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The study focuses on an evaluation of mechanical properties of the H13 tool steel manufactured by the 
material extrusion and further comparison with conventionally produced material. Notably, for achieving 
sufficient surface quality of functional parts further post-processing is required. Thus, a comprehensive 
investigation, encompassing hardness, ultimate tensile strength (UTS) and yield strength (YS) measure-
ment, microstructure, and machinability was performed. The material extrusion, an increasingly utilized 
additive manufacturing (AM) technique, offers a viable alternative to the prevalent laser powder bed fu-
sion (LPBF) methods. The investigation revealed that the horizontal orientation of parts yielded the 
highest mechanical properties, reaching the ultimate tensile strength of approximately 1200 MPa. Addi-
tionally, the material exhibited the hardness of 47 HRC in the as-built state. The conventionally produced 
steel resulted in the higher UTS and YS in comparison to the AM material. The machinability of the as-
built material in regard to cutting forces and surface roughness was also evaluated Lower surface rough-
ness was achieved by decreasing feed per tooth. Optically measure material porosity was 6.13 % with 
maximum pore size 7.43 µm. The primary objective of this research is to optimize the mechanical prop-
erties of H13 tool steel post-printing, with a broader aim to apply the gained insights to improve other 
materials produced by the material extrusion. 
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 Introduction 

H-series steels are frequently employed in the pro-
duction of dies, possessing characteristics that can 
withstand elevated loads and temperatures associated 
with forging processes. The H13 tool steel (1.2344, 
X40CrMoV5-1), a versatile and widely used material, 
excels in hot forging applications due to its unique 
combination of properties. The tempered H13 tool 
steel, achieved through double or triple tempering, 
features a remarkable set of characteristics, including 
high hardness, high UTS, excellent fracture toughness, 
and maximum fatigue strength at both room and ele-
vated temperatures. The exceptional combination of 
properties is attributed to a presence of key alloying 
elements. The elevated amount of chromium en-
hances a resistance to high temperatures and oxida-
tion, while molybdenum increases a hardenability. [1] 
The presence of vanadium contributes to a higher 
strength, improved toughness, and enhances fabrica-
tion and service performance. [1-3]  

An alternative method of the production func-
tional parts is commonly known as AM. This very of-
ten used method for fabrication of metal production 

parts is usually associated with LPBF [4]. This tech-
nique has been widely studied with association of H13 
tool steel production [3,5-9]. Yonehara et al. [10] stud-
ied optimisation of the LPBF process. Density and mi-
crostructure of parts was evaluated including an influ-
ence of a laser power source. Produced parts achieved 
density of 99.9% when using the 400 W laser source. 
They also reduced the processing time by 30 % with 
the 1000 W laser source. Residual stresses of LPBFed 
parts were investigated by Narvan et al. [11]. They 
found out that residual stresses in high density parts 
(more than 97%) are independent on a densification 
level. Preheating of the part eliminates cracks but also 
stress-relief post-process is necessitated. Abdel-latif et 
al. [12] studied the mechanical properties and micro-
structure of LPBF tool steel. They proved that increas-
ing scanning speed deteriorated the strength, ductility, 
impact toughness and hardness. The preheating effect 
on microstructure and mechanical properties was 
studied by Mertens et al. [7]. It was proved that higher 
preheating temperatures lead to stronger and more 
uniformal (homogenous microstructure) material and 
better mechanical properties then the part with no or  
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lower bed preheating but lead to generation tensile re-
sidual stresses.  

