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Abstract

Understanding how creep deformation alters microstructure is critical for assessing the long-term
stability of high-temperature alloys. This study investigates creep-induced microstructural evolution in
Inconel 718 (IN718) produced by laser beam powder bed fusion (PBF-LB), through the use of electron
backscatter diffraction (EBSD). Constant-load creep tests were conducted at 625-675 °C and 625-690
MPa on vertically built material subjected to two post-processing heat treatments designed to produce
contrasting grain boundary and dislocation structures. EBSD-based analysis of grain boundary
character, recrystallisation fraction, twin density and geometrically necessary dislocation (GND)
density, before and after creep exposure shows that creep stability is governed by the dominant dynamic
recrystallisation (DRX) pathway activated during deformation. A high-temperature solution plus double
ageing treatment promotes deformation-dominated DRX, characterised by sustained GND
accumulation, stable low-angle boundary networks and controlled twin evolution, resulting in creep
resistance comparable to wrought IN718. In contrast, a lower-temperature heat treatment exhibits
recovery-dominated behaviour, with GND annihilation, increased high-angle boundary formation and
accelerated damage accumulation. By treating creep as a driver of microstructural evolution, this study
demonstrates the value of EBSD-derived metrics for identifying active deformation pathways and
provides mechanistic insight into the microstructural design of IN718 for high-temperature service.
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1. Introduction

Additive manufacturing (AM) of metallic alloys has enabled unprecedented geometric complexity and
design freedom for high-temperature components, but it also introduces microstructural features that
differ fundamentally from those produced by conventional processing routes [1], [2]. In precipitation-
hardened nickel-based superalloys such as Inconel 718 (IN718), laser beam powder bed fusion (PBF-
LB) produces non-equilibrium microstructures characterised by fine cellular substructures, residual
dislocation networks, crystallographic texture and elemental segregation [3], [4]. These features can be
beneficial for ambient-temperature strength but often compromise microstructural stability under
prolonged high-temperature loading, where creep deformation becomes the dominant life-limiting
mechanism [5]-[7].

The high-temperature performance of IN718 is governed by the stability of its microstructure, including
the y"/y'" precipitation state, grain boundary character, dislocation substructure and the distribution of
secondary phases such as carbides and o6 phase [5]-[7]. In additively manufactured IN718, post-
processing heat treatments are therefore essential to mitigate as-built heterogeneities, dissolve
detrimental phases and promote microstructural configurations suitable for long-term service [8]-[11].
Numerous studies have shown that appropriate solution and ageing treatments can substantially improve
creep rupture life in PBF-LB IN718; however, these improvements are often rationalised primarily in
terms of grain size or static phase content [9], [11], [12].
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A growing body of evidence indicates that creep deformation in IN718 is accompanied by significant
microstructural evolution, including dynamic recrystallisation (DRX), grain boundary transformation
and the rearrangement of dislocations [13], [14]. Rather than acting as a purely time-dependent
deformation process, creep in IN718 involves continuous interactions between dislocation activity,
grain boundary migration and phase stability, which together govern strain accommodation and damage
accumulation at elevated temperature. These microstructural processes are particularly important in
precipitation-hardened superalloys, where the stability of dislocation substructures and grain boundaries
strongly influences resistance to tertiary creep and rupture.

In wrought IN718, both continuous and discontinuous DRX mechanisms have been reported under
creep and hot-deformation conditions, influencing strain accommodation and damage accumulation
[13], [15], [16]. Continuous DRX is typically associated with progressive subgrain rotation driven by
dislocation accumulation and recovery, leading to gradual increases in boundary misorientation.
Discontinuous DRX, by contrast, involves the nucleation and growth of new, strain-free grains at
existing high-angle grain boundaries or twin intersections, often contributing to localised grain
refinement. These DRX mechanisms have been shown to influence creep response by modifying grain
boundary character distributions, redistributing dislocation density and altering the pathways available
for strain localisation and cavity formation.

By comparison, the manifestation of DRX during creep in additively manufactured IN718 remains
considerably less well understood. Laser beam powder bed fusion (PBF-LB) produces microstructures
that differ fundamentally from wrought material, including fine cellular substructures, non-equilibrium
solute segregation, high residual dislocation densities and complex grain boundary networks inherited
from rapid solidification and cyclic thermal exposure during processing [17], [18]. These features can
either promote or suppress DRX during subsequent high-temperature deformation, depending on their
stability and interaction with post-processing heat treatments. Moreover, post-processing can
substantially modify the as-built microstructure by dissolving segregated phases, promoting
recrystallisation and altering grain boundary character, complicating direct comparisons with wrought
behaviour.

