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Production and Characterization of a Modified Hot ®

Check for

Work Tool Steel by Laser Powder Bed Fusion

FARAZ DEIRMINA, PAUL A. DAVIES, NIKHIL DIXIT, RAVEENDRA SIRIKI,

and MASSIMO PELLIZZARI

Conventional hot work tool steels with medium carbon content, fabricated by laser powder bed
fusion (L-PBF), are susceptible to cracking. To reduce this risk, as in well-established welding
process, usually preheating or in-situ heating needs to be applied. In order to address this issue,
a modified grade, with lower carbon wt pct, is proposed to fabricate parts showing less
susceptibility to cracking. The microstructure was studied in the as-built condition and after
direct double tempering for 2 hours each at 625 °C and 650 °C. Tensile properties and hardness
were compared with those of wrought and (L-PBF) processed AISI H13. The results confirm
improved printing performance of the new steel grade and the possibility of achieving similar
hardness and strength by proper tempering treatment.
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I. INTRODUCTION

ADDITIVE manufacturing (AM) is a fast-growing
industrial technology receiving increasing attention in
recent years due to the unique characteristics in the
production of complex geometries in a short time and
sustainable way for a variety of materials."? Laser
powder bed fusion (L-PBF) is one of the most practiced
technologies for metal AM due to its distinctive capac-
ities in manufacturing. L-PBF offers design freedom to
fabricate tools with optimized design such as dies with
intricate cooling channels, and forming and trimming
tools.?4

AISI H13 is a Cr, Mo, V hot work tool steel which
must be used in quenched and tempered condition. The
steel shows a combination of high hardness and tough-
ness after tempering at temperatures above the sec-
ondary hardening peak (i.e., above 500 °C).>” This
material is hard to process by L-PBF additive manu-
facturing due to cracking, especially in the absence of
plate preheating or L-PBF chamber heating.!® The
cracking observed in L-PBF processed AISI HI3,
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without using plate preheating or heated L-PBF cham-
ber, might be explained in view of two mechanisms both
related to large residual stress build-up which leads to
brittle fracture in the hard martensite.

The first and most important source of residual stress
is the martensitic phase transformation, occurring at
around 250 °C-300 °C, which results in localized, con-
strained volume expansion and dramatic increase in
dislocation density. By using Transmission Electron
Microscopy (TEM) and high-angle X-ray diffraction
measurements, Yan et. al’® quantified the large amount
of martensite, and large residual stress in L-PBF-pro-
cessed H13 steel. They reported that the component of
martensitic transformation was the most significant
factor contributing to the residual stress build-up.
Through Finite Element Analysis, Deng!® quantified
the relation between carbon content, martensitic trans-
formation, and residual stress in laser-welding of steel.
For medium-carbon steels (e.g., H13), the authors
showed that large residual stresses are the result of
relatively large dilation and low martensite start (Ms)
temperature, while in low carbon steels martensitic
transformation had an insignificant effect on residual
stresses because of a negligible dilation and the rela-
tively higher transformation temperature. Murakawa
et al"™ and Francis er all'" showed that if the
martensitic phase transformation temperature (i.e.,
Ms) is lower than 400 °C, the overall residual stress
can be large and compressive. In L-PBF-processed H13,
processed without plate preheating, the residual stress
was compressive (~ 400 MPa) due to the volume
expansive martensitic transformation.®'? Preheating
led to the achievement of crack-free samples, and the
reduction of the residual stress.'? Interestingly,
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preheating at 300 °C (i.e., slightly above Ms of H13)
resulted in negligible residual stress (i.e., 78 MPa), while
the residual stress was reported to be tensile by
preheating at 400 °C, probably due to the in-situ
tempering of bainite.l'” The second source of residual
stresses is the steep temperature gradients, characteristic
of L-PBF process, which causes two different stress-in-
duced mechanisms (i.e., thermal gradient and volume
shrinkage upon melt pool non-equilibrium rapid solid-
ification).l’! Both the above-mentioned factors convey
the fact that increased residual stress by larger C
content, local yield strength and toughness, and the
local temperature gradient govern the cracking
susceptibility.

