Vacuum 199 (2022) 110971

Contents lists available at ScienceDirect

Vacuum

ELSEVIER

journal homepage: www.elsevier.com/locate/vacuum

Check for

An investigation into the mechanistic origin of thermal stability in e
thermal-microstructural-engineered additively manufactured Inconel 718

Michael Munther®, Ali Tajyar”, Noah Holtham “, Lloyd Hackel b Ali Beheshti ¢,
Keivan Davami *
2 Department of Mechanical Engineering, The University of Alabama, Tuscaloosa, AL, USA

b Curtiss Wright Surface Technologies, Metal Improvement Company, Livermore, CA, USA
¢ Department of Mechanical Engineering, George Mason University, Fairfax, VA, USA

ARTICLE INFO ABSTRACT

Keywords:

Nickel-based superalloys
Laser peening
Microstructure engineering
Thermal stability

An obstacle hindering the applicability of surface modification techniques such as laser peening (LP) in high
temperature systems stems from thermally-driven degradation of desirable, strain-induced material modifica-
tions. Illustrated in this work is a novel LP scheme termed laser peening plus thermal microstructure engineering
(LP + TME) comprised of cyclic LP and the addition of intermittent 600 °C (0.55T,) heat treatments designed to
impart thermally-stable microstructural modifications in additively manufactured (AM) Inconel 718 (In718).
Instrumented microindentation uncovered significant surface and sub-surface hardness enhancements exceeding
600 HV following LP + TME, a 20% increase over the as-built material. High magnitude compressive residual
stresses exceeding —310 MPa were also measured following a 350-h 600 °C thermal exposure; a 25% increase
compared to the material subjected to only a single laser shot. Thermal stabilization and overall material
enhancement were determined to be the result of the formation of thermally-stable subgrains, subgrain and grain

growth regulation through pinning effects, and dislocation-precipitate interactions.

1. Introduction

Mechanical surface modification techniques including laser peening
(LP) have been successfully utilized to impart beneficial compressive
residual stresses and work hardening in treated materials to mitigate
surface-related modes of failure such as foreign object damage [1,2],
stress corrosion cracking [3,4], and fatigue [5]. However, in sufficiently
high temperature environments, favorable compressive residual stresses
and crystalline defects relax and recover, lessening or reversing the ef-
fects of LP. Three primary mechanisms drive the thermal relaxation of
residual stresses, which also contribute to minimizing work hardening
effects through defect annihilation. In a scenario where operating tem-
peratures are high enough to reduce the material’s yield strength, the
thermal activation of dislocations relieves elastic strains [6]. At lower
temperatures (i.e. temperatures below yield strength decay), diffusional
creep redistributes tensile and compressive residual stresses through
material expansion or contraction [6]. Additionally, lower temperature
exposure also enables stress relaxation through dislocation glide [6].
Ultimately, the ability to mitigate these mechanisms will expedite the
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effective use of LP in systems operating at temperature conducive to
significant stress relaxation and defect recovery.

Recovery and relaxation mechanisms, specifically in In718 and in the
context of laser peening, have been researched and identified to stem
from the annihilation of meta-stable crystalline defects, stress relaxa-
tion, and the initial level of plastic strain [7-9]. Additional detrimental
material evolutions at elevated temperatures such as grain growth,
particle coarsening or dissolution, and material softening must also be
dealt with when improving high temperature performance. Previous
studies have understood and outlined the complications associated with
the implementation of LP in high temperature environments [8,10-12].
Kattoura et al. uncovered a reduction in fatigue life resulting from the
relaxation of LP-induced compressive residual stresses [11]. The eval-
uation of residual stress retention in multi-layered laser peening Inconel
718/718 Plus found that 65% of compressive residual stresses were
retained after 120 h at 650 °C [13]. Furthermore, between 25% and 60%
of initial compressive residual stresses following LP were preserved after
one million fatigue cycles at 650 °C.

A few attempts have been made through the use of warm laser shock
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peening (WLSP), or LP performed at elevated temperature on various
materials, and found significant increases in fatigue life and surface
hardness when compared to room temperature LP [14,15]. The
observed enhancement in fatigue life and surface properties were re-
ported to be the result of subgrain formation and increased dislocation
pinning effects [16]. The WLSP technique is not applicable for industry
at a large scale since the confinement media that can be used widely for
complex geometries still need to be found. One could never consider it
for a production application because there is not a practical way to
implement it. An additional modified LP technique known as thermal
engineering LP (TE-LP), which is the combination of a single warm LP
and subsequent one-step heat treatment, was found to increase the
pinning effect of precipitates [17]. With promising steps being taken to
tackle the high temperature use of LP, it is the goal of the work to
contribute to the advancement of this technology.

