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Abstract

To study the manufacturability and mechanical properties of a low alloy heat treatable medium carbon steel by additive
manufacturing, 42CrMo4 (AISI4140) specimens were manufactured by laser powder bed fusion. Influences of processing
parameters on relative density and crack density were investigated. Moreover, Charpy impact tests, microhardness, and
tensile tests for specimens with and without preheating were also studied. Results showed that the primary defects in the
microstructure of additively manufactured samples were the lack of fusion pores and microcracks. The variation of process-
ing parameters influences the porosity and microcracks prominently. The impact toughness of specimens with preheating is
around three times higher than specimens without preheating. However, post heat treatment for as-built specimens, such as
tempering at different temperature ranges, did not improve the impact toughness further. The detailed fracture mechanism
for the massive difference in the impact toughness was investigated.

Keywords Laser powder bed fusion - Quench and tempering steel - Processing parameters optimization - Charpy impact

test

1 Introduction

Laser powder bed fusion (LPBF), or selective laser melt-
ing (SLM), is the most prominent additive manufacturing
(AM) technology to manufacture near-net-shape metal
components. It has the advantage of the high complexity
of parts, relatively low material waste, and high flexibility
of parameter control during laser melting of the powder.
Moreover, LPBF is suitable for an extensive range of metals,
for example, stainless steel, aluminum alloys, nickel alloys,
and titanium alloys [1]. However, manufacturing carbon
steel, especially with medium or high contents of carbon,
is still a challenging task at the moment because of severe
defects in microstructure [2, 3], such as (a) microcracks due
to high thermal stress and martensitic transformation and
(b) lack of fusion pores (LoF), which can be ascribed to
poor weldability and the severe balling effect caused by Ray-
leigh instability [4]. Consequently, all these issues indicate a
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narrow processing window for this kind of medium or high
carbon steel by LPBF.

AISI 4140 (German grade 42CrMo4) is such a kind of
low alloy medium carbon steel. It is generally manufactured
in quenching and tempering (Q&T) states to get sufficient
strength and retain appropriate toughness to be applied as
structural components in automotive, aircraft, and oil indus-
tries, such as gears and shafts couplings. Wang et al. [5]
studied the processing parameter window and mechanical
properties of AISI 4140 specimens fabricated by LPBF. It
is found that the strength and toughness of specimens were
improved compared with conventionally manufactured
counterparts. However, they just showed the feasibility and
promising mechanical results of additive manufacturing
AISI 4140. More information about the detailed microstruc-
ture analysis or fractured surface information is unavailable.
Damon et al. [3] reported AISI 4140 samples manufactured
by laser powder bed fusion at 200 °C base-plate temperature,
and their results showed that samples with higher densi-
ties (over 99.5%) could be achieved by adjusting processing
parameters. Although pores could be reduced by optimiz-
ing parameters, microcracks still occurred even with base
preheating, and the existence of microcracks may have a
detrimental impact on mechanical properties. Jelis et al.
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[6] researched AISI 4340 steels manufactured by LPBF,
and they pointed out that the volumetric energy density
for fabricating fully dense parts is around 141.7 J/mm?,
and the presence of oxygen in the chamber has a negative
effect on strength. Still, cracks were observed. Literature
[7-10] for other medium even high carbon-bearing steels
processed by LPBF suggested that post-treatment like hot
isostatic pressuring (HIP) is an efficient method to reduce
pores and microcracks in the microstructure, but it may also
cause grain coarsening in the meantime. Although preheat-
ing is the most used method to reduce thermal stresses by
decreasing the temperature gradient in the LPBF process and
thereby reducing cracking susceptibility, the input energy of
the laser must also be chosen appropriately. This raises the
question of whether it is possible to reduce or even eliminate
defects, especially microcracks in AISI 4140 parts manufac-
tured by LPBF, just by optimizing the processing parame-
ters, for instance, by adjusting scanning speed, power, hatch-
ing distance, and layer thickness and shifting the angle of
each layer. The focus should be put on this point because the
unique advantage of LPBF technology is the near-net-shape
ability with good mechanical properties. Additional post-
treatment will drastically increase the overall manufacturing
cost in terms of time or finance. However, information on
fabricating such process-microstructure-property correla-
tions for LPBF AISI 4140 is rare.

