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Abstract

This study investigated the effect of post-manufacture heat treatments on the microstructure and
mechanical properties of 15-5 PH stainless steel (SS) fabricated by laser powder-directed energy deposition (LP-
DED). Various heat treatment procedures (CA-H900 and CA-H1150) were conducted to evaluate their effects on
the tensile behavior of LP-DED 15-5 PH SS. Scanning electron microscopy was used to characterize the
microstructural features and the fracture surfaces. Tensile tests were performed to evaluate the mechanical
properties at cryogenic and room temperatures. Reduction in area of CA-H1150 treated specimens after tensile
tests was significantly higher than CA-H900 ones, while the ultimate tensile and yield strengths of CA-H900
specimens were higher compared to the CA-H1150 ones. The mechanical behavior of the LP-DED 15-5 PH SS
in various heat treatment conditions is discussed based on their microstructures and fracture surfaces.
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Introduction

15-5 PH stainless steel (SS) is a martensitic stainless steel known for its excellent mechanical properties
and corrosion resistance at various temperatures [1,2]. This alloy is typically used to manufacture components in
aerospace industries, nuclear reactors, and medical applications where the service temperature ranges from
cryogenic to elevated [3]. Since components used in such sectors often possess intricate geometries which are
difficult and time-consuming to be manufactured via traditional subtractive manufacturing, additive
manufacturing (AM) offers a viable solution. One of the AM techniques is laser powder-directed energy
deposition (LP-DED), in which a laser beam is used to melt the powder delivered by an inert carrier gas through
nozzles.

However, the mechanical behaviors of parts manufactured by AM techniques differ from those fabricated
via traditional manufacturing techniques due to residual stresses and process-induced defects such as lack of
fusion, keyholes, and gas-entrapped pores [4—7]. In addition, AM parts tend to have different microstructures than
wrought ones, which often remain even after applying the same thermal post-processing techniques [8]. While a
few research articles investigated the effects of build orientations, heat treatments and surface treatments on
microstructural features and mechanical properties of additively manufactured 15-5 PH SS [2,9-16], there still
exists a knowledge gap regarding the effect of heat treatments on tensile properties and the tensile fracture
mechanisms at different temperatures. This study aims to investigate the effects of heat treatments on the
microstructure and tensile behaviors of LP-DED 15-5 PH SS at cryogenic and room temperatures.

Experimental Details




Argon atomized 15-5 PH SS powder supplied by Praxair Surface Technologies was used to fabricate the
cylindrical bars (diameter = 11mm) by LP-DED technique in RPM Innovations (RPMI) 557 machine. The
detailed chemical composition of this powder is listed in Table 1. The cylindrical bars were fabricated using a
process parameter set, laser power of 1070 W, layer height of 0.38 mm, laser scan speed of 1016 mm/min, and
powder feed rate of 15.2 g/min under the argon environment.

After fabrication, the cylindrical bars were stress-relieved at 650°C for an hour which was followed by
hot isostatic pressing (HIP) at a temperature and pressure of 1163°C and 103MPa for 3 hours, respectively. The
bars underwent solution treatment at 1050°C for half an hour (i.e., Condition A (CA)). After that, the specimens
were divided into two groups: one was aged at 482°C for an hour (i.e., H900), known as the peak-age condition,
and the other was over-aged at 621°C for an hour (i.e., H1150). Both non-heat treated (NHT) and heat treated LP-
DED 15-5 samples were cut at the gage section in the planes parallel to (i.e., longitudinal plane) and perpendicular
to (i.e., radial plane) the build direction (BD). These samples were mounted and polished for microstructural
characterization. A Zeiss Crossbeam 550 scanning electron microscope (SEM) was used to characterize the
microstructure of the samples in both radial and longitudinal directions. The fully heat treated specimens were
then machined to final geometries, as shown in Figure 1 for tensile tests.

The machined LP-DED 15-5 PH SS specimens were subjected to quasi-static monotonic tensile tests on
MTS servo-hydraulic testing machines with 100kN load cells. The tensile specimens were loaded at a strain rate
of 0.005mm/mm/min at temperatures of -196°C and 21°C. These tests were conducted following the ASTM E8-
21 standard for room temperature and the ASTM E21-20 standard for cryogenic temperature. Extensometers were
installed in the gauge section of test specimens to measure the strain. For cryogenic tests, the specimens and grips
of the machine were submerged in liquid nitrogen and soaked for 5 minutes after the specimens were cooled down
to -196°C. The specimens were then loaded to failure. After completion of the tests, the fractured specimens were
removed from a liquid nitrogen container. The fracture surfaces were cleaned in an ultrasonic cleaner and were
analyzed using an SEM.

Table 1. Chemical composition of 15-5 PH SS powder used in this study.

Elements | Weight %
Fe Bal.
Cr 14.99
Ni 5.24
Cu 3.5
Mn 0.49
Si 0.04
Nb 0.2
O 0.03
Mo 0.01
N 0.01
C 0.01
P 0.006
S 0.003
Other 0.1
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Figure 1. Tensile specimen geometry of LP-DED 15-5 PH SS (All dimensions are in mm).

