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Abstract

Heat treatment significantly improves the ductility of additively manufactured Zr-2.5Nb
alloy, but the mechanisms responsible for this improvement remain poorly understood. In
this study, the effects of heat treatment on the microstructure and room-temperature tensile
behavior of Zr-2.5Nb fabricated by laser powder bed fusion (LPBF) were investigated by
comparing as-built (AB) and heat-treated (HT) specimens. The HT specimens were held
at 800 °C for 2 h and subsequently air-cooled. A microstructure-based crystal plasticity
fast Fourier transform (CPFFT) model was constructed directly from two-dimensional
electron backscatter diffraction (EBSD) orientation and phase maps to quantify the local
stress, strain, and slip responses of the o« and 3 phases in the HT microstructure. Heat
treatment caused the acicular o martensite to decompose, producing a coarser lamellar
o + (3 microstructure. In a representative EBSD field of the HT specimen, 3-Zr accounted
for 6.0% of the analyzed area and was distributed predominantly between the « lamellae.
Compared with the AB condition, heat treatment reduced the mean 0.2% proof stress and
ultimate tensile strength from 840 and 1033 MPa to 792 and 881 MPa, respectively, while
increasing the mean uniform strain from 4.02% to 6.94%. At an applied axial strain of
3.2%, the 3/« ratios of phase-averaged equivalent strain and accumulated absolute slip
were 1.59 and 2.51, respectively, whereas the corresponding ratios for von Mises stress and
axial stress were 0.57 and 0.81. These results reveal pronounced stress—strain partitioning
between the phases: 3-Zr accommodated greater equivalent strain and more extensive
slip, whereas «-Zr carried higher stresses. This interphase partitioning helps explain the
increased uniform strain of the HT specimens, while the reduction in strength is primarily
associated with o-martensite decomposition and «-lamella coarsening.

Keywords: laser powder bed fusion; Zr—-2.5Nb; heat treatment; EBSD; crystal plasticity;
DAMASK; load partitioning

1. Introduction

The microstructure and mechanical properties of Zr—2.5Nb alloys are sensitive to
phase-transformation pathways and the state of the second phase [1,2]. Laser powder
bed fusion (LPBF) enables near-net-shape fabrication of complex components through
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layer-wise melting and rapid solidification. However, steep thermal gradients and cyclic
heating generate nonequilibrium microstructures that differ from those of convention-
ally processed materials [3,4]. Harooni et al. [5] and Yue et al. [6] observed fine acicular
microstructures in laser-additively manufactured pure Zr. Huang et al. [7] reported predom-
inantly acicular «” martensite in as-built LPBF Zr—2.5Nb, accompanied by high strength and
limited tensile ductility. Post-build heat treatment can reduce residual stress and adjust the
strength—ductility balance by promoting o decomposition, changing phase constitution,
and modifying «-lath morphology and dimensions.

Previous studies have examined how heat-treatment schedules affect the microstruc-
ture and properties of conventionally processed Zr-2.5Nb. Kulkarni et al. [8] investigated
microstructures and mechanical properties after heat treatment in the o + 3 phase field.
Zhang et al. [9] and Yang et al. [10] analyzed the effects of annealing schedules on «/f3
phase fractions, morphology, and tensile properties. Wang et al. [11] showed that cooling
rates from the (3 phase field alter transformation morphology and hardness. Daymond
et al. [12] and Daniel et al. [13,14] examined orientation inheritance and variant selection
during the 3—« transformation, showing that both affect the resulting texture. These
studies establish that annealing temperature, cooling path, and transformation orientation
relationships govern the microstructure and mechanical properties of conventionally pro-
cessed Zr—2.5Nb. Whether these relationships transfer directly to LPBF material remains
uncertain because its starting microstructure forms by rapid solidification.

Our previous study by Li et al. [15] systematically compared the effects of annealing
LPBF Zr-2.5Nb at 600-900 °C followed by furnace cooling, air cooling, or water quench-
ing. That work examined phase transformations, microstructures, and tensile properties.
Comparison of &’ decomposition, lamellar o + 3 formation, and the strength—-ductility
balance identified air cooling after holding at 800 °C for 2 h as the preferred condition
for subsequent study. Lei et al. [16] compared phase constitution, tensile properties, and
corrosion behavior after annealing at 550-950 °C. They found that o + 3 microstructures
formed at 650-750 °C increased tensile elongation while retaining appreciable strength.
Existing studies therefore establish the effects of annealing temperature and cooling route
on the phase constitution and tensile properties of LPBF Zr-2.5Nb. They also support
the present selection of air cooling after holding at 800 °C for 2 h. However, quantitative
analyses remain scarce for the stress, plastic strain, and slip activity of 3-Zr between « laths
during loading and for ot/ load partitioning.

Phase fractions and macroscopic tensile curves cannot resolve local deformation dif-
ferences associated with crystal orientation and phase identity. Gong et al. [17] measured
the relative strengths of different slip systems in Zr. Li et al. [18] analyzed the conditions
governing the transition from prismatic to basal slip. Thool et al. [19] demonstrated the
effect of crystal orientation on local deformation through experiments and simulations.
In two-phase Zr-2.5Nb, Cai et al. [20] used in situ diffraction to track interphase and
intergranular stress evolution. Sahoo et al. [21] examined how second-phase hardness
affects deformation, and Murdnsky et al. [22] observed load transfer between the « and 3
phases. These results show that the local 3 response depends on its intrinsic mechanical
properties and its strength relative to «. Macroscopic tensile tests and phase-averaged
diffraction cannot directly resolve local fields at the measured & and 3 locations. Homog-
enized models also cannot retain the measured orientations and phase distribution of
heat-treated LPBF microstructures. A full-field crystal-plasticity method that preserves the
EBSD microstructure is therefore required.