Strength and toughness are two of the essential mechani-
cal properties of structural materials, and it is meaning-
ful only if the mechanical properties of LPBF parts are
comparable to or better than conventionally manufactured
parts. The most used method for evaluating toughness is
the dynamic Charpy impact test which generally uses upper
shelf energy (USE) as fracture resistance values [11]. Pub-
lished literature [11-16] shows that crystallographic tex-
tures, grain size, chemical composition, and heat treatment
methods significantly affect the Charpy impact toughness
of metals manufactured by the conventional method. Only
a few works of metal materials manufactured by LPBF
reported Charpy impact tests in detail. Wang et al. [17] com-
pared the Charpy toughness of forged annealing 30CrMnSiA
samples with LPBF counterparts, and results showed that
LPBF parts have lower impact energy than the convention-
ally manufactured ones, and they ascribed the reason to
stress concentration and carbides segregation. Huang et al.
[18] reported the anisotropic toughness of China low activa-
tion martensitic (CLAM) steel manufactured by LPBF, and
it was found that the anisotropy in microstructure and the
orientation of defects in the interface of layers were the main
reason for anisotropic toughness. Normally tensile strength
of LPBF steel parts can be improved or comparable to when
compared with conventionally fabricated ones, which may
result from the quick solidification with a formation of finer
grains. Another reason may be attributed to the formation
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of metastable martensite with higher strength in microstruc-
ture, which can also reduce toughness due to the brittleness
of martensite.

Although defects such as LoF pores and cracking in the
specimen manufactured by LPBF are thought detrimental to
mechanical performance, the influence of different porosity
levels on the extent of mechanical performance degradation
is still not so clear. Moreover, the influence of manufacturing
size on defects with and without preheating should be further
investigated. To the best of the authors” knowledge, there are
few reports regarding that aspect in LPBF 42CrMo4.

This work aims to develop a comprehensive understand-
ing of the influence of processing parameters on porosity and
cracking in as-built status. Furthermore, the investigation of
the influences of defects on the mechanical properties, like
Charpy impact toughness and tensile strength, and the com-
parison of mechanical properties with conventionally fabri-
cated counterparts, with and without preheating conditions,
is helpful to the exploration of LPBF AISI4140 steel with
a good combination of strength and toughness for future
application in innovative structures.

2 Materials and experiments
2.1 Materials

The powder used in this paper was produced by gas atomiza-
tion by Hoganis, as shown in Fig. 1. The chemical composi-
tion of the powder is shown in Table 1. The average powder
diameter is 22 pm, d, is 14.02 pm, ds; is 20.92 pm, and dy,
is 28.42 pm.

2.2 Specimens preparation

All samples were fabricated in an ORLASER CREATOR
machine equipped with a 250 W Yb: fiber laser source
(Fig. 2), and the wavelength was 1070 nm. The manufactur-
ing process was conducted in an Argon gas environment
(oxygen content in the chamber was maintained at around
0.01% to avoid possible oxidation).

Processing parameters were optimized by fabricating
¢$10x 10 mm cylindrical samples via relative density and
microcracks density. The optimized parameters chosen from
processing maps (Fig. 3) were further used to manufacture
specimens for mechanical tests. For Charpy tests, sam-
ples were manufactured in dimensions of 15X 15X 60 mm
and machined to 10X 10X 55 mm, following the stand-
ard described in ASTM E23-18. The building direction
of specimens was perpendicular to the build platform.
For uniaxial tensile tests, specimens were built in the size
of $10x 60 mm. Then dog-bone-shaped samples were
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Fig.1 (a) SEM image of 42CrMo4 powder used for the LPBF and (b)

machined with a gauge diameter of 5 mm and a gauge length
of 30 mm according to DIN 50,125.

In order to make comparisons, a number of specimens
were fabricated by preheating the build platform at 200
‘C during the whole manufacturing process (marked as
P+ AB), and others were not (marked as AB). Addition-
ally, some as-fabricated specimens were further tempered
at 450 “C and 600 °C for 2 h, respectively, and then cooled
down at ambient air (marked as AB +T450 and AB +T600
separately).

