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A transformative hybrid solid-state additive manufacturing process provides a
new path to fabricate or repair components with wrought-like performance. In
this work, the fatigue behavior of Inconel 625 (IN625) manufactured via a
high-shear deposition process is quantified for the first time. In this unique
process, feedstock is deposited via a hollow non-consumable rotating cylin-
drical tool, thereby generating heat and plastically deforming the feedstock
through controlled pressure as consecutive layers are metallurgically bonded
upon a substrate. To quantify the fatigue behavior of the as-deposited IN625,
stress-life experiments were conducted, where improved fatigue resistance
was observed compared with the feedstock. Post-mortem analysis of the as-
deposited IN625 revealed a similar fatigue nucleation and growth mechanism
to the feedstock for a majority of the specimens tested in this study. Last, a
microstructure-sensitive fatigue life model was utilized to elucidate structure—
property fatigue mechanism relations of the as-deposited and feedstock IN625

materials.

INTRODUCTION

The need for additively manufactured metal
alloys has grown exponentially in recent years
because of limitations of traditional manufacturing
processes in fabrication of complex parts.' This
growth has led to a variety of additive manufactur-
ing technologies, including electron beam melting
(EBM),%?® selective laser melting (SLM),%%* laser
consolidation (LC),> direct metal deposition
(DMD),%" and friction stir weld additive manufac-
turing (FSWAM).®° A common additive material
used in DMD and SLM is Inconel 625 (IN625).>'*'?
IN625 is a nickel-based superalloy, strengthened by
precipitation of carbides, 7, and y”,'*1® that exhibits
high stren?ch and ductility at elevated tempera-
tures.'®*17 In addition, IN625 exhibits good low
cycle fatigue resistance at elevated
‘cempemtures.zl’22

Fusion-based additive manufacturing (AM) pro-
cesses, e.g., SLM and EBM, require melting of
IN625 to metallurgically bond successive deposited
layers together. The solidification of IN625 typically
increases the void volume fraction and produces

(Published online September 6, 2018)

columnar or dendritic grain morphology that usu-
ally has a deleterious effect on mechanical proper-
ties. In particular, the fatigue properties of LC and
SLM show a significant decrease in fatigue resis-
tance compared with wrought IN625.%® As such, a
novel AM process that uses high-shear deformation
to achieve solid-state depositions'® can produce
fully-dense, near-net shape IN625 AM components
from solid or powder feedstock. Previous research
has shown that this process, commercially known as
MELD, can produce a refined microstructure result-
ing in higher mechanical proPerties compared with
other fusion-based processes.'®1?

To the best of the authors’ knowledge, this work is
the first to quantify the fatigue behavior of the high-
shear solid-state deposition process. In this article,
stress-controlled fatigue experiments were carried
out to compare as-deposited and wrought feedstock
IN625 specimens. In addition, microstructural char-
acterization and post-mortem analysis of fractured
surfaces was performed on the as-deposited and
feedstock specimens to elucidate fatigue mecha-
nisms. Last, a high-fidelity microstructure-depen-
dent fatigue life model was implemented to relate
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the fatigue behavior based on the experimental
stress-life and microstructural characterization
results generated in this study.

MATERIALS AND METHODS

The feedstock material used in the study was an
extruded hot rolled and annealed ATI IN625. The
high-shear solid-state deposition of IN625 was
manufactured by MELD Manufacturing Corp. using
the MELD process by extruding a solid IN625
feedstock rod through a hollow tool onto a HYS80
substrate, as shown in Fig. 1. The MELD process
creates solid-state depositions by plastically deform-
ing the feedstock onto a substrate by a combination
of hydrostatic pressure and frictional heat gener-
ated by the tool shoulder, which in turn produces a
metallurgical bond between deposited layers. For
this study, five successive layers of IN625 deposi-
tions were made using the MELD process, where
the build height for each layer was 0.5 mm.

