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Over the last decade, developments in metal additive manufacturing (AM) have opened up new possibilities
in various industries. Current metal AM technologies are now capable of processing a larger selection of
metals, including steel mold materials such as H13 and P20. In the injection molding industry, mold makers
have implemented metal AM technologies to 3D print steel molds. The main challenge currently faced by
mold makers is to 3D print steel molds with mechanical properties that are comparable with conventionally
made ones. Research on the microstructure evolution in 3D printed steel molds provide the necessary
information for tailoring the mold�s microstructure and improving its mechanical properties. This review
presents a unique perspective on the microstructure evolution in 3D printed steel molds. The microstruc-
ture evolution is discussed according to two major processing stages. Stage 1 describes the formation of the
mold�s microstructure in as-built condition after it has solidified from its molten state. Subsequently, Stage 2
describes the changes in the mold�s microstructure post-heat treatment. This review also summarizes the
various experimental techniques and numerical models used to study the microstructure evolution in 3D
printed components. Advances in experimental microstructure characterization techniques enable re-
searchers to investigate microstructure evolution in situ during metal AM processes. Coupled thermal-
microstructure numerical models serve as an alternative approach for predicting grain growth in 3D
printed components. The review concludes by summarizing future prospects in mold making and metal AM
research in general.
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microstructure evolution, mold, steel

1. Introduction

Metal additive manufacturing (AM) technologies have
risen in popularity due to its capability to produce fully
functional components as well as process a growing selection
of metals. The two main categories of metal AM technologies
are: powder bed fusion (PBF) and directed energy deposition

(DED). Further distinction can be made for PBF category
depending on the type of heat source used. Selective laser
melting (SLM) utilizes a laser beam to melt and fuse powder
material, while electron beam melting (EBM) utilizes an
electron beam to achieve the same objective. Steel, titanium
and nickel alloys are the most frequently studied materials in
metal AM due to their widespread application in various
industries. A review by Frazier (Ref 1) provided a broad
perspective on the potential of various metal AM technolo-
gies. Also highlighted in the review are the advantages of
using AM technologies as compared to conventional manu-
facturing processes.

Currently, the main challenge in metal AM research is to
fabricate fully functional components with mechanical proper-
ties that are comparable to those produced by conventional
manufacturing processes. The main issue with 3D printed
components is they are unable to achieve full density due to the
presence of defects in the microstructure. A review by Zhang
et al. (Ref 2) described the formation mechanisms for the three
most common microstructural defects in 3D printed compo-
nents, which are: pores, cracks and incomplete fusion of
powder material. These defects negatively impact the mechan-
ical properties of 3D printed components, resulting in their
inferior performance as compared to conventionally made ones.
Another review by Zhang et al. (Ref 3) compared the
achievable mechanical properties of 3D printed components
and highlighted the need for an optimized solution to solve the
problem of microstructural defects. This involves a deeper
investigation on microstructure evolution in metal AM pro-
cesses, and how does the microstructure of 3D printed
components influence its mechanical properties.

In the injection molding industry, mold makers have
explored using metal AM technologies to 3D print steel molds.
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Typical grades of steel mold materials include H13, AISI 420
stainless steel and 18Ni-300 maraging steel. Steel mold
materials are chosen based on their achievable mechanical
properties and microstructure characteristics. However,
microstructural defects such as pores and cracks were also
found in 3D printed steel molds.

The scope of this review focuses on the discussion of
microstructure evolution in 3D printed steel molds. Steel mold
materials are introduced, followed by the advantages of using
metal AM technologies in mold making. The conventional and
in situ microstructure characterization techniques used in metal
AM research are then presented. The discussion on microstruc-
ture evolution in 3D printed steel molds is split into two main
processing stages. Stage 1 focuses on the formation of the
mold�s microstructure as it solidifies into the as-built condition.
Stage 2 focuses on changes in the mold�s microstructure after
subjecting it to post-heat treatment. Numerical modeling of
microstructure evolution within the context of metal AM is then
summarized. Finally, future prospects on the application of
metal AM technologies for mold making as well as metal AM
research in general are summarized.

1.1 Steel Mold Materials

Injection molding is known as one of the main manufac-
turing processes for mass production of polymer products. The
term �steel mold� refers to the mold used in injection molding
process, which is made of steel. The geometry, contour and
even the surface finish of polymer products are directly
replicated from the mold itself. Injection molded polymer
products have a widespread application across various indus-
tries, such as automotive, medical and electronics (Ref 4).

Injection molding is also applied in the manufacturing of
metal components. This manufacturing process is known as
metal injection molding (MIM) and is suited for the mass
production of small metal components with complex geome-
tries (Ref 5-7). MIM shares several similarities with injection
molding of polymer products, such as the injection molding
equipment used, mold material used, as well as considerations
for mold design (Ref 8). To infer, this means that metal AM
technologies could be used to fabricate steel molds for
application in MIM.