2.3 Experiments and characterization

The relative density of specimens was measured according
to Archimedes’ principle using a precision balance
MESO3TE, and distilled water was used as the medi-
um for the measurement. Relative density is equal to
Puneasue
( Pref d>
for each parameter were measured to get the average rela-
tive density value. The crack density was measured by the
image threshold technics via ImageJ software by measur-
ing the length of each crack in metallographic sections.
Then, the total lengths of cracks were divided by the total
areas measured in images to get the crack density (mm/
mm?). Processing maps were plotted using the 2D heatmap
function in the Originlab software, and each small block
in the heatmap represents one set of processing parameter
data in our experiments. Additionally, all original data for
relative density and crack density measurement can be
found in Supplementary Tables S1 and S2.
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The Charpy impact test was conducted using a Frank
Pendulum at room temperature. Five pieces for each
parameter group were tested, and values of test results
were averaged in this work. Microhardness of specimens
was measured by using a Qness Q10A Vickers digital
microhardness tester with a load of 100 g and a dwell time
of 10 s. The tensile tests were conducted using a Zwick/
Roell 1484 (200 KN) tester with a strain rate of 0.001 /s
at room temperature. The processing parameter and heat
treatment conditions of specimens for Charpy and tensile
tests can be seen in Supplementary Table S3.

Specimens for microstructural characterization were
cut, embedded, mechanically ground, and polished. The
microstructure characteristics and fracture surfaces were
analyzed by a Leitz Aristomet optical microscope and
Zeiss Leo50 scanning electron microscope (SEM) at an
accelerating voltage of 20 kV.

3 Results
3.1 Processing parameters optimization

Figure 3 shows the results of the relative density for differ-
ent processing parameters. It can be found that (Fig. 3a—c)
the relative density is the lowest when selecting the low-
est laser power (175 W) and the highest scanning speed
(1500 mm/s) simultaneously. When the laser power is
250 W, the scanning speed is 1300 mm/s, and the hatching
distance is 60 um, the highest relative density, over 99%,

Table 1 Chemical composition

Element C Cr
of the powder particles in wt %

Mo Mn Si P S Fe

0.39 1.0

0.2 0.9 0.4 0.026 0.006 Bal
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Fig.2 Schematic diagram of
laser powder bed fusion

was obtained. It can also be found in Fig. 3b when the pro-
cessing parameter is 200 W/500 mm/s, the relative density
of the specimen (around 98.57%) is close to the relative
density of 250 W/1300 mm/s. The reason can be explained
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that when the scanning speed is 500 mm/s, the main defect
in the microstructure is cracking, and few large LoF pores
or keyhole pores could be found (Supplementary Fig. S1).
However, the relative density dropped to 97.86% when
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Fig.3 Variation of relative density of specimens manufactured with different processing parameters; (a) H=40 um, (b) H=60 um, and (c)
H =280 pm. (d) The relationship between laser power and hatching distance on the relative density, V =1300 mm/s
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the laser scanning speed increased to 700 mm/s due to the
occurrence of LoF pores. It is also interesting to note that
laser power has a more prominent influence on the rela-
tive density than hatching distance. Namely, the density is
improved prominently with increasing the power (Figs. 3d
and 4).

Apart from relative density, cracks are another factor that
should be considered in the LPBF of 42CrMo4, which gen-
erally originate from a steep temperature gradient. Figure 5
shows the variation trend of pores and cracks with different
scanning speeds. The most significant variation is that the
crack density sharply reduced from 3.01 to 0.23 mm/mm?
with increasing scanning speed from 300 to 1500 mm/s, and
this trend can be seen clearly in the overall crack density
map (Fig. 6). Moreover, the crack density trend also indi-
cates that specimens with low crack density can be obtained
by choosing either low or high power but with a fast scan-
ning speed (over 900 mm/s). Besides, pores vary from small
spherical keyhole pores (V=300 mm/s) to large lack of
fusion pores (V=900 mm/s) and then to small spherical
pores again (V =1300-1500 mm/s) when scanning speed is
varied from 300 to 1500 mm/s. It is also interesting to note
in Fig. 6 that when the scanning speed ranges from 500 to
1100 mm/s, the crack density of specimens at a laser power
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of 200 W is higher than 175 W. The possible reason could be
that there are more LoF pores when the laser power is 175 W
than at a laser power of 200 W with the same level of scan-
ning speed, and cracking is easy to form on the boundaries
of irregular LoF pores due to stress concentration.