Crystal-plasticity models describe slip-system activation and hardening, enabling
calculation of stress, strain, and slip activity within individual grains and phases under
prescribed loading [23]. Zan et al. [24] used crystal plasticity to investigate anisotropic
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deformation in rolled Zircaloy-4. Cai et al. [25] and Christodoulou and Tomé [26] modeled
the room-temperature deformation of two-phase Zr alloys. Ardeljan et al. [27] used a
microstructure-explicit, full-field crystal-plasticity finite-element model to study local
strain localization in an HCP/BCC Zr/Nb composite. Taherijam et al. [28] applied a
crystal-plasticity finite-element model to assess how (3-Zr affects deformation and stress
partitioning in Zr-2.5Nb pressure tubes. These studies demonstrate the utility of full-field
crystal plasticity for local-response analysis in two-phase Zr/Nb materials. Their material
systems and microstructural states, however, differ from heat-treated LPBF Zr-2.5Nb.

The crystal plasticity fast Fourier transform (CPFFT) method can combine EBSD-
derived crystal orientations and phase distributions to calculate grain- and phase-scale
stress, strain, and slip activity [29-31]. Gui et al. [32] used this approach to analyze grain-
scale cyclic deformation in TRIP steel. EBSD-informed CPFFT studies of the fine lamellar
microstructure in heat-treated LPBF Zr-2.5Nb remain scarce. In particular, quantitative
data are lacking on load partitioning, plastic strain, and accumulated absolute slip in 3-Zr
between o laths.

This study compares LPBF Zr—2.5Nb in the as-built (AB) condition and after holding
at 800 °C for 2 h followed by air cooling (HT). Microstructural characterization and EBSD
were used to assess phase constitution, crystal orientation, and morphology before and
after heat treatment. Room-temperature tensile testing and fractography were used to
compare tensile properties and fracture characteristics. Representative two-dimensional
EBSD orientation and phase maps for AB and HT were mapped onto single-layer regular
grids. Crystal-plasticity constitutive laws were then coupled with an FFT spectral solver
in DAMASK. The simulations quantified local von Mises stress, axial stress, equivalent
strain, and accumulated absolute slip. The analysis focused on load partitioning and plastic
deformation in the « and (3 phases of HT. The results quantify the load-bearing and plastic
response of (3-Zr between « laths and relate the phase-level responses to the macroscopic
tensile behavior of HT.

2. Materials and Methods
2.1. Powder, LPBF Fabrication, and Heat Treatment

Gas-atomized Zr—2.5Nb alloy powder was used as the feedstock. The particles were
predominantly spherical, with a broad size distribution and occasional satellite particles
attached to larger particles (Figure 1). This morphology is generally conducive to powder
spreading, although satellites and fine particles may locally alter packing density and
layer uniformity.

Cuboidal specimens measuring 25 x 25 x 8 mm?> were fabricated by LPBF under
high-purity argon to limit oxygen and nitrogen uptake by the reactive zirconium alloy.
The laser power, nominal scan speed, hatch spacing, and layer thickness were 160 W,
1400 mm s, 120 um, and 30 um, respectively. The nominal volumetric energy density
was 31.7 ] mm 3, calculated as E = P/(vht). Here, P, v, h, and t denote laser power, scan
speed, hatch spacing, and layer thickness, respectively. A bidirectional stripe scanning
strategy with a 67° rotation between successive layers was used to limit directional heat
accumulation, texture bias, and residual-stress buildup [3,4].

Specimens were sectioned from the central region of the build plate to reduce position-
dependent process variation. The as-built condition is denoted AB. A second specimen
set was held at 800 °C for 2 h and then air-cooled to room temperature; this condition is
denoted HT. This schedule was selected from the heat-treatment matrix evaluated in our
previous study because it produced a coarsened lamellar o + 3 microstructure with greater
tensile ductility than AB [15].
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Figure 1. SEM morphology of the gas-atomized Zr-2.5Nb powder used for LPBF. (a-d) Powder
morphology at progressively higher magnifications, showing predominantly spherical particles, a
broad particle-size distribution, and occasional satellite particles attached to larger particles. Original
scale bars are retained.

2.2. Microstructural Characterization

Lamellar morphology was examined by an Apreo S LoVac field-emission scanning
electron microscope (SEM; Thermo Fisher Scientific Brno s.r.0., Brno, Czech Republic). at
magnifications from 2000x to 15,000x. The original scale bars and acquisition metadata
were retained in the image plates. Images were not adjusted locally or selectively for
brightness, contrast, or individual features. Thus, neither lath morphology nor fracture
features were artificially enhanced.

