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Abstract A continuous wave 5 kW fiber laser welding
system was used to deposit INCONEL® alloy 718 (IN718)
layers in conduction mode by applying filler wire with a
composition similar to the parent metal, which was extracted
directly from a scrapped, service-exposed IN718 aerospace
component. The quality of the deposits was characterized in
both the as-deposited and fully heat-treated conditions in
terms of the macrostructure, defects, microstructure, and
hardness. Integral deposits with no visible porosity were
obtained using the fiber laser deposition technique. In the
as-deposited clad zone, weld metal liquation cracking led to
the presence of minor microcracks in the lower layer beads
near the layer interface. The crack healing behavior observed
after post-clad heat treatment of the IN718 deposits supports
the marked potential of using the laser deposition technique
by filler wire addition to manufacture and repair/remanufac-
ture superalloy components for aerospace applications.

Keywords Direct laser deposition . Fiber laser . Superalloy .

IN718 . Filler wire

Abbreviations
ADed As deposited
ASed As-serviced
CZ Cladding zone
HAZ Heat-affected zone
PCHT Post-clad heat treatment
PM Parent metal
PMZ Partially melted zone
STA Solution treatment and aging

1 Introduction

Additive manufacturing has become an emerging manufac-
turing and remanufacturing (repair) technique for aerospace
materials such as INCONEL® alloy 718 (IN718) [1–3], par-
ticularly using a laser beam as the heating source. High-energy
density laser welding is characterized by high processing
speed and low overall heat input that minimizes the fusion
zone and heat-affected zone (HAZ), and renders low distor-
tion [4–7]. In the case of IN718, it was also reported that the
HAZ microfissures, widely encountered during welding, can
be avoided by using a low-power pulsing wave Nd:YAG laser
[4, 8, 9] and a high-power CO2 laser [4, 10]. In recent years,
the innovative progress of disk and fiber lasers has enhanced
the process capabilities over conventional CO2 and Nd:YAG
lasers due to their marked advantages including high energy
efficiency, good beam quality, power scalability, flexible fiber
beam delivery, small footprint, good process versatility, auto-
mation capacity, and low overall costs [11–14]. However,
research and industrial experience with these relatively new
laser systems are presently limited and of avid interest for
technological evaluation and development.

During direct laser deposition, the filler material used is
mainly fed in the form of powder or wire. Compared to powder
feeding, the use of filler wire has several advantages including
lower cost, higher material efficiency (less waste), lower con-
taminant pick-up (higher quality), lower oxidation (fewer
defects), and higher deposition rate (productivity) [15, 16].
Also in deliberation of the availability of a wide range of filler
wire materials and continuous precision wire feeding systems
that have been developed/integrated for welding, the adapta-
tion of filler wire for deposition is inherently less complex [17,
18]. To this end, satisfactory metal transfer can well be achie-
ved when the filler wire is fed at an impingement angle of 30°
and positioned to the exact edge of the molten pool [17].

As deposition of IN718 using a high-power fiber laser and
filler wire feeding is an emerging technology, reported data
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on the metallurgical and mechanical properties of the resul-
tant IN718 deposits is limited and thus it is necessary to
substantiate the suitability of this technology for aerospace
component manufacturing and repair. Hence, this research
work, which forms part of a larger collaboration on manu-
facturing technology development of Ni-based superalloys,
was undertaken to investigate the viability of additive man-
ufacturing and repairing IN718 using a continuous wave
fiber laser with filler wire addition. To simulate industrial
conditions, the deposits were built on parent metal (PM)
substrates extracted from serviced IN718 aerospace compo-
nents. The deposits were then evaluated in terms of macrostruc-
ture, microstructure, defects, and hardness (Vickers, Brinell, and
Rockwell) in the as-deposited (ADed, i.e., non heat treated) and
the post-clad heat-treated (PCHTed, i.e., solution heat treated
and aged) conditions.