Although powder bed fusion [13-14] is the most 
enhanced AM technology, material extrusion seems to 
be the alternative method with a great potential to be 
used in specific applications. Bose et al. [15] describe 
in their review also other additive manufacturing tech-
niques. Timko et al. [16] compared material extrusion 
method and SLM. Besides others, it is shown that ma-
terial extrusion method is more than two times 
cheaper than SLM. The material extrusion process in-
volves 2 separate stages. The first stage is a layer by 
layer printing similar as in FDM process. Some of the 
key parameters, which influence final mechanical 
properties of the part, are number of perimeters, print-
ing temperature, bed temperature, printing line strat-
egy, infill pattern, layer thickness etc. A build sheet is 
usually used between part and build platform. The 
printed body is called a green body and must be fur-
ther processed. The processing includes debinding 
and sintering which could be done in one or two 
stages. The debinding process washes out a polymer 
from the part and a brown body is created. During the 
sintering process, particles are sintered together and 
form the final solid part. Removing the binder from 
the input material during the second stage is a critical 
part of the material extrusion process due to cracks 
which could occurred in the part. The sintering is per-
formed under a protective atmosphere to prevent the 
part from oxidation. The sintering stage plays a signif-
icant role in final mechanical properties of the pro-
duced part. Jansa et al. [17] studied mechanical prop-
erties of steel produced by material extrusion. It is 
known than mechanical properties of parts produced 
by material extrusion are typically lower compared to 
conventionally production methods. This could be 
caused by internal porous defects. Czan et al. [18] 
compared the working accuracy of material extrusion 
with SLM. The accuracy is strongly influenced by the 
manufacturing parameters and depends on geometry, 
orientation and position of the individual shape spec-
ifications of the 3D object. Degree accuracy of ap-
proximately IT12 to I13 was achieved. 

Generally, the H13 tool steel is used for wear-re-
sistant components, especially in injection molds and 
die-casting dies, due to its high toughness and heat re-
sistance. Despite an excellent thermal shock resistance 
and a thermal fatigue resistance, H13 tool steel exhib-
its also some limitations in terms of a corrosion re-
sistance and potential brittleness at elevated tempera-
tures. Combining AM technique with the H13 tool 
steel production emerges new possibilities. The fabri-

cation of injection molds with internal cooling chan-
nels could be one of them. These molds must exhibit 
excellent mechanical properties including surface 
quality. To achieve a desired surface quality, further 
post processing is necessary [19-21]. Mclean at al. [22] 
studied the effect of heat treatment and hot isostatic 
pressing on porosity which helps to improve the me-
chanical properties of additive manufactured parts. 
Gohn et al. [23] studied mold inserts for injection 
molding prototype applications fabricated by material 
extrusion. They proved that tooling prototyping can 
lower material costs for tooling validation and reduce 
engineering and equipment time. Papageorgiou et al. 
[24] investigated the usage of H13 as working die in 
plastic injection molding. It was shown that improper 
cooling condition can lead to fatigue corrosion crack-
ing which further leads to damage of the die before 
predicted service life. Kuo et al. [25] describe in their 
study the importance of designed cooling channels. 
Different strategies of cooling channels were investi-
gated, and conclusion was made. 

Material extrusion seem to be the promising tech-
nology with the great potential and undisputed ad-
vantages to replace the traditional molds production 
method. Due to the limited number of studies regard-
ing material extrusion of the H13 tool steel and its me-
chanical properties, the study was created. It describes 
the mechanical properties (tensile testing, compres-
sion tests) as well as evaluates material density, struc-
ture and machinability of H13 tool steel. The paper 
provides a good overview and helps to promote ma-
terial extrusion method as a possible substitution of 
powder bed fusion technologies.  

 Materials and methods 

2.1 Materials 

The H13 tool steel from Desktop Metal has been 
used for this study. It is a composite rod containing of 
metal powder enclosed in a polymer binder and paraf-
fin. The composition of the metal powder is shown in 
Tab. 1. A safety risk combined with handling very fine 
metal powder is reduced by immobilizing the powder 
particles in the matrix of the filament binder. When 
comparing to the powder bed fusion technology (e.g. 
SLM, EBM.), handling of the material is much safer 
and does not require any specialized protective equip-
ment [26]. 15 mm length rods with 1.5 mm in a diam-
eter are stored in a container of 192 pieces with a mass 
of 4.2 kg. There are three main options how to extrude 
the material. Desktop Metal in Studio System uses a 
piston to extrude rods from the printer cartridge. 

