
that any associated material discontinuities are dispersed around the circumference.

Radial Deposition of Inconel 625 onto GRCop-84

Electron Wire Electron Wire
Beam Feed Beam Feed
Build

& | Beam
Build :
& : Translation
Dlrectxon Direction ‘ —)

Substrate Substrate
Rotation i
GRCop-84
Substrate

(a) First Deposited Layer (b) Second Deposited Layer

Beam
Translatlon

Figure 3. Radial deposition of Inconel 625 onto GRCop-84. Electron beam translation
and substrate rotation: (a), first deposited layer; (b), second deposited layer.

Preceding studies dictated that the processing conditions used for the initial layer were different
than those used for subsequent layers. Additional beam power was required to ensure good
adherence of the deposit to the substrate for this dissimilar alloy combination [ref. 11]. The
initial layer involved Inconel 625-to-GRCop-84 deposition, whereas the remaining layers
involved Inconel 625-to-Inconel 625 deposition. The process was also interrupted between
layers in order to maintain the substrate at a target temperature. The LaRC EBF?® system
contained no provision for active cooling during deposition or post-deposition operations.
Consequently, the process variable used to moderate the average bulk temperature was the time
interval allowed between successive layers. The duration of these beam-off pauses increased as
the target substrate temperature decreased to accommodate the additional cooling required.

1.1.2. Production of Test Coupon Materials

Qualification of a prototype rocket engine component via EBF? required evaluation of the
structural integrity of the thermal liner/structural jacket interface. However, the complex shape
and =~ 20 mm wall thickness of the combustion chamber/rocket nozzle component are not
compatible with the extraction of mechanical test blanks. As illustrated in figure 4(a),
fabrication of suitable bimetallic tensile coupons is best fulfilled by axial deposition of Inconel
625 onto the end of a cylindrical GRCop-84 substrate. Note that the build is artificially
separated from the substrate for clarity in the schematic.

Similar to radial deposition, the EB is oriented vertically and the wire feeder is inclined at the
same fixed angle. The EB gun/wire feeder assembly also translates along the X axis. In contrast
with radial deposition, the cylindrical substrate is oriented vertically and rotates about the Z axis.




Customarily, deposition commences at the inner wall and progresses towards the outer wall for
every layer. Each layer comprises beads individually deposited via a pre-determined step
function that retains the designated overlap. The process is paused after each complete rotation
to re-position the assembly and interrupted after each full layer to allow equilibration at the
target substrate temperature. Again, the start/stop point is continuously varied between adjacent
beads to disperse any material discontinuities created by the pause in deposition.

Axial Deposition of Inconel 625 onto GRCop-84
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Figure 4. Axial deposition of Inconel 625 onto GRCop-84: (a), schematic of electron
beam translation and substrate rotation; (b), typical ASTM E8 specimens for evaluating
interface properties; (c), EBF® of test coupon material at LaRC.

An example of a series of sub-size specimens to assess the mechanical properties of the junction
between GRCop-84 and Inconel 625 is presented in figure 4(b). The substrate/build interface is
located at the center of the gage section of the ASTM E8 sub-scale tensile specimens.
Representative standard dimensions comprise 100 mm long by 10 mm wide by 6 mm thick, with
a gage length and width of 25 mm and 6 mm, respectively. Axial deposition of test coupon
material utilizing the LaRC EBF? system is shown in figure 4(c). It is essential that the
processing conditions are comparable to those used for constructing the rocket engine
component. This guarantees that the interfaces created between Inconel 625 and GRCop-84
during axial and radial deposition exhibit similar characteristics.

1.1.3. Metallurgy of Inconel 625 and GRCop-84

Inconel 625 has a nominal composition of Ni-25Cr-5.6Mo-1.5Nb (at.%), exhibits a liquidus
temperature (T)) of 1,350°C and a solidus temperature (Ts) of 1,290°C, which equates to a
solidification temperature range (STR) of AT = 60°C [ref. 12]. Primarily a solid solution-
strengthened alloy, supplementary strength contributions are provided by intermetallic phases



based on Ni3(Nb, Mo), Ni2(Cr, Mo) and Cr2Nb [ref. 13]. The alloy is also prone to the formation
of undesirable A>B-type Laves phases during solidification processing [ref. 14].

Complex (Ni, Cr)2(Nb, Mo)-based agglomerates tend to segregate in interdendritic and
intergranular regions of the microstructure [ref. 15]. These brittle phases are known to be
detrimental to notch-sensitive mechanical properties of Inconel 625, particularly when
distributed as a continuous network [ref. 16]. In monolithic form, the alloy has proven
compatible with AM technology due to the lack of allotropic transformations, low residual
stresses, and minimal distortion [ref. 17]. Powder bed methods include consolidation using a
laser beam [ref. 18] or EB [ref. 19] and wire feed methods include pulsed plasma arc deposition
[ref. 20].

The specified composition of GRCop-84 is Cu-8Cr-4Nb (at.%), with an almost pure Cu matrix
that results in a singular melting point of T, =~ 1080°C [refs. 21 and 22]. As a PM alloy, rapidly
solidified particulate has traditionally been consolidated via extrusion and hot isostatic pressing
(HIP) [ref. 23]. Selective laser melting (SLM) methodology, combined with HIP, has recently
emerged as a viable candidate for fabricating more complex shapes with internal features [ref. 1].

Primarily a dispersion-strengthened material, the consolidation goal is to retain a fine, uniform
distribution of particles within the matrix. The Cr2Nb dispersoids that reside in bulk product are
typically 0.5-1.0 um in diameter, with a theoretical volume fraction of 13.5 vol.% [refs. 24 and
25]. A detrimental effect associated with EB melting of GRCop-84 has proved to be the
decrease in mechanical properties caused by coarsening and agglomeration of these dispersoids
[ref. 26].

1.2. EBF® Involving Dissimilar Alloys
1.2.1. Weld Microstructures in Ni-based Alloys

In general, weld solidification initiates by epitaxial nucleation at the fusion boundary (FB) and
progresses via competitive grain growth into the weld pool. Figure 5 shows a plan view of a
typical weld pass with the FB separating the re-solidified weld metal from the un-melted base
metal. Epitaxial nucleation at the FB is illustrated in figure 5(a) [ref. 27]. Individual grains
extend from the polycrystalline aggregate, each possessing the crystallographic orientation of a
parent grain. Competitive growth into the weld pool is illustrated in figure 5(b) [ref. 28]. Those
grains with the preferential growth direction (<100> in f.c.c. metals) oriented closest to the heat
flow direction tend to progressively eliminate competitors. Figure 6 summarizes the various
modes of solidification that are commonly observed in f.c.c. metals [ref. 29]. These modes
categorize the differing morphological forms that the solid-liquid (S-L) interface may assume
during the competitive growth phase. The microstructures most frequently associated with
fusion welding of Ni-base alloys exhibit cellular dendritic or columnar dendritic characteristics
(figure 6(c) and 6(d)) [ref. 27].



Grain Formation and Growth During Weld Solidification
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Figure 5. Grain formation and growth during weld solidification: (a), epitaxial nucleation
at the fusion boundary [ref. 27]; (b), competitive growth into the weld pool [ref. 28]. Note
that low-angle SGBs are usually created between the different colony orientations.

The distinguishing feature between these solidification modes is the degree of dendrite
branching. Cellular growth is dominated by primary dendrites, whereas columnar growth
incorporates prolific secondary dendrite arms. The solidification mode is governed by the
temperature gradient in the molten metal and the solidification growth rate. The contours of the
S-L interface conform with the array of advancing dendritic grains. Low melting point
constituent accumulates ahead of this interface and the distribution is governed by the mode of
solidification. Free-flowing between primary dendrites, terminal liquid tends to be propelled by
the S-L interface during cellular dendritic growth, but entrapment between secondary dendrites is
prevalent during columnar dendritic growth.

Inconel 625 solidifies as a fully austenitic grain structure (y phase) during fusion welding, with
segregation of alloying elements at interfaces created within the microstructure [ref. 30]. In
single-pass welds, the grains are dendritic in nature and exhibit crystallographic epitaxy with the
base metal. Subsequently, competitive growth defines the final grain morphology and the
arrangement of these solidification grain boundaries (SGBs). Most of the SGBs that form are
low-angle in nature because the misorientation between neighboring dendrites tends to be small.
In the semi-solid state, this will govern the accumulation of terminal liquid between the
impinging dendritic grains at the end of solidification. Common in low Si/low C versions, the
intermetallics that can form during solidification of monolithic Inconel 625 comprise (Ni,
Cr)2(Nb, Mo) Laves phases and limited NbC carbides [refs. 31 and 32].



Modes of Grain Growth During Weld Solidification
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Figure 6. Modes of grain growth during weld solidification: (a), planar; (b), cellular; (c),
cellular dendritic; (d), columnar dendritic; (e), equiaxed dendritic. Active mode depends
on temperature gradient and solidification rate [ref. 29].



In multi-pass welds, the dendritic microstructure usually exhibits epitaxial growth across inter-
bead boundaries within the weld metal [ref. 27]. In DED/AM deposits, dendritic grains tend to
extend through multiple layers and assume the form of columnar architectures oriented roughly
parallel with the primary heat flux direction [ref. 33]. In both microstructures, deposited metal is
subject to repeated thermal excursions of progressively decreasing intensity. Beads directly
adjacent to the FB are partially re-melted, and more remote beads undergo varying levels of heat
treatment. The net result is that solute segregation in the pre-existent, dendritic microstructure is
augmented and redistributed during subsequent weld passes. Pipe diffusion or capillary action is
accelerated and causes low melting point solute accumulation at the majority of interfaces [ref.
15]. Under certain solidification conditions, microstructural bridging can be disrupted by the
presence of terminal liquid as a continuous inter-bead layer [ref. 27].

1.2.2. Cracking During Single-pass Welding

The majority of available literature establishes mechanisms for weld cracking behavior during
single pass welding. Cracks in single pass welds can be located in both the deposited weld metal
and the existing base metal. The type of fracture may be divided into distinct regimes using the
incipient melting point, or solidus temperature (Ts), of the weld metal as the discriminator; T <<
Ts- cold cracking; T < Ts- warm cracking; and T > Ts - hot cracking.

Consequently, cold cracking applies to fracture in the solid state at temperatures approaching
ambient. Likewise, warm cracking also applies to the solid state, but at temperatures just below
the solidus. In contrast, hot cracking occurs in the semi-solid state at super-solidus temperatures
and includes the action of highly-localized molten metal [ref. 34]. Each regime involves SGBs
and the propensity for weld cracking is always influenced by interdendritic and intergranular
segregation [ref. 35]. The accumulation of low-melting-point constituents in the semi-solid state
can lead to the formation of low yield strength phases in the solid state. The root cause of
fracture is that deposited material is unable to sustain the thermally-induced stresses generated
by thermal cycling and/or static cooling.

The two most common causes of hot cracking during single-pass welding are referred to as
solidification cracking (SC) and liquation cracking (LC) [ref. 36]. SC occurs at interdendritic
boundaries in partially-solidified weld metal, and LC occurs at existing grain boundaries (GBs)
in partially-melted base metal. Cracks form because the molten elements of predominantly-solid
material are unable to accommodate shrinkage strains and thermal contraction. Activation of
both mechanisms is contingent on the degree of physical constraint and the cooling rate from the
welding temperature.

A common method for determining susceptibility to hot cracking, known as circular patch weld
testing, is shown in figure 7 [ref. 37]. Figure 7(a) illustrates the welding of a patch into a hole in
a plate, both firmly secured to an underlying fixture (figure 7(a)(i)). Of significance, the
geometrical constraints are analogous to those encountered during axial deposition of a
cylindrical cross-section using EBF®. The phenomenon of hot cracking can occur by SC within
the fusion zone (FZ), or by LC in the adjacent partially-melted zone (PMZ) (figure 7(a)(ii)). The
PMZ resides between the FZ and the heat-affected zone (HAZ) in the base metal. The
macroscopic features are easily distinguished, as presented in figure 7(b) and 7(c). SC is located
within the weld bead and follows a tortuous crack path. In contrast, LC is located on the
periphery of the weld bead and the curved crack path follows the weld profile.
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Figure 7. Circular patch welding tests: (a)(i), thermal contraction is geometrically
constrained during cooling; (a)(ii), characteristics of PMZ in parent metal vs. weld metal,
(b), SC occurs within weld bead; (c), LC occurs around weld bead [ref. 37].