Despite increasing interest in the creep performance of additively manufactured IN718, most existing
studies have focused on rupture life, minimum creep rate or comparisons between different processing
routes, often correlating performance with static microstructural features such as grain size, texture or
precipitate distribution [9], [19], [20]. While these metrics provide valuable benchmarks, they offer
limited insight into the dynamic microstructural processes that govern long-term stability during creep.
In particular, relatively little attention has been paid to how microstructures evolve during creep
exposure and how this evolution differs between additively manufactured and wrought material.

This paper will now investigate how contrasting post-processing heat treatments influence and control
the dominant dynamic recrystallisation pathway during creep in additively manufactured IN718, and
how this pathway governs tertiary creep stability. The present study hypothesises that creep resistance
in PBF-LB IN718 is governed not primarily by grain size or precipitate state, but by whether the
microstructure evolves through a deformation-dominated DRX pathway (characterised by sustained
GND accumulation and stable LAGB networks) or a recovery-dominated pathway (characterised by
dislocation annihilation and boundary coarsening). The objective of this work is therefore to establish
quantitative EBSD-based metrics capable of discriminating between these pathways and linking them
directly to macroscopic creep behaviour.

2. Experimental Methods
2.1. Material and Processing
Cylindrical creep specimens of IN718 were fabricated by PBF-LB using gas-atomised powder in an

argon atmosphere. Gas atomisation and PBF-LB processing routes for IN718 are known to introduce
rapid solidification microstructures, residual dislocation networks and microsegregation that necessitate



post-processing heat treatment [1], [2], [4]. Figure 1 presents representative scanning electron
microscopy (SEM) images of the gas-atomised IN718 powder used for PBF-LB processing. All
specimens were manufactured in the vertical (90 °) orientation to reflect conditions commonly
investigated in prior creep studies of additively manufactured IN718 [8], [9]. The powder size
distribution (PSD) was characterised by Do, Dso, and Dgo values of 5.2 pm, 10.63 pm, and 17.25 pm,
respectively. The specimens were built on a FormUp 350 system operating in an inert argon atmosphere.
The machine parameters, pre-set by the manufacturer, resulted in a volumetric energy density of 44.44

J/mm?.
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Figure 1. SEM images of gas-atomised IN71 powder used for laser powder bed fusion: a) low
magnification showing particle morphology and size distribution, and b) higher magnification

highlighting predominantly spherical particles with limited satellite formation.

Following fabrication, samples were either retained in the as-received (AR) condition or subjected to
one of two post-processing heat treatments designed to produce contrasting grain boundary and
precipitate states. Heat treatment 1 (HT1) comprised solution annealing at 1065 °C for 1 h followed by
controlled cooling and a two-stage ageing treatment, consistent with high-temperature homogenisation
strategies reported to improve creep resistance [11], [17], [22]. Heat treatment 2 (HT2) employed a
lower-temperature solution treatment at 955 °C followed by a reduced-temperature double ageing
schedule, representative of sub-solvus processing routes known to retain é phase and finer grains [12],

[23], [24]. Both heat treatments are presented schematically in Figure 2.

Wrought IN718, sourced from a commercial supplier, was solution annealed at 965 °C for 1 h prior to
testing and served as a benchmark material, consistent with established processing routes for creep-

resistant wrought IN718 [5].
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Figure 2. Heat treatment processing routes for HT1 and HT2.



2.2. Constant-Load Creep Testing

Constant-load creep tests were conducted in accordance with ASTM E139, which provides standardised
guidance for high-temperature creep and creep-rupture testing of metallic materials[25]. Tests were
performed at temperatures between 625 and 675 °C under applied stresses of 625-690 MPa, conditions
representative of prior creep studies on wrought and additively manufactured IN718 [8], [9], [19].
Specimens were soaked at the test temperature for 1 h prior to load application to ensure thermal
stabilisation. All creep tests were conducted under uniaxial constant-load tensile conditions in
accordance with ASTM E139 [25]. Specimens were loaded in tension along the build direction (Z-axis),
and strain was monitored continuously via high-temperature extensometry. No compressive creep
testing was performed. Temperature was controlled using a radiant furnace and monitored by dual type
R thermocouples positioned near the specimen gauge section, maintaining a tolerance of +4 °C
throughout testing, in line with established experimental practice [25].

