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Abstract

The quality and performance of additively manufactured part is linked to the process parameters such as laser power, scan-
ning speed, powder feed rate, and layer thickness. However, hatch spacing is one of the process parameters that affect the
quality and performance of the part, but its effect has not been fully investigated. Therefore, this study seeks to investigate
the effect of hatch spacing on the metallurgical characteristics, including microstructural evolution, microhardness, and cor-
rosion behavior of 17—4 PH stainless produced through direct energy deposition. A LENS system was used to manufacture
17—4 PH SS cubes and the hatch overlap was varied from 20 to 80%. Subsequently, the printed cubes were subjected to
heat treatment (H900) followed by material characterization which includes microstructural analysis, microhardness, and
corrosion behavior. This study deduced that varying the percent overlap had an impact on the proportion of delta ferrite
and the grain size. Furthermore, increasing the percent overlap from 20 to 80% was found to cause a reduction in hardness
(340-331 HV). Meanwhile, it was found that traditionally manufactured 17-4 PH SS is more susceptible to corrosion than

additively manufactured 17-4 PH SS.
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1 Introduction

The American Society for Testing and Material (ASTM) [1]
defines additive manufacturing (AM) as an advanced manu-
facturing technology that produces parts/objects based on a
3D computer-aided design (CAD) file by building layer upon
layer [2—4]. Unlike its counterpart processes such as machin-
ing which manufactures parts by removing materials from
the parent material [5, 6], AM over the years has been the
driving vehicle of the fourth industrial revolution and is now
making inroads in industries such as aerospace, biomedical,
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automotive, and energy [7]. The penetration of AM to the
aforementioned industries/markets is due to the fact that
AM possesses attractive attributes which makes it a pre-
ferred candidate over its counterpart process. Such attributes
include the ability to produce parts with complex geometry,
parts with enhanced mechanical properties, and the ability
to produce low-cost parts [8]. One of the commonly used
AM technologies is called direct energy deposition (DED).
This technique manufactures components by simultaneously
irradiating the powder with a laser beam [§—10]. DED, as
opposed to its counterpart processes such as selective laser
melting, can produce functionally graded materials (FGMs)
and can repair worn-out surfaces. However, DED like any
other process has its fair share of weaknesses, i.e., DED
produces parts with poor surface integrity and this can have
detrimental effects on the parts when they are in service.
Researchers over the years have managed to study and
report on the behavior of alloys such as titanium and iron
based that were produced through the DED technique.
However, there is a need to extend the depth of knowledge
in relation to the relationship between process parameters
(hatch spacing) and the metallurgical characteristics of
17—4 PH SS produced by DED. 17-4 PH stainless steel is a
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precipitation hardenable material with superior mechanical
properties and outstanding corrosion resistance. 17-4 PH is
widely used in engineering applications by industries such
as aerospace, energy, and automotive because of the afore-
mentioned characteristics [11, 12].

Dong et al. [13] conducted a study that focused on inves-
tigating the effect of hatch spacing on the microstructure
of one layer. They found that increasing the hatch spacing
resulted in an increase in the grain size and attributed this
behavior to a reduced cooling rate. Meanwhile, Zhang et al.
[14] investigated the effects of hatch spacing on the micro-
structure and anisotropy of 316 stainless steel cubes manu-
factured by laser powder bed fusion. Their findings were
contrary to those of Dong et al. [13] in the sense that they
argued that increasing the hatch spacing resulted in reduced
grain size.

In addition, Schaller et al. [15] studied the corrosion
behavior of 17-4 PH stainless steel manufactured by powder
fusion. They found that 17—4 PH stainless steel manufac-
tured through traditional methods is less prone to corrosion
than 17-4 PH manufactured through powder bed system.
They attributed this behavior to the presence of pores. Their
findings corroborated those of Alnajjar et al. [16]; they also
reported that wrought-produced 17-PH stainless steel out-
performed re-austenitized selective melted 17—4 PH stain-
less steel, and their argument was that the latter had higher
grain boundary density which promoted corrosion. Mean-
while, Bajaj et al. [16] reported that 3D-printed 17-4 PH SS
showed better corrosion resistance than the wrought 174
PH SS, and both materials in solutionized and aged condi-
tion. This was argued to be due to the refined microstructure
of 3D-printed 17-4 PH SS and also the presence of fine
niobium carbides.