Results and Discussion

The inverse pole figure (IPF) maps obtained after electron backscatter diffraction (EBSD) analysis on the
longitudinal planes of NHT, CA-H900, and CA-H1150 samples are shown in Figure 2. These EBSD analyses
also showed the presence of a minimal fraction of retained austenite in the martensitic matrix. The fraction of
retained austenite in NHT, CA-H900, and CA-H1150 samples was 0.1%, 0.1%, and 0.14%, respectively. Due to
the high cooling rate during AM process, the austenitic phase gets transformed into martensite. The formation of
retained austenite might be because of the diffusion of austenite stabilizing elements (i.e., Cu, Ni) into the grain
boundaries, which may have acted as nucleation sites for austenite grains. The slightly higher fraction of retained
austenite in the CA-H1150 sample could be because of the longer aging duration at a temperature close to the
austenite reversion temperature [17].
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Figure 2. IPF maps obtained from the longitudinal planes of a) NHT b) CA-H900 and ¢) CA-H1150 samples of
LP-DED 15-5 PH SS.

The elemental maps obtained after energy dispersive X-ray spectroscopy (EDS) analysis on CA-H900 and
CA-H1150 samples are presented in Figure 3 and Figure 4, respectively. Nano-sized Cu-enriched precipitates
can be observed in the elemental maps of the CA-H900 sample, whereas the Cu-enriched precipitates were coarser
in CA-H1150 samples. In addition to Cu-enriched precipitates, Cr-, Mn-, Mo-, and Nb-enriched precipitates were
observed in both CA-H900 and CA-H1150 samples. Moreover, significant segregation of Ni can be observed in
the CA-H1150 sample.
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Figure 3. Elemental maps obtained from EDS analysis on a CA-H900 sample.
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Figure 4. Elemental maps obtained from EDS analysis on a CA-H1150 sample.

The ultimate tensile strength (UTS), yield strength (YS), and reduction in area (RA) at cryogenic and room
temperatures for CA-H900 and CA-H1150 specimens are shown in Figure 5. Compared with CA-H1150
specimens, CA-H900 specimens exhibited higher tensile strength and lower ductility. The higher strength of CA-
H900 specimens can be attributed to finer Cu-enriched precipitates. These coherent finer precipitates can impede
the dislocation motion more effectively, strengthening the alloy. However, upon over-ageing, these precipitates
coarsen. The coarsened Cu-enriched precipitates lose coherency with the matrix, decreasing the alloy’s strength



[1,18]. The tensile strengths of both CA-H900 and CA-H1150 specimens were higher at the cryogenic temperature
than at room temperature. At such a low temperature , the kinetic energy is not sufficient enough to exceed the
activation energy required for the dislocation motion.[19,20].This reduced dislocation mobility makes plastic
deformation difficult.[3,22]
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Figure S. Bar plots showing UTS, YS and RA at cryogenic and room temperature for CA-H900 and CA-H1150
specimens.

The fracture surfaces for CA-H900 and CA-H1150 specimens tested at cryogenic and room temperatures
are shown in Figure 6. The fracture surfaces of the CA-H900 specimens tested at cryogenic temperature had
multiple facets and showed no necking, indicating transgranular brittle fracture. The CA-H900 specimens tested
at room temperature exhibited slight necking, dimples, and facets on the fracture surfaces indicating a mixed-
mode fracture. The fracture surfaces of the CA-H1150 specimen tested at cryogenic temperature also had features
similar to CA-H900 specimens tested at the room temperature. However, at room temperature, the CA-H1150
specimens exhibited significant necking compared to the ones tested at -196°C. The presence of larger dimples
on the fracture surface suggests more ductile fracture at room temperature for CA-H1150 specimens. In general,
the CA-H1150 specimens exhibited greater extent of necking with larger dimples on the fracture surfaces when
compared with the CA-H900 specimens.
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Figure 6. Tensile fracture surfaces of CA-H900 and CA-H1150 specimens at (a,b,e,f) -196°C and (c,d,g,h) 21°C.



Conclusions

This study investigated the effect of heat treatments on the tensile properties of LP-DED 15-5 PH SS at

cryogenic and room temperature. The following conclusions can be drawn from this study:

Both non-heat treated and heat treated LP-DED 15-5 PH SS possessed martensitic microstructure with a
minimal fraction of retained austenite. The fraction of retained austenite was higher in CA-H1150 samples.
After full heat treatments, Cu-enriched nano precipitates were observed in the martensitic matrix. The
specimens treated with CA-H1150 had coarser Cu-enriched precipitates compared to CA-H900
specimens.

The CA-H1150 specimens exhibited lower tensile strength and higher ductility than the CA-H900
specimens. The lower strength of CA-H1150 specimens could be because of coarsened Cu-enriched
precipitates and the higher ductility can be ascribed to greater extent of necking and presence of larger
dimples on the fracture surfaces.

CA-H900 specimens exhibited brittle fracture behavior at cryogenic temperature, whereas the fracture
mechanism switched to mixed mode at room temperature. In contrast, CA-H1150 specimens showed
mixed mode fracture behavior at cryogenic temperature and ductile fracture behavior at room temperature.
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