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Abstract: The microstructure and micro-mechanics around the repaired interface, and the
tensile properties of laser additive repaired (LARed) Inconel 625 alloy were investigated.
The results showed that the microstructure around the repaired interface was divided into
three zones: the substrate zone (SZ), the heat-a ected zone (HAZ), and the repaired zone
(RZ). The microstructure of the SZ had a typical equiaxed crystal structure, displaying
simultaneously precipitated block-shaped MC-type carbides (NbC, TiC), with bimodal
sizes of approximately 10 m and 0.5 m and an irregularly shaped flocculent Laves phase.
Recrystallization occurred in the HAZ, and led to significant grain growth; a portion of the
second phase dissolved in the original grain boundaries. In the RZ, there was a columnar
crystal structure, and the size increased with increasing deposition thickness. Moreover,
the microstructure between the layer interface and layer interior was quite di erent,
presenting an overlapping transition zone (OTZ), in which the dendritic structure
coarsened and more Laves phase were precipitated, compared to in the layer interior.
The hardness and tensile properties of the LARed samples were equivalent to those of
the wrought substrate, which indicates that laser additive repairing (LAR) is a reliable
repair solution for damaged and mis-machined components comprising Inconel 625 alloy.

Keywords: laser additive repairing; Inconel 625 alloy; interface microstructures; micro-
mechanics

1. Introduction

Inconel 625 is a nickel-chromium solid-solution strengthened alloy, which is largely
strengthened by Nb and Mo [1,2]. It is widely used to fabricate high-temperature
components in aeronautical, aerospace, marine, chemical, and nuclear industries, due to
its extraordinary combination of high yield and tensile strength, excellent creep strength,
and outstanding corrosion resistance at elevated temperature [3-5]. However, these
components are easily damaged owing to their aggressive service conditions, and can also
be mis-machined during processing [6]. If these damaged and mis-machined components
can be repaired rapidly, considerable savings in materials, processing time, and costs can
be achieved.

Laser additive manufacturing (LAM) [7] has attracted much attention in the past ten
years. By combining laser cladding with rapid prototyping techniques, LAM is an advanced
fabrication technique for producing fully dense near-net-shape metallic components on
metallic substrates [8]. Based on LAM, laser additive repairing (LAR) technology has been
developed [9-11]. By using the damaged or mis-machined components as substrates, the
geometry and mechanical properties of the damaged or mis-machined components can be
repaired using LAR without deteriorating
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the performance of the body parts. Compared with traditional repair technologies [12—-14],

such as

electrobrush plating, thermal spraying, and argon arc welding, LAR has the advantages of

a high electrobrush plating, thermal spraying, and argon arc welding, LAR has the

advantages of a high degree of automation, a small heat a ected zone, metallurgical

bonding between the repaired zones and degree of automation, a small heat affected zone,

metallurgical bonding between the repaired zones the body part, and a reasonable repair

cost [15]. A number of metallic components made of di erent and the body part, and a

reasonable repair cost [15]. A number of metallic components made of type of materials,

including stainless steel, cobalt-based alloys, titanium alloys, and nickel-based alloys,

different type of materials, including stainless steel, cobalt-based alloys, titanium alloys,

and

have been repaired using LAR technology [16—18].

nickel-based alloys, have been repaired using LAR technology [16-18].
In recent years, the processing parameters, microstructures, and mechanical
properties of Inconel In recent years, the processing parameters, microstructures, and
mechanical properties of

625 fabricated usinig LAM technology have attracted much attention [19-22]. Dinda et al.

23] studied Inconel 625 fabricated using LAM technology have attracted much attention

19-22]. Dinda et al. [23]

the microstructural evolution and structural thermal stability of a LAM Inconel 625 alloy.

The results studied the microstructural evolution and structural thermal stability of "a

LAM Inconel 625 alloy.

indicated that the as-deposited microstructure mostly consisted of columnar dendrites that

were stable The results indicated that the as-deposited microstructure mostly consisted of

columnar dendrites

up to 1000 C. Rombouts et al. [24] found that Inconel 625 deposited using directed ener%

deposition that were stable up to 1000 °C. Rombouts et al. [24] found that Inconel 6

deEosited using directed

DED) also showed a microstructure of dendrites parallel to the build direction. Rivera et al.

251 energy deposition (DED) also showed a microstructure of dendrites parallel to the

uild direction.

observed fine grain structures at the layer interfaces of Inconel 625 ﬁroduced using solid-

state additive Rivera et al. [25] observed fine grain structures at the layer interfaces of

Inconel 625 produced using

manufacturing. Compared to samples fabricated using LAM, not onlg the microstructures

of the 1sol}ild-state additive manufacturing. Compared to samples fabricated using LAM,

not only the

repaired part, but also the microstructures of the interface between the substrate and the

repaired microstructures of the repaired part, but also the microstructures of the interface

between the

part, are essential to the mechanical properties of the com;l)lonent repaired using LAR. The

research substrate and the repaired part, are essential to the mechanical properties of the

component repaired

work of LAR for nickel-based alloys mainly focuses on the repair defects, processing

parameters, using LAR. The research work of LAR for nickel-based alloys mainly focuses

on the repair defects,

microstructures, and mechanical properties of repaired samples. Onuike et al. [10! used

DED technology processing parameters, microstructures, and mechanical properties of

repaired samples. Onuike et

to repair the internal cracks in Inconel 718 alloy. Sui et al. [9] studied the tensile

deformation behavior of al. [10] used DED technology to repair the internal cracks in

Inconel 718 allog. Sui et al. [9] studied

LARed Inconel 718 alloy with a non-uniform microstructure. To the best of our knowledge,

no studies the tensile deformation behavior of LARed Inconel 718 alloy with a non-

uniform microstructure. To

have investitgated the relationship between the microstructure and micro-mechanical

Eropertles of the best of our knowledge, no studies have investigated the relationship

etween the microstructure

LARed Inconel 625 alloy around the repaired interface.

and micro-mechanical properties of LARed Inconel 625 alloy around the repaired interface.
In order to explore the potential of LAR as a reliable répair solution for damaged and
mis-machined In order to explore the potential of LAR as a reliable repair solution for
damaged and

Inconel 625 components, Inconel 625 alloy substrates, with premade trapezoidal groove

shaped defects, mis-machined Inconel 625 components, Inconel 625 alloy substrates, with

premade trapezoidal

were repaired using LAR in this study. The microstructures around the repaired interface

and the groove shaped defects, "were repaired using LAR in this study. The

microstructures around the

corresponding mechanical properties were investigated.

repaired interface and the corresponding mechanical properties were investigated.

2.Materials and Methods
2. Materials and Methods



2.1. Materials

2.1. Materials

The raw materials were prealloyed Inconel 625 powders prepared using a plasma rotating
e raw materials were prealloyed Inconel 625 powders prepared using a };lasma rotating

electrode process. These powders had spherical shapes with sizes of 75~125 m, as

shown in Figure 1a.

electrode process. These powders had spherical shapes with sizes of 75 ~ 125 pm, as

shown in Figure The microstructure of the powders showed a fine dendritic morphology on

the surface, which

la. The microstructure of the powders showed a fine dendritic morphology on the surface,

which was caused by the rapid solidification during atomization Eléigure 1b). Before the

LAR experiment,

was caused by the rapid solidification during atomization gFiéure 1b). Before the LAR

experiment, the powders were dried in a vacuum oven at 120 10 C for 2 h. The LAR

process was performed on

the tpowders were dried in a vacuum oven at 120 + 10 °C for 2 h. The LAR process was

performed on heat treated wrought Inconel 625 substrate, for which the chemical

composition is listed in Table 1.

%e%’i trleated wrought Inconel 625 substrate, for which the chemical composition is listed in

able 1.
The chemical composition of Inconel 625 powder is also listed in Table 1.
The chemical composition of Inconel 625 powder is also listed in Table 1.

|
Figure 1. Morphologies of Inconel 625 powders at (a) low and (b) high
magnifications.
Figure 1. Morphologies of Inconel 625 powders at (a) low and (b) high
magnifications.

Table 1. The chemical compositions (wt %) of Inconel 625 alloy powder and substrate.

