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Abstract This article aims to review the recent advances in the laser powder bed fusion process (L-
PBF) of H13 tool steel for the dies used in the high pressure die casting (HPDC) applications. The
effect of processing variables is briefly reviewed for the evolution of microstructure (phase
transformations, as-built microstructure and carbides precipitation), mechanical properties, and
defects. The second part of the review is focused on conformal cooling applications to HPDC dies,
which is critical for die life and productivity. Achieving better microstructure without defects,
understanding the role of processing variables in L-PBF and their interdependencies remains the key
challenge for the as-built part, while the benefits of preheating and post-heat treatments are evident.
Significant benefits are realized in the applications of die inserts favoring lower die surface
temperature, reduced cycle time and lubrication, and thermo-mechanical stresses. In addition, L-PBF
also plays a key role in die remanufacturing where significant benefits are achieved in terms of
materials savings and improved performance compared to traditional repair technologies. Overall, L-
PBF offers a transformative pathway for high-performance HPDC dies; however, most investigations
are trial-based. Long-term studies are needed for performance assessment and establishing failure
mechanisms in production environments.

Introduction

High-Pressure Die Casting (HPDC) is used to fabricate complex, high-volume, and high-precision
metallic components for the automotive, acrospace, and electronics sectors. HPDC makes up roughly
60-70% of the cast alloy market, primarily for automotive applications. A significant growth for the
automotive market and lightweight requirements is predicted due to the electrification of vehicles,
where large capacity HPDC machines (mega/giga castings) are used in the production of integrated
structural castings for front and rear end parts [1,2]. The quality of the produced components is linked
to the performance of the dies used in die-casting, which are subjected to extremely severe service
conditions, including high forming loads, repeated thermal cycling, intense mechanical stresses,
erosion, and wear. Hot working tool steel, H13 (Cr-hot working tool steels) is characterized by
excellent resistance to high temperature impact, loading and softening due to thermal fatigue,
presence of medium C content and higher Cr with other carbide forming elements. The formation of
fine and stable V- and Cr- containing carbides is key to the high temperature strength and
hardenability [3]. Dies used in the HPDC process are generally designed for longer operating cycles
(~100,000 to 300,000) to reduce repair and maintenance costs. However, most dies fail during service
conditions due to heat checking, wear, plastic deformation, die soldering, and corrosion [4]. Cyclic
heating and cooling during the casting process induce significant thermal gradient fluctuations,
resulting in compression stresses at the surfaces of the mold and tensile stresses during cooling. A
steady decrease in the surface hardness is noted after ~6500 cycles, and this softening causes cracks
to appear on the surface of the dies, known as heat checks [5]. In addition to thermal loading, cyclic
mechanical and tribological loadings lead to wear damage that affects the tool life and dimensions of
the part [5]. Conventional dies for HPDC are typically manufactured by machining hot work tool
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steels, which restricts the complex geometry of internal cooling channels and limits thermal
management capabilities, ultimately shortening the die life. The severity of the die damage determines
whether the die can be repaired by welding for further use or must be recycled [6]. Several
approaches, such as surface treatments and improved thermal management during the HPDC process,
are adopted to extend die life; however, achieving effective thermal control to improve die life
remains a critical challenge. Thermal fatigue accounts for nearly 70% of the casting die failures and
30% of production costs [7].
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Fig. 1 (a) Overview of the review paper highlighting the important process variable and applications
[8,9] (b) publications per year and (c) indexed keywords from the Scopus database for H13 tool
steels.

Additive manufacturing (AM), especially laser and electron beam powder bed fusion (L-PBF and
E-PBF) processes, also referred to as Selective Laser Melting (SLM) or Laser Beam Melting (LBM),
Direct Metal Laser Sintering (DMLS), and Electron Beam Melting (EBM) [10,11], offers greater
potential. Originally developed for rapid prototyping and tooling, they have gained significant interest
in recent years for promoting integrated and circular manufacturing solutions. For the HPDC industry,
AM of tool steels provides significant advantages in the production of mold inserts, supporting repair
and remanufacturing [6]. Notably, AM enables the fabrication of dies with conformal cooling
channels, which are otherwise constrained by the limited design freedom of conventional processes
[12]. Reducing the local hotspot regions within the mold, improving homogeneity or controlled
cooling (directed solidification), reducing the propensity for defects and cycle time. Besides, die
surface temperature reduction is critical to reduce the consumption of lubricants or die releasing
agents [13,14]. AM also supports lattice reinforcements and multi-material gradients, offering
localized tailoring of properties and reducing material costs [15]. Since AM facilitates seamless
integration with simulation-based optimization, designers can develop and optimize application-
specific tooling and integrated process—structure—property—performance (PSPP) modelling [16].
Although L-PBF processes enabled significant advances, such as improved part density, build rates,
and the integration of conformal cooling, challenges such as residual stress, cracking, and the high
surface roughness of PBF channels affect flow behaviour and heat transfer [8]. The most common
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challenges are (i) achieving uniform microstructure, (ii) better mechanical properties, (iii) part
density without defects (porosity, lack of fusion, cracks), and (iv) optimising heat treatment
conditions [17].