2.3. Microstructural Characterisation

Electron backscatter diffraction (EBSD) was employed to characterise grain structure, grain boundary
character, recrystallisation fraction and geometrically necessary dislocation (GND) density before and
after creep testing. EBSD is widely used to quantify deformation-induced microstructural evolution,
including DRX and dislocation storage, in IN718 and related superalloys [13], [15].

EBSD scans were performed under fixed conditions: aperture 1, 20 mm working distance, 20 kV
accelerating voltage, spot size 100, 0.31 um step size, and 4x4 binning, with phase set to ‘Ni
Superalloy’. Data was processed in HKL. Tango Channel 5 with noise reduction applied to minimise
zero solutions. Grain reconstruction used a minimum grain size of 10 pixels and a critical misorientation
angle >10 ° with 2 % completion. Recrystallised grains were identified based on grain orientation spread
thresholds, following approaches reported in the literature [14], [26]. Twin density was quantified as
the length fraction of X3 boundaries relative to the total grain boundary length, consistent with
established grain boundary character distribution analyses [15], [16]. GND density was calculated from
local lattice curvature using established methods that relate orientation gradients to dislocation content
[13], [14]. All post-creep EBSD analyses were conducted at comparable distances from the fracture
surface to minimise spatial bias, as recommended in prior creep-microstructure studies [13], [15].

3. Results
3.1. Material

Figure 3 presents the microstructures of PBF-LB and wrought IN718. The PBF-LB samples display
anisotropic features, with columnar grains in the XZ plane and finer equiaxed grains in the XY plane,
while the wrought material, shown only in the XY plane, is isotropic with larger equiaxed grains.
Relatively weak <100> texture was observed in the PBF-LB variants (MUD < 3.0). The wrought sample
shows a significantly higher twin density (51.4 %) than all PBF-LB variants, with HT1 having the
highest among them (21.5 %). HT2 exhibits smaller grains than AR and HT1 but retains some
anisotropy between planes. As shown previously [27], the wrought material contains large carbides and
finely dispersed 6 phase. AR shows a continuous Laves network, while HT1 presents a refined y matrix
with dispersed carbides, 6, and Laves phases. HT2 shows an increased presence of grain boundary
carbides, 0, and Laves. y' and y" phases are more readily identifiable in HT1 and HT2. Further
information on the microstructural constituents and grain size metrics for the IN718 variants is
documented in [27].
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Figure 3: EBSD inverse pole figure maps of a) wrought, b) PBF-LB AR, ¢) PBF-LB HT1 and d) PBF-
LB HT2 IN718.

3.2. Creep Behaviour

Constant-load creep curves obtained for wrought IN718 tested at a fixed stress of 650 MPa over a
temperature range of 625-675 °C are shown in Figure 4. As shown, increasing temperature leads to a
systematic acceleration of creep deformation, manifested by higher minimum creep rates and reduced
rupture lives. This behaviour is consistent with enhanced dislocation mobility and thermally activated
recovery processes at elevated temperature in precipitation-hardened nickel-based superalloys [6], [7],
[28].

In addition to rupture life and minimum creep rate, the shape of the creep curves for wrought IN718
provides insight into the deformation processes active under the investigated conditions. Increasing
temperature leads to a systematic reduction in primary creep duration and an earlier onset of strain-rate
acceleration associated with tertiary creep, consistent with enhanced dislocation mobility and thermally
activated recovery processes at elevated temperature. Such trends are well established for precipitation-
hardened nickel-based superalloys and reflect the progressive loss of microstructural stability under
sustained high-temperature loading [5]-[7].



The onset of tertiary creep was defined as the point at which the strain rate began to accelerate
monotonically following the minimum creep rate, corresponding to the inflection in the creep curve
where damage accumulation becomes dominant. This transition is associated with the progressive
coalescence of grain boundary cavities and localised strain concentration, consistent with established
creep behaviour in precipitation-hardened nickel-based superalloys [5—7, 28].
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Figure 4. Constant-load creep curves for wrought IN718 tested at 650 MPa over a temperature range
of 625-675 °C.