Material Ni Cr Mo Nb Fe Ti Al C Co Mn Si P

Powder Bal. 2192 9.09 362 371 020 0.17 0.036 0.009 0.015 0.06 0.003
Substrate Bal. 21.70 890 327 4.40 0.18 0.12 0.030 0.010 0.170 0.15 0.008
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" ThsobAR experiments were performed on a LAM system (LAM, LSF-Nanjing, -
CRICHTCORSISIS—ora—fibertaser Win—a—wavereRg—o 0701 ve-a At g
which consists of a fiber laser with a wavelength of 1070 nm, a five-axis numerical control

working table, a powder feeder system with a coaxial nozzle, and an inert atmosphere
glove box (oxygen 2.2. experimental Procedures

table, powder feeder system with a coaxial nozzle, and an inert atmosphere glove box
(oxygen content <10 ‘ppm). Argon gas was used to protect the molten pool from
oxidation and deliver the content” <10 pm?]. Argon gas was used to protect the molten
pool from oxidation and deliver the alloyThepowdersLAR.experiments were performed
on a LAM system (LAM, LSF-12000, Nanjing, China), alloy powders.
whichTheconsistsLARprocessofafiberwaslaserperformedwithawavelonthengthsubstrateof1
070withnm,a preafive-machined-axisnumericalgroove controldefect,asworkingshown The
LAR process was performed on the substrate with a pre-machined groove defect, as
shown
table,inFigureapowder2a.Thenfeederthedefectsystemwaswithrepairedcoaxiallayernozzle,b
ylayerandusingan inerttheLAMatmospheresystem, gloveasshownbox in(oxygenFigure in
Figure 2a. Then the defect was repaired layer by layer using the LAM system, as shown in
Figure content2b.Figure103 showsppm).
aArgonschematicgaswasoftheusedscanningtoprotectstrategythemoltenofthe LARpoolproce
ssfrmoxidation.Thescanninganddeliverdirectionsthe 2b. Figure 3 shows a schematic of the
scanning  strategy = of the LAR  process. The  scanning  directions
alloyinthepowderssamelayer. followed a zigzag pattern, and were rotated by 90 degree in
the following layer. in the same layer followed a zigzag pattern, and were rotated by 90
degree in the following layer. The
processTheLARparametersprocesswasareperformedlistedinTableonthe2.substrate with a
pre-machined groove defect, as shown in

The process parameters are listed in Table 2.

FigureA
Ztensilea.Thentestingthedefectbarwascutrepairedfromthelayerrepairedbylayersampleusin
gbythesparkLAMerosysiontem,. Theasshvownlumein fractionFigureZofb. A tensile testing
bar was cut from the repaired sample by spark erosion. The volume fraction of
Figuretherepair3showszone ainscthematiccross-
ofsectionthescanningofthetensilestratgytestingofthebarLARwasprocess50%,.asTheshowns
caningFiguredirections2c,d. in the

the repair zone in the cross-section of the tensile testing bar was 50%, as shown in Figure
2¢,d. same layer followed a zigzag pattern, and were rotated by 90 degree in the following
layer. The process

parameters are listed in Table 2.
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Figure 2. Sketch of (a) substrate with pre-machined groove defect, (b) LARed
sample, (c) the position Figure 2. Sketch of (a) substrate with pre-machined
groove defect, (bf)) LARed sample, (c) the position Figure 2. Sketch of (a) substrate
with pre-machined groove defect, (b) LARed sample, (c) the position of the
tensile testing bar in the LARed sample, and (d) shape and size of the tensile
testing bar.

of the tensile testing bar in the LARed sample, and (d) shape and size of the tensile

testing bar.

of the tensile testing bar in the LARed sample, and (d) shape and size of the tensile

testing bar.
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Figure 3.. Schematic of the scanning strategy of the LAR process..

Figure 3. Schematic of the scanning strategy of the LAR process.
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Table 2. Process parameters of LARed Inconel 625 alloy.
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A tensile testing bar was cut from the repaired sample by spark erosion. The volume

fraction of

the
aroundthetensilethetestingrepairedbarwasinterface50%,as

repaiMicrostructureszoneinthe crossand-stectionxturesof

wereshownexaminedFigure

Zbyc,d.optical Microstructures and textures around the repaired interface were
examined by optical metallogMicrostructuresaphy(OM,
OlympusandtexturesOLS4000,aroundTokyo,the
Japan),repairedscainningterfaceelectronwere  microscopyexamined  by(SEM,opticalFEI
metallography (OM, Olympus OLS4000, Tokyo, Japan), scanning electron microscopy
(SEM,
mHetallogrliosNanolabphy(OM,600i,0OlympusHillsboro,OLS4000,0R,USA), Tokyo,andJap
an),electronscanningbackscatteredelectronmicroscopydiffraction(SEM,
(EBSD,FEIEDAX,Helios Helios Nanolab 600i, Hillsboro, OR, USA), and electron
backscattered diffraction (EBSD, EDAX, Mahwah, NJ, USA). Elemental analysis was
carried out using energy-dispersive X-ray spectrometry Mahwah, NJ, USA). Elemental
analysis was carried out using energy-dispersive X-ray spectrometry (EDS, EDAX,
Mahwah, NJ, USA). Before the microstructure observation, samples were ground on
(EDS, EDAX, Mahwah, NJ, USA). Before the microstructure observation, samples were
ground on 500-2000 grit silicon carbide papers and mechanically polished. Polished
samples were then electro 500-2000 grit silicon carbide papers and mechanically polished.
Polished samples were then electro etched under an 8 V direct current (DC) for 15 s in a
reagent of 10% aqueous chromic acid solution to etched under an 8 V direct current (DC)
for 15 s in a reagent of 10% aqueous chromic acid solution to Nanolab 600i, Hillsboro, OR,
USA), and electron backscattered di raction (EBSD, EDAX, Mahwah, NJ, USA).
Elemental analysis was carried out using energy-dispersive X-ray spectrometry (EDS,
EDAX, Mahwah, NJ, USA). Before the microstructure observation, samples were ground

FEI



on 500-2000 grit silicon carbide papers and mechanically polished. Polished samples
were then electro etched under an 8 V direct current (DC) for 15 s in a reagent of 10%
aqueous chromic acid solution to reveal the microstructure. All EBSD samples were
polished using an argon beam under a voltage of 5 kV and a current of 110 A for 20 min
before the EBSD test. The EBSD test used a voltage of 20 kV and a step size of 1 m. X-
ray di raction (XRD, TDF-3000, Dandong, China) scanning was carried out at a constant
scanning speed of 10 /min with Cu K radiation, and recorded in 2 ranging from 30 to 100 .
To identify tiny phases in the microstructures, a transmission electron microscope (TEM,
FEI Titan G2 60-300, Hillsboro, OR, USA) equipped with EDS was applied. The TEM
samples, with a 3 mm diameter disc shape, were prepared by mechanical grinding to ~50
m and then twin-jet polished in a solution of 250 mL HCLO4+750 mL methanol at a
temperature of 30 C and a voltage of 25 V. Vickers hardness of the samples was tested
under a load of 200 g and a duration time of 15 s along the deposition direction. The
elastic modulus and microhardness of di erent zones were evaluated by nano-indentation
(Hysitron TI-950, Minneapolis, MN, USA) under a load of 5 mN. The room temperature
tensile properties of the LARed samples and substrates were tested using a floor model
universal testing system (CMT5105, Jinan, China), at a displacement rate of 2 mm/min.
For each tensile test condition, three samples were used to calculate the average values
and standard deviations of strengths, elongations, and area reductions. The ultimate
tensile strength, 0.2% o set yield strength and elongation, was obtained from the resulting
stress-strain curves, and the area reduction was determined by measuring the cross-
sectional area before and after failure. The fracture morphology was observed using SEM.

3. Results and Discussion
3.1. Microstructure Around the Repaired Interface

3.1.1. Grain Structures

Figure 4a—d show the microstructures in the X-Z section and Y-Z section of the
LARed samples around the repaired interface, respectively. The interface between the
substrate and the repaired zone presents good metallurgical bonding. No obvious defects,
such as cracks and pores can be observed. A transition of microstructure can be observed
along the deposition direction, dividing the area into three zones: the substrate zone (SZ),
the heat-a ected zone (HAZ), and the repaired zone (RZ) (see Figure 4b,d). Inside the RZ,
a narrow overlapping transition zone (OTZ) can be observed, between two adjacent
deposited layers or tracks (see Figure 4b,d). The width of the OTZ is approximately 0.15
mm. The SZ consists of a mixture of finely and large equiaxed grains. The grains in the
HAZ are hard to reveal under the same erosion conditions, suggesting a composition
variation in grain boundaries. Detailed grain structure observation was carried out using
EBSD, as in the following. RZ presents a columnar dendritic structure that grows epitaxially
along the deposition direction. In addition, the dendritic structure in the OTZ between two
adjacent deposited tracks is coarser than other areas in the RZ.