This review focuses on the following steel mold materials:
H13, P20, S136, AISI 420 stainless steel and 18Ni-300
maraging steel. The steel mold materials are categorized
according to their precipitate strengthening elements. 18Ni-
300 maraging steel is precipitate-strengthened via Ni-based
intermetallics, while the other four steel mold materials are
precipitate-strengthened via carbides. The chemical composi-
tion of steel mold materials mentioned in this review is
summarized in Table 1.

In terms of mechanical properties, molds are required to
have high yield strength ranging between 1500 and 2000 MPa
in the post-heat-treated condition. This enables the mold to
withstand the thermal and mechanical stresses induced during
injection molding (Ref 9). Molds are also required to have high
surface hardness, ranging between 50 and 54 HRC in the post-
heat-treated condition. This property is especially important for
the production of transparent polymer products, as well as
polymer products that require mirror surface finish. This is
because any defect on the mold surface is directly replicated on
the polymer product itself. Table 2 provides a comparison for

the mechanical properties of steel mold materials, categorized
according to its processing condition.

In terms of microstructure characteristics, a homogeneous
microstructure is desirable for 3D printed steel molds as it leads
to isotropic mechanical properties. A homogeneous microstruc-
ture also means that there are less nonmetallic inclusions (e.g.,
sulfides and oxides) in the microstructure, leading to improved
microcleanliness and better polishability (Ref 10). In conven-
tional mold making, electroslag remelting was utilized to obtain
a more homogeneous microstructure in molds (Ref 11).

1.2 Advantages of using Metal Additive Manufacturing (AM)
Technologies in Mold Making

The main advantages of utilizing metal AM technologies to
3D print steel molds include flexibility in mold design and
reduced development lead time. This means that mold makers
are able to fabricate molds with complex geometries, as well as
test multiple prototypes during the design stage. However,
mold makers need to be aware of the characteristics and
limitations of 3D printed components when designing molds.
These characteristics and limitations are summarized in Table 3,
tabulated according to the respective metal AM technology.

3D printed steel molds differ from conventionally made
ones as they are able to incorporate conformal cooling channels
directly in their design. These cooling channels are designed
according to the profile of the injection molded product to
provide more efficient cooling during injection molding. Park
and Dang (Ref 12) identified that the cooling stage occupied a
large portion of the injection molding cycle. It was concluded
that the use of conformally cooled mold inserts resulted in a
23% reduction in cooling time as compared to mold inserts that
were cooled via conventional drilled channels. Evens et al. (Ref
13) also mentioned that conformal cooling channels greatly
improved the performance of 3D printed steel molds. A
reduction of 70% in molding cycle time was reported and
startup losses were minimized.

Furthermore, Park et al. (Ref 14) highlighted the importance
of conformal cooling channel design to achieve higher cooling
efficiency. A combination of analytical and numerical methods
was applied to devise an optimal design taking into consider-
ation the complex features of the molded product and cooling
channel geometry. Kanbur et al. (Ref 15) provided an overview
on designing and optimizing conformal cooling channels via
computer-aided engineering (CAE) simulations. The two main
components for CAE analysis are: thermal and mechanical.
Thermal analysis focuses on characterizing the performance of
cooling channel geometries in terms of its surface temperature
and coolant flow rate. Mechanical analysis includes the Von
Mises stresses and fatigue life of molds.

2. Microstructure Characterization Techniques

Characterizing the microstructure of 3D printed components
is an important step toward uncovering valuable insights on the
process–microstructure–properties relationship in metal AM.
The microstructure characterization techniques introduced in
this review are categorized into two groups: conventional and
in situ techniques. Conventional microstructure characterization
techniques have been used extensively in material science to
determine various aspects of the microstructure, such as grain
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morphology, crystallographic texture, as well as the phases
present in the material. On the other hand, in situ microstructure
characterization techniques are relatively new, and it allows
researchers to study microstructure evolution in real-time
during metal AM processes.

2.1 Conventional Techniques: SEM, TEM, XRD

In metal AM research, conventional microstructure charac-
terization techniques are used to examine the microstructure of
a particular material before and after it is processed. Following
that, a before–after comparison is made to deduce the
microstructure evolution that occurred during the process.
Conventional microstructure characterization techniques are
further classified into two groups, which are: electron
microscopy and x-ray diffraction (XRD). In electron micro-
scopy, the two most commonly used techniques are: scanning
electron microscopy (SEM) and transmission electron micro-
scopy (TEM). Electron microscopy also features the following
two complementary techniques, which are: energy-dispersive x-
ray spectroscopy (EDS) and electron backscatter diffraction
(EBSD). The EDS and EBSD results are often included in SEM
and TEM analyses to obtain a thorough characterization of the
microstructure.

A combination of several microstructure characterization
techniques was applied to study the microstructure of 3D
printed steel molds. For example, researchers have applied
SEM and EDS to characterize the microstructure and chemical
composition in 3D printed steel molds (Ref 16, 17). In addition,
EBSD analysis was conducted to determine the crystallo-
graphic texture and grain size distribution in molds (Ref 18,
19). SEM, EDS and XRD were also used to identify the
microstructure and phases present in molds (Ref 20–22).