The optimized processing parameters chosen to fabricate
specimens for further studies were combined with low crack
density and high relative density: laser power 250 W, scan-
ning speed 1300 mm/s, hatching distance 60 um, powder
layer thickness 30 um, and scan rotation between successive
layers is 67°.

3.2 Charpy impact tests

Results in Fig. 7 show the impact energy of specimens
under various conditions. For LPBF specimens, the speci-
men manufactured with preheating has the highest impact
energy (20.75 J), which is 3—4 times higher than other
LPBF samples (4.79-5.69 J). Moreover, a comparison of
the as-built specimen and specimens with post heat treat-
ment shows that further tempering process for as-fabricated
specimens cannot effectively improve the impact energy but
even decrease slightly. It is also worth noting that although
all LPBF specimens were fabricated with the optimized
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Fig.4 Optical microscope images of LPBF specimens manufactured with the laser power ranging from 175 to 250 W, V=1300 mm/s, and
H=60 um. T represents the top of the specimen, M represents the middle part, and B represents the bottom
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Fig.5 Optical figures of the LPBF specimens manufactured with the laser scanning speed ranging from 300 to 1500 mm/s. P=250 W,
H=60 um. T represents the top of the specimen, M represents the middle part, and B represents the bottom

parameters as described aforementioned, the relative den-
sity of larger Charpy test samples decreases from over 99
to 97.7%. Nonetheless, the relative density of the specimen
manufactured with preheating treatment seems not to fluctu-
ate much (99.4%), and the high relative density may be one
of the essential reasons why P+ AB samples have higher
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Fig.6 Variation of the crack density of the LPBF specimens fabri-
cated with different processing parameters. H=60 pm
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impact energy in the Charpy impact tests than others. The
influence of manufacturing size on pores, cracking, and
microhardness will be discussed in the “Influence of manu-
facturing size on defects” .

The diagram of hardness in Fig. 7b suggests that the AB
specimen has the highest value (504.98 HV, ), while P+ AB
and AB 4 T450 specimens have similar microhardness val-
ues. It indicates that preheating at 200 °C in LPBF has a
similar function as tempering at 450 “C for post-treatment to
adjust the microhardness. Although the value for AB + T600
is the lowest (352.53 HV,) ), it does not help improve the
impact toughness, indicating hardness is not the most impor-
tant factor affecting the impact toughness.

3.3 Tensile tests

The overall mechanical properties are concluded in Table 2.
The P+ AB specimen has the highest average tensile strength
(1359 MPa), and it is around 100 MPa higher than that with-
out preheating (AB,5,), suggesting that base preheating is
beneficial to improving tensile strength. The AB,,5 specimen
has the lowest tensile strength (822.4 MPa), only about 65%
of that of the AB,s, specimen. Moreover, the elongation at
fracture of the AB 45 specimen is only about 0.1%, indicating
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Fig. 7 (a) The impact energy and relative density of samples with different manufacturing or post-treating conditions, (b) the responding micro-
hardness of Charpy impact tests specimens, and (c) the relationship between porosity and the impact energy

the severe brittle fracture of AB specimens fabricated with
low power. Although the value of UTS of the P+ AB speci-
men is comparable to that from literature, the elongation at
fracture (2.12%) is only approximate 17.2-29.4%.

4 Discussion
4.1 Influence of processing parameters on defects

Lack of fusion pores and hot cracks are two primary defects
in the LPBF of 42CrMo4 material. LoF pores are usually
caused by insufficient input energy to melt the powder and
consolidate the track on the previous layer, and hot cracks
are caused by the tensile residual stress, which generally
originates from a steep temperature gradient during the rapid
melting and solidifying process [19, 20].