2 Experimental

The laser equipment used consisted of an IPG Photonics
5 kW continuous wave solid-state Yb-fiber laser system
(YLR-5000) equipped with an ABB robot. A collimation
lens of 150 mm, a focal lens of 250 mm, and a fiber diameter
of 600 μm were employed to produce a nominal focusing
spot diameter of approximately 1.0 mm. In this study, a
positive defocusing distance of +12 mm was used to obtain
a laser power density of 2×104 W/cm2. The fiber laser beam
with a wavelength of about 1.07 μm was positioned on the
top surface of the deposits. The laser head was inclined 2–3°
both along the lateral side and from the vertical position
towards the cladding direction to avoid any damage to the
equipment from the laser beam reflection. To protect the
molten metal during deposition, the clad zone (CZ) was
shielded using two streams of Ar gas flow. One stream of Ar
flow at a rate of 30 cfh was directed towards the cladding
direction at an angle of 18–20° to the deposition surface while
the other was directed opposite to the cladding direction at a
rate of 20 cfh. The IN718 filler wire, approximately 0.89 mm
in diameter, was axially fed from the cladding direction and
intercepted the laser beam on the deposit surface. Each layer
was deposited along a single cladding direction.

In this work, coupons of the PM substrates were extracted
from a scrapped, service-exposed IN718 aerospace compo-
nent that were solution heat treated and aged (STAed) and
hereafter referred to the as-serviced (ASed) condition. These
ASed PM substrates were employed for process develop-
ment and optimization, as well as direct laser deposition of
multi-bead and multi-layer coupons. After laser deposition,
selected coupons were STAed. The solution heat treatment
was carried out in vacuum at a temperature of 1,750±25 °F
(954 °C) for 1 h in the presence of inert Ar gas and then
cooled down (with Ar) at a minimum rate of 30 °F·min−1 to a

temperature of 1,000 °F (538 °C) followed by rapid cooling
in Ar. The aging consisted of the following steps: heating up
to 1,350±25 °F (732 °C), soaking for 8 h, furnace cooling
under Ar to 1,110±25 °F (599 °C) and holding for 8 h, and
finally Ar quenching.

The metallographic samples were characterized in both the
ADed and PCHTed conditions. Each direct laser deposited
coupon was sectioned using a precision cut-off saw to extract
specimens for metallographic examination and hardness eval-
uation. After sectioning, the specimens were mounted, ground,
and polished to a surface finish of 0.04 μm, followed by
etching in a solution of 0.5 % nital (0.5 ml nitric acid in
100ml ethanol). Electrolytic etchingwas usually used to reveal
the microstructural constituents. Specimens were immersed in
a saturated solution of 10 g oxalic acid in 100 ml distilled
water. A voltage of 6 V was applied for 8–20 s, depending on
the specimen conditions (i.e., ADed or PCHTed). Optical
microscopy (Olympus GX-71) coupled with image analysis
software (AnalySIS) was used to examine the weld bead
geometry and characterize the macro- and microstructural
features (including defects such as pores and cracks).

The microhardness was measured using a Struers Duramin
A300 machine with a fully automated testing cycle (stage,
load, focus, and measure). A load of 300 g was applied using a
load cell with closed-loop circuit control and the hardness
profiles were determined across the deposits using an indent
interval of 0.2 mm and a dwell period of 15 s. It is noteworthy
that according to ASTM E384, the spacing between two
adjacent indentations must be at least three times the diagonal
length of the indentation. Hence, the spacing between two
adjacent indentations during microhardness testing was suit-
ably selected to avoid any potential effect of the strain fields
caused by adjacent indentations. Also, bulk hardnessmeasure-
ments were conducted using a Zwick ZHU250 universal tester
and a Wilson Rockwell tester to respectively evaluate the
Brinell and Rockwell hardness of the deposits.

3 Results and discussion

3.1 Macrostructure

Figure 1 shows the transverse sections of some single and
multi-bead welds. As revealed in Fig. 1a, a wide (top bead
width of 3.9 mm) and shallow (penetration depth of 0.6 mm)
single bead is obtained. During laser welding, a weld bead
with an aspect ratio of 1.2 or less is usually thought to form in
conduction mode, i.e., in a similar manner to conventional
fusion welding processes [19]. In conduction-mode welding,
the surface of the material is heated above its melting point but
below its vaporization temperature. Fusion occurs only by
heat conduction through the molten weld pool. In contrast,
another welding mode (i.e., keyhole) has been widely used for
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laser beam welding. In keyhole mode, a higher power density
is used to cause local vaporization. Thus a narrow and deeply
penetrated vapor cavity, with an aspect ratio higher than 1.2, is
usually formed by multiple internal reflections of the laser
beam. Keyhole-mode welding usually results in better energy
coupling, higher penetration, and higher welding speed that
are necessary for economic justification. Therefore, most
applications of laser welding are focused on the deep penetra-
tion keyhole-mode process. The basic difference between the
two modes is that the surface of the weld pool opens up to
allow the laser beam to enter the molten weld pool in keyhole
welding but remains unbroken in conduction mode [20]. As a
consequence, the conduction mode offers lower penetration
depth, less perturbation to the weld pool, and a much lower
tendency to entrap solid surface oxides and gases. These
advantages are all beneficial for direct laser deposition for
component manufacture and/or repair.