At a constant temperature of 650 °C, comparisons between wrought and PBF-LB variants reveal that
wrought IN718 and the HT1 condition exhibit substantially longer rupture lives and lower minimum
creep rates than the AR and HT2 conditions (Figure 5), indicating clear differences in creep stability
between the PBF-LB variants and the wrought material. Similar trends have been reported for both
wrought and additively manufactured IN718, where an appropriate heat treatment can significantly
narrow the performance gap between AM and conventionally processed materials [8], [9], [11], [12].
The observed variations in creep stability therefore suggest that the additively manufactured materials
exhibit distinct deformation responses under creep loading, motivating a detailed examination of creep-
induced microstructural evolution.

In the stress and temperature range investigated here, creep deformation in IN718 is expected to be
governed primarily by dislocation-controlled (power-law) creep rather than diffusional mechanisms
[28]. As a result, differences in creep behaviour are most reasonably attributed to microstructural
features that influence dislocation storage, recovery kinetics and grain boundary stability during creep
exposure, rather than to grain size effects alone [13], [15]. Furthermore, although grain size varies across
the investigated material variants, the observed creep behaviour cannot be rationalised solely on the
basis of grain size. Notably, the HT1 condition exhibits creep resistance comparable to wrought IN718
despite a smaller average grain size, whereas HT2 shows inferior performance despite similar or larger
grains than the AR condition. This indicates that creep behaviour under the present conditions is
governed primarily by microstructural stability during deformation rather than static grain size effects
alone [13], [15]. Consequently, differences in creep response are interpreted in terms of microstructural
features that influence dislocation storage, recovery kinetics and grain boundary sliding resistance,
including boundary character, precipitate distribution and dynamic recrystallisation behaviour [13],
[15], [23]. Detailed results of all creep tests are presented in Table 1.
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Figure 5. Comparison of creep performance for wrought and PBF-LB IN718 at 650 °C: a) time to
rupture and b) minimum creep rate.

Table 1: Creep results for wrought and PBF-LB IN718 variants.

Material Temp Stress Time to Rupture Minimum Creep
O (MPa) (hours) Rate (%.hour™)
650 600 544 8.8x 10*
650 625 467 1.29x 107
650 650 349 1.89 x 1073
Wrought 650 675 225 2.46 x 107
650 690 99 6.48 x 107
625 650 1429 3.1x10*
675 650 48 1.45 x 10
650 625 162 5.83x 107
PBF-LB AR 650 650 134.8 9x103
650 675 96.7 1.15x 107
650 625 462.7 9.69 x 10
PBF-LBHT 1 650 650 405.7 1.09 x 1073
650 675 278.4 2.01x 107
650 625 233.7 4.07 x 107
PBF-LB HT 2 650 650 147.2 6.3x10°
650 675 112 9.52x 107

3.3. Microstructural Evolution During Creep
3.3.1. Wrought IN718

EBSD inverse pole figure (IPF) maps of wrought IN718 in the untested and creep tested conditions are
shown in Figure 6. The untested material exhibits large equiaxed grains with a high fraction of annealing
twins, consistent with a fully recrystallised wrought microstructure [5], [6]. Following creep exposure,
pronounced grain refinement is observed alongside an increase in low-angle grain boundary (LAGB)
fraction and a reduction in twin density. The full microstructural measurements are presented in Table
2.

The evolution of special grain boundaries in wrought IN718 is shown in Figure 7. The substantial
reduction in X3 twin boundary fraction after creep indicates progressive twin degradation or
transformation during sustained deformation. Similar twin breakdown during creep has been reported
previously in IN718 and has been linked to the initiation of dynamic recrystallisation through boundary
instability and stress concentration at twin—grain boundary intersections [13], [15], [16].

The apparent reduction in twin boundary density observed after creep exposure indicates that annealing
twins are not microstructurally stable under sustained high-temperature loading. Twin degradation



during creep has been associated with stress concentration at twin-grain boundary intersections, which
can promote boundary migration and act as preferential sites for recrystallisation nucleation [8]—[10].
The concurrent increase in low-angle boundary fraction and GND density suggests that creep
deformation in wrought IN718 proceeds through a combination of continuous DRX, driven by subgrain
rotation, and localised discontinuous DRX at high-angle boundary regions. These mechanisms
collectively contribute to grain refinement and redistribution of strain during creep deformation.

