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Process–Microstructure–Property Relationships in 
Binder-jetted AISI D2 Tool Steel: Effects of Sintering 

Temperature and Heat Treatment 
 

 

Abstract 
AISI D2 tool steel is a high-carbon, high-chromium cold-work tool steel widely used in wear-resistant 

applications due to its excellent hardness and compressive strength. However, its poor machinability and high 
carbide content limit the fabrication of complex geometries using conventional manufacturing techniques. Binder 
jetting (BJT), a sintering-based additive manufacturing technique that avoids localized melting, has therefore 
attracted increasing attention as a promising approach for fabricating sophisticated D2 components. Nevertheless, 
the limited sintering process window and intricate carbide dissolution behavior of AISI D2 impose significant 
challenges in achieving complete densification and stable mechanical properties. Furthermore, a systematic 
understanding of the combined effects of sintering temperature and subsequent heat treatment remains insufficient. 

In this study, the effects of sintering temperature and subsequent heat treatment on the microstructural evolution 
and mechanical properties of BJT-fabricated AISI D2 tool steel were systematically investigated. Sintering was 
conducted at temperatures ranging from 1,200 to 1,260 ℃, followed by austenitizing at 1,010 ℃, air cooling, and 
tempering at 200 ℃. An optimal sintering temperature of 1,250 ℃ was identified, resulting in near-complete 
densification (~99%). This densified microstructure enabled a significant improvement in mechanical 
performance after heat treatment, with a tensile strength of approximately 1,300 MPa and an elongation of 6.81%. 
EBSD analysis indicated that these enhancements were attributable to martensitic transformation and the 
homogenization of internal lattice strain. These results establish a narrow processing window for the near-full 
densification of binder-jetted AISI D2 and demonstrate that subsequent hardening and tempering can substantially 
improve its tensile performance, providing a process–microstructure–property basis for further development of 
binder-jetted tool-steel components. 
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Highlights 

 Near-full densification (~99%) of AISI D2 tool steel was achieved at 1,250 ℃ during binder jetting based 
sintering. 

 Sintering temperature governed carbide evolution, pore development, and mechanical performance. 

 Post-sintering heat treatment increased tensile strength from 860 MPa to 1,300 MPa and hardness from 692 
HV to 720 HV. 

 EBSD analysis indicated austenite-to-martensite transformation and homogenization of internal lattice strain 
after heat treatment. 
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1. Introduction 

AISI D2 tool steel, a high-carbon, high-chromium alloy, contains a carbon content of 1.4-1.6 wt% and a 
chromium content of 11-13 wt% [1-3]. It is renowned for its exceptional hardness, wear resistance, and 
compressive strength [1-4]. These characteristics have contributed to its extensive application in cold-working 
tools, including cutting dies, blanking dies, shear blades, and forming tools across diverse industrial sectors [1,3,4]. 
However, AISI D2 tool steel comprises a significant amount of Cr-rich hard carbides (M7C3), which can accelerate 
tool wear during cutting operations, leading to cracks and dimensional inaccuracies [5-7]. Tang et al. indicate that 
the friction and wear behavior of hardened AISI D2 tool steel are substantially affected by the materials' hardness 
levels, with rapid wear occurring under high-load conditions due to local stress concentrations [8]. The inherent 
difficulties in machinability constrain the fabrication of complex geometries, and the manufacturing process is 
often hindered by high costs and extended lead times associated with mold production and processing [1,7]. 

To address these low machinability and restricted design issues, near-net-shape processes such as powder 
metallurgy and metal injection molding have been employed; however, these approaches still have limitations, 
including high initial costs associated with mold fabrication and challenges in manufacturing internal channels 
and intricate geometries [9]. In recent years, driven by a substantial increase in industry demand for high-
performance and complex-shaped cold molds, conventional manufacturing technologies have struggled to 
concurrently attain the dual objectives of geometrical constraints and cost reduction. 