The single-bead weld obtained in conduction mode, as
shown in Fig. 1a, had a crown height of 0.29 mm and a
dilution ratio (percentage of melted area in the parent metal
over the total melted area) of 72.2 %. Under similar condi-
tions, multi-bead welds were deposited in a single layer, as
illustrated in Fig. 1b–d. For both the single- and multi-bead
welds, the CZ and the HAZ can be clearly differentiated, as
demarcated in Fig. 1. Examination of the single-bead deposit
indicated that a HAZ width of 0.33 mm was present on both
sides of the top surface. In contrast, the maximum HAZ width
(0.82 mm in Fig. 1a) appeared at the bead root. The narrow
HAZ is due to the low heat input and localized rapid heating
and cooling during laser deposition. No porosity was observed
in the CZ. Also no evidence of macrocracks was found in the
CZ or the HAZ.

On the basis of these integral multi-bead single-layer welds,
a multi-bead and multi-layer deposit (roughly 30×35×200 mm
in size) was manufactured, as shown in Fig. 2. Macroscopic
examination of the deposit revealed three distinct regions, i.e.,

PM, HAZ (including partially melted zone, PMZ), and CZ,
which will be discussed in detail below. As indicated in Fig. 2,
the size of the HAZ between the PM and the multi-bead, multi-
layer deposit remains very narrow (<1 mm) in spite of the heat
accumulation during laser deposition. Similar to the multi-bead
single-layer welds, no evidence of porosity or macrocracks was
observed in the CZ and the HAZ of the multi-bead, multi-layer
deposit.

3.2 Microstructure

3.2.1 Parent metal

Figure 3 shows the microstructure of the IN718 PM in the
ASed and PCHTed conditions. The PM in both conditions
mainly consisted of equiaxed austenitic g grains, globular
Ni3Nb-δ precipitates, Nb-rich MC particles and, as well
known, the age-hardening/strengthening phases g′ and g″ in
the grains. The g grains are a face-centered-cubic (fcc) Ni-
based continuous matrix phase with solid solution elements
such as Co, Cr, Mo, andW. Randomly distributed Nb-richMC
type primary carbides and carbonitrides with sizes up to 10 μm
were also observed at the g matrix grain boundaries. Globular
Ni3Nb-δ precipitates, approximately 2–5 μm were distributed
within the grains and at the g grain boundaries and their
presence is attributed to the multiple thermal cycles during
service of the IN718 aerospace component (from which the
PM substrates were extracted) [1, 21]. An average g grain size
of 14 μm (ASTM 9.0–9.5) was determined for the ASed
condition (Fig. 3a). After PCHTed, slight coarsening of the g
grains (approximately 17μmor ASTM8.0–8.5) was observed,
as shown in Fig. 3b. It is noteworthy that the re-aging heat
treatment may also cause coarsening or re-precipitation of the
strengthening phases, such as g′ and g″ in the grain interior of
the g matrix. Due to the formation of g/g′ eutectic, g′ can also
form in the interdendritic or intergranular regions [1].
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Fig. 1 Single-layer laser
deposits in ADed condition: a 1,
b 2, c 3, and d 5 beads
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3.2.2 HAZ between PM and CZ

Compared to the PM, more complex microstructures were
observed in the HAZ between the PM and the CZ. The typical
microstructure in the HAZ of a single-bead weld and a multi-
bead, multi-layer deposit is shown in Figs. 4 and 5, respec-
tively. Specifically, as illustrated in Figs. 1a and 4a, the HAZ
(including the PMZ) between the PM and the CZ of a single-
bead weld was observed to be narrow (<0.8 mm) and without
significant grain growth relative to the PM. The size of the
HAZ was noted to increase slightly (∼1.0 mm) for the multi-
bead, multi-layer deposit. In the ADed condition, the HAZ
between the PM and the CZ of the multi-bead multi-layer
deposit (Fig. 5) had a similar microstructure to that of the
single-bead weld (Fig. 4) and mainly consisted of a g matrix,
globular Ni3Nb-δ precipitates, Nb-rich MC type primary car-
bides and carbonitrides, as well as the well-known strength-
ening phases, g′ and g″ in the g grains (Figs. 4e and 5e). In
addition, needle-like Ni3Nb-δ precipitates were also apparent
[1, 21], at the grain boundaries in the HAZ. With increasing
temperature towards the CZ, however, some variations in the
microstructure are noted in the HAZ. As shown in Figs. 4b–d
and 5a and c, some large “particles”were only observed in the
PMZ of the HAZ very close to the CZ. These are thought to be
a Nb-rich phase (similar to the composition of the Ni3Nb-δ),
formed as a Nb-rich liquid “particle” structure due to the phase

