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Optimization of process variables for laser powder bed
fusion of creep-resistant P92-type steel

Type P92 steels belong to a recent generation of martensitic steels, which exhibit excellent creep rupture
strength and oxidation resistance at extreme steam parameters. Hence, the application of this material in
the power generation industry allows drastically improving the plant energy efficiency. Given the
significant potential of these steels, it is of interest to evaluate their suitability for an advanced laser
powder bed fusion (L-PBF) technology. This study focused on the optimization of L-PBF variables in
order to achieve a porosity-free condition. To this end, the key process variables were varied, including
laser power, laser scanning rate, hatch distance, and protective gas. It was found that L-PBF is suitable
for the manufacturing of samples with residual porosity below 0.1%. The optimal L-PBF condition
included a laser power of 250 W, a laser scanning rate of 1 m/s, a hatch spacing of 80 um, and nitrogen
shielding.

Keywords: Martensitic steels; Laser powder bed fusion (L-PBF); process optimization

1. Introduction

The P92-type steels are well-established creep-resistant martensitic steels.
Thorough optimization of both the chemical composition and microstructural design of
this material provided an excellent balance among the solid-solution, grain-boundary,
and precipitation strengthening mechanisms. Accordingly, P92 steels exhibit excellent
creep rupture strength and oxidation resistance [e.g., 1-3]. Moreover, a combination of a
relatively low thermal expansion coefficient and a comparatively high thermal
conductivity in these steels permits decreasing thermal stresses, which may arise
during extreme fluctuations. Hence, the application of this material in the power
generation industry allows the power plants to operate at relatively high steam
parameters, particularly the critical temperatures of 585-600 °C and pressures up to 25
MPa [e.g., 4-6]. This vastly improves the plant energy efficiency and reduces carbon
emission. In addition to the thermal power plants, P92 steels are also utilized in
chemical processing, the oil and gas industries, and are even considered as a potential
structural material for advanced reactor systems in nuclear power [e.g., 7-9].

Given the significant potential of these steels, it is important to access their
suitability for additive manufacturing, particularly in relation to laser powder bed fusion
(L-PBF) [e.g., 10-12]. This advanced technology may be applied for the fabrication of
complex-shaped parts, including turbine blades, pressure vessel stiffeners, and nuclear
reactor internals, which should withstand the extreme temperature and pressure
environment. To this end, however, the built parts should exhibit a nearly 100% density
and a tempered-martensite microstructure.

A review of the available scientific literature in the Scopus database revealed very
litle work on the L-PBF of P92-type steels [13-19]. These studies have conclusively

demonstrated the feasibility of this technology for manufacturing the parts with excellent
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mechanical properties. On the other hand, a comprehensive examination of the optimal
processing window for L-PBF of such steel is not available in the scientific literature, to
the best of the authors’ knowledge. Hence, the present study was undertaken to fill this

gap in our knowledge.

2. Experimental
2.1 Program material

The program material used in the present study was a type of P92 steel developed
by the authors. The feedstock material for L-PBF was produced at JSC POLEMA using
an argon atomization technique and supplied as metallic powder. The nominal chemical

composition of the received powder batch is given in Table 1.

Table 1. The nominal chemical composition of the received powder material (wt.%)

Fe C Si Mn Cr |[Co| W | Mo |[Nb| V [ Cu S P N

Bal. [0.01810.31]0.25|8.15{3.1]12.1(058|0.1]0.1)0.1]0.00480.030.01
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Figure 1. (a) Typical morphology and (b) particle-size distribution of the supplied powder

The received powder material was mainly represented by the nearly spherical
particles, which typically contained satellites (Fig. 1a). From the broad perspective, the
particle morphology was broadly similar to that of typical gas-atomized martensitic
steels reported in the scientific literature [e.g., 20, 21]. The median particle diameter
was measured to be =45 um (Fig. 1b), while the percentile particle diameters were D1o
~29 um, Dso =42 um, and Dgo =62 um.