Additive manufacturing (AM) is increasingly recognized as a promising technology capable of addressing 
limitations in design flexibility. Laser-based AM, including powder bed fusion (PBF) and directed energy 
deposition (DED), manufactures 3-dimensional objects using computer-aided design. They utilize a laser as the 
energy source to fuse laminated metal powder layers or wire as the initial feedstock material. They provide high 
precision and facilitate the fabrication of complex geometries, thereby enabling the production of a diverse range 
of alloys. However, AISI D2 tool steel, a high-carbon alloy, exhibits a high cooling rate during welding, leading 
to poor weldability due to low temperature cracking caused by martensitic transformation [10,11]. Lim et al. 
reported that in laser-based AM of AISI D2 tool steel, high-temperature cracks are primarily caused and 
propagated along M7C3 carbide and eutectic austenite interfaces, along with tensile residual stress during repeated 
reheating [12]. Yadav et al. analyzed the heat treatment and microstructural changes following the laser-DED 
manufacturing of AISI D2 tool steel, noting that the high carbon and high chromium content of AISI D2 steel 
constitute a significant constraint on process stability [13]. Moreover, segregation of carbon and chromium, as 
well as carbide reprecipitation, are observed during the melting process [13,14]. Consequently, laser-based AM, 
such as PBF and DED, possess significant potential for the fabrication of AISI D2 tool steel. Nevertheless, this 
potential is contingent upon resolving the limitations associated with the heat cycle through ongoing process 
optimization and heat treatment advancements and the cost reduction still remains a challenge. 

Binder jetting (BJT), a sintering-based AM, is a promising alternative for avoiding residual stresses having a 
lower probability of inducing localized melting unlike laser-based techniques [15-17]. It is particularly 
advantageous for the industrial sector, as it reduces thermal cracking issues associated with high-strength, high-
carbon materials such as cold-work tool steel. BJT selectively applies binders to a repeatedly laminated powder 
layer to form a specific 3-dimensional shape. After that, the 3-dimensional shape gains strength through a curing 
process known as crosslinking, which enables the binder to establish physical bonds with thermal energy. The 
crosslinked components were subsequently debound and sintered to obtain dense final parts. In addition, the BJT 
offers strong potential for high-throughput mass production with cost reduction, as it enables layer-wise 
fabrication without localized melting, allowing faster build rates, efficient powder reuse, and scalable batch 
processing [18]. Although the BJT effectively mitigates issues such as hot cracking and is well-suited for 
industrial-scale production, only a limited number of studies have investigated its application to tool steels, 
including AISI D2. Nandwana et al. revealed that in H13 tool steel manufactured through BJT, there is a narrow 
process window of about 40 ℃ during supersolidus liquid phase sintering (SLPS), and that carbide precipitation, 
grain growth, and residual stress changes caused by the sintering temperature are the dominant factors affecting 
hardness and mechanical properties [19]. Choudhari et al. examined various printing and sintering parameters to 
assess their influence on the quality of AISI M2 tool steel, demonstrating that its mechanical properties can be 
tailored for specific applications [20]. A preliminary study presented by Rodríguez et al. examined the influence 
of sintering parameters on densification, shrinkage rate, and microstructural development in AISI D2 fabricated 
via BJT [21]. Though Rodríguez et al. demonstrated the feasibility of densification, the relative density behavior 
as a function of sintering temperature continued to exhibit abrupt transitions (from 90% to 99%), suggesting a 
highly sensitive densification behavior within the investigated temperature range. Furthermore, the sintering 
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temperature, within the SLPS regime, not only influences densification but also dictates the fundamental 
microstructure state, such as carbide morphology and the chemical composition of the matrix [20]. Since the initial 
microstructure state directly governs the phase transformation kinetics and hardenability during subsequent heat 
treatments, any inconsistency in the sintering process can lead to unpredictable mechanical performance [22]. 
Recent studies have demonstrated the densification of binder-jetted D2 tool steel and highlighted the high 
temperature sensitivity of its SLPS response. However, the coupled effects of a narrowly controlled sintering-
temperature window and subsequent hardening and tempering on tensile behavior, phase evolution, and local 
misorientation remain insufficiently quantified. In particular, a processing condition that simultaneously achieves 
near-full density while avoiding grain coarsening and grain-boundary carbide-network formation has not been 
clearly established for binder-jetted D2. 