2.2 In Situ Techniques: DTEM, Synchrotron X-Ray

Although conventional techniques possess the spatial reso-
lution to characterize objects up to the nanometer scale, they
lack the temporal resolution required to study and characterize
the dynamics of microstructure evolution in situ. A before-after
comparison of the microstructure obtained via conventional
techniques is not sufficient to fully explain the evolution
phenomenon that occurred during the process.

Thus, a new microstructure characterization technique
termed dynamic transmission electron microscopy (DTEM)
was developed to solve the problem of temporal resolution (Ref
23). DTEM enables researchers to observe and study transient
phenomenon such as rapid solidification of alloys in situ, with
both spatial and temporal resolutions up to the nanometer and

nanosecond scale, respectively. This was achieved by redesign-
ing a conventional TEM to emit a large number of electrons in a
short pulse, thus enabling transient phenomenon to be captured
in real-time. Two derivative techniques were devised from
DTEM, which are: single-shot mode and movie mode.

A review by McKeown et al. (Ref 24) explained the
working principles of single-shot mode and movie mode
DTEM. Single-shot mode DTEM involves taking an image of
the evolution phenomenon at fixed time delays. By analyzing
these images in sequence, new insights on microstructure
evolution can be obtained. Movie mode DTEM improves on
single-shot mode as it can capture images at user-defined time
delays. This was achieved by controlling the time intervals for
the emission of electron pulses, resulting in enhanced temporal
control during data collection. Recent findings have reported
the successful application of single-shot mode (Ref 25) and
movie mode DTEM (Ref 26, 27) to study microstructure
evolution in situ. McKeown et al. (Ref 27) utilized movie mode
DTEM to study rapid solidification of hypoeutectic Al-Cu and
Al-Si thin films (Fig. 1). A pulsed laser was used to induce
rapid solidification in the samples, and the results obtained were
used to determine the solidification front velocities of both
alloys.

Besides DTEM, researchers also applied synchrotron x-ray
techniques to study and capture microstructure evolution
in situ. Synchrotron x-ray is produced from high energy
electrons which are accelerated via a synchrotron machine (Ref
28). When the direction of electrons moving at high speed is
altered, the electrons emit energy at x-ray wavelengths. This x-
ray is then used to study microstructure evolution in situ during
metal AM processes. Ultrafast in situ synchrotron x-ray
imaging and diffraction techniques were developed by
researchers to study the complex interaction between the heat
source and the material (Ref 29). It was reported by Sun et al.
(Ref 30) that this imaging technique has a minimum spatial
resolution of 1 lm and a minimum temporal resolution of
100 ps.

Synchrotron x-ray techniques were successfully imple-
mented for in situ investigations on pore formation mechanisms
and melt pool dynamics in metal AM processes (Ref 31–38).
Hojjatzadeh et al. (Ref 38) investigated the dynamics of pore
motion within the melt pool using in situ synchrotron x-ray
imaging. Figure 2 shows the formation of pores during PBF
process captured using synchrotron x-ray imaging. It was
identified that the movement of pores in the currently scanned
region was governed by the thermocapillary force in the melt
pool. This thermocapillary force was created as a result of the
high thermal gradient between the heat source and melt pool

Table 1 Chemical composition of steel mold materials

Steel mold material

Chemical composition, wt.%

C Cr Ni Mn Mo Si V Cu Co Ti Al P S Fe

H13 (Ref 16) 0.37 4.99 … < 0.10 1.65 1.02 1.05 … … … … 0.011 0.005 Balance
P20 (Ref 67) 0.40 1.95 … 0.83 0.33 0.45 … 0.02 … … … … … Balance
AISI 420 stainless steel (Ref

72)
0.30 12.80 … 0.72 … 0.79 … … … … … 0.012 0.008 Balance

S136 (Ref 73) 0.29 13.55 … 0.98 … 0.96 0.4 … … … … 0.010 … Balance
18-Ni 300 maraging steel

(Ref 86)
0.02 0.20 18.50 0.08 5.20 0.01 … … 9.00 0.62 0.07 0.020 … Balance
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boundary. It was concluded that the thermocapillary force aided
in pore elimination, as the pores escaped from the melt pool by
traveling along the direction of thermal gradient.

3. Microstructure Evolution in Steel Molds Man-
ufactured via Metal AM Processes

The mechanical properties of steel molds are directly
influenced by the microstructure that forms at the end of the
mold making process. The determining factors for the forma-
tion of a particular microstructure include the characteristics of
powder material used to fabricate the mold, the process
parameters used and the microstructure evolution that occurred
during the process. By understanding the underlying physics
which govern microstructure evolution in 3D printed steel
molds, researchers are able to use this knowledge to optimize
process parameters and fabricate steel molds with improved
mechanical properties. Table 4 provides a comparison for the
maximum relative density of 3D printed steel molds, along with
the optimized process parameters used to fabricate it.