Fig. 1a highlights an overview of the article focusing on the microstructure and applications of
H13 tool steel (related tool steels used for mold inserts) fabricated by L-PBF applied to the HPDC
process. A broad keyword search using Scopus is performed for the keywords “H13 and additive
manufacturing,” which yielded 293 results from 2004-2025 as shown in Fig. 1b. This unfiltered
keyword search is further plotted for the number of appearances over years as shown in Fig. 1c. The
keyword search mainly highlights the number of keyword appearances over the years that are mainly
limited to processing methods, microstructure, and properties. These documents were manually
assessed and found that there are continued interests to examine the effects of process parameters (not
limited to deposition strategy, energy input, scan speed, hatch spacing), defects, heat treatments,
preheating, surface modification, powder characteristics, alloying elements, mechanical and fatigue
properties, mold repair and remanufacturing. Since recent reviews have extensively focused on
investigating the role of process variables in detail for HI3 tool steel, this review is intended to
highlight only the main observations of the current status. Therefore, this review is divided into two
main parts, where the first section is aimed at summarizing the key findings for the process parameters
and highlighting the recent research works on the microstructure, defects, mechanical properties, and
the role of heat treatment, since several research articles recently covered these topics extensively
[4,11,15,17]. The second part of the review is aimed at reviewing the application of additively
manufactured H13 tool steels in casting dies, which is relatively less explored and addresses the
current progress, potential opportunities, and outstanding challenges, including the scope for
remanufacturing processes.

Additive manufacturing of tool steels

The factors that directly influence the robustness of additive manufactured H13 parts can be
broadly classified as process parameters, powder metallurgy considerations, and post-processing
treatments, each governing the microstructure evolution, residual stress development, and defect
formation, which together determine the thermal and mechanical properties [17]. A review by Wu et
al. [11] classified these parameters into material-dependent and material-independent parameters as
shown in Fig. 2. The first group includes powder quality, laser/machine settings, and post-heat
treatments. Part geometry (CAD model, slicing) and process preparation (operational, environmental,
and other variables) are the main components of the second group.
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In this section, the focus is placed on two key aspects of AM: the role of process parameters, effects
of heat treatment, and residual stress. Optimizing these material-dependent variables is essential, as
they directly influence the performance, reliability, and service life of tool steel dies.

Role of process parameters on microstructure and defects

Fabricating of H13 parts in AM without defects is challenging due to the complex interactions
between the processing parameters and the resultant microstructure. In AM components, defects and
microstructure are closely interconnected as both evolve under the same thermal cycles, energy input,
and melt pool dynamics inherent to the layer-by-layer fabrication process.
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Fig. 3 (a) Isopleth phase diagram of H13 tool steel [20], (b) phase transformations during L-PBF of
tool steel [21], (c) bidirectional scan strategy with different rotational angles (0, 45,90, 67°) showing
macrostructure homogeneity [22], (d) lack of fusion and solidification cracking [11], and (e) porosity
map as a function of energy density [23].
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Porosity, lack of fusion, incomplete melting, hot cracks, and solidification cracks are the common
defects. Porosities with irregular morphologies primarily form because of incomplete fusion, while
spherical porosities could be due to gas entrapment, both of which can act as stress concentration
sites, facilitating crack propagation and lowering fatigue strength [8]. The build rate is one key factor
that significantly influences the manufacturing cost and is strongly dependent on process parameters
such as laser power, scan strategy, scan speed, and layer thickness. These parameters control the
thermal gradient of the melt pool and play a critical role in defect formation during L-PBF processing
[18,19].