transformation of g″ to Ni3Nb-δ and the dissolution of the
Ni3Nb-δ precipitates at the heating stage during laser deposi-
tion [1, 21]. The dissolution of the Ni3Nb-δ particles is due to
the high temperature experienced in the PMZ that can be
beyond the solidus of the Ni3Nb-δ phase (995 °C as shown
in Fig. 6a). With increasing proximity to the CZ, the increas-
ingly higher temperatures led to the formation of larger Nb-
rich liquid “particle” structure, as shown in Figs. 4d and 5c. In
contrast, the HAZ close to the PM was similar in microstruc-
ture to that of the PM due to the lower local temperatures
experienced, which in turn may not have generated sufficient
heat to dissolve the Ni3Nb-δ phase.

In the PCHTed condition, a large amount of the needle-
like Ni3Nb-δ precipitates was observed in the PMZ close to
the CZ, as shown in Fig. 5d. These needle-like Ni3Nb-δ
precipitates in the PCHTed condition most likely precipitated
from the liquid “particle” (present in the ADed condition)
during the solution heat treatment [21], as shown in Figs. 5d
and 6b and c. In this work, the solution heat treatment was
carried out at 954 °C, which is lower than the solidus tem-
perature of the Ni3Nb-δ precipitates (995 °C as shown in
Fig. 6a), indicating that the heat input conditions were insuf-
ficient to dissolve all globular Ni3Nb-δ precipitates in the
HAZ and PM. Hence, after the PCHT, the HAZ near the PM
(Fig. 5f) has a similar microstructure to the PM, consisting of
the g matrix, globular Ni3Nb-δ, Nb-rich MC type primary
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Fig. 2 A multi-layer coupon
with 15 beads/layer by 45 layers
in ADed condition
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Fig. 3 Microstructures of the
PM IN718 in a ASed and b
PCHTed conditions
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carbides and carbonitrides, as well as, undoubtedly, the g′
and g″.

3.2.3 Clad zone

In the CZ, typical elongated dendritic structures were ob-
served as shown in Fig. 7. IN718, being a heavily alloyed
material, solidifies in a dendritic mode after laser deposition.
The dendrites extend from the layer boundary to the bead
center. In laser deposition, the relatively rapid cooling rate
leads to fine dendritic structures in the CZ. As shown in
Fig. 7, Laves and other hard phases in interdendritic regions
are selectively etched (darkened) compared with the dendrit-
ic cores. The dendrites were observed to be finer and more
equiaxed in each bead center (Fig. 7a and c) but became
slightly coarser and columnar near the bead interface (Fig. 7b
and d). Fine equiaxed dendritic growth in the weld interior gave
rise to more, but smaller and well-separated, interdendritic
regions, leading to the formation of relatively fine and discrete
Laves particles. In contrast, columnar dendritic growth adjacent

to the bead interface resulted in fewer, but larger and more
continuous, interdendritic regions, and thereby coarser and
more interconnected Laves particles [4, 5].

As is well known, the cooling rate over the solidification
temperature range can be estimated using the following
equation [23, 24]:

ls ¼ ksΘ
n ð1Þ

whereΘ is the cooling rate over the solidification temperature
range, and ks and n are constants. The CZ in Fig. 7 consists of
a cellular-dendritic microstructure with an average secondary
dendrite arm spacing, 1s, of about∼3.3±0.5 μm, as measured
near the bead interfaces. Using the values of ks=4.7×10

−2

mmK1/3 s−1/3 and n=−0.4, as experimentally determined for a
nickel-based superalloy (IN738) [23], the cooling rate near the
bead interface is estimated to be ∼971 K/s. This cooling rate is
quite similar to that obtained for CO2 laser welded Haynes
282 alloy where the secondary dendrite arm spacing and the
cooling rate within the fusion zone are 3.1±0.6 μm and
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1168 K/s, respectively [24]. The slightly lower cooling rate
obtained in this work is partly due to the heat accumulation
during laser deposition. It is noteworthy that the cooling rate is
obtained over the solidification temperature range near the
bead interface in this study. In contrast, the bead center has a
higher cooling rate as compared with the bead interface [25].
However, the cooling rate obtained in laser deposition
(971 K/s) is much higher than that in gas tungsten arc welding
(500 K/s) [26].

