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ABSTRACT
Site-specific grain-structure control is desirable for turbine blades with region-specific performance 
requirements. Here, we demonstrate that a columnar-to-equiaxed transition can be initiated in 
electron-beam additive manufacturing within individual melt pools and retained through controlled 
overlap ratio and melt pool geometry. A high overlap ratio with shallow melt pools increases grain 
density and suppresses competitive dendritic growth, yielding near-equiaxed grains with an average 
size of ∼ 30 µm on single-crystalline substrates. A tailored heat-treatment protocol incorporating 
optimized recovery annealing relieves stresses while preventing recrystallization, thereby stabilizing 
the refined microstructure. This strategy enables grain structure design without altering established 
alloy compositions.
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1. Introduction

The desired grain structure for Ni-based superalloy 
turbine blades is site-dependent. Blade tips operate 
under high centrifugal stresses at elevated temperatures 
(∼1000°C), requiring columnar grains or even single 
crystals to enhance creep resistance [1,2]. In contrast, 
blade roots are typically exposed to cyclic vibrations 
and loads at lower temperatures (650–750°C), and thus 
fine near-equiaxed grains are more favorable [3,4]. Grain 
refinement can enhance the fatigue life significantly in 
both forgeable [5] and unforgeable [6] superalloys. How-
ever, fabricating site-specific microstructures remains 
challenging. Conventional casting offers limited flexibil-
ity in grain-structure control, and is generally optimized 
to produce fully columnar or single-crystalline blades. 
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Although blade roots can be strengthened through exter-
nal treatments such as shot peening or laser shock peen-
ing [7], these methods are costly, and their effective-
ness often degrades over time. Severe plastic deforma-
tion after casting followed by subsequent heat treatment 
can refine the grain structure of forgeable superalloys 
[8], but this strategy does not work for unforgeable 
precipitation-strengthened superalloys with high volume 
fraction of γ ′  precipitates. Alternatively, additive man-
ufacturing (AM), with its unique layer-wise deposition 
nature, offers promising potential for site-specific grain 
structure design and manipulation [9–12].

Nevertheless, achieving a uniform, fine equiaxed 
grain structure on single-crystalline substrates by AM 
remains highly challenging. Although hatch-overlap-
induced microstructure control has been widely reported 
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in laser-based AM, previous studies have largely focused 
on conventionally printable alloys (e.g. IN718), treating 
overlap ratio primarily as an empirical process param-
eter for grain refinement or texture control. In most 
cases, increasing overlap promotes remelting and epitax-
ial columnar growth, whereas reducing overlap weakens 
epitaxy and facilitates grain refinement or the forma-
tion of stray grains [13–16]. However, the steep thermal 
gradients intrinsic to AM strongly favor epitaxial solidifi-
cation. Although Marangoni convection [17], inter-track 
interactions [18], and heat accumulation locally perturb 
solidification conditions [19], they generally produce 
only sporadic stray grains within a predominantly colum-
nar microstructure. Disrupting epitaxial growth on a 
single-crystalline substrate therefore remains challeng-
ing. Moreover, even when equiaxed grains are obtained, 
tailored post-processing is still required to suppress 
recrystallization and grain coarsening [20,21].

In this work, a fine near-equiaxed microstructure 
is realized on single-crystalline substrates via electron-
beam powder bed fusion using an exceptionally high 
overlap ratio with a shallow melt pool. A customized 
heat-treatment protocol is developed to effectively relieve 
residual stresses, thereby suppressing recrystallization 
and grain coarsening. This study establishes a facile yet 
robust AM-enabled strategy for the repair and reman-
ufacturing of Ni-based superalloy turbine blade roots 
through site-specific grain-structure programming.