Fig. 3a shows the isopleth equilibrium diagram of tool steel. Austenite is more stable above 840°C,
which transforms into ferrite and carbide precipitates during cooling. Due to the rapid thermal cycling
of the laser processing (10°-107 K s), the as-built structure promotes martensite, with retained
austenite within the martensite matrix (~ 10-15%). Formation of Cr-rich carbide occurs below 800°C
without a distinct temperature range, while Mo-MeC carbides rich in Mo form between 500-600°C
[20]. Investigations by Zhang et al. [19] varied the scan speed and scan pattern to impose different
thermal gradients in H13 steel, showing that these gradients govern the types and severity of defects
that develop, and consequently the resulting fatigue behaviour. Specimens produced under the
steepest thermal gradients exhibited microscopic solidification cracks caused by elemental
segregation, along with centerline hot cracks, leading to the lowest matrix strength and fatigue
performance. Although hot crack and solidification crack types are generally smaller than lack-of-
fusion defects, they remain detrimental to mechanical performance. The specimens fabricated with
the lowest thermal gradients showed moderate defect sizes, primarily spherical pores and vertical or
horizontal cracks, and displayed the highest fatigue strength.

Fonseca et al. [21] examined the influence of laser power and scan speed on the microstructure
along the interlayer and porosity formation. Among different test conditions, the microstructure
remained largely consistent and was dominated by cellular/dendritic martensite with a significant
fraction of retained austenite (16.5-29.7%). Fig. 3b shows the simplified schematic of the
microstructure formation based on the temperature cycles. Temperatures above Ac3 result in the
complete transformation to austenite and become martensite when cooling, with retained
discontinuous austenite grains between martensite laths. Layer-by-layer thermal cycling induces
intrinsic tempering, producing alternating fusion and heat-affected zones. At a higher solidification
rate, the last to solidify layers do not contain massive carbide precipitates and are dominated by
untempered martensite displaying higher hardness (552—614 HV). The bottom regions of the fusion
zone showed the presence of precipitation with a dendritic/cellular structure. Heat-affected zones
exhibited a degenerated or partially dissolved microstructure with more precipitates, resulting in
lower hardness. The processing parameters in this scenario had a limited influence as the
microstructure is strongly affecting consolidation quality.

Kisraoui et al. [22] investigated the influence of two printing strategies, bidirectional and chess
scanning, combined with four-layer rotation angles (0°, 45°, 67°, and 90°), on the mechanical
properties, hardness, and porosity of L-PBF processed H13 tool steel. The bidirectional strategy
consistently outperformed the chess strategy, producing samples with lower porosity, higher relative
density, and superior mechanical properties, whereas the chess strategy resulted in more severe
defects, including extensive cracking and void formation, particularly at 45° and 67° rotations. As
shown in Fig. 3c, a better homogeneity in the microstructure is achieved by consistent melt pool
depth, macrostructure uniformity, and stable thermal profile. Higher elongation values ranging
between 5.5-9% with better repeatability are noted for 67° rotational angle. The segmented scanning
path and rapid thermal cycling inherent to the chess pattern mainly promoted elongated melt pool
boundaries, intensifying thermal stresses, which are prone to brittle failure under tensile loading.
Significant cracking is noted during printing due to residual stresses, which propagated along the melt
pool boundaries and within the heat-affected zone. Fig. 3d shows the most common defects due to
lack of fusion between the melt pools and solidification cracking formed during solidification across
the melt pool [11]. Lack of fusion has been noted in samples with low-volumetric energy density
(VED) where the neighbouring tracks did not melt, leading to a triangular void. Besides, gas pores



62 Advanced Metal Casting

were noted in high VED, which is attributed to the vaporization effects because of their spherical
morphology. The ratio of depth-to-width in L-PBF is influenced by power and speed, where lower
speeds with higher power output can increase the depth of penetration. Higher scan speeds for a given
power output could affect the penetration depth, and the optimal range for achieving good
metallurgical bonding (2-3 layers) ranges from 0.3-0.6. Studies by Omidi et al. [23] showed that both
size and number of porosities (keyhole and gas) increase for VED up to 57 J/mm™ and lack of fusion
was eliminated at this threshold. At 59 J/mm?, keyhole porosities were absent and gas pores were
evenly distributed, which is referred to as the “safe zone”. However, when VED is increased above
61 J/mm?® large keyholes form and lead to the reduction in the relative density of the part. The effect
of VED on the porosity formation is shown in Fig. 3e. A higher volumetric energy density promotes
the formation of a dense microstructure in L-PBF H13 steel, which is essential for achieving high
thermal conductivity properties.

Effects of heat treatment and substrate preheating

As-built L-PBF HI13 steels typically show poor ductility, prompting efforts to improve their
mechanical performance through post-processing heat treatment. Heat treatments generally transform
the retained austenite into martensite. While comparing post-treatment protocols, a single hardening
followed by double-tempering treatment resulted in recrystallized grains, lath-type martensite, and
the precipitation of fine spherical carbides along the boundaries of martensite laths. A double-
tempering treatment at 550°C promotes precipitation of fine spherical carbides along the boundaries
with the highest tensile strength of 2100 MPa, however, increasing the double-tempering treatment
temperature to 650°C increases the sub-grain size and continuous network of carbide layers along
with primary austenitic grain boundaries, promoting the ductility [20].