As-deposited and feedstock specimens were
mounted in respective loading directions in conduc-
tive media and then ground with 1200 grit SiC
paper and polished down to 1 yum with diamond
suspension. The as-deposited and feedstock initial-
state microstructures were quantified using optical
micrographs coupled with imaging post-processing
software. A scanning electron microscope (SEM),
Tescan Lyra FIB-FESEM, coupled with an EDAX
Hikari Super Electron Backscatter Diffraction
(EBSD) camera was used to perform Euler EBSD
texture mapping and post-mortem analysis.

Due to the limited volume of material provided by
the manufacturer, this research employed a sub-
scaled hourglass fatigue specimen in the study as
shown in Fig. lc. The fatigue specimen is a modified
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design similar to Rettberg et al.?’ The fatigue
specimens were machined using wire electrical
discharge machining (EDM) in the long traverse
loading direction for as-deposited IN625 specimens,
where the feedstock specimens were oriented in the
extruded direction. Due to limited size of sub-sized
fatigue specimens, the surface finish for both feed-
stock and as-deposited IN625 was left as machined
for direct comparison. Stress-control fatigue exper-
iments were conducted using an MTS servo hydrau-
lic load frame equipped with a 20-kN load cell.
Specimens were tested at R = 0.1 in ambient tem-
perature and relative humidity (50%) until fracture.
Upon fracture, the specimen fracture surfaces were
mounted for SEM fractography analysis to deter-
mine crack initiation and crack propagation
characteristics.

The Microstructure-Sensitive Fatigue Model

The microstructure-sensitive fatigue model (MSF)
implemented in this study was first proposed b2y
McDowell?"?2 for cast aluminum alloy A356-T6.%
The model was further expanded to additional
aluminum alloys,?* 2’ other material systems,?®3*
and AM processes.>>3® This study provides an
additional investigation into the development of
the MSF model to include a nickel-based superalloy,
IN625, and to model the fatigue resistance of high-
shear deposited IN625. Microstructure features and
mechanical properties specifically related to the as-
deposited IN625 were used to model the as-de-
posited IN625 fatigue behavior.

The high-fidelity fatigue model is based on three
distinct and experimentally observed stages of
fatigue damage:
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Fig. 1. (a) Schematic of the MELD process with a solid rod extruded through the hollow stirring tool. (b) As-deposited IN625 sample on a HY80
substrate. (c) Fatigue specimen geometry used for both as-deposited IN625 and feedstock IN625 specimens.
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Nrotal = Nne + Nusc/psc + Nre (1)

where Nt,. denotes the total number of cycles to
failure, Nj,. represents the number of cycles to
develop a crack, Nyisc/psc characterizes the number
of cycles to propagate in the microstructurally small
(MSC) and physically small crack (PSC) growth
regime, and N1 is the number of cycles for the long
crack (LC) stage.

A modified Coffin—-Manson law is employed to
calculate the cycles till incubation of a crack, Nj,.,
by modeling the nonlocal microscale damage asso-
ciated with incubation around an inclusion. This
parameter is expressed by f§, where this material
variable is associated with material inclusions and
is expressed by Eq. 2.

o po_ A nr:‘ax
CincNinc - ﬁ - 2 (2)
Cine = CNC + 2(Cr — CNC) (3)
CNC = C,(1 —R) (4)

where Cj,. and « are linear and exponential coeffi-
cients for the modified Coffin—Manson law for crack
incubation obtained by estimating the number of
cycles for incubation life [Eq. 2]. Furthermore, C,,
and C,, are model constants, R is the load ratio (i.e.,
R =0.1), and z is the localization multiplier. The
localization parameter is greater than zero above
the microplasticity fatigue damage percolation
threshold and as plastic shear strain increases the
localization multiplier shifts to unity [Eq. 5]. Addi-
tionally, f is related to the maximum local plastic

shear strain amplitude at an inclusion,%, and is
expressed in Egs. 6 and 7.