This study investigated the influence of hatch spacing on
the metallurgical characteristics of additively manufactured
17-4 PH stainless steel, which includes microstructural
evolution, microhardness, and corrosion behavior. The cur-
rent study deduced that varying hatch spacing does have
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Fig. 1 17-4 PH stainless steel powder particles
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an influence on the proportion of delta ferrite, while it was
also found that reducing hatch spacing (increasing % over-
lap) reduced microhardness. With regard to corrosion, it was
found that the traditionally manufactured 17-4 PH SS in
H900 condition is less resistant to corrosion than 3D-printed
17—4 PH SS in H900 condition.

2 Materials and methods

Figure 1 shows an SEM image of 17-4 PH stainless steel
powder used to build the samples on the DED system. The
elemental composition of 17-4 PH stainless steel powder
obtained using EDS is shown in Table 1.

The powder shown in Fig. 1 was supplied by Weartech
and had a particle size range of 45-90 um. This powder
was used to manufacture four samples with a dimension
of 10x10x 10 mm on the 850-R Optomec LENS Plat-
form. The four samples were manufactured using the set
of parameters shown in Table 2, and processing was done
while varying the hatch overlap from 20 to 80% and keeping
constant the laser power, scanning speed, and powder feed
rate. Subsequent to the manufacturing of the samples, they
were subjected to material characterization which includes
microstructural analysis, microhardness, and corrosion test.
Kallings reagent was used to etch the samples to reveal the
microstructure. Subsequently, the samples were analyzed
by optical microscope (Olympus BX51 M) and scanning
electron microscope (JEOL, JSM-6010Plus/LAM). Moreo-
ver, X-ray diffraction (XRD) was conducted to detect the
phases present in the samples. This was done while using
the scanning step size of 0.04 ° within a 2 6 range of 10
to 100 °. The systems employed a Cu source which was
excited at the current 40 mA and voltage 54 kV. The samples
were also subjected to a hardness test, and this test was done
using Zwick/Roell ZHVm Vickers’ microhardness tester.

Table 1 Elemental composition of 17-4 PH stainless steel powder

Elements Fe Cr Ni Cu Si

Mass (%) 74.35 17.55 3.83 3.61 0.65

Table 2 LENS process parameters

Laser power Scanning speed Powder feed rate Hatch

(W) (mm/s) (g/min) overlap
(%)

300 10.16 4.7 20

300 10.16 4.7 40

300 10.16 4.7 60

300 10.16 4.7 80
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The samples experienced a load of 300gf for 10 s along the
build direction planes. In addition, an H900 heat treatment
was performed. This heat treatment involved two steps; the
first step was to heat treat the samples to 1040 °C for 30 min
followed by air cooling, while during the second step (aging)
the samples were heat treated at 480 °C for 1 h followed
by air cooling. Therefore, all the material characterizations
highlighted above were also done for the samples in heat-
treated condition. Lastly, a corrosion test was conducted
on the as-built samples. Potentiostat DY2300, supplied by
Digi-ivy, was used to do a corrosion test. The samples were
immersed in 150 ml of sodium chloride (NaCl) for 2 h at
room temperature.

3 Results and discussion
3.1 Microstructural evolution

Figure 2 shows the microstructures of 17-4 PH stainless
steel in an as-built condition at various percent overlaps
(20-80%). It was observed that the microstructure consisted
of a mixture of delta ferrite and martensite when the hatch
overlap was set at 20-60%. However, the microstructure that
was observed at 80% overlap consisted of martensite only.
The absence of delta ferrite at 80% overlap is due to the fact

(.60 %

Fig.2 OM as-built imagesof various % overlaps

that 80% of the previously built track was overlapped. There-
fore, this suggests that the overlapped track will experience
in situ heat treatment which will consequently lead to the
delta ferrite dissolving. The effect of in situ heat treatment at
80% can also be supported by the fact that the microstructure
at 80% overlap seems to be homogenous as opposed to the
microstructure at 20, 40, and 60% overlaps.