Table 1 Heat treatments on the microstructure and mechanical properties of H13 tool steels.

Heat treatment Tensile  Elongation  Micro Comments on the microstructure ~ Ref
strength (%) hardness observation
(MPa) (HV)
H13 AB 1900 9.7% 593 a-martensite matrix with 18.6% [20]
retained austenite (RA)

DT at 550°C 2100 7.6% 665 Promotes fully tempered martensite
formation and precipitation of fine
carbides

DT at 650°C 1410 10.2% 485 Leads to carbide coarsening,
recovery, recrystallization and stress
relaxation

SH at 1040°C + 1450 9.2% 532 Fully tempered martensite

DT at 550°C formation and fine carbides

distributed along the martensite lath
boundaries and the prior austenite
grain boundaries.

H13 AB 2035 12.5 569 a-martensite matrix with 14.1% RA  [24]
along with the precipitation of
coarse VC (70.7 nm), and Fe;C
carbides

DT at 550°C 2265 7.8 652 Promotes fully tempered martensite
formation, a-martensite grain
coarsening, disappearance of Fe3C
and refinement of VC (23.8 nm)
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H13 AB - - 563 Typical a-martensite and RA with [25]
tensile residual stress of +34 MPa
(measured from XRD using Cos(a)
method)
DT at 550°C 480 Moderate effect on AB
microstructure with the highest
compressive residual stress of -957
MPa
DT at 650°C 665 Precipitation of carbides with
compressive residual stress of -573
MPa
SH at1030°C+ 368 Clear outlines of a-martensite
T at 550°C grains with the lowest compressive
residual stress of -87 MPa
SH at1030°C 573 Enhanced precipitation of carbides
+T at 650°C with compressive residual stress of
-265 MPa
H13 AB with - a-martensite matrix with RA [26]
VED 63.7
J/mm?
SH at 1020°C + 1581 21% 496 Precipitation of fine secondary
DT at 495°C chromium-rich M23Cs, VC, and
molybdenum-rich MeC carbides
SH at 1020°C + 1484 18.8% 291 Carbide coarsening
DT at 550°C
SH at 1020°C + 1309 20% 313 Precipitation of chromium-rich,
DT at 605°C stable M7Cs carbides
H13 AB 1832 10.6% - The retained austenite transforms [27]
(25°0) (25°C) into fresh martensite or decomposes
188 10.5% into fine carbides at high
(600°C) (600°C) temperature testing
DT at 495°C 1945 9.4% Better thermal stability due to finer
(25°C) (25°C) carbides
254 11.6%
(600°C) (600°C)
SH at 1020°C + 1547 Carbide coarsening and matrix
15.6% .
DT at 495°C (25°C) o softening
v e
° . o
(600°C) (600°C)

Note: AB- As-built, DT-double tempering, SH- solution hardening

In the as-built state, the microstructure of HI13 consists of lath-type martensite and retained
austenite within the martensitic regions. The percentage of retained austenite is higher (17%) for low
energy density (75 J/mm3) and reduces to nearly 6% when the energy density is increased to 85
J/mm3, exhibiting exceptionally high strength of 2 GPa and hardness of 540-600 HV, along with
moderate ductility (8.4-10%). Following post-build tempering at 650°C, the microstructure
transforms into tempered martensite with finely dispersed carbides. Although this heat treatment leads
to a reduction in strength, it significantly enhances ductility (15-16%), yielding mechanical
performance comparable to that of conventionally processed H13 [19]. Quenching followed by
double-tempering has been shown to increase thermal conductivity by up to 12%, as re-austenitization
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eliminates the melt-pool structure and its associated boundaries, thereby reducing thermal resistance.
This improvement, however, comes at the cost of reduced mechanical strength [28]. Yan et al. [29]
demonstrated that optimising the tempering temperature can further improve strength—ductility
combinations. As-printed H13 exhibited a yield strength of 818 MPa and an elongation of 2.42%,
reflecting a brittle microstructure. Tempering at 600°C and 700°C improved their ductility to 5.8%
and 10.9%, respectively. However, in terms of microstructure, 600°C tempering treatment exhibited
a tempered martensitic matrix and dense precipitation of fine V-rich carbides, improving yield
strength to 1483 MPa. Meanwhile, the microstructure of 700°C tempered H13 coarsened the carbide
precipitates, thus relatively lowering the yield strength to 877 MPa. Table 1 summarizes some recent
notable works on the effects of heat treatments with microstructural observations.