Tab. 1 Chemical composition of the H13 tool steel powder 
Elements Cr Mo Si V C Mn P S Fe 

Reference Wt. % 4.8–5.5 1.1–1.7 0.8–1.2 0.8–1.2 0.3–0.45 0.2–0.6 Max. 0.03 
Max. 
0.03 

Balance 
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2.2 Preparation of samples 

The sample fabrication was performed on a Studio 
System (company Desktop Metal) 3D desktop printer 
using material extrusion technology under process pa-

rameters shown in Tab. 2. The conversion of dimen-
sions after shrinkage was calculated in SW Fabricate 
(from Desktop Metal) according to manufacturer rec-
ommendations. The same software was used for slic-
ing and for operating with Desktop Metal devices.

Tab. 2 Printing process parameters used for material fabrication 
Nozzle diameter [mm] Layer height [mm] Infill type [-] Nozzle temperature [°C] 

0.4 0.1 Alternating lines 175 
Bed temperature [°C] Print speed [mm.s-1] Chamber temperature control [°C] 

65 15 YES, 50 
 
All of the printed samples were fabricated with a 

nozzle with 400 µm in diameter. All samples were 
printed with 100% density of a infill using an alternat-
ing line pattern shown in Fig. 1. The layer thickness 
used for the fabrication was set to 0.1 mm.  

 

Fig. 1 Printing strategy - alternating lines 
 
The debinding and sintering processes (all samples 

were debinded and sintered in one batch) were carried 
out in devices from Desktop Metal as a part of Studio 
System. A standard thermo-chemical procedure of the 
catalic debinding was used when green parts were 
heated to 44 °C. The duration of removing the binder 
varied according to the wall thickness of the sample. 
The porous brown parts were further sintered under 
pure argon atmosphere at the pressure and tempera-
ture bellow the material´s melting point. After the sin-
tering stage, some of the samples were further post-
processed. The samples for tensile tests were achieved 
by machining, which took place in a universal lathe 
(DMG CLX 350) and 5 axis milling machine (DMG 
DMU 50). 

2.3 Mechanical properties tests 

The tensile tests were performed according to ISO 
6892 [27] on ZD40 tensile testing machine, which is 
suitable for tensile, compressive testing and is 
equipped with a force sensor. Three groups of samples 
were created for this type of testing. The samples in a 
group A were built in a vertical direction with a  

machining allowance within the full length. Samples in 
the groups B and C were 3D printed in the horizontal 
direction. The Group B had the machining allowance 
in full length and samples in group C had machining 
allowance only at the places where threads (used for 
sample clamping) were created by the machining. The 
machining process could influence mechanical prop-
erties of the samples. The upper layer could be incon-
sistent and the protrusions could consist of very hard 
grains.  

2.4 Porosity measurement 

There are several methods for measuring porosity 
[28]. The porosity in detail sample areas was evaluated 
by the software ImageJ and porosity in the whole sam-
ple cross section was performed by the optical micro-
scope Olympus DSX 500 (used plugin for porosity 
evaluation). Observed cross-sections were conducted 
in horizontal and vertical directions. Measurements 
were performed under a 140 magnification. The whole 
observed area was than composed of many pictures in 
aims to cover the whole sample cross-section.  

2.5 Microstructure observation 

The microscopic observations involved the prepa-
ration of samples. The preparation process included 
cutting each sample using a LECO MSX metallo-
graphic cut-off saw and pressing it into a puck. Subse-
quently, the samples were ground and polished, with 
polishing performed using 1 µm and 0.5 µm diamond 
pastes. After polishing, the samples underwent etching 
with a 2% nital solution. The prepared samples were 
then subjected to a microscopic analysis. The optical 
microscopy was employed, utilizing an Olympus 
DSX500 microscope.  