1
D~ Mim
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where the critical inclusion size that incubates a
crack is denoted as D, the length of the microplas-
ticity zone in front of an inclusion is represented by
[, and the limiting factor that defines the transition
from constrained to unconstrained micronotch root
plasticity and is governed by the ratio of the plastic
zone size to the inclusion size with respect to the
applied strain amplitude is #;;,,. Additionally, ¢, is
the remote applied strain amplitude and &y, is the
microplasticity threshold. The ratio 5 is defined as
the square root of the ratio of the plastic zone over
the inclusion area and is expressed in Eqs. 8 and 9
for constrained and unconstrained micronotch root
plasticity, respectively. The parameters q and { are
determined from micromechanical simulations.?”

The parameter Y?7 is correlated as Y =y; +
0.1(1 + R)ys where y; and ys are model constants.
For completely reversed loading cases, Y = y;. The
cyclic plastic zone size is calculated using the
nonlocal plastic shear strain with respect to the
remote loading strain amplitude.®”
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where r is the shape constant for the evolution to
partial microplasticity.?®*® Through micromechan-
ical simulations, the microplasticity constants ey
and éper, representing the strain threshold and
percolation limits, respectively, were established.
The microplasticity threshold is represented as a
fatigue damage limit, estimated based on the ulti-
mate tensile strength of the material. The percola-
tion limit is the threshold where the cyclic plastic
zone increases non-linearly and is estimated as a
percentage of the cyclic yield stress. Using the

standard endurance limit calculations,
0.7 cyclic
&th = %Suf and eper = E—y, the two values can also

be calculated. The fatigue crack transitions into the
next phase of fatigue damage when the localized
plastic zone has been saturated.

The Nusc/psc regime is modeled by the crack tip
opening displacement and is expressed as:

a; = 0.625D

da)
da — 4(ACTD — ACTDy),
(dN MSC/PSC ‘

(10)
Here, ACTDy, is the crack tip displacement thresh-
old, ACTD is the crack tip opening displacement
range, y is a constant for a given microstructure, and
a; is the initial crack length as a function of inclusion
size. The crack tip opening displacement threshold is
estimated to be equivalent to the Burger’s vector for
the nickel-rich matrix,***! ACTDy, = 2.48x10 *um.
The crack tip opening displacement range, ACTD, is
evaluated using Eq. 11.

GS\”/GO\"[UA#]*
ACTD = CH (GSO) (GOo) [Sut] a;

GS\“/GO\7 /AL

e (GSO> (G00> < 2 ) (1)
where C; represents the low cycle fatigue material
coefficient, and Cp and ( denote the material
coefficients and exponents for the high cycle fatigue
regime. Sy; is the monotonic ultimate tensile
strength determined uniaxial tensile tests, and a;
is the initial crack length. GS, GSy, GO, GOy, w, and

w are grain size and orientation modeling constants.
The equivalent uniaxial stress amplitude,




2478 Avery, Rivera, Mason, Phillips, Jordon, Su, Hardwick, and Allison

NJ
v

N

/
Interface

MELD
IN625

Fig. 2. (a) Schematic of EBSD locations of the high-shear solid-state deposition process. (b) Euler EBSD map representative of the center
location of deposited layer with average grain size of 1.2 um. (c) EBSD map between the center of the build layer and interface with average grain
size of 0.82 um. (d) EBSD map of the layer interface of two deposited layers with average grain size of 0.26 ym.

AG = 205, + (1d0)Acq, is defined as the linear com-

bination of effective stress amplitude,s, = \/ %%%,
and the maximum principal stress range, Acg;. The
coefficient U is used to model the mean stress effects
pertaining to crack growth, where U = {15 is for the
case when R<0 and U=1 for R > 0. For this
study, the MSF modeling parameters including the
local shear damage parameter and small crack
growth constants were estimated from our MSF
database. Future MSF modeling of the MELD
processed IN625 will focus on replica experiments
to validate the INC and MSC model parameters
initially determined in this study.