Detailed investigations on the microstructures around the repaired interface of the
LARed Inconel 625 were carried out using EBSD. Figure 5a—d show the EBSD images in
the X—Z section and Y-Z section of the LARed samples around the repaired interface,
respectively. The three zones of SZ, HAZ, and RZ can be easily distinguished in the EBSD
images, showing grains with different sizes and distributions. The SZ has typical equiaxed
grains, with a bimodal grain size distribution. Annealing twins can be observed in the
recrystallized grains. Grains in the HAZ grew significantly larger compared to those in the
SZ. In the RZ, large sized columnar grains grew epitaxially from the mother grains in the
HAZ. The height of the columnar grains can be as large as the layer height. The widths
and heights of the columnar grains increase as the deposition height increases. The OTZ

cannot be observed in the EBSD maps.



approximately 0.15 mm. The SZ consists of a mixture of finely and large equiaxed grains.

e grains in the HAZ are hard to reveal under the same erosion conditions, suggesting a
composition variation in grain boundaries. Detailed grain structure observation was
carried out using EBSD, as in the following.
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Figure 5. EBSD results of the LARed Inconel 625 samples around the repaired interface
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Figure 6. EBSD results of LARed Inconel 625 samples of the substrate zone (S7)
(a)( ¢)(e)(h) and the Figure 6. EBSD results of LARed Inconel 625 samples of the
substrate zone (SZ) (a,c,e,h) and the

repaired zone (RZ) (b)(d)(f)(k) in the X-Y section: (a)(b) IPF orientation maps, (c)(d) band
contrast

repaired zone (RZ) (b,d,f,k) in the X-Y section: (a,b) IPF orientation maps, (c,d) band
contrast maps,
maps, (e)(f) {100} pole figures, (g) IPF and (h)(k) grain size distribution.
(e,f) {100} pole figures, (g) IPF and (h,k) grain size distribution.
3.1%.2". “Phases“and™Precipitations

Figure 7 shows the X-ray diffraction patterns of the RZ and SZ in the repaired sample. It can be
Figul;e 7 shows the X-ray di raction patterns of the RZ and SZ in the repaired sample. It
can be

demonstrated that the RZ and SZ in the LARed samples both mainly consist of the.Yt
(Ni—Cr) phase demonstrated that the RZ and SZ in the LARed samples both mainly consis
of the (Ni—Cr) phase

withoult\]peaks from other precipitates [26], such as0 y’ (Ni3Al(Ti)), y” (Ni3Nb), 6 (Ni3Nb),
Laves (Ni,

without ﬁeaks from other precipitates [26], such as (NisAl(Ti)), ” (NisNb), (NisNb),
Laves (Ni, Fe,

Fe, Cr)2(Nb, Ti, Mo), and carbide phases, due to their low volume fractions or absences.

Cr)(Nb, Ti, Mo), and carbide phases, due to their low volume fractions or absences.
Furthermore,

Furthermore, the diffraction peak intensity of the (200) crystal plane of the y phase in the
RZ is the di raction peak intensity of the (200) crystal plane of the phase in the RZ is
higher than that of higher than that of the (111) crystal plane, which also indicates that the
microstructure in the RZ has

%het(1 11) crystal plane, which also indicates that the microstructure in the RZ has a strong
exture.

100



a _strongétex_ture. o ) ) . .
Detailed SEM investigations were applied to the areas around the repaired interface. Figure 8

Eetaileg SEM investigations were applied to the areas around the repaired interface.
igure

shows SEM images of the SZ. A large number of precipitates can be seen in the grain
boundaries and shows SEM images of the SZ. A large number of precipitates can be seen in
the grain boundaries and

grain interior (Figure 8a,b). The precipitates have two typical average sizes of 10 m and 0.5
m

grain interior (Figure 8a, b). The precipitates have two typical average sizes of 10 pm and 0.5
pm.
The large precipitates mainly have irregular shapes. The small precipitates have both
flocculent shapes The large precipitates mainly have irregular shapes. The small
precipitates have both flocculent and polygonal shapes (see Figure 8c). The chemical
compositions of the matrix (as indicated by point shapes and polygonal shapes (see Figure
8c¢). The chemical compositions of the matrix (as indicated
precipitates mainly comprised Nb_and Ti, while the matrix was rich in Ni and Cr but
depleted in Nb comprised Nb and Ti, while the matrix was rich in Ni and Cr but depleted in
Nb and Ti. The results
Materials 2020, 13, x FOR PEER REVIEW 7 of 16

and Ti. The results indicate that Nb and Ti in the matrix were segregated to form large
precipitates. indicate that Nb and Ti in the matrix were segregated to form large
precipitates. These large precipitates
These large precipitates were assumed to be MC-type carbides gM is Nb or Ti), while the
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Figure 8. (a-c) SEM images, (e) transmission electron microscope (TEM)
images, and (d,f) energy-dispersive X-ray spectrometry (EDS) results in the SZ.



Figure 8. (a—c) SEM images, (e) transmission electron microscope (TEM) images, and (d,f)

Figure 9a presents the microstructure of repaired samples around the repaired interface.
The Figure 9a presents the microstructure of repaired samples around the repaired
interface. microstructure is quite different in the SZ and the RZ along the deposition
direction. Similarly to the The microstructure is quite di erent in the SZ and the RZ along
the deposition direction. Similarly SZ, a large amount of white precipitates are also seen in
the HAZ and RZ. From the previous to the SZ, a large amount of white precipitates are
also seen in the HAZ and Rf. From the previous analysis, we can see that the precipitates
of the SZ mainly consist of large (approximately 10 pm) analysis, we can see that the
precipitates of the SZ mainly consist of large (approximately 10 m) irregular shaped MC-
ty(]%e carbides (M is Nb and Ti), small (aF roximately 0.5 pm) polygonal irregular shaped
MC-type carbides (M is Nb and Ti), smal gzpproximately 0.5 m) polygonal shaped shaped
MC-tyﬁe carbides, and flocculent shaped Laves phase. In the HAZ, there are still many
large MC-type carbides, and flocculent shaped Laves phase. In the HAZ, there are still
many large irregular irregular shaped MC-type carbides, but some small sized precipitates
dissolved in the original grain shaped MC-type carbides, but some small sized precipitates
dissolved in the original grain boundaries,

boundaries, as shown in Figure 9b.

as shown in Figure 9b.

For the RZ, the microstructure indicates epitaxial growth of the columnar dendritic
structure, For the RZ, the microstructure indicates epitaxial growth of the columnar
dendritic structure, and a large amount of white precipitates occur along the dendritic
boundaries, as shown in Figure and a large amount of white precipitates occur along the
dendritic boundaries, as shown in Figure 9a. 9a. In addition, compared to the
microstructure in the layer interior, the amount of precipitates is In addition, compared to
the microstructure in the layer interior, the amount of precipitates is greater, greater, and
the size is largest in the OTZ around the repaired interface, as shown in Figure 9cd. The
and the size is largest in the OTZ around the repaired interface, as shown in Figure 9c,d.
The precipitates fpreci itates mainly have flocculent shapes. Figure 9f shows the EDS
analysis results of the flocculent

mainly have flocculent shapes. Fi%ﬁre 9f shows the EDS analysis results of the flocculent
shaped phase shaped phase and the matrix phase. The results of the EDS analysis reveal
that the main hardening

and the matrix phase. The results of the EDS analysis reveal that the main_hardening
elements Nb elements Nb and Mo are rich in the flocculent shaped phase, which is the
characteristic Laves phase

and Mo are rich in the flocculent shaped phase, which is the characteristic Laves phase of
Inconel 625 of Inconel 625 alloys [28,29]. This indicates a somewhat heavy segregation in
the OTZ. Figure 10 alloys [28,29]. This indicates a somewhat heavy segregation in the
OTZ. Figure 10 further shows the further shows the high resolution transmission electron
microscopy (HRTEM) image and the EDS

high resolution transmission electron microscopy SI{-|ZRTEM image and the EDS results of
nanosized results of nanosized precipitates in the RZ. The EDS analysis indicates that it is
NbC. Therefore, the
precipitates in the RZ. The EDS analysis indicates that it is NbC.
precipitates of {}jepRéprecipitatessofthedleyi i

phase and a sm@
small amount

Therefore, the
pt shaped Laves
phase and a
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Figure 9. Microstructures of LARed samples in different zones: (a) SZ+heat-affected zone

(HAZ)+RZ,
Fl_i&\uzre Ig.ZMicrostructures of LARed samples in di erent zones: (a) SZ+heat-a ected zone
+

%b) HAZ+RZ, (c) overla}’&}%iné transition zone (OTZ), (d, e) RZ, and T(? EDS taken
rom laves phase ?b) HAZ+RZ, (¢) overlapping transition’ zone (OTZ), (d,e) RZ,
and (f) EDS taken from laves phase and

and matrix phase of OTZ around the repaired interface.

matrix phase of OTZ around the repaired interface.
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Figure 10. HRTEM images (a) of LARed samples in the RZ, and (b) the EDS
results of a NbC precipitate.

rgmere 10. HRTEM images (a) of LARed samples in the RZ, and (b) the EDS
resultSprecipitateO C

10. HRTEM images (a) of LARed samples in the RZ, and (b) the EDS results of a

NbC .