In greater detail, the characterization of the powder material has been provided

elsewhere [22].




2.2 L-PBF procedure
The L-PBF experiments were performed on a ProX DMD 200 machine (3D

Systems) using a laser beam with a diameter of =80 um. To establish the optimal L-PBF

conditions, three series of L-PBF trials were conducted, as shown in Table 2. The

variations included laser power (ranging from 100 to 300 W), laser scanning rate (from

0.5 to 2.5 m/s), hatch distance (50 or 80 um), and a type of shielding gas (argon or

nitrogen). The examined ranges of the laser power and scanning rate encompassed the

entire intervals permitted by the ProX DMD 200 machine. The hatch distance of 80 um

was nearly equivalent to the laser beam diameter, while that of 50 um provided =50%

overlap between neighboring laser tracks.

Table 2. L-PBF variables applied in the present study

Laser Laser scanning Hatch Volumetric energy Shielding gas
power, W rate, m/s distance, um density , Joule/mm? 99

100 26.7

150 40.0

200 2.5 53.3

250 66.7

300 80.0

100 33.3

150 50.0

200 2.0 66.7

250 83.3

300 100.0

100 50 44.4 Argon
150 15 66.7

200 ' 88.9

250 111.1

100 66.7

150 100.0

200 1.0 133.3

250 166.7

300 200.0

100 0.5 133.3

100 26.7

150 40.0

200 25 53.3

250 66.7

300 80.0

100 50 33.3 Nitrogen
150 50.0

200 2.0 66,7

250 83.3

300 100.0

100 1,5 44 .4




150 66.7
200 88.9
250 111.1
100 66.7
150 100.0
200 1.0 133.3
250 166.7
300 200.0
100 0.5 133.3
100 17.1
150 25.6
200 2.5 34.2
250 42.7
300 51.3
100 214
150 32.1
200 2.0 42.7
250 53.4
300 64.1
100 28.5
150 15 80 42.7 Nitrogen
200 ' 57.0
250 71.2
100 42.7
150 64.1
200 1.0 85.5
250 106.8
300 128.2
100 85.0
150 0.5 128.2
200 170.9
300 1.0 128.2

In all cases, the nominal thickness of the powder layer was 30 um, and a simple
parallel scan strategy was used. The latter involved a 90° rotation of the laser scan
direction between successive layers.

In total, 75 different regimes were applied. In some cases, however, the L-PBF
process was not successful, and so only 63 samples were built. The list of the
successful regimes is shown in Table 2.

A typical L-PBF coordinate system was adopted, which included the building
direction (BD), the motion direction of powder roll (RD), and the transverse direction
(TD). In all cases, the cuboidal samples with dimensions of 20x10x5 mm?3 (RDxTDxBD)

were built.




2.3 Characterization

The characterization of the built samples was mainly focused on the analysis of
residual porosity, which was measured using both the Archimedes method and the
optical metallography technique. Moreover, the broad aspects of the evolved
microstructure were examined in selected cases.

The Archimedes density measurements were performed using a Porotech ASP
3.1 automated porosimeter in an n-octane liquid medium with a weighting accuracy of
1£0.0001 g. For the metallographic analysis of porosity, the built samples were cut in half
along the BD, so the observations were focused on the TDxBD plane. The
microstructural specimens were mounted into a conductive resin and mechanically
polished using standard metallographic procedures. A final surface finish was achieved
employing =24-h vibratory polishing with a commercial OP-S colloidal silica suspension.
The porosity measurements were carried out using an Olympus GX51 optical
microscope equipped with SIAMS 800 software.

Microstructural observations were conducted in the vibratory-polished samples
and involved backscatter electron (BSE) imaging and the electron backscatter
diffraction (EBSD) technique. In both cases, the scanning-electron microscope FEI

Quanta 600 was used.