2. Kinetic considerations

A kinetic analysis is conducted to identify the over-
lap ratio and melt-pool morphology favoring near-
equiaxed grain formation. For single-track melting, den-
drite growth is governed by melt-pool geometry and 
substrate crystallography. Dendritic growth along crys-
tallographic direction [uvw] occurs with velocity

|V[uvw]| =
|Vn|

cosψ[uvw]
(1)

determined by the velocity Vn of the solidification front 
and the angle ψ [uvw] between the normal of the solidifica-
tion front and the [uvw] direction [22]. The correspond-
ing thermal gradient is given by the thermal gradient Gn
normal to the solidification front [23].

|G[uvw]| = |Gn| cosψ[uvw]. (2)

For Ni-based superalloys, primary dendrites grow along 
[001], with secondary arms along [100] and [010], form-
ing a structure with four-fold symmetry. Previous mod-
eling indicates that large V[001] and reduced G[001], 

achievable at larger ψ[001], promote the columnar-to-
equiaxed transition and thus near-equiaxed structures 
[23–25].

However, single-crystalline blades are typically ori-
ented with [001] normal to the build plane. Under 
such conditions, ψ[001] is small near the melt-pool 
center, favoring epitaxial columnar growth. Along the 
melt pool sidewalls, dendrites preferentially grow with 
one of their <100> directions parallel to the [100] or 
[010] directions. Although they appear perpendicular to 
the substrate dendrites, their crystallographic orientation 
remains equivalent and therefore does not generate stray 
grains or contribute to grain refinement.

A columnar-to-equiaxed transition becomes more 
likely when <100> is inclined to the local solidifica
tion-front normal. A higher angle ψ[001] causes a lower 
G/V ratio

|G[hkl]|

|V[hkl]|
=

|Gn|

|Vn|
cos2ψ[hkl] <

|Gn|

|Vn|
(3)

promoting equiaxed stray-grain nucleation and the 
columnar-to-equiaxed transition [23,25]. This is the case 
for the intermediate zones between different <100>
growth directions [22], as well as near melt pool bottoms 
located in interdendritic regions, where local fusion line 
perturbations arise from microsegregation [26]. While 
the density of fusion line perturbations is constrained by 
the dendrite spacing in the substrate and therefore diffi-
cult to modify, increasing the overlap ratio between adja-
cent melting tracks offers an effective strategy to increase 
the density of stray grains (Figure 1(a and b)).

In addition to overlap ratio, melt pool morphology 
critically influences the size and evolution of stray grains. 
When stray grains are already present in a previously 
deposited layer, subsequent solidification proceeds on a 
polycrystalline substrate. If a melt pool spanning sev-
eral substrate grains is deep, the wide melt pool provides 
sufficient space for competitive dendritic growth and 
coarsening, producing thick columnar grains that coun-
teract grain refinement and formation of an equiaxed 
grain structure (Figure 1(c)). In contrast, a shallow melt 
pool increases the relative volume fraction of stray grains 
nucleated near the fusion line and restricts their coars-
ening, coalescence, and elongation. It also promotes the 
retention of stray grains formed between differently ori-
ented <100> growth directions (Figure 1(d)).

Under repeated high-overlap deposition, these retai
ned stray grains become part of the growth substrate 
for subsequent melt tracks. As deposition proceeds, lat-
eral remelting progressively disrupts long-range epitaxial 
inheritance and increases the crystallographic hetero-
geneity of the local growth front. Consequently, grain 
refinement should be regarded as the coupled result of 
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Figure 1. Schematic illustration of the effects of overlap ratio (a vs. b) and melt pool morphology (c vs. d) on the formation and retention 
of near-equiaxed grains.

preferential stray-grain generation, retention, and pro-
gressive disruption of epitaxial inheritance.