precipitate.
3.1.3. Microstructure in the Overlapping Transition Zone
3.1.3. Microstructure in the Overlapping Transition Zone
3.1.3.FiguMicrostructurellshowsinthethemicrostructureOverlapping TransitionoftheOTZo
nebetween two adjacent deposited tracks in the FI%ure 11 shows the microstructure of the
OTZ between two adjacent deposited tracks in the RZ.
RZ. Similarly to the OTZ around the repaired interface, the microstructure of the OTZ in
the RZ also "Similarly to the OTZ around the repaired interface, the microstructure of the
OTZ in the RZ also presents Figure 11 shows the microstructure of the OTZ between two
adjacent deposited tracks in the presents a coarse columnar dendritic structure in Figure
11a. The width of the OTZ is also a coarse columnar dendritic structure in Figure 11a. The
width of the OTZ is also approximately 0.15 RZ. Similarly to the OTZ around the repaired
interface, the microstructure of the OTZ in the Rg also approximately 0.15 mm.
Particularly, a large amount of white precipitates occur along the dendritic mm.
Particularly, a large amount of white precipitates occur alon? the dendritic boundaries in
the presents a coarse columnar dendritic structure in Figure 11a. The width of the OTZ is
also boundaries in the OTZ, as shown in the Figure 11b. The EDS results of the precipitates
demonstrate OTZ, as shown in the Figure 11b. The EDS results of the precipitates
demonstrate that they are Laves approximately 0.15 mm. Particularly, a large amount of
white precipitates occur along the dendritic
that they are Laves phase, as shown in Figure 11c,d.
phase, as shown in"Figure 11c,d.
boundaries in the OTZ, as shown in the Figure 11b. The EDS results of the precipitates
demonstrate that they are Laves phase, as shown in Figure 11c,d.
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Figure 11. (a), (b) Microstructures of OTZ and the (c) EDS results of Laves and (d) matrix

phases.
The
microstructuralcharacteristicsbetweenthetheOTZOTZandandlayerlayerinterinteriorareq
uiteare diquiteerent,different,which

whichcanbe  canexplainedbeexpl ambythedclassmalbythe theoreticalclassical ~ theoreticalmodof ~ dendritemodel

thdendrited thesolidificationdyringth
%fgg%iice?f)g guucrln anWtEagg%l eria K1)ns lgmf%weesen the OTZ and layer interio are quite dlffe rent
§r0(€ieS%SP 111cafl é J

l CrRbteR g1%w minrate u{ﬁﬂllie

mpera § Sgra%r fentgr ,growthG,andrate,he
whic

e oﬁmm Eruc }Icro C‘]% K ?% theo tical rz drét§; grow! during the
Tﬁr r1 ee{‘lem fizedhasotta eho eeuln’v&stlga Pﬁze OWt?h rate

1ca iCT
perature gradien e grow

Ero

rive
Litic c n process

1nve§1§ rﬁnan iepositedac%én‘gn(f‘icmetalspac1ng[30] p”marycar}f\jccorofadInger}l%gl’% ft?‘lCt
;‘ﬁ% ion m crostructure. The Kurz, Giovanola, Trivedi (KGT)model has often been

grthegen [Jf ??Eﬁ% %cf)elt “ﬁgg RS a%agrr}wﬁh eofgrowthdendr1t1cratet1pRofrad1usN|-

E tgg% e primary endritic spacing of a deposited metal [30].
aseeﬁ? alloy]@ be described as follows

é;eccordmg to the KGT model, the variation ofﬁdﬂt
Ni-based alloy can be described as follows 4DLG

/

c tip radius r with the growth rate R of

31):= r=n ROT. (1)
L
where G is the Gibbs—Thomson coe
cient, D equhleor((ém 4DT inter-di usion coe cient, k is the
—F

, br=m\— . El _
S héj?cﬁrhon%’é\*[pclc'e”t’ DT is the Don'qullbrwm ﬁége. Furthermore, according to

ibbs—Thomson coefficient h uld” inter-diffusion coefficient, k is
isthe t

Kurz and Fisher analysis [32‘] the primary dendritic spacing can be expressed by a
function of the equilibrium diffusion coefficient, AT is the non- equilibrium solidification
range. Furthermore, where T is the Gibbs-Thomson coefficient, DL is the liquid inter-
dlff%smn coefficient, k is the dendritic tip radius r as [33]:

equilibrium diffusion coefficient, AT is the non- equilibrium solidification range.
Farthermore,



according to the Kurz and Fisher analysis [32], the primary dendritic spacing ) can be
expressed by a

|1\/I6aterials 2020, 13, 4416 10 of
function of the dendritic tip radius r as [33]:
\Ir

1= &, (3)

G

Therefore, the primary dendritic s acinﬁ 2 is identified as a function of temrFe_rature
§rad1ent G Therefore, the primary dendritic spacing is identified as a function of
emperature gradient G

and the growth rate R as
follows:

and the growth rate R as follows:

c-éé/Z 21/

4D, -1/ -1/
3n+  ATI. 2 4

d=0612 14 g ,
2 +§$DLD' + é’R 1/4 3)

& EkR -+ R , (3)
= ¢ 0 kR
The product G-R (coolingGspeed) governs the size of the solidification structure [34].
Thus, the The product R (cooling speed) governs the size of the solidification
structure [34]. Thus,
difference in the temperature gradient G and the growth rate R during the LAR process
should be the di erence in the temperature gradient G and the growth rate R during the
LAR process should be
the prinl1ary reason for the different morphologies in the OTZ. During the LAR process, the
materia
thetpr_irTary reason for the di erent morphologies in the OTZ. During the LAR process, the
materia
is deposited track-by-track and layer-by-layer. When a new track is deposited, the top
portion of the
is r(%_epos}ted track-by-track and layer-by-layer. When a new track is deposited, the top
portion o
rriatﬁl;ial in the previous track is remelted, and then forms a molten pool, as shown in Figure
. The
che mat1e2rial in the previous track is remelted, and then forms a molten pool, as shown in
igure 12.
temperature of the previous track is hiﬁh_er than that of the previous layer, therefore, the
The temperature of the previous track is higher than that of the previous layer, therefore,
the temperature
temperature ﬁradient at the overl:g)pin line, G, is less than at the other fusion line, G .
%a%%% at the overlapping line, Gy, is less than at thel other fusion line, G.. Consequently,
e

%Zonsequently, the G-R (cooling rate) is lower at the overlapping line and higher at the other

usion

gcooling rate) is lower at the overlapping line and higher at the other fusion line. This leads
oa

&

line. This leads to a significant increase in the primary dendritic spacing ) along the
overlapping line significant increase in the primary dendritic spacing along the overlapping
line of the molten pool, of the molten pool, which forms an OTZ between tracks.

which forms an OTZ between tracks.
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R HiSiribution in Figure 13, Schematic ilubration oFihe femperatureadient. G,

and growth rate, R, glstrlbutlon in the peralire gradient, =

themoltenmoltenpoolpoolduringduringthetheLARLARprocess.process.

ThesizeofoftheLavesphasesisisatttributedtotoththe concentrationofof the alloyingoying
elementsents.. During
theLARprocesss,solidificationsolidificationinintheInconel625alloystartswiththetheprimaryli
quid—ly reaction, causing the accumulation of Nb,Mo,Mo,C,C,andandTi Tiin
theintheinterdendriticendriticand andgraingrainboundaryboundaryliquidsliquids.Thus,.
Tthus,eLavthesLavesphase phaseandMCand-typeMCcarbides-
typecarbidescanprecipitatcanecipitateintheseinregionsthese.regionsThen,the. Then,subsequ
entthesubsequentliquid!
liquid(+NbC)—(yeutectic+NbC)reactionutecticconsumesreactionconmostumesofthemostca
rbofn theavailable,carbonuntilavailable,anotheruntileutecticanothreactionreutecticL!
reaction+Laves —Occeurs,y+
finishingLavesoccurs,thesolidificationfinshingtheprocesssolidification[27]. The
Lavesprocessphase[27] .IsTheanunLavoidableesphaseterminalisan
unavoidsolidificabletionterminalphasein
solidificationInconel625alloysphase.However,inInconesolidification625alloys.
conditionsHowever, cansolidificationstronglyinfluenceconditionsthe
canextentstronglyofniobiuminfluencesegregationtheextentandof
niobiumtheamountsegregationofLaves phaseandthe[35amount]. Thus,ofa
Lavesslowcoolingphase[35]rate. Thus,(GR) ina slowtheOTZcoolingcausesrate
a(Glarge-R)insegregationtheOTZcausesofthea
alloyinglargesegregationelements,ofwthichealleadsoyingtoelements,theformationwhichoflea

dslargeto theamountformationofLavesofa phaselarge.amount of Laves phase.

