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Abstract
With surging demand for lightweight, high-strength metal components in high-
end equipment and large-scale engineering structures, additive manufacturing of 
low-alloy ultra-high-strength steel (LUHSS) has become a hot research topic. Wire 
arc additive manufacturing (WAAM) shows remarkable potential for fabricating 
large LUHSS components; however, repetitive thermal cycles can trigger in situ 
tempering, significantly affecting carbide evolution and mechanical properties. To 
address this, this study employed a cold metal transfer plus pulse (CMT+P)-based 
WAAM process to fabricate thin-walled LUHSS specimens under gradient heat 
input conditions (3.73, 7.37, and 11.8 kJ/cm) and systematically characterized their 
mechanical properties and microstructure. The results indicate that increasing 
heat input enlarges the melt pool and weld bead dimensions, while excessive heat 
input exacerbates oxide inclusion precipitation and compromises forming quality; 
the deposited microstructure consists primarily of lamellar martensite, retained 
austenite, and dispersed carbides. Heat input can precisely control the in situ 
tempering effect, driving the gradual transformation of carbides from pure Cr23C6 
to a coexistence of Cr23C6 and Cr3C, ultimately forming Cr7C3. Grain coarsening and 
dislocation recovery weaken the material’s strengthening effect. At a heat input of 
3.73 kJ/cm, the specimen exhibited excellent strength–ductility synergy and near-
isotropic characteristics, with tensile strength, yield strength, and elongation of 1,529 
MPa, 1,272 MPa, and 12.3%, respectively. This study shows how heat input-induced 
in situ tempering regulates precipitation behavior and the mechanical properties of 
WAAM-formed LUHSS.
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1. Introduction
Low-alloy ultra-high-strength steel (LUHSS) offers 
excellent mechanical properties, good weldability, and 
strong engineering economics, making it widely used 
in critical fields such as defense equipment, high-end 
transportation, and offshore engineering.1-3 However, 
traditional forming processes such as casting, forging, and 
machining struggle to efficiently and precisely fabricate 
large-sized, complex-geometry LUHSS components. 
Traditional processing methods generally suffer from 
high forming loads, primary solidification defects 
(in castings and forging blanks), and limited forming 
flexibility, which severely hinder the engineering adoption 
and large-scale industrial application of LUHSS4. Wire 
arc additive manufacturing (WAAM), with its unique 
process advantages—including high deposition efficiency, 
low production costs, short production cycles, and no 
constraints on part dimensions—offers an efficient and 
reliable technical solution for overcoming the bottlenecks 
of traditional LUHSS manufacturing.5,6 Combined with 
the excellent welding and forming properties of LUHSS, 
WAAM shows tremendous application potential and 
promising prospects for integrated, monolithic, near-net-
shape manufacturing of large-scale ultra-high-strength 
steel structural components7. 

Although WAAM technology offers significant 
process advantages for the integrated fabrication of 
LUHSS components, its layer-by-layer deposition process 
introduces complex transient thermal behavior, which 
directly determines the dimensional accuracy, surface 
quality, and stability of the mechanical properties of 
the deposited components8. Therefore, precise thermal 
management throughout the entire process is a key 
prerequisite for achieving high-performance, highly 
reliable LUHSS components via WAAM. To address 
forming defects and performance fluctuations in different 
alloy systems, effective control can be achieved through 
process parameter optimization and active thermal control 
strategies. At this stage, mainstream control methods 
include heat input 9,10, wire feeding speed and travel speed 
11,12, deposition paths and forming patterns 13, shielding gas 
conditions 14,15, deposition strategy 16, and other key process 
parameters. At the same time, auxiliary thermal control 
can be achieved by adjusting the interlayer temperature 
and interlayer dwell time.17,18 Among the numerous control 
variables, heat input is a key parameter that determines 
forming quality; it directly governs thermal cycling 
characteristics, cooling rates, the dynamic behavior of 
the molten pool, and in situ heat-treatment effects in the 
WAAM forming process. From the perspective of the 
forming mechanism itself, heat input profoundly regulates 

the solidification behavior of the deposited metal, the 
solid-state phase transformation pathways, and the 
evolution of nano-precipitates, ultimately determining the 
microstructure and macroscopic mechanical properties of 
LUHSS components formed via WAAM.19-23

Domestic and international research on WAAM-formed 
low-alloy high-strength (HSLA) steel has confirmed the 
decisive role of heat input in determining microstructure 
and mechanical properties; however, conclusions in existing 
studies remain highly controversial. Yildiz et al.24 showed 
that low heat input promotes martensitic transformation 
in ER120S-G steel produced by WAAM, increasing 
strength, whereas excessively high heat input induces 
ferrite precipitation, degrading the material’s strength. 
Fang et al.25, in their study of WAAM in 800 MPa-grade 
high-strength steel, similarly confirmed that increased 
heat input promotes a microstructural transformation 
from lamellar martensite/baithite to granular baithite, 
leading to a decline in mechanical properties. However, 
contradictory conclusions have also been reported. 
Rodrigues et al.26 and Duarte et al.27 observed that higher 
heat input could simultaneously improve strength and 
ductility in WAAM-ed ER110S-G steel. The conflicting 
findings indicate that the mechanisms by which heat input 
modulates steel’s mechanical properties are strongly alloy-
dependent and closely coupled with the microstructural 
evolution induced by thermal cycling.

Compared with conventional HSLA steel, LUHSS has a 
higher strength grade and a distinct mechanism for strength 
and toughness enhancement; the two differ fundamentally 
in microstructural response and performance evolution 
patterns. The strength and toughness enhancement 
mechanism of conventional HSLA steel primarily relies 
on the synergistic effects of grain refinement, solid 
solution strengthening, and precipitation strengthening28, 
whereas the performance improvement of LUHSS is 
mainly attributed to the coupled regulation of multiple 
mechanisms, including grain refinement, dislocation 
strengthening, and precipitation strengthening29. 
More importantly, the martensitic matrix and carbide 
precipitation behavior of LUHSS are highly sensitive 
to the alternating and complex thermal cycles involved 
in WAAM layer-by-layer deposition. Repeated thermal 
exposure during layer-by-layer deposition can significantly 
alter carbide precipitation and evolution, thereby reshaping 
the material’s strengthening mechanisms and modulating 
its macroscopic mechanical properties. This type of in situ 
tempering phenomenon induced by cyclic reheating has 
been preliminarily confirmed in research on the additive 
manufacturing of martensitic steels.30,31 Existing research 
has largely focused on macroscopic microstructural 
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observations and has not elucidated the coupling among 
heat input, precipitated phases, in situ tempering, and high 
ductility; furthermore, it lacks a systematic analysis of 
carbide evolution patterns. Investigating the mechanisms 
governing heat input is central to producing high-
performance LUHSS via WAAM.

Herein, this study employs cold metal transfer coupled 
pulse arc additive manufacturing (CMT+P-WAAM) 
technology to fabricate thin-walled LUHSS specimens 
under three sets of graded heat input conditions—3.73 
kJ/cm, 7.37 kJ/cm, and 11.8 kJ/cm—with a focus on 
investigating the heat input-induced in situ tempering 
mechanism triggered by layer-by-layer alternating 
thermal cycles. This systematic investigation examines 
how heat input influences microstructural evolution, 
carbide precipitation behavior, multiscale strengthening 
mechanisms, and mechanical properties in LUHSS, 
elucidating the intrinsic relationship between carbide 
evolution characteristics, martensitic microstructural 
stability, and the synergistic response of strength and 
ductility. This study also establishes a structure–property 
relationship between the microstructure and macroscopic 
properties of WAAM-ed LUHSS, and provides a theoretical 
basis and technical support for process optimization 
and precise performance control in the arc additive 
manufacturing of ultra-high-strength steel.