3. Results

3.1. Experimental validation

Experimental details are provided in the Supplementary 
Materials. Process optimization was established through 
surface melting of directionally solidified DZ125 sub-
strates and subsequently applied to additive manufac-
turing on directionally solidified DZ125 and single-
crystalline DD6 substrates. Both substrates maintain a 
continuous <001> orientation parallel to the build 
direction, providing comparable epitaxial growth con-
ditions while representing two technologically relevant 
substrate architectures (Figure S1). The melt-pool geom-
etry is examined without powder feedstock by fixing the 
electron-beam power at 400 W while varying the scan-
ning speeds. Single-track melt pools show that increas-
ing scanning speed from 400mm·s−1 to 2500mm·s−1

reduces the melt-pool width from 680 µm to 420 µm 
and reduces the melt-pool depth from 227 µm to 67µm 
(cf. Figure S2 in the Supplementary Materials). At the 
optimized scanning speed of 2000mm·s−1, the fabricated 
samples exhibit substantially reduced defect densities, 
yielding a lack-of-fusion area fraction of 0.03± 0.01%, 
a pore area fraction of 0.03± 0.03%, and a crack den-
sity of 0.41± 0.04mm−1 (Figure S3 and Table S1). Con-
versely, at 2500mm·s−1, the melt-pool depth decreases 
to 67 µm, falling significantly below the powder par-
ticle diameter, which induces a marked increase in 
lack-of-fusion defects (1.66± 0.13%), pore area fraction 
(0.33± 0.11%), and crack density (0.92± 0.24mm−1) 

(Figure S3 and Table S1). Consequently, a scanning speed 
of 2500mm·s−1 is deemed unsuitable.

At 400 W and 2000mm·s−1, single-track melt pools 
are approximately 500 µm in width and 95 µm in depth; 
thus, hatch spacings of 300, 200, and 100 µm, corre-
spond to overlap ratios of 40%, 60%, and 80% respec-
tively. Two-dimensional scanning and heat accumulation 
cause thicker melted layers than single-track melting. 
With 40% and 60% overlap ratios, shallow melt lay-
ers (110–130µm), as shown in Figures 2(a, d and b, e) 
remain predominantly epitaxial, with stray grains (high-
lighted in yellow) occupying only 8± 4% of the cross-
sectional area. In contrast, increasing the overlap ratio 
to 80% results in a thicker melted layer of approximately 
150 µm and a clear disruption of epitaxial inheritance. 
Accordingly, the stray-grain area fraction increases to 
62± 15% (Figure 2(c, f)). An orientation map showing 
the crystallographic direction along the build direction 
(Z-direction) (Figure 2(f)) according to the inverse pole 
figure (IPF) reveal two distinct populations of stray grains 
at 80% overlap ratio: (Type 1) fine near-equiaxed grains 
with sizes 7.5 µm to 19.9 µm located predominantly near 
the fusion line, and (Type 2) coarse, slightly columnar 
stray grains in the central and upper regions of the melted 
layer, often growing on top of Type 1 stray grains, thereby 
disrupting epitaxy with the single-crystalline substrate.

To elucidate the influence of electron-beam scan-
ning speed, blocks are fabricated at scanning speeds of 
400, 1200, and 2000mm·s−1 with constant electron-beam 
power (400 W). The hatch spacing is adjusted according 
to the measured melt-pool width (Figure S2) to main-
tain a melt-pool overlap ratio of approximately 80%, 
which was further validated by measurements of the 
melt-pool geometry in the AM-built blocks (Figure S4). 
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Figure 2. Effect of overlap ratio on grain structure during electron-beam surface melting of directionally solidified DZ125 substrates. 
(a–c) SEM images of as-melted regions obtained at overlap ratios of 40%, 60%, and 80%, respectively. (d–f) EBSD IPF-Z maps obtained 
from the 40%, 60%, and 80% overlap conditions.

From the orientation maps (in Figures 3(a–c)), grain 
size was quantified as the area-weighted equivalent cir-
cular diameter. Grain refinement on both sections, YZ 
and XY, becomes increasingly pronounced as melt-pool 
sizes decrease. The 001 pole figures for all three speci-
mens in Figures 3(a3–c3) reveal a < 100> fiber texture 
progressively weakening with increasing scanning speed, 
concomitant with grain refinement. The maximum {001}
pole-figure intensity decreased from 10.7± 0.6 MUD to 
2.4± 0.3 MUD with increasing overlap ratio. At a scan-
ning speed of 2000mm·s−1, the predominantly near-
equiaxed grains exhibit a rather weak <100> fiber tex-
ture.