Solidification in IN718 starts with the primary liquid → g
reaction, causing the enrichment of Nb, Mo, Ti, and C in
interdendritic liquid. The subsequent liquid → (g+NbC) eu-
tectic reaction consumes most of carbon available in the ma-
terial until another eutectic type reaction liquid → (g+Laves)
occurs, terminating the solidification process [4, 6]. The detri-
mental Laves phase (hexagonalMgZn2 type) is an unavoidable
terminal solidification phase in IN718. However, solidification
conditions can strongly influence the extent of Nb segregation
and hence the amount of Laves phase. The Laves particles are
usually rich in Nb, Ti, Mo, Si, and lean in Fe, Cr, and Ni as
compared to the PM [4]. Both the amount of the Laves phase

and the Nb segregation are a function of solidification con-
ditions. Compared with conventional arc welding processes,
the higher cooling rate experienced in laser claddingmay result
in a lesser extent of Nb segregation because of the insufficient
time for solute redistribution [25, 26]. Hence, fewer Laves
particles and a lower Nb concentration in these Laves particles
are typically obtained [5].

In laser deposition, the relatively rapid cooling rate can also
extend solute solubility, which reduces the extent of segrega-
tion and forms less eutectic constituents. During solidification,
the elements Nb, Ti, and Mo accumulate at the front of the
liquid/solid interface and segregate into interdendritic areas
where carbide (NbC, fcc) and Laves particles may form [8].
The γ and NbC eutectic can be suppressed during rapid cool-
ing [8]. The interdendritic Nb-rich Laves phase, that has
morphologies related to the dendritic structure, may form an
interconnected network [8], as shown in Fig. 7. As observed in
Fig. 7b and d, the Laves particles in columnar dendritic
regions were interconnected and became slightly coarser than
those in the equiaxed dendritic regions. In addition, the
amount of the Laves phase was slightly higher in the columnar

Nb-rich 
MC

50 µm 50 µm

Laves

Nb-rich liquid 
pockets

CZ

PMZ

CZ

Laves

Needle-like
Ni3Nb-

Ni3Nb-
50 µm 50 µm

PMZ PMZNb-rich 
MC

Needle-like
Ni3Nb-

Nb-rich liquid 
pockets

50 µm 50 µm

HAZ

HAZ

Nb-rich 
MC

Ni3Nb-

Needle-like
Ni3Nb-

Ni3Nb-

Nb-rich 
MC

δ

δ

δ

δ

δ

δ

a b

c d

e f

Fig. 5 HAZ between the PM
and the multi-bead, multi-layer
deposit shown in Fig. 2 in the
ADed (a, c, e) and PCHTed (b,
d, f) conditions

2574 Int J Adv Manuf Technol (2013) 69:2569–2581



dendritic regions near the bead interface (Fig. 7b) than that in
the fine equiaxed dendritic portions (Fig. 7a). However, the
average Nb concentration in the Laves particles in both co-
lumnar and equiaxed regions should be similar [4].

It is well known that the formation of the Laves phase can (1)
deplete principal alloying elements required for hardening from

the matrix, (2) represent a weaker CZ microstructure between
the Laves phase and thematrix interface by segregation of useful
strengthening alloying elements, and (3) act as preferential sites
for easy crack initiation and propagation [1, 4, 6]. The inherent
brittle nature of the Laves phase leads to poor tensile ductility,
fracture toughness, and fatigue and creep rupture properties in