3. Results and Discussion
3.1. Preliminary analysis

The appearance of the top surface of the built samples as a function of L-PBF
conditions is shown in Fig. 2a (the process variables are indicated in the top right corner
of the images). The samples manufactured at a combination of a low laser power and a
high scanning rate (i.e., a low volumetric energy density) exhibited a grainy matte
characteristic, thus suggesting a powder-type structure. However, with an increase in
the power and/or decrease in the scanning rate (i.e., with an enlargement in the energy
density), the sample surface tended to become smooth and glossy. Moreover, the laser
tacks, inclined +45° relative to the RD, became visible. These observations suggest that
the powder melted during L-PBF, followed by the subsequent splashing of liquids during
the motion of the laser beam.

The effect of the volumetric energy density of the L-PBF process on the relative
density of built samples measured by the Archimedes method is summarized in Fig. 2b.
In all three experimental trials, observations revealed a broadly similar material

behavior. Specifically, the density of the built material grew with the energy density up to
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~99% magnitude and then tended to saturate at this level. This trend is typically

reported in the scientific literature on L-PBF of martensitic steels [e.g., 23-25].
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Figure 2. The effect of L-PBF conditions on the (a)
appearance of a top surface of built samples and (b)
relative density of the specimens measured by the
Archimedes method; In (a), the L-PBF variables are
indicated in the top right corner of the sample
images; BD, RD, and TD define the building
direction, the motion direction of powder roller, and
transverse direction, respectively. In (a), the
specimens were manufactured using nitrogen
shielding and a hatch distance (h) of 80 um. In (b),
dotted horizontal line shows 99% density.

A distinct characteristic of the measurements was a significant experimental
scattering. Particularly, the samples, which were built at the same volumetric energy
density but using a laser power of 100 W, exhibited an extremely low material density
(several examples are arrowed in Fig. 2b). This observation suggested that this laser
power was insufficient for melting the program material. Thus, even if the volumetric
energy density of such L-PBD regimes was nominally high, those only provided powder
sintering, which led to increased porosity in the built samples and pronounced
experimental scattering. This observation presumably implied that the volumetric energy
density is not a comprehensive characteristic of the L-PBF process.

Another important issue was only a minor influence of the L-PBF atmosphere on
porosity. Specifically, the specimens manufactured using the same hatch spacing (h) of
50 um but different shielding atmospheres (argon vs. nitrogen) exhibited broadly
overlapping behavior (Fig. 2b). In fact, the use of argon shielding instead of nitrogen
provided only a subtle increase in relative density (Fig. 2b). In the high-energy range
(>70 J/mm3), this effect was likely attributable to the relatively low solubility of argon in
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steels [26, 27] and the concomitant reduction in gas porosity. In the low-energy interval
(<70 J/mm3), this observation can be explained in terms of the comparatively low
thermal conductivity of argon [28-30], i.e., a lower cooling rate and, thus, a longer
sintering time.

In contrast, the change in the hatch distance had a significantly greater impact.
Specifically, its increase from 50 to 80 um resulted in a reduction of the volumetric
energy density, which provided 1% porosity, from =135 J/mm3 to =100 J/mm? (Fig. 2b).

The potential explanation for this phenomenon is addressed in Section 3.2.

Table 3. Effect of L-PBF variables on the relative density as measured by the
Archimedes method

L-PBF variables Relative density, %
Laser Laser scanning | Argon shielding, hatch Nitrogen shielding, hatch Nitrogen shielding, hatch
power, W rate, m/s distance of 50 um distance of 50 um distance of 80 um
250 2.5 95.1 88.2 85.4
300 2.5 93.9 92.6 93.2
150 2.0 82.3 80.4 77.7
200 2.0 90.8 88.7 85.6
250 2.0 95.9 94.7 92.5
300 2.0 98.2 97.1 96.0
100 1.5 75.4 74.9 67.5
150 1.5 89.8 87.8 83.9
200 1.5 96.1 94.8 93.3
250 1.5 98.5 78.4 77.1
150 1.0 95.1 91.8 93.9
200 1.0 99.3 96.6 99.2
250 1.0 99.7 97.7 99.7
300 1.0 99.8 99.2 99.9
100 0.5 85.5 83.7 82.8