To identify delta ferrite, localized EDS was used to meas-
ure its composition and that of the matrix and the EDS com-
position as expected shows that the amount of chromium is
higher in delta ferrite than in the matrix as shown in Fig. 3.
This ratio is expected because delta ferrite is rich in chrome.
In addition, with the aid of SEM, it was observed that when
the percent overlap was increased from 20 to 80%, the grain
size increased. This behavior can be attributed to the fact that
increasing percent overlap results in heat retention during
printing, as it is generally known that heat retention favors
grain growth, hence the observed grain growth in Fig. 4.

Moreover, the XRD patterns in Fig. 5 corroborate
with the observations of microstructure in Fig. 2. This is
because the XRD patterns show that at all percent over-
laps, martensite is the only phase present. However, the
delta ferrite observed in the microstructure is not visible
on the XRD patterns because delta ferrite is body centered
cubic (BCC) phase while martensite is a body centered
tetragonal (BCT). Therefore, it is difficult for the XRD

(B.40.%
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Fig.3 Localized EDS results showing chrome composition in
d-ferrite and the matrix

analysis to differentiate the two phases, hence only mar-
tensite is shown on the XRD patterns. On the other hand,
other studies such as the one conducted by Mathoho et al.
[18] found that the microstructure in an as-built condition
had a mixture of martensite and retained austenite accord-
ing to their XRD patterns. This suggests that the cooling
of the samples in the current study was rapid enough to
avoid the retention of austenite.

3.2 Microhardness

The graph in Fig. 6 shows the microhardness profile and
build height as a function of percent hatch overlap. The cur-
rent study found that the hardness decreased when the per-
cent overlap was increased from 20 to 80%. This behavior
is supported by the microstructures shown in Fig. 2. This is
because delta ferrite seems to dissolve back into the solu-
tion as the percent overlap is increased, and it is known that
the presence of delta ferrite enhances the hardness. There-
fore, it can be deduced that the reduction of hardness as a
result of increasing percent overlap can be attributed to the
delta ferrite dissolving back into solution. Another possible
contributing factor to the reduction of hardness as a result
of increasing percent overlap may be caused by the in situ
tempering of martensite. As shown by the graph in Fig. 6,
the increase of build height after printing is also an indica-
tion of the possibility of in situ tempering of martensite.

3.3 Heat treatment

After printing, the samples were subjected to condition A
heat treatment followed by aging treatment (H900 condi-
tion). The microstructure, microhardness, and corrosion in
as-built, condition A, and H900 were contrasted.

Fig.4 SEM as-built images of various % overlaps
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3.3.1 Microstructural evolution

Figure 7 shows the microstructures in various conditions,
i.e., as-built, condition A, and H900. As reported above, the
microstructure in as-built condition consisted of delta ferrite
and martensite. However, Fig. 7 shows that after applying
condition A, delta ferrite was dissolved and the microstruc-
ture became homogenized. When the samples were sub-
jected to the H900 condition, the microstructure became
coarser; it is worth highlighting that the aforementioned
behavior that was observed in all percent overlaps varied.

This behavior is clearly shown by SEM microstructures in
Fig. 8. According to the XRD patterns shown in Fig. 9, it can
be seen in all the samples that after being subjected to H900
condition, the microstructure consisted of martensite only.

3.3.2 Microhardness
Figure 10 shows the graph of microhardness at various per-
cent overlaps and in various conditions. It was found that

when all the samples were subjected to condition A, the
microhardness decreased slightly, and this behavior can be
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20%

40%

60%

80%

Fig.7 OM microstructures in various conditions (AB, condition A, and H900)

attributed to the fact that delta ferrite which was present in
the as-built condition was dissolved after condition A, and it
is known that the presence of delta ferrite causes an increase
in hardness. Furthermore, Fig. 10 shows that after subjecting
the samples to the H900 condition, the hardness increased

@ Springer

and this is attributed to the precipitation of nano-scale CU
precipitates. These precipitates increase the hardness by hin-
dering dislocation movement. These precipitates could not
be observed using SEM and require high-resolution equip-
ment such as the transmission emission microscope (TEM).
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Fig. 8 The microstructure at various conditions (as-built, condition A, and H900) of 60% overlap
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Fig.9 XRD patterns after heat treatment at various overlaps