Preheating of the substrate has been identified as an effective strategy for mitigating residual
stresses in AM components. Elevated residual stresses, together with a higher carbide fraction, can
increase susceptibility to crack initiation and propagation under thermal loading conditions [18].
Preheating temperatures below 200°C promote horizontal cracking, while temperatures between 200
and 600°C are identified as the crack-free processing range [11]. Zong et al. [30,31] investigated the
effect of preheating temperature at 200°C and 500°C during L-PBF processed H13 steel. Higher
preheating temperature affects the molten pool geometry by increasing the average depth and width,
promoting epitaxial growth, carbide precipitation in the cell boundaries, and reducing the number of
pores along the build direction. Bainitic transformation is promoted for preheating at 500°C, while
the low preheating samples are still dominated by martensite microstructure (200°C) [30]. When
fabricated at a preheating temperature of 200°C, variations in build orientation (horizontal (H13-
200H) and vertical (H13-200V)) did not result in significant differences in tensile strength and
elongation (Fig. 4a). In contrast, a noticeable variation in these mechanical properties is observed for
H13 specimens produced using a strip scan strategy with a 61° rotation angle, even under the same
preheating conditions. This indicates that differences in scan strategy and processing parameters can
have a more pronounced effect on mechanical performance than build orientation and preheating
temperature. Fractographic analysis (Fig. 4b) further reveals that the improved properties of H13-
200V specimens are associated with reduced defect populations and fracture behaviour governed by
martensitic lath structures [26]. Although porosities are present in the samples, a mixed fracture mode
can be seen where the fracture is controlled by microstructure rather than the defects.
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Fig. 4 (a) Mechanical property comparison of conventional and LPBF-processed H13 steel and (b)
fracture surface of H13 vertically built on preheated substrate at 200°C /31].

For AM processing, it is critical to understand the role of the preheating and post-heat treatment
process, which generally produces secondary carbide precipitation, shifting the secondary hardening
peak, and converting tensile stresses into beneficial compressive stress, improving the overall
ductility for tooling applications [32].
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AM inserts for conformal cooling of dies in HPDC applications

Direct metal additive process is highly attractive for tool building process due to rapid response
time to market, enabling tooling functionalization and higher performance, although the process chain
involves standard processes including machining, thermal treatments, grinding, and polishing. A
much-valued advantage is the fabrication of conformal cooling channels for molds used in both
plastic injection and metallic materials as an alternative to the deep drilled straight channel cooling
system. Conformal cooling channels match the design of the mold cavity (equidistant from the mold
surfaces) mostly with variable and non-circular cross sections with additional design features such as
fins, helical, or lattice structures [13]. The efficiency of the cooling channels is determined by several
factors including the type of channels (circular, ellipsoid or others), layout (spiral, mesh,
vascularized), placement, location of adjacent channels, and other modular aspects considered either
in design or in construction (lattice structures) [13].

27%
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START
.| /STOP
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Fig. 5 (a) Different designs of conformal cooling inserts /34/, conformal cooling HPDC inserts for
(b, c¢) gear box housings /35,36/, (d) core pin /32], and (e) metal diffuser at the gating system /37].

Modelling results suggest that enhanced thermal management can extend die life from
approximately 80,000 to at least 120,000 cycles, a 50% improvement that offers clear benefits for
high-volume manufacturing. Improved thermal control also helps eliminate hot spots and reduce
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shrinkage porosity, leading to better part quality and a potential reduction in scrap rate from 5% to
3%. Collectively, these gains can lower unit production costs by up to 10%, representing a meaningful
advancement toward both economic and sustainability benefits [33]. Different geometries of cooling
channels with a single loop, a single loop with a larger diameter, a single spiral loop, and a bi-
directional spiral loop are investigated for the cooling performance, pressure drop, stress, and failure
life by He et al. [34] (Fig. 5a). Overall, single-spiral and bi-directional spiral loops showed the lowest
thermal gradient and reduced risk of vapour bubble formation using simulations; however, the
propensity of fabrication defects is not discussed for all designs.