2. Materials and methods 
2.1. Materials

A 1.2 mm-diameter wire of 1,600 MPa-grade LUHSS was 
adopted as the feedstock material, while a 316 stainless 
steel plate with dimensions of 650 mm × 155 mm × 20 
mm served as the substrate. The chemical compositions of 
the welding wire and substrate are summarized in Table 
1. Prior to the deposition experiments, surface rust on the 
substrate was removed via abrasive grinding with an angle 
grinder, followed by ultrasonic cleaning using acetone to 
thoroughly eliminate surface grease and contaminants.

2.2. Cold metal transfer coupled pulse-based wire 
arc additive manufacturing system

The complete CMT+P-WAAM platform and the adopted 
deposition scanning strategy are presented in Figure 
1a. The overall experimental setup comprises three core 

subsystems: a Fronius (Austria) welding unit, a six-axis 
ABB (China) robotic manipulator, and an upper-computer 
control system. The Fronius welding subsystem included 
a CMT Advanced 4,000 R welding power source, a 
VR1550 4R/F++ robotic wire feeder, a 4,000-R FC cooling 
circulation tank, and an independent shielding gas supply 
unit. A NAC Memrecam HX-5E high-speed camera (NAC 
Image Technology Inc., Japan) operating at a frame rate of 
5,000 fps was deployed to capture the transient dynamic 
evolution of the molten pool in real time. A German 
AH-XXV-2E Hannover online welding monitor was 
electrically linked to the welding torch and workbench to 
synchronously record instantaneous welding current and 
voltage signals during single-bead deposition, enabling 
quantitative evaluation of arc stability throughout the 
forming process. An S-shaped reciprocating scanning path 
was adopted to fabricate thin-walled LUHSS specimens for 
satisfactory forming integrity. The interlayer temperature 
was strictly maintained below 120°C to avoid bead 
sagging and collapse induced by accumulated thermal 
energy. Additional fixed process parameters were defined 
as follows: the wire stick-out length was set to 15 mm, 
and high-purity argon (99.99 vol.%) was applied as the 
protective shielding gas at a constant flow rate of 20 L/
min. All specimens were deposited under the CMT+P arc 
mode. The heat input generated during WAAM deposition 
was calculated using the standard welding heat input 
formula (Equation 1). The process parameters are shown 
in Table 2. 

100
I UE

v
×

= 	 (1)

where I  is the welding current (A), U  is the welding 
voltage (V), and v  is the travel speed. 

2.3. Microhardness characterization and phase 
analysis

Metallographic, microhardness, and tensile samples 
were obtained using electrical discharge machining and 
machining at the sampling locations shown in Figure 
1b. The metallographic sample size was 10 × 10 × 5 mm. 
After grinding and polishing, the metallographic samples 
were corroded with a 10% nitric acid alcohol solution by 

Table 1. Chemical composition of the wire and substrate in wt.%

Material Carbon Silicon Manganese Chromium Nickel Molybdenum Tungsten Vanadium Ferum

Wire 0.30 0.93 0.77 3.14 1.09 0.75 1.02 0.19 Balance

Base metal ≤0.03 ≤1.00 ≤2.0 16.0~18.5 12.0~17.0 2.0~3.0 − − Balance
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Table 2. Wire arc additive manufacturing heat input process parameters

Sample Wire feed speed Travel speed Welding voltage Welding current Heat input

Low 5 m/min 7 mm/s 17.4 V 150 A 3.73 kJ/cm

Middle 8 m/min 6 mm/s 20.1 V 220 A 7.37 kJ/cm

High 11 m/min 5 mm/s 21.1 V 280 A 11.8 kJ/cm

Figure 1. Overview of the pulse-cold metal transfer wire arc additive manufacturing setup, specimen sampling scheme and tensile sample dimensions. (a) 
Cold metal transfer coupled pulse-based wire arc additive manufacturing system, (b) schematic of metallography and mechanical properties specimens 
sampling location and deposition strategy, (c) tensile specimen dimensions.

https://doi.org/10.36922/ESAM026370021


Engineering Science in Engineering Science in 
Additive ManufacturingAdditive Manufacturing Heat input effects on WAAM LUHSS

Volume 2 Issue 4 (2026)	 5� doi: 10.36922/ESAM026370021

volume for 15 to 20 seconds. The microstructure of the 
metallographic samples was observed using the OLYMPUS 
GX53 optical microscope (OM; Olympus, Japan) and the 
Quanta650 field-emission scanning electron microscope 
(SEM; Phenom ProX, Netherlands). Oxide inclusions were 
statistically analyzed using ImageJ software (version 6). 
For each heat-input condition, at least 10 representative 
micrographs were analyzed. Consistent image-processing 
and particle-analysis settings were applied to determine 
the inclusion size distribution and area fraction. 

Phase analysis was performed using X-ray diffraction 
(XRD; AL2700B, Shandong Aolongrui Instrument Co., 
Ltd., China), with a cobalt target. The measurement 
angle range was 20° to 110°, and the scanning rate was 
2°/min; the experimental data were analyzed using Jade 
6.5 software. The grains and texture of the material were 
characterized using electron backscatter diffraction 
(EBSD; Symmetry S3, Oxford Instruments, United 
Kingdom), and the experimental data were analyzed using 
AZtecCrystal software (version 2.1). The fine structure and 
nano-precipitates were characterized using an FEI Tecnai 
G2 F20 transmission electron microscope (TEM; FEI, 
United States), and the chemical composition of the nano-
precipitates was determined using the energy-dispersive 
spectrometer (EDS; Phenom ProX, Netherlands) equipped 
in the TEM. High-resolution TEM (HRTEM; HF5000, 
Hitachi High-Tech, Japan) was also used to characterize 
the precipitates.

Fast Fourier transform (FFT) analysis of HRTEM 
images was performed using DigitalMicrograph software to 
identify the crystal structure of precipitates. The continuous 
cooling transformation curve of the LUHSS was calculated 
by JMatPro software (version 13.2, Sente Software, United 
Kingdom). The chemical composition of the welding wire, 
grain size, and austenitizing temperature were imported 
as input parameters. The resulting continuous cooling 
transformation diagram was used to assess the occurrence 
of diffusion-type phase transformations (bainite and 
pearlite) at the three actual cooling rates used in this 
experiment.

2.4. Mechanical testing

Room-temperature tensile tests were implemented on an 
ETM-105D universal testing machine (ETM-105D, Wance, 
China) at a constant crosshead speed of 2 mm/min in 
compliance with the Chinese standard GB/T 228.1-2021; 
tensile specimens were extracted along both the transverse 
direction (TD) and building direction (BD), and their 
geometric dimensions are displayed in Figure 1c. All tensile 
property data were averaged from three parallel replicates 
to guarantee statistical validity, and SEM was adopted to 

characterize the fracture morphologies of broken tensile 
samples. Vickers microhardness measurements along the 
BD with an indentation spacing of 2.5 mm were performed 
via a VH-5 digital hardness tester (VH-5, Shanghai Yanrun 
Optical Machinery Technology Co., Ltd., China) under an 
applied load of 3,000 gf and a dwell time of 15 seconds, while 
inductively coupled plasma optical emission spectrometry 
(Plasma 3000; NCS Testing Technology Co., Ltd., China) 
was utilized to measure the elemental compositions of the 
original welding wire and WAAM-ed alloy. 