Crack susceptibility due to the residual stress can be
explained by the high hardness of the extremely super-
saturated BCC (or BCT) martensitic matrix with limited
ductility, therefore, dislocation interactions will be
accompanied by the formation of immobile dislocations,
crack nucleation (or crack propagation from pre-exist-
ing defects), and finally brittle fracture. Other than plate
preheating to above 200 °C, and sometimes up to
400 °C (i.e., to suppress martensitic transformation
and reduce the thermal gradient), optimized scanning
strategies have been proven to reduce steep temperature
gradients significantly.l'>"¥ Another approach might be
the adjustment of chemical composition in a way that
Ms shifts to higher temperatures to ease the accommo-
dation of the residual stress created by the martensitic
transformation. In addition to that, a chemical compo-
sition leading to higher Ms generally shows a lower
hardness in quenched condition (i.e., softer martensite),
this plays a complementary role to increase the resis-
tance against the brittle fracture caused by internal
residual stresses. Indeed, also in welding experiments,
the material with lower yield strength in quenched
condition needs a lower preheating temperature. For
this purpose, two main influencing factors to modify the
chemistry should be considered:

Ms temperature, which can be roughly estimated
using the following empirical equation, considering the
wt pct of alloying elementst

M(°C) = 545 — 601.2(1 — exp(—0.868C pct)
— 34.4Mnpct — 13.7Sipct — 9.2Cr pct
— 17.3Nipct — 15.4Mo pct + 10.8V pct
+ 4.7Copct — 1.4Al pct — 16.3Cu pct
— 361Nb pct — 2.44Ti pet 1]

The hardness of the martensite after rapid cooling to
temperatures below Ms, which can be correlated to the
carbon equivalent (C.q) in wt petl!!

Ceq. =Cpct + A(C)
Mnpct  Crpct + Mopct + Vpcet + Nbpct
* 2
6 5 2]
Sipct  Cupct Nipct]
24 15 20

A(C) = 0.75 4 0.25tanh[20(Cpct — 0.12)]
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where hardness of martensite is proportional to the Ceq
and cooling rate, v['%

H x AC,, + Blog(V') 3]

Above equations suggest that the most effective way
to mitigate cracking in L-PBF HI3 is reduction in
carbon wt pct. However, the hardness of tempered H13
tool steel is provided by the dispersion of fine secondary
carbides within the relatively tough tempered marten-
site. Therefore, reducing C content will reduce both
martensite hardness as well as carbides vol pct, with a
potential negative impact on steel properties. From the
work of Berns and WendL!"”! who studied the effect of
carbon on Cr, Mo, V hot work tool steels, it was
concluded that in HI3 with reduced C content (i.e.,
0.27 wt pct vs 0.4 wt pct) the main effect is a drop in
quenched hardness, as well as in the tempered condition
up to the secondary hardening peak (~500 °C). How-
ever, in the technically used tempering range (i.e.,
575 °C to 650 °C) the difference in hardness became
negligible. Accordingly, to achieve a tensile strength of
1500MPa, low carbon HI13 was tempered lower than
standard H13 by only 7 °C. Ms temperature was higher
in the low carbon steel, and this was backed by the
difference in relative change in length during martensitic
transformation which led to reduced size distortion of
low carbon H13 upon quenching. In addition to that,
Norstrom!'®! clearly showed that by the incorporation of
higher Mo, and lowering Cr in hot work tool steels, the
tempering resistance was significantly improved, as the
consequence of the higher coarsening resistance of
Mo-rich (e.g., MgC or M,C) compared with Cr-rich
(Cry3Cg) carbides. In fact, about 3 wt pct Cr was enough
to ensure optimum oxidation and hardness properties.
Finally, small additions of Co could increase the hot
hardness of the steel as well as the Ms temperature,
which can be used as an additional factor in producing
crack-free hot work tool steels by L-PBF technique.

The aim of the present work is to evaluate the
properties of a new hot work tool steel grade with lower
C, increased Mo, and reduced Cr content than AISI
H13. This study focuses on tensile properties and
hardness of the modified steel.

II. MATERIALS AND METHODS

The compositions of the new experimental steel
powder (herein after H13-Mod) and that of standard
AISI H13 are listed in Table 1.