Note: The optimal processing window is highlighted in gray

The revealed correlation between the L-PBF variables and the measured density
of the built samples is summarized in Table 3. The processing conditions, which
provided a 99% relative density, are highlighted in gray. It is seen that the optimal
processing window for the examined P92 steel was within the laser power range of 200

to 300 W, with the laser scanning rate of 1 m/s.

3.2. Analysis of discontinuities
3.2.1. Broad aspects

Based on the above-discussed results, the approach, which involved nitrogen
shielding and a hatch spacing of 80 um, was selected as the most promising for a

practical use. Hence, the subsequent analysis was focused only on this L-PBF trial.




The low-magnification optical images of the built samples are shown in Fig. 3 as a
function of volumetric energy density. In all cases, dark areas within the samples

reflected the discontinuities produced during the L-PBF process.
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Figure 3. Low-magnification optical images of the polished cross-section of built specimens, which were
manufactured under the volumetric energy density of (a) 28.5 J/mm3, (b) 32.1 J/mm3, (c) 51.3 J/mm3, (d)
71.2 J/mm3, (e) 106.8 J/mm3, and (f) 200 J/mm?. In all cases, the specimens were manufactured in
nitrogen atmosphere and using a hatch distance of 80 um. The common scale bar and reference frame
are shown in (a). BD, RD, and TD are the building direction, the motion direction of powder roller, and
transverse direction, respectively.

At the lowest energy density, an increased concentration of the discontinuities was
revealed near the outer edges of the built sample (Fig. 3a). In the remaining cases,
however, such macro-scale heterogeneity was not evident, at least from a visual
expression. On the other hand, the preferential concentration of discontinuities along
the parallel horizontal lines, i.e., virtually along the laser tracks, was revealed (Figs. 3a
to ¢ and 3f). This observation was entirely consistent with the scientific literature [e.g.,
31, 32].

Moreover, in agreement with the previous works [e.g., 23-25], an increase in
volumetric energy density led to a gradual elimination of porosity, which nearly
completely disappeared at approximately 100 J/mm?3 (Figs. 3a to e).

At extremely large energies (=200 J/mm?3), however, a sudden increase in porosity
was observed (Fig. 3f). Despite this effect also being mentioned in the scientific
literature, its origin is not clear. One of the possible explanations may be the splashing
of a molten material during laser motion, as mentioned in Section 3.1.

The latter effect was consistent with the positive influence of an increased hatch
distance on the residual porosity, as mentioned in Section 3.1. The partial overlapping
of neighboring laser tracks, when using a hatch spacing of 50 um, should result in local

overheating and thus may promote porosity.



To examine the reliability of the porosity measurements, a comparison of two
employed approaches (i.e., the Archimedes method and optical metallography) was

provided in Fig. 4.
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Figure 4. A comparison of the density measurements using the Archimedes method and optical
metallography. Note: The specimens were manufactured using nitrogen shielding and a hatch distance of
80 um; dotted horizontal line shows 99% density.

At the relative density of ~99%, an excellent agreement between two techniques
was observed. On the other hand, beyond this range, a considerable discrepancy was
revealed. Specifically, the Archimedes method resulted in a significant underestimation
of porosity. Moreover, this misfit increased rapidly with the porosity content. The reason
for this effect is not clear. Nevertheless, it was concluded that the Archimedes approach
is only suitable for an express analysis, while a detailed investigation requires optical

observations.

3.2.2. Morphology

The typical morphology of the discontinuities revealed within the built samples was
summarized in Fig. 5 as a function of the volumetric energy density. Again, the
discontinuities were represented by the dark-contrast areas.