EBSD orientation, phase, boundary, kernel average misorientation (KAM), and pole-
figure data were acquired for both conditions. The AB and HT maps were collected at step
sizes of approximately 0.15 and 1.4286 pm, respectively. Because the spatial resolutions and
fields of view differed, grain or lath size and boundary density were not compared quanti-
tatively between the maps. KAM was likewise used to visualize spatial variations within
each field rather than to compare mean KAM or fixed-threshold area fractions between
AB and HT. Phase fractions, spatial phase distributions, and pole-figure maxima were
reported as map-level EBSD outputs. Indexing quality, cleanup procedures, and reference-
frame consistency were controlled because they directly affect EBSD-based microstructure
reconstruction and the resulting RVE [33,34].

Fracture surfaces from the room-temperature tensile tests were examined by SEM
at low and high magnifications. Low-magnification images were used to assess overall
fracture relief and large cavities. High-magnification images were used to compare dimple
morphology and tearing ridges. Interpretation was limited to fracture-surface morphol-
ogy because the initial three-dimensional pore population was not quantified by X-ray
computed tomography.

2.3. Room-Temperature Tensile Testing and Curve Processing

Room-temperature tensile tests were performed using a universal testing machine
(AGS-X, 10 kN; Shimadzu Corporation, Kyoto, Japan) at a crosshead speed of 0.48 mm /min.
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The dog-bone specimens had a gauge length of 6 mm and a gauge cross-section of
2 x 1 mm?. Before mechanical testing, all specimen surfaces were ground with abrasive
paper to remove surface irregularities arising from electrical discharge machining and
oxide scales formed during heat treatment. At least two replicate tensile tests were per-
formed for each condition. Vickers hardness was measured using an HV-1000STA hardness
tester (Veiyee, Laizhou, China) under a load of 200 N and a dwell time of 5 s. A total of
10 indentations were made on each specimen, and the mean value was reported.

2.4. EBSD-Informed CPFFT Simulation

The EBSD orientation and phase data were preprocessed in DREAM.3D 7.0.1 and
subsequently imported into DAMASK 3.0. The workflow maintained internally consis-
tent orientation, phase, and reference-frame information in the EBSD/HDEF5 data [33,34].
Oxford CTF files were imported into DREAM.3D, and invalid pixels were masked using
the EBSD error array. Euler angles were converted to quaternions, and bad points were
evaluated using a neighbor-orientation criterion. Features were segmented using a 5°
misorientation tolerance. Cleanup included feature-phase assignment, average-orientation
calculation, and neighbor and size filtering. Features smaller than 10 cells were removed.
Bad data were filled, and two erode/dilate cleanup iterations were applied before export.

The resulting Featurelds, Phases, and EulerAngles arrays were loaded with DAMASK
utilities to construct the grid and material configuration using one direct-homogenization
constituent. The cleaned EBSD-derived orientation fields were discretized as two-
dimensional periodic representative volume elements (RVEs). They were solved using
DAMASK Grid v3.0.0-alpha6 with the spectral_basic mechanical solver [23,29]. The spec-
tral formulation follows FFT-based homogenization methods for periodic boundary-value
problems and provides cell-resolved micromechanical fields in heterogeneous polycrys-
tals [30,31]. The AB grid contained 344 x 236 x 1 cells (81,184 cells), whereas the HT grid
contained 825 x 567 x 1 cells (467,775 cells). The AB solver phase map contained only
hexagonal o-Zr. The reconstructed HT phase mask preserved the DREAM.3D cell-level
phase fraction, comprising 442,623 «-Zr cells (94.623%) and 25,152 bec 3-Zr cells (5.377%).

Finite-strain uniaxial deformation was imposed along the x direction. Macroscopic
shear deformation was prescribed as zero, and the lateral normal directions were traction-
free. The AB calculation was used for macroscopic comparison and local-field analysis up to
12.5% axial strain. The HT calculation was continued to 20.0% axial strain to resolve phase
and interface-region partitioning. Output fields were saved at regular solver increments.

A phenomenological crystal-plasticity law with phase-specific parameters was used
(Table 1). For «-Zr, basal <a>, prismatic <a>, and pyramidal <c + a> slip families were
included with Nsl = [3, 3, 0, 12]. These families are consistent with the established slip
hierarchy and orientation-dependent plasticity of hep Zr [17,18,35]. For 3-Zr, two bcc slip-
family groups were included with Nsl = [12, 12]. Their lower slip resistances represented the
compliant response expected for retained (3-Zr in a heat-treated « + 3 morphology [25,26].
The field analysis considered local total strain, von Mises Cauchy stress, axial Cauchy stress,
hydrostatic Cauchy stress, accumulated absolute slip, and slip resistance.

Macroscopic engineering stress was calculated from the volume-averaged first Piola—
Kirchhoff stress component P11. The volume-averaged Cauchy stress 511 was retained for
local-field interpretation, whereas macroscopic comparisons used volume-averaged P11.
Local-field distributions were summarized by their mean, standard deviation, coefficient of
variation, and upper-percentile values. The HT state at 3.2% axial strain was used for phase-
resolved maps, phase statistics, and {3/« ratios because it lies within the experimentally
relevant uniform-deformation regime.
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Table 1. Crystal-plasticity parameters used in the DAMASK material files. Slip resistances are listed
in the same family order as Nsl.