3°.2%.-CompositionDistribution
The™EDS®line"scanning®*"results™*""*show*"*"that"'the"mamajoralloying®'*™ele

ments’elements,SuchsuchaSNiasandNi CrlandareCr, distributedaredistributeduniformlyuniformlyfromfromthe

"eSZ to%* the® "™RZ,%as *shown*™"in "Figure™13". The™fluctuations™***"of*'some

elementsare®®mainlydue®°to®the™detectionsof*precprecipitations. However,the"™Nb"*and?

"“MoMelementsare®®

distributedmoreuniformlyin"the"™RZ¥comparedto®in"the"SZ%*. This™*is®mainlydue®°tot
he™segregationof” Nb™and Mo elementse ts in the SZ “to form®alargeamount®of"*MC"Pe-
type®®“carbide®and"****Laves*"****phases,""*while" the®**degree”
segregationregatiofofn "of the®*™alloyingelemements" "in the®* RZ°weak,isandk,and™

islows

thePeoPtatdp recipitated ™ *phase™*"is

low""addition, Intheion,**¢**thede r°fsedg%‘ea%atlonofsegregatlon"ﬁhea"°y'"9ofthe semealloying'
*elements®4adisagoravated ™ theOTZ,” in"the layer interior, this is due to
and Mo elements segregatlng and formlng alarge amount of Laves phase



compared"*"22204q Bin #1%the layer interior, this is due to Nb and Mo elements
segregating and forming a''large®” amount of Laves phase.
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Figure 13. EDS line scanning results of the LARed Inconel 625 alloy sample along the
deposition
Figure 13. EDS line scanning results of the LARed Inconel 625 alloy sample along the
deposition direction.

direction.

3.3. Mechanical Properties

3.3. Mechanical Properties

3.3.1. Hardness

3.3.1. Hardness
Figure 14 shows the Vickers hardness along the deposition direction, around the
repaired interface.

The hardnessFigurel4valuesshowshavethe
noVickersnotablehardinesserencealongbetwtheendepositiontheSZanddirection,RZ.Thearo
undaveragethehardnessrepairedis inteapprfaceoximately.The hardness24020 HVvalues.
have no notable difference between the SZ and RZ. The average

hardnessThe microisapproximately-mechanical 240properties+20HVof. the LARed Inconel
625 alloy samples were evaluated using a
nanoindentationThemicro-

mechanicalforthereducedpropertiesmodulusofthe(ELARedr)andmicrohardnessInconel625al
loy(H )saroundmples thwererepairedevaluatedinterfaceusing. Theananoindentationion
forloadthe-
depthreducedcurvesmodulusfthematrix(E)andphasemicrohardnessdierentzones(H)
ofaroundtheLARedthe repairedsamples
interfaceareshown.TheinFigurenanoindentation15.Theresponsesload-depthof
thecurvesLARedof thelnconelmatrix625 phasealloy arein predominantlydifferentzones
plastic,ofthe LARedalthoughsamplessomeelasticare
shownrecoveryinuponFigurereleasel5a .0fThethe loadresponsescanalsoof

betheobservedLARed. Inconelboth figures,625alloysmallare



plateauredominantlycanbeseenplastic,atthealthoughmaximumsomeload,elasticwhichrecov
eryisindicativeuponreleaseofcrepof inthetheloadInconelcanalso625bealloyobserved.. In
bothThefigures,resultantsmallload-depthplateaucurvescanbewerseenusedattheto

maxobtaimumnthe Hload,ndwhichErby
employingisindicativetheofprocedurecreepintheof InconelOliverand625 Pharralloy. [36].
The E, was then used, together with Poisson’s ratio ( ), to calculate the elastic modulusThe
resultant(E)from theloadfollowing-depthcurvesequation:were used to obtain the H and Er
by employing the procedure of Oliver and Pharr [36]. The Er was then used, together with

Poisson’s ratio (v), to calculate the

2 17
1 1
@lﬂﬁﬁiﬁoﬁnodulus (E) from the following i
E= E+E , (4
1-

1 1-v* v
where : = + (4) . ,
E inéhe elastic modulus of the indenter (1140 GPa) [g7its Poisson’s ratio (0.07)

. g pE ,

Furtherrr:ore, the Poisson’s ratio used for the Incoﬁmel 625 allloy was set to 0.303 [38]. The
obtained

whindentationreEis themoduluselastic
(modulusEr)andmicrohardnessoftheindenter(H(1140)dataGPa)oftheand LARedviisitsIncone
IPoisson’s625 ratioalloy (0Osample.07)[37]in. Furthdierentrmore,zonestheare
Poisson’sshownin Figureratioused15b. forThetheEr valuesInconelfor625di
alloyerentwaszonessetrevealto0.303imperceptible[38]. Theobtchangesined.
Theindentatimicrohardnessmodulusof (theEr) matrixandmicrohardnessphaseinthe
RZ(H)isdataapproximatelyftheLARed5.1

GPa,Inconelwhich625isalloyslightlysamplehigherin differentthanthat ofzonesthe
SZare(approximatelyshowninFigure4.8 GPa)15b.. Theis Eisr
duevaluestotheforweakeningdifferet zonesofthe sregregationvealimperceptibleoftheNb
changesandMo.alloyingThemicrohardnesselementsintheof RZthe.
Inmaddition, trixphasetheinmicrohardnesstheRZisapproximatelyofthematrix5phase.1GPa,in
thewhichHAZis slightlygenerallyhigherdemonstratesthanthat
lofwerthevalueSZ(appproximately44.8.6 GPa).. This is
attributedduetothetoweakeningthedissolutionoftheof segregationtheMC-
typeofcarbidetheNbandandLavesMoalloyingphases andelementsthegrowthinthe
ofRZthe.Ingrainsaddition,inthetheHAZmicrohardness.Inparticular,of the

maticrohardnessixphaseinofthe HAZmatrixgenerallyphasein



demonstratestheOTZisapproximatelylowervalue4.7
(approximatelyGPa,whichisslightly4.6GPa)lower.Thisthanis attributedthatoflayerto
inttheriordissolutionintheRZof(approximattheMC-
typelycarbide5.1GPa)and.TheLavesformationphases
andofabundantthegrowthlLavesofthephasesgrains inthetheOTZHAZisdue.In
toparticular,thelarge thesegregationmicrohardnessofalloyingoftheelematrixents
NbphaseandinMothe. TheOTZLavesisapproximatelyphaseisbrittle4.7
GPa,harmfulwhichphase,is andslightlyconsumeslowr
athanlargethatamountoflayerofNbinteriorandMo,inandthedecreasesRZ(approximatelythea
mount 50f.1 NbGPa)and. TheMo
formationinthematrix,ofabundantwhichleadsLavestothephasesdecreaseintheofOTZthemicr
ohardnessisduetothelargeofthesegregationmatrixphaseofalloyingtheOTZelements.

Nb and Mo. The Laves phase is a brittle harmful phase, and consumes a large amount of Nb
and Mo,



andMaterialsdecreases2020,13, xtheFORamountPEERREVIEWofNb and Mo in the matrix,

which leads to the decrease of12 theof16 microhardness of the matrix phase in the OTZ.
Materalbanddecreases?® ***1%he amount of Nb and Mo in the matrix, which leads to the
decrease of* “the' microhardness of the matrix phase in the OTZ.
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igure 14) Vickers hardnessivaluesiof the I ARed Inconkb6@§ alloy sample.
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Figure 15. (a) Nanoindentation load—depth curves and ( b) indentation modulus
and hardness data of Figure 15. (ac? Nanoindentation load—depth curves and (b)
indentation modulus and hardness data of ( a) (b)

thethematrixmatrixphasephaseinindifferentdier
entzoneszonesofofthetheLARedLARedsamples.

samples.

Figure 15. (a) Nanoindentation load—depth curves and (b) indentation modulus
and hardness data of 3.3°.27 TensilethematrixTestsphase in different zones of the LARed samples.

The é@ﬁlte%%{feturetensileﬁfopertiesof ththeL ARedsampleandait W& ttreatedwrought
ests

substra®gre listedil"THbILE The ’censiles‘creng‘chaf‘}{:i(hucti_li’cyo‘fDiARedsamplesaiaer Qimilart§
Theof theroomnsile properties edis “sample and " the

thQseWSWﬁghtsubstraté)évhichindicatesthaﬁ;ARiglﬁalteﬁfable.agproachfor dtﬁﬂéﬁ@‘&‘é%]at
missubs te arle listed in Table 3. Theof tensile strength and. ductility of LARed samples are
tr-  similar to

mis-machinedcomponentsmadeof thelnconel625allloy. )
those of the wrought substrate, which indic tes thaXLARrehable approach for damaged

#8.compare the tensile behaviors of the samples in the varfiigs conditions, tensile testing of

Table 3. Room temperature tensile properties of wrought and LARed Inconel 625
alloy samples.