The microscopic characteristics of intergranular fracture (IGF) by SC and LC are illustrated in
figure 8 [ref. 38]. Figure 8(a) shows that SC in the FZ is associated with solute-rich, weld metal
grain boundaries created by the impingement of dendrite colonies. Such interfaces are high-
angle SGBs, and the resulting fracture surface exhibits uneven features that reflect the underlying
dendritic morphology [refs. 36 and 39]. In contrast, figure 8(b) shows that LC in the PMZ is
associated with solute-rich, pre-existing grain boundaries in the base metal. The resulting



fracture surface exhibits smooth features with facets that adhere to the grain structure beneath.
In both cases, the crack surfaces tend to be decorated with a thin, solute-rich film, and coverage
increases with the amount of segregation [ref. 40].

Semi-solid State Fracture During Welding
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Figure 8. Hot cracking in the semi-solid state during welding: (a), solidification cracking
between dendrite colonies (SGBs) within the FZ in weld metal; (b), liquation cracking at
grain boundaries within the PMZ in base metal [ref. 38].

Figure 9 illustrates how the volume of terminal liquid can affect the topography of the fracture
surface following hot cracking in Ni-based alloys [ref. 35]. The two examples shown relate to
SC in a Ni-30Cr alloy with < 5 vol.% eutectic liquid (figure 9(a) and 9(b)) and = 10 vol.%
eutectic liquid (figure 9(c) and 9(d)). The key observation is that the high fraction of terminal
liquid conceals the underlying dendritic structure. Creation of a continuous liquid film along
SGBs can promote hot cracking by delaying the formation of solid-to-solid boundaries [ref. 36].
The resultant weakening of these boundaries with a secondary phase has implications for both
semi-solid state and solid state fracture behavior.

Irrespective of the temperature regime, intergranular separation is the predominant cracking
mechanism and the mode of fracture is either dimple rupture, or decohesive rupture [refs. 41and
42]. Dimple rupture is intergranular separation in the solid state that is accompanied by
extensive plastic deformation and frequently classified as ductile fracture. Microvoid formation
and coalescence results in a crack morphology consisting of tearing and prolific, cup-like
depressions also known as “ductile dimples”.

Decohesive rupture refers to cracking through, or on the surface of, weak GB phases. Such
behavior can include either semi-solid state fracture of molten material on the GBs before
complete solidification, or solid state fracture of melted and re-solidified GB constituents [ref.
41]. This fracture mode has also been termed liquid-metal embrittlement (LME) in the semi-
solid state because the fracture features are obscure due to immersion in a liquid [ref. 43]. The
phenomenon is often referred to as yield-strength-mismatch (YSM) in the solid state and is
accompanied by very limited plastic deformation [ref. 44]. The fracture behavior is frequently
categorized as brittle on a macroscopic scale and ductile on a microscopic scale [ref. 42]. The
crack morphology is predominantly flat and the underlying microstructural features tend to be
hidden by the intergranular phase. In equiaxed grain structures, the resulting fracture surfaces
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exhibit a faceted, or rock candy appearance. In dendritic microstructures, the tips of dendrites
can protrude through the separated GB phase, resulting in a so-called ‘eggcrate’ pattern [ref. 41].

Weld Solidification Cracking Characteristics in Alloy Ni-30Cr
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Figure 9. Dependence of fracture characteristics on volume of terminal liquid at the end
of solidification. OM and SEM images: (a) & (b), <5 vol.% molten eutectic; (c), & (d), = 10
vol.% molten eutectic during welding of a NiCr30 alloy [ref. 35].

1.2.3. Cracking During Multi-pass Welding

Fracture behavior during DED/AM processes is closely aligned with a multiple pass welding
scenario. In multi-pass welds, cold cracking usually refers to fast, unstable fracture at ambient
temperatures. Driven by thermally-induced residual stresses, tensile overload, or ‘pop-in’ are
traditional descriptions [ref. 45]. Warm cracking may include progressive or accelerated fracture
in the form of ductility dip cracking (DDC), reheat cracking (RC), and strain age cracking (SAC)
[ref. 36]. These phenomena may be in response to thermomechanical fatigue (TMF) and/or low-
cycle fatigue (LCF) loading conditions caused by repetitive heating [ref. 40]. Precipitation-
strengthened Ni-base alloys are highly susceptible to such high temperature, solid state fracture
mechanisms as a result of intermetallic phases. In contrast, Inconel 625 is a solid solution-
strengthened alloy that is not prone to DDC, RC, or SAC due to the absence of secondary phases
[ref. 46].
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A special category of LC, known as ‘weld metal liquation cracking” (WMLC), is a hot cracking
mechanism unique to multi-pass welding [ref. 47]. The principal difference between LC and
WMLC is the nature of the parent grain structure. Fracture occurs in partially-melted weld metal
that has been deposited during prior weld passes. In contrast with LC that occurs at pre-existing
GBs in the base metal, WMLC occurs at high-angle SGBs created in the weld metal [ref. 37].
These SGBs comprise interfaces between dendrite colonies that reside within the weld beads and
at inter-bead interfaces [ref. 48]. The high solute content of Ni-base alloys makes these
boundaries highly-susceptible to WMLC during multi-pass welding [ref. 36]. SC, LC, and
WMLC involve intergranular separation assisted by low-melting-point, solute segregation and all
are sub-categories of decohesive rupture in the semi-solid state.

Although layer-by-layer AM is analogous to multi-pass welding, the highly directional heat flux
associated with EBF?® on a substrate does create a unique situation [ref. 33]. In the absence of
convection and with limited radiation, dendritic growth aligns with the build direction. Weld
cracking tends to be confined to boundaries created within the heavily-aligned microstructure
during solidification. WMLC has been observed in monolithic Inconel 718 following both EB
welding [ref. 49] and laser beam AM [ref. 15]. The grain structure comprises an array of
dendrite colonies oriented in close proximity with the build direction. Interdendritic terminal
liquid tends to be forced to colony extremities as solidification advances. Terminal liquid that
migrates in the build direction tends to promote segregation at interlayer boundaries.

1.2.4. Welding of Inconel 625 to GRCop-84

Alloy mixing between Inconel 625 and GRCop-84 in the first few deposited layers will govern
the incipient melting point and the secondary phases formed. The extent of Cu migration from
the substrate into the deposited material will determine the gradient in Ts. Cr, Nb and Mo have
approximate maximum solubilities of 30, 8, and 1.3 wt.% in liquid Cu, but only 0.7, 1.3, and O
wt.% in solid Cu, respectively [ref. 50]. It is also worth noting that binary intermetallic phases
between Cu and Ni, Cr, Mo, or Nb are non-existent [ref. 13]. In contrast, Cu and Ni exhibit
complete miscibility in both the liquid and solid state, and create a continuous series of
cupronickel solid solutions. Consequently, the Ni content of any Cu-rich segregation will govern
Ts of the terminal liquid and the non-equilibrium STR within the alloy transition zone.

During single pass welding, alloy mixing can widen the STR, enlarge the PMZ, and exacerbate
weld cracking [ref. 30]. The susceptibility to semi-solid state fracture is influenced by the
volume/longevity of terminal liquid, and solid state fracture by the amount/distribution of
secondary phases [ref. 51]. In both cases, weld cracking is promoted the most by the presence of
interdendritic and/or intergranular segregation. During multi-pass welding, the effect is
compounded by the addition of inter-bead and/or inter-layer segregation. The broader STR in a
multi-alloy deposit will also magnify the associated solidification shrinkage strains generated in
the semi-solid state [ref. 52].

Solute mixing of Inconel 625 with GRCop-84 will likely cause the formation cupronickel phases
at interfaces in the alloy transition zone. Differences in the intrinsic material properties between
the parent alloys and varying blends of the two will also exert an influence on semi-solid and
solid state fracture. The most relevant properties of Inconel 625, GRCop-84, and a selection of
cupronickel alloys are summarized in table 1. Variations in the mechanical properties of
microstructural constituents will govern the mechanical behavior of the deposit in the mixed
solute region. The important physical property that must be considered is differential thermal
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contraction between the deposited and substrate materials. As illustrated in figure 10, the
differential in the coefficient of thermal expansion (CTE) will create tensile residual stresses
between Inconel 625 and GRCop-84 at any process temperature [refs. 56, 57, and 58].

Table 1. Physical and mechanical properties of materials relevant to this study; Inconel
625, GRCop-84, and projected blends of the two alloys in the transition zone of the build.
Note that cupronickel phases comprise a continuous series of solid solutions due to
total miscibility.

Solidification Coefficient Tensile
Temperature of Thermal Properties
Condition or Range Expansion @ 20°C

Designation .
Tsolidus | Tiiquidus | 20-300°C Oyrs Oys El.
°C °C 10¢/°C MPa | MPa %
710 350 48

Casting
N06625

Powder Fed/
Electron
Beam
Inconel Deposited

625

1290

1350
Laser Beam
Sintered 744 485 43 18
Powder

Wire fed/
Arc Plasma 721 438 49 20
Deposited

Laser Beam
Sintered 1077 1083 16.3 482 279 18 23
Powder

Intermetallic

Dispersoid 1770 - -- 1200 - 54

High Casting

Purity Cu 81100 1065 1083 16.9 170 62 40 50
Casting

€96200 310 170 20 50

1100 1150 16.2

Casting
C70600 280 120 20 55

Casting
C96300
1140 1200 15.8 50
Casting
C71000

Casting
C96400
CuNi30 1170 1240 15.4
Casting
C71500

470 255 28 50

340 120 18 55
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Thermal Expansion as a Function of Temperature
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Figure 10. Effect of temperature on thermal expansion of pure Cu and GRCop-84 with
respect to Inconel 625 [refs. 56, 57, and 58]. Note that thermal contraction of the
substrate will be greater than the build over the entire solid-state temperature regime.
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2. Experimental Procedures
2.1. EBF3 Deposition Trials

The main purpose of this project was to generate test coupon material suitable for evaluating the
tensile properties of the Inconel 625/GRCop-84 interface. The original goal was to employ the
same processing conditions used for manufacturing the rocket engine component. Unexpectedly,
deposition of the first ring section had to be aborted when cracking was detected in the vicinity
of the substrate/build interface. It was suspected that excessive residual stresses created during
deposition were responsible for the premature failure. The ensuing parametric study, designed to
alleviate the problem, consisted of a series of ten EBF® trials. The experimental philosophy
adopted was to increase the average bulk temperature in order to reduce the effects of differential
thermal contraction between the substrate and build materials.

A key objective was to adjust the average bulk temperature while maintaining a layer height and
penetration (re-melt) depth comparable with the rocket engine component. The individual trials
involved permutations of the following primary process variables; beam power, travel speed
(beam translation), wire feed rate, and substrate temperature. Fine tuning of secondary process
variables such as beam focus, bead spacing and bead height was also included to control deposit
geometry. The development of circumferential cracks in the vicinity of the substrate/build
interface either during or after deposition persisted in every ring section manufactured.
Consequently, mechanical testing was forestalled and a failure investigation initiated.

Two ring sections from the EBF? trials were selected for analysis, hereafter referred to as Ring 1
and Ring 4. The processing conditions best bracketed the range of substrate temperatures
employed in the parametric study. For Ring 1 at the lower limit, the processing conditions for
the axial build duplicated those employed for the radial build of the rocket engine component.
For Ring 4 at the upper limit, the primary process variables were all increased by a factor of
approximately two for the majority of the layers. The premise was that increasing the substrate
temperature would lower the temperature gradient across the substrate/build interface, thereby
reducing the residual stresses generated.

Both Ring 1 and Ring 4 started with the same parameters for deposition of the initial Inconel 625
layer onto the GRCop-84 substrate. Prior to depositing the first layer, the substrate was pre-
heated using the EB (without wire) at a reduced power level. The target temperature was in the
range 200-250°C, already proven to facilitate metallurgical bonding of Inconel 625 to GRCop-
84. During deposition of the subsequent layers, the substrate temperature was restricted to Tsun <
250°C for Ring 1, and maintained at Tsu» = 400-550°C for Ring 4. The temperature was
monitored using a thermocouple in contact with the rotating GRCop-84 substrate at a distance of
~ 12.5 mm below the substrate/build interface.

Each bead was deposited individually and the process was momentarily suspended after each
complete rotation. During the pause, the beam was repositioned via a step function that
permitted a ~ 50% overlap between consecutive beads. Each layer consisted of seven, evenly
spaced beads with the deposition sequence starting at the inner wall and progressively advancing
toward the outer wall. As indicated earlier, the EBF® system had no provision for active cooling,
so the time interval between layers was used to control the substrate temperature. For Ring 1 and
Ring 4, the deposition parameters were pre-set and each bead in a given 7-bead layer was
deposited in immediate succession (B1 through B7). After B7 was deposited, the EB gun/wire
feeder assembly was re-positioned to the B1 location for the next layer, but the process was
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interrupted until the substrate temperature was within the prescribed range. This operating
protocol resulted in longer beam-off pauses and larger thermal cycles between layers during
deposition of Ring 1 than Ring 4.