The high-fidelity fatigue model includes an LC
growth stage that is captured using traditional
linear elastic fracture mechanics (LEFM) and is
extensively described by Xue et al.?” The LC growth
model is utilized for when the fatigue crack
approaches several millimeters in length. Thus,
the MSF LC growth regime is used for specimens
and components with large cross sections. There-
fore, this presented work did not model the LC
growth regime because of the small fatigue speci-
men size. The primary focus of this study was to
model the number of cycles to incubate a crack, Ny,
and model the number of cycles to grow a crack in
the microstructure and small crack
regime,Nysc/psc, similar to previous work, 26.28,31,33

RESULTS AND DISCUSSION

Figure 2 displays the Euler EBSD texture maps
for three locations of a representative deposited
build layer, with average grain size and number of
grains. Texture characterization of the representa-
tive specimen revealed a significant decrease in the
average grain size, from 30 um for the feedstock to
1 yum for the as-deposited IN625 material. The area
of most significant reduction in grain size occurred
at the deposition interface layer, where the grain
size reduced to as low as 0.26 ym in the interfacial
layer of as-deposited IN625, as seen in Fig. 2d. The
refined grain size is a product of the depositional
process due to dynamic recrystallization of the
grains and is supported by the equiaxed grain
morphology of as-deposited IN625 material.'®

Figure 3 displays the oPtical micrographs, where
carbides My3Cq and MgC'® are seen distributed on
the polished surface of the feedstock and as-de-
posited IN625 samples. Figure 3a shows the carbide
size and distribution within the feedstock in the
mechanical loading orientation. The feedstock load-
ing direction is characterized by large, unevenly
dispersed asymmetrical carbides. Figure 3b reveals
that the MELD process produced microstructures
with small, evenly distributed carbides. Figure 3c
shows the normal distribution of carbides based on
size, where the high-shear solid-state deposition
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Fig. 3. (a) Optical micrograph of feedstock IN625 constituent particles in loading direction. (b) Optical analysis of constituent particles in as-
deposited IN625 material in loading direction. (c) Particle size distribution of as-deposited IN625 and feedstock.

process showed an increase in the carbide density at
smaller particle sizes compared with the wrought
feedstock. Analysis revealed a decrease of average
carbide size (8.43-1.82 ym?) and volume fraction
(0.773 to 0.437), which suggests that the high-shear
solid-state deposition process breaks up the carbides
into smaller sub-particles. The lower average car-
bide size and a smaller nearest neighbor distance of
particles (14.0-12.0 yum) are indicative of a more
homogeneous microstructure because of the
mechanical processing of the solid-state process.

Representative TEM STEM-HAADF micrographs
of feedstock IN625 and as-deposited IN625 are
presented in Fig. 4. For comparative purposes,
Fig. 4a depicts a STEM-HAADF image of the feed-
stock microstructure in the loading orientation.
Figure 4a exhibits a coarse microstructure with
large grains and unevenly distributed carbides
within the nickel matrix of the IN625. Figure 4b is
a magnified view of an asymmetrical carbide pinned
between grain boundaries found in the IN625
feedstock. The large, irregularly shaped carbides
of the feedstock correlate well with the size and
shape distribution seen in Fig. 3.

Figure 4¢ shows a STEM-HAADF micrograph of
the as-deposited IN625 in the loading direction,
which is taken from the interface layer of the high-
shear deposition represented by the Euler EBSD
map in Fig. 2d. Additionally, Fig. 4d shows the
magnified TEM image of a sub-micron grain with a

dispersion of small refined carbides found within
the as-deposited IN625. TEM analysis of the feed-
stock and as-deposited IN625 revealed ultra-fine-
grain refinement of the microstructure due to
dynamic recrystallization caused by the combina-
tion of the hydrostatic pressure and severe plastic
deformation of the feedstock during deposition. The
TEM analysis correlates the sub-micron grain
refinement, found within the interface layer, with
the Euler EBSD maps presented in Fig. 2d. The
STEM images suggest that severe plastic deforma-
tion refined the larger carbides within the feedstock
into smaller, more homogenously dispersed parti-
cles within the as-deposited IN625. Figure 4d shows
nano-scale particles in the as-deposited IN625,
further supporting that the high-shear deposition
process can refine the brittle inclusions.

