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Abstract 17-4 PH stainless steel has proven to be one of the workhorse materials
in industries such as aerospace, chemical, and energy. The attraction of this alloy to
the aforementioned industries is derived from the fact that 17-4 PH stainless steel
possesses a combination of excellent mechanical properties and corrosion resis-
tance. Manufacturing of 17-4 PH stainless steel through 3D printing will further
inspire confidence in the aforementioned industries. The current study investigated
the effects of LENS process parameters on porosity, microstructure, and microhard-
nesss. The scanning speed and powder feed rate were varied at 7.62 mm/s-12.7 mm/s
and 4.70 g/min-5.98 g/min rpm, respectively, while laser power was kept constant at
300 W. The optimum scanning for both 4.70 g/min and 5.98 g/min was 10. 16 mm/s
and 12.7 mm/s, respectively. The current study deduced that varying both scan-
ning speed and powder feed rate had an impact on both the microstructure and
microhardness.
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Introduction

Additive manufacturing (AM) also known as 3D printing is a relatively new man-
ufacturing technique, which manufactures parts by building layer upon layer based
on the 3D CAD model [1]. Due to the unique dynamics of additive manufacturing,
a part produced through AM possesses superior mechanical properties as opposed
to a part produced through tradition manufacturing methods [2]. This has attracted
industries such as aerospace and biomedical. Laser engineered net shaping (LENS)
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is one of the AM processes, and this process produces parts by depositing powder
and irradiating laser concurrently [3]. LENS has the ability to produce functionally
graded components and to repair worn out surface, which cannot be achieved by its
counterpart processes like selective laser melting (SLM) [3]. However, LENS pro-
cess has its own fair share of limitations such as poor surface finish and porosity.
Therefore, it is imperative to make a proper selection of process parameters, such as
laser power, scanning speed, and powder feed rate that will generate a component
with minimal defects.

A study by Choi and Chang [4] investigated tool steel characteristics generated
by direct metal deposition (DMD). They reported that porosity increased due to
increase of powder feed rate; however, they found that porosity decreased as a result
of increasing the laser power. This is because of an increase of powder feed rate
causes instability in the melt pool, which leads to inducement of porosity. Mean-
while, a study by Lin [5] also investigated the effect of LENS process parameters
on porosity of M2 steel. Lin [5] argued that the highest porosity was recorded at the
lowest scanning speed employed while the lowest porosity was achieved at moderate
scanning speed.

LENS can generate a microstructure, consisting of either columnar grains,
equiaxed grains, or a mixture of both. The morphology of the aforementioned grains
can be excessively influenced by LENS process parameters [6]. According to Saboori
et al. [7] increasing the powder feed rate favours, the formation of equiaxed grains
over columnar grains. This is because of partially melted or un-melted powder par-
ticles promote heterogeneous nucleation which leads to equiaxed grains [9]. 17-4
PH stainless steel is a precipitation hardened stainless steel which is widely used
in industries which includes aerospace, chemical, energy, and biomedical due to its
outstanding mechanical properties and corrosion resistance [2].

Since LENS is one of the AM techniques, it is expected that a part generated
by LENS possesses higher hardness as opposed to parts generated by traditional
methods. This is due to the rapid heating and cooling phenomenon accompanied by
Murr et al. [8] reported that themicrostructure of 17-4 PH produced on selective laser
melting (SLM) is characterized by large martensitic columnar grains along the build
direction. On the other hand, Cheruvathur et al. reported [10] that the microstructure
of 17-4 PH produced through SLM technique consisted of 50% martensite and 50%
retained austenite. However, the proportion of retained austenite was lowered to
10% as a function homogenizing treatment at 1100 °C for two hours followed by air
cooling.

The current study aims to investigate the effects of LENS process parameters such
as scanning speed and powder feed rate on the metallurgical characteristics of 17-4
PH stainless steel. The metallurgical characteristics include porosity, microstruc-
tural evolution, and microhardness. Furthermore, the effect of heat treatment on the
microstructure and microhardness will be interrogated.
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Materials and Methods

An argon atomized 17-4 PH stainless steel powder supplied by TLS Technik with
particle size ranging from 45 to 90 µm as shown in Fig. 1 was used in the current
study.