4.1.1 Laser power

Laser power affects LoF pores directly, and a continuous
and stable melted track can be guaranteed with high laser
power. However, high laser power can lead to keyhole prob-
lems, which is the reason for some large spherical pores in
the 250 W-1300 mm/s specimen, and it also agrees with
results reported by Anton [21]. In contrast, low laser power
(<200 W) cannot fully melt through the powder layer and
will cause severe LoF defects.

4.1.2 Laser scanning speed
Laser scanning speed affects pore formation by affecting
the time; the laser and powder are in contact. Fast scanning

speed indicates less contact time between laser and powder
than the low scanning speed, and it may cause small melt

@ Springer



1906

The International Journal of Advanced Manufacturing Technology (2022) 121:1899-1913

Table 2 Mechanical properties of the LPBF specimens

Specimens Relative density (%)  Crack density Impactenergy (J) UTS (MPa)  YS;,, MPa)  A; (%) Hardness (HV ;)
(mm/mm?)
C-AB 97.7+0.11 0.37+0.03 5.69+0.20 - - - 505+33.1
C-P+AB 99.4+0.40 <0.01 20.75+0.19 - - - 450+27
C-AB +T450 97.6+0.51 0.42+0.05 4.88+0.27 - - - 445+28.3
C-AB +T600 97.9+0.65 0.38+0.03 4.79+0.41 - - - 353+17
C-CM+QT450  99.6+0.06 0 45.04+2.23 - - - 435+6.6
T-AB,45 94.6+0.46 0.17+0.06 - 822.4+122 - 0.1 560+30.4
T-AB 5, 98.2+0.32 0.33+0.04 - 1259.8+11 1147.6+37.1 1.15+£0.3 508+25.1
T-P+ AB,s, 99.4+0.17 <0.01 - 1359+ 14 1267.3+104  2.12 439+24.5
Damonetal. [3] ~99.5 - - 1280+ 10 1175+5 7.2+£2.8 ~390
Wang et al. [5] - - 32.1 1446.5 1289 12.3 ~440

C Charpy impact test, T tensile test

pools to be unstable during the manufacturing process com-
pared to low scanning speeds because of Plateau-Rayleigh
instability [22]. Accordingly, LoF pores occur because of
too high scanning speed, especially with low laser power.
Although low scanning speed is beneficial for the contact
between laser and powder, it still may raise intense spatter-
ing and turbulent evaporation in the melt pool and hence
cause severe keyholes during the process [23], which can be
the reason for keyhole pores observed in the microstructure
with low laser scanning speed (Fig. 5; 300 mm/s).

4.1.3 Hatching distance

Hatching distance is another significant parameter as too
large hatching values may cause the neighboring tracks not
to bond well and generate LoF pores. Also, too small values
may lead to overheating of the former layers, thereby induc-
ing severe hot cracking [24, 25].

4.1.4 Volumetric energy density

Altogether, the parameter optimization process aims at find-
ing a set of parameters, including power, scanning speed,
hatching distance, and layer thickness, to get the highest den-
sity and the lowest crack density. Literature [26-28] shows
that volumetric energy density (VED) is an excellent method
to take all necessary parameters into consideration, which
can be described using the equation as follows:
P

VED = Ve ey
where P is laser power, V is scanning speed, ¢ is layer thick-
ness of powder, and H is hatching distance. The volumetric
energy density of the optimized parameters in this experi-
ment is around 106.8 J/mm?>, and it is similar to the value of
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80—100 J/mm? provided by other researchers studying LPBF
42CrMo4 [3, 5].