Accordingly, this study (i) maps densification and anisotropic shrinkage over a narrow sintering range of 1,200–
1,260 ℃, (ii) correlates sintering temperature with microstructure, hardness, and tensile strength, and (iii) 
evaluates the effect of subsequent austenitizing and tempering on tensile behavior and EBSD-derived phase and 
local-misorientation characteristics. 
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2. Materials and methods 

2.1 Material and specimen fabrication 

In this study, gas atomized AISI D2 tool steel powder supplied by INDO-MIM was employed. Fig. 1 and Fig. 
2 show the morphology and particle size distribution of the AISI D2 tool steel powder used. The powder exhibits 
a spherical shape with a characteristic particle size of D10 = 2.87 μm, D50 = 10.6 μm, and D90 = 21.6 μm. The 
chemical composition of the AISI D2 tool steel powder, determined by inductively coupled plasma (ICP) analysis, 
is summarized in Table 1. 

In this experiment, printing was performed using the Shop system (Desktop Metal, USA) with a water-based 
binder to create three-dimensional shapes. The powder layer was applied to a thickness of 50 μm, and the binder 
saturation was set to 55%. 

Crosslinking was carried out using a Desktop Metal Drying Oven. The specified crosslinking conditions were 
maintained at 100 ℃ for a duration of 6 hours with a heating rate of 5 ℃/min, and at 180 ℃ for 10 hours with 
heating rate of 5 ℃/min. Following the process, the oven was permitted to cool to ambient temperature. The 
crosslinked specimens, hereafter referred to as green parts, were then depowdered utilizing a Desktop Metal 
Depowdering Station, where loose powder was removed from the surface using a brush. 

Debinding was conducted in a tube furnace (SH-FU-100TS, Samheung, Korea) under an argon atmosphere 
(99.999% purity), with the furnace pressure maintained at 17 Torr. The specified conditions for the debinding 
process involved heating to 500 ℃ for a duration of 1 hour with a heating rate of 4 ℃/min, followed by an 
elevation to 600 ℃ for 2 hours with a heating rate of 2 ℃/min. 

 

 

Fig. 1 Scanning electron microscope (SEM) of the AISI D2 tool steel powders 
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Fig. 2 Particle size distribution analysis of AISI D2 tool steel powder 
 

 

 

Table 1. Chemical composition (wt%) of AISI D2 tool steel 
 C Cr Mo Mn Si V Cu Ni Fe 

AISI D2 tool steel 1.59 12.16 0.93 0.37 0.43 0.51 0.46 0.04 Bal. 
 

 

2.2 Sintering process 

The sintering process was performed continuously subsequent to the debinding step within the same tube 
furnace. The target sintering temperatures were determined based on the Fe-Cr-C phase diagram (shown in Fig. 3 
a) and the existing literature concerning the SLPS regime of D2 tool steel [23-25]. The selected temperatures were 
1,200 ℃, 1,220 ℃, 1,240 ℃, 1,250 ℃, and 1,260 ℃. This narrow temperature range (10–20 ℃) encompasses 
the critical transition from solid-state sintering, characterized by M7C3 dissolution, to the SLPS regime, and further 
into the higher liquid phase formation regime. Table 2 and Fig. 4 illustrate the selected temperatures and the 
sintering temperature profile. Prior to reaching the final sintering temperature, the specimens were held at 1,100 ℃ 
for 1 hour with a heating rate of 5 ℃/min to ensure structural stabilization. The final sintering phase involved 
heating from 1,100 ℃ to the designated target temperatures (illustrated in Table 2) at a rate of 2 ℃/min and held 
for 2 hours, followed by furnace cooling. Furnace temperature was monitored and controlled using process 
temperature control rings. 
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Fig. 3 Thermodynamic graphs related to AISI D2 tool steel: (a)equilibrium phase diagram and (b)phase transition 
behavior with temperature 

 

 

Fig. 4 Sintering temperature profile: the maximum sintering temperature was varied from 1,200 ℃ to 1,260 ℃ 

 

Table 2. The sintering temperature conditions and corresponding sintering regime for AISI D2 tool steel 
Sintering temperature 

(℃) Experimental rationale 

1,200 The condition of solid-state diffusion dominant 
1,220 The condition of the onset of partial M7C3 dissolution 

1,240 The condition of the active dissolution of M7C3 

1,250 The condition of the SLPS commencing 

1,260 The condition of the liquid-phase fraction within the SLPS regime 

 

  



7 

 

2.3 Heat treatment process 

Heat treatment was performed with reference to the standard AISI D2 tool steel heat-treatment procedure [3]. 
The sintered samples were austenitized at 1,010 ℃ for 30 minutes with a heating rate of 5 ℃/min, followed by 
air cooling at room temperature. Subsequent tempering was carried out at 200 ℃ for 2 hours with a heating rate 
of 10 ℃/min. Fig. 5 shows the heat treatment temperature profile for AISI D2 tool steel fabricated by BJT. 