Herein, the mechanical properties and microstructure of Inconel 718
specimens processed with a novel technique called laser peening plus
thermal microstructure engineering (LP + TME) which is comprised of
cyclic treatments with sequential LP and annealing steps were studied
(Experimental Methods in Supplementary Information). A significant
increase in the stability of the microstructure and the residual stresses
was observed. This higher stability was attributed to the modification of
intermediate phase precipitation kinetics through repeated strain input,
precipitate pinning effects, and complex interaction of precipitates and
dislocations.

2. Results and discussion
2.1. Surface study

With material surface properties displaying sensitivity to various

Vacuum 199 (2022) 110971

surface effects, i.e., residual stress, roughness, morphology, hardness,
etc., surface-level investigations were carried out in target materials
subject to one and four impact events, corresponding to the AM-LP and
the AM-4LP-3HT/AM-4LP-3HT-E conditions, respectively. Illustrated in
Fig. 1 are SEM micrographs and topographical profiles retrieved from
the irradiated region of material subject to one and four impacts. A
closer inspection of a centrally-located area within the irradiated surface
reveals the presence of resolidified droplets which formed following
material ablation in addition to several valley-like structures (Fig. 1b).
Four impact events produced a markedly rougher surface with sharp,
isolated peaks dispersed throughout the affected area (Fig. 1c). Further
investigation utilizing stylus profilometry enabled the determination of
the general spot topography produced through each treatment condi-
tion. An apparent surface relief was observed following a single impact
(Fig. 1d), found to be approximately 1.2 mm wide, and 4 pm in depth,
surrounded by material pileup situated at the spot perimeter, as depicted
in Fig. 1d. A notably deeper, and wider relief structure was identified
(Fig. 1e) as a result of four impacts with an estimated depth of 15 pm,
and a width of 1.5 mm.

2.2. Microhardness and residual stress

Attaining a reasonable estimation of in-depth microhardness varia-
tion was done so through the indentation of a region adjacent to the
treated surface with the indent scheme following the direction of the
pressure wave (z-direction, Fig. 2a). Findings from this undertaking are
provided in Fig. 2b, which illustrates the experimentally-determined
Vickers microhardness and its evolution as a function of depth up to
2000 pm for each material. No noticeable variation in microhardness
was observed in the as-built, untreated condition (AM), where values
were seen to fluctuate between 500 HV and 510 HV. The absence of any
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Fig. 1. SEM micrographs of (a) material surface following a single impact; (b) inset of irradiated region highlighting the presence of resolidified droplets and local
variations in surface roughness; (c) material surface following four impacts; (d) topographical profile of impacted area after one shot; (e) topographical profile of

impacted area after four shots.
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Fig. 2. (a) Schematic illustrating indented region with respect to treated surface; (b) microhardness distribution obtained from each material subject to each
treatment condition; (c) residual stress distribution obtained from each material subject to each treatment condition.

apparent trend is unsurprising as the material was not subject to any
surface modification or exposure to elevated temperature that would
otherwise introduce discernible microhardness alterations. Following a
single impact (AM-LP), a more apparent microhardness distribution was
observed with highest microhardness intensification closest to the irra-
diated surface, where it monotonically decreased as a function of depth
to approximately 750 pm. Here, microhardness was seen to increase by
as much as 8% (540 HV) compared to the untreated condition. In this
scenario, microhardness enhancement is the product of severe plastic
deformation occurring as a result of the transfer of kinetic energy from
the propagating pressure wave into the lattice where deformation oc-
curs, enabling work hardening effects in the material.

With the combination of cyclic LP and the addition of intermittent
thermal exposure (AM-4LP-3HT), substantial increases in microhard-
ness were measured, with observed surface-level microhardness nearing
600 HV, 11% greater than what was seen following the single impact
condition, and 18% greater than the untreated material. Additionally,
the depth at which microhardness enhancements were realized

appeared to extend 67% from 750 pm (AM-LP) to an estimated depth of
1250 pm. It is believed that the introduction of cyclic impact events
enabled the activation of a larger quantity of slip systems, not only
delivering an increase in overall defect density and therefore enhancing
the material’s hardening potential, but also driving preceding defect
networks deeper into the material with each subsequent shock [18].
With LP + TME succeeded by a 350-h, 600 °C exposure (AM-4LP-3HT-E)
a similar microhardness distribution was realized with the most signif-
icant enhancements accumulating at the immediate surface and even-
tually decreasing as a function of depth as the pressure wave loses
energy to the material lattice. When compared to the pre-exposed con-
dition (AM-4LP-3HT), there is an identifiable reduction in surface-level
microhardness by as much as 5%, accompanied by a decrease in the
hardened depth, with microhardness stabilization initiating 500 pm
from the irradiated surface. Any level of reduction in both the magnitude
and depth of microhardness enhancement was to be expected as the
material was subject to temperatures greater than 0.5Ty, for an extended
duration. In this scenario, it is suspected that thermally-driven short
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range diffusion occurred, wherein dense dislocation networks experi-
enced moderate annihilation, lessening the likelihood of
dislocation-dislocation interactions [19]. However, because defect
annihilation occurs over a relatively short time frame (<1 h), it is sus-
pected that there could be a number of microstructural avenues enabling
the perceived 95% retention in surface-level microhardness, stemming
from a potentially beneficial interaction between cyclic LP and inter-
mittent thermal exposure [20].