Currently, microstructural defects such as pores and cracks
are found in 3D printed steel molds, as well as in other 3D
printed components (Ref 39, 40). These defects create hetero-
geneity in the microstructure, resulting in inferior mechanical
properties and reduced relative density. A review by Kok et al.
(Ref 41) concluded that the anisotropy in mechanical properties
and heterogeneity in the microstructure were influenced by

Fig. 1 Rapid solidification of (a) Al-Cu and (b) Al-Si thin films captured via movie mode DTEM. Reprinted by permission from Springer
Nature Customer Service Centre GmbH: Springer Nature, JOM, Time-Resolved In Situ Measurements During Rapid Alloy Solidification:
Experimental Insight for Additive Manufacturing, J.T. McKeown et al. (Ref 27) Copyright 2016, https://link.springer.com/article/10.1007/s11837-
015-1793-x

Fig. 2 Formation of pores during PBF process captured using
synchrotron x-ray technique, the scale bar in the figure is 50 lm
(Ref 38)
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variations in grain morphology and crystallographic texture.
Another review by Zhang et al. (Ref 42) explained how
microstructure evolution phenomena such as grain growth and
pore formation were influenced by metal AM process param-
eters such as energy density and scanning pattern. Also
mentioned were the various strategies used to optimize metal
AM process parameters.

Metal AM processes feature an interesting phenomenon
known as intrinsic heat treatment (IHT). IHT can be understood
as the effect of transient reheating on the adjacent regions of the
current scan track (Ref 43–45). This effect is caused by the
scanning movement of the heat source as it melts and solidifies
the powder material. The heat from the melt pool is transferred
toward its surroundings, causing a transient reheating effect on
it. The effects of IHT in steel mold materials are illustrated in
Fig. 3.

Metal AM processes also feature high cooling rates ranging
between 103 and 106 K s�1 (Ref 46, 47). In contrast, cooling
rates obtained for conventional casting processes are much
lower, ranging from 200 to 300 Ks�1 (Ref 48). In terms of
microstructure, finer grains are found in 3D printed compo-
nents, while coarser grains are found in conventionally casted
components. This is because the higher cooling rate in metal
AM processes induced further grain refinement in the
microstructure.

An article by Flemings (Ref 49) identified six different grain
morphologies during the solidification process of directionally
solidified alloys. Among them, the following three grain
morphologies are commonly reported in 3D printed steel
molds: equiaxed cellular grains, equiaxed dendrites and colum-
nar dendrites. Figure 4 illustrates the relationship between
thermal gradient and grain morphologies formed after rapid

Fig. 3 Illustration for the effects of IHT in steel mold materials: (a) grain coarsening in melt pool overlapping regions; (b) tempering of
martensite in carbide strengthened steel mold materials; and (c) precipitation of Ni-based intermetallics in maraging steel

Table 4 A comparison for the maximum relative density of 3D printed steel molds and the corresponding optimized
process parameters used to fabricate it

Steel mold
material

Maximum relative
density, %

Energy density,
E ¼ P

vht, J mm�3

Optimized process parameters

Laser
Power, P,

W
Scanning Speed,

v, mm s�1
Hatch spacing between
scan tracks, h, mm

Layer
thickness, t,

mm

H13 (Ref 65) 99.20 106.25 170 400 0.10 0.04
P2 (Ref 67) 98.30 190.48 160 350 0.08 0.03
AISI 420 stain-

less steel
(Ref 70)

99.95 159.09 140 550 0.08 0.02

S136 (Ref 73) 98.90 58.33 280 800 0.12 0.05
18-Ni 300

maraging
steel

(Ref 86)

99.80 71.43 300 700 0.12 0.05
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solidification in metal AM processes. During rapid solidifica-
tion, columnar dendrites form in regions with a steep thermal
gradient. The growth of columnar dendrites is oriented
according to the direction of thermal gradient during solidifi-
cation. In addition, the scanning movement of the heat source
introduces a certain level of agitation on the melt pool. As a
result, equiaxed cellular grains form in regions with vigorous
agitation and low thermal gradient. Equiaxed cellular grains are
replaced by equiaxed dendrites at lower agitation levels.

Similarities can be identified when comparing the solidifi-
cation process and grain morphologies of 3D printed compo-
nents to welded components. Schempp et al. (Ref 50) identified
two important factors governing the formation of a particular
grain morphology in welded components. The two factors
were: the local thermal gradient between the heat source and
melt pool boundary, and the solidification growth rate of the
grains. Equiaxed grains were found in immediate regions that
were scanned by the heat source, while columnar grains were
found in regions that were further away from the heat source. In
their subsequent work (Ref 51), they had deduced that the
cooling rate obtained for welding process can be expressed as
the product of the local thermal gradient and solidification
growth rate. An expression for the critical thermal gradient
where columnar to equiaxed transition (CET) occurs was also
derived. A local thermal gradient that is less than the critical
value resulted in the formation of equiaxed grains. The
opposite, however, resulted in the formation of columnar
grains. The presence of columnar grains was identified as the
cause of anisotropy in mechanical properties, which is not
desirable in welded components. This inference also applies to
3D printed components where anisotropy is regarded as
detrimental to mechanical properties.