3. Results and discussion
3.1. Evaluation of heat input on deposition process 
and bead characteristics

Single-track single-layer deposition acted as the basic 
forming unit for WAAM-ed thin-walled parts, and its 
process stability directly governed the overall forming 
performance of the as-deposited structures; the 
corresponding current–voltage waveforms recorded 
under varied heat input levels are presented in Figure 2. 
The CMT+P hybrid process integrates the low-heat input 
and spatter-free merits of conventional CMT technology 
alongside high deposition efficiency, which expands the 
adjustable heat input window, suppresses pore defects 
inside deposited layers, and improves the stability of the 
additive manufacturing process.32 A complete CMT+P 
cycle comprises a pulse stage and a CMT short-circuit 
stage 33, and the total cycle duration rose progressively 
with elevated heat input, as illustrated in Figure 2a–c: 
the cycle length reached 71 ms at a heat input of 3.73 kJ/
cm (containing seven pulse transitions and one CMT 
short-circuit transition), while it extended to 204 ms 
under the highest heat input of 11.8 kJ/cm (including 40 
pulse transitions and one CMT transition). Furthermore, 
peak current, peak current holding duration, and pulse 
frequency all increased markedly with heat input, as 
summarized in Figure 2d.

The ratio of wire feeding speed to travelling speed is 
the key parameter for controlling heat input; increasing 
the wire feeding speed/travelling speed ratio leads to an 
increase in the characteristic dimensions of the bead.24 
As heat input increased, the molten pool size increased 
significantly (Figure 3a–c), resulting in a significant increase 
in the tail size of the weld bead (Figure 3d–f). Moreover, 
the bead width (B), bead height (H1), bead penetration 
depth (H2), and wetting angle (θ) all increased as heat 
input increased (Figure 3j). Arc force plays an important 
role in the deposition process of molten droplets.34 The 
arc force increased with heat input, resulting in deeper 
bead penetration. Increasing the wire feeding speed will 
also lead to a greater arc deposition rate, which can be 
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Figure 2. Current–voltage curves under different heat inputs: (a) 3.73 kJ/cm; (b) 7.37 kJ/cm; (c) 11.8 kJ /cm; (d) peak current and frequency of the pulse 
(left axis) and peak current duration (right axis) under different heat inputs.

expressed by Equation 235:
2ADR WFS rρ π= ⋅ ⋅ ⋅ 	 (2)

where r and ρ represent the radius and density of the 
welding wire, respectively. As the arc deposition rate 
increases, the amount of metal deposited per unit time 
increases, the spreadability of the bead improves, the bond 
with the substrate becomes tighter, and the cross-sectional 
dimensions of the bead become significantly larger (Figure 
3k).

3.2. Analysis of macrostructure and microstructure

3.2.1. Macrostructure observations

Figure 4 shows the morphology of thin-walled components 
under different heat inputs. At a heat input of 3.73 kJ/
cm, the low heat input resulted in minimal base-metal 
warping, less spatter, and better forming quality. However, 
when the heat input increased to 7.37 kJ/cm, significant 
warping of the base metal appeared. At a heat input of 
11.8 kJ/cm, excessive heat caused noticeable collapse and 
heavy spatter on the substrate, resulting in poor forming 
quality (Figure 4g). Under excessively high heat input, 
the component cross-section showed relatively poor part 
accuracy due to the “stair stepping” effect of WAAM, 
resulting in dimensional errors along the build direction. 

This phenomenon aligns with the trade-off between high 
deposition rate and high-accuracy control during WAAM 
manufacturing, as reported by Ding et al.36 From the 
cross-section view, the outlines for three deposited parts 
are presented in Figure 4c, f, and i. Within the outline, 
the largest possible rectangle was drawn. The ratio of 
the rectangle’s area to the total cross-sectional area was 
calculated, which can be interpreted as material efficiency.37 
The material efficiency of low-, middle-, and high-heat 
input samples was 82.0%, 80.7%, and 73.4%, respectively, 
indicating that increasing heat input may reduce forming 
quality.

Statistical analysis was conducted on the oxide 
inclusions in the microstructure of WAAM-ed components 
under different heat inputs using IPP software (at least 10 
images). At heat inputs of 3.73 and 7.37 kJ/cm, the oxide 
inclusions were mainly concentrated in the 0.1~0.4 μm 
and 0.3~0.7 μm ranges, respectively, with area fractions 
of approximately 0.45% and 0.61% (Figure 5a & b). 
Notably, such small-volume, fine oxide inclusions can act 
as heterogeneous nucleation sites during solidification, 
thereby facilitating grain nucleation and refining the 
microstructure of the WAAM-ed components. When 
the heat input reached 11.8 kJ/cm, the oxide inclusion 
content increased significantly to 5.21%, 11.6 times higher 
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Figure 3. Effect of heat input on the molten pool, bead morphology, and cross-sectional geometry. (a–c) Molten pools under different heat inputs. Scale 
bar: 2 mm. (d–f) Macroscopic bead morphology under different heat inputs. Scale bar: 10 mm. (g–i) Cross-sectional morphology of the bead under 
different heat inputs. Scale bar: 2 mm. (j) Bead characteristics under different heat inputs. (k) Cross-sectional dimensions of the beads.

3.2.2. Microstructure observations

Figure 6 shows the morphology of deposition units under 
different heat inputs. A deposition unit consists of a 
deposition zone (DZ) and a remelting zone (RZ). During 
the WAAM process, deposition units are stacked layer by 
layer along the BD. When depositing the n+1 layer, the 
arc acts on the top of the n layer, remelting the previously 
solidified metal and forming a molten pool with the falling 
droplets. After cooling and solidification, the area above DZ 
n that undergoes two cycles of melting and solidification 
becomes RZ n+1, while the area below DZ n becomes RZ 
n. With increasing heat input, the deposition unit heights 

than under low heat input, and the oxide inclusions also 
noticeably enlarged (Figure 5c). Zhang et al.38 reported 
that droplet bursting and breaking of the bell-shaped arc 
during deposition caused the abundant oxide inclusions 
in WAAM-ed materials. As illustrated in Figure 3a–c, 
excessive heat input results in larger molten droplets, 
supplying ample oxygen for the oxidation of droplets, 
spatters, and the molten pool, and ultimately leading to a 
significant rise in both the content and size range of oxide 
inclusions within the WAAM-ed materials. In addition, 
excessive oxide inclusions may reduce the mechanical 
properties of the deposited metal.
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Figure 4. Wire arc additive manufactured low-alloy ultra-high-strength steel thin-walled components under different heat inputs. (a, d, g) Macroscopic 
morphology, (b, e, h) cross-sectional morphology, and (c, f, i) cross-section outline with the largest possible rectangular area marked with dotted red lines. 
Scale bar: 10 mm.

