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Abstract
The anisotropic properties of components produced by directed energy deposition–
arc (DED-Arc) markedly limit their use in engineering. Thus, it is crucial to elucidate 
the mechanism that regulates this anisotropic phenomenon in DED-Arc components 
to ensure the reliable application of this technology in high-performance 
components. In this study, 300M steel was fabricated by DED-Arc with controlled 
interlayer temperature, and a critical phenomenon was observed. At an interlayer 
temperature of 200 °C, the strength was isotropic, while the ductility exhibited a 
certain degree of anisotropy. When the interlayer temperature increased above the 
martensite start temperature to 300 °C, a unique anisotropy in mechanical properties 
emerged. The vertical specimens exhibited higher ultimate tensile strength and 
elongation but lower yield strength than the horizontal specimens. At an interlayer 
temperature of 200 °C, the microstructure was relatively uniform and consisted 
entirely of tempered martensite. The plastic anisotropy mainly originated from 
directional grain growth. At an interlayer temperature of 300 °C, the microstructure 
evolved into a heterogeneous structure consisting of alternating soft and hard 
zones, caused by the uneven distribution of soft phases (tempered martensite and 
needle like bainite) and hard phases (untempered martensite). In this case, the 
spatial arrangement of the heterogeneous structure governed the anisotropy. Under 
horizontal tension, the soft and hard zones are alternately stacked perpendicular to 
the tensile direction, and the deformation compatibility was constrained by the hard 
zones, resulting in higher yield strength but lower ductility. Under vertical tension, 
the soft and hard zones are stacked parallel to the tensile direction, offering better 
deformation compatibility. Moreover, the Orowan strengthening effect induced by 
the interlayer regions was more pronounced, leading to a higher ultimate tensile 
strength than that of the horizontal specimens. This study elucidates the microscale 
mechanism of heterogeneous structure formation upon exceeding the martensite 
start temperature, thereby producing this unique anisotropy.
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1. Introduction
Due to its outstanding combination of properties that meet 
strict service demands, ultra-high-strength steel (UHSS) 
is extensively applied in large and complex components 
within advanced sectors such as aerospace and nuclear 
power.1-3 Nevertheless, the production of such large 
and complex components through traditional methods 
is hindered by extended production cycles, inefficient 
material usage, and high costs.4 As an important branch 
of additive manufacturing technology, directed energy 
deposition (DED)–arc (DED-Arc) uses an electric arc as 
the heat source to achieve near-net-shape fabrication of 
three-dimensional complex components through layer-
by-layer melting and stacking.5,6 With features such as 
a fast deposition rate, high material utilization, good 
environmental adaptability, and manufacturing flexibility, 
DED-Arc has emerged as one of the most promising 
technologies for the fabrication of large and complex 
components in advanced manufacturing.7-9

Currently, the application of DED-Arc technology to 
UHSS has attracted considerable attention. Guo et al. 10 
investigated the microstructural transformation of DED–
plasma arc (DED-PA) UHSS under different thermal 
cycles, and revealed that the bainite transformation mode 
follows a superledge growth mechanism. Zhang et al.11 
investigated 18Ni 300 maraging steel fabricated by DEDArc 
under different modes and found that the low heat input 
in the cold metal transfer (CMT) mode facilitates the 
formation of a {110}<001> Goss texture, which yields 
the best mechanical properties. Lyu et al.12 found that 
controlling the interlayer temperature to regulate the 
intrinsic heat treatment during the DED-Arc process is an 
effective strategy to synergistically enhance the strength 
and ductility of 17-4PH steel. Xiong et al.13 developed an 
enhanced heat treatment procedure for DED-Arc 300M 
steel, achieving mechanical properties that exceed those 
of the forged counterpart. Li et al.14 found that a novel 
heat treatment strategy involving quenching, tempering, 
and deep cryogenic treatment can effectively mitigate the 
strength–ductility trade-off in DED-PA UHSS.

While DED-Arc technology has demonstrated notable 
promise in producing UHSS components, the majority 
of existing research has concentrated on optimizing the 
process, studying microstructural changes, improving 
mechanical properties, and exploring heat treatment.4 
However, insufficient consideration has been given 
to the anisotropy of mechanical properties. In fact, 
the notable temperature gradient and non-uniform 
solidification inherent in the DED-Arc process lead to the 
microstructural evolution of the as-deposited component, 
inevitably causing anisotropy in mechanical properties.15 

The mechanical anisotropy often leads to premature 
failure along the weaker directions, severely restricting 
engineering applications.16 Thus, in addition to the research 
directions outlined above, it is crucial to thoroughly 
investigate the dominant mechanisms that govern the 
mechanical anisotropy of DED-Arc components.

Several researchers attribute the mechanical anisotropy 
of DED-Arc components primarily to the directional 
growth of columnar grains induced by a notable thermal 
gradient, which creates a strong texture. Shi et al.17 examined 
TC4 produced through DED-PA and discovered that its 
hierarchical microstructure, which includes large prior β 
columnar grains aligned along the build direction, markedly 
affects its mechanical anisotropy. Blinn et al.18 found that 
the combined effect of a strong texture, δ-ferrite dendrites 
growing along the build direction, and elongated grains 
leads to the anisotropic deformation behavior of DED-
Arc austenitic stainless steel. Akbarzadeh Chiniforoush et 
al.19 demonstrated that the use of a reciprocating strategy 
can effectively hinder the growth of columnar grains in 
DED–gas metal arc (DED-GMA) of duplex stainless steel, 
thereby reducing mechanical anisotropy. Palmeira Belotti 
et al.20 reported that mechanical anisotropy in DED-Arc 
316LSi stainless steel is closely linked to crystallographic 
texture. The highest macroscopic yield strength (YS) is 
achieved when the load is applied along the <111> crystal 
direction.