 

Fig. 5 The heat treatment temperature profile: 1,010 ℃ austenitizing – air cooling – 200 ℃ tempering 

 

2.4 Microstructural and mechanical characterization 

As shown in Fig. 6, cube specimens measuring 10 × 10 × 10 mm were designed for density measurement and 
surface observation. For mechanical properties such as tensile test and hardness test, rectangular bar specimens 
(60 × 12 × 15 mm) were designed to ensure dimensional stability and to avoid deformation during sintering. The 
final tensile specimens were then machined from the sintered bars using wire-cut electrical discharge machining 
(EDM). The tensile specimens had an effective gauge length of 8 mm and a cross-sectional area of 2 mm x 4 mm, 
resulting in a non-standard geometry. 

Various characterizations were performed on the sintered and heat-treated samples to analyze their physical 
properties and microstructure. The density of the sintered samples was measured using the Archimedes method 
according to ASTM B962, with each sample measured three times and the average value calculated. The relative 
density was then calculated using equation (1): 𝑅𝑒𝑙ܽݒ݅ݐ𝑒 ݀𝑒݊ݕݐ݅ݏ (%) =  ݉𝑒ܽݎݑݏ𝑒݀ ݀𝑒݊ݐݕݐ݅ݏℎ𝑒ݎ݋𝑒ܽܿ݅ݐ𝑙 ݀𝑒݊ݕݐ݅ݏ × 100 (1) 

where the theoretical density of AISI D2 tool steel is 7.7 g/cm3. 

The shrinkage was calculated by comparing the pre-sintered green part dimensions measured with a digital 
vernier caliper with the as-sintered dimensions using equation (2): ܵℎ݃ܽ݇݊݅ݎ𝑒 ݐܽݎ𝑒 (%) = ݊݋݅ݏ𝑒݊݉݅݀ ݐݎܽ݌ 𝑒𝑒݊ݎ݃  − ݊݋݅ݏ𝑒݊݉݅݀ ݐݎܽ݌ 𝑒𝑒݊ݎ݃݊݋݅ݏ𝑒݊݉݅݀ ݐݎܽ݌ 𝑒݀ݎ𝑒ݐ݊݅ݏ × 100 (2) 

For microstructural analysis, the specimens were surface-prepared by grinding (180-1,200 grit SiC paper) and 
polishing (1 μm diamond suspension and 0.04 μm colloidal silica). The metallographic structure was observed 
through an optical microscope (Hirox RX-100, Japan). SEM analysis was performed to match the surface quality 
to the electron backscatter diffraction (EBSD) results presented in Chapter 3. Etching was performed for 25 
seconds using a 5% Nital solution (95 mL of C2H5OH + 5 mL of HNO3). 
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Mechanical property evaluation consisted of tensile and hardness tests. Tensile tests were performed using a 
Galdabini Quasar 50 instrument, with a crosshead displacement rate of 1 mm/min, taking into account the non-
standard sample characteristics due to the short 8 mm gauge length. This corresponds to the range of typical tensile 
tests (2.1x10-3 s-1). 

Hardness measurements were performed on surface-prepared cubic specimens using a micro-Vickers hardness 
tester (402MVD, Wolpert Willson Instrument, USA) under conditions of a 9.8 N load and a 10-second dwell time. 
Five measurements were repeated, and the average value was calculated. 

 

Fig. 6 Specimen geometry and appearance fabricated by BJT of AISI D2 tool steel at various processing stages: 
(a) CAD-designed models of cubic and bar specimens, (b) green parts after printing and depowdering, (c) sintered 
specimens following furnace cooling, and the final tensile test specimen machined by wire-cut EDM 

 

 