Heat accumulated rapidly during deposition due to the limited conduction through the substrate.
In the case of Ring 1, the intervals progressively increased with build height to allow time for the
heat to dissipate before starting the next layer. The temperature continuously increased with
repeated deposition cycles such that the pause between the first and second layer was on the
order of 5 minutes. However, the time intervals often exceeded 10 minutes with subsequent
layers. In the case of Ring 4, successive layers were deposited immediately after completion of
the prior layer. This was necessary in order to maintain the higher substrate temperature,
particularly during deposition of the first few layers.

2.2. Failure Investigation

The Ring 1 and Ring 4 trial deposits that were the focus of the failure investigation are presented
in figure 11(a) and 11(b). Both ring sections have an outside diameter of ~ 152 mm and a wall
thickness of ~ 19 mm. Ring 1 has a build height of ~ 36 mm owing to the deposition trial being
aborted when cracking was detected. In contrast, Ring 4 is = 66 mm tall because the trial
progressed to the scheduled height. Cracking was detected after an extended period of post-
deposition cooling. Figure 11(c) and 11(d) show Ring 1 and Ring 4 sectioned for metallurgical
analyses, with the bulk of the substrate removed. The cracks navigate the full circumference of
the outer wall, but do not penetrate to the inner wall. Specimens compatible with evaluating
macrostructure, microstructure, bulk composition, solute gradient/distribution, and fracture
characteristics were subsequently extracted.

Specimens for metallurgical analyses were prepared using traditional methods and standard
characterization techniques were applied [refs. 59and 60]. Metallographic practices developed
for Ni-base superalloys proved compatible with the present Inconel 625/GRCop-84 combination.
During scanning electron microscopy (SEM) studies, specimens were evaluated in the as-
polished condition, i.e. un-etched. Solute gradients were quantified using energy dispersive
spectroscopy (EDS) and compositional mapping established solute distribution. Backscattered
electron (BSE) imaging was used for qualitative compositional analysis (compo mode).
Secondary electron (SE) imaging was used for microstructural/fractographic analyses (topo
mode).

During examination by optical metallography (OM), color tint etching methods were selected to
highlight macrostructural and microstructural characteristics [refs. 61and 62]. Empirical studies
revealed that electrolytic chromic acid was the best macro-etchant and Lucas reagent was the
best micro-etchant. Chromic acid macro-etching comprised 50 g chromium 111 oxide (CrOs),
500 ml distilled water, and electrolytic, RT, 6V, 10-30 sec. Lucas reagent micro-etching
comprised 150 ml hydrochloric acid (HCI), 50 ml lactic acid (CsHeO3), 3 g oxalic acid (C2H404),
and electrolytic, RT, 2V, 10-20 sec. OM images were collected using cross-polarized
illumination and electronically stitched together to form microstructural montages.
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Circumferential Cracking of Inconel 625 Deposited on GRCop-84 Substrates
Ring 1

Ring 4

20 mm

20 mm

(c) Sectioned — 36 mm build height (d) Sectioned — 66 mm height

Figure 11. Circumferential cracking (=) during axial deposition of Inconel 625 onto
GRCop-84 via EBF3; (a), Ring 1 build; (b), Ring 4 build; (c), Ring 1 sectioned; (d), Ring 4
sectioned.

2.3. Metallurgical Characterization

For reference, the nominal composition of Inconel 625 is Ni-22.3Cr-8.7Mo-3.7Nb (wt.%) and
that of GRCop-84 is Cu-6.5Cr-5.6Nb (wt.%). The measured compositions of the wire and
powder feedstock, as provided by the vendors, are listed in table 2 [refs. 63and 64]. The powder
was consolidated into the hollow, cylindrical substrate material via SLM methods and supplied
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to LaRC [ref. 1]. Subsequent metallurgical analyses were divided into discrete tasks, each with a
specific objective:

e Assess the macrostructural characteristics by identifying the individual deposited
layers with respect to the fracture location in each build. These macrographs were
employed as a roadmap during quantification of the transitions in microstructure and
composition between the deposited and substrate materials.

e Establish the microstructural characteristics of the two ring sections in the vicinity
of the substrate/build interface. OM was employed to analyze the prevailing
grain/dendritic structure and establish the mode of solidification. Studies included
correlating processing conditions with changes in the microstructural transition between
the dissimilar materials.

e Evaluate the extent of alloy mixing in the transition zone on a macroscopic level.
Wet chemistry analyses were conducted on a series of three, 2 mm-thick sections
extracted from the first 8 mm of each build. The goal was to ensure that micro-chemical
analysis data taken from the same regions were truly representative of the bulk material.

e Determine the solute gradient and distribution in the transition zone on a
microscopic level. SEM/EDS was used for qualitative and quantitative analyses of the
compositional variations within the alloy mixing zone. The goal was to isolate any
differences adjacent to the fracture locations in the two ring sections.

e Characterize the fracture behavior, by correlating crack morphology with
microstructure through the cross-section in each build. The characteristics of a
typical fracture surface were revealed by macroscopic examination and microscopic
details were revealed via conventional SEM fractography.

2.4. Metallurgical Analysis Roadmaps

The microstructural characteristics resulting from layer-by-layer AM of monolithic materials
exhibit periodicity. Features depend upon individual bead morphology and the geometry of the
rows of beads. In this case, the first few deposited layers also constitute a transition region when
the deposit and substrate comprise dissimilar materials. The influence of alloy mixing within
this region diminishes with build height, resulting in the superposition of microstructural and
compositional gradients. Employing a variety of analytical techniques on a progressively finer
scale is necessary to fully evaluate these characteristics. Therefore, establishing the exact
locations of the metallurgical analyses performed is critical for integration of the different types
of data. The ‘roadmaps’ presented in figure 12 and figure 13 serve this purpose for the transition
region in Ring 1 and Ring 4, respectively.

The OM micrographs in figure 12(a) and figure 13(a) show the areas analyzed to establish the
overall microstructural characteristics in the first four layers and the arrangement of the
interlayer boundaries. The OM macrographs in figure 12(b) and figure 13(b) show the areas
analyzed to determine the overall compositional gradient in the first four layers, with the
locations of the interlayer boundaries identified. The BSE(compo) images in figure 12(c) and
figure 13(c) show the areas analyzed surrounding the site of crack origination at the outer wall of
the build, with the locations of the adjacent layers identified. The BSE(compo) images in figure
12(d) and figure 13(d) show the areas analyzed along the path of crack progression through the
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build cross-section, with the series of individual beads identified. These particular micrographs
aid in interpretation of location-dependent features during the subsequent fractographic analyses.

Table 2. Measured compositions of the starting feedstock as provided by the vendors
[refs. 63and 64]; Inconel 625 wire for the EBF3 system and GRCop-84 powder for the SLM
system.

Inconel 625 Wire (wt.%) GRCop-84 Powder (wt.%)

Specification
win [ war |

Specification

T e e

Ni Balance 64.7 Balance 87.9
Cr 20.0 23.0 22.3 6.2 6.8 6.45
Mo 8.0 10.0 8.7 5.4 6.0 5.61
Nb 3.15 4.15 3.67 0.02 <0.004
Fe 5.0 0.13 0.07 0.058
(ol 1.0 0.03 0.002
Mn 0.5 0.03 <0.001

Si 0.5 0.053

Al 0.4 0.13

Ll 04 0.23

C 0.1 0.01

Ta 0.002

Cu 0.003

Arcos Industries, LLC
Lot# AP9902, Heat#t
QQ106

ATl Metals Corporation
Melt# 522-405

[N
©



Metallurgical Analysis Roadmaps for Ring

N0,

)’

Substrate

(d) SEM — Crack Propagation

Figure 12. Metallurgical analysis roadmaps for Ring 1; (a), OM micrograph —
microstructural characteristics; (b), OM macrograph — bulk chemistry; (c), BSE(compo)
image — crack formation at the outer wall; (d), BSE(compo) image — crack opening
through the build cross-section.
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Metallurgical Analysis Roadmaps for Ring 4

GRCop-84
Substrate

(d) SEM — Crack Propagation

Figure 13. Metallurgical analysis roadmaps for Ring 4; (a), OM micrograph —
microstructural characteristics; (b), OM macrograph — bulk chemistry; (c), BSE(compo)
image — crack formation at the outer wall; (d), BSE(compo) image — crack opening
through the build cross-section.
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3. Results
3.1. Macrostructural Characteristics

Macrosections of the Inconel 625 deposits on the GRCop-84 substrates are presented in figure
14. The viewing orientation, nomenclature adopted, and deposition sequence are documented in
figure 14(a) for Ring 1. Each layer consists of seven beads with the first bead deposited at the
inner wall and the last bead deposited at the outer wall. Macrographs representative of Ring 1
and Ring 4, prepared using electrolytic chromic acid reagent, are shown in figure 14(b) and
14(c). In both sections, the deposited layers exhibit a crown-shaped profile through the
thickness. The layers are of comparable, uniform height at the center (= 2 mm) and taper in
thickness toward both walls. The individual beads have a more scalloped appearance in the mid-
section of Ring 4 than in Ring 1. Of most significance, failure did not occur at the
substrate/build interface in either build. The evidence indicates that the circumferential cracks
formed between deposited layers in both ring sections.

The macrostructural characteristics of the first ten layers of both ring sections are revealed in
more detail in figure 15. The cross-sections of Ring 1 and Ring 4 are shown in figure 15(a) and
15(b). A comparison reveals that the bead morphology differs between the builds, appearing
asymmetric in Ring 1 and symmetric in Ring 4. The aspect ratio (width/depth) of the individual
beads is also larger in Ring 4 than Ring 1, which may be a reflection of the higher bulk
temperature. In both builds, the interlayer crack profile appears to mimic the shape of the
underlying beads. As a result, the crack morphology may be described as planar in Ring 1 and
serrated in Ring 4. An important function of these images is to map the layers of beads with
respect to the crack location in each build. Of most significance, the cracks reside between L2
and L3 in Ring 1, but between L1 and L2 in Ring 4. Itis also evident that the crack opening is
wider and that cracking extends further through the wall thickness in Ring 1 than Ring 4.

3.2. Microstructural Characteristics

The overall microstructural characteristics of Ring 1 are displayed in figure 16(a). The most
striking feature is that the solidification microstructure above and below the crack exhibits
different characteristics. Above the crack, the layers of the Inconel 625 are dominated by a
cellular dendritic structure that appears heterogeneous. The dendrite colonies are of different
shapes and sizes with isolated examples extending across multiple layers. The colonies are
oriented in close proximity with the build direction, the variance tending to be larger toward the
free surfaces. Below the crack, it is difficult to discern the microstructural features, i.e. in L1 and
L2. The differential etching response may be a result of the close proximity to the substrate and
increased Cu content. The locations of the seven beads making up each layer are visible and
there is evidence of a dendritic structure in some of the beads. The profile of the substrate/build
interface clearly reflects deposition of the individual beads contained in each layer, which were
deposited from right to left. The primary crack path is confined to the L2/L3 boundary and
extends through greater than 90% of the cross-section. There is also evidence of secondary
cracks extending through L1 and L2 towards the substrate/build interface.

The overall microstructural characteristics of Ring 4 are displayed in figure 16(b). Again, the
difference in the features of the solidification microstructure above and below the crack is the
most striking feature. Above the crack, a more homogeneous dendritic structure predominates
and the cellular dendrites appear less fragmented than in Ring 1. The dendritic colonies tend to
be oriented normal to the interlayer boundaries and follow the crowned shape of the deposited
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Macro-sections of Inconel 625 build on GRCop-84 substrate

Inconel
625

Outer Wall
Inner Wall

Build Height = 36 mm

(b) Ring 1 (c) Ring 4

Figure 14. Representative macrosections of Inconel 625 deposited on GRCop-84

substrate; (a), schematic illustrating nomenclature adopted; (b), Ring 1 (build height = 36
mm); (c), Ring 4 (build height = 66 mm).

layers. The individual beads are more visible and the dendrite inclination appears to be affected
by the change in bead morphology. The profile of the interlayer boundaries has transitioned

from being almost planar to more serrated in appearance. Below the crack, L1 in Ring4 appears
similar to L1 and L2 in Ring 1, again a consequence of differential etching response. It remains
difficult to discern the microstructural features, but there is still evidence of a dendritic structure
within isolated beads. The profile of the substrate/build interface again mimics the shape of the
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series of beads making up each layer, deposited from right to left. The primary crack path is
confined to the L1/L2 boundary and extends through = 80% of the cross-section. There is also
evidence of multiple secondary cracks extending through L1 towards the GRCop-84 substrate.

Arrangement of Beads (B) and Layers (L)

g7 B6 BS B4 g5

G, .-.-,J.‘z"/lL3 Cracking v
Lt -WV'\/,’\\ B t
SR g

v js}f_s?'