Stress measurements through XRD were carried out in an effort to
provide a reasonable estimation of the depth, magnitude, and thermal
stability of compressive residual stresses prior to, and following thermal
exposure. The experimentally determined residual stress distribution for
each material is provided in Fig. 2¢ with stress reported as a function of
distance from the treated surface. Reflecting similarities to the previ-
ously discussed microhardness findings, the identified residual stress
state measured in the untreated (AM) material was determined to be
compressive and stable (—175 MPa) throughout the measured region.
The compressive nature of these stresses is thought to have originated
during the build process; wherein localized heating produced a thermal
expansion mismatch [21]. Furthermore, there is a possibility that crys-
tallographic texture may be producing low-level micro-strain, influ-
encing the observed residual stress state [22]. A single impact event
produced notable increases in compressive residual stresses, with
maximum surface-level stresses nearing —590 MPa, followed by stress
stabilization occurring at an approximate depth of 1000 pm.

The presence of compressive residual stresses in this scenario is a
product of both elastic and plastic material response to the pressure
wave. Following the passage of the propagating pressure wave, a volume
of strained material is compressed, where it then undergoes transverse
expansion through the Poisson effect. Transverse expansion is resisted
by the surrounding volume of untreated material which reacts elasti-
cally in response. Upon wave dissipation, the strained material acts to
restrain the surrounding, contracting material where it is immobilized
and gives way to the production of residual compressive stress [23].
Additionally, the presence of an identifiable stress gradient is a product
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of the continuous transfer of energy from the pressure wave into the
material lattice as it propagates away from the irradiated surface [24].
The application of both cyclic LP and thermal exposure (AM-4LP-3HT)
yielded a pronounced increase of the magnitude of surface-level stress
by nearly 25% (—740 MPa) over the single-shot condition. In-depth
stresses were also discovered to intensify, with stabilized stress values
exceeding —450 MPa at a distance of 1000 pm from the treated surface.
Following exposure to 600 °C for 350-h (AM-4LP-3HT-E), moderate
stress relaxation was observed with surface-level stresses found to be
—700 MPa — a 6% reduction compared to the pre-exposed AM-4LP-3HT
condition. However, in-depth stresses were determined to be nearly
identical to that of the pre-exposed condition, with a negligible differ-
ence in stress realized at 1000 pm.

2.3. Microstructural study

Elucidation of the measured variation in measured microhardness
and residual stresses from a microstructural perspective was permitted
through TEM investigations which uncovered a series of processes sur-
mised to drive not only appreciable material improvement, but thermal
stabilization at temperatures exceeding 0.5Ty,. Featured in Fig. 3 are
TEM micrographs of the surface and immediate substructure of the
In718 specimens wherein notable microstructural features were detec-
ted. In Fig. 3a, which depicts the topmost 1500 nm of as-built (AM)
In718, no discernible transformative structures were located aside from
a distribution of acicular &-phases (NigNb). Here, the solution of
nonequilibrium & originated through Nb segregation occurring during
the DMLS process [25]. Alternatively, the presence of fine subgrain
highlighted in Fig. 3b appeared to dominate the microstructural changes
occurring in the uppermost plastically deformed region of the AM-LP
material to a depth of about 200 nm. Here, subgrains were measured
to be 60 nm-80 nm in length, with elongated ellipsoid morphologies.
Large subgrain networks comprised of smaller, equiaxed 30 nm-50 nm
subgrain extending 600 nm from the surface were visualized in
AM-4LP-3HT-E (Fig. 3c). Upon further inspection, deeper subgrain

Fig. 3. TEM micrograph of (a) the surface and near-
surface region of as-built (AM) material highlighting
the lack of any mechanisms responsible for property
modification; (b) the presence of subgrains (white
box) and 6-phases in the top 200 nm of the AM-LP
sample; (c) presence of subgrains (white box) and
§-phases in the top 500 nm of the AM-4LP-3HT-E
sample; and (d) larger subgrains located approxi-
mately 1000 nm from the treated surface (white box)
as well as dispersed §-phases in AM-4LP-3HT-E.

v -phase
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networks located approximately 1000 nm from the surface comprised of
larger, 200 nm-300 nm subgrain were observed in AM-4LP-3HT-E
(Fig. 3d, as highlighted by the white box), a consequence of cyclic
plasticity, driving dislocation networks deeper into the material. From a
microstructural point of view, the presence of subgrain observed at
appreciable depth presents barriers to dislocation mobility, restricting
their motion to the material surface [11].