Needle-like
Ni3Nb-

Laves

a b

c d

δ

Fig. 7 Microstructures of the
CZ a at a bead center and b near
a bead interface in ADed
condition, c at a bead center, and
d near a bead interface in
PCHTed condition
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Fig. 6 a TTT diagram for
IN718 [1, 22], and b–c needle-
like δ precipitates in the PMZ of
the HAZ between the PM and
the multi-layer deposit in
Fig. 5d in the PCHTed
condition
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IN718 welds and castings [4–6, 27, 28]. Therefore, the Laves
phase is detrimental and hence should be carefully controlled.
Compared with the ADed condition (Fig. 7a and b), less Laves
particles are observed in the interdendritic regions after the
PCHT (Fig. 7c and d). Thus, the PCHT results in consider-
able dissolution of the Laves particles at a solution temper-
ature of 954 °C. In this case, less interdendritic constituents

were observed, as shown in Fig. 7c and d. Furthermore, the
formation of the needle-like Ni3Nb-δ precipitates around
the Laves particles in the interdendritic regions is due to the
partial dissolution of the Laves particles during the PCHT
during the heating stage, as demonstrated in Fig. 8. How-
ever, the solution treatment conducted at 954 °C did not
completely dissolve the Laves particles. The δ phase is an
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Fig. 8 Needle-like δ
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particles in the PCHTed
condition
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equilibrium Ni3Nb precipitate with an orthorhombic crystal
structure, which requires about 6–8 % Nb and precipitates
in the range of 860–995 °C [4, 29], as shown in Fig. 6a.

During solution heat treatment, the interdendritic regions
become enriched in Nb due to the dissolution of Laves
particles, which may cause an accumulation of 6–10 %
Nb or more, and thus Ni3Nb-δ particles may form in these
regions where the Nb concentration is more than 10 % [4].
Therefore, during the solution heating treatment, locally
some regions around the Laves particles in the weld metal
will have a sufficient Nb concentration to incite the forma-
tion of the needle-like δ phase. The morphology of the
needle-like Ni3Nb-δ precipitates in the CZ is similar to that
in the PMZ of the HAZ and they both were formed during
solution heating treatment. However, the needle-like
Ni3Nb-δ particles were formed due to the partial dissolution
of the Laves particles in the CZ, but precipitated from the
liquid “pocket” structure in the PMZ of the HAZ.

As shown in Fig. 9, three distinct types of grain bound-
aries can be observed in the deposited layers under optical
microscopy. They are the (1) solidification grain boundary
(SGB), (2) solidification subgrain boundary (SSGB), and (3)
migrated grain boundary (MGB) [1, 30]. The SSGB is the

100 µm 100 µm

100 µm 100 µm

100 µm500 µm

a b

c d

e f

Fig. 10 Preferred corrosion in
the dendritic cores near the
bead/layer interfaces in the CZ
a–d in the ADed and e, f in the
PCHTed conditions

Table 1 List of partition coefficients, maximum solid solubilities, and
terminal eutectic temperatures [1]

System K Maximum
solubility (wt.%)

Terminal eutectic
temperature (°C)

Ni-P 0.02 (P in Ni) 0.32 P 870

Ni-S 0 (S in Ni) 0 S 637

Ni-B 0.04 (B in Ni) 0.7 B 1,093

Ni-Si 0.7 (Si in Ni) 8.2 Si 1,143

Mo 0.82 (Mo in IN718) – –

Al 1.0 (Al in IN718) – –

Ti 0.69 (Ti in IN718) – –

Si 0.67 (Si in IN718) – –

Lave+γ 0.48 (Nb in IN718) 9.3 Nb 1,200

NbC+γ – 1,250
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finest structure resolvable using optical microscopy and rep-
resents the low angle boundaries separating the various mor-
phological forms of solidification, such as cells, dendrites,
and cellular dendrites. The SGBs are formed at the intersec-
tions of packets of SSGBs with different grain growth direc-
tions and therefore represent high-angle grain boundaries. In
contrast, the MGBs were frequently observed in the CZ in

the ADed condition (Fig. 9a–d) but invisible in the PCHTed
condition (Fig. 9e and f). These result from the migration of
the high angle component of the SGB in the solid-state,
either immediately following solidification or during depo-
sition. Since the SGB tends to be relatively tortuous due to
the nature of its formation, there is a natural driving force for
this boundary to move and straighten [30]. The boundary

Upper bead

Lower bead

200 µm 100 µm

20 µm

50 µm 50 µm

200 µm

a b

c d

e f

Fig. 11 Weld metal liquation
cracks in a–d ADed and e–f
PCHTed condition
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may be pinned within the SGB by NbC or Laves particles
that form along the SGB during the final stages of solidifi-
cation or by NbC or Laves particles swept into the boundary
from the molten pool.