Figure 5 shows the experimental results of the
stress-controlled fatigue tests of the as-deposited
IN625 and the corresponding feedstock material.
Also, shown in Fig. 5 for comparison purposes are
experimental stress-life fatigue results of cast and
additive laser consolidation (LC) IN625 materials.’
As seen in Fig. 5, the as-deposited IN625 exhibited
generally greater fatigue resistance compared to
feedstock, cast, and LC IN625 materials. In fact, in
some load levels, the as-deposited IN625 exhibited
upwards of four times the number of cycles to
failure compared with the feedstock. This improve-
ment in the mean fatigue behavior of as-deposited
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Fig. 4. (a) TEM micrograph of IN625 feedstock exhibiting large grains and carbides taken in loading direction. (b) Magnified view of carbide in
feedstock. (¢) TEM micrograph of as-deposited IN625 taken from the interface layer in loading direction. (d) Magnified view of as-deposited
IN625 refined microstructure with ultra-refined grains and carbides.

IN625 is attributed to the refined microstructure
and reduced carbide size and volume fraction pro-
duced by the high-shear solid-state deposition pro-
cess. However, it is important to note that the
fatigue behavior of as-deposited IN625 exhibited
scatter in the number of cycles to failure, where two
specimens in particular tested at 225 MPa and
258.75 MPa stress amplitude failed at 129,974 and
160,734 cycles, respectively. The specimen tested at
225 MPa (A11) that failed at 129,974 cycles was
lower than any of the feedstock tested at this stress
level. Further discussion of the premature failure of
these specimens is presented later in conjunction
with the fractography results.

For reference purposes, Fig. 6a shows a represen-
tative macroscale fracture surface of a feedstock
IN625 specimen, F10, tested at a stress amplitude of
225 MPa that failed at 617,004 cycles. Figure 6b is a
magnified view of the crack initiation site where a
fractured particle approximately 10 ym in diameter
was found to have initiated the fatigue crack. In
addition, brittle, irregularly shaped carbides were
observed cracked and debonded from the nickel

matrix, creating stress risers that can reduce
expected fatigue life of the material as shown in
Fig. 6c.

Figure 6d shows a representative fracture surface
for the as-deposited IN625 material. This specimen,
Specimen Al12, was fatigue tested at a stress
amplitude of 225 MPa and failed at 983,086 cycles.
Figure 6e highlights a typical wrought-like fracture
surface that contained river marks pointing to the
initiation site. Figure 6f shows a higher magnifica-
tion of the initiation site, where the fatigue crack
grew radially outward from the surface and through
the sub-micron layer interface. The as-deposited
Specimen A12 fatigue tested at a stress amplitude
225 MPa exhibited a nearly 50% increase in fatigue
life compared with feedstock. The improvement in
fatigue life is largely attributed to the refined
microstructure including reduced grain and carbide
size.

Conversely, Fig. 7 depicts the fracture surfaces of
the two outliers of the as-deposited IN625 speci-
mens (Specimens All and A8). Figure 7a shows the
fracture surface of specimen All that was fatigue
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tested at a stress amplitude of 225 MPa and failed
at 129,974 cycles. Figure 7c shows that specimen A8
was fatigue tested at a stress amplitude of 259 MPa
that failed at 160,734 cycles. Based on the post-
mortem SEM analysis, delamination cracks were
observed at the location of the fatigue crack initia-
tion sites of both as-deposited specimens, as shown
Fig. 6b, d. As such, interlayer delamination of the
as-deposited specimens appeared to decrease the
number of cycles required to nucleate the fatigue
crack, thus increasing the scatter of the fatigue
results of the as-deposited material, as shown in
Fig. 5. We acknowledge that it is unclear if the high
microstructure gradient at the interface layer
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Fig. 5. Stress-life fatigue results comparing as-deposited IN625 to
the feedstock, cast, and laser consolidation materials.®