AB «-Zr HT «-Zr HT B-Zr
Lattice hP, c/a =1.597 hP, c/a =1.597 cl
Cq1 =144, C33 = 166, Cq1 =144, C33 = 166, Cqp =250.75,
Elastic constants Cyy =33,Cp =74, Cyy =33,Cpp =74, Cip =1941,
Ci3 =67 Ci3=67 Cyy =230.34
Slip families Nisl [3,3,0,12] [3,3,0,12] [12,12]
xi_0sl [338, 260, 0, 910] [320, 245, 0, 858] [185, 170]
xi_inftysl [468, 360, 0, 1260] [380, 290, 0, 1015] [250, 235]

3. Results
3.1. Microstructures Before and After Heat Treatment

Figure 2 compares the microstructures of the as-built (AB) specimen and the air-cooled
specimen annealed in the o + 3 phase field. The AB specimen consisted primarily of
fine, interwoven ' martensite laths with an average width of approximately 0.40 um
(Figure 2a,c), characteristic of the fine-scale microstructure generated by rapid solidification
during LPBF [4,7]. After holding at 800 °C for 2 h followed by air cooling, the heat-treated
(HT) specimen retained a lath framework, but the o’ martensite decomposed into an
o + 3 microstructure, with 3-Zr distributed mainly between « laths. The mean o-lath
width increased to approximately 0.66 pm (Figure 2b,d), about 65% above that in the AB
condition. In the EBSD phase maps, no 3-Zr was indexed in AB, whereas the measured
B-Zr area fraction in the raw HT map was approximately 6.0%. After data cleaning and
regular-grid reconstruction, 3-Zr accounted for 5.377% of the cells in the HT computational
domain (Figure 3d-f). Its spatial distribution between the « laths was retained, providing
orientation and phase information corresponding to the measured microstructure for
subsequent CPFFT simulations. These observations show that heat treatment promoted
«’ martensite decomposition, a-lath coarsening, and B-phase formation, transforming the
rapidly solidified structure into a coarsened o + {3 lath microstructure [11,16].

Figure 2. SEM microstructures of the AB and HT specimens. (a) Low-magnification image of AB;
(b) low-magnification image of HT; (c) high-magnification image of AB, showing fine laths; and
(d) high-magnification image of HT, showing widened and locally coarsened « laths. Original scale
bars are retained.
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Figure 3. EBSD results for the AB and HT specimens and microstructures used as CPFFT inputs.
(a,b) EBSD orientation maps of AB and HT, respectively; (c) EBSD phase map of HT, showing f3-
Zr distributed mainly between « laths; (d,e) cleaned EBSD/DREAM.3D orientation maps used to
construct the representative volume elements for AB and HT, respectively; (f) reconstructed o/
phase map of HT used for CPFFT simulations; (g,h) KAM maps of AB and HT, respectively, both
plotted over 0-1.5°; and (i,j) «-Zr pole figures of AB and HT, respectively, with displayed maximum
intensities of 28.80 and 43.44.

Kernel average misorientation (KAM) was spatially heterogeneous in both conditions
(Figure 3g,h). In AB, local misorientation occurred as bands and discrete spots along the
fine laths, indicating pronounced local orientation gradients within the interwoven lath
structure formed by rapid solidification. In HT, regions with relatively high KAM were
located mainly along some coarsened laths and their neighboring areas. This redistri-
bution indicates that o’ martensite decomposition and lath coarsening altered the local
orientation gradients without eliminating intramicrostructural orientation heterogeneity.
Meanwhile, the maximum «-Zr pole-figure intensity increased from 28.80 in AB to 43.44 in
HT (Figure 3i,j), indicating a higher degree of a-Zr orientation concentration and stronger
preferred orientation after heat treatment. Together with «-lath coarsening and formation
of the o« + 3 microstructure, the heat treatment was accompanied by selective retention or
growth of o orientation variants [12-14], which can affect the slip response of individual «
laths during subsequent deformation [19,24].
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3.2. Room-Temperature Mechanical Properties

Figure 4 and Table 2 summarize the room-temperature tensile properties of the as-built
(AB) and heat-treated (HT) Zr-2.5Nb alloy. The AB specimens exhibited a 0.2% proof
stress of 840 £ 10 MPa, an ultimate tensile strength of 1033 &= 13 MPa, a uniform strain
of 4.02 £ 0.18%, and a strain before the final load drop of 9.46 £ 2.38%. After holding at
800 °C for 2 h followed by air cooling, the 0.2% proof stress and ultimate tensile strength of
HT decreased to 792 4= 9 and 881 + 2 MPa, respectively, corresponding to reductions of 5.7%
and 14.8% relative to AB. The uniform strain and strain before the final load drop increased
to 6.94 £ 0.30% and 19.64 + 3.58%, respectively, corresponding to increases of 72.6% and
107.6%. Heat treatment also reduced the hardness from 288 + 9.2 to 210 + 10.5 HV. Overall,
air cooling after holding at 800 °C for 2 h reduced strength and hardness while increasing
the capacity for plastic deformation.

b
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-~ 1723
I 2 ¥
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Figure 4. Experimental tensile response and macroscopic CPFFT response. (a) Complete experimental
engineering stress—strain curves; dashed lines denote the volume-averaged first Piola—Kirchhoff stress
P11 from CPFFT. (b) Comparison between experiments and CPFFT simulations in the low-strain
regime, used to examine the macroscopic response before necking. In both panels, solid lines represent
the experimental measurements, and dashed lines represent the CPFFT simulations.