As shown in Figs. 9 and 10, preferred corrosion often
occurs at the dendrite cores near the bead interfaces in the CZ
due to lower Mo content. Mo has a low value for the equi-
librium distribution coefficient k (0.82 for IN718 as indicated
in Table 1) and a negligible solid state diffusion coefficient
(Do=1×10

−4 m2/s) [1], indicating that more Mo will segre-
gate at the grain boundaries and, thus, resist the corrosion
due to its high electrochemical potential. During chemical
etching, therefore, dendrite cores are selectively corroded
and lead to the formation of some small pits at the bead
centers near the bead/layer interfaces. After PCHT, preferred
corrosion still occurs in the dendrite cores, as shown in
Fig. 10e and f, indicating that Mo has not been fully homog-
enized due to the extremely low diffusion coefficient in the
solid state. The preferred corrosion occurring in the dendrite
cores during electrolytic etching were also observed in laser
welded IN718 [6].

3.3 Defects

Microfissures were not observed by optical microscopy in
the HAZ between PM and CZ in both ADed and PCHTed
conditions due to the fine matrix grains, the absence of the
impurity elements (such as B, P, and S) and Laves phases in
the ASed PM, and the low heat input used in the conduction-
mode laser deposition process. In contrast, in the CZ, weld
metal liquation cracking was frequently observed in the
lower beads near the interfacial layer in ADed condition, as

shown in Fig. 11a and b. This region of the lower beads acts
as the HAZ of the adjacent upper layer beads that are depos-
ited subsequently. Therefore, these microcracks are quite
similar to the HAZ microfissures or liquation cracks, as
widely encountered in IN718 welds. These microcracks are
observed in the multi-pass depositions where the earlier
deposited beads become the HAZ of the subsequent passes
and thus are usually termed as weld metal liquation cracking
[1]. As shown in Fig. 11a–d, weld metal liquation cracking
occurs in the lower beads near the interfacial area but the
cracks then propagate along the grain boundaries and even
extend into the upper newly deposited layer’. After PCHTed,
the absence of weld metal liquation cracking at the interfacial
area, as observed in Fig. 11e and f, can be attributed to healing.

In general, grain boundary melting and liquation cracking
can occur by two basic mechanisms: segregation and pene-
tration [1, 31, 32]. In the segregation mechanism, solute
and/or impurity elements segregate into the grain boundaries
due to the low equilibrium distribution coefficients and, thus,
suppress the local melting temperature of the grain boundary.
Table 1 summarizes the partition coefficients, maximum
solid solubilities, and terminal eutectic temperatures of some
impurity elements and low melting point eutectics, including
Laves or carbides phases. As shown in Table 1, the impurity
elements such as B, S, and P have extremely low partition
coefficients and, thus, easily segregate to the grain bound-
aries, promoting grain boundary cracking. In the penetration
mechanism, constitutional liquation or local melting may
occur in the microstructure at the elevated temperature [1].
Then the liquid penetrates and wets the grain boundaries,
leading to the grain boundary being covered by a liquid film.

As discussed above, the CZ of the laser deposited
precipitation-strengthened IN718 has a typical cast structure
in the as-deposited condition, i.e., both Nb-rich carbides and
Laves phase form during the final stages of solidification.
For cast IN718, it is well known that liquation cracking is
dominated by the melting of the Laves phase rather than
constitutional liquation of the Nb-rich carbides since the
former precipitates at a lower temperature [1] and the latter
has a much lower amount, as indicated in Fig. 7. When the
earlier deposited weld metal is reheated to a high temperature
by subsequent laser deposition, the SGBs in the lower beads

Table 2 Average microhardness values

Condition Hardness (HV) at testing load
of 300 g, and duration of 15 s

CZ HAZ PM

ADed with ASed IN718 PM 275±30 417±73 488±21

PCHTed with ASed IN718 PM 457±15 460±19 463±16

A standard deviation value indicated

Table 3 Hardness of IN718

Hardness ASed PM Clad zone AMS 5596K sheets and
plates (STAed)

AMS 5663M bars, forgings,
flash welded rings, and stock
for forgings or flash welded
rings (STAed)

HBW 2.5/62.5 391 in the ASed condition 237 in the ASed condition ≥331 HB

HRC 45.7 in ASed condition; 23.6 in the ASed condition; ≥36 (STAed)

42.5 in PCHTed condition 41.6 in the PCHTed condition
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(Fig. 9a–d) adjacent to the layer interface may remelt, pro-
ducing a liquated boundary similar to that present at the end
of solidification. The reheating may also promote grain
growth, resulting in the formation of MGBs along which
liquation and even cracking can occur [1, 30].