&
Figure 6. EBSD IPF maps of wrought IN718: a) untested condition and b)-f) specimens tested unde
constant-load creep at 600-690 MPa and 650 °C. All post-creep EBSD analyses were performed at
comparable distances from the fracture surface to ensure consistency.




Table 2: Data from EBSD IPF maps for wrought IN718 before and after constant-load creep testing at 650 °C for 600-690 MPa. Rx = recrystallisation,
HAGB = high angle grain boundaries, LAGB = low angle grain boundaries, MOS = mean orientation spread and GND = geometrically necessary

dislocations.
(ii)“l;gied With Twins D:;V;l‘;y Rx HAGBs LAGBs MOS D(:fs]i)ty
Load) Grain Area (um? Grain Diameter Aspect Ratio (%) (%) (%) (%) ©) (10/m?)
(nm)
Untested 193 12.5 0.49 51.4 97.9 93.0 7.0 1.15 0.68
600MPa 44 6.3 0.56 4.32 33.6 21.9 78.1 4.9 2.98
625MPa 32 53 0.54 5.66 19.1 26.0 74.0 5.6 3.21
650MPa 43 6.2 0.56 4.88 25.6 23.0 77.0 4.5 3.08
675MPa 37 5.9 0.64 3.56 20.7 22.6 77.4 4.4 3.40

690MPa 31 53 0.56 2.44 17.6 17.4 82.6 5.2 3.40
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Figure 7. Distribution of special grain boundaries in wrought IN718 identified by EBSD, with X3 twin
boundaries and related coincident site lattice (CSL) boundaries highlighted. Maps correspond to a)
untested material and b)—f) specimens creep tested at 600-690 MPa. Twin density is quantified as the
length fraction of X3 boundaries relative to the total grain boundary length; visual contrast does not
directly represent boundary fraction due to projection and thresholding effects.

Another factor to consider is the geometrically necessary dislocation (GND) behaviour. GND maps
have been produced through EBSD to provide a visual representation of local misorientation within the
different IN718 variants and illustrative means of displaying the spatial distribution and density of
GNDs across the different samples. The weighted mean GND density values are presented in Table 2,
and were calculated using Eq. (1):

_ S(pifi
Penp = (g—lfil) ()

Where p; is GND density bin and f; is the percentage (or fraction) in that bin.



The weighted mean GND density values provide a physically meaningful measure of the overall lattice
curvature and stored plastic strain within the microstructure. GND density maps for wrought IN718 are
presented in Figure 8. Post-creep specimens exhibit a marked increase in GND density, reflecting the
accumulation of lattice curvature required to accommodate heterogeneous plastic deformation. Elevated
GND densities are characteristic of deformation-dominated microstructures and provide strong
evidence for active DRX during creep [13], [14].
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Figure 8. EBSD-derived geometrically necessary dislocation (GND) density maps for wrought IN718:
a) untested and b)-f) tested at 600-690 MPa and 650 °C.

The GND maps show that the untested wrought material exhibits an expectedly low weighted mean
GND density (~0.68x10' m™), indicating a relatively relaxed dislocation structure. This is consistent
with a microstructure dominated by statistically stored dislocations with limited long-range lattice
curvature. The low GND content suggests minimal prior plastic incompatibility between grains, as



expected for an undeformed or lightly processed wrought condition. In contrast, the wrought material
post creep testing shows a marked increase in weighted mean GND density, generally increasing with
an increase in applied stress (~3.2x10'* m? on average). This significant increase reflects substantial
accumulation of GNDs during deformation, arising from strain gradients imposed by grain-to-grain
mechanical incompatibility and the activation of heterogeneous slip systems. Therefore, once a critical
plastic deformation regime is reached, the microstructure evolves toward a similarly high density of
geometrically necessary dislocations. This behaviour is characteristic of wrought alloys, where
relatively equiaxed grains and strong crystallographic constraints promote significant lattice curvature
during deformation [5], [6].

3.3.2. PBF-LB Variants

EBSD IPF maps of wrought and PBF-LB variants in the untested and creep tested conditions are
compared in Figure 9. All samples were subjected to the same test conditions (650 °C and 650 MPa).
As shown, the AR condition displays a heterogeneous grain structure with a low initial twin density,
reflecting the non-equilibrium solidification and residual strain introduced during the PBF-LB process

[11-4].