3.1 Steel Mold Materials Strengthened via Carbide
Precipitation

The steel mold materials strengthened via carbide precipi-
tation are further divided into two subgroups. The first
subgroup consists of conventional steel mold materials, which
are: H13 and P20. The second subgroup consists of steel mold
materials with improved corrosion resistance, which are: AISI
420 stainless steel and S136. H13 and P20 are classified as
conventional steel mold materials due to their extensive use in
the mold making industry (Ref 52, 53). H13 is a type of hot
work tool steel that is able to withstand thermal stresses at
elevated temperatures while maintaining dimensional accuracy
of the molded product. P20 is a type of low carbon tool steel
commonly used in mold making, with characteristics such as
good machinability and ease of repair via welding. AISI 420
stainless steel and its equivalent grade, S136 both possess
improved corrosion resistance due to its high Cr content of up
to 13.5 wt.%. It is suitable for injection molding of polymer
products that require mirror surface finish and is able to process
polymers such as polycarbonate (PC) and polyvinyl chloride
(PVC) (Ref 54, 55).

3.1.1 Conventional Steel Mold Materials: H13
and P20. 3.1.1.1 Stage 1: As-Built Condition. Several
researchers have investigated the microstructure and mechan-
ical properties of 3D printed H13 (Ref 16, 17, 56–66) and P20
(Ref 20, 67) samples. Deirmina et al. (Ref 64) reported the
occurrence of IHT in 3D printed H13 samples. After etching,
alternating rows of light and dark regions were observed in the
microstructure (Fig. 5a). The light regions were identified to be
untampered martensite, while the dark regions were identified
as tempered martensite. It was deduced that in situ tempering of
martensite phase had occurred in as-built condition. A higher
magnification image of a heterogeneous distribution of cellular
and columnar grains is shown in Fig. 5(b).

Mazumder et al. (Ref 57) identified that the microstructure
of 3D printed H13 samples consisted of the following two grain

Fig. 4 Illustration for the formation of different grain morphologies after rapid solidification in metal AM processes: (a) equiaxed cellular
grains, (b) equiaxed dendrites and (c) columnar dendrites
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morphologies: equiaxed dendrites and columnar dendrites.
Equiaxed dendrites were found in immediate regions that were
scanned by the heat source, and its growth was attributed to the
uniform local thermal gradient in all directions. Columnar
dendrites were found growing perpendicular to the region
where equiaxed dendrites had formed. It was deduced that the
growth of columnar dendrites was influenced by the direction
of local thermal gradient during the solidification process.

Ren et al. (Ref 65) identified that the grain sizes found in 3D
printed H13 samples were smaller compared to those found in
conventionally forged samples. The presence of smaller grains
was attributed to the influence of high cooling rate, which
induced grain refinement in the microstructure. The phases
found in 3D printed H13 samples were identified to be
martensite and retained austenite. Carbide precipitates were
found in conventionally forged samples, but were absent in 3D
printed samples. It was deduced that the high cooling rate in
metal AM processes had suppressed the diffusion and precip-
itation of carbides during the process. In terms of mechanical
properties, the ultimate tensile strength and toughness obtained
for 3D printed samples were slightly lower compared to
conventionally forged samples. This was attributed to the lower
relative density (99.2%) obtained for 3D printed samples as
compared to conventionally forged ones.

Li et al. (Ref 67) investigated the microstructure of 3D
printed P20 samples. The phases found in as-built condition
consisted of mainly martensite with traces of retained austenite.
The microstructure consisted of alternating rows of fine and
coarse lath grains. The rows of fine grains were identified to be
the scanning tracks where a higher energy intensity resulted in
the formation of said grains. The rows of coarse grains were
identified to be the melt pool overlapping regions where grain
coarsening occurred.

3.1.1.2 Stage 2: Post-Heat Treatment Condition. Åsberg
et al. (Ref 62) investigated the post-heat treatment effects on 3D
printed H13 samples. The samples were subjected to the
following heat treatment conditions: stress relief (SR) to reduce
residual stress; hardening and tempering (HT) to improve
hardness and strength; and hot isostatic pressing (HIP) to
reduce porosity in the samples. It was reported that after SR, the
martensite phase found in as-built condition decomposed into
ferrite and carbide precipitates. The precipitates had formed a
discontinuous network along prior austenite grain boundaries
(Fig. 6a) and were rich in Cr and Mo. After HT, tempered
martensite was found in the microstructure and carbides were

dispersed throughout the matrix. It was concluded that a
combination of SR, HIP and HT led to reduced porosity, as well
as improved hardness and strength in 3D printed H13 samples.
Also, samples that had undergone SR, HIP, and HT have a
more homogeneous microstructure as shown in Fig. 6(b).