Additionally, several studies have attributed the 
mechanical anisotropy to microstructural heterogeneity 
arising from non-uniform tempering of previously 
deposited layers. Sun et al.21 reported that in DED-CMT 
low-carbon steel, different thermal histories lead to 
distinct microstructural features between the intralayer 
and interlayer regions. The interlayer regions serve as weak 
zones, accounting for the lower longitudinal mechanical 
properties compared to the transverse direction. Chen et 
al.22 reported that in DED-CMT reduced activation ferritic/
martensitic steel, the heterogeneous structure composed 
of alternating heat-affected zones, columnar grain zones, 
and fine-grained zones results in mechanical anisotropy. 
Tu et al.23 reported that in the DED-Arc GW123K alloy 
featuring a lamellar heterogeneous structure, the crack 
propagation paths differ among tensile specimens tested 
in different directions, which results in anisotropic 
mechanical properties. Lyu et al.24 revealed that tailoring 
the heterogeneous distribution of tempered martensite 
(TM) and elongated δ-ferrite phases effectively mitigates 
the mechanical anisotropy of DED-CMT martensitic 
stainless steel. Texture and heterogeneous structure 
commonly coexist and are often interconnected in the 
DED-Arc process. However, few studies have addressed 
both factors simultaneously.
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The present study utilized DED-Arc technology to 
fabricate 300M steel, a typical UHSS, by controlling the 
interlayer temperature below and above the martensite 
start temperature (Ms). By comparing the mechanical 
anisotropy associated with different microstructural 
features, this study aims to clarify the respective influences 
of texture and heterogeneous structure on the mechanical 
anisotropy of DEDArc 300M steel and to identify the 
dominant mechanisms under different microstructural 
conditions. This work provides a theoretical basis for the 
proactive tailoring of mechanical properties in DED-Arc 
UHSS.

2. Materials and methods

2.1. Materials

In this study, 300M steel powder (Liaoning Guanda New 
Material Technology Co., Ltd., China) with a particle size 
of 53–150 μm was used. The substrate material was 316L 
stainless steel (Xinghua Jiazhiyuan Stainless Steel Products 
Co., Ltd., China) with dimensions of 100 mm × 150 mm 
× 10 mm. The chemical composition of the DED-Arc 
component was measured by inductively coupled plasma 
mass spectrometry (Agilent Technologies, USA) and an 
organic elemental analyzer (LECO Corporation, USA ), 
yielding the following composition (in wt.%): 0.37 C, 1.47 
Si, 0.83 Mn, 0.84 Cr, 0.44 Mo, 1.71 Ni, 0.077 V, 0.014 Cu, 
and the balance Fe.  

2.2. Experimental process

The deposition experiment was conducted on a 
powderfed DED-Arc system, which consists of a KR30HA 
highprecision sixaxis robot and a EuTronic® GAP 2501 
DC plasma arc welding system. The welding torch was 
mounted at the front end of the robot, which precisely 
controlled the additive path to ensure deposition stability. 
The torch moved unidirectionally along the Y-axis on the 
substrate during the deposition process, building up layer 
by layer along the Z-axis. A K-type thermocouple was 
employed to monitor the interlayer temperature variation. 

A previous study has revealed that an interlayer 
temperature exceeding 350 °C during DED-Arc 
of high-strength steel can cause the collapse of the 
deposited layer.25 Considering factors such as forming 
quality and phase transformation temperature, 
specimens with 20 deposited layers were fabricated 
at interlayer temperatures of 200 °C and 300 °C,  
respectively. The procedure involved controlling the 
interlayer temperature of each deposited layer to remain 
below or above the Ms. After depositing each layer, the arc 
was extinguished, and the temperature was measured on 
the deposited layer surface using a contact-type K-type 

thermocouple. The component was then air-cooled to the 
target interlayer temperature before depositing the next 
layer. The schematic diagram of the DED-Arc process is 
shown in Figure 1A. The processing parameters were as 
follows: a current of 160 A, a deposition speed of 0.14 m/
min, and a powder feeding rate of 15 g/min. The shielding 
gas, powder feeding gas, and plasma gas were all high-
purity argon (99.99%), with flow rates of 15 L/min, 3 L/
min, and 1.5 L/min, respectively.

2.3. Microstructure characterization and mechanical 
properties tests

Metallographic specimens, as well as horizontal and 
vertical tensile specimens, were extracted from the 
deposited component by wire electrical discharge 
machining. The sampling locations and dimensions 
of the tensile specimens are shown in Figure 1B. The 
specimens were ground and mechanically polished, then 
etched with a 4% nital solution. The microstructures 
were observed using optical microscopy (OLYMPUS, 
Japan) and field-emission scanning electron microscopy 
(CIQTEK Quantum Technology Co., Ltd., China). After 
electropolishing, electron backscatter diffraction (EBSD) 
was performed. Vickers hardness tests were carried out 
under a load of 48.0 N with a dwell time of 15 s. For each 
DED-Arc component, 10 indentations were performed 
along the build direction (Z-axis) with a spacing of 0.25 
mm, covering both the interlayer and intralayer regions. 
Room-temperature tensile tests were conducted on a 
universal testing machine at a tensile speed of 0.18 mm/
min using the specimen dimensions shown in Figure 1C. 
The fracture morphologies were observed by scanning 
electron microscopy (CIQTEK Quantum Technology Co., 
Ltd., China).

3. Results and discussion

3.1. Microstructural characteristics

Based on the measured chemical composition, the 
continuous cooling transformation curve for 300M steel 
was calculated using JMatPro software (version 7.0, Sente 
Software Ltd., UK), and the resulting diagram is illustrated 
in Figure 2. The findings revealed that the austenitization 
temperature of 300M steel is 827.87 °C, and the Ms is 289.5 °C. 
The bainite transformation temperature range is 301.87 °C 
–464.87 °C, with a cooling rate of less than 10°C/s. The 
pearlite transformation temperature range is 514.87 
°C–723.87 °C, with a cooling rate of less than 1 °C/s.