Table 2. The room-temperature mechanical properties of AB and HT specimens.

. Rpo2 UTS Uniform . o Hardness
State Specimen (MPa) (MPa) Strain (%) Strain (%) HV)
AB-1 847.4 10425 3.89 7.78
AB AB-2 833.2 1023.8 415 11.14 288 +9.2
HT-1 786.4 879.3 6.73 17.11
HT HT-2 798.5 881.8 7.15 217 210 +10.5

Figure 4 further compares the experimental engineering stress—strain curves with
the CPFFT predictions. Stress increased rapidly at the onset of deformation in both AB
and HT, after which the rate of increase progressively declined. After plastic deformation
began, dislocation multiplication and accumulation dominated the initial work-hardening
response. With increasing strain, stress continued to rise, while the work-hardening rate
gradually decreased [24,35]. Within the uniform-deformation range examined in Figure 4b,
the CPFFT curves showed good overall agreement with the experimental curves. They
reproduced the initial stress rise, elastic-to-plastic transition, post-yield work hardening,
and corresponding flow-stress levels in both conditions. They also captured the higher
flow stress of AB and lower strength of HT. This agreement indicates that the constitutive
parameters describe the pre-necking macroscopic tensile responses of both microstructures,
supporting subsequent analyses of local stress, strain, and slip.
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3.3. Fracture Morphology

Figure 5 shows the fracture surfaces of the AB and HT specimens. Dimples, large pores,
and tearing ridges were observed in both conditions, indicating ductile fracture governed
mainly by microvoid nucleation, growth, and coalescence. The AB fracture surface con-
tained numerous small, shallow dimples, together with large pores and locally flat regions.
By contrast, HT showed deeper dimples and more pronounced tearing ridges, indicating
more extensive plastic deformation before fracture. This morphology is consistent with the
higher uniform strain and strain before the final load drop of HT.

Figure 5. SEM fracture morphology after room-temperature tensile testing. (a,b) Low- and high-
magnification fracture surfaces of AB, showing small dimples, large pores, and locally flat regions;
(c,d) low- and high-magnification fracture surfaces of HT, showing deeper dimples and more pro-
nounced tearing ridges. Original scale bars are retained.

The fine, interwoven o’ martensite laths in AB created a high density of lath interfaces.
By impeding dislocation slip, these interfaces promoted dislocation pile-up during plastic
deformation and generated local stress concentrations [19,24,26,35]. The fine laths also
restricted the space available for dislocation motion and storage, limiting the ability of
sustained plastic flow to relax stress concentrations near crack tips. Once microvoids
nucleated at local stress concentrations, neighboring voids readily coalesced along localized
deformation bands, producing fracture surfaces with small, shallow dimples and locally
flat regions. Thus, although AB exhibited higher strength, it accommodated comparatively
little plastic deformation before fracture.
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After holding at 800 °C for 2 h, o’ martensite decomposed, « laths coarsened, and the
3 phase formed between o laths. The coarser « laths provided more space for dislocation
glide and storage, allowing plastic deformation to spread over a larger region [9,16,36].
Subsequent CPFFT results (Figures 6—8 and Table 3) further show that for the present HT
microstructure and constitutive parameters, 3 exhibited higher phase-average equivalent
strain and accumulated slip. This response allowed {3 to accommodate more local plastic
deformation and mitigate deformation incompatibility between adjacent « laths and stress
concentrations near microcrack tips. Consequently, microvoids in HT could grow more
extensively after nucleation, delaying void coalescence and crack propagation and produc-
ing deeper dimples and more pronounced tearing ridges. Together, the fractography and
tensile results show that the 800 °C heat treatment increased the capacity of LPBF Zr-2.5Nb
to accommodate plastic deformation before fracture by modifying the lath dimensions and

phase distribution.
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e
600
e}
©
400 >
Q
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0
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Figure 6. Phase distribution and local fields in the representative HT volume element at 3.2% axial
strain. (a) HT oo/ phase map, with 3-Zr distributed between o laths; (b) von Mises Cauchy stress
field; (c) equivalent total strain field; (d) hydrostatic Cauchy stress field; and (e) mean 3/« ratios of
equivalent strain, von Mises stress, axial stress, and hydrostatic stress.

Table 3. Phase-resolved statistics of the local fields in the representative HT volume element at 3.2%

axial strain.

Mean von
Equivalent Equivalent Equivalent . Mean Axial
State/Phase Strain Mean Strain CV Strain qo5 Mises Stress Stress (MPa)
(MPa)
o-Zr 0.03846 1315 1168 378 0.0702
B-Zr 0.06117 751 950 520 0.1764
B/ 1.59 0.57 0.81 1.38 2.51
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Figure 7. Evolution of the CPFFT local fields in the AB and HT states. (a—e) Equivalent strain in AB
at axial strains of 0%, 3.2%, 6.2%, 9.5%, and 12.5%; (f-j) equivalent strain in HT at axial strains of 0%,
5.0%, 10.0%, 15.0%, and 20.0%; (k—o0) von Mises stress in AB at the same five AB strain states; and
(p—t) von Mises stress in HT at the same five HT strain states. Each group uses a fixed absolute color
scale: 0-0.60 for AB equivalent strain, 0-0.48 for HT equivalent strain, 0-1600 MPa for AB von Mises
stress, and 0-1280 MPa for HT von Mises stress.
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Figure 8. Stress and strain responses on both sides of «/ interfaces in the representative HT volume
element. (a) One-cell-thick «/ (3 interfacial band and the « interior, x-side interface, 3-side interface,
and f interior regions; (b) mean von Mises stress of the four regions versus axial strain; (¢) mean

axial Cauchy stress 011; (d) mean hydrostatic Cauchy stress; (e) mean equivalent total strain; and