Li et al. (Ref 67) investigated the effects of tempering on 3D
printed P20 samples. Carbide precipitates were identified
between martensite laths and consisted of mainly Cr and Si.
As the tempering temperature was increased from 450 to
550 �C, the carbide precipitates grew larger and rounder in
shape. An increase in corrosion resistance was observed in
tempered P20 samples, while hardness remained similar to as-
built condition.

3.1.2 Steel Mold Materials with Improved Corrosion
Resistance: AISI 420 Stainless Steel
and S136. 3.1.2.1 Stage 1: As-Built Condition. Researchers
have investigated using metal AM technologies to process AISI
420 stainless steel (Ref 18, 22, 68–72) and S136 (Ref 21, 73,
74). Sun et al. (Ref 71) observed a mix of columnar and cellular
grains in 3D printed AISI 420 samples with continuous scan
tracks. The phases found in as-built condition were identified
as: ferrite, lath martensite and some regions of retained
austenite. In addition, M23C6 carbides (M representing Fe
and Cr) were found to be dispersed throughout the matrix.
However, tempering was not observed in as-built samples with
continuous scan tracks. When an idle time of 80 s was
implemented between each scan track, tempered martensite was
observed as dark bands in the melt pool overlapping regions. In
addition, M7C3 carbides were found dispersed in the tempered
martensite matrix. It was deduced that the idle time between
scans allowed further cooling of the microstructure, while
subsequent scans introduced in situ tempering. This resulted in
the decomposition of martensite into ferrite and M 7C3 carbide
precipitates, indicated by a higher volume of carbide precip-
itation and dark bands of tempered martensite.

Wen et al. (Ref 73) investigated the microstructure of 3D
printed S136 samples and compared it with conventionally
casted samples. The microstructure in as-built samples con-
sisted of finely distributed equiaxed and columnar grains, while
coarse grains were found in conventionally casted samples.
Phases identified in 3D printed samples consisted of mainly
martensite with some retained austenite. No carbides were
found in 3D printed samples. In contrast, conventionally casted
samples contained fully martensite phase, and carbides rich in
C and Cr were dispersed throughout the martensite matrix. The

Fig. 5 Microstructure of 3D printed H13 samples in the as-built condition where (a) alternating rows of light and dark regions were observed.
(b) A higher magnification image showing a heterogeneous microstructure. Reprinted from (Ref 64), Copyright 2019, with permission from
Elsevier
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variation in the results obtained was attributed to the large
difference in cooling rate between the two processes.

3.1.2.2 Stage 2: Post-Heat Treatment Condition. Nath et al.
(Ref 72) investigated the post-heat treatment effects on 3D
printed AISI 420 samples. The samples were subjected to a
tempering condition of 315 �C for 2 h. A relative density of
over 99% was reported for as-built and tempered samples. A
comparison of the microstructure found in as-built condition
and after tempering is shown in Fig. 7. In Fig. 7(a), martensite
laths were found to be dispersed in the microstructure of as-
built samples. Tempering resulted in an increase in lath
martensite, observed as needles with a darker shade in the
microstructure as shown in Fig. 7(b). However, no carbides
were found in as-built condition and after tempering. It was
deduced that carbide precipitation may have been inhibited by
rapid solidification during the process. Tempering also resulted
in improved yield strength, ultimate tensile strength and
ductility. However, no significant improvement in hardness
and corrosion resistance was reported for tempered samples.
After tempering, the mechanical properties of 3D printed
samples were comparable with conventionally wrought sam-
ples.

Ji et al. (Ref 74) investigated the effects of manipulating the
austenitizing temperature on 3D printed S136 samples. The
samples were heated up to different austenitizing temperatures
ranging from 980 to 1100 �C, and maintained for 1 h. The
samples were then subjected to oil quenching. It was identified
that the microstructure consisted of mainly martensite phase
after quenching. In addition, carbides rich in C and Cr were
found dispersed throughout the matrix. These carbides

appeared as white particles in samples that were austenitized
at temperatures ranging between 980 and 1020 �C. However,
no carbides were found when the austenitizing temperature was
increased to 1100 �C. It was concluded that the carbides had
dissolved in the matrix at higher austenitizing temperatures.

3.2 Steel Mold Materials Strengthened via Ni-based
Intermetallics

3.2.1 18Ni-300 Maraging Steel. Maraging steel is a type
of Fe-Ni alloy that is hardened via precipitation of Ni-based
intermetallics. Its chemical composition consists of high Ni
content (up to 19 wt.%), and very low C content (less than
0.03 wt.%). Conventionally, maraging steel was utilized in
aerospace and tooling industries due to its superior strength and
toughness (Ref 75). Recently, researchers have explored using
maraging steel to 3D print molds. The grade of maraging steel
commonly used to 3D print molds is 18Ni-300.