Substrate

B5
B7 B6

k1/L2 Cracking ;

A\
2

Substrate

(b) Ring 4

Figure 15. OM macrographs highlighting the first ten deposited layers in each build; (a),
Ring 1; (b), Ring 4. The distribution of beads within a layer, the arrangement of the
layers, and the location of the crack are identified.
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Microstructural Characteristics in First Four Layers

GRCop-84 Substrate

(a) Ring 1 — Crack between layer 2 and layer 3

Fey

RN "\ RN

GRCop-84 Substrate

(b) Ring 4 — Crack between layer 1 and layer 2
19 mm >

A

Figure 16. Metallographic cross-sections documenting the cellular dendritic
microstructure within the first four layers; (a), Ring 1; (b), Ring 4. The crack follows the
L2/L3 and L1/L2 interlayer boundary, respectively.
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Detailed views representative of the interlayer boundaries separating the first four layers (L1 to
L4), and include the substrate/build interface (Sub/L1), are shown in figure 17. The L3/L4,
L2/L3, L1/L2 boundaries, and the Sub/L1 interface are compared in figure 17(a)(i-iv) for Ring 1.
Fabricated at the lower bulk temperature, cracking occurred during deposition between L2 and
L3, i.e. along the L2/L.3 boundary shown in figure 17(a)(ii). The image reveals evidence of a
distinct microstructural discontinuity across this interlayer boundary. The characteristics
adjacent to the upper crack surface are consistent with the bulk of the deposit, i.e. the
solidification microstructure of monolithic Inconel 625. The characteristics adjacent to the lower
crack surface are consistent with a transition, i.e. an indistinct dendritic structure caused by
solute blending of Inconel 625 with GRCop-84. Of significance, there is no evidence of dendrite
bridging or epitaxial growth between L2 and L3. Above the crack, figure 17(a)(i) reveals
epitaxial growth of dendrite colonies across the L3/L4 boundary. Below the crack, figure
17(a)(iii) reveals microstructural continuity across the L1/L2 boundary, even though dendritic
features are indistinct. Although figure 17(a)(iv) reveals a distinct joint between the dissimilar
materials at the Sub/L1 interface, the bond line appears metallurgically sound.

The L3/L4, L2/L3, L1/L2 boundaries, and the Sub/L1 interface are compared in figure 17(b)(i-
iv) for Ring 4. Fabricated at the higher bulk temperature, cracking occurred following deposition
between L1 and L2 in Ring 4, i.e. along the L1/L2 boundary shown in figure 17(b)(iii). Again,
the image shows the presence of a microstructural discontinuity. The dendritic features adjacent
to the upper crack surface are consistent with solidification of a monolithic alloy. The
microstructural features adjacent to the lower crack surface are suggestive of considerable alloy
mixing. The dendritic structure is masked as a result of migration of solute from the substrate
into the deposit. Similarly, there is no evidence of epitaxial growth or dendrite bridging across
the boundary. Above the crack, figure 17(b)(i) and (ii) reveal epitaxial growth of dendrite
colonies across the L3/L4 and L2/L3 boundaries. Below the crack, the features of the Inconel
625/GRCop-84 joint in figure 17(b)(iv) suggest good adhesion at the Sub/L1 interface.

The inability of OM to resolve the features in the layer(s) below the cracks prompted a closer
examination using SEM/BSE(compo) imaging, as shown in figure 18. A representative area
containing the substrate, L1 and L2 in Ring 1 is shown in figure 18(a). A dendritic structure is
evident throughout the initial layers of the build, with dendrite colonies of comparable
dimensions in each layer. However, figure 18(b) does suggest that the dendrites in L1 become
finer approaching the interface with the substrate. The image also reveals evidence of secondary
phase formation at the Sub/L1 interface. Of most significance, figure 18(c) reveals little change
in dendrite orientation across the L1/L2 boundary, consistent with an epitaxial relationship. The
objective of this series of images is to identify any microstructural reason for the differing
fracture location during the two EBF?® trials. It may be concluded that cracking in both deposits
coincides with an isolated, interlayer boundary exhibiting a lack of epitaxy, i.e. L2/L3 in figure
17(a)(ii) for Ring 1, and L1/L2 in figure 17(b)(iii) for Ring 4.
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Crack
Locations

(iii) L1/L2 Boundary

(iv) Sub/L1 Interface 500 um

Figure 17. Representative OM images of boundaries separating the first 4 deposited
layers; (a), Ring 1; (b), Ring 4. In each case, the interlayer boundaries compared are; (i),
L3/L4; (i), L2/L3; (iii), L1/L2; (iv), Sub/L1. Note the lack of epitaxy across the cracked
boundary (=) in both builds.
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Microstructure within Ini

tial La

(b) Sub/L1 Interface

Figure 18. BSE image within Figure 17(a)(iii), revealing the microstructural
characteristics of initial layers in Ring 1; (a), cellular dendritic microstructure; (b), Sub/L1
interface; (c), L1/L2 boundary (=). Note the epitaxial relationship between L1 and L2.
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3.3. Compositional Characteristics
3.3.1. Bulk Chemical Analysis (Ring #1 & Ring #4)

The metallographic data suggest significant alloy mixing in the deposited material residing
between the crack and the substrate in both ring sections. Bulk chemical analysis was employed
to gain a broad sense of compositional variations within the Inconel 625 adjacent to the GRCop-
84 substrate. The three discrete sections were extracted from similar locations in Ring 1 and
Ring 4, roughly corresponding with the first four layers. The objective was to establish any
differences in the degree of solute mixing within this alloy transition region. It should be noted
that the sampling did not isolate layers and the results provide a comparison as a function of
build height alone.

The bulk composition data are presented in table 3, which is accompanied by inset images
indicating the precise locations of the analyzed sections. The top sections (C & F), representing
the region 5-8 mm from the substrate, have a composition close to that of the feed wire with the
inclusion of a small quantity of Cu. Section C in Ring 1 has a lower Cu content than Section F in
Ring 4, i.e. 0.72 vs. 2.3 wt.%. The middle sections (B & E), representing the region 3.5-5.5 mm
from the substrate, show a shift away from the wire composition due to increasing Cu content.
Section B in Ring 1 has a lower Cu content than Section E in Ring 4, i.e. 2.9 vs. 7.2 wt.%. The
bottom sections (A & D), representing the region 0-3 mm from the substrate, have a composition
that deviates significantly from that of the Inconel 625 wire as a result of a large Cu content.
Section A in Ring 1 has a higher Cu content than Section D in Ring 4, i.e. 37.6 vs. 20.6 wt.%,
respectively.

3.3.2. Microchemical Analysis (Ring #1)

Establishing a difference in Cu gradient within the first 8 mm of the build height in Ring 1 and
Ring 4 prompted a microanalytical investigation using SEM/EDS techniques. In contrast with
bulk chemical analysis, the results from microchemical analysis provided layer-specific
measures of solute blending and segregation. The first task was to quantify the Cu gradient in
the first four layers at the outer wall of the deposits. The second task was to examine the
distribution of Cu within the layers and at the interlayer boundaries. The main objective was to
determine whether the Cu gradient and/or distribution exerted an influence on the location of
crack formation. Figure 19 summarizes the analytical results from the region surrounding the
interlayer boundary at which cracking originated in Ring 1, i.e. between L2 and L3.

The BSE(compo) image shows the outer wall of the build and corresponds with the last bead
deposited in each of the first four layers. Two EDS datasets reveal the localized Cu content
measured at regular increments relative to the build height, along with the calculated average
values for each layer. The microchemistry data are in good agreement with the bulk chemistry
data with regard to the overall gradient in Cu content through the transition region. The data
indicate that the gradient is not smooth and discontinuities exist at each of the interlayer
boundaries. Of significance, the differential is most pronounced (27.6 to 3.5 wt.%) at the L2/L3
boundary, the interlayer boundary where the crack initiated.

29



Table 3. Comparison of the variation in bulk composition with increasing build height
between Ring 1 and Ring 4. Inset images illustrate specimen extraction at discrete
increments from the Sub/L1 interface for the chemical analyses.

Variations in Bulk Composition with Build Height

Inconel Elemental Composition (wt.%)
625

30
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Figure 19. SEM compositional analysis — Cu gradient as a function of build height
adjacent to the outer wall in Ring 1; BSE(compo) image showing microstructure adjacent
to the crack, accompanied by the results from a series of EDS spectra collected normal
to the crack.
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The distribution of Cu in and around the first three interlayer boundaries of the build is shown in
figure 20 and figure 21 for Ring 1 and later in figure 23 and figure 24 for Ring 4. The
distributions of Cu and Nb in and around and the substrate/build interface are also included.
Interfacial segregation of Nb may be indicative of the formation of (Ni, Cr)2(Nb, Mo) Laves
phases and/or the agglomeration of CroNb dispersoids from the substrate. As an alloy
constituent of both Inconel 625 and GRCop-84, the abundance of such Nb-bearing intermetallics
may have contributed to the crack resistance of the interface.

For Ring 1, BSE BF/compo map pairs are shown in figure 20(a) and 20(b), respectively. Figure
20(a)(i) and 20(b)(i) show the L3/L4 boundary. Figure 20(a)(i) reveals that the dendritic
microstructure is continuous across the boundary (highlighted). There is an obvious epitaxial
relationship between the dendrite colonies on either side of the boundary that is maintained with
varying orientations. Figure 20(b)(i) reveals a uniform Cu distribution within each of the
adjoining layers with little segregation at the boundary. However, there is a differential in Cu
content across the boundary; 3.5 wt.% in L3 decreases to 0.6 wt.% in L4.

When combined, figure 20(a)(ii)/20(b)(ii) and figure 20(a)(iii)/20(b)(iii) represent the L2/L3
boundary (across the crack). The BSE BF images reveal an absence of microstructural
continuity across the boundary. The dendritic structure is well-defined in L3, whereas the
dendritic structure is indistinct in L2. The compo maps reveal a markedly different Cu
distribution in the layers on either side of the crack. Cu is evenly distributed through L3 as a fine
dispersion. In contrast, the dispersion is coarse at the top of L2 and exhibits features consistent
with extensive Cu interdendritic segregation. The differential in Cu content across this boundary
is the largest; 27.6 wt.% in L2 decreases to 3.5 wt.% in L3. Of significance, there is also
evidence of additional Cu segregation at the L2/L3 boundary. The compositional maps reveal
that the upper and lower crack surfaces are decorated with a thin, continuous layer of Cu.

Figure 21(a)(i) and 21(b)(i) show the pair of images related to the L1/L2 boundary. BSE BF
imaging is unable to resolve the dendritic structure in L1 and L2 in this instance (as revealed in
figure 18). It should be noted that B7 is imaged in figure 21, whereas B3 is imaged in figure 18.
The composition map suggests that the dispersion of interdendritic Cu is finer and more uniform
in L1 than L2. The image also reveals the presence of coarse, globular inclusions of Cu
interspersed within the dendrites. There is a differential in Cu content across the boundary; 45.0
wt.% in L1 decreases to 27.6 wt.% in L2.

Figure 21(a)(ii), 21(b)(ii), and 21(b)(iii) show a BSE BF image, plus Cu and Nb compositional
maps, of the Sub/L1 interface. The Cu map suggests a finer dendritic structure at the bottom of
L1, close to the substrate interface. Figure 21(b)(ii) also reveals evidence of Cu rafting close to
and parallel with the interface. Figure 21(b)(iii) indicates that the Nb distribution is fairly
uniform in both the deposit and the substrate. The Nb content across the interface drops from 5.4
wt.% in the substrate to 4.1 wt.% in L1. These values are comparable with starting materials; Nb
content of GRCop-84 = 5.61 wt.% and Inconel 625 = 3.67 wt.% (table 2). However, a semi-
continuous decoration of Nb-containing phase(s) on the Sub/L1 interface is also evident.
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Interlayer Boundaries in Ring 1

(b) CuKa; Compo Maps

ArCu P

Figure 20. BSE imaging of interlayer boundaries in Ring 1; (a) bright field images, (b)
CuKai compo maps. The boundary characteristics shown are; (i), L4/L3; and L3/L2 is
represented by (ii), L3, and (iii), L2 (separated by the crack).
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Interlayer Boundaries in Ring 1 (cont.)