causes a crack to incubate or if it is due to non-
uniform metallurgical bonding of the interface
layer. Our prior investigation of the microstructure
reported elsewhere'® did not reveal any significant
variation between sample locations or layers. Thus,
it is not clear why a few samples experienced crack
incubation at the interface layer, thus resulting in
underperformance, while the majority of the sam-
ples showed no crack incubation caused by delam-
ination. Future work will focus on addressing the
issue of crack incubation at the interlayer.

Figure 8a displays the striation spacing for the
feedstock specimen F10 and the as-deposited IN625
specimen A12. During striation analysis, character-
istic river marks were observed flowing radially
outward from crack initiation sites for both fatigue
specimens. Each crack grew outward from either a
cracked particle (Fig. 6b) or the surface (Fig. 6e)
toward the specimen center. Over several striations,
Fig. 8a displays the average striation spacing. Both
specimens exhibited scatter of the measured stria-
tions, which are caused by non-uniform microstruc-
tural features such as grains and particles sizes that
vary within the material. This variation of con-
stituent particles and microstructure provides dis-
parity with striation spacing in a fatigue specimen.
The striation spacing of feedstock specimen F10
became non-linear at approximately 600-800 ym
from the crack initiation site. However, the striation
spacing of the as-deposited specimen A12 became
non-linear at approximately 900-1100 ym from the
crack initiation site. Additionally, seen in Fig. 8a,
the final crack length before the transition into fast
fracture for the feedstock is approximately 1200 ym,
while for the as-deposited specimen the final crack

Fig. 6. (a) Fracture surface of the feedstock Specimen F10. (b) Magnified view of the fractured particle that initiated the fatigue crack. (c)
Example of an intermetallic imbedded within microstructure. (d) Fracture surface of as-deposited Specimen A12. (e) Magnified view of the crack

growth region. (f) Magnified view of the crack initiation site.
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o —

Fig. 7. (a) Macroscale view of the fracture surface of the as-deposited IN625 Specimen A11 and (b) magnified view of the delaminated layer
interface that initiated the fatigue crack. (c) Macroscale fracture surface of as-deposited IN625 Specimen A8 and (d) magnified view of the

delaminated layer interface that initiated the fatigue crack.

length is approximately 1600 ym. The refinement of
the microstructure of as-deposited IN625 improved
the crack growth resistance of the MSC regime and
shifted the non-linear growth and increased overall
crack length of the MELD fatigue specimen.
Figure 8b shows the comparison of the MSF
model of total-life estimations along with the corre-
sponding incubation life for both the feedstock and
as-deposited IN625. Shown in Fig. 8b, the as-de-
posited IN625 experimental fatigue data exhibit a
higher fatigue damage resistance and higher num-
ber of cycles to incubate a crack compared with the
feedstock. The MSF mean model predictions, exhib-
ited in Fig. 8b, for the feedstock and as-deposited
IN625 were generated using the unique microstruc-
tural and mechanical characteristics of the corre-
sponding material to capture the difference in
observed fatigue behavior. The mean MSF model
predictions were calculated using mean particle
diameters and grain size for the feedstock of 10 um
and 30 um, respectively. In addition, the as-de-
posited IN625 mean model correlation was calcu-
lated using mean inclusion diameters and grain
sizes of 2.2 ym and 1 um, respectively. We note that
the MSF model correlated well with mean fatigue
life results of both the feedstock and as-deposited
IN625 while only varying the microstructure and
mechanical strength parameters. Through the use
of the MSF model, we note that the increase in
fatigue life of as-deposited IN625 can be attributed
in part to the decrease in particle and grain sizes.