Spherical inert gas atomized powders with a particle
size distribution of (— 53 um + 15 um) were used. For
both materials, builds were performed in an EOS M290
machine equipped with 400 W Yb-fiber laser. The build
plate was heated to 80 °C and the build was conducted
in nitrogen atmosphere. Laser beam size was 80 um,
hatching distance was set to 0.11 mm, and layer
thickness to 40 um. Stripes were used as a scan pattern
with stripe width of 5 mm. The scan pattern was rotated
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Table I. Chemical Composition of the Starting Powders
Element Wt Pct C Si Mn Cr Mo v Ti Fe
H13-Mod 0.25-0.30 0.7 0.3 3.0-4.0 2.0-2.8 0.5-0.7 50-200 ppm bal.
H13 0.4 1.0 0.35 5.1 1.5 1.0 — bal.

67 degrees between layers. For the process optimization,
the widely used volumetric laser energy density (E) was
used (Eq. [4]).

J

#(ous)

where P is laser power (W), v is the scanning speed (mm)/
s), h is the hatch spacing (mm), and t is layer thickness
(mm).

Relative density measurements were carried out using
image analysis on light optical microscope (LOM)
images of ground and oxide polished (colloidal silica
suspension, 0.02um) metallographic cross sections.
High-resolution field emission gun scanning electron
microscope (FEG-SEM) was used for the microstruc-
tural analysis. Energy-Dispersive X-ray Spectroscopy
(EDXS), a semi-quantitative analysis, was used to
determine the chemical compositions of different phases.
Electron backscattered diffraction (EBSD) analysis was
carried out using Symmetry to reveal the presence and
position of retained austenite (RA) in the as-built
microstructures. Vickers hardness (HV1 and HYVY)
measurements were carried out according to
ASTM E92-82(2003). Tensile tests were performed con-
forming to ASTM E8M on small size specimens. Three
samples were tested for each orientation (i.e., tensile
loading normal to build direction (BD), and parallel to
BD). The test was displacement-controlled, strain rate
was 0.00025 s up to ~ ¢ =1.7 pct and changed to
0.0067 s until fracture. Thermodynamic simulations
were carried out using Thermo-Calc software (2021a,
TCFEL11 database).

Samples were double tempered directly from the
as-built condition either at 625 °C or 650 °C for 2 h.
These two tempering temperatures are common tem-
pering temperatures for the H13 tool steel according to
the use of mold or die.!'” Tempering was performed in a
chamber furnace followed by air cooling. After temper-
ing, samples were cut from the build plate by electro
discharge machining (EDM).

_ P
T yxhxt

[4]

III. RESULTS AND DISCUSSION

A. Rel. Density, Microstructure, and Hardness
of the As-Built Parts

The optical micrograph of metallurgical cross sections
confirmed that it was difficult to produce crack free,
near fully dense test cubes in H13 even by selecting
suitable parameters using process optimization
(Figures 1(a) and (c)). However, in the case of
HI13-Mod no cracks and near full density (i.e.,
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Fig. 1-—Results from process optimization (a¢) H13 showing cracks
(E ~ 67 J/mm®), (b)) H13-Mod without cracks (E ~ 67 J/mm?), (¢)
H13 with ~0.6 pct porosity (E ~ 80 J/mm?), and (d) near fully dense
H13-Mod (E ~80 J/mm?).

Table II. Hardness and Rel. Density of the Samples
Rel. Density (pct) Hardness (HV1)

HI13 99.8 668+4

H13-Mod 99.9 516+11

99.9 pct) were observed by optimized laser energy
density (Figures 1(b) and (d)). The as-built hardness of
H13 and H13-Mod were 668+4 HV1 and 516+11 HVI,
respectively (Table II), in agreement with the lower C
content in HI13-Mod leading to a softer martensite.

Similar to other works,>®!3! the as-built L-PBF H13
showed a mainly martensitic microstructure. The solid-
ification structure was cellular/dendritic (Figure 2(a)),
with the heavy micro-segregation of carbon and other
alloying elements (i.e., Mo, V, and Cr) to the cellular
boundaries (Figures 2(b), (c) and Table III) as a result of
the fast, non-equilibrium solidification, characteristics of
L-PBF process. Some evidence of Mo/V-rich carbide
precipitation could be found at cell boundaries
(Figure 2(c)). Similar features were also found for
H13-Mod (Figure 2(d)) showing an apparently larger
number of carbides at the intercellular areas
(Figure 2(e)).