2.6 Machinability 

Machinability testing was conducted using 3 mm 
diameter carbide solid end mill with TiN coating. Pa-
rameters which affect machinability are mainly cutting 
parameters, heat treatment, tool clamping, coolant, 
and workpiece material. The tool wear was evaluated 
at the end of each test under the optical microscope 
Olympus DSX 500. 
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The main aim was to evaluate the impact of cutting 
conditions (cutting speed (vc) and feed per tooth (fz)). 
All the tests were performed under dry machining 

conditions. The tool wear and surface roughness were 
evaluated. Cutting conditions of the experiment are 
shown in Tab. 3.

Tab. 3 Cutting conditions used for machinability testing.  

Condition/test number 1. 2. 3. 4. 5. 6. 

Cutting speed vc [m.min-1] 120 140 160 120 140 160 

Feed rate fz [mm] 0.0025 0.01 0.0175 0.0175 0.01 0.0025 

 Results and discussion 

3.1 Samples characterization 

In terms of verifying the composition of incoming 
materials in rods, the SEM analysis was done. It was 
proved that the chemical composition corresponds to 

the Tab. 1. The structure of the material is shown in 
Fig. 2. As can be seen, the structure consists of parti-
cles of different size. The maximum size of particles is 
15 µm. The difference in particle dimension allows the 
favourable sintering process. The black spots in Fig. 2 
are the polymer and wax. 

 

Fig. 2 (a) Input rod SEM analysis structure, (b) Particle size distribution 

3.2 Mechanical and general properties evalua-
tion 

Three groups of additively manufactured samples 
were tested and compared to referenced material pro-
duced conventionally by a rolling. The description of 
samples can be seen in the Tab. 4.  

Fig. 3 and Fig. 4 show obtained results from tensile 
testing of different types of samples listed in Tab. 4. 
YS, UTS and ductility (A Lo1) of 3D printed samples 
together with the reference material were evaluated. In 
comparison to reference samples, additively manufac-
tured samples featured higher mechanical properties 
caused by the heat treatment during the sintering 
stage. Regarding YS, the vertically printed samples did 
not feature any plastic deformation. As seen in the Fig. 
5c), there was brittle fracture on vertically printed sam-
ples after the tensile test. The fracture was created 
among deposited layers. In comparison with vertically 
printed sample, (in the Fig. 5b) there is the horizon-
tally 3D printed sample after tensile test. There are vis-
ible holes among individual layers. The delamination 

of layers is visible in the pictures of horizontally 
printed samples. The fracture on the printed samples 
always starts on pores among individual layers. UTS 
and YS achieved similar values as far as the horizon-
tally 3D printed samples is concerned. Fig. 5d shows 
the horizontally 3D printed samples without the al-
lowance for machining. The as-printed layer is seen in 
the picture. It seems that this machined and unma-
chined surface featured no effect on mechanical prop-
erties of H13 tool steel created by the material extru-
sion. When comparing referenced sample and printed 
samples, printed samples featured only about 2 % duc-
tility. Bechny et al. [29] described influence of part ori-
entation in building chamber created by Binder Jetting 
on mechanical properties. The study shows that the 
orientation has minimum influence on final mechani-
cal properties of printed part. This conclusion is dif-
ferent from results which were achieved in current 
study as shown in Fig. 3 and Fig 4. Novak et al. [30] 
proved strain at break 4.5 ± 0.3 % in samples from 17-
4PH steel created by material extrusion. 
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Tab. 4 Tensile test of vertically and horizontally printed samples 
Groups description of the samples Label 

Referenced as-rolled material A 

Horizontally as-built with the allowance for machining B 

Vertically as-built C 

Horizontally as-built without the allowance for machining D 

 

Fig. 3 Mechanical properties established by tensile testing 
(yield strength and ultimate tensile strength) 

 

Fig. 4 Ductility established by tensile testing 

 

Fig. 5 SEM images of the fracture surface for the different 
types of samples in group A (a), B (b), C (c), and D (d) after 

tensile test 

3.3 Porosity evaluation 

 