Grains exhibit notable elongation along the build 
direction on the YZ-section, reflecting some residual 
tendency for columnar growth, while appearing more 
equiaxed on XY-planes. Grain aspect ratios were quanti-
fied on both sections. The cumulative area distributions 
are shown in Figures 3(d and e). For both sections, the 
aspect ratios vary only slightly with scanning speed and, 
hence, melt-pool size. The aspect ratio on YZ (2.8± 1.5) 
is significantly larger than that on XY (1.7± 0.6), con-
forming the visual impression of a slightly elongated 
grain structure.

Overall, increasing scanning speed within an appro-
priate range produces narrower and shallower melt pools, 
leading to significant grain refinement without apprecia-
bly altering the grain morphology.

3.2. Microstructure stability

Using optimized parameters (400 W, 2000mm·s−1, 80% 
overlap), electron-beam AM on a DD6 single-crystalline 
superalloy substrate produces a refined microstructure 
with an area-weighted average grain size of 49± 29 µm 
and an area-weighted aspect ratio of 2.7± 1.9. A 
∼750 µm high transitional zone with columnar grains 
separates the single-crystalline substrate and the slightly 
elongated polycrystalline region. Above the transitional 
zone, clusters of fine grains dispersed in vertically banded 
regions dominate the entire block. Higher-resolution 
EBSD maps are performed in the polycrystalline region 
and represented with a boundary map in Figures 4(a2 and 
a3). The corresponding pole figure of this refined region 
is provided in Figure S5a, showing that the refined grain 
layer retains a moderate <001> fiber texture. Using 
the Read–Shockley equation [27], the energy stored in 
boundaries is estimated with a shear modulus of 70GPa 
and a Poisson ratio of 0.3. For the interior boundaries 
within the grains, a stored energy of 21 kJ/m3 is obtained, 
constituting a driving force for recrystallization.

The as-built block is subjected to the standard indus-
trial heat treatment for DZ125, consisting of solution-
izing at 1180°C for 2 h followed by 1230°C for 3 h, and 
subsequent ageing at 1100°C for 4 h. The absence of low 
angle boundaries within the huge grains in Figure 4(b3) 
indicates recrystallization is readily initiated under this 
treatment, followed by grain growth (Figure 4(b2)) and 
occasional formation of annealing twins (highlighted in 
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Figure 3. Grain refinement through melt-pool manipulation in additively manufactured DZ125 deposited on directionally solidified 
DZ125 substrates. (a–c) EBSD IPF-Z maps and 001 pole figures of as-built samples fabricated at different scanning speeds. (d–e) 
Cumulative area fraction of grain aspect ratio on the YZ- and XY-sections.

Figure 4(b3)). The energy stored in the inner boundaries 
is reduced to 3.9 kJ/m3.

Alternatively, an as-built block is exposed to a custom-
designed heat-treatment protocol (slightly adjusted from 
the one in [21,28,29]) comprising a recovery annealing 
stage with slow ramping from 1100°C to 1230°C over 2 h, 
followed by the standard solutionizing and ageing treat-
ment. Such tailored heat treatment preserves the refined 
grain structure, with an average grain size of 51± 31 
µm (Figure 4(c)) and a moderate <001> fiber texture 
(Figure S5c). With a low energy of 8.8 kJ/m3 in the inter-
nal boundaries, this microstructure will be much less 
prone to recrystallization than the as-built microstruc-
ture.