Owing to the rapid cooling and reheating characteristics 
of the DED-Arc process, the formation of pearlite in 
DED-Arc 300M steel components is highly unlikely.26 
Based on Figure 2, at an interlayer temperature of 300 °C,  
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Figure 2. Continuous cooling transformation curve of the 300M steel

Figure 1. Directed energy deposition–arc (DED-Arc) process and sampling positions. (A) Schematic diagram of the DED-Arc process, (B) sampling 
positions, and (C) dimensions of the tensile specimen.
Abbreviations: H: Horizontal; M: Metallographic; PA: Plasma; V: Vertical.

this temperature is approximately 10.5 °C higher than Ms 
(289.5 °C), while the interlayer temperature of 200 °C is far 
below Ms.

Figure 3 illustrates the microstructural features at 
different interlayer temperatures. A mixture of equiaxed 
and elongated columnar grains is observed at 200 °C, as 
shown in Figure 3A. At 300°C, coarse columnar grains 

are evident, as shown in Figure 3B. When the interlayer 
temperature is higher, the temperature gradient between 
adjacent layers becomes smaller, and the solidification 
rate becomes lower. Columnar grains are more likely 
to form when the temperature gradient is high, and the 
solidification rate is low.27 Moreover, a higher interlayer 
temperature leads to a slower cooling rate, thereby 
promoting grain coarsening.28 
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During the DED-Arc process, the microstructure in 
previously deposited layers is affected by the thermal cycles 
of subsequent depositions. If the peak temperature exceeds 
the austenitization temperature, the microstructure reverts 
to austenite and rapidly transforms into untempered 
martensite (UTM) upon subsequent cooling. If the peak 
temperature falls below the austenitization temperature, 
the previously formed martensite undergoes tempering.29 
When the interlayer temperature is 200 °C, the martensite 
mainly undergoes low-temperature tempering (250 °C 
–310 °C). When the interlayer temperature is 300 °C, the 
martensite mainly undergoes high-temperature tempering 
(>310 °C). Based on previous studies, it is known that during 
low-temperature tempering, dispersed carbides (DC) are 
primarily precipitated, whereas during high-temperature 
tempering, cementite (CM), which is incoherent with the 
matrix, is predominantly precipitated.10,30 Therefore, at 
an interlayer temperature of 200 °C, the microstructure 
is mainly composed of TM, as shown in Figure 3C, with 
DC as the primary precipitate. When the interlayer 
temperature exceeds the Ms, austenite does not directly 
transform into martensite; instead, it partially transforms 
into bainite within the bainite transformation temperature 
range.31 When the interlayer temperature is 300 °C, it 
exceeds Ms. Due to the relatively rapid cooling rate, the 
bainite transformation is incomplete, and only a fraction of 
needle-like bainite (NLB) is formed. Most of the retained 
austenite transforms into UTM after the deposition 
process.32 Therefore, at an interlayer temperature of 300 °C, 
the microstructure is composed of UTM, TM, and NLB, as 
shown in Figure 3D, with CM as the primary precipitate.

Figure 4 illustrates the EBSD results at different 
interlayer temperatures. Figure 4A and 4D are the inverse 
pole figures at interlayer temperatures of 200 °C and 300 °C,  
respectively. It can be observed that martensite grows 
epitaxially along the build direction, with a consistent 
orientation within the same martensite lath group. When 
the interlayer temperature increases from 200 °C to 300 °C, 
the degree of tempering is enhanced, leading to an increase 
in the martensite lath size. At 300 °C, bainite is observed 
to penetrate through the martensite lath group, thereby 
refining the microstructure. 

Figure 4B and 4E illustrate the corresponding phase 
maps. At both interlayer temperatures, the retained 
austenite content is below 0.5%. Due to the rapid cooling 
characteristic of the DED-Arc process, the austenite almost 
completely transforms upon cooling after deposition, 
regardless of the interlayer temperature. Figure 4C and 4F 
present the kernel average misorientation (KAM) maps. 
KAM is related to the geometrically necessary dislocation 
(GND) density, and the relationship is as follows:33

avg
GND

2
b

KAM
ρ =

µ
	 (1)

where GNDρ  is the GND density, avgKAM  is the average 
KAM, μ is the step size, and b is the Burgers vector. 

Based on Equation 1, a higher KAM value corresponds 
to a higher GND density. As the interlayer temperature 
increases from 200 °C to 300 °C, the dislocation density 
decreases. During cooling, a high density of dislocations 
is generated to accommodate lattice contraction.34 At 
an interlayer temperature of 200 °C, the cooling time is 
longer, and the cooling rate is faster, resulting in a higher 
dislocation density. 

Figure 4G and 4H illustrate the pole figures at interlayer 
temperatures of 200 °C and 300 °C, respectively. It is 
generally accepted that when the texture intensity exceeds 
5, the material can be considered to exhibit a strong 
texture.35 The maximum texture intensities at the two 
interlayer temperatures are 10.93 and 13.70, respectively, 
indicating that both samples exhibit a strong texture 
with the maximum pole density at the {100} orientation. 
Meanwhile, the pole figures indicate texture orientations 
in various directions. This texture characteristic and its 
preferred orientation affect the mechanical anisotropy of 
the DED-Arc components.