Fig. 6 Porosity evaluation, (a) microporosity depicted in 
a perpendicular cross section, (b) microporosity depicted in 
a longitudinal cross section and (c) overall porosity evalu-

ated in perpendicular cross section 
 
The porosity of individual 3D printed samples 

made of H13 tool steel was measured on as-built sam-
ples in horizontal and vertical cross sections. The 
cross section shown in Fig. 6a was performed in the 
horizontal direction and Fig. 6b depicts the vertical di-
rection. The samples featured a 0.41 % and 2.09 % in 
the horizontal and vertical directions, respectively. As 
visible, there are holes among each deposited layer. 
This could be caused by not sufficient amount of ex-
truded material during the sample fabrication, too 
much binder in the bulk material or low energy input 
during the sintering process. During the sintering pro-
cess, powder particles need energy (time and temper-
ature) to sinter together and close the gaps. Fig. 6c 
portrays the porosity evaluation in the whole sample 
cross section, which exhibited a 6.13 % with maxi-
mum pore size 7.434 µm. It can be seen that the pores 
occurred in the position corresponding to an individ-
ual layer deposition causing not a proper binding.  
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In other words, the pores within the sample structure 
were responsible for the brittle fracture of the verti-
cally printed samples (described in section 3.3). Stud-
ies of Åsberg et al. [31] and Fryzowicz et al. [32] 
showed lower porosity when using different additive 
manufacturing techniques. 

3.4 Structure characteristics 

The Fig. 7 shows the microstructure of horizon-
tally 3D printed samples. There are visible lines among 
each grain corresponding to prior austenite grains. 
The sintering process influenced the final structure by 
martensitic transformation. This could cause higher 
hardness resulting to the lower machinability. There 
are visible black spots (see Fig. 7b), which can be at-
tributed to gaps such as pores and voids between ex-
truded material. For reaching higher mechanical prop-
erties it is suitable to reduce these pores. Their exist-
ence can cause a possibility of a stress concentration, 
which reduces mechanical properties (as presented in 
chapter 3.2). Further post processing of as-built sam-
ples could lead to mechanical properties improve-
ment. 

 

Fig. 7 Structure of H13 tool steel a) lower magnification, b) 
higher magnification 

3.5 Machinability evaluation 

The tool wear (TW) was evaluated via optical mi-
croscope Olympus DSX 500. Fig. 8 shows the milling 
tool after the machining test. There is TW depicted on 
clearance face (see Fig. 8a) and rake face (see Fig. 8b). 
Fig. 8c shows TW reached in tests 1-6. The point on 
the graph represents the average obtained TW calcu-
lated from the four measured cutting flutes. Addition-
ally, the deviation, which corresponds to the highest 
and lowest measured TW values, is depicted. The low-
est values of TW were achieved during the lowest cut-
ting speed and feed per tooth. On the other hand, the 
highest TW were achieved during higher cutting speed 
and feed per tooth. Considering tests carried out with 
the same cutting speed, the higher TW was obtained 
in case of tests performed with higher feed per tooth 
(the similar results were observed by Liu et al. [33]). It 
can be seen that the clearance TW reached the lower 
value in comparison to the rake TW in all cutting tests. 
The highest obtained TW (0.33 mm and 0.35 mm for 

clearance TW and rake TW, respectively) was obtained 
in test 3 (the highest cutting conditions). On the other 
hand, the lowest TW (0.19 and 0.22 mm for clearance 
TW and rake TW, respectively) was observed under 
the lowest cutting conditions (see test 1). Obtained 
TW featured regular characteristics when dry machin-
ing of H13 tool steel. Further analysis of the material 
machinability under flood cooling would be our next 
topic. We have to take into account that flood cooling 
will probably reduce the tool life due to the cyclic 
change of tool temperature but decrease the surface 
roughness [34].  