band generated when the subsequent arc remelts the 
previous layer, rather than the core region of a single molten 
pool; hence, fine columnar grains dominate in the RZ. By 
contrast, the DZ corresponds to the middleupper region 
of every single molten pool, where coarse columnar or 
equiaxed grains can be observed. The statement regarding 
fine equiaxed grains forming at the fusion line and 
transitioning to columnar grains toward the moltenpool 
interior describes the instantaneous solidification behavior 
of an individual molten pool, whereas the microstructural 
features of RZ and DZ characterize interlayer regions 
subjected to repeated multilayer thermal cycling; these 
two descriptions address different physical objects and 
are not contradictory. During deposition, arc force drives 
hightemperature droplets to impact the molten pool at 
high speed, forming a circular stirring zone that breaks 
up growing dendrites and promotes finer dendrites or 
equiaxed grains. As the arc moves away, the stirring flow 
field weakens, and small dendrites grow perpendicular 
to the maximum temperature gradient. Columnar grains 

were 1.84, 2.51, and 3.05 mm, respectively, due to the 
higher arc deposition rate. Figure 6c, f, and i shows that 
the RZ is primarily composed of fine, elongated columnar 
grains growing perpendicular to the fusion line. This is 
because solidification tends to proceed along the fastest 
heat dissipation direction, corresponding to the steepest 
temperature gradient. Figure 6b, e, and h shows that the 
DZ is primarily composed of coarse columnar or equiaxed 
grains, related to the ratio of the temperature gradient (G) to 
the solidification rate (R)39. During WAAM deposition, the 
G/R ratio exhibits spatial variation within a single molten 
pool40. Near the fusion line, the temperature gradient G is 
high, and the solidification rate R is low, yielding a high 
G/R value that favors columnar grain growth. Moving 
from the fusion line toward the interior of the molten pool, 
G decreases while R increases, reducing the G/R ratio and 
promoting equiaxed grain formation. It is necessary to 
distinguish the solidification features of a single molten 
pool from microstructural characteristics under multilayer 
deposition. The RZ corresponds to the interlayer remelted 
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Figure 5. Oxide-inclusion characteristics under different heat inputs. (a–c) Optical microscopy images of inclusions under different heat inputs. Scale bar: 
10 µm; State the magnification of the images.  E.g., 10×, 20×. A scale bar indicates the actual size of structures, whereas magnification indicates how many 
times the image is enlarged. Please provide the appropriate information for each figure.. (d) Size distributions of oxide inclusions.

To further explore the effects of different heat inputs on 
the grain growth and texture of the alloy, EBSD was used 
to characterize the samples taken from the DZ. It should 
be noted that the columnar and equiaxed grains observed 
in lowmagnification OM images (Figure 6) represent the 
prioraustenite solidification structures formed during 
WAAM deposition; after solidification, these prioraustenite 
grains further transformed into lathmartensite structural 
units (martensite packets and blocks), which are resolved 
in the highresolution EBSD maps in Figure 8. Figure 8a, e, 
and i presents the inverse pole figure maps under different 
heat inputs, showing that lath martensite (interlocked 
morphology) dominates across all conditions, consistent 
with SEM results. At 3.73 kJ/cm, weak in situ heat treatment 
slows grain growth, yielding an average grain size of 1.11 
µm (Figure 8a). As heat input increased, grain growth 
accelerated, raising the average grain size to 1.32 µm and 
1.48 µm (Figure 8e, i). Meanwhile, maximum texture 
intensity increased significantly (Figure 8b, f, j), indicating 
stronger grain preferred orientation and anisotropy, 
attributed to higher peak temperatures and severe 

form when dendrites aligned with the temperature gradient 
grow faster than unoriented ones.41 Thus, fine equiaxed 
grains form at the fusion line and gradually transition to 
columnar grains toward the next fusion line.

Figure 7 shows the OM and SEM images of thin-
walled components under different heat inputs. The 
microstructure is mainly a mixture of lath martensite 
and residual austenite, with martensitic laths forming an 
interlocked structure. Precipitated phases of varying shapes 
were observed under all heat input conditions. At low heat 
input, the precipitates were finer and more dispersed, 
mainly needle-like and blocky. At 11.8 kJ/cm, precipitates 
were rod-like, and their quantity increased. Subsequent 
TEM characterization confirms these precipitates are 
carbides. WAAM is a layer-by-layer deposition process 
involving multiple thermal cycles. Subsequent layers 
reheat previously deposited layers above the austenitizing 
temperature, transforming martensite back to austenite. 
Upon cooling, martensite, residual austenite, and carbide 
particles form.42
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Figure 6. Optical microscope micrographs showing microstructure of low-alloy ultra-high-strength steel components at different heat inputs: (a–c) 
3.73 kJ/cm, (d–f) 7.37 kJ/cm, (g–i) 11.8 kJ/cm; (b, e, h) deposition zone (DZ), (c, f, i) remelting zone (RZ). Scale bars: 1 mm, 50 µm; State the magnification 
of the images.  E.g., 10×, 20×. A scale bar indicates the actual size of structures, whereas magnification indicates how many times the image is enlarged. 
Please provide the appropriate information for each figure..

thermal cycles that provide energy for grain growth and 
reorientation. High-angle grain boundaries (HAGBs, >15°) 
can be composed of austenite grains, martensitic packets, 
and block boundaries, while low-angle grain boundaries 
(LAGBs, 2~15°) are primarily formed by lath boundaries.43 
As heat input rises, the proportion of 2°~15° and >45° grain 
boundaries increased, while 15°~45° boundaries decreased 
(Figure 8c, g, k). This is because higher heat input prolongs 
the high-temperature dwell time, accelerating atomic 
diffusion, grain-boundary migration, and recrystallization. 
The proportion of LAGBs increases due to grain boundary 
migration and interactions with adjacent grains, while 
the proportion of HAGBs rises due to recrystallization 
and grain coarsening. Meanwhile, some 15°~45° grain 
boundaries transformed into LAGBs or were engulfed 
by HAGBs, reducing their relative proportion. Kernel 
average misorientation (KAM) was employed to represent 
dislocation density (Figure 8d, h, l). The KAM can represent 
the average misorientation between local grains; a higher 
KAM value corresponds to greater dislocation density.43,44 
The martensitic matrix showed high dislocation density, 
but the average θAVG remained constant at 0.80° across 

heat inputs, due to extensive carbides precipitating in 
martensite and at boundaries, which anchor dislocations 
and inhibit movement.

Figure 9a presents the XRD patterns of WAAM 
components under varying heat inputs. It can be observed 
that the microstructure is dominated by the (110) α body-
centered cubic martensite phase under different heat input 
conditions. The face-centered cubic austenite exhibits 
a relatively high intensity along the (111) γ orientation, 
while intensities are relatively low along the (200) γ and 
(211) γ orientations. No diffraction peaks corresponding 
to precipitated phases were detected. The content of 
austenite was quantified using the integral intensity of 
XRD diffraction peaks, as shown in Equation 341:

( )/A IA IM IA= ∑ ∑ +∑ 	 (3)

where A  represents the fraction of retained austenite, 
and IA∑  and IM∑  represent the sum of the integrated 
intensities of all austenite and martensite diffraction peaks, 
respectively. 
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The calculated results show that the austenite content 
initially increased and then decreased with increasing 
heat input, reaching 3.18%, 4.45%, and 2.68%, respectively 
(Figure 9a). This indicates that some austenite remains 
untransformed into martensite in the final WAAM 
structure. Heat input controls austenite grain growth: higher 
heat input prolongs dwell time above the austenitizing 
temperature, promoting austenite formation.45,46 At 
11.8 kJ/cm, retained austenite content decreased, likely 
because slower cooling allows adequate carbon diffusion, 
promoting its decomposition into carbides and lowering 
its content.