EBSD results confirmed the presence of retained
austenite (RA) in the as-built H13 (Figures 3(a), (b)),
RA was mainly located at cell/dendrite boundaries in
the as-built H13 microstructure (Figures 3(c), (d)), in
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Fig. 2—SEM micrographs, (¢) H13 tool steel showing a martensitic microstructure with the cellular/dendritic solidification structure, () cellular
structure in H13 tool steel, (¢) a higher magnification micrograph showing intercellular micro-segregation and particles at cells boundary of H13,
(d) H13-Mod martensitic microstructure with the cellular/dendritic solidification structure, and (e) a higher magnification micrograph showing

intercellular micro-segregation in H13-Mod.

line with the previous work of authors.*” In fact, in an
austenitized and quenched H13, RA was reduced to less
than 2 pct, suggesting that the large amount of RA in
L-PBF H13 can be explained by its chemical stabiliza-
tion caused by micro-segregation (i.e., local enrichment
of the alloying elements) at the cell/dendrite boundaries,
because of rapid solidification (Table III). The local
increase in austenite stability is coherent with the lower
M:s temperature at those areas.”* 2 Considerably lower
amount of RA was found in the as-built H13-Mod
(Figures 3(e), (f)), which can be a result of lower C
wt pctin H13-Mod (see Eq. [1]). The RA content in H13
was around 11 vol pct (Figure 3(b)), while this amount
was reduced to ~ 2 vol pct in HI3-Mod (Figure 3(f)).
These measurements can only be used as a rough
estimation, due to the very fine size of intercellular RA
(i.e., ~250 nm) in laser-based AM steels,”*! which can
lead to measurement uncertainties by using low-magni-
fication EBSD scans with coarse step sizes.**! For a
more precise evaluation, higher magnification scans, and
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step sizes of ~ 50 nm, with sufficient sampling would be
needed. Present results are then useful to demonstrate
the lower RA formation tendency of H13-Mod. For the
purpose of comparison, the reported RA vol pct , using
X-ray diffraction (XRD) analysis, in L-PBF H13 was
around 19 pet in the previous work of the authors.>

To get an insight to the rapid solidification behavior
and phase constitution of the samples, thermodynamic
modeling was considered. The Scheil solidification
model (Figure 4(a)) can be used for multicomponent
systems. The model involves complete diffusion in the
liquid phase while no diffusion in the solid phase is
allowed, and that local equilibrium holds at the lig-
uid/solid interface. Moreover, using Thermo-Calc soft-
ware, it was possible to account for solute trapping in
Scheil model specifically developed for AM simulations.
The solidification speed (V) was calculated by using the
laser scanning speed (v) set to 980 mm/s, and the angle
between solid/liquid interface and scanning direction ()
set as default (i.e., 45 deg), through Eq. [5].
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Table III. Wt Pct of Cr, Mo, and V by EDS Analysis on Marked Areas in Figs. 2(c) and (e), Matrix Composition is Reported
for Comparison

Point Region Cr Wt Pct Mo Wt Pct V Wt Pct
1 cellular boundaries 6.1 2.8 1.5
2 particles at the cell boundaries 6.6 3.8 3.1
3 H13 Matrix 4.8 1.3 1.2
4 particles at interdendritic areas, H13-Mod 5.7 6.5 1.0

VS(@) =vXa [5]

The liquidus temperature of H13-Mod. is slightly
higher than that of H13 due to the lower C content and
the lower wt pct of alloying elements. In all calculations,
delta ferrite, i.e., the first solid phase to form, was removed
from the calculations, and austenite is the first solid phase
to form. The elimination of delta ferrite was because there
were no traces of delta ferrite in the as-built microstruc-
ture. This was backed by the pioneering work of Chou
et al®" arguing that, at high solidification velocities,
austenite dendrite tip temperature is higher than that of
delta ferrite. Therefore, at extremely high solidification
rates (e.g., L-PBF), austenite is more likely to form. In
both cases, the deviation from equilibrium solidification
(onset of micro-segregation in these systems) happens at
around 0.45 mole fraction of liquid to solidify. The Scheil
model predicts the precipitation of M;C;, and MC-type
carbides from the last liquid fraction (i.e., at the cellular
boundaries) in H13, in line with a recent work of Casati
et.al.”> on L-PBF X38CrMoV5-1 hot work tool steel.
While formation of MgC carbides from the heavily
alloyed liquid is predicted in H13-Mod. This is justified
by the lower C and V activities and the higher activity of
Mo in HI13-Mod. According to the calculations, MC
carbides are rich in V and Mo (i.e., 67 wt pct and 12
wt pct, respectively) in H13, while in H13-Mod, Mo
concentration in MgC carbides is 49 wt pct and V is
reduced to 6 wt pct. This is fairly in line with the
semi-quantitative EDS analysis (Table III).

