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A B S T R A C T

This study examines the microstructural evolution and mechanical properties of P21 tool steel fabricated via 
laser powder bed fusion (LPBF). A fine martensitic matrix with minimal retained austenite forms near the top due 
to rapid solidification, transitioning to columnar prior austenite grains with aligned martensitic laths mid-build. 
Toward the bottom, microstructures coarsen, showing lath thickening and signs of tempering from thermal 
accumulation and cyclic reheating. These variations significantly impact mechanical behavior. P21 specimens 
exhibited average ultimate tensile strengths of 902 ± 20  MPa and 843 ± 5 MPa, with elongations of 23.50 ±
1.00 % and 24.70 ± 1.30 %, in the horizontal and vertical orientations, respectively. The results highlight critical 
structure-property relationships in LPBF-processed P21 steel and offer insights for optimizing performance in 
tooling applications.

1. Introduction

P21 steel is a hot work tool steel as specified in ASTM A681-24 
standard, known for its excellent toughness, wear resistance, and 
strength [1]. P21 steel is used to produce plastic injection molds, 
particularly in applications demanding high precision and extended 
manufacturing cycles [2]. Its excellent machinability makes it ideal for 
complex mold designs. However, molds face wear, corrosion, and fa-
tigue during injection molding, and replacing damaged ones increases 
production costs. Integrating additive manufacturing (AM) to produce 
P21 molds offers significant advantages over conventional methods. AM 
processes, such as laser powder bed fusion (LPBF), offer enhanced 
design flexibility and a smaller molten pool, enabling the fabrication of 
complex geometries [3,4]. Additionally, AM promotes efficient material 
usage by building components layer-by-layer, thereby minimizing 
waste, a crucial factor when working with high-cost tool steels like P21 
[5]. Furthermore, AM can repair and refurbish worn or damaged mold 
components, extend tool life, and lower overall maintenance costs [6]. 
Recently, extensive research efforts have been devoted to developing 
AM-processed components that exhibit strength and ductility compa-
rable to those produced by conventional manufacturing methods [7,8].

Fig. 1.Fig. 2..
Kim et al. [9] fabricated a multi-layered material (MLM) comprising 

austenitic stainless steel 316L and ferritic steel P21 using the direct 
energy deposition (DED) process. The P21 specimens from the MLM 
exhibited a tensile strength of 1050 MPa and ductility of 19.1 %. The 
higher strength and lower ductility are attributed to the dominant α’ 
martensitic microstructure with minimum retained austenite, resulting 
from rapid cooling under a steep thermal gradient.

The AM processed P21 specimens’ microstructure consists of 
austenite, ferrite, and martensite phases along the building direction 
(BD). As the build height increases, hardness decreases, primarily due to 
tempering effects and grain coarsening resulting from changes in ther-
mal history and solidification rates [10]. Yu et al. [11] repaired the 
damaged gray cast iron-FC300 part using the additive metal-layer 
deposition (AMD) technology and examined the mechanical proper-
ties. The specimens repaired by the AMD process had a strength about 9 
% lower than FC300. Yun et al. [12] examined the hardness and tensile 
properties of repaired P21 steel produced via laser-based DED process on 
SKD61 base material (BM). Bainite and martensite were noticed in the 
repaired region, and the lath martensite increased the hardness due to a 
higher carbon fraction. To date, the fabrication of P21 steel using AM 
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specimens, horizontal (P21-H) and vertical (P21-V) directions, reveal 
clear anisotropy (refer to Fig. 4). Overall, P21-H specimens exhibited 
higher tensile strength and similar elongation compared to P21-V ones. 
The average ultimate tensile strength (UTS) and ductility (EL) of P21 
specimens in horizontal and vertical directions were 902 ± 20 MPa & 
23.50 ± 1 % and 843 ± 5 MPa & 24.70 ± 1.30 %, respectively. Hori-
zontal and vertical specimens showed similar plastic deformation before 
failure, while P21-V exhibited slightly lower UTS and higher ductility. 
Earlier necking and fracture in P21-V suggest microstructural differ-
ences along the loading direction relative to the BD, linked to LPBF’s 
layer-by-layer architecture and interlayer defects. Rapid solidification in 
LPBF forms columnar grains aligned with the BD; P21-H specimens, 
loaded transverse to these grains, show higher strength, whereas P21-V 
specimens, loaded parallel, allow easier dislocation motion and grain 
boundary sliding, enhancing ductility but reducing strength.

4. Conclusion

This study investigated the microstructure and mechanical proper-
ties of P21 tool steel fabricated by LPBF process. The LPBF-fabricated 
P21 steel exhibits a distinct microstructural gradient along the BD. 
Fine martensitic structures with minimal retained austenite form at the 
top, while coarsened laths and tempered martensite dominate the bot-
tom region. In addition, EDS line scan confirmed the traces of carbides in 
the P21 wall. The bottom region shows higher and more consistent 
hardness (275 ± 6 HV) due to tempered martensitic features, while the 
middle (262 ± 10 HV) and top (275 ± 14 HV) layers exhibit slightly 
lower or more variable hardness from differing thermal histories. Ten-
sile tests reveal anisotropic behavior, with higher UTS in the horizontal 
(902 ± 20 MPa & 23.50 ± 1 %) direction but slightly higher ductility in 
the vertical (843 ± 5 MPa & 24.70 ± 1.30 %) direction. Future work 
should optimize heat treatment and process parameters to reduce 
anisotropy, improve surface hardness, and enhance stability and wear 
resistance for mold applications.
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