At the energy density below =70 J/mm3, the distinct remnants of the initial powder
particles were clearly recognizable (Figs. 5a to c). Consequently, no massive particle
melting was occurred within this energy range, leading to the conclusion that the L-PBF
process was primarily governed by powder sintering. As a result, the most revealed
discontinuities represented the lack-of-fusion defects.

Remarkably, the clear evidence of gas porosity was also found within the survived

particles (several examples are arrowed in Figs. 5a to c). These defects likely originated



from the argon-gas atomization of the feedstock powder material and were then

inherited during the subsequent L-PBF process.

Figure 5. Typical morphology of discontinuities revealed within the additive specimens manufactured
under the volumetric energy density of (a) 28.5 J/mm3, (b) 32.1 J/mm3, (c) 51.3 J/mm?, (d) 71.2 J/mms3, (e)
106.8 J/mm3, and (f) 200 J/mm3. Arrows exemplify gas porosity. In all cases, the specimens were
manufactured in nitrogen atmosphere and using a hatch distance of 80 um. The common reference frame
is shown in the top right corner of (a). BD, RD, and TD are the building direction, the motion direction of
powder roller, and transverse direction, respectively.

In the energy range between =70 and =100 J/mm3, the revealed discontinuities
included both the lack-of-fusion defects and gas porosity (Figs. 5d to e). No distinct
remnants of the original particle structure were revealed, and so the feedstock powder
material was likely completely molten during L-PBF.

At extremely high energy density, an abrupt increase in the fraction of coarse
discontinuities was found (Fig. 3f). Given the specific morphology of the discontinuities
(Fig. 5f), it seems unlikely that those were related to the lack of fusion. Thus, the
microstructural observations appear to be consistent with the above hypothesis of the

partial splashing of molten material during the high-energy L-PBF.

3.2.3. Size distributions

The effect of volumetric energy density on discontinuity size distribution measured
by optical metallography is shown in Fig. 6.

In most cases, the median discontinuity size was close to ~40 um (Fig. 6a), i.e., it
was comparable with the mean particle size of the feedstock powder material (Fig. 1b).
Hence, it can be concluded that the revealed porosity was primarily contributed by the

lack-of-fusion defects.
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The deviation from this trend was revealed solely at the extremely high energy
density of =200 J/mm3, where a sudden increase in the size of discontinuities was noted
(Fig. 5b). This observation agreed well with the above-mentioned hypothesis that the

coarse discontinuities in this sample were unlikely related to the lack of fusion.
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Figure 6. Effect of volumetric energy density on discontinuity size distribution: (a) a low-energy range and
(b) a high-energy range. In all cases, statistical data were derived from the specimens manufactured in
nitrogen shielding and using a hatch distance of 80 um.

3.3. Microstructure

Based on the above-discussed results, the following combination of L-PBF
variables was selected to be optimal for the program material: laser power of 250 W,
laser scanning rate of 1 m/s, a hatch spacing of 80 um, and nitrogen shielding. The
porosity of this material condition, as measured by metallography, was below 0.1%.

To investigate the broad aspects of the microstructure, which evolved in this
material, EBSD measurements and BSE observations were applied. The relevant
results were shown in Fig. 7.

A distinct “fish scale” structure was revealed (Fig. 7a). It is believed that such
meso-scale structures arise from the localized nature of the melting-to-solidification
phenomena that occur during L-PBD, making them characteristic of this process [e.g.,
33-35]. In the scientific literature, these cells are sometimes referred to as local molten
pools. Remarkably, the typical breadth of the pools was ~100 um (Fig. 7a), thus being
comparable with the diameter of the laser beam (i.e., =80 um). On the other hand, the
characteristic depth of the local molten pools essentially exceeded the nominal
thickness of the powder layer used in the present study, i.e., 30 um (Fig. 7a). The latter

observation suggested that the material experienced several melting-to-solidification
cycles during 3D printing.
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300 pm

Figure 7. Microstructural observations in the specimen built using the optimal L-PBF condition: (a) low-
magnification EBSD map and (b) a higher magnification back-scatter diffraction (BSE) image. In (a),
individual pixels are colored according to their crystallographic orientation relative to the building direction,
while low-angle boundaries and high-angle boundaries are depicted by white and black lines,
respectively. The common reference frame for both figures is shown in the top right corner of (a); BD, RD,
and TD are the building direction, the motion direction of the powder roller, and the transverse direction,
respectively.