Materials Processing

The powder was processed on the LENS platform, which uses fibre laser with a
maximumpower of 1 kw. The scanning speed and powder feed rate were variedwhile
the laser power and percentage overlap were kept constant as shown in Table 1. The
aforementioned process parameters were used to print 20 × 20 × 10 mm coupons.
The as-printed coupons were also subjected to homogenizing treatment at 1100 °C

Fig. 1 17-4 PH stainless steel powder particles

Table 1 Process parameters

Sets Lase power (W) Scanning speed (mm/s) Powder feed rate(g/min) Overlap (%)

1 300 12.7 4.70 50

2 300 10.16 4.70 50

3 300 7.62 4.70 50

4 300 12.7 5.98 50

5 300 10.16 5.98 50

6 300 7.62 5.98 50
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for two hours followed by air cooling. Subsequent to homogenizing treatment, the
coupons were subjected to aging treatment at 480 °C for one hour followed by air
cooling.

Material Characterization

The image quantitative analysis method was used to measure the porosity of the as-
printed coupons. For porosity measurement, the coupons were sectioned, grinded,
and polished before being subjected to porositymeasurement using the opticalmicro-
scope. The optical microscope is linked to the image quantitative analysis software.
For microstructural evolution analysis, the as-printed and heat treated coupons were
sectioned and subjected to metallographic examination procedure which includes
grinding, polishing, and etching with FRY’S reagent for 20 s. The optical micro-
scope and the scanning optical microscope were used to analyze the aforementioned
samples. Microvickers hardness tester was used to measure the hardness of the as-
printed samples and heat treated samples. The load applied is 300 gf for 10 s, and an
average of 30 indentations microhardness values was calculated per sample. X-ray
diffraction (XRD) technique was used to analyze the phases in an as-printed and heat
treated condition. The current and voltage were set at 40 mA and 54 kV, respectively.
At a step size of 0.04° within a 2 theta range of 10°–100°.

Results and Discussion

Porosity

Figure 2 shows the evaluation of the effect of scanning speed and powder feed rate on
porosity. It can be seen that for 4.7 and 5.98 g/min powder feed rate, the maximum
porosity andminimum porosity were generated at 10.16 and 12.7mm/s and scanning
speed, respectively. The higher porosity at higher scanning speed is probably due to
the fact that the melt pool moves fast and does not have enough time to flow and fill
somepores. This concurswith a study conducted byGuet al. [11].Additionally, itwas
found that at 5.98 g/min powder feed rate, the porosity decreased with increasing of
scanning, whereinminimum of 0.176%was generated at a maximum scanning speed
of 12.7mm/s. The reduction of porosity as a result of increasing scanning speedmight
be attributed to the fact that at low scanning speeds (7.62 and 10.16 mm/s); there is
heat concentration which causes evaporation and induces porosity. Moreover, Fig. 2
shows that 5.98 g/min powder feed rate generated the least porosity than 4.7 g/min
for both 10.16 mm/s and 12.7 mm/s except at 7.62 mm/s. Set 2 for 4.7 g/min and set
4 for 5.98 g/min of parameters from Table 1 were found to have generated the lowest
porosity.
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Fig. 2 A graph of porosity at 4.7 g/min and 5.98 g/min powder feed rate as a function of scanning
speed

Microstructural Analysis

The as-printed microstructure parallel to the build direction is characterized by large
alternating columnar grains. These two alternating large columnar grains were found
to be different because of one consist of equiaxed grains and while the other consist
of small columnar grains. The existence of equiaxed and columnar grains is probably
due to 50% overlap, which causes half of re-melting of the previously scanned track
[9]. This can be seen clearly in Fig. 3–1. The formation of large columnar grains is
due to complex thermal history accompanied by the thermal dynamics of additive