Heat input influences cooling rate, interlayer 
temperature, and 800°C–500°C dwell time.26 The influence 
of heat input on WAAM components’ microstructure 
mainly stems from differences in cooling rate at varying 
heat inputs. The cooling time of the components at 

different heat inputs was calculated using Vwer’s empirical 
formula for three-dimensional heat transfer, as shown in 
Equation 447:

( )4
8/5 0 3

0 0

1 10.67 5 10
500 800

t T E F
T T

η−  
= − × − − − 

	 (4)

where 8/5t  represents the cooling time of the deposited 
metal from 800 °C to 500 °C (s), 0T  is the initial temperature 
(°C, set to 120 °C), η  is the relative thermal efficiency (set 
to 0.85), E  is the energy input (J/cm), and F3 is the three-
dimensional heat transfer coefficient (set to 1). Substituting 
these values into Equation 3, the calculated 8/5t  values 
under different heat inputs are 2.24 s, 4.43 s, and 7.10 s, 
respectively. The formula for calculating the cooling rate of 
the deposited components is as follows (Equation 5):

Figure 7. Optical microscopy/scanning electron microscopy images of low-alloy ultra-high-strength steel components at different heat inputs: (a–c) 3.73 
kJ/cm, (d–f) 7.37 kJ/cm, (g– i) 11.8 kJ/cm. Scale bars: 1 µm, 5 µm, 10 µm; State the magnification of the images.  E.g., 10×, 20×. A scale bar indicates the 
actual size of structures, whereas magnification indicates how many times the image is enlarged. Please provide the appropriate information for each 
figure..
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( )8/5 8/5800 500 /v t= − 	 (5)

where 8/5v  represents the cooling rate of the deposited 
metal from 800 °C to 500 °C (°C/s). By substituting 8/5t  
into Equation 4, the calculated 8/5v  values under different 
heat inputs are 133.93 °C/s, 67.72 °C/s, and 42.25 °C/s, 
respectively. 

Based on the chemical composition, grain size, 
and austenitizing temperature of the welding wire, the 
continuous cooling transition curve of the LUHSS was 
calculated using JMatPro software, as shown in Figure 9b. 
The core function of this continuous cooling transition 
diagram is to determine whether diffusion-type phase 
transitions, such as bainite and pearlite, are triggered under 
the three actual cooling rates in this experiment. The results 
indicate that under all cooling rates in this study, bainite 

and pearlite transformation can be avoided, and the matrix 
mainly undergoes martensitic transformation. However, 
it should be pointed out that the continuous cooling 
transition curve only characterizes the phase transition 
behavior under single continuous cooling conditions and 
cannot explain the differences in microstructure between 
different samples. The differences in martensite size and 
the type and size of carbides in each sample mainly result 
from the cyclic thermal history and in situ tempering effect 
caused by WAAM multi-layer deposition, rather than a 
single continuous cooling process.

At a heat input of 3.73 kJ/cm, the cooling rate of the 
deposited metal reached 133.93 °C/s, and the undercooled 
austenite rapidly transformed into martensite. After 
increasing the heat input to 7.37 kJ/cm and 11.8 kJ/
cm, the cooling rates decreased to 67.72 °C/s and 42.25 
°C/s, respectively. Martensite is a non-diffusive phase 

Figure 8. Electron backscatter diffraction images under different heat inputs: (a–d) 3.73 kJ/cm, (e–h) 7.37 kJ/cm, (i–l) 11.8 kJ/cm. (a, e, i) Inverse pole 
figures (IPFs). (b, f, j) Polar figures. (c, g, k) Grain boundaries. (d, h, l) Kernel average misorientation. Scale bar: 10 µm; State the magnification of the 
images.  E.g., 10×, 20×. A scale bar indicates the actual size of structures, whereas magnification indicates how many times the image is enlarged. Please 
provide the appropriate information for each figure..

https://doi.org/10.36922/ESAM026370021


Engineering Science in Engineering Science in 
Additive ManufacturingAdditive Manufacturing Heat input effects on WAAM LUHSS

Volume 2 Issue 4 (2026)	 13� doi: 10.36922/ESAM026370021

transformation, and the martensitic transformation 
temperature (Ms) does not change significantly with 
cooling rate. The diffusion behavior of alloy elements 
mentioned in this article is not aimed at the martensitic 
transformation itself, but occurs in the high-temperature 
range above Ms. When the cooling rate decreases, the 
residence time of the material in the range above the 
martensitic transformation temperature is prolonged, and 
the alloy elements are fully diffused and accompanied 
by carbide precipitation, causing changes in the local 
composition of austenite and indirectly affecting the 
subsequent formation of martensitic substructures, 
rather than changing the martensitic transformation 
temperature. In addition, higher interlayer temperatures 
can also increase the residual austenite content.48 Although 
the undercooled austenite still undergoes martensitic 
transformation after temperature reduction, the in 
situ heat treatment effect and slower cooling rate from 
subsequent WAAM thermal cycling can cause incomplete 
phase transformation, retaining some austenite to room 
temperature as residual austenite.

3.3. Mechanical properties evaluation

3.3.1. Microhardness

Figure 10 presents the hardness distribution of thin-walled 
components along the BD under different heat inputs. The 
hardness values exhibited significant fluctuations, which 
can be attributed to the layer-by-layer deposition nature 
of WAAM. The average hardness values of low, middle, 
and high heat inputs were 483.5 HV, 475.4 HV, and 471.7 
HV, respectively. Higher heat input intensifies thermal 
accumulation, accelerating grain coarsening and lowering 
average microhardness. Besides microhardness differences 

along the BD, periodic fluctuations exist within each 
deposition unit (Figure 10d). Generally, DZ exhibits higher 
hardness than RZ across all heat inputs, with increasing 
heat input significantly lowering hardness in both regions. 
Although the grain size within the DZ is coarser than that 
in the RZ, higher microhardness is observed in the DZ. 
This phenomenon arises from distinct microstructural 
evolution driven by different thermalexposure histories. 
The RZ undergoes intense cyclic thermal loading from 
successive deposited layers, leading to pronounced in situ 
tempering. Severe dislocation recovery occurs, and carbide 
particles coarsen substantially in the RZ, weakening both 
dislocationstrengthening and precipitationstrengthening 
contributions. Although fine grains in the RZ provide some 
grain-boundary strengthening, dislocation annihilation 
and carbide coarsening dominate the softening, resulting 
in lower overall microhardness. In comparison, the 
DZ experiences only limited thermal disturbance 
from subsequent layers, with mild in situ tempering. 
Accordingly, a higher dislocation density is preserved and 
carbides remain fine and uniformly dispersed, offering 
prominent contributions from dislocation strengthening 
and precipitation strengthening. Despite the loss of 
grainboundary strengthening due to coarser grains in the 
DZ, the combined strengthening from dislocations and fine 
precipitates outweighs this reduction, ultimately producing 
higher microhardness in the DZ. The DZ consists of 
relatively coarse dendritic/equiaxed grains, with limited 
thermal exposure (affected only by subsequent layers) and 
no remelting, resulting in relatively high microhardness. 
In contrast, RZ undergoes repeated thermal cycles from 
subsequent layers, forming fine, elongated columnar 
grains perpendicular to the fusion boundary. Notably, 
a high-hardness zone near the fusion line was observed 

Figure 9. X-ray diffraction phase analysis and thermodynamic simulation results of thin-walled components. (a) X-ray diffraction analysis of thin-walled 
components under different heat inputs. (b) Continuous cooling transition (CCT) curve calculated by JmatPro.
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across all heat inputs. This is attributed to local remelting 
and recrystallization-induced grain refinement, which 
enhances hardness.