Fig. 5b shows the application of a conformal cooling insert to the MQ 200 GA gearbox housing
reported by Andronov et al. [36]. Pressure test revealed that a significant number of parts failed due
to the defect in the START/STOP feeder area. Simulation of solidification has shown that the last to
solidify metal is located directly inside the feeder (with a shrinkage volume of 0.186 cm?) in which
either the continuous feeding is restricted or no heat dissipation is in place. To address this issue, a
conformal cooling insert (MS1 maraging steel) was designed and printed using the L-PBF process as
shown in Fig. 5b. During the test series of 8000 casting cycles, the pressure test indicated that the
acceptable number of parts increased to 92%, shrinkage pore volume reduced by 6%, and produced
nearly 43000 castings before showing signs of wear. This study also demonstrated that the simulation
tools are more reliable in predicting the temperature field verified by thermal camera imaging.

Fig. 5c addresses the issue of section thickness affecting the cooling rate in the HPDC process
using conformal cooling of molds. It has been shown that the highest temperature detected after 5
cycles for conformally cooled die insert is ~104°C lower than the traditional die. In addition, the
duration of positioning and blowing is reduced, die cooling time and solidification time were faster,
contributing to the overall cycle time improvement by 11%. The AM fabricated die tested for
different sprinkling oil temperatures for 15000 cycles showed that highly loaded areas of the casting
had slightly fewer defects compared to the standard die [35]. For an engine crank case produced by
HPDC process, Karakoc et al. [38] reported the effect of conformal cooling on porosity reduction,
die surface temperature, and microstructure. Simulation results indicated that the peak die surface
temperature without cooling is in the range of 350-370°C, which is reduced to 310-340°C with
conformal cooling (before lubrication). This reduces the lubrication time from 4 s for the traditional
mold to 2 s after employing conformal cooling. Dendritic size refinement, porosity size reduction
(251 to 156 mm?® and 108 to 91 mm?) were noted in two locations of the casting after conformal
cooling, although the porosity could not be eliminated completely.

Similarly, a Zamak alloy fabricated using a conformally cooled die in the HPDC process offers a
50% reduction in surface defects for the same level of spray lubrication, decrease in cycle time, and
shrinkage porosity volume. The redesigned insert was used in the production cycles for nearly 200
cycles without any damage due to wear [39]. Fig. 5d shows a case study of HPDC core pin that
demonstrated the practical benefits of AM fabricated die parts. The SLM built pin, incorporating a
2.5 mm internal cooling channel, achieved a 15-20% reduction in surface temperature compared to
the conventional, non-cooled design. This improved thermal management shortened the casting cycle
time by 2 seconds and reduced surface porosity in the cast parts, leading to fewer rejections. Fig. Se
demonstrates the application of conformal cooling to the metal diffuser at the gating system that
typically experiences a pressure of 70 MPa and metal flow speeds of 30-40 m/s. A stress threshold is
adopted (400 MPa at 400°C and 600 MPa at 600°C) to analyse the variation of cyclic stresses of the
designs numerically. Design No 3 offered better performance of all; interestingly, design No 2 has
large fluctuation of stresses from 300 to 700 MPa, while the stresses in traditional design 1 are stable
at 500 MPa. It has been highlighted that often a cooling channel designed closer to mold surfaces
could enhance cooling; however, large gradients over a short distance could lead to earlier failure
[37]. All these results demonstrate that the industrial readiness of conformally cooled AM tooling for
HPDC applications [32]. It should be highlighted that the cooling enables faster cycle time, whereas
more analysis is required to assess the component thickness, filling speed required, distance from the
insert surface, and numerical simulations to verify adequate feeding. For instance, semi-solid HPDC
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provided similar benefits to that of the conformal cooling; however, the use of conformal cooling
with semi-solid metals exhibits difficulties to fill and porosities in the casting [14].

Geometrical constraints and surface roughness of the cooling channels are very important for better
performance over a longer period. Typically, large overhangs and build angles less than 45° require
support structures. It has been reported that the cooling channels fabricated above 10 mm led to failure
by collapsing where support structures are essential (Fig. 6a). Cooling channel with supporting
structures inside facilitates the manufacturability of cooling channels with diameters greater than 10
mm until 20 mm; however, for reduced internal struts, thickness below 4 mm causes fracturing due
to poor fusion and residual stresses. A 20% reduction in cooling time has been observed for a 13 mm
strut design compared to an 8 mm cooling channel without any supporting structures [40].