Following creep exposure, both AR and HT1 exhibit increases in LAGB fraction and GND density,
indicating deformation-driven microstructural evolution. In contrast, HT2 shows limited GND
accumulation and a relative increase in high-angle grain boundary (HAGB) fraction, suggesting a
dominant recovery-driven response. Similar contrasts between deformation- and recovery-dominated
behaviour have previously been reported in AM IN718 subjected to different post-processing routes
[12], [13], [21].

The evolution of GND density in the PBF-LB variants is further illustrated in Figure 10. HT1 exhibits
a pronounced increase in GND density after creep, consistent with sustained dislocation storage and
subgrain formation. Therefore, this condition displays characteristics consistent with deformation-
dominated behaviour, including sustained GND accumulation and the retention of stable low-angle
boundary networks. This suggests that the microstructure remains mechanically active throughout creep
deformation, enabling strain accommodation without extensive boundary migration.

Conversely, HT2 shows a reduction in GND density, which can be attributed to enhanced dislocation
annihilation, subgrain coarsening and boundary migration during creep, indicative of recovery-
dominated behaviour [14], [26]. Enhanced recovery and boundary migration under these conditions are
likely to promote grain boundary sliding and cavitation, reducing resistance to tertiary creep. Similar
distinctions between deformation- and recovery-dominated creep behaviour have been reported in
IN718 subjected to different thermomechanical histories and heat treatment strategies [12], [15], [21].

The full microstructural measurements for the PBF-LB variants are detailed in Table 3.

It is important to emphasise that under constant-load creep conditions the microstructure does not
evolve toward a steady state but instead continuously adapts to the accumulating strain. The comparison
between HT1 and HT2 therefore does not represent two static microstructures subjected to identical
creep conditions, but rather two distinct evolutionary trajectories during deformation. HT1 sustains
dislocation storage and subgrain rotation, promoting a deformation-dominated DRX pathway that
stabilises boundary networks and delays damage localisation. In contrast, HT2 exhibits enhanced
recovery and boundary migration, leading to reduced lattice curvature, increased high-angle boundary
formation and accelerated cavitation. Therefore the microstructures do not simply differ after creep, but
post-processing heat treatments bias the dominant creep-evolution pathway, which in turn governs the
onset of tertiary creep and rupture life.
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Figure 9. EBSD IPF maps of untested and creep tested specimens for wrought and PBF-LB IN718
variants, showing microstructural evolution induced by creep deformation at 650 °C and 650 MPa. All
maps correspond to the X—Z plane (parallel to the loading direction).
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Figure 10. EBSD-derived GND density maps for wrought and PBF-LB IN718 in the untested and creep
tested conditions at 650 °C and 650 MPa. All maps correspond to the X—Z plane (parallel to the loading
direction).



Table 3: Data from EBSD IPFs map for wrought and PBF-LB IN718 before and after constant-load creep testing at 650 MPa, 650 °C.

. With Twins Twin Rx  HAGBs LAGBs MOS  GND Density
Sample Grain Area Grain Diameter  Aspect Density (%) (%) (%) ©) (10'/m2)
(um? (um) Ratio (%) ’ ’ ’
Wrought 193 12.5 0.49 51.4 97.9 93.0 7.0 1.15 0.68
Untested
Wrought 43 6.2 0.56 4.88 25.6 23.0 77.0 45 2.08
Tested
AR 195 10.4 0.42 0.5 29.7 492 50.8 2.6 1.39
Untested ’ ’ ’ ’ ’ ’ ’ ’
AR Tested 151 9.1 0.44 0.6 26.3 452 54.8 3.6 1.77
HTI 293 133 0.47 25.3 77.1 60.6 39.4 1.9 0.98
Untested
HT1
291 13.4 0.47 13.8 67.2 538 462 2.7 1.14
Tested
HT2
Untested 174 9.8 0.43 03 34.0 36.0 64.0 2.7 1.77
HT2 167 9.7 0.44 0.6 30.7 49.0 51.0 3.15 1.58

Tested




3.4. DRX Pathways and Boundary Stability

A schematic illustration of DRX pathways relevant to IN718 during high-temperature deformation is
shown in Figure 11. Discontinuous DRX (DDRX) involves the nucleation of new grains at existing
grain boundaries, whereas continuous DRX (CDRX) proceeds via progressive subgrain rotation and
boundary misorientation increase [14], [26].
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Figure 11. Schematic illustration of dynamic recrystallisation pathways relevant to IN718 during high-
temperature deformation, showing discontinuous DRX (DDRX) and combined continuous—
discontinuous DRX mechanisms. This schematic is intended as a conceptual aid rather than a direct
reconstruction of the experimental microstructures.