BRSSP RIS ofthe ek 62 @ ¥re shown in Figure 16. The tensile
compare the tensile behaviors f the samples in the various conditions, tensile testing

c@tsdeé’[’éfﬂ't‘ﬁe different les are almost the iféﬁ' which indicates that they have similar

sam
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samplecurves andoftheyieldsdifferentatadifferentsamples
stressarealmostlevel .theAftersameyielding,whichtheindicatestensile
thatspecimenstheyhaveinallsimilarcases tensileshow LARed sample 908 5
587 3 447 05 45.0 0.7

roperties. The LARed sample demonstrates a slightly steeper elastic response than the
HieRiiDAnyAhstipats R rves in the plaste clongariopeberipg before 437 3

s & :
eases————show almostTableparallel3.Roomstresstemperature—
straincurvestenileinpropertiestheplasticofelongationwroughtandperiod LARedbeforeIncon

elfracture625alloy. samples.

To compare the tensile behaviors of the samples in the various conditions, tensile
testing of the

LARed and wrought samples was done, and the results are shown in Figure 16. The tensile
test curves

Ultimate tensiie Area Table 3. Room temperature tensile properties
of wrought and LARed Inconel 625 alloy samples.

Yield Streng Elongation
of frestiraeant samples are almost the same, which indicates that they have similar tensile
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Figure 16. Typical tensile test curves of LARed sample and wrought substrate.
Figure 16. Typical tensile test curves of LARed sample and wrought substrate

1%ure 16. Typical tensile test curves of LARed sample and wrought
substrate

Figure 17 shows the fractographs of the wrought sample. The fracture surface of the
wrought Figure 17 shows the fractographs of the wrought sample. The fracture surface
of the wrought
Fi%ure 17 shows the _fractc_)r%raphs of the _wr.ou%ht sample. The fracture surface of the
wrought sample exhibits fine dimples, which indicate a ductile mode of failure associated
with good tensile sample exhibits fine dimples, which indicate a ductile mode of failure
associated with good tensile
sam}tjle exhibits fine dimgles,_ which indicate a ductile mode of failure associated with
?OOd ensile properties. In addition, a large number of secondary cracks can be found. The
ractograph of the fproperties. In addition, a large number of secondary cracks can be found.
The fractograph of the
roperties. In addition, a large number of secondary cracks can be found. The fracto§raph
of the wrought sample shows @ distinct morphology, with MC-type carbides inside the Targer
dimples. At the wrou%ht sample shows a distinct morphology, with MC-type carbides inside
the larger dimples. A
wrought sample shows a distinct morphology, with MC-type carbides inside the larger
dimples. At same time, the second phase MC-type carbides are torn, as shown in Figure
17b. It is evident that the same time, the second phase MC-type carbides are torn, as shown
in Figure 17b. It is evident that
the same time, the second ']%hase MC-ty.ﬁ]e carbides are torn, as shown in Figure 17b. It is
evident that the MC-type carbides are primarily responsible for making the fracture process
easier by providing the MC-type carbides are primarily responsible for making the fracture
process easier by providing

the MC-type carbides are primarily responsible for making the fracture process easier by
providing favorable sites for excessive microvoid initiation, and the growth of macroscopic

cracks.
favorable sites for excessive microvoid initiation, and the growth of macroscopic cracks.
favorable sites for excessive microvoid initiation, and the growth of macroscopic cracks.

= ) A ']
Figure 17. rctog ps of he'wi:'ought ubstrate sple at (a) low and (b) high
magnifications.
Figure1717.Fractographs.ofofthethewroughtsubstratesubstratesampleatat(a()alow)lo
wandand(b()bhigh)highmagnificationsmagnifications..



rigure 18 shows the fractographs of the LARed sample. A mixed fracture occurred in the
Figure 1 8188NOWSghowsthe thefTACOGraphS ractographsOfth€oLAREd e ARcaSAMPIEsample. AMixed o

fracturemiea 0CCUINT€dsracture occurreainthesamples, inme

$arlglples, which included the SZ and RZ, and the fractographs are quite different, as shown
in Figure
Wh"’hsagmples,'""'“dEdwhichtheincludedsza”‘?'theRZ'SZ and __ "eRZ,
fractographstographsandthe®* " are®quite®*"different,®"""asshown" " inFigure'®  18a.
Figure 18b shows the high-magnification SEM image of the SZ, which is similar to the
wrought . Figureis,rigure 18bshows g, sthegshighg.-magnificationsgn.-
magniﬁcaltions EhM im a}? e%EMOfimaget hfe %Z ’ gf%/h |Chthe§Z,| S V?ii'Chs | T | ha risto%imilart.h edwro U g httojt;hed Sa nl] p Ife a.xi/rought
SIS whgre the gt o he 8 sontips o dimpled sl mdicatve f duce i
a*™edimpledindicativesurface *indicaductileve ™“"ofductile®failuthere ,*®and there are
particles inside the large dimples. The dimples_and tear edges in the RZ fracture have a
particlesercareiNSid€ ariciesth€larg€iniaedimpleSineiarge. The dimples andrteargimps€dges
INanathe,RZ fracture.qgesinhavem. arzClears,qu.orientation, ... . clear orientation, as shown in
F%gure 18c,d. Since the direction of the tensile stress at this time is @ScearSHOWNGientation INFigure
1845C,Ashown-SinCeistheriguedirection;s «of. thesinctensilepm. dgirectionStressatthis,
timenetensieiSalMOSt esperpendicular,misimetois almost perpendicular to the direction of the
dendrite  growth in the sample, the aligned dimples and
th‘*almostd'rec“""gper endicular°tedendietothed"direction o heofthes™ e dendrite™™
éi'owtha"g"e“in mPethesample,®**'the *‘aligned®***°dimples™*“*and tear edges also indicate

at the microstructure of the LARed samples has a distinct orientation in the
thatteqrired gesMestucUelspindicate that ™ the A R microstructures®™eshasof
the®™™* "L ARed**""*"sampleshas"a"™distinct*****orientatdirectioninthe deposition
direction. When the sample is stretched perpendicularly to the deposition direction, the
Whengeposiionthesampli, € ionisstretched ywhen
perpendicularlyesampreisstretchetothedepositionerpendicuarydirection, theg.dendritiCaeposiionStructure i,
ection,ISCUtme dendritic structure is cut transversely, leavinﬁ a dimgled structure, with the
dendrite.  center and  "™™“**Vdendriticstructure®™™  #s™deyttransversely, ™
leaving""™a®""dimpled*"*'structure,*“dendritewithhe’”dendrite®****center"tornad
dendrite dr%/ areas as the torn edge. As the dendrite growth and dendrite column
gjgggrel%g%tegAstheerXdendriteareasasgrowththetornanded edendrite.Asthecolumndendritearrangementgrowthandlig
regular,dendite® """*column ®arrangement*"""*is regular, a rupture is left after the regular
arrangement of the dimples.

r9Uerregular,arrangementruptureis®left™after®™™*theregular arrangement of the dimples.
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Figure 18. Fractogr ARed sample: ax) SZ+RZ, (b) SZ, aﬁd (c,d) RZ. ”

Figure 18. Fractograph of the LARed sample: (a) SZ+RZ, (b) SZ, and (c,d)
RZ.

4. Conclusions

In this paper,, Inconelc 1 625 alloy substratest with premade trapezoidal groove

shaped defects were repaired using LAR. The microstructuresstr t s around the repairedir
interfacet rf and the corresponding mechanical properties were investigated.. The
conclusions are outlined below::

repairedrep aire dinterfaceinterf aCEOf

The microstructurearound™the
of?AReda ARed ™" Inconel®® 625"alloy®" can®*®®dhedivided™
threeintothree® s zonthes:5#the"*#SZ, HAZ,@%®R2and "*RZS? The"®® SZ?typicalhas
typical®®®*‘equiaxed *”*®'struccryst'“alstructure""bimodalwith graiNpimedaiSize
eraindiStrIDULION  gizedistribution WhileiNthe i HAZ,

nrecrystallizationmeriaz recrystanizationoccursandleads  custosignificant,ndieadssgraini,

shgionificant™  grain™f*growth™™®In  Y*"theRZ, “there®" ™ arevery9®">large

thesize

andcolumnar grains,”™® and®U™Sthesize @S fthe vitheolumns®'increases
with""™®anincrease”**"*inthenumber®**of deposited layers.