Conversely, an increase in the particle and grain
size results in reduced fatigue resistance. In addi-
tion, we note that the MSF model provided an
estimation of the incubation life, where, as shown in
Fig. 8b, a majority of the number of cycles to failure
is dominated by the INC stage for the high cycle
regime, whereas, for the low cycle regime, the MSC
stage represents a larger fraction of the number of
cycles to failure.

In addition to predicting the mean fatigue behav-
ior, the MSF model can elucidate the role of
microstructural features on the variability of fati-
gue behavior. As such, this scatter in the experi-
mental results is captured by the MSF model
through the upper and lower bound prediction for
both the feedstock and as-deposited IN625, as
shown in Fig. 8¢, d, respectively. The upper and
lower bounds for the feedstock were calculated
using minimum and maximum inclusion diameters
of 6 yum and 13 ym and minimum and maximum
grain sizes of 23 um and 42 um, respectively,
whereas, for as-deposited IN625, the upper and
lower bounds were calculated using minimum and
maximum particle diameters of 1.3 ym and 3 ym
and grain sizes of 0.3 ym and 1.5 um, respectively.
We note the upper and lower bounds for feedstock
exhibited a good relation to fatigue results and
generally bounded the scatter of the experimental
results. Likewise, for the as-deposited IN625, the
MSF model also generally captured the scatter of
the experimental results. However, several of the
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Fig. 8. (a) Striation spacing versus crack length for feedstock specimen F10 and MELD specimen A12. (b) Multi-stage fatigue (MSF) correlations
of the mean fatigue life prediction, using mean particle diameter and grain size, of feedstock IN625 (red line) and MELD IN625 (blue line). (c) The
MSF correlation to feedstock including upper and lower bounds. The upper and lower bounds for feedstock were determined using the minimum
and maximum particle diameter and grain size, respectively. (d) The MSF correlation to as-deposited IN625 with upper and lower bounds. The
upper and lower bounds for as-deposited IN625 were determined using the minimum and maximum particle diameter and grain size,

respectively.

underperforming specimens were significantly out-
side the lower bounds of the MSF model prediction.
However, this is not particularly surprising since
the MSF model captures crack incubation from
inclusion-like particles or voids, but has not been
modified to account for interface delamination.
Future efforts will be undertaken to address the
adaption of the MSF model for prediction of crack
incubation resulting from interface delamination.

CONCLUSION

The high-shear solid-state deposition process of
the IN625 leads to dynamic recrystallization that
refines the coarse granular microstructure of the
feedstock into an equiaxed sub-micron microstruc-
ture as identified by TEM and EBSD. Additionally,
this process breaks up the carbides into smaller and
more uniformly distributed particles that promote
improved fatigue resistance. TEM results of as-
deposited IN625 revealed an ultra-refined
microstructure compared with the feedstock. Fati-
gue results conducted in this study revealed that
the as-deposited IN625 material exhibited improved
fatigue properties compared with the feedstock.
Post-mortem analysis revealed that the fatigue
crack nucleation and crack growth mechanism for

a majority of as-deposited IN625 specimens was
observed to behave similarly to the feedstock.
However, for a few of the specimens, delamination
of interface layers may have initiated fatigue cracks
resulting in a lower number of cycles to failure.
However, continued optimization of the MELD
process will likely lead to more consistent fatigue
behavior of the IN625 in the future. The fatigue
crack growth results show that the high-shear
deposited IN625 has a higher crack growth resis-
tance compared with the feedstock. The physically
small crack growth regime was altered because of
the refined microstructure in which abundant grain
boundaries, non-preferred crystallographic orienta-
tion, and refined carbides decreased the overall
crack advancement per cycle in MELD IN625
specimens. Last, the MSF model correlated well
with fatigue life results of the feedstock and as-
deposited IN625, where the MSF fit was primarily a
function of particle and grain size.
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