The micro-segregation of alloying elements associated
with fast solidification is depicted in Figures 4(b) and (c)
for H13 and H13-Mod, respectively. By increasing the
solid fraction, the amount of C and alloying elements
inside the remaining liquid increases. To estimate the
effect of cell boundary micro-segregation on chemical
stabilization of RA, the chemical composition of solid
phase vs temperature, up to 0.02 mass fraction of liquid to
solidify, (i.e., Figures 4(b), (c)) was considered. It must be
pointed out that Scheil model is often used for fast
non-equilibrium solidification modeling due to the sim-
plicity of its use. However, important parameters, such as
the cut-off limit of the residual liquid amount, and
temperature step size might impose significant differences
in the calculation results. Therefore, this might result in
errors in the predicted mass fraction of eutectic phases
forming at the end of the solidification. In the current
work, the temperature step size was selected as the default
value (i.e., 1), and due to the comparative nature of the
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current study, lower step sizes which need larger simula-
tion times and cost were not tried.[*®!

Assuming no further homogenization upon extremely
fast cooling, down to the martensite start temperature,
the chemical composition profiles were used as the input
for the empirical Ms equation (see Eq. [1]). The results
are shown in Figure 4(d). According to calculations, the
Ms temperature of the intercellular austenite formed at
the end of solidification becomes lower than the room
temperature (RT) due to the local enrichment of
alloying elements. This confirms the stabilization of
RA at those regions. The Ms profile calculated by
Eq. [1] shows a fairly similar trend in comparison to that
calculated as a function of segregation profile, using
more precise computational thermodynamic considera-
tions by taking the cooling rate into account on an 0.35
wt pct C, Cr, Mo, V hot work tool steel processed by
L-PBF.*!

The minimum Ms temperature as well as nominal one
is higher in the case of H13-Mod compared with H13
due to the lower C and Cr content. The higher Ms
temperature in the micro segregated areas of H13-Mod
might result in less chemically stabilized RA, as con-
firmed by the EBSD observations (Figure 3(f)). Another
plausible factor might be the increased concentration of
Mo at the cellular boundaries in the HI13-Mod giving
rise to the precipitation of higher wt pct of carbides at
those areas (Figures 2(d) and (e)) leading to depletion of
Mo and C in austenite, its destabilization, and its
transformation into martensite upon cooling. The
higher Ms temperature as well as softer martensite in
H13-Mod (Table II) are very good premises for lower
residual stresses after L-PBF, and lower susceptibility to
cold cracking in comparison to H13.

Apart from considerations on cold cracking, it must
be noted that, by increasing the C content, solidification
cracking susceptibility increases in tool steels, Xia and
Kou,?” in their welding experiments, reported that the
susceptibility index shows a minimum at C wt pct of ~
0.2 and increases rapidly by increasing the C wt pct. The
much finer dendrite/cell size in L-PBF processing than in
welding process, and the lower C content in HI3-Mod
compared with H13 might result in lower solidification
cracking susceptibility for the proposed alloy.

IV. POST PROCESSING THERMAL
TREATMENTS

The hardness of the samples after double tempering at
625 °C and 650 °C is reported in Table I11. As expected,

METALLURGICAL AND MATERIALS TRANSACTIONS A



/ H13-Mod

A RN

Fig. 3—As-built samples, (¢) EBSD inverse pole figure (IPF) map with respect to the BD (H13), () corresponding band contrast image overlaid
by austenite phase in blue (H13), (¢) higher magnification EBSD scan for H13: Fore scattered image revealing cell boundaries, (d) corresponding
band contrast image overlaid by phases (martensite in red and austenite in blue), (¢) EBSD IPF map with respect to the BD (H13-mod), and (f)
corresponding band contrast image overlaid by austenite phase in blue (HI13-mod), note significantly lower RA in H13-Mod (Color

figure online).