3.4 Corrosion behavior the precipitation of copper from the matrix and since copper
reduces the susceptibility to corrosion as a result, the matrix
Table 3 shows corrosion results conducted on as-built will be less corrosion resistant. Moreover, Table 3 shows
(AB), 40% overlap subjected to H900 condition (HT), and  that casted 17-4 PH in H900 condition is more prone to
casted 17-4 PH subjected to H900 condition (AR). The  corrosion than 3D-printed 17—4 PH in H900 condition; this
results show that AB has the least current density and low  behavior is corroborated by findings obtained from a study
corrosion, and this implies that AB is the most corrosion-  conducted by Alnajjar et al. [16].
resistant sample. However, after subjecting it to H900, it Figure 11 shows that both the AR and the AB started by
was found that the corrosion resistance was compromised  corroding from the start of the test and then stabilized just
or reduced. This might be due to the fact that aging causes  after 1000 s. However, the HT curve started by passivating,
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Fig. 10 Microhardness of differ-
ent conditions at 20, 40, 60, and
80% overlaps
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Table 3 Corrosion results

Sample oo (Alcm?) E.. (V) Corrosion
rate (mm/
year)

AB 1.9299E - 08 —-0.35186 0.00022425

HT 5.9595E - 05 —0.34008 0.69249

AR 8.2617E—05 —0.2665 0.96

and after a short while just before 500 s, it stabilized. Akain-
labi et al. [17] reported that the more the material possesses
more positive potential, the more corrosion resistant that
particular material will be. Figure 11 shows that both the
AR and the AB started by corroding from the start of the test
and then stabilized just after 1000 s. However, the HT curve
started by passivating, and after a short while just before
500 s, it stabilized.

The Tafel curves in Fig. 12 show that there is not a
large variation among the three samples in relation to the
potential. However, AR seems to have the least corrosion

Fig. 11 OCP curves of different

== = -
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=

% Overlap

H 900

resistance while AB seems to be the most corrosion resist-
ant among the three samples. This is corroborated by the
current density which shows that AR recorded the highest
current density while AB recorded the least current density.
Swietlickinet et al. [19] argued that small grains promote
more corrosion nucleation sites, which eventually lead to
corrosion. However, the current study does not agree with
that argument because Fig. 13 shows that AB had the small-
est grain size (19 pm) while AR had the largest grain size
(73 pm).

Figure 14 shows SEM of corroded surface for samples
in as-built, H900, and as-received conditions. It can be seen
that all the samples are experiencing the same type of cor-
rosion, which is pitting corrosion. Furthermore, it was dis-
covered that in AB and HT samples the pitting corrosion
observed was localized and it occurred in areas adjacent
to delta ferrite. Since delta ferrite is known to be super-
saturated with chrome, and chrome is known to enhance
corrosion resistance, this implies that areas adjacent to
delta ferrite will be less in chrome which will consequently
result in those areas being prone to corrosion. With the aid
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Fig. 12 Tafel curves of different samples (AB, HT, and AR)

of localized EDS, this argument was corroborated as seen
in Fig. 14 with the amount of chrome in corroded areas and
the matrix.
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Fig. 13 Corroded surface of SEM images: (A, B) AB, (C) HT
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4 Conclusion

The current study deduced that varying percent overlap
had an impact on the proportion of delta ferrite. In addi-
tion, increasing percent overlap resulted in an increment
of grain size; this was due to heat retention caused by
high percent overlap. On the other hand, it was established
that increasing percent overlap reduced the hardness. This
behavior was linked to the reduction of delta ferrite as
percent overlap was increased because the martensite in
the section that has already solidified will experience tem-
pering due to heat retention.

Furthermore, it was established that solution treatment
resulted in dissolving delta ferrite back into the solution.
With regards to the effect of heat treatment, it was found
that the solution treatment reduced hardness while the
aging treatment increased the hardness in all the samples.
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As for corrosion, the current study deduced that
3D-printed 17-4 PH in an as-built condition is less sus-
ceptible to corrosion than heat-treated 17-4 PH produced
through 3D printing. Interestingly, it was deduced that casted
17-4 PH in H900 condition is more prone to corrosion than
3D-printed 17-4 PH in H900 condition.
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