(f) B-side/ o-side ratios of equivalent strain, von Mises stress, and hydrostatic stress, together with

the «-side/ a-interior ratio of hydrostatic stress.
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4. Discussion
4.1. Microstructural Evolution During Heat Treatment and Its Relation to Mechanical Properties

The microstructural changes in Figures 2 and 3 reflect the transformation from fine
o martensite to a coarsened « + (3 lamellar structure. Li et al. [15] showed that annealing
temperature and cooling route jointly affect the phase fractions, dimensions, and elemental
distributions in LPBF Zr-2.5Nb. Studies of conventionally processed and additively manu-
factured Zr-2.5Nb likewise reported strong effects of the « + 3 phase-field temperature and
cooling conditions on phase constitution, lath size, and mechanical properties [8-10,36].
After holding at 800 °C for 2 h, the metastable o’ martensite in the AB microstructure
decomposed. Thermodynamic driving forces promoted the outward diffusion of super-
saturated Nb from «’ martensite and its segregation between « laths, thereby facilitating
[-phase formation [1,2].

Decomposition of o” martensite and Nb redistribution were accompanied by a-phase
coarsening. The raw HT EBSD phase map gave a 3-Zr area fraction of approximately 6.0%.
After data cleaning and regular-grid reconstruction, 3-Zr cells accounted for 5.377% of the
computational domain. The reconstructed fraction remained close to the EBSD value, and
the distribution of 3-Zr between o laths was preserved (Figure 3c,f). Thermodynamically,
increasing temperature stabilizes the high-temperature 3 phase and increases its equilib-
rium fraction, although it is not fully retained during subsequent cooling [1,2,11,15,36].
As the principal 3 stabilizer, Nb allows Nb-rich 3 to persist after air cooling, whereas
less stable B retransforms to o or &’ [15]. The microstructure obtained after holding at
800 °C for 2 h and air cooling therefore reflects " decomposition, Nb redistribution, and
cooling-induced transformation. It ultimately comprises coarsened « laths with a mean
width of approximately 0.66 um and retained {3 phase between o laths. Heat treatment
also strengthened the preferred orientation of the « phase. Orientation inheritance, variant
selection, and «/f3 co-deformation during transformation can modify the final x-phase
orientation distribution [12-14]. Because basal, prismatic, and pyramidal slip in hexagonal
a-Zr have different critical resolved shear stresses [17,18], their activation depends on
crystal orientation and constraints from neighboring laths [27,28]. The mechanical changes
induced by heat treatment therefore reflect not only phase constitution and lath size, but
also the altered o-phase orientation distribution.

The microstructural evolution described above accounts for the concurrent changes
in strength and ductility. In the AB specimen, fine interlocking «’ martensite laths and
pronounced local orientation gradients strongly impeded dislocation slip, increasing re-
sistance to deformation. Decomposition of «” martensite, dislocation recovery, and «-lath
coarsening during heat treatment reduced these constraints. Accordingly, the 0.2% proof
stress and ultimate tensile strength decreased from 840 and 1033 MPa to 792 and 881 MPa,
respectively. Hardness decreased from 288 to 210 HV. Meanwhile, coarsened « laths pro-
vided more space for dislocation glide, while the 3 phase between o laths accommodated
local plastic deformation. Uniform strain consequently increased from 4.02% to 6.94%, and
strain before the final load drop increased from 9.46% to 19.64%. The strength reduction is
primarily associated with lower slip resistance after «” decomposition, recovery, and lath
coarsening. The improved ductility reflects the coordinated accommodation of deformation
by coarsened « laths and the (3 phase between o laths [37].

4.2. Local Responses of the a and B Phases in the HT Microstructure

Figure 6 aligns the phase distribution in the HT microstructure with the local mechan-
ical fields at 3.2% axial strain. (3-Zr occurs primarily between « laths (Figure 6a). High
von Mises stresses are concentrated mainly within « laths (Figure 6b), whereas equivalent-
strain hotspots occur more often in some 3 regions and neighboring « laths (Figure 6¢).
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Hydrostatic-stress hotspots do not fully overlap either distribution (Figure 6d). Pronounced
stress and strain gradients also remain within each phase. Not every {3 region exhibits high
strain, and local strain bands can develop within the « phase. Phase identity therefore
governs the average contrast between the two phases. The precise hotspot locations addi-
tionally reflect crystal orientation, x-lath arrangement, and constraints from neighboring
regions [19,24,26]. Diffraction studies of Zr-2.5Nb similarly show that intergranular stress
varies substantially with crystallographic orientation and processing condition [38,39].