3.2. Regional microstructural differences

Figure 5 illustrates the microstructures of the intralayer 
and interlayer regions at different interlayer temperatures. 
During the deposition process, high-temperature molten 
metal is transferred to previously deposited areas, leading 
to localized remelting. The region near the solid–liquid 
interface, adjacent to the molten pool, undergoes sufficient 
tempering and exhibits substantial thermal influence. This 
region is known as the interlayer region. In contrast, the 
region far from the molten pool undergoes lowtemperature 
tempering to a lesser extent and is therefore defined as the 
intralayer region.21 

When the interlayer temperature is 200 °C, each layer 
undergoes martensitic transformation during cooling. 
Owing to the low interlayer temperature, the peak 
temperature in the middle region during subsequent 
deposition tends to fall below the austenitization 
temperature. Consequently, both the interlayer and 
intralayer regions undergo sufficient tempering, resulting 
in a microstructure composed entirely of TM. However, 
when the interlayer temperature reaches 300 °C, there is a 
substantial difference between the microstructures of the 
interlayer and intralayer regions, with a higher degree of 
tempering observed in the interlayer region. 
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Figure 3. Microstructural features at different interlayer temperatures. (A,B) Optical microscopy images at (A) 200 °C and (B) 300 °C (scale bar = 100 μm; 
magnification = 200×). (C,D) Scanning electron microscopy images at (C) 200 °C and (D) 300 °C (scale bar = 10 μm; magnification = 2,000×). 
Abbreviations: NLB: Needle-like bainite; TM: Tempered martensite; UTM: Untempered martensite. 

Figure 4. Electron backscatter diffraction results of samples fabricated at interlayer temperatures of 200 °C and 300 °C. (A–C) Inverse pole figure, phase 
map, and kernel average misorientation (KAM) map at 200 °C (scale bar = 20 μm; magnification = 1,500×). (D–F) Inverse pole figure, phase map, and 
KAM map at 300 °C (scale bar = 20 μm; magnification = 1,500×). (G, H) Pole figures of the (G) 200 °C and (H) 300 °C samples.
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Image analysis using Image Pro Plus 6.0 (Media 
Cybernetics, Inc., USA) showed that the proportion of 
UTM in the intralayer region is 39.00% (Figure 5E), 
which is markedly higher than that in the interlayer region 
(21.82%; Figure 5F). In both regions, NLB is observed to 
separate UTM regions. To further quantitatively analyze 

the difference in the degree of tempering between the 
interlayer and intralayer regions at 300 °C, the precipitated 
CM in the two regions was statistically analyzed, as shown 
in Figure 5G and 5H. The quantitative analysis results are 
shown in Figure 5I and 5J. The volume fraction of CM in 
the interlayer region is 1.22%, which is markedly higher 

Figure 5. Microstructural differences between the intralayer and interlayer regions at different interlayer temperatures. (A) Optical microscopy overview 
(scale bar = 200 μm; magnification = 50×), (B) intralayer microstructure (scale bar = 10 μm; magnification = 2,000×), and (C) interlayer microstructure 
of the sample fabricated at 200 °C (scale bar = 10 μm; magnification = 2,000×). (D) Optical microscopy overview (scale bar = 200 μm; magnification 
= 50×), (E) intralayer microstructure (scale bar = 10 μm; magnification = 2,000×), (F) interlayer microstructure (scale bar = 10 μm; magnification = 
2,000×), (G) magnified view of (E) (scale bar = 2 μm; magnification = 10,000×), (H) magnified view of (F) (scale bar = 2 μm; magnification = 10,000×), 
(I) CM size distribution corresponding to (G), and (J) CM size distribution corresponding to (H) of the sample fabricated at 300 °C. 
Abbreviations: CM: Cementite; NLB: Needle-like bainite; TM: Tempered martensite; UTM: Untempered martensite.
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than that in the intralayer region (0.74%). Moreover, the 
CM in the interlayer region is generally coarser, with an 
average size of 117.38 nm, which is substantially larger 
than that in the intralayer region (93.74 nm).

When the interlayer temperature surpasses Ms, notable 
microstructural heterogeneity is observed between the 
interlayer and intralayer regions. This heterogeneity is 
closely related to the complex thermal cycles during 
the DED-Arc process and the inherent tempering 
characteristics of 300M steel. When the interlayer 
temperature is controlled at 200 °C, the deposited layer 
cools to below Ms during rapid cooling, generating a large 
amount of UTM. Although the interlayer and intralayer 
regions undergo different degrees of tempering during 
subsequent cladding passes, the repeated thermal cycles 
eventually lead to uniform tempering throughout the 
entire component. Consequently, both the interlayer and 
intralayer regions eventually transform into TM, resulting 
in a homogeneous microstructure. 

When the interlayer temperature is increased to 300 °C, 
which is above Ms, the deposited layer does not transform 
into martensite upon cooling. Instead, it partially transforms 
into NLB or remains as austenite, as shown in Figure 6A. 
The heat input from subsequent cladding layers subjects 
this layer to more complex thermal cycles. When the peak 
temperature exceeds the austenitization temperature, this 
layer undergoes a reverse transformation and reverts to 
austenite, as shown in Figure 6B. Upon subsequent cooling, 
when the temperature of this layer drops below Ms, the 
microstructure begins to transform into UTM, in which 
carbon atoms remain highly supersaturated with almost 
no carbide precipitation, as shown in Figure 6C.

As the deposition height increases, the peak 
temperature transferred to this layer gradually decreases. 
When the peak temperature falls below the austenitization 
temperature but stays within the tempering temperature 
range, the interlayer region near the molten pool 
undergoes a higher degree of tempering. This leads to a 
substantial tempering transformation of the previously 
formed UTM. Supersaturated carbon atoms precipitate 
from the martensite and combine with iron to form stable 
CM particles, which subsequently coarsen, leading to an 
increase in the average CM size. Moreover, the repeated 
thermal cycles promote further precipitation of carbon 
atoms, increasing the volume fraction of CM. In contrast, 
the intralayer region far from the molten pool experiences a 
lower degree of tempering, so most of the UTM is retained, 
with only a small amount of fine CM precipitates, as shown 
in Figure 6D. Therefore, differences in microstructure 
between the interlayer and intralayer regions are observed.