3. Results and discussion 

3.1 Sintering behavior 

The sintering temperature is the most critical parameter that directly influences the densification and shrinkage 
behavior during the sintering process. In this study, a comprehensive analysis was conducted on the relative 
density, directional shrinkage, and porosity, with the sintering temperature varied from 1,200 ℃ to 1,260 ℃. The 
macroscopic effect of the temperature variation is clearly visible in the sintered specimens shown in Fig. 7. As the 
sintering temperature increases from 1,200 ℃ to 1,260 ℃, the specimens exhibit a visually clear increase in 
densification and overall volume shrinkage. Fig. 8 (a) and (b) illustrate the relative density and shrinkage across 
different sintering temperatures, respectively. As the temperature increased from 1,200 ℃ to 1,240 ℃, the relative 
density showed a gradual increase from 81.35% to 93.92%. At 1,250 ℃, a high relative density of 99.13% was 
attained. At 1,260 ℃, the relative density further increased; however, the relative-density difference between 1,250 
and 1,260 ℃ was smaller than the measurement scatter. This suggests that a sufficiently high relative density had 
been achieved, and densification was complete at 1,250℃. This trend aligns with the densification temperature 
range documented in studies of AISI D2 tool steel and reduced tool steel [21]. Furthermore, shrinkage was more 
pronounced along the z axis than along the x or y axes. This anisotropy results from the lower powder packing 
density caused by the layered structure formed along the z axis and the uneven distribution of the powder binder 
[15,26,27]. The increase in shrinkage was most evident between 1,200 ℃ and 1,240 ℃, which correlates with the 
temperature range in which a substantial change in relative density was observed. As the sintering temperature 
increased, the shrinkage in all directions showed a tendency to rise. Similar to the changes in relative density, the 
shrinkage along the x and y axes increased from 1,250 ℃ to approximately 15%, while along the z axis it increased 
to approximately 21%, yet no significant difference was observed between 1,250 ℃ and 1,260 ℃. This tendency 
in shrinkage followed by convergence has also been documented in SLPS studies [21,28]. 
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Fig. 7 Images of AISI D2 tool steel cubic specimens after sintering at various temperatures (1,200–1,260 ℃) 
 

 

Fig. 8 Effects of sintering temperature on densification and shrinkage behavior of AISI D2 tool steel: (a) relative 
density as a function of sintering temperature, (b) directional shrinkage along the x, y, and z axes at different 
sintering temperatures 

 

The evolution of densification and shrinkage is characterized by the surface morphologies observed at varying 
temperatures. Fig. 9 illustrates the changes in surface structure at various sintering temperatures, magnified at 
200x and 700x. At 1,200℃, large pores were observed to be continuously connected, indicating the initiation of 
neck growth. At 1,220℃, pore connectivity diminished, and pore spheroidization commenced. At 1,240℃, the 
number and size of pores decreased, resulting in a more uniform structure, in accordance with the temperature 
range in which the relative density increased sharply. At 1,250℃, pores nearly vanished, yielding a uniform, dense 
structure that signifies high structural integrity. This densification behavior aligns with prior research reporting 
the gradual dissolution and diffusion of M7C3 carbides [24,29,30]. At 1,260℃, although the total pore volume was 
minimal, the grain size apparently increased, and over-sintering phenomena were again observed along the grain 
boundaries with newly emerging pores. This observation suggests that residual pores may have formed during the 
solidification of the localized liquid phase [28,29,31].  
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Fig. 9 Optical micrographs of the surfaces of the sintered specimens: taken at 200x magnification (a-e) and 700x 
magnification (f-j) 
 

Mechanical properties are insufficiently explained by densification behavior alone but are not solely governed 
by relative density. Instead, a distinct peak is observed at a specific temperature (1,250 ℃), as shown in Fig. 10. 
This implies that the final strength and hardness are governed by complex metallurgical mechanisms, as supported 
by the microstructural changes illustrated in Fig. 11. The fluctuation in mechanical properties with respect to 
sintering temperature can be interpreted as the combined effect of carbide dissolution behavior (M7C3), 
modifications in austenite stability, and variations in the fraction of martensite formed during final cooling, 
extending beyond mere densification. At 1,200 ℃, sintering predominantly occurs through solid-state diffusion, 
with the Cr-rich primary carbide M7C3 remaining predominantly intact. Given that carbide dissolution at this 
temperature is minimal, the level of carbon saturation remains low, thereby restricting the amount of martensite 
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formed during cooling. Moreover, high pore connectivity combined with inadequate load-transfer pathways 
results in comparatively low hardness and tensile strength, recorded at 304.5 HV and 555.8 MPa, respectively. At 
1,220 ℃, thermodynamic calculations suggest the onset of partial carbide dissolution and liquid-phase formation. 
Throughout this process, the enrichment of carbon and chromium within the matrix increases, and subsequent 
cooling induces the formation of martensite, which leads to enhanced hardness and tensile strength values of 
349.83 HV and 645.48 MPa, respectively. Additionally, partial carbide dissolution facilitates increased grain 
boundary mobility, thereby promoting pore spheroidization and neck growth, as evidenced by the homogenized 
pore morphology depicted in Fig. 11 (b). At 1,240 ℃, progressive dissolution of M7C3 carbides increases the 
carbon and alloying-element content of the austenitic matrix. Although this enrichment may enhance austenite 
stability, it is considered insufficient at this stage to strongly suppress martensitic transformation during 
subsequent cooling. Consequently, the combined effects of increased matrix solute content, martensitic 
transformation, and reduced porosity contribute to the increase in hardness and tensile strength to 445.78 HV and 
741.73 MPa, respectively. 