3.3.2. Tensile properties

Figure 11 shows the tensile properties of WAAM 
components under different heat inputs. As shown in 
Figure 11a, heat input significantly affects the mechanical 
properties and anisotropy of WAAM-ed LUHSS along the 
BD and TD. The ultimate tensile strength (UTS) increased 
and then decreased with increasing heat input, peaking at 
1,545 MPa in the BD at 7.37 kJ/cm and dropping at 11.8 
kJ/cm due to grain coarsening. The yield strength (YS) 
decreased continuously, peaking at 1,272 MPa at 3.73 kJ/
cm. Elongation (EL) first decreased and then increased, 
reaching a minimum of 9.7% in the BD at 7.37 kJ/cm, while 
EL in the TD at 11.8 kJ/cm rebounded to 12.7%. Notably, 
3.73 kJ/cm achieved a favorable balance of strength and 
ductility: its UTS remained at a high level (1,529 MPa in 
the BD, 1,506 MPa in the TD), while the EL (12.3% in the 

BD, 13.7% in the TD) was significantly higher than that at 
7.37 kJ/cm and comparable to the TD at 11.8 kJ/cm. The 
in-plane anisotropy (IPA) value49 was used to quantitatively 
describe the anisotropy of mechanical properties, as shown 
in Equation 6:

( )
100

/ 2
TD BD

TD BD

T T
IPA

T T
−

= ×
+

	 (6)

where TDT  is the strength in the TD, and BDT  is the 
strength in the BD. 

If the IPA value is 0, the mechanical properties are 
isotropic. As the IPA value increases, anisotropy intensifies. 
As shown in Figure 11b, YS anisotropy increased with 
increasing heat input. Moreover, the BD exhibited higher 
UTS than the TD, and the TD showed better ductility under 
low- to medium-heat inputs. Under high heat input, the 
UTS anisotropy reversed, with the TD outperforming the 

Figure 10. Microhardness results of components at different heat inputs: (a) 3.73 kJ/cm, (b) 7.37 kJ/cm, (c) 11.8 kJ/cm, (d) hardness comparison of 
deposition zone (DZ), remelting zone (RZ), and fusion line. Scale bar: 100 µm; State the magnification of the images.  E.g., 10×, 20×. A scale bar indicates 
the actual size of structures, whereas magnification indicates how many times the image is enlarged. Please provide the appropriate information for each 
figure..
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BD, as elevated thermal cycles weakened the BD’s preferred 
orientation, while the TD consistently maintained superior 
ductility. Overall, low heat input synergistically improved 
strength and ductility while reducing anisotropy.

Figure 12 shows the tensile fracture morphology of 
WAAM LUHSS under different heat inputs. The fracture 
morphology is cup-shaped and consists mainly of a fiber 
zone, a radiation zone, and a shear lip zone. The fiber 
zone corresponds to crack initiation and steady-state 
propagation, with a rough, uneven surface that serves 
as the core area for micropore nucleation, growth, and 
aggregation. The radiation zone corresponds to rapid, 
unstable crack propagation, with many secondary cracks 
extending along the crack path and distributed across 
the area. The shear lip region corresponds to the final 
instability stage of the fracture. At a heat input of 3.73 kJ/
cm, the results show a large number of dense, uniform small 
dimples distributed on the fracture surface, accompanied 
by a small number of larger dimples. Clear tearing ridges 
and secondary cracks appear in the gaps between the 
dimples, and the fracture mode is mainly mixed ductile-
brittle. Specifically, compared to the TD, the secondary 
cracks in the BD are deeper and more numerous, while 
the number and depth of toughness dimples in the TD are 
greater, resulting in the highest elongation in the TD. As 
heat input increases, the number of dimples on the fracture 
surface decreases, and the smaller, shallower dimples lead 
to lower plasticity. In addition, the appearance of cleavage 
planes indicates increased brittle fracture. At 11.8 kJ/cm, 
the cleavage plane in the BD increases, and elongation 
decreases by 9.2%. This may be closely related to Cr23C6 

coarsening and the precipitation of brittle Cr7C3 phases. 
The interface bonding force between the coarsened Cr23C6 
phase, the brittle Cr7C3 phase, and the martensitic matrix 
is weak and prone to interface debonding under tensile 
stress, making it the preferred site for crack initiation.

In addition, some spherical particles can be observed 
within the tough dimples (Figure 13), and EDS analysis 
indicates that the spherical particles are oxides of aluminum 
and titanium. Spherical particles are favorable sites for crack 
propagation, which can easily lead to stress concentration, 
inducing crack initiation and continuous propagation and 
reducing the material's plastic deformation capacity. The 
larger the spherical particles, the more likely they are to 
experience stress concentration, reducing plasticity.

3.4. Effects of heat input on precipitation behavior 
and strengthening mechanisms

3.4.1. Precipitation behavior

To clarify the precipitation evolution behavior and its 
correlation with mechanical properties, the microstructures 
of WAAM-ed LUHSS fabricated under different heat input 
conditions were characterized by TEM, as shown in Figure 
14. The deposited microstructure mainly consists of lath 
martensite, retained austenite, and dispersed precipitates. 
As heat input increased, the martensitic lath width 
gradually increased from 60–180 nm to 100–250 nm and 
finally to 200–500 nm, indicating a weakened martensitic 
refinement effect under intensified thermal cycling 
conditions. Thin film-like structures distributed between 
martensitic laths were identified as retained austenite based 
on the selected-area electron diffraction (SAED) pattern 

Figure 11. Comparison of tensile properties of wire arc additive manufacturing components under different heat inputs: (a) tensile properties, (b) tensile 
curves
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Figure 12. Fracture morphologies of tensile specimens of wire arc additive manufactured low-alloy ultra-high-strength steel at different heat inputs. (a, 
b, c, d) 3.73 kJ/cm; (e, f, g, h) 7.37 kJ/cm; (i-l) 11.8 kJ/cm; (a, b, e, f, i, j) building direction; (c, d, g, h, k, l) transverse direction. Scale bar: 10 µm, 500 µm; 
State the magnification of the images.  E.g., 10×, 20×. A scale bar indicates the actual size of structures, whereas magnification indicates how many times 
the image is enlarged. Please provide the appropriate information for each figure..

Figure 13. Spherical particles in dimples and their energy-dispersive spectrometer elemental analysis. Scale bar: 1 µm; State the magnification of the 
images.  E.g., 10×, 20×. A scale bar indicates the actual size of structures, whereas magnification indicates how many times the image is enlarged. Please 
provide the appropriate information for each figure..
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Figure 14. Transmission electron microscopy and selected-area electron diffraction characterization under different heat inputs: (a, b) 3.73 kJ/cm; (c, d) 
7.37 kJ/cm; (e, f) 11.8 kJ/cm. Scale bars: 100 nm, 200 nm, 500 nm; State the magnification of the images.  E.g., 10×, 20×. A scale bar indicates the actual 
size of structures, whereas magnification indicates how many times the image is enlarged. Please provide the appropriate information for each figure..

identified the precipitates as Cr23C6 carbides (Figure 15f), 
which possess a face-centered cubic crystal structure. 
Previous studies50,51 reported that chromium-rich M23C6 
carbides typically exhibit irregular, blocky morphologies 
ranging from 40 to 75 nm and are distributed along grain 
boundaries, martensitic lath boundaries, and subgrain 
boundaries, further supporting the identification results 
in this work. Notably, fine Cr23C6 carbides can effectively 
hinder dislocation motion and stabilize lath boundaries, 
thereby contributing to the enhanced strength of the 
deposited alloy52,53.