In summary, when the interlayer temperature exceeds 
Ms, the spatial variation of thermal exposure during 
the DED-Arc process leads to different microstructural 
evolutions. The interlayer region undergoes a complete 
cycle of austenitization–cooling–sufficient tempering, 
resulting in a microstructure dominated by TM with 
a high-volume fraction of coarse CM. In contrast, the 
intralayer region mainly experiences austenitization–
cooling–mild tempering, resulting in a microstructure 
containing a substantially higher proportion of UTM with 
a low volume fraction of fine CM.

3.3. Mechanical properties

Figure 7 illustrates the microhardness at different 
interlayer temperatures. At an interlayer temperature of 
200 °C, the average hardness is 428.69 HV, with a relatively 
uniform distribution. When the interlayer temperature 
increases to 300 °C, the formation of UTM enhances 
the solid solution strengthening effect, resulting in an 
increase in average hardness to 444.34 HV. However, the 
non-uniform distribution of soft and hard phases at this 
temperature leads to a notable hardness difference between 
the interlayer and intralayer regions. A distinct feature of 
soft/hard zone partitioning is evident: the intralayer region 
exhibits higher hardness than the interlayer region. The 
formation of such soft/hard zones is primarily attributed 
to the differential tempering effects caused by the spatial 
variation of thermal cycles between the interlayer and 
intralayer regions. 

In addition, factors such as residual stress and elemental 
segregation may also influence the microstructural 
evolution of DED-Arc components. However, Sun et al.36 

investigated the residual stress distribution in DED-Arc 
UHSS. The reported residual stress distribution cannot 
strictly account for the periodic soft/hard zone pattern 
aligned with the layer-by-layer deposition interfaces. 
As evidenced by the quantitative microstructural data 
in Figure 5, this pattern is a typical feature of thermally 
induced phase transformation and differential tempering, 
rather than being caused by residual stress distribution. 
Furthermore, elemental segregation is a common 
solidification characteristic in additive manufacturing, 
arising from the uneven distribution of alloying elements 
during solidification.37 Nevertheless, the microstructural 
evolution during the DED-Arc process is dynamic. The same 
region undergoes multiple phase transformations during 
subsequent thermal cycles, including austenitization, 
transformation to UTM, and subsequent tempering. This 
dynamic evolution has been confirmed in our previous 
study10 and is attributed to the influence of thermal cycles 
rather than compositional variations. Therefore, although 
residual stress and elemental segregation may play auxiliary 
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Figure 6. Schematic illustration of the process–microstructure relationship in directed energy deposition–arc 300M steel fabricated at an interlayer 
temperature of 300 °C. (A) Formation of NLB and austenite after cooling. (B) Thermally induced reaustenitization. (C) Transformation to UTM upon 
cooling. (D) Microstructural heterogeneity due to differential tempering between intralayer and interlayer regions. 
Abbreviations: NLB: Needle-like bainite; TM: Tempered martensite; UTM: Untempered martensite.

Figure 7. Microhardness of directed energy deposition–arc 300M steel at different interlayer temperatures
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roles, the primary mechanism for the formation of soft and 
hard zones in this study remains the differential tempering 
caused by the spatial variation of thermal cycles.

Figure 8 illustrates the tensile properties of the 
deposited components at different interlayer temperatures. 
With increasing interlayer temperature, the ultimate 
tensile strength (UTS) increases and the elongation (EL) 
decreases, while the YS exhibits relatively minor changes. 
The vertical tensile properties follow a similar trend to the 
horizontal ones. Notably, when the interlayer temperature 
reaches 300 °C, the vertical specimens exhibit higher 
UTS and EL but lower YS than the horizontal specimens, 
demonstrating a unique mechanical anisotropy. 

The changes in mechanical properties can be 
attributed to the effect of interlayer temperature on the 
microstructure. When the interlayer temperature increases 
to 300 °C, UTM forms and NLB subdivides the martensite 
laths, refining the UTM and thereby increasing the UTS.38 
However, the brittleness of UTM and CM leads to reduced 
ductility in the material.39

Figure 9 illustrates the fracture morphology of the 
tensile specimens. The fracture behavior is substantially 
influenced by the interlayer temperature. At an interlayer 
temperature of 200 °C, the fracture surface is mainly 
characterized by dimples and quasi-cleavage facets, 
exhibiting a mixed ductile-to-brittle fracture mode. The 
horizontal specimens show fewer dimples than the vertical 
specimens, indicating lower ductility, as shown in Figure 
9A and 9C. When the interlayer temperature rises to 300 °C, 
blocky cleavage facets and CM precipitates are observed on 
the fracture surface of the horizontal specimens, as shown 
in Figure 9B, indicating cleavage fracture. In contrast, 
the vertical specimens exhibit a typical “river-like” quasi-
cleavage morphology, as shown in Figure 9D. The failure 
mode at this interlayer temperature is brittle fracture.

3.4. Mechanical anisotropy

As discussed in Section 3.3, the DED-Arc 300M steel 
exhibits distinct mechanical anisotropy. To further 
quantitatively analyze the differences in anisotropy, 
the mechanical anisotropy index was calculated using 
Equation 2:40

Max Min

Min

P Pp
P
−

= 	 (2)

where p  is the anisotropy index, MaxP  is the maximum 
tensile property in any direction, and MinP  is the 
minimum tensile property in any direction. The calculated 
anisotropy index of tensile properties at different interlayer 
temperatures is shown in Figure 10. According to the 

anisotropy index, the degree of anisotropy is relatively low 
at an interlayer temperature of 200 °C. Specifically, at an 
interlayer temperature of 200 °C, the strength anisotropy 
of the DED-Arc component is below 1%, which can be 
considered isotropic.41 When the interlayer temperature 
rises to 300 °C, substantial mechanical anisotropy is 
observed. 