The precipitatesin thein SZthemainlySZmaiconsistly consistoflarge

(approximatelyoflarge(approxi10m)atelyand small10pm)(approximatelyandsmall

O(approximately.5m)block-shaped0.5pm)MCblock-type-shapedcarbiesMC(M-
typeisNbcarbiand  esTi)(MandisirregularlyNbandTi)shapednd irregularlyflocculent
Lavesshapedphaseflocculent.IntheLavesHAZ, phasethere.

arelnthestillHAZ, manytherelargeareblockstill-shapedmany largeMC-
typeblockcarbides,-shaped = butMCsom-type  precipitatescarbides,butdissolveome
precipitatesintheoriginaldissolvegrainboundariesintheoriginal.For

thegrainRZ ,boundariessomelLaves.ForandthefewRZ,MCsome-typ

carbidesLavesandare precipitatedfewMC-



typealongcarbidestheepitaxialareprecipitatedgrowthdendriticalongboundartheepitaxial

es. growth dendritic

Theboundamicrostructureies. between two adjacent deposited tracks presented an
overlapping transition

zoneThemicrostructure(OTZ),whichthebetweendendritictwostructureadjacentcoarsene
d,depositedandtracksmorepresentedLavesphasen ovprerlappingcipitated
comparedtransition tozonein the(OTZ),layer whichinteriorthe. Thedenwidthriticof
structuretheOTZ wascoarsened,approximatelyandmore0.15
Lavesmm.ThephaselowerprecipGRintatedhe
OTZcomparedledtotoaninincreasethelayerin  interiordendrite. Thearmwidthspacingof
theandOTZthe formwasationpproximatelyoftheLaves0.15phasemm.. The lower mG-R
inVickerstheOTZnarnessledtoanandincreaseindentationdendritemoguusarm
spacinggomneandszthe, formationmerzaiongofthemeLavesdeposionphase.

dirThection"*~were" *notnotably**“diindentationerentthe™""*LARed
samples,fomthegnds? were“ " approximatelyr#longthe4 QdepositionH\/,
Thedi*tiormjcrohardness™ " retablygfthematrixerphase™
teinthe**!RZ(approximatelysmplesandwere5 4 GPg)prroximatlyyyggslightly?*higher®  than™
that™e ofmicrohardnessth o S7(gpproximately°ttemati4 8GPa),Ph**while™"the
microha®rrdness™™Ygenerally>'“"“achieved™* sightlyglower
value™&"r(approximatelyhanthatoftheq SZ5GPg)@pproximatelyinthg HAZ . In8
particular,"hilethethemicrohardnesgmicehardnessof thesereralymatrix*®evedphasein
the?>vQTZ valewas(approximately4.7 *GPa,*“*dwhich™ theywasHA%glightly ™
lowerPrticularthgn thatt ofmicrohardness| gy arinterior °fin the
RZ™2x(gpproximatelyrhescinthes 19T2GPg)wss ThePrroximatelflyctuationof the*”
microhardnessCrhichwasgf thesis"ymatrix'>“phase™around™the®
repaired ™™™ rinterface™was®mainly(approximatelycausedb the®!
segregation®ra) ThefluctuationgfthaNp and°fhepMomicehardnessg|lgyingelements ™.

matrix phase around the repaired interface was mainly caused by the segregation of the Nb

and

The yield strength and elastic modulus of the LARed samples were higher than those of
the

Mo alloying elements. ] . o
}[Nr(t)#ght s}gmple. The tensile strength and ductility of the LARed samples were similar
o those o

The yield strength and elastic modulus of the LARed samples were higher than those
of thee the wrought sample. Both the SZ and RZ presented a dimple fracture surface,
and a large number wrought sample. The tensile strength and ductility of the LARed
samples were similar to those of secondary cracks could be found in the SZ. The
dimples and tear edges had a clear orientation of the wrought sample. Both the SZ
and RZ presented a dimple fracture surface, and a large number of secondary cracks
could be found in the SZ. The dimples and tear edges had a clear

in the RZ. The comprehensive tensile properties of the LARed Inconel 625 alloy are
equivalent to those of the wrought alloy.



Author Contributions: Y.W., Q.X. and G.L. conceived and designed the experiments;
Y.W. and L.Y. performed the experiments; Y.W., Q.X. and G.L. analyzed the data; R.L.
and W.W. contributed analysis tools; Y.W. wrote the paper. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Technologies R & D Program,
China, grant number 2016YFB0700404.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

Gao, Y.; Ding, Y.; Chen, J.; Xu, J.; Ma, Y.; Wang, X. E ect of Twin Boundaries on the
Microstructure and Mechanical Properties of Inconel 625 Alloy. Mater. Sci. Eng. A
2019, 767, 138361. [CrossRef]

Salarian, M.; Asgari, H.; Vlasea, M. Pore Space Characteristics and Corresponding E
ect on Tensile Properties of Inconel 625 Fabricated Via Laser Powder Bed Fusion.
Mater. Sci. Eng. A 2020, 769, 138525. [CrossRef]

Hu, Y.L.; Lin, X.; Yu, X.B.; Xu, J.J.; Lei, M.; Huang, W.D. E ect of Ti Addition on
Cracking and Microhardness of Inconel 625 During the Laser Solid Forming
Processing. J. Alloys Compd. 2017, 711, 267-277. [CrossRef]

Mostafaei, A.; Behnamian, Y.; Krimer, Y.L.; Stevens, E.L.; Luo, J.L.; Chmielus, M. E
ect of Solutionizing and Aging on the Microstructure and Mechanical Properties of
Powder Bed Binder Jet Printed Nickel-Based Superalloy 625. Mater. Des. 2016, 111,
482-491. [CrossRef]

Nguejio, J.; Szmytka, F.; Hallais, S.; Tanguy, A.; Nardone, S.; Martinez, M.G.
Comparison of Microstructure Features and Mechanical Properties for Additive
Manufactured and Wrought Nickel Alloys 625. Mater. Sci. Eng. A 2019, 764, 138214.
[CrossRef]

Kumar, A.; Rajkumar, K.V.; Jayakumar, T.; Raj, B.; Mishra, B. Ultrasonic
Measurements for in-Service Assessment of Wrought Inconel 625 Cracker Tubes of
Heavy Water Plants. J. Nucl. Mater. 2006, 350, 284—292. [CrossRef]

Debroy, T.; Wei, H.L.; Zuback, J.S.; Mukherjee, T.; EImer, J.W.; Milewski, J.O.; Beese,
A.M.; Wilson-Heid, A.; De, A.; Zhang, W. Additive Manufacturing of Metallic
Components-Process, Structure and Properties. Prog. Mater. Sci. 2018, 92, 112-224.
[CrossRef]

Herzog, D.; Seyda, V.; Wycisk, E.; Emmelmann, C. Additive Manufacturing of Metals.
Acta Mater. 2016, 117, 371-392. [CrossRef]

Sui, S.; Chen, J.; Zhang, R.; Ming, X.; Liu, F.; Lin, X. The Tensile Deformation
Behavior of Laser Repaired Inconel 718 with a Non-Uniform Microstructure. Mater.
Sci. Eng. A 2017, 688, 480-487. [CrossRef]

Onuike, B.; Bandyopadhyay, A. Additive Manufacturing in Repair: Influence of
Processing Parameters on Properties of Inconel 718. Mater. Lett. 2019, 252, 256-259.
[CrossRef]

Zhao, Z.; Chen, J.; Tan, H.; Lin, X.; Huang, W. Evolution of Plastic Deformation and its
E ect on Mechanical Properties of Laser Additive Repaired Ti64Eli Titanium Alloy. Opt.
Laser Technol. 2017, 92, 36—43. [CrossRef]


http://dx.doi.org/10.1016/j.msea.2019.138361
http://dx.doi.org/10.1016/j.optlastec.2016.12.038
http://dx.doi.org/10.1016/j.matlet.2019.05.114
http://dx.doi.org/10.1016/j.msea.2017.01.110
http://dx.doi.org/10.1016/j.actamat.2016.07.019
http://dx.doi.org/10.1016/j.pmatsci.2017.10.001
http://dx.doi.org/10.1016/j.jnucmat.2006.01.011
http://dx.doi.org/10.1016/j.msea.2019.138214
http://dx.doi.org/10.1016/j.matdes.2016.08.083
http://dx.doi.org/10.1016/j.jallcom.2017.03.355
http://dx.doi.org/10.1016/j.msea.2019.138525

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Balasubramanian, V.; Ravisankar, V.; Reddy, G.M. E ect of Pulsed Current and Post
Weld Aging Treatment on Tensile Properties of Argon Arc Welded High Strength
Aluminium Alloy. Mater. Sci. Eng. A 2007, 459, 19-34. [CrossRef]

Liu, H.; Wang, X.; Ji, H. Fabrication of Lotus-Leaf-Like Superhydrophobic Surfaces Via
Ni-Based Nano-Composite Electro-Brush Plating. Appl. Surf. Sci. 2014, 288, 341-348.
[CrossRef]

Pawlowski, L. Finely Grained Nanometric and Submicrometric Coatings by Thermal
Spraying: A Review. Surf. Coat. Technol. 2008, 202, 4318-4328. [CrossRef]