4. Discussion

The formation of the refined near-equiaxed microstruc-
ture cannot be attributed to overlap ratio or melt-pool 
morphology alone. Instead, it results from the cou-
pled effects of three sequential processes: (i) preferential 
stray-grain generation where the CET criterion is locally 
satisfied; (ii) retention of these newly formed grains 
by shallow melt pools that suppress competitive den-
dritic growth; and (iii) progressive disruption of epitax-
ial inheritance during repeated high-overlap deposition. 
Within this framework, the primary role of a high over-
lap ratio is to continuously generate favorable local CET 
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Figure 4. Stabilization of the refined microstructure by tailored heat treatment. EBSD IPF-Z maps of (a) the as-built sample, (b) a sample 
after standard heat treatment, and (c) a sample after tailored heat treatment. Left: overview maps; middle: enlarged orientation maps; 
right: corresponding boundary maps. High angle boundaries (HABs) with disorientation angles above 15° are delineated in black, low 
angle boundaries (LABs) with disorientation angles above 1° in red and twin boundaries (TB, 63 boundaries) in blue.
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sites rather than directly refine the existing columnar 
structure.

Retention of newly generated stray grains is gov-
erned by competitive dendritic growth during subse-
quent solidification, which is strongly influenced by melt-
pool geometry. In deep melt pools, competitive den-
dritic growth favors crystallographically preferred grains, 
reducing stray-grain retention and restoring coarse 
columnar structures. By contrast, shallow melt pools 
shorten the dendritic selection distance and restrict com-
petitive grain growth, thereby suppressing grain coars-
ening. Grain refinement is therefore governed not by 
maximizing stray-grain generation alone, but by the cou-
pled effects of stray-grain generation, retention, and the 
progressive disruption of epitaxial inheritance during 
repeated deposition. This balance simultaneously defines 
the practical processing window, since excessive reduc-
tion in melt-pool depth inevitably compromises inter-
layer metallurgical bonding and promotes lack-of-fusion 
defects. Within this window, an average grain size of 
32± 17 µm is finally achieved, which is well below those 
reported for non-forgeable Ni-based superalloys [30,31], 
comparable to the finest grain sizes achieved in forgeable 
alloys through thermomechanical processing [8,32].

Stabilization of the refined grain structure requires 
decoupling recovery from recrystallization during subse-
quent heat treatment. Compositional segregation
between dendrite cores and interdendritic regions cre-
ates a narrow sub-solvus temperature window that pro-
motes recovery while suppressing recrystallization [21]. 
The proposed ramping solution treatment (Figure 4) 
therefore preserves the refined microstructure. Follow-
ing stray-grain generation, retention, and stabilization, 
further refinement may be achieved by combining melt-
pool engineering strategy with localized alloy chem-
istry optimization, such as controlled carbon and boron 
additions [33–36], to enhance heterogeneous nucleation 
and Zener pinning [37,38]. Nevertheless, composition-
ally graded microstructures require careful control of 
interdiffusion kinetics and phase stability to ensure long-
term microstructural stability and service reliability.

5. Conclusion

Through systematic analysis of overlap ratio and melt-
pool morphology, a strategy is established to achieve 
fine near-equiaxed grain structures in additively manu-
factured non-forgeable Ni-based superalloys. On direc-
tionally solidified or single-crystalline substrates, a 
columnar-to-equiaxed transition can be triggered within 
individual melt pools. A high overlap ratio combined 

with narrow and shallow melt pools maximizes equiaxed-
grain retention and is therefore adopted for block fabri-
cation. The as-built grains are slightly elongated along the 
build direction but nearly equiaxed in the plane perpen-
dicular to the build direction. Subsequent to deposition, 
a custom-designed heat-treatment protocol is applied, 
consisting of slow ramp-up recovery annealing, solu-
tionizing, and then ageing. This treatment effectively 
relieves residual stresses, reduces stored energy, sup-
presses recrystallization, and stabilizes the refined grain 
structure. The present work establishes both a fundamen-
tal understanding and a practical framework for grain-
structure design in additive manufacturing without alter-
ing established alloy compositions, offering a potential 
route toward the advanced manufacturing and repair of 
turbine blade roots.
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