Phase-specific statistics in Figure 6e and Table 3 quantify these differences. At 3.2%
axial strain, the mean equivalent strains of oc and (3 were 0.030768 and 0.048936, respectively,
giving a 3/« ratio of 1.59. The respective mean accumulated absolute slips were 0.056160
and 0.141120, with (3 reaching 2.51 times the « value. Under the present HT microstructure
and strain state, 3 therefore exhibited 59% more mean deformation and 151% more accumu-
lated slip than «. Accumulated absolute slip sums the absolute shear increments over all
slip systems and is more sensitive to multislip activity than equivalent total strain [29,31].
Its larger phase ratio, 2.51 versus 1.59, therefore indicates more extensive slip activity in {3.

The phase ordering of deviatoric and axial stresses was opposite to that of equivalent
strain. The mean von Mises and axial stresses were 841.6 and 747.5 MPa in «, compared
with 480.6 and 608.0 MPa in (3. These values give 3/« ratios of 0.57 and 0.81, respectively.
Conversely, the mean von Mises and axial stresses in o were approximately 1.75 and
1.23 times those in 3. Under the same macroscopic deformation, 3 accumulated more
plastic strain through greater slip activity. The « laths, however, maintained higher devia-
toric and axial tensile stresses. The mean axial stress in {3 still reached 608.0 MPa. Thus, 3
accommodated more plastic deformation while continuing to carry a substantial axial load.

Both initial and saturation slip resistances assigned to the two {3 slip-system families
were lower than their a-phase counterparts. Rate-dependent crystal plasticity describes
plastic flow through shear rates on individual slip systems [23,29,31]. With the parameters
in Table 1, lower slip resistance enables {3 to develop greater plastic shear at lower resolved
shear stress. The additional slip accommodates local deformation and limits further ac-
cumulation of deviatoric stress. By contrast, « has higher slip resistance, and its basal,
prismatic, and pyramidal slip systems respond strongly to orientation. It consequently
retains higher von Mises and axial stresses [24,37]. The resulting local response combines
greater mean deformation and slip in 3 with higher deviatoric and axial stresses in «.
Previous studies show that (3-Zr elastoplasticity and relative phase hardness alter stress
and strain partitioning in two-phase Zr—2.5Nb [21,40]. The phase ordering reported here
remains specific to the parameters in Table 1 and the present HT field of view.

Hydrostatic stress displayed a different phase relationship. The mean hydrostatic
stresses were 332.8 MPa in 3 and 241.9 MPa in «, giving a 3/ o ratio of 1.38. This ordering
is opposite to those of the von Mises and axial stresses. Von Mises stress measures the
deviatoric stress level, whereas hydrostatic stress is the mean of the three normal stress
components. The 3 phase between « laths can relax deviatoric-stress accumulation through
plastic shear, while the surrounding o laths constrain its transverse deformation. This com-
bination permits a higher mean normal stress in (3 despite its lower von Mises stress. Phase
compatibility therefore does not require every stress measure to rise or fall synchronously.
Instead, different combinations of deviatoric, axial, and hydrostatic stress maintain local
deformation continuity [38,39].

Figure 7 extends the single strain state in Figure 6 across the simulated loading
sequence. In the AB microstructure, equivalent strain progressively localizes within a
limited number of lath bands (Figure 7a—e). Adjacent regions continue to exhibit high
von Mises stress (Figure 7k—0). In HT, strain hotspots occur across more lath regions
and spread along the 3 phase between « laths and into neighboring regions (Figure 7f-j).
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High von Mises stress remains concentrated mainly in « laths (Figure 7p-t). The spatial
separation between strain and stress hotspots therefore persists throughout loading rather
than appearing only at 3.2% strain. Broader participation in plastic deformation is consistent
with the increase in uniform strain from 4.02% to 6.94% (Figure 4). The deeper dimples
and more pronounced tear ridges on the HT fracture surface also indicate more extensive
plastic flow before fracture (Figure 5c,d).

4.3. Local Responses in Regions Adjacent to /B Interfaces

To determine whether the phase-averaged differences persist in directly adjacent «
and (3 regions, Figure 8a partitions the HT domain into four cell categories: « interior,
a-side interface, 3-side interface, and 3 interior. The «-side and (-side interfaces each
comprise one grid-cell layer directly adjacent to the /3 interface. Together, these layers
occupy 5.30% of the computational domain. The remaining oc and 3 cells are assigned to
their respective interiors. This partition resolves whole-phase statistics on each side of the
interface, enabling comparison of phase contrast and interface-neighborhood effects.

Throughout loading, the mean von Mises and axial stresses in the o interior and
a-side interface remain above those in both 3 regions. Conversely, the {3 interior and 3-side
interface exhibit higher mean equivalent strains (Figure 8b—e). The {3-side interface shows
slightly higher equivalent strain and stress measures than the {3 interior. 3 cells directly
constrained by o laths therefore accumulate more plastic deformation while carrying higher
stresses than p-interior cells. The «-side interface displays a different combination. Its
mean von Mises and axial stresses are slightly lower than those in the « interior, whereas
its hydrostatic stress is slightly higher. Direct /{3 adjacency therefore changes the balance
among deviatoric, axial, and mean normal stresses rather than shifting all components
in parallel.