100 um

Sub: 5.4% Nb

(iii) Sub/L1

Figure 21. BSE imaging of interlayer boundaries in Ring 1 [continued]; (a) bright field
images, (b), CuKa:/NbLa;.compo maps. The boundary characteristics shown are; (i),
L1/L2 using CuKay, (ii), Sub/L1 using CuKas, and (iii), Sub/L1 using NbLa;.
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The results of spectrographic analysis of the Sub/L1 interface and surrounds are summarized in
table 4. Spectra 8 and 12 show compositions representative of the bulk of L1 and the substrate,
respectively. Spectrum 8 contains a contribution from interdendritic Cu segregation. Spectra 10
and 11 are associated with two types of phases residing at the Sub/L1 interface. The
compositions are consistent with (Ni, Cr)2(Nb, Mo) Laves being the predominant phase, but the
possibility of isolated MC (NbC) carbides remains (even with very low C content of alloy) [ref.
65]. There is also the possibility that CroNb dispersoids make a contribution to Spectrum 10.
Primary, 0.5-1.0 um diameter particles would be stable upon localized melting of the substrate
during deposition of L1 [refs. 22and 25]. Superimposed on all of these spectra is a varying Cu
content, reflecting the extensive migration of solute from the substrate into the deposited
material.

Spectrum 9 coincides with the raft-like Cu segregation, as observed in figure 21(b)(ii). The
composition of such Cu-rich regions provides an indication of the extent to which the local
incipient melting point of the deposit is depressed. It is evident that the segregation within the
build is not pure Cu, but more likely comprises a Cu/Ni solid solution. The Cu:Ni ratio is
approximately 2.2:1, which is comparable with the composition of a CuNi30 cupronickel alloy
(Ts=1170°C). As outlined in table 1, the presence of this constituent will govern melting of the
deposit (Inconel 625; Ts= 1290°C) during EBF? thermal cycling. Of significance, susceptibility
to hot cracking increases with the width of the non-equilibrium STR.

3.3.3. Microchemical Analysis (Ring #4)

Figure 22 summarizes microchemical analysis results from the region surrounding the interlayer
boundary at which cracking originated in Ring 4, i.e. between L1 and L2. The outer wall,
corresponding with B7 in each of the first four layers is shown in the BSE(compo) image. The
accompanying sets of EDS data reveal the incremental change in Cu content as a function of
build height, including the average values calculated for each layer. The overall Cu gradient
through the transition region indicated by the microchemistry data are in good agreement with
the complementary bulk chemistry data. The data reveal that discontinuities exist at each of the
interlayer boundaries and the gradient is not smooth. Of significance, the differential is most
pronounced at the site of crack formation, i.e. the L1/L2 boundary(33.8 to 13.2 wt.%).

figure 23 and figure 24 contain BSE BF/compo map pairs that reveal the Cu distribution relative
to the microstructure at each of the interlayer boundaries within Ring 4, and the distribution of
Cu and Nb at the substrate/build interface. Figure 23(a)(i) and 23(b)(i) show the L3/L4
boundary. There is a differential in Cu content across the boundary; 4.4 wt.% in L3 decreases to
1.6 wt.% in L4. Figure 23(a)(ii) and 23(b)(ii) show the L2/L3 boundary. There is a differential
in Cu content across the boundary; 13.2 wt.% in L2 decreases to 4.4 wt.% in L3. The BSE BF
images reveal epitaxial growth of dendrites across both boundaries (highlighted) and the compo
maps show a uniform dispersion of Cu in the adjoining layers with no boundary segregation.
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Table 4. Solute distribution in B7 near the Sub/L1 interface in Ring 1. Inset BSE(compo)
image shows the locations of a series of EDS spectra collected from discrete
microstructural features.

Solute Segregation at Interface in Ring 1

Spectrum Composition (wt.%)

LAYER 1

SUBSTRATE

10 Hm
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Copper Gradient Adjacent to Outer Wall in Ring 4
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Figure 22. SEM compositional analysis — Cu gradient as a function of build height
adjacent to the outer wall in Ring 4; BSE(compo) image showing microstructure
adjacent to the crack, accompanied by the results from a series of EDS spectra collected
normal to the crack.
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In combination, figure 23(a)(iii)/23(b)(iii) and figure 24(a)(i)/24(b)(i) represent the L1/L.2
boundary (across the crack). Comparing the BSE BF images reveals an absence of
microstructural continuity across the boundary. The dendritic structure is well-defined in L2,
whereas the dendritic structure is indistinct in L1. The compo maps reveal a markedly different
Cu distribution in the layers on either side of the crack. The bottom of L2 contains a fine,
uniform distribution of Cu, whereas the top of L1 contains a coarser distribution that includes
larger, globular Cu segregation. The differential in Cu content across this boundary is the
largest; 33.8 wt.% in L1 decreases to 13.2 wt.% in L2. Of significance, there is additional
segregation on the L1/L2 boundary; the crack surfaces are decorated with a thin, continuous
layer of Cu.

Figure 24(a)(ii), 24(b)(ii), and 24(b)(iii) show a BSE BF image, plus Cu and Nb compositional
maps, of the Sub/L1 interface. The Cu map reveals many globular Cu segregation at the bottom
of L1, close to the substrate interface in addition to the interdendritic segregation. The Nb map
indicates a fairly uniform distribution in L1, with the exception of the locations of the globular
Cu inclusions. The Nb content across the interface drops from 5.5 wt.% in the substrate to 4.3
wt.% in L1. Again, these values are comparable with starting materials; Nb content of GRCop-
84 =5.61 wt.% and Inconel 625 = 3.67 wt.% (table 2). Similar to Ring 1, there is also evidence
of a semi-continuous decoration of Nb-containing phase(s) on the Sub/L1 interface in Ring 4.

The results of spectrographic analysis of the globular Cu-rich segregation and surrounds in B7 of
L1 in Ring 4 are summarized in table 5. Spectra 1-4 show that the composition of the
surrounding matrix has a Cu content that varies between 17.0 and 29.8 wt.%. Spectra 5-7 show
the composition of the Cu-rich inclusions to vary between 61.5 and 76.5 wt.%. The mean value
is comparable with the average Cu content of L1 being 33.8 wt.%, as determined in figure 22.
Again, the globules likely comprise a Cu/Ni solid solution, with minor contributions from other
solute. Spectrum 5 shows a Cu:Ni ratio of 4.5:1, consistent with a CuNi20 alloy (Ts= 1140°C).
Spectra 6 and 7 show a Cu:Ni ratio of 2.3:1, consistent with a CuNi30 alloy (Ts=1170°C).
Therefore, the incipient melting point within the alloy transition zone of the deposit is depressed
by 120°C from the equilibrium solidus, Ts=1290°C. This is significant because the
corresponding increase in the STR enhances the susceptibility to hot cracking when compared
with solidification of a monolithic Inconel 625 deposit.
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Interlayer Boundaries in Ring 4

(b) CuKa, Compo Maps

L4: 1:6% Cu-.

L3:4.4% Cu

(ii) L3/L2

‘\'",3

(iii) L2

(iii) L2
Figure 23. BSE imaging of interlayer boundaries in Ring 4; (a) bright field images, (b)

CuKa: compo maps. The boundary characteristics shown are; (i), L3/L4, (ii), L2/L3, and
(iii), L2 (above the crack).
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Interlayer Boundaries in Ring 4 (Cont.)

(a) Bright Field Images

(b) CuKa,/NbLa,; Compo Maps

[1:33.8%Cu_

L1: 4.3% Nb'.

(iii) Sub/L1

Figure 24. BSE imaging of interlayer boundaries in Ring 4 [continued]; (a) bright field
images, (b), CuKa:/NbLa;.compo maps. The boundary characteristics shown are; (i), L1
(below the crack) using CuKay, (ii), Sub/L1 using CuKa:, and (iii), Sub/L1 using NbLa;.
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Table 5. Solute distribution within B7 of L1 in Ring 4. Inset BSE(compo) image shows
the locations of a series of EDS spectra collected from discrete microstructural features.

Solute Segregation in Layer 1 of Ring 4

Spectrum Composition (wt.%)
H

~[AYER1
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3.4. Fracture Characteristics

The philosophy adopted during fractographic analysis was to divide the cracking behavior into
two regimes, referred to as crack formation and crack opening. Crack formation is associated
with crack initiation and early crack propagation that likely involves progressive fracture. Crack
opening is correlated with extensive crack growth that likely involves unstable fracture.
Examination of crack formation took precedent over crack opening in order to gain the most
insight on the prevention of cracking. Consequently, the focus was on the outer half of the wall
thickness, specifically the fracture characteristics associated with B7, B6 and B5. The results are
interpreted by alluding to fracture modes and mechanisms established for weld cracking in Ni-
base alloys.

Common to both Ring 1 and Ring 4, the crack path follows an interlayer boundary that exhibits
no epitaxial growth, no dendritic bridging, and is heavily decorated with a Cu-rich phase. It has
been established that none of the other interlayer boundaries exhibit these characteristics in either
deposit. The degree of epitaxy may be correlated with the crystallographic misorientation of an
interlayer boundary. The presence or absence of epitaxial growth, may be equated with behavior
as a low- or high-angle GB, respectively [ref. 66]. Adopting this analogy, the isolated interlayer
boundaries at which cracking occurred may be treated as high-angle GBs. Fractography may
then be interpreted as intergranular separation potentially being influenced by a prominent GB
phase.

The microstructure neighboring the cracks comprises cellular dendrite colonies intersecting the
interface at a high angle. These dendritic grain structures also contain interdendritic segregation
of the Cu-rich phase. Impingement of these features on the interlayer boundary contributes to
the topography of the crack. In addition to these microstructural features, there is another factor
that will influence crack morphology. It is evident that the primary direction of fracture is from
the outer wall to the inner wall of both deposits. However, it is unlikely that crack growth in the
radial direction occurred at the same rate around the circumference. There is a high probability
that crack extension through the cross-section includes a radial and a circumferential
contribution. This eliminates interpolation of any directionality in fracture characteristics, such
as asymmetric features pointing toward the site of crack origination.

3.4.1. Fractographic Analysis (Ring #1)

In figure 25, the profile of the interlayer crack is correlated with the macroscopic and
microscopic characteristics of fracture in Ring 1. The positions of the seven, individual beads
(B7 through B1) that constitute L2 are included for reference. The SEM/BSE(compo) image in
figure 25(a) reveals that the primary crack path is relatively straight with small undulations
coinciding with the array of beads. On this scale, the only evidence of secondary cracking is in
B3 that contains a single, large crack. The higher Cu content below (L2) than above (L3) is
readily discernible along the length of the primary crack, particularly near the outer wall. The
dispersion of Cu-rich phase is coarser within B7, B6, and B5 and there appears to be more Cu
accumulation on the corresponding crack surface.

The macrograph in figure 25(b) provides a plan view of the lower crack surface (L2) traversing
the whole cross-section. Macroscopically, the surface appears dull gray and fibrous from B7 to
B2. The exceptions are B3, that contains the secondary crack, and B1, where sawing to separate
the crack created the surface finish. In general, the crack topography comprises a series of ridges
that reflect the bead spacing, but a pronounced lip between B6 and B5 (=) is evident. The
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accompanying SEM/SE(topo) images in figure 25(c) provide roadmaps for fractographic
analysis of cracking near the outer wall (B7, B6, and B5). The image reveals that the
intersection of B6 with B5 (=) coincides with a marked change in the crack surface
characteristics. A significant decrease in the surface roughness across the lip is suggestive of a
transition in fracture behavior.

A closer inspection of the change in fracture surface characteristics between B6 and B5 in Ring 1
is presented in figure 26. The BSE(compo) image in figure 26(a) reaffirms that the Cu content
below the crack (L2) is significantly higher than above the crack (L3). The location of the
pronounced lip coinciding with the intersection of an inter-bead boundary with the interlayer
boundary is also confirmed. The underlying microstructural characteristics in L2 reveal that the
dispersion of Cu-rich phase within the dendritic structure is much coarser in B5 than B6. The Cu
segregation is distributed as more widely spaced, globular inclusions, even though the level of
Cu may not have changed. Segregation of Cu between B6 and B5 and between L2 and L3 is also
evident. The inter-bead boundary is decorated with a continuous band and the interlayer
boundary is partially-decorated with Cu-rich phase that varies in thickness.

Figure 26(a) also reveals that the crack path traverses some of the Cu-rich phases residing at the
interlayer boundary. The accompanying SE(topo) images in figure 26(b) and (c) show crack
morphologies representative of the B6 and B5 cross-sections. B6 in figure 26(b) exhibits a
tortuous fracture surface with features comprising a random pattern. B5 in figure 26(c) exhibits
a much flatter fracture surface containing shallower features in a more regular pattern. Any
relationship between these fracture characteristics and either the underlying dendritic
microstructure, or the distribution of Cu-rich phase on the crack surfaces is not readily
discernible.