Within the local molten pools, a coarse (sometimes, even single-crystal) grain
structure was found (Fig. 7a). BSE imaging showed that the grains typically comprised
the columnar-shaped dendrites, which typically nucleated at the pool borders and
tended to align with the building direction (Fig. 7b).

Considering the characteristic microstructure morphology, it is highly likely that the
microstructure produced during L-PBF was dominated by &-ferrite. This suggestion was
consistent with the literature data on the L-PBD of martensitic steels [e.g., 13-19, 36-
38]. The retention of this metastable phase in the built material reflects an extremely
high cooling rate, which is intrinsic to the L-PBF process.

Therefore, the L-PBF’ed steel P92, in its as-built condition, is not suitable for direct
use in extreme power plant environments. An appropriate heat treatment is necessary.
This issue, however, is outside the topic of the present study.

Moreover, the BSE observations of the evolved microstructure at high
magnification revealed a significant volume fraction (=0.3%) of nanoscale features,
which were uniformly distributed throughout the built material (Figs. 8a and b). Given
the nearly ideal spherical morphology and dark contrast of these structural elements
(Fig. 8a), those may represent the nanoscale gas porosity. If so, the metallographic

analysis of porosity, which is widely applied in L-PBF, does not reflect the real pattern.
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Figure 8. The presumed nanoscale porosity revealed within the specimen built using the optimal L-PBF
condition: (a) typical morphology and (b) size distribution. See Section 3.3 for details

On the other hand, an alternative explanation for the revealed structure is the
precipitation of second-phase particles during L-PBF. Therefore, transmission-electron

microscopy is necessary to clarify the origin of these structural elements.

4. Conclusions

This study was undertaken to evaluate the feasibility of L-PBF technology for 3D
printing of advanced P92 creep-resistant steel. The main focus was placed on the
production of porosity-free samples. To establish the optimal L-PBF condition, the key
process variables were varied, including laser power (ranging from 100 to 300 W), laser
scanning rate (from 0.5 to 2.5 m/s), hatch distance (50 or 80 um), and a type of
chamber atmosphere (argon or nitrogen). Moreover, the broad aspects of L-PBD-
induced microstructure were also examined. From experimental results, the following
conclusions were drawn.

(1) L-PBF is suitable for the manufacturing of samples with residual porosity below
0.1%. The optimal L-PBF condition includes a laser power of 250 W, a laser scanning
rate of 1 m/s, a hatch spacing of 80 pm (volumetric energy density of 106.8 J/mm?3), and
nitrogen shielding.

(2) L-PBF leads to the formation of an undesirable &-ferrite structure. Therefore,
the as-built products are not proper for direct use. Appropriate heat treatment is
necessary.

(3) The laser power of 100 W was found to be insufficient for melting powder

material per se, despite even a nominally high volumetric energy density being
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provided. Accordingly, the concomitant L-PBF regimes provided only the powder
sintering, thus leading to an increased residual porosity.

(4) The chamber atmosphere exerted only a minor influence on porosity.
Specifically, the use of argon shielding instead of nitrogen provided only a subtle
increase in the relative density of built samples. Conversely, increasing the hatch
distance to the laser beam diameter enabled avoiding overheating of the material in
overlapping areas, thereby significantly reducing porosity.

(5) At porosity levels exceeding 1%, the accuracy of the Archimedes method was
found to be low. Hence, it was concluded that the Archimedes approach is only suitable

for an express analysis, while precise measurements require optical metallography.
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