At 3.2% axial strain, the equivalent-strain ratio between the 3-side and «-side interfaces
is 1.70. Thus, mean deformation on the {3 side is 70% greater than on the « side. The
corresponding von Mises stress ratio is 0.60, indicating a markedly higher deviatoric stress
on the « side (Figure 8e,f). From the mean hydrostatic stresses in Figure 8d, the 3-side/ «-
side ratio is 1.36. The {3 side therefore experiences a stronger mean normal-stress constraint
while undergoing greater plastic deformation. The x-side/«-interior hydrostatic-stress
ratio is 1.04 (Figure 8f), corresponding to an average difference of only about 4%. Thus, the
principal interface-neighborhood contrast occurs across the 3 and « sides. Position within
the  phase has comparatively little effect on its mean hydrostatic stress.

The interfacial statistics preserve the same phase ordering as the whole-phase averages.
The whole-phase 3/ o ratios of equivalent strain, von Mises stress, and hydrostatic stress are
1.59, 0.57, and 1.38. The corresponding ratios across the two interfacial sides are 1.70, 0.60,
and 1.36. These averages cover different domains and are therefore not identical statistics.
Their similar ordering and magnitude nevertheless show that the higher 3 deformation and
higher « deviatoric stress also occur in directly adjacent cells. They are not produced solely
by a few phase-interior regions remote from the interface. Displacement continuity across
the interface does not require equal equivalent strains or intraphase stresses on both sides.
Greater 3-side plastic deformation and higher o-side deviatoric stress jointly maintain local
deformation compatibility [20,25,30,31,37].

The stresses in Figure 8b—d rise rapidly during early loading, then plateau or decrease
gradually after approximately 3-5% axial strain. Equivalent strain continues to increase
with applied strain (Figure 8e). Accordingly, the (3-side/«-side equivalent-strain ratio
rapidly approaches approximately 1.70, while the von Mises stress ratio declines to ap-
proximately 0.60 (Figure 8f). Both ratios remain comparatively stable thereafter. Under the
present microstructure and loading conditions, the phase contrast in stress and deformation
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is established mainly during early plastic flow. Subsequent deformation continues to parti-
tion between the phases in nearly constant proportions. (3-side cells accumulate greater
plastic strain, whereas « laths maintain higher von Mises and axial stresses. This response
allows more regions between « laths to participate in plastic deformation. It corresponds
to the spreading HT strain hotspots in Figure 7, the longer uniform-deformation regime
in Figure 4, and the deeper dimples in Figure 5. The interface-neighborhood response is
therefore not characterized by a single stress-concentration mode. Instead, higher «-side
deviatoric stress coexists with greater 3-side plastic strain, and this differentiated response
maintains local deformation continuity.

These local responses link the heat-treatment-induced microstructural evolution to the
macroscopic strength—ductility changes. A’ decomposition, dislocation recovery, and lath
coarsening reduce barriers to dislocation motion, consistent with the lower proof stress,
ultimate tensile strength, and hardness [8-11,15,16,36]. The local fields further show that 3
regions between « laths and their surroundings accommodate more plastic deformation
(Figures 6-8 and Table 3). This distribution reduces the tendency for strain to localize
prematurely within only a few lath bands. The more dispersed plastic flow is consistent
with the higher uniform strain, greater strain before the final load drop, and deeper dimples
in HT (Figures 4 and 5). The tensile response therefore reflects the combined effects of &’
decomposition, Nb redistribution, a-lath coarsening, 3-phase formation, and changes in
o-Zr orientation distribution. It cannot be attributed solely to the change in (3-Zr fraction.
Previous studies of two-phase Zr—2.5Nb likewise show that interphase constraint, load
partitioning, and local orientation jointly shape the overall response [37-39].

5. Conclusions

Combined SEM, EBSD, tensile testing, fractography, and EBSD-informed CPFFT simu-
lations show that heat treatment alters both the phase constitution and local deformation
pattern of LPBF Zr-2.5Nb. The treatment comprised holding at 800 °C for 2 h followed by
air cooling. The principal conclusions are as follows:

1.  Heat treatment produced a coarsened lamellar o« + 3 microstructure. The analyzed
two-dimensional HT EBSD map contained a (3-indexed area fraction of approximately
6.0%, distributed mainly between o laths. KAM remained spatially heterogeneous in
both sampled fields. The maximum «-Zr pole-figure intensity increased from 28.80 in
AB to 43.44 in HT, indicating a stronger preferred orientation after heat treatment.

2. Mean uniform strain increased from 4.02% to 6.94%, and strain before the final load
drop increased from 9.46% to 19.64%. Meanwhile, the mean 0.2% proof stress and
ultimate tensile strength decreased from 840 and 1033 MPa in AB to 792 and 881 MPa
in HT, respectively.

3. At 3.2% axial strain in the modeled HT field, the 3/« ratios of mean equivalent
strain and accumulated absolute slip were 1.59 and 2.51. The corresponding ratios of
mean von Mises stress and mean axial stress were 0.57 and 0.81. 3-Zr accumulated
greater deformation and slip activity, whereas x-Zr sustained higher von Mises and
axia stresses.

4.  Directly adjacent x-side and [3-side interface cells retained the phase-level contrast in
equivalent strain and von Mises stress. The 3-side/ o-side hydrostatic-stress ratio was
1.36, whereas the x-side/ x-interior ratio was 1.04; these ratios describe different aver-
aging domains. The more spatially distributed simulated deformation is qualitatively
consistent with the deeper dimples and more pronounced tearing ridges observed
after heat treatment, although the model does not resolve damage initiation.
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