The present results indicate that HT1 promotes a deformation-dominated DRX pathway, characterised
by sustained GND accumulation and stable LAGB networks, whereas HT2 is biased toward recovery-
dominated behaviour, with limited DRX activity and increased boundary mobility. As such, the findings
demonstrate that the dominant DRX pathway during creep is not intrinsic to the alloy but is strongly
influenced by the post-processing microstructural state. Deformation-dominated DRX, characterised by
sustained dislocation storage and gradual boundary misorientation increase, promotes microstructural
stability during creep. Recovery-dominated behaviour, by contrast, suppresses DRX activity and
accelerates boundary instability. These differences have direct implications for creep stability, as
discussed below.

3.5. Fractographic Observations

Post-creep fracture morphologies for wrought and PBF-LB IN718 variants are shown in Figure 12.
Wrought IN718 exhibits predominantly ductile fracture features, including microvoid coalescence and
limited intergranular cracking, consistent with its superior creep resistance [1-3]. The AR and HT2
conditions display extensive grain boundary cavitation and cavity coalescence, indicative of accelerated
damage accumulation during creep. Such behaviour has been widely reported in additively
manufactured IN718 and is commonly associated with unfavourable grain boundary character, residual
segregation and continuous boundary phases [9], [19], [20]. In contrast, the HT1 condition exhibits a
more dispersed cavitation morphology, with smaller and less interconnected cavities. This suggests
improved resistance to grain boundary sliding and delayed onset of tertiary creep, consistent with the
deformation-dominated DRX behaviour inferred from EBSD analysis. The observed fracture
morphologies therefore provide further confirmation of the mechanistic distinctions drawn from
microstructural characterisation [13], [15], [23].

The differences in fracture morphology between material conditions are consistent with the
microstructural evolution observed by EBSD. The dispersed cavitation observed in wrought IN718 and



the HT1 condition suggests delayed grain boundary decohesion and enhanced resistance to cavity
coalescence. In contrast, the extensive intergranular cavitation observed in the AR and HT2 conditions
indicates premature grain boundary weakening and rapid damage accumulation. Such behaviour has
been widely reported in additively manufactured IN718 and is commonly attributed to unstable grain
boundary networks, residual segregation and recovery-dominated deformation during creep [9], [19],
[20]. Likewise, the agreement between fracture observations and EBSD-derived deformation metrics
supports the interpretation that DRX pathway plays a key role in governing creep damage evolution.
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Figure 12. Post-creep FEG-SEM micrographs showing damage morphology in a) wrought IN718, b)
PBF-LB AR, ¢) PBF-LB HT1 and d) PBF-LB HT2 IN718.

4. Discussion

The present results demonstrate that creep resistance in additively manufactured IN718 is governed by
the stability of deformation-induced microstructures rather than grain size alone. While large equiaxed
grains in wrought IN718 reduce the area available for grain boundary sliding, the comparable
performance of the HT1 condition highlights the capacity of appropriately engineered PBF-LB
microstructures to achieve similar stability through controlled dynamic recrystallisation behaviour [8],
[11],[12].

The earlier onset of tertiary creep observed in the AR and HT2 conditions is interpreted as a
consequence of boundary instability rather than simply increased dislocation mobility. In recovery-
dominated microstructures, enhanced dislocation annihilation reduces internal back-stress and lattice
curvature, diminishing the capacity for heterogeneous strain accommodation. This promotes grain
boundary sliding and accelerates cavity nucleation at grain boundary precipitates and segregated
regions. Once cavity density reaches a critical level, local stress concentration drives rapid strain-rate
acceleration, marking the transition to tertiary creep.



In contrast, HT1 sustains geometrically necessary dislocation accumulation and stable low-angle
boundary networks, which redistribute strain and delay boundary decohesion. As a result, tertiary creep
onset is postponed despite comparable test temperature and stress conditions.