Figure 16a shows blocky precipitates formed at a heat 
input of 7.37 kJ/cm, which were larger than those observed 
at 3.73 kJ/cm. SAED analysis identified these precipitates 
as Cr23C6 carbides. Coarsening of Cr23C6 precipitates 
could weaken the lath-boundary pinning effect, thereby 
reducing the strengthening contribution. In addition, 
needle-like precipitates with lengths ranging from 100 to 
300 nm were observed (Figure 16b). EDS analysis revealed 
that these needle-like precipitates consisted mainly of 
chromium, with minor amounts of vanadium (Figure 
16b2–b5). HRTEM and the corresponding FFT analysis 
further identified these precipitates as Cr3C carbides 
(Figure 16c). Previous studies have reported that the M3C 

shown in Figure 14b. Enhanced thermal cycling and 
repeated reheating under high heat input intensified the 
in situ tempering effect during WAAM deposition, thereby 
significantly affecting precipitation and transformation 
behavior in the as-deposited alloy. At a heat input of 3.73 
kJ/cm, the precipitates were predominantly blocky (Figure 
14b). At a heat input of 7.37 kJ/cm, needle-like precipitates 
gradually formed (Figure 14d). Increasing the heat input to 
11.8 kJ/cm significantly increased precipitate density and 
led to the formation of rod-like and nanoscale spherical 
precipitates (Figure 14f).

To further investigate the influence of heat input on 
the precipitation behavior of WAAM-ed LUHSS, the 
precipitated phases under different heat input conditions 
were characterized. At 3.73 kJ/cm, the precipitates 
were predominantly blocky (Figure 15a), with sizes 
ranging from 30 to 60 nm (Figure 15e). EDS analysis 
confirmed that the blocky precipitates consisted mainly 
of chromium and carbon, with minor vanadium (Figure 
15c). Thermodynamic calculations using JMatPro 
indicated that the primary equilibrium carbides in the 
experimental steel were M23C6, M6C, and M7C3, among 
which M23C6 exhibited the highest equilibrium fraction 
at room temperature (Figure 15d). SAED analysis further 

https://doi.org/10.36922/ESAM026370021


Engineering Science in Engineering Science in 
Additive ManufacturingAdditive Manufacturing Heat input effects on WAAM LUHSS

Volume 2 Issue 4 (2026)	 18� doi: 10.36922/ESAM026370021

phase is hard and brittle, typically forming during low-
temperature tempering (200°C–400°C), and that its size 
increases with increasing tempering temperature.54 In the 
present work, needle-like Cr3C precipitates with lengths of 
100–300 nm were observed at a heat input of 7.37 kJ/cm 
(Figure 16b), and EDS analysis revealed that they mainly 
consisted of chromium with minor vanadium (Figure 
16b2–b5). HRTEM and FFT analysis further confirmed 
their identification as Cr3C carbides (Figure 16c). The 
formation of these Cr3C precipitates is consistent with 
the moderate in situ tempering effect induced by the 
elevated interlayer temperature under higher heat input: 
repeated thermal cycling during deposition provides a 
tempering-like condition that promotes the diffusion of 
chromium and carbon atoms, which may facilitate the 
nucleation and growth of needlelike Cr3C precipitates 
while inhibiting excessive coarsening. The needle-like 
morphology of Cr3C can act as local stress concentrators, 
potentially hindering dislocation motion and promoting 
intergranular or transgranular crack propagation, 
consistent with the observed reduction in ductility at 

7.37 kJ/cm. Together with the coarsened, blocky Cr23C6 
carbides, these microstructural features likely contribute 
to the deterioration of the tensile properties and plastic 
deformation capacity of the WAAM-ed steel at medium 
heat input.

At a heat input of 11.8 kJ/cm, both coarsened chromium-
rich blocky precipitates and chromium-rich rod-like 
precipitates were observed (Figure 17a,b). EDS analysis 
revealed that these rod-like precipitates primarily consist 
of chromium and minor vanadium (Figure 17b). The 
corresponding FFT result confirmed the rod-like phase as 
Cr7C3 (Figure 17d), which belongs to the hexagonal crystal 
system. Janovec et al.55 reported that in 2.6Cr-0.7Mo-0.3V 
steel, the phase stability of iron–chromium-rich carbides 
increases with increasing tempering temperature in the 
sequence ε-carbides, Fe3C → M3C → M7C3. Similarly, Dong 
et al.54 observed in microalloyed ultra-high-strength steel 
that the precipitation sequence follows M3C → M2C + 
M3C + M23C6 → M2C + M23C6 + M7C3 as the tempering 
temperature increased from 200 °C to 700 °C. In addition, 
another study 51 reported that under tempering conditions 

Figure 15. Transmission electron microscopy characterization at the heat input of 3.73 kJ/cm: (a) dispersed blocky precipitates under the bright field, (b) 
dispersed blocky precipitates under the dark field, (c) energy-dispersive spectrometer images of the blocky precipitates, (d) thermodynamic equilibrium 
phases calculated by JmatPro, (e) size of blocky precipitates, (f) selected-area electron diffraction pattern of the blocky precipitates. Scale bars: 50 nm, 200 
nm; State the magnification of the images.  E.g., 10×, 20×. A scale bar indicates the actual size of structures, whereas magnification indicates how many 
times the image is enlarged. Please provide the appropriate information for each figure..
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at 600°C, M3C tends to dissolve or transform into other 
phases, with Cr7C3 forming preferentially over Cr23C6. In 
the present work, increased heat input induced an intense in 
situ heat-treatment effect analogous to elevated tempering 
temperatures, promoting the transformation of metastable 
Cr3C into rod-like Cr7C3 while significantly coarsening 
blocky Cr23C6. The rod-like Cr7C3 and coarsened Cr23C6 
could act as local stress concentrators and weaken the 
lath-boundary pinning effect, collectively contributing 
to the reduction in UTS and YS observed at 11.8 kJ/cm. 
Additionally, nanoscale spherical precipitates, identified 
as V2C carbides by HRTEM and FFT (Figure 17f,g), 
were observed in the matrix. These V2C precipitates may 

enhance YS by hindering dislocation motion56. However, 
this beneficial effect is largely offset by the dominant 
weakening mechanisms from coarsened Cr23C6 and Cr7C3, 
resulting in an overall decrease in mechanical properties at 
high heat input.

Overall, precipitation behavior in WAAM-ed LUHSS 
strongly depends on heat input through the in situ 
tempering effect induced by repeated thermal cycling 
during layer-by-layer deposition. At the lowest heat input 
of 3.73 kJ/cm, the deposited alloy mainly contains fine, 
blocky Cr23C6 carbides that effectively pin martensitic 
lath boundaries and hinder dislocation motion, thereby 

Figure 16. Transmission electron microscopy characterization (TEM) at a heat input of 7.37 kJ/cm: (a) TEM image and selected-area electron diffraction 
pattern of blocky precipitates, (b) needle-like precipitates, (b1~b5) energy-dispersive spectrometer images of the needle-like precipitates, (c) high-resolution 
TEM characterization and fast Fourier transform pattern of the needle-like precipitates. Scale bars: 10 nm, 100 nm, 500 nm; State the magnification of the 
images.  E.g., 10×, 20×. A scale bar indicates the actual size of structures, whereas magnification indicates how many times the image is enlarged. Please 
provide the appropriate information for each figure..
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enhancing strength. At a medium heat input of 7.37 kJ/cm, 
coarsened Cr23C6 carbides coexist with needle-like Cr3C 
carbides because intensified in situ tempering promotes 
local stress concentration and reduces ductility. Further 
increasing the heat input to 11.8 kJ/cm results in more 
severe thermal cycling, accompanied by the appearance of 
rod-like Cr7C3 carbides and coarsened Cr23C6 precipitates. 
Although nanoscale V2C precipitates also formed, their 
strengthening contribution is insufficient to offset the 
detrimental effects of carbide coarsening and brittle carbide 
formation. These results indicate that heat input governs 

the type, size, and distribution of carbide precipitates, 
thereby regulating the strength-ductility synergy of 
WAAM-ed LUHSS.