the hardness of H13 is higher than that of H13-Mod.
However, as also shown in the work of Berns and
Wendl, this difference becomes negligible at higher
tempering temperature.[l7

METALLURGICAL AND MATERIALS TRANSACTIONS A

The reason may be found considering the most
important parameters affecting secondary hardening of
hot work tool steel during tempering, i.e., (i) the fraction
of secondary carbides, (ii) the hardness of secondary
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Fig. 4—(a) Scheil simulations for HI13 and H13-Mod (please note that delta ferrite is removed from calculations, () composition of liquid phase
vs mole fraction of solid (H13), (¢) composition of liquid phase vs mole fraction of solid (H13-Mod), and (d) Ms mapping of local austenite

composition vs mass fraction of solid.

carbides, and (iii) their resistance to coarsening at the
tempering temperature. The latter two factors are
mostly related to the carbide type. The higher fraction
and the finer carbide size provide greater strengthen-
ing.”%?°! For this purpose, the equilibrium property
diagrams of the H13, and H13-mod within the temper-
ing temperature range are calculated and shown in
Figures 5(a), and (b), respectively. Even if these calcu-
lations show the phase fractions under equilibrium
condition, they still can be useful for a qualitative
comparison. The simulation results show that the
overall vol pct of carbides are higher in H13 steel
compared with H13-Mod (Figure 5(c)) due to the higher
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C content of the former. Calculation clearly shows that
the vol pct of Mo-rich carbides (e.g., MgC and M,C) is
higher in H13-Mod than in H13, while Cr-rich carbides
(e.g., M»3Cy) prevail in H13.

The M»3Cq4 carbides are reported to be larger than
other carbides at any tempering temperature.”! More-
over, the coarsening rate of this carbides, especially at
temperature higher than 650 °C, is reported to be much
higher than other carbides, which leads to a larger drop
in hardness. Mo rich (i.e., M>C, M¢C), and (V, Mo) rich
MC-type carbides are more resistant to coarseningl®
and considered as fine and stable carbides. The MC
carbide has the highest resistance to coarsening,

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 5—Equilibrium property diagrams of (¢) H13 and (b) H13-Mod at the tempering temperature range, and (¢) cumulative volume fraction of

carbides.

especially at elevated temperatures.”® Therefore, the
larger vol pct of fine Mo-rich secondary carbides in
H13-mod (i.e., higher number density of Mo-rich
carbides) might explain the smaller drop in hardness
after tempering at temperatures higher than the sec-
ondary hardness peak, where recovery of dislocations,
reduction in dislocation density, and carbide coarsening
occur more readily. In fact, in spite of lower C content,
the hardness of both steels in the technically used
tempering range is almost identical (Table IV). The
hardness reported here for direct tempering from the
as-built condition is generally higher compared with that
of quenched and tempered counterpart, possible expla-
nations are discussed in detail in previous work of the
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authors and other researchers pointing at the positive
effect of decomposition of RA during the first tempering
cycle.[13:20

The microstructure of the HI13-Mod tempered at
650 °C is depicted in Figure 6. The microstructure
comprises tempered martensite, strengthened by the
dispersion of alloy carbides. While part of fine carbides
is evenly distributed within the matrix (arrow in
Figure 6(a)), an interconnected network of carbides is
evident in the microstructure (arrow in Figure 6(b)),
contouring the prior cellular/dendritic boundaries (see
Figure 2). The higher concentration of alloying elements
in those areas gave rise to the precipitation of carbides
from either martensite or RA during tempering. To
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eliminate this feature, an austenitizing and quenching
treatment prior to tempering is necessary!'* which is out
of the scope of the present work. A higher magnification
SEM micrograph (inset in Figure 6(b)) shows the
presence of coarse Cr-rich carbides (1) with composition
(17.3 pct Cr, 3.8 pct Mo, 2.4 pct V, 15.5 pct C (quali-
tative), Fe-Bal, at pct) according to semi-quantitative
EDS spot analysis, while finer rod-shaped precipitates
(2), which were hard to be characterized by EDS
analysis due to a very fine thickness, could be Mo-rich
M,C carbides.