During the deposition process, materials undergo 
repeated rapid heating and cooling cycles, promoting 
the solidification of molten metals and the formation 
of a distinct crystallographic texture under substantial 
temperature gradients. Typically, such a texture is 
characterized by the preferential growth of grains along 
specific crystallographic orientations. The strong texture 
leads to inhomogeneous deformation responses of the 
material under tensile loading in different directions, 
thereby resulting in substantial mechanical anisotropy.42 
However, in this study, although a strong texture was 
observed at both interlayer temperatures of 200 °C and  
300 °C (Figure 4G and 4H), the material exhibited isotropic 
strength and relatively low plastic anisotropy at 200 °C. 
In contrast, at an interlayer temperature of 300 °C, both 
strength anisotropy and pronounced plastic anisotropy 
were present. This indicates that texture has a limited effect 
on the strength anisotropy of DED-Arc 300M steel. 

Microstructural analysis revealed that at an interlayer 
temperature of 200 °C, the microstructure of the DED-Arc 
component was uniformly distributed, whereas at 300 °C, 
it exhibited a pronounced heterogeneous structure. Such 
microstructural differences induce mechanical anisotropy. 
At an interlayer temperature of 200 °C, the microstructures 
of both the interlayer and intralayer regions are uniform 
and consist entirely of TM. Consequently, the DED-Arc 
component exhibits low plastic anisotropy but isotropic 
strength. The YS corresponds to the stress at which the 
slip systems first reach their critical resolved shear stress 
(CRSS) and become activated. According to Schmid’s law, 
the CRSS is defined as the minimum shear stress required to 
initiate plastic slip on a specific slip system. Slip can only be 
activated when the resolved shear stress acting on a specific 
slip system exceeds its CRSS, leading to the onset of plastic 
deformation in the crystal. At an interlayer temperature of 
200 °C, a pronounced texture is observed. This leads to a 
variation in the Schmid factor distribution for specific slip 
systems, thereby causing anisotropy in the macroscopic 
CRSS. However, this is contrary to the isotropic behavior 
observed experimentally. In fact, martensite has a body-
centered cubic (BCC) crystal structure with non-planar 
screw dislocations, often leading to deviations from 
Schmid’s law in BCC materials.43 Meanwhile, in BCC 
crystals, multiple slip systems exist. When subjected to 
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Figure 8. Tensile properties at different interlayer temperatures: (A) Engineering stress–strain curves, (B) UTS, (C) YS, and (D) EL 
Abbreviations: EL: Elongation; HT: Horizontal direction; UTS: Ultimate tensile strength; VT: Vertical direction; YS: Yield strength.

Figure 9. Fracture morphologies of horizontal and vertical tensile specimens fabricated at different interlayer temperatures (scale bar = 10 μm; magnification 
= 2,000×). (A, B) Horizontal tensile specimen at (A) 200 °C and (B) 300 °C. (C, D) Vertical tensile specimen at (C) 200 °C and (D) 300 °C. 
Abbreviation: CM: Cementite. 
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Figure 10. Anisotropy indices of tensile properties at different interlayer temperatures
Abbreviations: EL: Elongation; UTS: Ultimate tensile strength; YS: Yield strength.

uniaxial loading along different directions, at least one 
favorable slip system with a comparable CRSS is generally 
available.44 Furthermore, the polycrystalline nature of 
the material introduces more complex local stress states, 
thereby causing a further deviation from the predictions 
of Schmid’s law.45 Therefore, describing macroscopic 
yielding behavior accurately solely based on Schmid’s law 
is challenging. 

To effectively correlate the crystallographic orientation 
with the YS of polycrystalline materials, the Taylor factor (
M ) is commonly introduced. The Taylor factor describes 
the relationship between macroscopic deformation and the 
activation of multiple slip systems required to accommodate 
strain in polycrystalline materials. It is crucial for analyzing 
the plastic deformation of polycrystalline materials, and its 
value depends on the grain orientation and the type of slip 
systems.46 The Taylor factor is defined as follows:47

y

0

M
σ
τ

= 	 (3)

where yσ  is the yield stress and 0τ  is the CRSS. For a 
material with a pronounced texture, if the M  values 
differ substantially along different loading directions, the 
contribution of crystallographic texture to YS anisotropy 

becomes substantial; conversely, if the M  values are 
similar, it tends to be isotropic. Therefore, it is necessary to 
calculate the distribution of Taylor factors along different 
loading directions based on EBSD data. 

In martensite, two primary slip systems are considered 
active, namely {110}<111> and {112}<111>, with 
corresponding CRSS values of 470 MPa and 490 MPa, 
respectively.48 These data will be utilized in subsequent 
calculations. To determine the macroscopic strain state 
required for the calculation of the Taylor factor, the 
Lankford coefficient (r-value) was measured for the 
horizontal and vertical tensile specimens. The r-value is 
determined as follows:49 

0w

t

0

ln

ln

w
w

r
t
t

ε
ε

 
 
 = =
 
 
 

	 (4)

where w  and 0w  are the final and initial widths of the 
tensile specimen, respectively, and t  and 0t  are the 
final and initial thicknesses, respectively. To ensure 
stable plastic deformation and avoid necking effects, the 
specimen dimensions were measured at an engineering 
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strain of 5%. Hr  and Vr  were determined to be 0.84 
and 0.73, respectively. Based on these r-values obtained 
from the tensile specimens along different directions, the 
macroscopic strain tensors for horizontal and vertical 
tension, denoted as ,HijE  and ,VijE , were determined as 
follows:

,H

0.46 0 0
0 0.54 0
0 0 1

ijE E
− 
 = − 
  

,V

1 0 0
0 0.42 0
0 0 0.58

ijE E
 
 = − 
 − 

Based on the above strain state and the CRSS of the slip 
systems, the Taylor factors of martensite obtained from the 
tensile tests along the horizontal and vertical directions 
at 200 °C are shown in Figure 11. A higher Taylor factor 
implies that greater shear stress is required to accommodate 
plastic deformation. At an interlayer temperature of 200 °C, 
the average Taylor factors for the horizontal and vertical 
tensile directions are 2.95 and 2.94, respectively, which 
are nearly the same. This contributes to the isotropic YS 
in the two directions, indicating that the material does not 
exhibit a notable macroscopic directional dependence of 
the YS at this interlayer temperature. 