Fig. 3 As-printed OM microstructures at various sets of process parameters
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manufacturing [3]. The microstructure revealed largely martensitic laths with small
proportion of retained austenite. Additionally, the presence of overlapping melt pool
boundaries can be seen. Figures 1, 2 and 3 represents set 1–3 of process parameters
while set 4–6 represent is represented byFigs. 4, 5 and 6.Based on themicrostructural
evolution evaluation, it was found that the width of larger alternating columnar grain
increases as a result of increasing scanning speed. This behaviour is indicative of large
thermal gradient that is associated with high scanning speed. Large thermal gradient
promotes the formation of large columnar grains due to high cooling rate [12]. More-
over, it was also found that increasing the powder feed rate suppresses the formation
of large columnar grains. This attributed to low thermal gradient caused by large
amount of powder being deposited, which translates to slow cooling rate [9], which
suppresses the formation of columnar grains. The XRD patterns for microstructures
in Fig. 3 are shown in Fig. 4, and they show that the amount of retained austenite
increases as a function of reducing scanning speed and increasing powder feed rate.
This behaviour can be attributed to the fact that the reduction of scanning speed and
increment of powder feed rate lead to slow cooling. Since high cooling rate is one
of the contributing factors for the formation of martensite, this suggests that slow
cooling will favour the retention of austenite.

Only set 2 and set 4 were subjected to homogenizing and aging treatment, and it
was established that homogenizing at 1100 °C for 2 h was effective as depicted in
Fig. 5. Additionally, XRD patterns in Fig. 6 show that after homogenizing and aging
treatment, the microstructure consisted of 100% martensite for both set 2 and set 4.
The retention of austenite was suppressed, and this is because of both homogenizing
and aging treatment, rapid cooling method (air cooling) was applied. Furthermore,
Fig. 5 shows the presence of niobium carbides precipitates (white small phases) after
homogenizing and aging treatment. Moreover, after aging treatment the martensitic
laths became larger than the martensitic laths in homogenized condition.

Microhardness Analysis

Figure 7a shows a graph of microhardness as a function of scanning speed for set
1 to set 6 of process parameters. The aforementioned figure indicates that for both
4.7 g/min and 5.98 g/min the microhardness slightly increased with the increment of
scanning speed, and this behaviour is ascribed to rapid cooling ratewhich is promoted
by high scanning speed. These results concur with the observed microstructures in
Fig. 3, because of increasing scanning speed seems to promote the formation of
large columnar grains and suppresses the retention of austenite. Additionally, Fig. 6
exhibits the reduction of hardness of as a result of increasing powder feed rate from
4.7 to 5.98 g/min. The reduction of hardness is because the increment of powder feed
rate favours slow cooling rate, which will suppress the formation of large columnar
grains as shown in Fig. 3. On the other hand, Fig. 7b displays that for both set 2
and 4, the microhardness after homogenizing treatment decreased. This might be



The Effects of LENS Process Parameters on the Behaviour … 487

F
ig
.4

V
ar
io
us

X
R
D
pa
tte

rn
s
fo
r
se
t1

to
se
t6



488 I. Mathoho et al.

Fig. 5 SEM images of various set 2 and 4 in after homogenization and aging treatment

Fig. 6 XRD patterns for set 2 and 4 in homogenized and aged condition

because of copper precipitates, which formed during LENS processing, relocated
back into solution. Such copper precipitates are shown in Fig. 8, which shows the
SEM image and EDS composition of the copper precipitate taken from set 1 in
an as-built condition. The visibility of these copper precipitates invalidates theory;
that copper precipitates are small in such a way that they require higher resolution
instrument such as transmission electron microscope for identification. However,
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Fig. 7 a Depicting microhardness as a function scanning speed, b depicting microhardness in
as-built, homoginized, and aged condition of set 2 and 4

Fig. 8 Depicting SEM images for set 1 in as-built condition

after aging the microhardness increased substantially and this is because of niobium
carbides precipitates, which formed during aging as revealed by microstructures in
Fig. 5.

Conclusion

The current study deduced that scanning speed and powder feed rate do have an
impact on the porosity during LENS process, wherein increasing the scanning speed
had a positive impact on the porosity for 5.98 g/min while for 4.71 g/min increasing
scanning speed within a certain range proved to have detrimental effects on porosity.
As for the powder feed rate, it was established that increasing powder feed rate at
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higher scanning speedswas beneficial in relation to porosity. Additionally, increasing
the scanning speed and reducing powder feed rate favoured the suppression retaining
austenite. Since additive manufacturing inherently produces a microstructure, which
is inhomogeneous, the applied homogenous treatment proved to be effective not only
in homogenizing themicrostructure but also in suppressing the retention of austenite.
Aging treatment also increased the hardness significantly.
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