 The ascending segments observed in Fig. 10 correspond to this metallurgical transition. Moreover, the diffusion 
pathways are established through the localized melting of M7C3 carbide, facilitating rapid densification and a 
significant reduction in porosity. Among the investigated conditions, 1,250 ℃ exhibited the best mechanical 
properties in this study. At this temperature, austenite is effectively stabilized under high-carbon, high-chromium 
conditions. The martensite formed during cooling exhibits a relatively uniform composition, resulting in high 
hardness and strength of 692.5 HV and 860.63 MPa, respectively. Simultaneously, a small amount of liquid phase 
formed during SLPS significantly reduces residual porosity within the structure. A relatively homogeneous and 
densified microstructure was observed, as shown in Fig. 11(d). At 1,260 ℃, the increased liquid-phase fraction 
promotes grain-boundary wetting and microstructural coarsening during SLPS. Concurrent grain growth may 
redistribute residual pores toward grain boundaries, resulting in the formation or enlargement of intergranular 
pores [31,32]. These pores can disrupt effective load-transfer paths, thereby contributing to the reduction in 
mechanical strength. Additionally, the excessive dissolution of M₇C₃ carbides and their subsequent reprecipitation 
as a carbide network along grain boundaries may deteriorate grain boundary strengthening, resulting in a hardness 
of 515.94 HV and a tensile strength of 697.71 MPa, both lower than those observed at 1,250 ℃. These phenomena 
are consistent with the coarsened grain structure depicted in Fig. 11(e).  

Based on these findings, this study establishes that the sintering densification of AISI D2 tool steel produced 
via BJT is most effective within a temperature range of 1,240 ℃ to 1,250 ℃. Notably, 1,250 ℃ provides optimal 
sintering conditions, as demonstrated by measurements of relative density, shrinkage, and microstructural 
uniformity. Conversely, at 1,260 ℃, excessive SLPS induces grain coarsening and carbide network formation; 
therefore, precise temperature regulation is essential [28,29,31,33]. 
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Fig. 10 Effects of sintering temperatures on mechanical behavior of AISI D2 tool steel: (a) tensile strength, (b) 
microhardness at different sintering temperatures 

 

 

Fig. 11 Microstructures observed at 700x magnification according to sintering temperatures: (a) 1,200 ℃, (b) 
1,220 ℃, (c) 1,240 ℃, (d) 1,250 ℃, (e) 1,260 ℃ 

 

3.2 Heat treatment behavior 

Fig. 12 compares the stress-strain curves of specimen sintered at 1,250 ℃ before and after heat treatment. Table 
3 summarizes the mechanical properties of the as-sintered and heat-treated specimens. The as-sintered specimen 
exhibited a tensile strength of 860.63 MPa, an elongation of 1.28%, and a hardness of 692.5 HV. It showed little 
plastic deformation after yielding and rapidly fractured, indicative of brittle behavior. In contrast, the heat-treated 
specimen exhibited significantly improved tensile strength of 1,300.23 MPa, an elongation of 6.81%, and a 
hardness of 720.85 HV, demonstrating typical plastic deformation behavior with sustained work hardening after 
yielding. The measured hardness was comparable to literature values reported for heat-treated wrought D2, 
whereas the tensile strength remained lower. Nevertheless, the tensile strength and hardness achieved in this study 
fall within the range required for industrial cold-work applications, where high hardness and wear resistance are 
the primary performance criteria. 