Regarding the detailed distribution, during 
horizontal tension, the Taylor factors of martensite are 
mostly concentrated around 3.2, with a peak value of 
approximately 3.4. A small fraction of softoriented grains 
have Taylor factors ranging from 2.1 to 2.4. During vertical 
tension, the Taylor factor distribution exhibits the highest 
proportion in the range of 2.9–3.0, with an increased 
fraction of soft-oriented grains, while a considerable 
proportion of martensite grains with a peak value of 
approximately 3.5 are also present. The above results reveal 
differences in the Taylor factor distributions between 
the two loading directions. Such distribution differences 
reflect the different activation of slip systems associated 
with multiple texture components under different loading 
directions. Nevertheless, the effects of hard- and soft-
oriented grains compensate for each other under different 
loading directions, resulting in comparable average Taylor 
factors. This provides a crystallographic explanation for 
the macroscopic isotropic yield behavior.

After the material is strained beyond the yield point, 
plastic deformation occurs and dislocations begin to 
move. At this stage, the pinning effect of precipitates on 
dislocations is the dominant factor controlling the tensile 

strength of UHSS.50,51 At an interlayer temperature of 200 °C,  
the uniform microstructure and dispersed distribution of 
carbides result in a similar pinning effect on dislocations 
during tensile loading along different directions, leading 
to negligible differences in UTS. Plastic anisotropy arises 
from variations in the ability to coordinate deformation 
along different directions.52 Plastic deformation 
preferentially occurs along slip planes, and the motion of 
dislocations within these planes is the primary mechanism 
of plastic deformation. However, grain boundaries act 
as obstacles to dislocation motion, thereby hindering 
plastic deformation.40 At 200 °C, a strong crystallographic 
texture is present. Martensite grows epitaxially along 
the build direction. For vertical specimens, the loading 
direction is approximately parallel to the grain boundaries, 
resulting in weaker obstruction to deformation by the 
grain boundaries, better deformation coordination, and 
thus higher EL. For horizontal specimens, the loading 
direction is perpendicular to the grain boundaries. 
During deformation, dislocations must traverse the grain 
boundaries, leading to greater deformation resistance and 
consequently lower EL.

At an interlayer temperature of 300 °C, the Taylor factors 
for the horizontal and vertical tensile directions were 
also calculated based on EBSD data. Since the specimens 
exhibited brittle fracture at an interlayer temperature of 
300 °C, the specimen dimensions for the calculation of the 
r -value were measured at an engineering strain of 4%. The 
Hr  and Vr  were calculated as 1.10 and 1.27, respectively. 

Based on these r -values, the macroscopic strain tensors 
for horizontal and vertical tension, denoted as ,HijE  and 

,VijE , were determined as follows:

,H

0.52 0 0
0 0.48 0
0 0 1

ijE E
− 
 = − 
  

,V

1 0 0
0 0.56 0
0 0 0.44

ijE E
 
 = − 
 − 

Based on the above macroscopic strain tensor and the 
CRSS of the relevant slip systems, the Taylor factors for the 
horizontal and vertical tensile directions at an interlayer 
temperature of 300 °C were calculated. The results are 
shown in Figure 12. The average Taylor factors in the two 
directions are 2.82 and 2.88, respectively, with a negligible 
difference. However, the YS at this temperature exhibits 
anisotropy, with the horizontal YS being higher than the 
vertical one, which contradicts the prediction based on the 
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Figure 11. Taylor factors of martensite at an interlayer temperature of 200 °C. (A, B) Taylor factor maps calculated from the initial specimens subjected to 
tensile deformation along the (A) horizontal and (B) vertical directions (scale bar = 20 μm; magnification = 1,500×). (C, D) Corresponding Taylor factor 
distribution for the (C) horizontal and (D) vertical directions.

Figure 12. Taylor factors of martensite at an interlayer temperature of 300 °C. (A, B) Taylor factor maps calculated from the initial specimens subjected to 
tensile deformation along the (A) horizontal and (B) vertical directions (scale bar = 20 μm; magnification = 1,500×). (C, D) Corresponding Taylor factor 
distribution for the (C) horizontal and (D) vertical directions.
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Taylor factor. This indicates that the direction dependence 
of YS at 300 °C is less influenced by crystallographic 
orientation effects and should be mainly attributed to 
microstructural heterogeneity.

The heterogeneous structure, characterized by an 
uneven distribution of soft and hard microstructural 
regions between the interlayer and intralayer regions, 
leads to substantial local hardness variations, thereby 
forming soft and hard zones. The soft and hard zones 
exhibit distinctly different deformation behaviors under 
tensile loading. The soft zones undergo preferential plastic 
deformation and possess higher ductility, whereas the hard 
zones provide higher deformation resistance.24,53,54 Figure 
13 illustrates the schematic diagrams of tensile loading for 
the horizontal and vertical specimens at 300 °C. 

For the horizontal specimens (with the loading direction 
parallel to the scanning direction), the alternating stacking 
direction of the soft and hard zones is perpendicular to the 
tensile direction, resulting in strong mechanical constraint 
during deformation. During tension, the soft zones 
yield first and activate dislocation slip, but their plastic 
deformation is constrained by the hard zones that remain 
elastic, preventing homogeneous plastic flow. 