 

Fig. 8 Images of tool wear obtained by the optical microscope 
at the end of the cutting test, (a) tool wear measured on clear-
ance face, (b) tool wear measured on rake face and (c) visuali-

zation of tool wear for different cutting tests 
 
Regarding the surface roughness, results indicate a 

direct correlation between feed per tooth and surface 
roughness, such that increasing feed per tooth results 
to the higher surface roughness [35]. Cutting speed 
seems to have minimal influence on surface roughness 
as observed in [36]. The course of surface roughness 
increases with the increasing cutting length, which 
corresponds to the tool wear propagation. The test 3 
exhibited the steepest increase in the surface rough-
ness measurement corresponding to the highest cut-
ting conditions, under which the highest TW was ob-
served. Test 1 and 6 featured a very similar surface 
roughness due to the same feed per tooth. Globally, it 
can be concluded that the feed per tooth exhibited the 
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biggest influence on the final surface roughness (see 
test 2 and 5 performed under the highest feed per 
tooth), while cutting speed did not significantly affect 
the surface roughness. Similar results were obtained in 
[37]. 

 

Fig. 9 Surface roughness measurement in dependence on cut-
ting length for each test 1-6 

Based on the obtained results it can be stated that 
the material extrusion method can be used for parts 
production. On the other hand, the as-built samples 
consisted of numerous pores uniformly distributed 
within the material structure. It was found that the 
pores are responsible for the lower mechanical prop-
erties. For reducing the final porosity and enhancing 
mechanical properties, a hot isostatic pressing (HIP) 
could be used. This investigation is going to be our 
next plan. It is important to note that the material ma-
chinability needs further investigation, because the 
machinability can differ in comparison to the conven-
tional material. Hence our next plan is the machinabil-
ity comparison between 3D printed and conventional 
materials. 

 Conclusion 

Our research has demonstrated the feasibility of 
using the metal extrusion method to reliable printing 
of the H13 tool steel samples. Samples were manufac-
tured in both horizontal and vertical orientations. 
These samples were used to characterize the mechan-
ical properties of the processed H13 tool steel and 
were compared with conventionally produced mate-
rial. Furthermore, the machining of the as-built H13 
tool steel was performed under different cutting con-
ditions to evaluate tool wear and surface roughness 
The key findings are summarized as follows: 

• Powder particles were uniformly distributed 
in the binder, consistent with the typical com-
position of H13 tool steel. 

• The printing strategy plays a significant role in 
influencing mechanical properties and final 
porosity.  

• Vertically printed samples exhibited brittle 
fracture during tensile testing and exhibited 
significantly lower UTS compared to hori-
zontally printed samples. The UTS of the hor-
izontally 3D printed samples reached approx. 
1200 MPa. 

• The microstructure of 3D printed samples re-
vealed numerous pores, primarily attributed 
to insufficient extrusion of metal material 
during the printing process. Upon binder re-
moval, these pores formed gaps that could 
not be fully closed by following sintering pro-
cess. 

• Porosity was measured using optical micro-
scope and featured a 0.41 % and 2.09 % in the 
horizontal and vertical directions, respectively 
the overall porosity exhibited a 6.13 % with 
the maximum pore size 7.434 µm within the 
horizontal cross section. 

• The highest obtained tool wear (0.33 mm and 
0.35 mm for clearance TW and rake TW, re-
spectively) was obtained under the highest 
cutting conditions. On the other hand, the 
lowest cutting conditions resulted in the low-
est TW (0.19 and 0.22 mm for clearance TW 
and rake TW, respectively). 

• Globally, it can be concluded that the feed per 
tooth exhibited the biggest influence on the 
final surface roughness, while cutting speed 
did not significantly affect the surface rough-
ness. 

It is very hard to specify the optimal cutting condi-
tions when machining of as-built H13, but based on 
the obtained resulted, to reach the lower surface 
roughness the lower feed per tooth is recommended. 
While various methods can enhance the mechanical 
properties of printed parts, the material extrusion will 
always exhibit different properties compared to con-
ventionally manufactured parts. Further investigation 
is required to determine if the properties of material 
extrusion-printed parts are sufficient for specific ap-
plications. Future studies should focus on reducing 
porosity through HIP and improving the mechanical 
properties of 3D printed components. Nonetheless, 
material extrusion demonstrates promise as a technol-
ogy for creating lightweight structures and parts with 
customized infill patterns. 
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