Saboori, A.; Aversa, A.; Marchese, G.; Biamino, S.; Lombardi, M.; Fino, P. Application
of Directed Energy Deposition-Based Additive Manufacturing in Repair. Appl. Sci.
2019, 9, 3316. [CrossRef]

Lin, X.; Cao, Y.; Wu, X,; Yang, H.; Chen, J.; Huang, W. Microstructure and Mechanical
Properties of Laser Forming Repaired 17-4Ph Stainless Steel. Mater. Sci. Eng. A
2012, 553, 80-88. [CrossRef]

Sun, S.D.; Liu, Q.; Brandt, M.; Luzin, V.; Cottam, R.; Janardhana, M.; Clark, G. E ect
of Laser Clad Repair on the Fatigue Behaviour of Ultra-High Strength Aisi 4340 Steel.
Mater. Sci. Eng. A 2014, 606, 46-57. [CrossRef]

Liu, Q.; Wang, Y.; Zheng, H.; Tang, K.; Li, H.; Gong, S. Tc17 Titanium Alloy Laser
Melting Deposition Repair Process and Properties. Opt. Laser. Technol. 2016, 82, 1—
9. [CrossRef]

Puppala, G.; Moitra, A.; Sathyanarayanan, S.; Kaul, R.; Sasikala, G.; Prasad, R.C,;
Kukreja, L.M. Evaluation of Fracture Toughness and Impact Toughness of Laser
Rapid Manufactured Inconel-625 Structures and their Co-Relation. Mater. Des. 2014,
59, 509-515. [CrossRef]

Li, C.; White, R.; Fang, X.Y.; Weaver, M.; Guo, Y.B. Microstructure Evolution
Characteristics of Inconel 625 Alloy from Selective Laser Melting to Heat Treatment.
Mater. Sci. Eng. A 2017, 705, 20—31. [CrossRef]

Wang, P.; Zhang, B.; Tan, C.C.; Raghavan, S.; Lim, Y.; Sun, C.; Wei, J.; Chi, D.
Microstructural Characteristics and Mechanical Properties of Carbon Nanotube
Reinforced Inconel 625 Parts Fabricated by Selective Laser Melting. Mater. Des.
2016, 112, 290-299. [CrossRef]

Kreitcberg, A.; Brailovski, V.; Turenne, S. E ect of Heat Treatment and Hot Isostatic
Pressing on the Microstructure and Mechanical Properties of Inconel 625 Alloy
Processed by Laser Powder Bed Fusion. Mater. Sci. Eng. A 2017, 689, 1-10.
[CrossRef]

Dinda, G.P.; Dasgupta, A.K.; Mazumder, J. Laser Aided Direct Metal Deposition of
Inconel 625 Superalloy: Microstructural Evolution and Thermal Stability. Mater. Sci.
Eng. A 2009, 509, 98—-104. [CrossRef]

Rombouts, M.; Maes, G.; Mertens, M.; Hendrix, W. Laser Metal Deposition of Inconel
625: Microstructure and Mechanical Properties. J. Laser Appl. 2012, 24, 2575-2581.
[CrossRef]

Rivera, O.G.; Allison, P.G.; Jordon, J.B.; Rodriguez, O.L.; Brewer, L.N.; McClelland,
Z.; Whittington, W.R.; Francis, D.; Su, J.; Martens, R.L. Microstructures and
Mechanical Behavior of Inconel 625 Fabricated by Solid-State Additive Manufacturing.
Mater. Sci. Eng. A 2017, 694, 1-9. [CrossRef]


http://dx.doi.org/10.1016/j.msea.2017.03.105
http://dx.doi.org/10.2351/1.4757717
http://dx.doi.org/10.1016/j.msea.2009.01.009
http://dx.doi.org/10.1016/j.msea.2017.02.038
http://dx.doi.org/10.1016/j.matdes.2016.09.080
http://dx.doi.org/10.1016/j.msea.2017.08.058
http://dx.doi.org/10.1016/j.matdes.2014.03.013
http://dx.doi.org/10.1016/j.optlastec.2016.02.013
http://dx.doi.org/10.1016/j.msea.2014.03.077
http://dx.doi.org/10.1016/j.msea.2012.05.095
http://dx.doi.org/10.3390/app9163316
http://dx.doi.org/10.1016/j.surfcoat.2008.04.004
http://dx.doi.org/10.1016/j.apsusc.2013.10.030
http://dx.doi.org/10.1016/j.msea.2006.12.125

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Tian, Y.; Ouyang, B.; Gontcharov, A.; Gauvin, R.; Lowden, P.; Brochu, M.
Microstructure Evolution of Inconel 625 with 0.4 Wt% Boron Modification During Gas
Tungsten Arc Deposition. J. Alloys Compd. 2017, 694, 429-438. [CrossRef]

Xu, F.J.; Lv, Y.H.; Xu, B.S.; Liu, Y.X.; Shu, F.Y.; He, P. E ect of Deposition Strategy on
the Microstructure and Mechanical Properties of Inconel 625 Superalloy Fabricated by
Pulsed Plasma Arc Deposition. Mater. Des. 2013, 45, 446-455. [CrossRef]

Xu, X.; Mi, G.; Chen, L.; Xiong, L.; Jiang, P.; Shao, X.; Wang, C. Research on
Microstructures and Properties of Inconel 625 Coatings Obtained by Laser Cladding
with Wire. J. Alloys Compd. 2017, 715, 362—-373. [CrossRef]

Hu, X.; Xue, Z.; Zhao, G.; Yun, J.; Shi, D.; Yang, X. Laser Welding of a Selective Laser
Melted Ni-Base Superalloy: Microstructure and High Temperature Mechanical
Property. Mater. Sci. Eng. A 2019, 745, 335-345. [CrossRef]

Xu, X.; Lin, X,; Yang, M.; Chen, J.; Huang, W. Microstructure Evolution in Laser Solid
Forming of Ti-50Wt% Ni Alloy. J. Alloys Compd. 2009, 480, 782—787. [CrossRef]
Wang, J.F.; Sun, Q.J.; Wang, H.; Liu, J.P.; Feng, J.C. E ect of Location on
Microstructure and Mechanical Properties of Additive Layer Manufactured Inconel 625
Using Gas Tungsten Arc Welding. Mater. Sci. Eng. A 2016, 676, 395—405. [CrossRef]
Kurz, W.; Fisher, D.J. Dendrite Growth at the Limit of Stability: Tip Radius and
Spacing. Acta Metall. 1981, 29, 11-20. [CrossRef]

Lin, X.; Yue, T.M.; Yang, H.O.; Huang, W.D. Laser Rapid Forming of
Ss316L/Rene88Dt Graded Material. Mater. Sci. Eng. A 2005, 391, 325-336.
[CrossRef]

Collins, P.C.; Brice, D.A.; Samimi, P.; Ghamarian, |.; Fraser, H.L. Microstructural
Control of Additively Manufactured Metallic Materials. Annu. Rev. Mater. Res. 2016,
46, 63-91. [CrossRef]

Ram, G.D.J.; Reddy, A.V.; Rao, K.P.; Reddy, G.M. Improvement in Stress Rupture
Properties of Inconel 718 Gas Tungsten Arc Welds Using Current Pulsing. J. Mater.
Sci. 2005, 40, 1497-1500. [CrossRef]

Oliver, W.C.; Pharr, G.M. An Improved Technique for Determining Hardness and
Elastic Modulus Using Load and Displacement Sensing Indentation Experiments. J.
Mater. Res. 1992, 7, 1564—-1583. [CrossRef]

Yu, L.; Wang, W.; Su, B.; Wang, Z.; Qu, F.; Wu, H.; Pu, Z.; Meng, X.; Wang, Q.
Wang, J.; et al. Characterizations on the Microstructure and Micro-Mechanics of Cast
be-Al-0.4Sc-0.4Zr Alloy Prepared by Vacuum Induction Melting. Mater. Sci. Eng. A
2019, 744, 512-524. [CrossRef]


http://dx.doi.org/10.1016/j.msea.2018.12.027
http://dx.doi.org/10.1557/JMR.1992.1564
http://dx.doi.org/10.1007/s10853-005-0590-2
http://dx.doi.org/10.1146/annurev-matsci-070115-031816
http://dx.doi.org/10.1016/j.msea.2004.08.072
http://dx.doi.org/10.1016/0001-6160(81)90082-1
http://dx.doi.org/10.1016/j.msea.2016.09.015
http://dx.doi.org/10.1016/j.jallcom.2009.02.056
http://dx.doi.org/10.1016/j.msea.2018.12.081
http://dx.doi.org/10.1016/j.jallcom.2017.04.252
http://dx.doi.org/10.1016/j.matdes.2012.07.013
http://dx.doi.org/10.1016/j.jallcom.2016.10.019