For the vertical specimens (with the loading direction 
parallel to the build direction), the soft and hard zones 
are arranged in series along the tensile direction. The soft 
zones are less constrained by the hard zones, resulting 
in more localized plastic deformation. Therefore, the 
horizontal specimens exhibit higher YS. With increasing 
deformation, the work hardening effect gradually 
becomes pronounced. Subsequently, CM contributes to 
strengthening by impeding dislocation motion through 
precipitation strengthening, thereby enhancing the UTS. 
Since CM is a hard, non-shearable precipitate phase and 
maintains an incoherent relationship with the matrix, this 
mechanism can be described by the Orowan equation:55,56

Orowan 0

ln

2 1
1

4

d
Gb bM

v
d

f

∆σ =
 π − π

− 
 

	 (5)

where 0M  is the strengthening coefficient, G  is the 
shear modulus of the matrix, b  is the Burgers vector, v  
is Poisson’s ratio, and d  and f  are the average size and 
volume fraction of the CM particles, respectively. Equation 
5 shows that the Orowan strengthening increment 

Orowan∆σ  is closely related to d  and f . To quantitatively 
compare the Orowan strengthening contributions of the 
interlayer and intralayer regions, a geometric factor F  is 
defined as follows:

ln

1
4

d
bF

d
f

=
 π

− 
 

	 (6)

This factor comprehensively reflects the influence 
of CM particle size and volume fraction on Orowan 
strengthening. Based on the quantitative analysis shown 
in Figure 5I and 5J, the interlayer region (soft zone) has 
an average CM size of 117.38 nm and a volume fraction 
of 1.22%, while the intralayer region (hard zone) has a 
smaller average size of 93.74 nm and a lower volume 
fraction of 0.74%. Substituting these values into the 
geometric factor F yields a ratio of inter intra/ 1.10F F ≈ . 
This result indicates that although the CM particles in the 
interlayer region are coarser (117.38 nm vs. 93.74 nm), 
which would reduce the Orowan strengthening effect, 
their volume fraction (1.22%) is markedly higher than 
that in the intralayer region (0.74%). The strengthening 
contribution from the increased volume fraction outweighs 
the reduction caused by particle coarsening. Consequently, 
the Orowan strengthening effect in the interlayer region 
is approximately 10% higher than that in the intralayer 
region. Since the vertical tensile specimens, extracted 
along the build direction, are loaded along a direction that 
engages a greater proportion of interlayer regions, their 
overall Orowan strengthening contribution is greater. 
Therefore, the vertical specimens exhibit a higher UTS.

To understand the effect of interlayer temperature on 
plasticity, the two interlayer temperatures are first compared. 
At 200 °C, a strong crystallographic texture (maximum 
intensity of 10.93) exists, yet the plastic anisotropy is only 
10.04%, as shown in Figure 10. This demonstrates that 
texture alone induces only a relatively modest anisotropy. 
At 300 °C, the maximum texture intensity increases slightly 
to 13.70, but the plastic anisotropy increases dramatically 
to 33.94%. Such a disproportionate increase cannot be 
explained by the modest texture enhancement alone. The 
dominant role in this substantial enhancement is played 
by the heterogeneous structure that forms exclusively at  
300 °C, although the slightly stronger texture may also play 
a secondary role.

The effect of the heterogeneous structure is determined 
by the spatial arrangement of the soft and hard zones 
relative to the loading direction. In the vertical specimens, 
the soft and hard zones are arranged in series along the 
tensile direction, allowing the soft zones to accommodate a 
large plastic strain and thus exhibiting better deformation 
compatibility. In contrast, the soft zones in the horizontal 
specimens are strongly constrained by the hard zones, 
making it difficult to adequately accommodate plastic 
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Figure 13. Schematic diagrams of the loading conditions applied to the tensile specimens at an interlayer temperature of 300 °C: (A) Horizontal tensile 
specimen and (B) vertical tensile specimen 
Abbreviations: CM: Cementite; TM: Tempered martensite; UTM: Untempered martensite.

deformation. Moreover, as the horizontal tensile load 
direction is perpendicular to the direction of heterogeneous 
structure stacking, brittle fracture dominated by the soft/
hard interfaces is more likely to occur, further limiting the 
ductility of the horizontal specimens.57

In summary, the plastic anisotropy observed at 300 °C 
is mainly influenced by the heterogeneous structure, with 
texture playing a secondary contributing role.

4. Conclusion
(i)	 When the interlayer temperature is below Ms, the 

DED-Arc 300M steel predominantly exhibits uniform 
microstructure of TM with DC. When the interlayer 
temperature exceeds Ms, the microstructure evolves 
into a heterogeneous structure, characterized by soft/
hard zones resulting from the uneven distribution of 
soft phases (TM and NLB) and hard phases (UTM). 
Moreover, the volume fraction and size of CM in the 
interlayer region are significantly higher than those in 
the intralayer region.

(ii)	 When the interlayer temperature rises from below 
Ms to above Ms, the UTS increases, the EL decreases, 
and the YS shows little change. The fracture mode 
transforms from mixed ductile-brittle to brittle 
fracture. Correspondingly, the mechanical anisotropy 
characteristics undergo a marked transition: from 

isotropic strength and higher elongation in the 
vertical direction than in the horizontal direction, to 
vertical specimens exhibiting both higher UTS and EL 
but lower YS than horizontal specimens.

(iii)	When the interlayer temperature is below Ms, the 
anisotropy of DED-Arc 300M steel is governed by 
crystallographic orientation effects within the uniform 
microstructure. When the interlayer temperature 
exceeds Ms, microstructural heterogeneity becomes 
the dominant factor, characterized by alternating 
stacking of soft and hard zones, which leads to 
different deformation behaviors when stretched along 
different directions and variations in the Orowan 
strengthening mechanism.
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