3.4.2. Mechanical strengthening mechanisms

Low heat input enhances both YS and ductility in 
WAAM-ed LUHSS. This synergistic improvement 
stems from the rapid cooling rate, which disperses fine 
precipitates and retains a refined martensitic structure, 
thereby inhibiting excessive grain coarsening and balancing 
strength enhancement with plastic deformation capacity. 

Figure 17. Transmission electron microscopy (TEM) characterization at a heat input of 11.8 kJ/cm: (a) blocky and rod-like precipitates, (b) corresponding 
energy-dispersive spectrometer results, (c) high-resolution TEM image of the rod-like precipitate, (d) fast Fourier transform (FFT) pattern of the rod-like 
precipitate, (e) nanoscale spherical precipitate, (f) energy spectrum results of the nanoscale spherical precipitate, (g) FFT pattern of the nanoscale spherical 
precipitate. Scale bars: 2 nm, 5 nm, 200 nm; State the magnification of the images.  E.g., 10×, 20×. A scale bar indicates the actual size of structures, whereas 
magnification indicates how many times the image is enlarged. Please provide the appropriate information for each figure..
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The strengthening mechanisms of such steels include: 
solid solution strengthening ( ssσ ), grain boundary 
strengthening ( gbσ ), second-phase strengthening ( pσ ), 
and dislocation strengthening ( dσ ) (Equation 7)57:

y ss gb p dσ σ σ σ σ= + + + 	 (7)

The contribution of solid solution to YS ( yσ ) can be 
calculated by the following equation (Equation 8)58:

ss i ik cσ = ∑ 	 (8)

where ik  is the strengthening coefficient of solute i, and 
ic  is the mass fraction of solute i (wt.%). According to the 

literature 57 and Table 3, the solid solution strengthening (
ssσ ) under different heat inputs was calculated to be about 

248 MPa.

The contribution of grain boundary strengthening to 

Table 3. The chemical composition of wire arc additive manufactured low-alloy ultra-high-strength steel under different heat 
inputs in wt.%

Elements Carbon Silicon Manganese Chromium Nickle Molybdenum Tungsten Vanadium Ferum

3.73 kJ/cm 0.25 0.84 0.69 3.28 1.11 0.77 1.00 0.19 Bal.

7.37 kJ/cm 0.25 0.85 0.68 3.22 1.08 0.76 1.00 0.19 Bal.

11.8 kJ/cm 0.25 0.86 0.72 3.23 1.09 0.78 1.00 0.18 Bal.

YS can be described by the Hall–Petch equation (Equation 
9)59:

1/2
0gb yk dσ σ −= + ⋅ 	 (9)

where gbσ  is the contribution of grain boundaries to YS, 
0σ  is the frictional resistance, and yk  is the strengthening 

coefficient. According to the literatures58,60, take 0σ  = 60 
MPa, yk =17.35 MPa mm1/2. The grain sizes under different 
heat inputs are 1.11 µm, 1.32 µm, and 1.48 µm (Figure 
8a, e, i), corresponding to grain boundary strengthening 
contributions ( gbσ ) of 580 MPa, 537 MPa, and 510 MPa, 
respectively.

The influence of second-phase particles on the strength 
of the deposited metal can be interpreted using the 
Orowan–Ashby equation (Equation 10):

( )1/20.538 / ln( / 2 )p Gbf X X bσ = 	 (10)

where pσ  represents the YS increment due to second-
phase particles, G is the shear modulus, which is calculated 
as 82.3GPa by JmatPro, b is the Burgers vector (0.25nm58), 
f is the volume fraction of the second phase, and X is the 
diameter of the second phase. The volume fractions and 

diameters of the carbides under different heat inputs are 
statistically obtained by Image Pro Plus software as 1.67% 
and 52.7nm, 1.38% and 56.2 nm, and 1.92% and 76.3nm 
respectively. Substituting these values into the equation 
yields second-phase strengthening contributions ( pσ ) of 
126 MPa, 109 MPa, and 101 MPa.

Higher dislocation density enhances YS, particularly 
in martensitic microstructures with extremely high 
dislocation densities. The dislocation strengthening 
contribution ( dσ ) can be calculated by the following 
equation (Equation 11)61:

1/2 6 1/20.38 7.82 10d D DGbσ ρ ρ−= ≈ × 	 (11)

where Dρ  is the dislocation density. The dislocation 
densities in the deposited metal at different heat inputs, 
calculated from XRD data, are 10.21 × 1014/m2, 9.97 × 
1014/m2, and 10.08 × 1014/m2, respectively. The calculated 
dislocation strengthening contributions ( dσ ) are 250 
MPa, 247 MPa, and 248 MPa. The sum of the YS increments 
of the deposited metal at different heat inputs for the four 
strengthening methods is 1,204 MPa, 1,141 MPa, and 
1,107 MPa, respectively, which is broadly consistent with 
the tensile test results shown in Figure 18.
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4. Conclusion
This work systematically investigated the effect of heat input 
on the formability, microstructure, precipitation evolution, 
and mechanical properties of 1,600 MPa grade LUHSS 
fabricated via CMT+P-based WAAM, demonstrating 
that tailoring heat input is an effective strategy for the 
synergistic control of forming quality and mechanical 
properties. The key conclusions are summarized as follows:

(i)	 Heat input strongly influences the forming quality 
of WAAM components. Appropriate heat input is 
essential for producing high-quality LUHSS parts. 
As heat input increases, the CMT+P cycle duration is 
prolonged, the arc deposition rate rises, and the weld 
bead dimensions expand. Low heat input ensures 
excellent forming quality with minimal warping 
and spattering, whereas excessive heat input leads to 
collapse, spattering, and reduced material efficiency, 
accompanied by a significant increase in oxide 
inclusions.

(ii)	 The microstructure is dominated by lath martensite 
and retained austenite across all heat inputs, but 
heat input modulates grain size, retained austenite 
content, and grain boundary characteristics. Low heat 

input yields a refined grain structure and moderate 
retained austenite content, while higher heat input 
accelerates grain coarsening and causes fluctuations 
in retained austenite content. Elevated heat input 
also increases the proportion of LAGBs and HAGBs, 
likely due to enhanced atomic diffusion and partial 
recrystallization.

(iii)	Heat input control significantly affects the strength and 
anisotropy of WAAM-ed LUHSS. Optimal strength–
ductility synergy (UTS: 1529 MPa, YS: 1272 MPa, 
elongation: 12.3%) and near-isotropic mechanical 
properties were achieved at 3.73 kJ/cm. The primary 
strengthening mechanisms include grain boundary 
strengthening, dislocation strengthening, and second-
phase (precipitation) strengthening. Higher heat input 
reduces microhardness and YS.

(iv)	 Heat input influences the type, size, and distribution 
of precipitates, most plausibly via varying degrees of in 
situ tempering originating from repeated layerbylayer 
thermal cycling. At 3.73 kJ/cm, blocky Cr23C6 
precipitates dominate. At 7.37 kJ/cm, needlelike Cr3C 
precipitates are observed. At 11.8 kJ/cm, rodlike Cr7C3 
and nanoscale V2C precipitates can be detected. These 
carbiderelated microstructural features are associated 

Figure 18. The strengthening increments and yield strength of deposited metals under different heat inputs
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with tensilefracture behavior, where coarse, brittle 
carbides may act as stressconcentration sites and 
reduce ductility.
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