Nevertheless, the relative density of samples from experi-
ments could still be very low even with a similar volumetric
energy density, like in the vicinity of 100 J/mm?>, the lowest
value is even close to 92% (see Fig. 8a). It suggests that
laser power may be the most suitable reference to obtain
high relative density rather than volumetric energy density.
Moreover, the near-linear relationship between energy den-
sity and crack density shows that cracks are susceptible to
high energy density. Especially when the energy density
is over 400 J/mm?, the crack density is even about 3 mm/
mm?>. High energy density means high energy input per
cubic millimeter, and it can cause a considerable tempera-
ture gradient and residual stress during the layer upon layer
process because of the rapidly melting and solidifying. In the
meantime, the expansion of martensite transformation will
also increase cracking, making the material more sensitive
to cracking [29]. Additionally, the lack of base preheating
could also deteriorate the cracking susceptibility due to the
large temperature gradient.

It should be noted that the VED can also be affected by
the layer thickness with different particle size distributions.
When the powder particle size is over the layer thickness
(30 pm in this paper), it will potentially increase the layer
thickness and decrease the VED, according to Eq. (1). Mean-
while, the powder with large size will also leave large voids
between each other when without sufficient small particles
to complement, finally inducing LoF pores. However, the ds
and dgy, of 42CrMo4 particles are 20.92 pm and 28.42 pm
in our experiments (Fig. 1), indicating it is possible to form
continuous and even layer thickness.

Opverall, the most efficient and reliable method for reduc-
ing LoF pores in the LPBF of 42CrMo4 is to improve laser
power. Although energy density is not closely related to
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relative density, crack density is susceptible to high energy
density. In other words, the crack density increases with
increasing energy density (as shown in Fig. 8b). Conse-
quently, high laser power with high scanning speed is the
optimized choice to get high relative density and low crack
density in LPBF of 42CrMo4.

4.2 Influence of manufacturing size on defects

It is worth noting that although the specimen was manu-
factured using the same parameters as the small cylindri-
cal samples used for optimizing processing parameters,
the relative density dropped by about 1.7%. The variation
of relative density, crack density, and microhardness of all
three different sizes of specimens are shown in Fig. 9. It
was found that the relative density tends to decrease with

(a) (b)

increasing the height and areas of specimens, and the drop-
ping trend is extremely prominent in AB specimens. How-
ever, the relative density of different sizes could be accept-
able for specimens with a base preheating process. The crack
density of AB specimens increases with increasing the size
(Fig. 9b). However, the crack density of P+ AB specimens
is stable under 0.01% even with an increase in the size, and
it can be ascribed to the reduction in temperature gradient
by preheating, which reduced the residual stress. Moreover,
the increase in size can reduce the microhardness in AB
specimens (Fig. 9¢), which can be attributed to the intrin-
sic tempering effect due to heat accumulation in fabricating
large-sized specimens. However, this tempering effect can
be ignored as the microhardness values were in a reasonable
deviation range.
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Mohr et al. [30] ascribed such height or size effect to key-
hole porosity caused by the increase of melt pool depth due
to heat accumulation in studying LPBF 316L stainless steel.
Nevertheless, keyhole pores may not be the main reason for
the sharp drop in relative density of AB specimens. Our
results show main keyhole pores (0.6%) in the P+ AB speci-
men, but it is severe LoF pores (2.3%) and some microc-
racks in the AB specimen in Fig. 10a,c. Nezhadfar et al. [31]
proved that preheating could lead to a deeper melt pool than
the process without preheating in their experimental work
in studying 316L steels manufactured by LPBF. Combining
a deeper melt pool and reduced cooling rate by the preheat-
ing may reduce the chance of forming LoF defects when
simultaneously using the optimized processing parameters
in manufacturing large-sized specimens. However, the tem-
perature in the melt pool could be increased due to poor ther-
mal conduction from the melt pool to the build platform by
increasing the height, which is full of powders, and the high
ambient temperature in the chamber with preheating may
help form deeper melt pool to trigger keyhole pores in large-
size specimens, and that may be the reason why keyhole
pores were seen in P+ AB specimens (15X 15 X 60 mm).

The possible explanation for AB specimens is that the
probability of forming LoF increases with increasing the
size of the specimen because of occasional spatter droplets.
Moreover, the increase in size also means the required time

Fig. 10 Optical images of fractured surfaces after Charpy impact test;
(a) AB specimen, (b) AB+T450, (¢c) P+ AB, (d) CM+QT450, (e)
the magnification of the fractured area in (a), (f) the morphology of

@ Springer

for manufacturing is extended. Thus, the rubber recoater
may be worn during the repeat process and cause the varia-
tion in powder layer thickness, thereby inducing LoF pores.
Additionally, the long scanning track is susceptible to balling
effect when increasing the manufacturing area, which may
further increase LoF pores [22].