After PCHTed, the weld metal liquation cracking was
healed probably due to several reasons: (1) less Laves phase
available due to its partial dissolution at the heating stage
during the solution heat treatment, (2) improved strength due
to the release of Nb into the matrix caused by the partial
dissolution of the Laves phase at the heating stage and the
precipitation of the g″ strengthening phases at the cooling
stage of the solution heat treatment, and (3) thermal strains
and shrinkage stresses caused by rapid solidification that can
be released during the PCHT [1].

Furthermore, lower heat inputs are also favorable for min-
imizing the weld metal liquation cracking due to the smaller
widths of the PMZ. Cracking of any form cannot occur
without some levels of tensile strain. The tensile strains in
the CZ will develop due to residual stresses mainly from
solidification shrinkage. Low heat input combined with low
restraint during cladding helps to reduce the level of the tensile
strain. In multi-pass welding/deposition, a process of using a
greater number of smaller beads is beneficial because it can
reduce the heat input, residual stress, and shrinkage strain [1].

3.4 Hardness

Typical Vickers microindentation hardness profiles across
the deposits are shown in Fig. 12 and the average values
are given in Table 2. The PM in the ASed condition has an
average value of approximately 488 HV. The CZ hardness
(275 HV) in the ADed condition is much lower than that in
the ASed PM (488 HV), as shown in Fig. 12a and Table 2.
The thermal cycle occurring during laser cladding may dis-
solve the principal strengthening phase g″, which has a dis-
solution temperature of around 650 °C (in Fig. 6a). The
hardness in the HAZ (417 HV) between the PM and CZ
was found to drop from the ASed PM to the CZ in the ADed
condition. This is due to the dissolution of the strengthening
g″ precipitates in the HAZ. It is noteworthy that the HAZ was
relatively narrow in size and the hardness value is difficult to
measure precisely, as indicated by the high standard deviation
(73) in Table 2.

As shown in Fig. 12b, the CZ has a similar hardness to the
fully heat-treated PM after PCHT. The increase in the CZ
hardness is related to the re-precipitation of g″. Laves phase
and needle-like δ phase predominately consume the Nb orig-
inally present in the CZ, thereby reducing largely the Nb
available for the precipitation of g″. Therefore, the amount
of Nb available for g″ precipitation is considerably lower in
the CZ, as compared to that in the PM [4]. The hardness of the
CZ in PCHTed condition (457HV) is much higher than that in

the ADed condition (275 HV) due to the higher content of Nb
available for γ″ precipitation (as a result of the considerable
dissolution of the Laves phase). In contrast, the CZ hardness
in the PCHTed condition is just slightly lower than that in the
ASed PM (463 HV) due to the presence of Nb-rich Laves in
the CZ that lowers the amount of Nb available for g″ precip-
itation. The Vickers hardness results are consistent with the
values of Brinell and Rockwell hardness measurements as
obtained for the ASed PM and the clad IN718 in both the
ADed and PCHTed conditions (Table 3).

4 Conclusions

Weld metal liquation cracking is frequently observed in the
lower beads near the interlayer interface in the as-deposited
condition. The cracks can propagate along the grain bound-
aries and even extend across the interface into the newly
deposited upper beads. The weld metal liquation cracking
can be healed after the post-clad solution heat treatment. The
relatively high cooling rate during laser deposition results in
less Nb segregation in the deposited zone due to the insuffi-
cient time for solute redistribution. As a result, less Laves
phase, and/or relatively fine, discrete Laves particles are
formed. All these findings ascertain significant microstruc-
tural advantages for the laser deposits over conventional arc
welds. Post-clad solution heat treatment results in partial
dissolution of Laves particles at a solution temperature of
954 °C and the precipitation of needle-like δ phase around
the Laves particles. The hardness of the laser deposits can be
nearly recovered to the level of the as-serviced parent metal
after post-clad full heat treatment. The successful deposition
of integral Inconel 718 welds with no visible pores but only
some minor weld metal liquation cracking indicates the great
potential of using fiber laser technique by filler wire addition
to remanufacture (repair) and/or manufacture superalloy
components for aerospace applications.
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