The tensile test curves of H13-Mod (tempered at
650 °C) are shown in Figure 7. Both, horizontally (H)
(i.e., tensile loading normal to BD), and vertically (V)
(i.e., tensile loading parallel to BD) built samples, show
a yield strength of ~1500 MPa, a tensile strength of
~1670 MPa, and 6 to 7.5 pct fracture elongation. For
comparison, literature data for the conventionally pro-
duced and additively manufactured H13 are presented in
Table V. It can be postulated that H13-Mod, with
improved L-PBF processability, meets the strength and
hardness requirements of H13 applications (e.g., hot
stamping, extrusion dies, or die casting dies). Of course,
even if present results highlight a very high potential for
the new modified H13 hot work tool steel grade, other
important properties such as impact toughness, temper-
ing resistance, thermal fatigue resistance, and tribolog-
ical properties need to be assessed for a more complete
validation.

V. CONCLUSIONS

To improve the L-PBF processability of HI13 hot
work tool steel, a new experimental grade with lower C
(i.e., 0.25-0.30 wt pct), slightly lower Cr (~3.0 wt pct),
lower V (i.e., 0.5 wt pct), and increased Mo content (i.e.,

Table IV. Hardness vs Tempering Temperature of the
Samples (Direct Tempering)

Tempering Temperature (2 x2h) 625 °C 650 °C
HI3 560+5 HVS5 49544 HVS
H13-Mod 525£7 HVS 49045 HVS

2.0-2.8 wt pct) was proposed, and its properties were
reported. The main conclusions are as follows:

1. Both HI13 and the modified composition were
characterized by a cellular dendritic solidification
structure, comprising an ultrafine martensitic
matrix, and the micro-segregation of alloying
elements to the cellular/dendritic boundaries. The
micro-segregation resulted in the stabilization of
RA, and the RA fraction in modified HI13
(=2 pctvol) was lower than that of HI3
(=11 pctvol), most likely due to the lower C wt pct
of the former.

2. Printability of H13-Mod. was improved compared
with the standard H13 because of the softer
martensite achieved in the as-built condition (516
HV1 for H13-Mod., 668 HV1 for H13), and the
higher Ms temperature. These properties could
reduce the risk of cracking by facilitating the stress
accommodation resultant of the volume expansive
martensite transformation.

3. After direct tempering from the as-built condition,
the hardness, and tensile properties of the experi-
mental tool steel, in the technically significant
tempering range (i.e., above 575 °C), were similar
to those of H13 (yield strength of 1500 MPa and a
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Fig. 7—Stress—Strain curves for H13-mod., tempered samples
(2x-2h-650 °C), please note the change in strain rate at ¢ = 1.7 pct.

Fig. 6—SEM micrographs of tempered (2x-2h-650 °C), (a) interconnected carbide network and (b) precipitation of carbides at the intercellular/
interdendritic regions, inset: a higher magnification micrograph showing carbide types with different morphologies.
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Table V. A Summary of Hardness and Tensile Properties of Conventionally Produced and Additively Manufactured H13 Tool

Krakhmalev: Mater. Sci. Eng. A., 2019, vol. 742, pp. 584-89.

. J. Sjostrom and J. Bergstrom: J. Mater. Process. Technol., 2004,
vol. 153-154, pp. 1089-96.

. J.J. Yan, D.L. Zheng, H.X. Li, X. Jia, J.F. Sun, Y.L. Li, M. Qian,
and M. Yan: J. Mater. Sci., 2017, vol. 52, pp. 12476-85.

METALLURGICAL AND MATERIALS TRANSACTIONS A

Steel
Tempering Temperature Hardness Yield Strength Elongation
Austenitization (°C) (HV) (MPa) (Pct) Ref.
H13 wrought Yes 575 550 1520 — [31]
H13 wrought Yes 620 450 1280 [31]
H13 wrought Yes — 430 1340-1380 13.0-18.0 [32]
H13 wrought Yes — 460 1230 6.5 [33]
H13 L-PBF No 650 511 1450 33 [6]
H13 L-PBF HIPped (yes) 585 562 1500 6.6 [6]
H13 L-PBF No 600 629 1483 5.8 [34]
H13-Mod No 650 490 1500 6.0-7.5 this work
L-PBF
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