In summary, LoF pores and crack density will be
increased when increasing the manufacturing size, which
can be attributed to spatter, wear of recoater and balling
caused by long scanning track, and a larger temperature gra-
dient than small specimens. Preheating is a choice to make
the optimized processing parameters more repeatable in
manufacturing large-scale specimens than without.

4.3 Influence of defects on mechanical
performances

4.3.1 Charpy impact toughness

As shown in Fig. 10, there are many LoF pores in the vicinity
of the fractured surface sides (Fig. 10a), and these LoF pores
can serve as quick paths for crack propagation because of
the high-stress concentration near the tips of LoF pores [32].
The low impact energy of AB specimens can be explained
by the existence of LoF pores that ease the propagation of
cracks (red arrows in Fig. 10a). It also can be verified from

—
50 ym

S
b 200 ym

the middle part of the fractured AB specimen, and (g) the morphol-
ogy of the middle part of the fractured P+ AB specimen



The International Journal of Advanced Manufacturing Technology (2022) 121:1899-1913 1909

SEM figures of the fractured surface. As shown in Fig. 11,
the initial region near the V-notch and the middle region of
the fractured surface exhibits many relatively smooth small,
fractured surfaces (red dotted areas) with unmelted powder
(around 55 pum) on them. Based on the morphology feature
of the broken surface in Fig. 11a—c, the fracture mode can
be categorized as a brittle fracture.

Additionally, small secondary microcracks in the AB
specimen can offer multiple paths for crack propagation
(Fig. 10f and Fig. 11c¢). Literature [11, 33] shows the more
corrugated fracture surfaces, the better the impact tough-
ness due to crack deflection and respecting energy exhaus-
tion. However, it shows an inverse trend in this study. One
explanation is that the jagged shape of the AB specimen
was caused by the broken LoF pores or pre-existing cracks
(Fig. 10e), as it was the easiest and fastest path for cracks to
propagate during the sudden impact.

Fig. 11 SEM images of
fractured surfaces for LPBF
specimens; (a) the fractured sur-
face near the V-notch of the AB
specimen, (b) the middle part of
the fractured surface of the AB
specimen, (c¢) further magnifi-
cation of the ¢ area in (b), (d)
the fractured surface near the
V-notch of the P+ AB speci-
men, (e) the middle part of the
fractured surface of the P+ AB
specimen, and (f) magnification
of the f area in (e)

In contrast, pores in the P+ AB specimen are only regu-
lar spherical or ellipsoidal keyhole pores (Fig. 10c), so the
degree of stress concentration is much lower than in the for-
mer. The porosity (0.6%) is also much lower than the AB
specimen (2.3%), and there are no apparent cracks in the
P+ AB microstructure (Fig. 10g). However, the P+ AB frac-
tured surface morphology is different from the AB specimen.
There are plenty of dimples of about 60.6 pm distributed on
the fractured surface, indicating the fracture mode is a duc-
tile fracture, and similar features have also been observed in
[34-36]. The plastic deformation during the impact process
can absorb more energy than that without dimples. So, the
combination of low porosity, no obvious cracks, and low
hardness leads to ductile fracture, leading to higher impact
absorbed energy for specimens with preheating than those
without preheating. Although the post heat treatment for AB
specimens can soften the microhardness from 505 to 353

I AB+Preheating
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HV, ,, which can also be seen as a sign of residual stress
reduction, the impact energy does not improve any. The
reason for the result still can be ascribed to LoF pores and
microcracks because the post tempering process does not
change the porosity of the specimen (about 2.1-2.4%) or the
shapes of pores, and LoF pores and microcracks are still the
dominant defects in the microstructure (Fig. 10b).