Fig. 6b shows the corrosion and crack formation of the single loop cooling channel. Cracks formed
from inside the conformal cooling channel and areas undergoing corrosion are identified by the
presence of grooves and strips. Extended exposure to coolant and vapour formation is the main reason
for the strip formation. The presence of line distribution of pores during the fabrication stage due to
gas or vaporisation of powders could act as weak sites for crack initiation and propagation. In
addition, pores present in molten pool boundaries can also act as weak sites for crack propagation and
coolant leakage [34]. Failure of an HPDC insert fabricated using 18Ni300 maraging steel is shown in
Fig. 6¢. The insert operated with water at 150°C and 5.25 bar and failed within ~15000 cycles, which
is very short compared to a typical HPDC service life. Detailed analysis indicated that the cracks
preferentially initially from the channel edges, where a combination of thermo-mechanical stresses
during operation and defects/residual introduced during the fabrication process are also stated as
possible sources. Since most of the cracks propagated in a straight path, the probable mechanism
could be stress-induced corrosion due to cyclic gradients rather than melt pool geometries or other
process-induced factors [41]. Another important characteristic feature of AM processed cooling
channels is the higher surface roughness, which on the one hand could promote heat transfer, while
exhibiting inferior flowability (< 10 mm) especially when the flow becomes turbulent, leading to
failures [42].
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Fig. 6(a) Manufacturability analysis of AM fabricated cooling channel indicates the collapsing defect
[40]. (b) Major cracks originating from the inner side of the cooling channels (1), crack propagation
(2), and porosity areas (3) [34] and (c) cracking of a die HPDC insert (18Ni1300 maraging steel) [41].

AM also enables die design concepts in bimetallic structures that are not achievable with
conventional machining, allowing HPDC dies to be optimized for thermal management, durability,
and functional integration. Copper is widely used for heat dissipation due to its high thermal
conductivity of 402 W/m K. Incorporating a copper lining inside the cooling channels of the steel
mold has been shown to improve the cooling rate by approximately 12% [43]. Three-dimensional
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(3D) lattice composite structures can significantly broaden the spectrum of achievable thermal
properties, creating new opportunities for designing multifunctional tool dies. For HPDC dies, which
are subjected to extreme thermal loads, H13 lattice structures infiltrated with copper offer a promising
route to produce dies that dissipate heat more efficiently, thereby enhancing both die performance
and casting quality. Osman et al. [44] developed a two-step approach in which L-PBF was first used
to fabricate functionally graded H13 lattice structures, followed by copper infiltration and quenching
with double-tempering. L-PBF H13 structures featured an octet truss unit cell designed for load
capacity and efficient heat transfer. The H13 volume fraction was graded from 40% at the top to
100% at the bottom. The as-built H13 exhibited a lath martensite microstructure with 16% retained
austenite. Copper infiltration produced a nearly fully dense composite with excellent bonding
between the steel and copper phases, while preserving the tempered H13 microstructure. The resulting
composite exhibited highly tuneable thermal conductivity, ranging from 34 to 145 W/m K depending
on the H13 volume fraction, which is significantly higher than the thermal conductivity typically
reported for L-PBF fabricated H13 (22-24 W/m K [28,45]).

Asnafi [9] evaluated the use of laser-based AM, specifically L-PBF for manufacturing, surface
treatment, and repair of tooling across cold-working, hot-working, and injection-molding
applications. Compared to the mechanical properties of wrought H13 (yield strength of 1290-1570
MPa, and tensile strength of 1500-1600 MPa in hardened condition), AM exhibits a lot of variability
due to the challenges in optimising process conditions for defect reduction and microstructure
uniformity. This is also reflected in fatigue testing and other performance studies shown in Fig. 5 and
Fig. 6 for cooling channels [15]. Functional enhancements to the die surface can enhance the
performance; for instance, Ni-based cladding applied to an L-PBF maraging steel subs strate reduced
friction by 25% and improved wear resistance by a factor of 45. Other ceramic reinforcements
(carbides, borides, and oxides) or hard-facing with Co-based and Ni-based alloys can enhance
resistance to high temperature, wear, and corrosion; however, the increased processing cost limits
their broader applications [9].

Role of AM in die remanufacturing

Remanufacturing is a process of reworking the end-of-life product to be usable with its original or
better performance as a newly manufactured product with warranty [9]. This involves a series of
processing stages inducing disassembly, sorting and cleaning, inspection, reconditioning, reassembly
and testing. This requires higher skills than the design of the original product as it involves multiple
steps in dismantling, restoring, replacing, and testing individual and whole (assembled) components
to validate the functionality of the remanufactured part. The key benefits of the remanufacturing
process include effective resource management, reduction in the usage of materials and resources,
lower emissions and energy usage, and provides significant opportunities for the development of
skilled jobs and economic growth.