The higher magnification SE(topo) images contained in figure 27 outline the change in fracture
behavior during early cracking near the outer wall in Ring 1. The radial fracture direction
through B7, B6, and B5 is identified in figure 27(a) for reference. Figure 27(b), (c), and (d)
show the fracture characteristics representative of the mid-section of B7, B6, and B5,
respectively. The most noticeable difference is that the roughness of the fracture surface
progressively decreases from B7 to B5. B7 in figure 27(b) exhibits a very tortuous crack path
with some evidence of interdendritic separation. It is likely that fracture through the Cu-rich
interlayer phase contributed to smoothing of the facets. The rounded protuberances are
indicative of molten metal involvement in the fracture process [ref. 35], i.e. hot cracking in the
semi-solid state.

In contrast, fracture of B5 in figure 27(d) displays a predominantly planar surface with a textured
appearance. The sharper and finer characteristics are consistent with solid state fracture through
the Cu-rich interlayer phase and evidence of interdendritic separation is absent. The surface is
pock-marked, which is suggestive of localized plastic deformation involving microstructural
bridges through the interlayer. The dispersion of irregular-shaped and round cavities may be
indicative of dendrite tip and Laves phase pull-out, respectively [ref. 16]. The survival of such
well-defined features in the presence of molten metal is improbable, suggesting elevated
temperature fracture in the solid state by warm cracking phenomena.
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Layer 2/Layer 3 Fracture in Ring 1

Bead 4 Bead 3

(c) SE(topo) Micrograph — Crack Morphology

Figure 25. Fracture characteristics at the L2/L3 boundary through the cross-section of
Ring 1; (a), BSE(compo) image of crack profile; (b), OM fractograph of crack surface; (c),
SE(topo) images of fracture morphology in B7, B6, and B5. Note the pronounced ridge
(=) between B6 and B5.
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Fracture Transition across Bead 6/Bead 5 Intersection

= r ._ : » olv :
LAYER 3 , a0 2 Radial Fracture,
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LAYER 2

(c) Bead 5 Crack Surface

Figure 26. SEM imaging to correlate fractographic features of the lower crack surface
with the crack profile across the B6/B5 intersection in L2 of Ring 1; (a), BSE(compo)
image of crack profile; (b), SE(topo) image of B6; (c), SE(topo) image of B5. Note that the
direction of fracture is left to right.
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Changing Fracture Morphology in Ring 1 (Mid-bead)

Radial Fracture

4

(a) Crack P

(c) Bead 6 (d) Bead 5

o i

Figure 27. SEM images documenting the transition in fracture morphology between B7
and B5in L2 of Ring 1; (a), BSE(compo) image of crack profile and representative
SE(topo) images of the lower crack surface in; (b), B7, (c), B6, and (d), B5. Note that the
direction of fracture is left to right.
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Fracture across B6 in figure 27(c) may be regarded as a mixture of the morphologies exhibited
by the crack surfaces in B7 and B5. The squares highlight areas of commonality between B6 and
B7, and the circles between B6 and B5. Most of the fracture surface is tortuous, comprising
rounded dendritic protuberances that appear shallower than in B7. The surface also displays
isolated regions of flatter fracture, that comprise fine, sharp features similar to B5. Such a
description strengthens the notion of a transition in fracture behavior as the crack traversed B6.
The concept of cracking by a mixture of semi-solid state interdendritic fracture and solid state
flat fracture has been introduced previously [ref. 67]. This raises the possibility that the fracture
process involved a combination of, or a transition between, hot cracking and warm cracking
phenomena.

3.4.2. Fractographic Analysis (Ring #4)

In figure 28, the interlayer crack profile is correlated with the macro- and micro-scopic fracture
characteristics in Ring 4. The BSE(compo) image in figure 28(a) highlights a serrated crack path
that adheres to an interlayer boundary. Note that the geometry of the individual beads is more
scalloped when compared with Ring 1. The size and spacing of the serrations are coincident
with the established bead pattern from B7 through B2. There is also evidence of secondary
cracking into L1 and L2 along the primary crack, the largest residing in B5 and B4 of L1. The
differential in Cu content across the crack is clearly visible over most of the cross-section. The
dispersion of Cu appears fairly uniform and is coarser from B7 through B4. In contrast with
Ring 1, larger, globular inclusions are more isolated and are located in the vicinity of the outer
wall in B7 only. Decoration of the crack surface with Cu-rich phase is not clearly discernible in
this cross-sectional view.

The macrograph in figure 28(b) provides a better view of the lower crack surface on L1. The
correlation between the fracture path undulations and the periodicity of the bead array is
illustrated. The crack topography resembles a geological formation that consists of a series of
regularly-spaced ridges separated by valleys containing rivulets. Secondary cracking is not
evident in B7 through B5, but large secondary cracks are visible in B4 onwards. The crack
morphology in Ring 4 appears smoother and brighter than the characteristics of Ring 1. The
most noticeable feature is that the crack surface is heavily laden with shiny, Cu-rich phase near
the outer wall. B7 and B6 exhibit a continuous coating, B5 is partially coated, and coverage of
B4 is further reduced.

The SE(topo) image in figure 28(c) provides a roadmap for fractographic analysis from crack
origination in B7 to crack extension through the remaining beads. The location of figure 28(c)
within figure 28(b) is outlined for comparative purposes. The periodic arrangement of ridges
and valleys on the crack surface approximates the bead width and spacing. The bead interiors
are populated with a network of protuberances that may be a reflection of the underlying
microstructure. These vein-like features are pronounced in B7 and B6, but become much less
distinct in B5 and beyond. The diminishing Cu coating witnessed in figure 28(b) appears to
coincide with the change in fracture characteristics observed in figure 28(c).

An assessment of the transition in fracture characteristics from B6 to B5 of Ring 4 is presented in
figure 29. The BSE(compo) image of the crack profile in figure 29(a) shows that the serrated
crack has a predominantly flat surface and the Cu coating seen in figure 28(b) is indiscernible.
The higher Cu content below (L1) than above (L2) the crack is readily apparent. The dispersion
of the Cu-rich phase does not alter from B6 to B5, being comparable with the size/distribution
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observed in B6 of Ring 1. The SE(topo) images in figure 29(b) and (c) reveal that the fracture
morphology in B6 and B5 has much in common. The indistinct characteristics are consistent
with decohesive rupture through the interlayer phase in the semi-solid state. The crack surface
gently undulates between protruding ridges, the most prominent being oriented parallel to the
radial direction. Many of these ridges are likely associated with intersection of the SGBs
separating dendrite colonies with the fracture surface (figure 5).

There is a decrease in the surface roughness between B6 and B5 that could be related to an
increase in the crack growth rate and is manifested in two ways. First, the ridges are fewer and
protrude less in B5 than B6, as highlighted by the insets. Second, the topography of the regions
between these protrusions, the majority of the fracture surface, is flatter. In B6, these regions
display a random, speckled appearance and are punctuated with smaller ridges of varying
orientation. The contours of these minor ridges may be a reflection of fluid flow in the interlayer
during cracking. The curvature and orientation of a few ridges are also reminiscent of the beach
markings observed on fatigue fractures [ref. 41]. In B5, the regions between the larger ridges
exhibit a periodic, textured appearance and the network of curved smaller ridges is absent. This
transition suggests a reduction in thickness of the molten interlayer, thereby exposing traces of
the cellular dendritic structure beneath.

The changes in fracture characteristics during early cracking near the outer wall in Ring 4 are
depicted in figure 30. The BSE(compo) image in figure 30(a) outlines the serrated crack profile
and identifies the radial fracture direction. The higher magnification SE(topo) images in figure
30(b), (c), and (d) are representative of the topographic features at the mid-bead location in B7,
B6, and B5, respectively. The bulk of the fracture surface, between the ridges, is flatter than the
topography observed in figure 27 for Ring 1. As shown in figure 28(b), the smoothness of the
features is suggestive of semi-solid state fracture through the Cu-rich interlayer. In figure 30(b),
the characteristics in B7 comprise a jagged, almost ductile appearance, and evidence of the
underlying dendritic structure is absent. In figure 30(d), B5 exhibits a planar, almost brittle
appearance, and the periodic array of fine protuberances resembles the tips of cellular dendrites
(figure 5). In figure 30(c), a closer inspection of B6 suggests that the curved features may be
indicative of successive positions of an advancing crack front. In general, the surface
morphology in B6 may be described as a mixture of the features contained within B7 and B5.
The squares highlight areas of commonality between B6 and B7, the circles between B6 and B5.
This suggests a gradual change in fracture characteristics from B7 to B5, the progression being
most evident across B6.

In contrast with Ring 1, the transition between B6 and B5 is not related to a change in fracture
behavior, i.e. hot cracking to warm cracking. The difference in characteristics is reminiscent of
figure 9 and is more likely related to a decrease in the volume of terminal liquid present during
fracture [ref. 35]. Therefore, hot cracking through the interlayer phase persists in B5, but traces
of the underlying cellular dendritic structure have emerged. The so-called eggcrate pattern
associated with such decohesive rupture has been observed in both melted and re-solidified GB
phases, i.e. following fracture in either the semi-solid or solid state [ref. 41]. The characteristics
observed in figure 28(c) suggest a progressive shift towards solid state fracture, but these
observations indicate that the transition to warm cracking occurred beyond B5 in Ring 4.
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Layer 1/Layer 2 Fracture in Ring 4

Bead 6 o : Bead 3 Bead 2
LAYER 2 :

(a) BSE(compo) Micrograph — Crack Profile

e, »

(b) OM Fractograph — Crack Surface

[0

o

(c) SE(topo) Micrograph — Crack Morphology

Figure 28. Fracture characteristics at the L1/L2 boundary through the cross-section of
Ring 4; (a), BSE(compo) image of crack profile; (b), OM fractograph of crack surface; (c),
SE(topo) image of fracture morphology. Note the Cu coating on the fracture surface that
diminishes from left to right.
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Fracture Transition across Bead 6/Bead 5 Intersection

LAYER 2

Bead 5

(a) BSE(compo) Micrograph — Crack Profile

=

(c) Bead 5 Crack Surface

(b) Bead 6 Crack Surface

Figure 29. SEM imaging to correlate fractographic features of the lower crack surface
with the crack profile across the B6/B5 intersection in L2 of Ring 4; (a), BSE(compo)
image of crack profile; (b), SE(topo) image of B6; (c), SE(topo) image of B5. Note that the
direction of fracture is left to right.
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Changing Fracture Morphology in Ring 4 (Mid-bead)
L

Bead 7 Bead 6

£

(c) ead 6

Figure 30. SEM images documenting the transition in fracture morphology between B7
and B5in L1 of Ring 4; (a), BSE(compo) image of crack profile and representative
SE(topo) images of the lower crack surface in; (b), B7, (c), B6, and (d), B5. Note that the
direction of fracture is left to right.
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4. Discussion
4.1. Microstructural Evidence

The primary objective of this investigation was to ascertain the metallurgical reasons for the
premature cracking during EBF? of Ring 1 and Ring 4. The initial premise was that prevailing
conditions at the union between GRCop-84 and Inconel 625 were most favorable for crack
formation in both cases. First, the substrate/build interface was heavily decorated with brittle,
intermetallic phases, representing a low-resistance crack path. Second, the combined effects of
solidification shrinkage and differential CTE were optimal, exerting the largest driving force for
fracture. Unexpectedly, cracking did not occur at the interface, but entirely within deposited
material close to the substrate. The primary crack path was confined to an interlayer boundary in
builds produced under markedly different processing conditions. This evidence strongly
suggested that the cohesive strength of the fractured boundary was inferior to that of the
substrate/build interface in each instance.

In Ring 1 and Ring 4, the microstructure of the deposited material exhibited a cellular dendritic
structure oriented in close proximity with the build direction. This alignment reflected the
dominant heat flux direction through the substrate. The resultant absence of dendrite branching
during cellular dendritic solidification limited segregation between the growing colonies [ref.
29]. As a consequence, low melting point constituents were free-flowing, rather than trapped,
and tended to be propelled ahead of the advancing S-L interface (figure 6). This may explain the
propensity for the Cu-rich phase to accumulate at interlayer boundaries within the alloy
transition zone of the deposits.

An ‘interlayer boundary’ in layer additive builds may be considered analogous to an ‘inter-pass
boundary’ in multiple bead welds. Such boundaries are confined to the perimeter of weld beads
and separate freshly deposited from previously deposited metal. Therefore, interlayer boundaries
can exhibit characteristics similar to SGBs, but the process by which they form is different.
SGBs are created by impingement of dendrite colonies during weld solidification. The
misorientation of such boundaries is governed by the crystallographic mismatch between the
adjacent dendritic colonies. As depicted in figure 5, a low-angle or high-angle SGB can result
that depends on the inclination of the convergent dendritic growth.