This variability in mechanical properties can be ascribed to differences in phase composition and 
microstructural stability. Initially, during the SLPS at 1,250 ℃, a substantial portion of the M7C3 carbides dissolves 
into the austenite matrix, resulting in increased levels of carbon and chromium within the matrix. However, due 
to the absence of rapid cooling during sintering, the transformation of the austenite matrix into martensite is 
delayed, rendering it stable at ambient temperature [30,34-36]. Although this austenitic structure exhibits a 
relatively low dislocation density and high ductility, the segregation of alloying elements at grain boundaries may 
weaken grain boundary strength and facilitate localized brittle behavior. Furthermore, although the sintering 
process effectively reduces the majority of pores, residual micropores that have not achieved full densification 
can act as initiation sites for cracks, aligning with the observed rapid failure after yielding [37]. Hence, the limited 
elongation noted in the as-sintered specimens suggests that intergranular embrittlement or stress concentrations 
around micropores impede strain accumulation. 
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In contrast, the heat-treated specimens experienced homogenization of the base composition during the 
austenitizing process, followed by the transformation of the high-carbon, high-chromium austenite matrix into 
martensite during air cooling, thereby contributing to enhanced strength [38-40]. Additionally, fine ε-carbide 
precipitates are presumed to form during the 200℃ tempering process, stabilizing the internal deformation field 
of the martensite developed during cooling [41,42]. This stabilization probably contributed to the initiation of 
work-hardening behavior and the increased elongation. The modest increase in hardness to 720.85 HV after heat 
treatment can also be regarded as an indirect indicator of the expected martensitic transformation. Overall, the 
augmented strength and elongation observed in the heat-treated specimens are likely attributable to the combined 
effects of the phase transformation (austenite to martensite), internal strain stabilization (via tempering), and 
microstructural homogenization.  

 

 

Fig. 12 Tensile stress-strain curve of AISI D2 tool steel fabricated by BJT: as-sintered specimen (sintered at 
1,250 ℃) versus heat-treated specimen (1,010 ℃ austenitizing – air cooling – 200 ℃ tempering) 
 

 
Table 3. Mechanical properties of AISI D2 tool steel fabricated by BJT and conventional wrought processing 
before and after heat treatment [2,28] 

Specimen Tensile strength Elongation Microhardness 

 MPa % HV 

As-sintered (BJT) 860.63 1.28 692.5 

Heat-treated (BJT) 1,300.23 6.81 720.85 

Wrought D2 [28] 768.82 20.97 238.51 

Heat-treated (Wrought D2) [2] 1,608 5.66 710 

 

Fig. 13 depicts the microstructural differences between the as-sintered and heat-treated specimens, as confirmed 
through EBSD analyses. The phase map of the as-sintered sample indicates that 41.8% of the matrix consists of 



14 

 

the FCC phase, primarily corresponding to retained austenite (RA). The austenite matrix forms grains with 
relatively uniform shapes; however, the carbide clusters are heterogeneously distributed. The overall austenitic 
matrix exhibits a random grain orientation in the inverse pole figure (IPF) map, suggesting that diffusion-driven 
crystallization dominated during the sintering process. The kernel average misorientation (KAM) map illustrates 
a heterogeneous intragranular distribution of misorientations, indicative of residual lattice strain within the matrix 
after sintering. This heterogeneity reflects localized strain fields at carbide-matrix interfaces and microscale strains 
originating from concentration gradients of alloying elements. 

Conversely, the heat-treated specimen exhibits a distinct microstructural transformation. The phase map 
demonstrates that 95.6% of the matrix adopts a BCC structure, consistent with a near-complete austenite to 
martensite transformation following austenitizing; however, since EBSD phase mapping alone does not 
distinguish ferrite from martensite, this interpretation is further supported by the IPF map, which displays a 
characteristic mosaic orientation pattern typical of martensitic lath or block structures, together with the 
concurrent increase in hardness. Taken together, these observations suggest that the equiaxed morphology of the 
original austenitic matrix was disrupted and reorganized into a martensite-like structure. Additionally, analysis of 
the grain boundary map reveals an increase in low-angle grain boundaries (LAGB) from 16.9% to 45.6%, while 
high-angle grain boundaries (HAGB) decreased from 78.4% to 50.5%. This substantial shift implies that the initial 
austenitic grain boundaries were largely eliminated, and new boundaries associated with martensite packets and 
blocks were formed during heat treatment. The KAM map of the heat-treated specimen exhibits a more 
homogeneous distribution of KAM values, suggesting that internal stresses were homogenized following phase 
transformation and subsequent tempering. 