Pre-installation In-service | Repair- Traditional methods |

Criteria TIG Plasma Laser
Heat checking I Deposition Rate ok ok k| ok ok ko **:."]
S 11 Equipment Portability | sk dk | ok ko | kil
anutacturing errors III | Accessible Geometries | Yy s | dedk dedc | koo
Mishandling and IV | Weld Bead Complexity | v % %5 Hok ke | kk kT
accidental damage Wear : e v Cost per hour 1. 2. 0.0 & JIIE & & SEEANIE & SRR
VI | Weld Bead Appearance | v sk vc3c | sk kv | ok okok
*Often controlled VI | Metallurgical Quality | d ok drvr | dkkirir | khkkhk
= | VIII | Operator Dependence | % vy e Fe kv | ke ke ok ke
Die soldering IX | Equipment Set-up Time | s sk | dk ok k | sk ko
X | Need of Heat Treatment | Jirivyieye | ke divds | dedkdkr
. Y v ke Excellent; s % s v'r Good: d v d 7r7r Average:
Corrosion % % 7770 Bad: % v v 7 v Very Bad: v ¥¢ 7 5 v Mediocre

Failure modes and repair strategies for Dies used in HPDC

Fig. 7 Common failure modes of HPDC dies and a summary of traditional methods employed in
traditional repair works[6].
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Fig. 7 shows the comparison of the most used welding technologies in die repair, where the
selection of a particular process depends on various attributes such as cost, portability, set-up time,
quality of the weld, and other considerations such as post-weld treatments. Laser-based techniques
show superior metallurgical quality of the weld; however, as discussed in the above sections, the role
of processing variables, residual stress, and martensite formation needs to be addressed [6].

Compared to original manufacturing, remanufacturing requires more skills and competency to
determine the worthiness of the component. This includes accessibility of the damage, volume, shape,
and machinability considerations after remanufacturing. Generally, the process of remanufacturing
starts with pre-machining of damaged parts, where the worn-out surfaces or heat checks and corroded
surfaces are removed prior to AM. Secondly, based on the type of defects (surface impact defect or
superficial cracking), a reverse engineering approach can be used to generate the damaged surface
from which the undamaged surface will be reconstructed [46]. Remanufacturing of casting dies holds
significant value retention, boosts productivity, and enables circular manufacturing in foundries;
however, establishing a remanufacturing pathway is more complex as it relies on operator skills.

Summary and Prospects

Extending die life is crucial for the productivity of the die casting industry, especially in HPDC and
ultra-large castings, as it boosts productivity and supports circular manufacturing practices in
foundries. Laser powder bed fusion process provides several key benefits in terms of
manufacturability, microstructure, and mechanical properties of H13 dies used in HPDC process. In
particular, conformal cooling die-inserts gained significant industry interest for increased die life,
which otherwise seems difficult to achieve with conventional manufacturing processes. Reduction in
the size of shrinkage porosities, lubricant usage, core temperature, cycle time, and stabilizing thermal
fields are key benefits of die inserts. Best practices for producing AM parts with reproducible
properties require a complete understanding of processing variables (powder quality, laser variable,
and machine variables) to achieve high density as-built parts, followed by post-processing heat
treatment to improve the microstructure homogeneity, residual stress reduction, and precipitate
formation. Preheating treatment has also been shown to reduce residual stresses, a fraction of retained
austenite, and solidification cracking. Integration of AM into die remanufacturing offers significant
cost benefits, along with additional opportunities for functional improvements (such as conformal
cooling and laser surface treatments), compared to complete die replacement in case of failure.
Nevertheless, significant challenges lie ahead to achieve successful integration of AM in die
applications for longer service life.

(1) The primary challenge lies within the fabrication step where the role of processing
variables and factors causing variability within the process needs to be established. The
importance of preheating to control microstructure and cracking, and post-processing heat
treatment to reduce residual stresses is evident. Understanding the effect of machine
variables, strategies of printing and controlling their interdependencies could reduce
variability in the results due to porosities (lack of fusion or keyhole pores), cracking, and
as-built microstructure. Data reported in the literature are often incomparable due to the
inconsistency in methodologies and procedure.

(i)  The second level of challenge lies in the testing of AM parts produced in the actual
production environment, for both insert and remanufactured parts. Numerical simulation
studies for topology optimization, testing under controlled conditions reveal promising
results for die inserts (reducing the cycle time, lubrication time, peak temperatures and
stresses); however, longer testing duration and follow-up studies on the failure
mechanisms are essential. While this review is limited by the data available in such
studies, only a few studies have stated that failure of conformal cooling channels before
the expected lifetime of the die. In some cases, it has been stated that there is no conclusive
evidence on whether processing defects or operational defects caused failure. Therefore,
more standardization of tests and research work is needed in this regard.
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