In contrast, the formation of interlayer boundaries involves advancing dendritic growth, the
solidification front migrates away from the re-solidified dendritic grain structure in the preceding
layer. A close orientation relationship between dendrites across such boundaries signifies
epitaxial growth and the creation of a low-angle SGB. Limited dendritic growth can traverse the
interface, but the presence of excessive terminal liquid can inhibit such ‘microstructural

bridging’ [ref. 36]. In effect, the loss of epitaxy results in the formation of a high-angle SGB that
is prone to intergranular segregation and fracture mechanisms [ref. 66].

The current evidence suggests that continuous layers of segregation within the deposited metal
were unable to sustain the thermally-induced stresses generated during solidification and
subsequent cooling. In Ring 1 and Ring 4, the crack progressed along a single interlayer
boundary that represented a path of least resistance when compared with all other interlayer
boundaries. In both cases, the fractured boundary was heavily-decorated with a Cu-rich phase
and exhibited a lack of epitaxy between the adjacent layers. The intergranular appearance of the
fracture was consistent with the isolated, interlayer boundary behaving like a high-angle SGB.
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4.2.

The solubility limit of Cr, Mo, and Nb in Cu was low in the liquid state, and minimal in the solid
state [ref. 50]. The complete miscibility of Ni in Cu and the limited solubility of the other solute
elements dictated that segregation comprised a Cu/Ni solid solution. The Ni content of these Cu-
rich zones within the material transition zone governed the incipient melting point of the first
few deposited layers. Microchemical analysis of Ring 1 and Ring 4 suggested that the
composition of the Cu-rich segregation was comparable to the cupronickel alloy CuNi30. As
illustrated in figure 31, the STR of this alloy is 1170°C to 1240°C. In comparison, the Ts and T,
of monolithic Inconel 625 are 1290°C and 1350°C, corresponding to an equilibrium STR of

AT =60°C (table 1). As a consequence, the incipient melting point was reduced from 1290°C to
1170°C, resulting in a non-equilibrium STR of AT = 180°C. This increased the duration and
volume of terminal liquid at the end of solidification and promoted hot cracking between the
deposited layers in the alloy mixing zone.

Compositional Evidence

Copper-Nickel Phase Diagram
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Figure 31. Using the Cu-Ni phase diagram to illustrate the dependence of the STR on the
Ni content of a Cu-rich phase in an Inconel 625/GRCop-84 blend. Note that the
composition of the Cu/Ni solid solution governs the incipient melting point in the alloy
mixing zone.

An attempt to establish a relationship between solute mixing of the dissimilar alloys and the
location of crack formation in the_semi-solid state is illustrated in figure 32. The bulk chemistry
and EDS analyses encompassing the first four layers in each deposit are compared in figure
32(a). The initial crack path resided between L2 and L3 in Ring 1 (figure 32(b)), but betweenL1
and L2 in Ring 4 (figure 32(c)). The same processing parameters were employed to deposit L1
in Ring 1 and Ring 4. Therefore, the Cu content in L1 was equal for both builds prior to the
deposition of subsequent layers (L2+). The processing conditions for L2+ in Ring 1 and Ring 4

53



were such that no appreciable change in the layer height or the re-melt depth was expected. It
was anticipated that the twofold increase in the substrate temperature would promote Cu
migration into the build in Ring 4.

(a) 50 . :
Ring 1 vs. Ring 4
—— SEM/EDS
a0 b - -- Bulk Chem.
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Figure 32. Possible correlation between Cu gradient and location of crack formation: (a)
bulk chemical analysis and EDS data; (b), fracture at the L2/L3 boundary in Ring 1; (c),
fracture at the L1/L2 boundary in Ring 4.
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The independent results are comparable and the bulk chemistry data reveal that the total Cu
content is actually lower in Ring 4 than Ring 1, particularly in L1 and L2. The EDS data reveal
that the plots for Ring 4 and Ring 1 have the same slope, indicating that the Cu gradient is
similar. However, the area beneath the curve is less, indicating that the total Cu content is lower.
When combined, the two datasets reveal that the average Cu content of L1 + L2 = 37 wt.% in
Ring 1 and only =~ 22 wt.% in Ring 4. The presence of less Cu is indicative of less solute mixing
in the build, which is in apparent conflict with the higher substrate temperature. Evidently, the
change in the location of crack initiation in the semi-solid state is not related to a differential in
Cu migration into the initial layers.

There is a plausible explanation for the lower total Cu content in Ring 4 than Ring 1 that may
account for the differing crack location. The Cu from the GRCop-84 substrate contained in the
first few layers will be highly fugitive under Inconel 625 deposition conditions [ref. 69]. The
vapor pressure at 1500°C is 2.5 x 107 torr for Cu, and 7 x 107 torr for Ni [ref. 70]. The
vaporization temperature at 107 torr is 942°C for Cu, and 1142°C for Ni [ref. 71]. The higher
superheat and average bulk temperature employed for Ring 4 implies increased Cu loss. A
possible consequence is that the Cu-rich film forms at an interlayer boundary closer to the
substrate. This eventuality may have shifted the location of crack initiation at an interlayer
boundary from L2/L3 in Ring 1 to L1/L2 in Ring 4. The subsequent solidification of the Cu/Ni
solid solution may have influenced the location of crack propagation in the solid state.

Formation of a weak phase at an interlayer boundary creates an interface susceptible to de-
bonding via a mismatch in strength (aka GB embrittlement) [refs. 43and 44]. The RT yield
strength of monolithic Inconel 625 is in the range of oy = 350-485 MPa in the as-solidified
condition (table 1). In contrast, the CuNi30 alloy exhibits a RT yield strength in the range of oy
= 120-250 MPa in the as-cast condition. Inconel 625 layers containing interdendritic Cu
segregation are likely to exhibit an intermediate RT yield strength. It may be argued that an
interlayer boundary containing abundant Cu-rich phases has the lowest fracture resistance among
all boundaries. This includes the substrate/build interface that is heavily decorated with Laves
phases and possibly CroNb dispersoids that tend to be strong, but brittle [refs. 54and 72].
Current observations are consistent with the cohesive strength of the interface being sufficient
that fracture initiated elsewhere.

The attempt to correlate solute mixing of the dissimilar alloys with the location of extended
crack growth in the_ solid state is illustrated in figure 33. Estimates of the localized variations in
yield strength resulting from the distribution of Cu in the Inconel 625 deposit are postulated in
figure 33(a). A strong Inconel 625 - Inconel 625+lo Cu boundary, (3), containing low interlayer
Cu is shown in figure 33(b). A weak Inconel 625+lo Cu - Inconel 625+hi Cu boundary, (2),
decorated with the CuNi30 phase is shown in figure 33(c). A strong Inconel 625+hi Cu -
GRCop-84 interface, (1), decorated with non-Cu intermetallic phases is shown in figure 33(d).

The variations in estimated yield strength as a function of build height show that an interlayer
boundary continuously decorated with a CuNi30 alloy phase represents a favorable crack path.
In addition, the influence of such a YSM phenomenon would be at a maximum between that
particular boundary and the directly adjacent layers. The solute gradient determines the Cu
content of the layer beneath the boundary and the local solute distribution governs the amount of
Cu segregated at the interlayer. The location within the build of the boundary at which this
segregation is most prominent has the lowest probability of accommodating thermally-induced
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stresses. Therefore, the distribution of Cu, as manifested by regional variations in yield strength,
may be correlated with the preferential path for crack propagation in the solid state.

Correlation of Yield Strength Mismatch with Fracture Location
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Figure 33. Potential correlation between location-dependent strength and preferential
fracture path: (a), RT yield strength associated with the initial layers and interlayers; (b),
strong, low Cu interlayer; (c), weak, high Cu interlayer; (d), strong, non-Cu bearing
intermetallics at the substrate/build interface.
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4.3. Fractographic Evidence

Variations in the fracture morphology through the build cross-section are consistent with
cracking over a broad temperature range in both Ring 1 and Ring 4. The fracture behavior can
be categorized into two regimes, namely crack formation and crack opening, that appear to be
temperature-dependent. Crack formation refers to crack initiation and early crack propagation
via progressive fracture, and crack opening refers to extensive crack growth via unstable
fracture. The non-equilibrium solidus of Ts~= 1,170°C, based on the ~ 30 wt.% Ni content of the
Cu-rich interlayer, represents the lower limit for the semi-solid state. The data suggest that crack
formation occurred at super-solidus temperatures and crack opening at sub-solidus temperatures.
Crack initiation in B7 was by hot cracking in Ring 1 and Ring 4. Early crack propagation in B6
was by warm cracking in Ring 1, but hot cracking persisted in Ring 4. Extensive crack growth
by cold cracking commenced in B5 in Ring 1, but was delayed beyond B5 in Ring 4.

In Ring 1 and Ring 4, the fractographic evidence reveals that cracking occurred exclusively
along a single interface separating consecutive layers of deposited beads. The loss of epitaxy
across the separated interlayer boundary effectively resulted in the crack path following a high-
angle GB. Therefore it may be inferred that crack formation was dominated by IGF in both
instances. The surface topography is consistent with IGF through the Cu-rich interlayer phase in
B7, B6, and B5 of the layer beneath the crack. In B7, crack initiation occurred at super-solidus
temperatures in the semi-solid state for both ring sections. In B6 of Ring 1, early crack
propagation occurred at temperatures just below the solidus in the solid state. In B5 of Ring 1,
extensive crack growth occurred at temperatures approaching ambient in the solid state. In B6
and B5 of Ring 4, early crack propagation continued at super-solidus temperatures, i.e. in the
semi-solid state. In contrast with Ring 1, the crack morphology indicates that the transition to
extensive crack growth in the solid state did not occur in B5. This is a consequence of the
differing EBF® conditions and likely reflects the higher bulk temperature employed during
deposition of Ring 4.

Reports specific to interpass, rather than interbead, fracture during multi-pass welding are sparse,
particularly in relation to the semi-solid state. Such boundaries are more prevalent in a layer
additive build than is customary in multiple bead welds. In this case, attributing hot cracking to
an established phenomena, such as SC, LC, or WMLC, may be open for debate. As illustrated in
figure 8, both SC and LC involve GB segregation that culminates in IGF [ref. 28]. SC is
associated with terminal liquid entrapment between converging solidification fronts [ref. 36]. It
follows that SC occurs during boundary formation within the FZ, i.e. at SGBs. In contrast, LC
involves localized fusion of low melting point constituent residing at pre-existing boundaries
[ref. 36]. During single pass welding, LC occurs at GBs in parent metal within the HAZ.
Likewise, WMLC occurs at GBs in previously deposited weld metal during multi-pass welding
[ref. 37].

The contention with interpreting the present observations arises from the fact that WMLC is
customarily associated with interbead boundaries residing out of the welding plane [ref. 48].
Invoking the characteristics of LC where fracture exhibits multiple orientations, WMLC at
interbead boundaries oriented parallel with the welding plane can be expected. Such interfaces
between consecutive rows of beads constitute interlayer boundaries in a layer-by-layer AM
scenario. The physical constraints in the current build, that is freestanding and circular, differ
from those commonly encountered in multi-pass welding [ref. 37]. It is reasonable to attribute
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hot cracking to WMLC in the PMZ at a ‘pre-segregated’ interface, driven by differential thermal
contraction [ref. 35].

Beyond B7 in Ring 1, the crack morphology is consistent with solid state fracture at elevated
temperatures in B6, and temperatures closer to ambient in B5. In B6, the fracture characteristics
may conform with established modes and mechanisms, but the alloy mixing and unique
microstructure may alter conditions. In contrast with precipitation-strengthened Ni-base alloys,
solid solution-strengthened alloys, such as Inconel 625, are normally not prone to warm cracking
by DDC, RC, or SAC phenomena [ref. 36]. However, the abundant quantities of a Cu-rich phase
created by blending with GRCop-84 may increase the susceptibility. The progressive fracture
may be the result of TMF or LCF phenomena caused by the repetitive heating [ref. 40]. This
raises the possibility that such elevated temperature, solid state mechanisms may have
contributed to the fracture behavior. In B5, the fracture characteristics are commensurate with
unstable crack growth involving cold cracking phenomena. Common descriptors include tensile
overload, or ‘pop-in’ fracture caused by excessive residual stresses [ref. 45]. The location of the
crack path within the Cu-rich interlayer in response to thermally-induced stresses also suggests
that the proposed YSM phenomenon exerted a major influence on solid state fracture [ref. 44].

In Ring 4, hot cracking appears to persist through B7, B6, with a possible transition to warm
cracking in B5. The predominant fracture mode during hot cracking entails decohesive rupture
through an interlayer phase in the semi-solid state. The surface topography exhibits features
reminiscent of immersion in liquid metal and is suggestive of fracture via a LME-type
mechanism [ref. 43]. The changing fracture characteristics are consistent with a progressively
decreasing thickness of molten interlayer phase [ref. 35]. In B5, this reduction in the volume of
terminal liquid permits the underlying dendritic structure to emerge and the classic ‘eggcrate’
pattern to form. This fracture morphology has been attributed to material that is in either a
melted or re-solidified condition [ref. 41]. The increased sharpness of the topographic features
could be an indicator of a contribution from elevated temperature, solid state fracture. This
warm cracking behavior has been described as macroscopically brittle, but microscopically
ductile; when such limited plastic deformation is involved in fracture [ref. 42].