The redistribution of carbides represents a noteworthy microstructural modification induced by the heat 
treatment. The Cr-rich regions, which predominantly existed as coarse carbide clusters in the as-sintered state, 
were effectively fragmented and redistributed. Following heat treatment, these carbides were discontinuously 
reprecipitated along the grain boundaries and within the grains as fine, globular particles, rather than continuous 
films. This redistribution is attributed to metallurgical process involving the partial dissolution of carbides during 
the austenitizing stage, followed by their reprecipitation into more stable sizes and morphologies during the 
subsequent quenching and 200 ℃ tempering [41,42]. The 200 ℃ tempering stage is essential, as it facilitates the 
partial relaxation of internal residual stresses resulting from martensite formation, thereby reducing lattice strain. 
The effect of this stress relaxation was evident in the KAM maps, where the intragranular KAM value distribution 
became markedly more uniform compared to the as-sintered condition. This uniformity indicates that the internal 
deformation field was homogenized rather than remaining localized in specific regions. Concurrently, fine carbon 
precipitation, likely in the form of ε-carbides, is hypothesized. Since ε-carbides are typically nanoscale and fall 
below the resolution limit of EBSD analysis, this interpretation relies on observed changes in bulk mechanical 
properties and the aforementioned uniform KAM distribution. 
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Fig. 13 EBSD analysis of as-sintered(upper) and heat-treated(lower): IQ map, Grain boundary map, IPF map, 
Phase map, KAM map 
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4. Conclusion 

This investigation systematically examined the effects of sintering temperature (1,200-1,260 ℃) and 
subsequent heat treatment, including austenitizing at 1,010 ℃, air-cooling, and tempering at 200 ℃, on the 
microstructure and mechanical properties of AISI D2 tool steel produced via BJT. The sintering temperature plays 
a crucial role in governing the dissolution behavior of M7C3 carbides, austenite stability, and pore architecture, all 
of which directly affect the final mechanical properties. Sintering temperatures ranging from 1,200 ℃ to 1,240 ℃ 
resulted in incomplete carbide dissolution, leading to microstructural heterogeneity, reduced hardness, and limited 
tensile strength. Among the investigated conditions, 1,250 ℃ was identified as the optimal sintering temperature, 
facilitating substantial dissolution and redistribution of M7C3, stabilization of the high-carbon, high-chromium 
austenitic matrix, rapid achievement of near full densification, and substantial reduction in residual porosity. 
Accordingly, the specimen sintered at this temperature demonstrated superior mechanical properties, including a 
hardness of 692.5 HV and a tensile strength of 860.63 MPa. In contrast, sintering at 1,260 ℃ was identified as an 
over-sintering condition, as excessive liquid phase formation promoted grain coarsening and the evolution of 
resolidified carbide films and micropores along grain boundaries, thereby degrading strength and hardness relative 
to the 1,250 ℃ condition.  

Subsequent heat treatment significantly enhanced mechanical performance, with tensile strength increasing to 
1,300.23 MPa and elongation improving to 6.81%. EBSD analysis, together with the observed increase in hardness, 
indicated that austenitizing at 1,010 ℃ followed by air cooling results in a near-complete transformation from 
austenite to martensite, with the BCC fraction reaching 95.6%. Grain boundary mapping revealed the formation 
of a characteristic martensitic microstructure, with LAGB fraction increasing from 16.9% to 45.6%, and HAGB 
fraction decreasing from 78.4% to 50.5%. Furthermore, tempering at 200 ℃ homogenized the intragranular KAM 
distribution, indicating a reduced internal lattice strain and stabilization of tempered martensite. This study 
quantitatively elucidated the process-structure-property relationship of regulating AISI D2 tool steel fabricated 
via BJT.  

In conclusion, the most effective processing route involves sintering at 1,250 ℃ followed by conventional heat 
treatment, achieving optimal balance between strength and ductility. These findings underscore the importance of 
precise temperature control for managing SLPS reactions and ensuring reliable mechanical performance of AISI 
D2 tool steels. 
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