Subgrain formation, a consequence of plastic deformation, has been
known to occur as a result of laser peening. This involves the develop-
ment of intragranular dislocation lines and the pileup of dislocation lines
leading to the formation of dislocation tangles. With the buildup of
dislocations and the addition of thermal input, the defect structure be-
gins to organize into subgrains [26]. The total dislocation density during
deformation increases (i.e. during cyclic LP), which is concurrent with
increased work hardening due to long range stresses acting on disloca-
tions [27]. Dislocations in the presence of long range stresses and heat
input will tend to reorganize into low energy configurations, or sub-
grains. The overall process of subgrain formation following laser and
heat treatment is known to be stable at elevated temperature and has
good resistance to recrystallization [28,29]. While the reorganization of
meta-stable defects involves minimal levels of stress relaxation, the
degree of stress relaxation associated with subgrain formation is not
enough to significantly impact dislocation density [30]. The benefit of
this mechanism lies in the retention of favorable defect structures which
influence not only surface microhardness but may aid in preserving
compressive residual stresses beyond typical relaxation temperatures.

While the formation of subgrains has been identified to contribute to
microhardness and residual stress retention, other mechanisms which
aid to stabilize subgrains and provide further strength enhancement
were observed in the microstructures of the treated material. The pres-
ence of precipitated phases, specifically & and y’’, are believed to
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interact favorably with LP-induced microstructures through subgrain
boundary and defect pinning effects. Fig. 3b-d illustrate dispersed
8-phases within subgrain networks where during deformation, 8-phases
pin glide bands generated during deformation, impeding the slipping of
dislocations [31]. The identity of the & phases were verified via selected
area electron diffraction (SAED) patterns (see Supplementary Informa-
tion, Fig. S5). Additionally, y” precipitating along defect sites, as illus-
trated in Fig. 3d, is also thought to contribute to the stability by
preventing subgrain coarsening at elevated temperatures [32].

Furthermore, hard &-phases, while effective barriers to dislocation
motion, are integral to regulating grain coarsening mechanisms associ-
ated with thermal input [33,34]. Fig. 4 (a,b) highlights two examples of
the preferential nucleation of §-phases along grain boundaries in
AM-4LP-3HT-E. Here, the intergranular boundaries are decorated with
5-phases with the addition of intragranular 5. As the properties of In718
are particularly sensitive to microstructure, especially grain size, stable
5-phases prevents grain growth during high temperature deformation
[35]. Additional TEM images are presented in the Supplementary
Information.

Another possible strengthening effect of LP + TME might be attrib-
uted to the activation of Orowan and Friedel mechanisms. These
mechanisms have been discussed extensively in our previous work [36,
37]. Cyclic LP process and the induced strain along with the heat
treatment steps facilitate the early precipitation of the strengthening
phases. The interaction between the dislocations and precipitates results
in the stabilization and strengthening of the specimens treated with the
LP + TME method. Depending on the particle size, these interactions
might be categorized as Friedel cutting or Orowan bypassing mecha-
nism. When the strengthening precipitates have a small size, moving
dislocations shear through them. This is not the case however for bigger
particles as in that case shearing requires more energy. When mobile

d) Damages During

Process

Fig. 4. (a) and (b) TEM micrographs illustrating the preferential nucleation of §-phases on grain boundaries in AM-4LP-3HT-E, (c) and (d) dislocation loops identified

in AM-4LP-3HT-E right beneath the treated surface.
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dislocations meet larger strengthening precipitates, they bow around the
precipitates through Orowan looping (Fig. 4 (c, d)). The loop formation
leads to a reduction in the particle spacing, therefore, a higher bypassing
stress is needed to force the movement of additional dislocations.

3. Conclusion

Additively manufactured Inconel 718 treated with the novel, LP +
TME process exhibited a 95% retention in measured surface hardness
after exposure to 600 °C for 350 h. TEM investigations of treated ma-
terial uncovered an array of mechanisms owing to appreciable material
enhancement and thermal stability. It was found that the reorganization
of dislocations into subgrains, and the precipitation of intermediate
phases, namely 8 and y’’ interacted favorably to provide material
strength and microstructural stability. It can therefore be determined
that the combination of both strain and thermal input provides a syn-
ergistic effect in producing and preserving beneficial microstructure
evolution which would otherwise be impossible without the addition of
intermittent heat treatment.
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