Due to the fact that the impact toughness is sensitive to
porosity, as shown in Fig. 7c, the impact energy dropped
sharply with increasing the porosity from 0 to 2%, but there
are still some keyhole pores in specimens. Meanwhile, many
oxide inclusions [36] are found on the fractured surface of
P+ AB specimens (Fig. 11f), which indicates a drop in
bonding strength and possible initial cracking areas. All the
above reasons explain why the impact energy of the P+ AB
specimen is only 50% of that of the CM specimen. One more
thing which should be noted is the impact energy keeps at
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low values (around 5 J) and does not fluctuate much when
the porosity is over 2%. Hence, reducing pores is a good
method to improve the impact toughness prominently.

4.3.2 Tensile strength

Similar to Charpy toughness results, LoF defects with
unmelted particles and microcracks in the specimen can
lead to premature failure, even at the elastic range stage
(Fig. 12). The tensile strength was improved by over 50%
when increasing the power laser from 175 to 250 W, and it
can be attributed to the reduction of LoF pores, as discussed
before. Base preheating further hinders cracking during mar-
tensite transformation in the specimen, reducing microcracks
in the microstructure. Accordingly, specimens fabricated
with preheating have the highest tensile strength.
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Although the elongation at fracture (Ay) of the P+ AB
specimen is more than that of the AB specimen, it is still
lower than the A; values from other researchers. As shown
in Fig. 12b-d, A;is mainly affected by relative density and
microhardness. The reasonable explanation could be infe-
rior relative density (99.4%) in this paper to the literature
(over 99.5%) and oxide inclusions in the microstructure. It
is well known that high hardness can lead to high strength,
but it shows that UTS reduces with improving the hardness
in Fig. 12d. It can be explained that the intrinsic tempering
effect is small when the laser power is 175 W, and the hard-
ness will soften with increasing laser power or by adding
preheating to strengthen the tempering effect. Although the
crack density is small in the AB,5 specimen, the large LoF
pores caused by insufficient energy at a high scanning speed
deteriorate the plasticity and strength, leading to low UTS
and A; at high microhardness value. It again proves that LoF
is more detrimental than cracks and keyhole pores.

To sum up, preheating reduces microcracks susceptibility
by dropping the temperature gradient. LoF pores and pre-
existing microcracks lead the AB specimen to premature
failure in the Charpy impact and tensile tests. The feature
of samples fabricated with the preheating process displays a
slight ductile fracture, but it is just a brittle fracture without
preheating.

5 Conclusion

In the present work, 42CrMo4 low alloy steel specimens
were successfully manufactured by the LPBF process.
Processing parameters, Charpy impact toughness, tensile
strength, as well as microhardness of samples under differ-
ent manufacturing or post-treatment conditions were inves-
tigated. The main conclusions are drawn as follows.

1) Laser power has a more prominent influence on LoF
pores than laser scanning speed and hatch distance. LoF
pores will be reduced sharply when increasing the laser
power.

2) The crack density is closely related to volumetric energy
density. Low energy density leads to low crack density,
and high energy density leads to severe cracks. High
laser power with fast scanning speed is the best choice
for improving relative density and reducing cracks
simultaneously.

3) The impact toughness is sensitive to porosity, especially
LoF pores, and the impact energy drops sharply with

increasing the porosity. However, the impact energy
will keep at similarly low values when the porosity is
over 2%. The P+ AB specimens’ value is about 3 times
more than that for AB specimens. The fracture mode
for P+ AB specimens is a ductile fracture, which can
be attributed to the low LoF porosity and no obvious
microcracks. Severe LoF pores and the existence of
microcracks, and high hardness are reasons for the brit-
tle fracture of AB specimens.

4) The P+ AB specimen has the highest tensile strength,
which is about 100 MPa more than without preheating.
The reason can be ascribed to higher relative density
and no LoF pores and microcracks. It also proves that
LoF is more detrimental to impact toughness and tensile
strength than cracks and keyhole pores.

5) Specimens with high relative density and low crack
density can be achieved by just optimizing processing
parameters in manufacturing small specimens. However,
preheating can make the optimized processing param-
eters repeatable by avoiding possible LoF defects, while
the relative density will drop without preheating when
manufacturing large specimens.
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