O-phase precipitates also play a conditional role in this context. Discrete d precipitates located at grain
boundaries can contribute to boundary pinning and retard boundary migration, thereby supporting DRX
stability and creep resistance. However, excessive or continuous 6 networks promote Nb depletion of
the matrix and weaken grain boundary cohesion, accelerating cavitation and intergranular fracture [23],
[24], [29]. The HT1 condition resides within a narrow processing window in which 3-phase distribution
supports creep stability, whereas HT2 exceeds this window, resulting in recovery-dominated behaviour
and premature failure.

The EBSD-derived GND metrics provide quantitative evidence for contrasting deformation pathways.
Deformation-dominated behaviour, characterised by sustained GND accumulation and stable LAGB
networks, enhances creep resistance by accommodating strain while limiting boundary mobility. In
contrast, recovery-dominated behaviour leads to GND annihilation, increased HAGB formation and
accelerated damage accumulation. These trends are consistent with established DRX frameworks for
IN718 and related superalloys [13], [14], [16], [26]. While increases in LAGB fraction and GND density
with applied stress are consistent with dislocation-controlled creep and therefore not unexpected, the
distinctive feature of the present study lies in the contrasting direction of microstructural evolution
between post-processing conditions subjected to identical loading. Specifically, HT1 exhibits sustained
GND accumulation alongside improved rupture life, whereas HT2 shows suppressed or reduced GND
evolution despite inferior creep resistance. This divergence indicates that creep stability is governed not
by the absolute magnitude of dislocation metrics, but by whether deformation proceeds through a
deformation-dominated or recovery-dominated DRX pathway.

Post-processing heat treatments play a decisive role in biasing the material toward deformation-
dominated or recovery-dominated creep behaviour. Deformation-dominated DRX promotes
microstructural stability by sustaining dislocation substructures and limiting excessive boundary
migration, thereby delaying damage accumulation. Conversely, recovery-dominated behaviour leads to
dislocation annihilation, boundary coarsening and increased susceptibility to grain boundary sliding and
cavitation. These results underscore the importance of treating creep as a microstructural evolution
process and demonstrate the value of EBSD-derived metrics for identifying active deformation
pathways in additively manufactured IN718.

Furthermore, the EBSD results presented here should not be interpreted as purely software-generated
descriptors, but as physically meaningful indicators of the active deformation processes. For instance,
GND density reflects lattice curvature required to accommodate plastic incompatibility between grains;
LAGB networks represent evolving subgrain structures associated with continuous DRX; and changes
in X3 boundary fraction indicate twin instability and boundary migration. Similarly, the role of 6-phase
is conditional: discrete precipitates may contribute to boundary pinning, whereas excessive or
continuous distributions promote intergranular weakening and cavitation. These interpretations provide
a mechanistic link between microstructural evolution and tertiary creep onset. By interpreting these
parameters within established creep and DRX frameworks, the analysis moves beyond microstructural
description toward mechanistic understanding of how strain is accommodated and how boundary
instability promotes tertiary creep.

5. Conclusions

This study has systematically examined the influence of additive manufacturing and post-processing

heat treatment on the high-temperature creep behaviour and microstructural evolution of laser beam

powder bed fusion (PBF-LB) IN718, with direct comparison to wrought material. The following

conclusions can be drawn:

e Creep behaviour of PBF-LB IN718 at 625-675 °C and 625-690 MPa is governed by microstructural
stability rather than grain size alone.



e A high-temperature solution plus double ageing treatment (HT1) yields creep resistance comparable
to wrought IN718 by promoting deformation-dominated DRX and stable boundary networks.

o A lower-temperature heat treatment (HT2) exhibits recovery-dominated behaviour characterised by
GND annihilation, high-angle boundary formation and accelerated creep damage.

e Twin boundary retention and controlled d-phase distribution play supporting roles in stabilising
creep-induced microstructures.

e Dynamic recrystallisation plays a central role in governing creep stability in IN718, with
deformation-dominated DRX promoting sustained dislocation storage, stable boundary networks
and improved resistance to creep damage accumulation.

e Post-processing heat treatments strongly bias the dominant DRX pathway during creep, with
recovery-dominated behaviour leading to dislocation annihilation, boundary instability and
accelerated failure, highlighting DRX control as a key lever in the microstructural design of IN718
for high-temperature service.
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