3.2.1.1 Stage 1: As-Built Condition. Researchers have
conducted investigations on the microstructure of 3D printed
maraging steel samples (Ref 19, 44, 76–79). Tan et al. (Ref 79)
reported the microstructure of 3D printed maraging steel
samples consisted of fine, equiaxed cellular grains in immediate
regions scanned by the heat source (Fig. 8a). Equiaxed cellular
grains were found in that region because the interfacial energies
and grain boundary angles were in equilibrium, resulting in a
stable crystalline structure. Coarse cellular grains were found in
melt pool overlapping regions, indicating the effects of IHT
during the process. In addition, columnar dendrites were found
in areas further away from the scan track. The growth of

Fig. 7 Microstructure of 3D printed AISI 420 samples in the (a) as-built condition and (b) after tempering. Reprinted from (Ref 72), Copyright
2019, with permission from Elsevier

Fig. 6 Microstructure of 3D printed H13 samples after undergoing (a) SR and (b) a combination of SR, HIP and HT. Reprinted from (Ref 62),
Copyright 2019, with permission from Elsevier

6398—Volume 30(9) September 2021 Journal of Materials Engineering and Performance



columnar dendrites was influenced by the direction of local
thermal gradient during the process. The microstructure in as-
built samples consisted of mainly martensite phase with traces
of retained austenite. It was deduced that the high cooling rate
in metal AM processes favored the formation of martensite
phase.

Investigations on the relationship between process param-
eters and mechanical properties of 3D printed maraging steel
samples were also conducted (Ref 80–86). Mutua et al. (Ref 86)
succeeded in 3D printing maraging steel samples with a
maximum relative density of 99.8% using an optimized set of
process parameters. It was concluded that less pores were found
in samples with higher relative density. In addition, the building
direction was found to influence the mechanical properties of
3D printed samples. Samples that were built perpendicular to
the loading direction have higher ultimate tensile strength and
improved ductility as compared to samples that were built
parallel to the loading direction.

3.2.1.2 Stage 2: Post-Heat Treatment Condition. Re-
searchers have conducted studies to investigate the effects of
post-heat treatment in 3D printed maraging steel samples (Ref
87–94). Yin et al. (Ref 94) reported that the cellular structure
found in as-built condition was no longer maintained after
aging at 490 �C. Precipitation of Ni-based intermetallics was
identified in aged samples. Ni3Mo was identified to form first
due to its lattice compatibility with martensite. Ni3Ti was
identified to form rapidly during aging due to the increased
interaction between Ni and Ti. Ni3Al formed as a result of Al
replacing the remaining Ti in the matrix. Further aging at
590 �C resulted in the decomposition of Ni3Mo and the
formation of Fe2Mo instead. Austenite reversion was identified
in samples that were subjected to aging at 590 �C.

Tan et al. (Ref 79) reported that solution aging treatment
(SAT) have improved the ultimate tensile strength, yield
strength and hardness of 3D printed maraging steel samples.
SAT involves solution treating the samples at 840 �C for 1 h,

followed by aging at 490 �C for 6 h. A comparison of the
microstructure found in as-built condition and after SAT is
shown in Fig. 8. The cellular shaped structure found in as-built
condition (Fig. 8a) was no longer maintained, and was replaced
with martensite laths (Fig. 8b). Austenite reversion was
identified as white spots in the microstructure of SAT samples.

4. Numerical Modeling of Microstructure Evolu-
tion in Metal AM

Numerical modeling is also applied in metal AM research to
predict microstructure evolution phenomena such as phase
transformation and grain growth. The three main numerical
models used to study microstructure evolution are: phase-field
(PF), cellular automaton (CA) and kinetic Monte Carlo (MC).
The underlying theories and capabilities of these three
microstructure models were reviewed (Ref 95, 96). In order
to study microstructure evolution in detail, a coupled thermal-
microstructure numerical model is necessary. This involves the
coupling of finite element (FE) or computational fluid dynamics
(CFD) models with the aforementioned microstructure models
to obtain an accurate prediction of microstructure evolution.
This is because the thermal models provide essential thermo-
dynamic information to predict the microstructure evolution
in situ. Examples of the thermodynamic information provided
include temperature profile, melt pool geometry, deformation
characteristics and residual stress distribution.

Among the three microstructure models used to predict
microstructure evolution, PF is known to give the highest
resolution and is able to provide a microscale perspective on the
phenomenon studied. PF is particularly useful for modeling
microstructure evolution phenomena such as microsegregation
of alloying elements (Ref 97, 98), precipitation kinetics (Ref
99, 100) and dendrite growth (Ref 101, 102). In PF, a diffuse

Fig. 8 Microstructure of 3D printed 18Ni-300 maraging steel samples in the (a) as-built condition and (b) after SAT. Reprinted from (Ref 79),
Copyright 2017, with permission from Elsevier
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interface approach is utilized to model the interface boundaries
between different phases so that it varies continuously from one
phase to another. However, PF is computationally intensive as
it involves the use of thermodynamic databases.

CA differs from PF as it is more focused on mesoscale
predictions, and is able to provide insights on how the
mechanical properties of a certain material are related to the
formation and structure of its grains. CA uses a mesh of equally
divided cells to model the phenomenon of interest, and features
explicit tracking of interface boundaries (Ref 103). Mesh
dependency of CA is circumvented via the use of decentered
square models, enabling a less restrictive prediction for the
evolution phenomenon studied (Ref 104, 105).