During the EBF® operations, the detection of crack opening was difficult and detecting crack
formation was impractical. Deposition of Ring 1 was terminated when crack opening was
detected, hence the lesser, ~ 36 mm build height. In contrast, crack opening was not detected
during deposition of Ring 4 and the build progressed to the scheduled height of ~ 66 mm. In the
absence of real-time diagnostics, such as thermal imaging, visual inspection was the only method
available. Line-of-sight was restricted by the geometry of the processing equipment, particularly
the surrounding vacuum chamber. Although the timeline for crack formation was indeterminate,
the data presented provide some insight on the temperature-dependence of fracture events.

The fractographic results from both deposits are consistent with crack formation by hot cracking
at super-solidus temperatures. This is in apparent conflict with cracking only being detected
during post-deposition cooling in Ring 4. However, this discrepancy can be resolved if it is
assumed that crack formation resulted in hairline fractures undetected during deposition.
Consequently, it was surmised that the detection of cracks was only possible in the event of
extensive crack growth. This explanation indicates that the current fractographic analyses of
temperature-dependent characteristics are incomplete. Examination of mating fracture surfaces
and spectrographic analysis of the fracture surfaces may provide more definitive evidence.
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4.4. Driving Forces

The metallurgical factors considered so far do not include the driving forces responsible for the
premature cracking. Thermal contraction was constrained by the circular geometry of the builds
creating residual stresses, a very similar scenario to the circular patch weld test shown in figure 7
[ref. 37]. Two temperature-dependent sources were compatible with creating a crack-opening
moment in the vicinity of the substrate/build interface. As shown in figure 34, tensile stresses
were generated both by shrinkage strains while the deposit was in the semi-solid state, and by
differential thermal contraction upon reaching the solid state. Potentially, both make a
contribution at intermediate temperatures surrounding the solidus, i.e. in a localized semi-solid
state.

The temperature regimes over which these mechanisms were active were separated by the non-
equilibrium solidus, Ts~ 1,170°C. At super-solidus temperatures, solidification shrinkage of the
semi-solid Inconel 625 was constrained by the solid GRCop-84. At sub-solidus temperatures,
thermal contraction of the GRCop-84 substrate was constrained by the Inconel 625 build.
Therefore, material in the vicinity of the interface was subjected to bending/tearing loads
throughout the processing temperature window.

The volumetric shrinkage associated with the liquid-to-solid transition in Inconel 625 is ~ 8
vol.% as the temperature decreases from 1500°C to 20°C [refs. 52and 73]. This constitutes the
driving force for crack initiation involving hot cracking phenomena. As indicated previously in
figure 10, the mean CTE in the 20-1000°C range for GRCop-84 and Inconel 625 is 19.2 x 10°
m/m-°C and 16.6 x 10 ® m/m-°C, respectively [refs. 53and 57]. Therefore, thermal contraction
was ~ 16% greater in the substrate than in the deposit following solidification. This constitutes
the primary driving force for extensive crack growth via cold cracking phenomena. A
combination of the two constitutes the driving force for early crack propagation including warm
cracking phenomena.

The target substrate temperature during EBF® was Tsup < 250°C for Ring 1 and Tsyp = 400-
550°C for Ring 4. Therefore, the process was frequently interrupted during deposition of Ring 1;
the pauses between layers allowing the substrate temperature to equilibrate at Tsun~ 250°C. By
contrast, the processing schedule was almost continuous during deposition of Ring 4; such
interruptions proving unnecessary to maintain the substrate at Tsus~ 500°C. This difference in
EBF2 operations may be used to explain why crack opening was detected during deposition of
Ring 1, but after deposition of Ring 4. It is suggested that the magnitude of residual stresses only
became sufficient to cause extensive crack growth at Tsu, < 250°C. Higher processing
temperatures may also have promoted hot cracking in B7 through B5 in Ring 4.

The temperature of the Ring 1 build entered this regime during the cooling intervals between
every layer. However, the Ring 4 build was not subjected to such thermal excursions and only
entered this temperature regime during post-deposition cooling. It is probable that unstable
fracture only occurred during periods of static cooling in both cases. This also substantiates the
notion that the event may be categorized as cold cracking, since the temperature is far below the
non-equilibrium solidus, Ts~ 1,170°C. Further, the final build height was ~ 36 mm in Ring 1,
but increased to =~ 66 mm in Ring 4, resulting in almost twice the deposit volume. Such an
increase in thermal mass would reduce the cooling rate and delay the effects of differential CTE.
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Origins of Crack Opening Moment near Substrate/Build Interface
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Figure 34. Origins of crack-opening moment in the vicinity of the substrate/build
interface: (a), solidification shrinkage in Inconel 625; (b), differential CTE between Inconel
625 and GRCop-84. Note that both generate tensile/tearing loads over a broad
temperature range.
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5)

6)

7)

5. Summary

A series of EBF trials designed to alleviate premature cracking during axial deposition
of Inconel 625 onto a cylindrical GRCop-84 substrate was unsuccessful. The focus of the
parametric study was to reduce thermally-induced, residual stresses by progressively
increasing the average bulk temperature. The processing conditions for Ring 1 and Ring
4 included in this failure investigation represented the lower and upper limit of the
substrate temperature employed.

The substrate was preheated to Tsup = 200-250°C prior to deposition of the initial layer in
both cases. During deposition of subsequent layers, the temperature was restricted to Tsub
<250°C for Ring 1 and maintained at Tsu, = 400-550°C for Ring 4. The most significant
difference between the processing conditions was the frequency and duration of the
beam-off intervals between successive layers in order to equilibrate the substrate at the
target temperature.

In the case of Ring 1, the premature cracking was detected during deposition and the
EBF trial was aborted at a build height of ~ 36 mm. In the case of Ring 4, the trial
progressed to the scheduled build height of ~ 66 mm and cracking was only detected
during post-deposition cooling. The outer wall of both deposits exhibited circumferential
cracks that were located in the vicinity of the Inconel 625/GRCop-84 interface.

In both ring sections, cracking occurred along an interlayer boundary within the build,
rather than at the substrate/build interface. The deposited layers exhibited a cellular
dendritic microstructure with epitaxial growth across most of the interlayer boundaries,
with the exception of the boundary that succumbed to premature cracking in each case.
The crack was located between layer 2 and layer 3 in Ring 1, and between layer 1 and
layer 2 in Ring 4.

The cracked boundary exhibited unique microstructural characteristics that were common
to both Ring 1 and Ring 4. In addition to the lack of microstructural bridging (epitaxy),
interlayer segregation of abundant Cu-rich phase was another unique feature. The
constituent comprised a cupronickel solid solution, demonstrated to have a Ni content of
~ 30 wt.%. This alloy composition was commensurate with a much lower melting point
and yield strength than the adjacent Inconel 625 layers.

It was surmised that the isolated interlayer boundary behaved like a high-angle GB and
the fracture behavior could be classified as intergranular. The formation of the Cu-Ni30
phase in the semi-solid state caused a localized reduction in the solidus temperature of the
Inconel 625 deposit from Ts~ 1,290°C to Ts~ 1,170°C. The net result was a significant
increase in the STR (from AT = 60°C to AT = 180°C), the volume/longevity of terminal
liquid, and the susceptibility to hot cracking.

Subsequently, the presence of the CuNi30 alloy phase in the solid state caused a local

reduction in the yield strength of the build material from oy ~ 350 MPa to oy ~ 250 MPa.
This created a weak interface at sub-solidus temperatures and a preferential crack path for
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8)

9)

warm cracking and/or cold cracking. Therefore, IGF was promoted by the continuous
film of interlayer segregation over the entire processing temperature range.

During the EBF? trials, deposition of the ring sections comprised seven overlapping
beads (B1 through B7) in each of the = 2 mm thick layers. The deposition sequence
commenced at the inside diameter (B1) and advanced towards the outside diameter (B7).
In Ring 1 and Ring 4, circumferential cracking started at the outer wall and progressed
radially towards the inner wall, extending > 80 % through the ~ 19 mm wall thickness.

Fractographic data were consistent with crack formation during deposition and crack
opening during periods of static cooling in both Ring 1 and Ring 4. The fracture
morphology in Ring 1 indicated hot cracking in B7, warm cracking in B6, and cold
cracking in B5. The fracture morphology in Ring 4 indicated fracture by hot cracking in
B7 through B5. Decohesive rupture was the fracture mode with WMLC in the semi-solid
state and tensile overload/ YSM in the solid state being the likely fracture mechanisms.

10) Crack initiation and early propagation in B7 and B6 likely involved progressive fracture

driven by solidification shrinkage in the Inconel 625 build (=~ 8 vol.% mismatch).
Extensive crack growth in B5 and beyond likely involved unstable fracture driven by
differential CTE between the build and substrate (=~ 16 vol.% mismatch) after
solidification. The alloy transition zone of the deposit where cracking occurred was
subjected to tensile/tearing loads during both thermal cycling and static cooling.

11) It is important to emphasize that the premature cracking that hindered the production of

test coupon materials was not encountered during EBF® of the rocket engine component.
Differential thermal contraction in the circular cross-section created tensile forces within
axial deposits, but compressive forces within radial deposits. As a consequence,
solidification shrinkage and differential CTE did not generate a crack opening moment
during cladding of the GRCop-84 thermal liner with the Inconel 625 structural jacket.
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6. Recommendations

The implications of this investigation for applying DED/AM processes to the construction of
multi-alloy components are significant. Accounting for differential thermal contraction over the
entire processing temperature range is a necessity and in common practice. However, this study
also demonstrates that a detailed understanding and careful control of alloy blending during
EBF3 of dissimilar materials may be paramount in producing deposits with high metallurgical
and structural integrity. Using the deposition of Inconel 625 onto GRCop-84 as an example, the
Ni content of any Cu-rich segregation governs Ts of the terminal liquid within the alloy transition
zone. This is important because the susceptibility to hot cracking during EBF® increases with the
width of the non-equilibrium STR.

This study suggests several approaches that might alleviate premature cracking during EBF® of
dissimilar materials. The first approach is to reduce thermally-induced stresses by modifying the
deposition sequence using incumbent EBF® parameters. The current sequence comprises
depositing beads side-by-side, starting at the inner wall and progressing to the outer wall. A
better sequence might involve depositing beads side-by-side, starting at the outer wall and
progressing to the inner wall. An alternative is to employ a wider spacing for early beads and
backfilling with later beads. A variation on this methodology might include building a ‘fence’ at
the outer wall during initial deposition, or adjusting the deposition offset between adjacent beads.

The second approach is to transition the solidification mode from cellular dendritic to columnar
dendritic grain growth using revised EBF® parameters. This might promote entrapment of the
molten Cu-rich phase between growing dendrite colonies, thereby reducing the volume of
terminal liquid ahead of the advancing S-L interface (figure 6). It is assumed that decreasing the
total volume is difficult without adjusting the alloy composition, but it is possible to modify the
distribution. The objective would be to discourage interlayer segregation oriented normal to the
tearing load, and encourage interdendritic segregation oriented parallel with the tearing load.
This could disrupt the continuity of the Cu-rich phase, increase the interlayer strength, and
reduce the susceptibility to hot cracking.

The third approach is to introduce a ‘buttering layer’, thereby reducing the compositional
gradient between the substrate and the deposit. There will be flexibility with regards to selection
of deposition technique and the layer thickness needs to be compatible with the structural
application. The composition of the feed wire needs to readily blend with both of the dissimilar
materials if EBF® is employed. Monel 400 that is readily available as weld wire [ref. 74], is a
good candidate for an intermediate layer during EBF® of Inconel 625 onto GRCop-84 Referring
to figure 31, the STR of this Ni + 28-34 wt.% Cu alloy comprises Ts =~ 1,170°C and T, =
1,240°C, which is highly compatible. The binary composition also implies a solid solution alloy,
i.e. the formation of no brittle, intermetallic phases during solidification.

Combining these approaches may prove to be the most effective method, i.e. reduce the driving
force, modify the microstructure, and tailor the solute gradient. The proposed EBF?
methodology concentrates on preventing crack formation, rather than arresting crack opening.
The target is modification of the compositional transition within the alloy mixing zone adjacent
to the substrate. These concepts may also apply to AM of dissimilar alloys using other DED
processes, including powder-based techniques. This study also indicates that the orientation of
functional gradients with respect to structural loads must be considered for AM involving alloys
of any combination.
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