Kinetic MC serves a similar purpose as CA in providing
mesoscale predictions on microstructure evolution. In kinetic
MC, each lattice site is assigned with an integer value for its
orientation (Ref 106). The total energy of the system depends
on the orientation of that lattice site in comparison to its
neighboring sites. Neighboring sites with a different orientation
will contribute to the total energy of the system, while
neighboring sites with the same orientation do not. However,
MC is unable to predict finer details of the microstructure such

as dendrite morphology. This is because the probabilistic
methods used in MC lack the underlying physics to fully
describe the evolution phenomenon (Ref 42).

Coupled thermal-microstructure numerical models have
been applied to study microstructure evolution in 3D printed
alloys. Several reviews were conducted on this topic (Ref 107–
112). The following two alloys were frequently studied:
Ti6Al4V titanium alloy (Ref 113–118) and IN718 nickel alloy
(Ref 119–123). The microstructure evolution phenomena of
interest are CET and the grain growth characteristics in both
alloys. For example, a coupled FE-PF numerical model was
used to predict the dendrite growth angles during the solidi-
fication of 3D printed IN718 nickel alloy (Fig. 9).

State of the art in the validation of the numerical results was
done by correlating them with experimental data obtained via
DTEM (Ref 124, 125). Pinomaa et al. (Ref 125) have simulated
the solidification microstructure of Al-Cu thin films using PF
and compared it with time-resolved DTEM images. At a time
step of 8 ls, the predicted grain morphology (size and shape)
was found to be in good agreement with those observed in
DTEM images. However, at a time step of 11 ls, the predicted
grain morphology was found to be larger when compared with

Fig. 9 Simulation of different dendrite growth angles ranging from (a) 10� to (d) 45� during the solidification of 3D printed IN718 alloy. The
red solid arrow represents direction of thermal gradient G, while the blue dashed arrow represents the growth direction of primary dendrites.
Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Journal of Materials Engineering and
Performance, Investigation on Microsegregation of IN718 Alloy During Additive Manufacturing via Integrated Phase-Field and Finite-Element
Modeling, X. Wang et al., (Ref 101) Copyright 2018
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experimental data. It was mentioned that the predictions could
be improved via the inclusion of latent heat effects, which
would reduce the advance of the predicted solid–liquid
interface.

Researchers have also reported the implementation of
coupled thermal-microstructure numerical models to study
steels (Ref 126–130). For example, Chen (Ref 130) imple-
mented a coupled numerical model to simulate the grain
morphologies formed after rapid solidification in 3D printed
304L stainless steel. The coupled numerical model consisted of
three components: a FE model for generating the transient
temperature profiles during rapid solidification; a Gibbs
nucleation model incorporating the necessary parameters to
predict grain nucleation and CET phenomenon; and a PF model
to predict grain morphology and grain growth during the
solidification process. It was reported that preliminary predic-
tions for grain morphology were in close agreement with those
observed experimentally. The predictions could be improved by
using the same length scale for FE and PF models. This would
result in a more accurate prediction for the local temperature
profile and grain morphology.

However, simulation on the microstructure evolution in 3D
printed steel molds remains relatively undiscovered. Given the
recent success in microstructure modeling of other 3D printed
alloys, it is highly suggestive that the models used could be
adapted to study steel mold materials too. These studies would
provide valuable information on the microstructure evolution of
3D printed steel molds and could be utilized to tailor the mold�s
microstructure and improve its mechanical properties.

5. Conclusion

To summarize, the optimization of process parameters is
necessary for 3D printing steel molds with high relative density
and improved mechanical properties. In situ investigations on
microstructure evolution in 3D printed steel molds provide the
required knowledge to achieve this objective. The formation of
a homogeneous microstructure is favorable for 3D printed steel
molds, as it leads to isotropic mechanical properties. Under-
standing the CET phenomenon in metal AM processes is
crucial for obtaining the desired microstructure. Furthermore,
the experimental techniques and numerical models presented in
this review could be adapted to study CET phenomenon in 3D
printed steel molds.

Metal AM technologies feature complex microstructure
evolution phenomena such as rapid solidification and IHT. The
microstructure and mechanical properties of 3D printed com-
ponents were identified to be significantly different compared to
those made via conventional manufacturing processes. Further
investigation on the process–microstructure–properties rela-
tionship in metal AM has yielded important information on the
underlying mechanisms governing microstructure evolution.
This improved understanding could be applied to tailor the
microstructure of 3D printed components. The development of
in situ microstructure characterization techniques such as
DTEM and synchrotron x-ray have enabled more detailed
observation of transient phenomena such as rapid solidification
and pore formation in metal AM processes. Coupled thermal-
microstructure numerical models are recommended for en-
hanced prediction of microstructure evolution phenomena such
as dendrite growth and CET in metal AM processes.
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