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Abstract

Fatigue and tensile fracture surface morphologies of laser additive manufactured (LAM)
stainless steel (using powder bed fusion method) were investigated. Both fatigue and tensile
fracture surface morphologies were determined using LEO-VP SEM instrument. The fracture
surface features were studied as a function of global energy density, one of the main LPBF
processing parameters used in producing 316L SS test specimens. The fracture surface
morphologies were also compared with the wrought 316L SS fractured specimens. It has been
demonstrated that relatively higher energy density (irrespective of the specimen build angle
orientations) specimens resulted in predominantly ductile fracture, while lower energy
produced relatively brittle fracture surface characteristics, in tensile fractured specimens.
Among fatigue fractured specimens, LPBF processed specimens at 90° build angle
demonstrated relatively higher ductile fracture characteristics.

Keywords: fracture morphologies, 316L stainless steel, laser powder bed fusion processing
(LPBF), fatigue and tensile fractures.

Introduction

Laser additive manufacturing (LAM) involves producing desired products layer by layer,
based on a 3D model generated from a computer modeling [1, 2]. Additive manufacturing
replaces conventional processing methods to produce complex parts in a repetitive manner.
LAM is used for producing varieties of engineering metal alloy components. A powder bed is
created by raking powder across the work area. Microstructural results have been reported [3]
based on the fatigue test of stainless steel material wherein grain boundaries were reported to be
the sites for crack initiation leading to final fracture. Austenitic phase in stainless steels is soft
and ductile in comparison to brittle martensitic structure. As a result, it has high ductility that
reduces notch sensitivity. Solidification structures resulting from additive manufacturing are
therefore extensively studied to determine their influence on the final fracture properties.
Excessive hardening of the grain boundaries as a result of diffusion of molybdenum [4] element
in austenitic stainless steels was the cause for premature fracture and low strength. Zhang et al.
[5] work highlights the relationship between structure and property on end properties of the
stainless steel components. There are quite a few recent research investigations [6-16] that
focused on physical, mechanical, microstructure, fracture properties of stainless steel produced
by additive manufacturing.

Processing-microstructure-property-fracture interrelationships are useful to enhance
product performance in a given application. In this regard, the information on static and
dynamic fracture morphologies are very useful in optimizing processing parameters (specimen
build angle orientations and global energy density) to target the expected level of mechanical
performance. The aim of this investigation is to determine the fracture mode/s and relate them
to LPBF process parameters for 316L stainless steel.
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Experimental Procedure

Metal Alloy Used

Austenitic stainless steel was the metal alloy investigated that consisted of the major
alloying elements; C: 0.02, Cr: 16.9, Ni: 12.1, Mo: 2.4, balance iron, all in weight percent.

Tensile and Fatigue Testing

ASTM-ES8 standard was used as a reference for performing standard tensile tests. Basic
tensile properties were evaluated using MTS Landmark servo hydraulic testing machine. The
sample had a cross-section with a diameter of 8.96 mm with 35.6 mm gage length. Fatigue test
was performed based on the tensile strength value obtained from the tensile test. Fatigue tests
were conducted as per the ASTM standards E2948 and E1823 using continuous radius
specimens. The fractured specimens were utilized for the fracture surface investigations.

Results and Discussion

Fatigue fracture surface investigations were performed at crack initiation, propagation,
and final fracture zones of the fractured specimens.

Fatigue Fractured Specimens

Wrought Specimens

Figure 1a and 1b show the locations of crack initiation with the evidence of crack and
folded material, respectively. The characteristic striation marks are evident in Figure 1c. The
classical features of ductile fracture (voids, ductile ridges, dimples) are visible in Figure 1d.

MTech 15.0kV X3.51K 8.54um

Fig. 1. Fatigue fracture surface features of wrought specimens:
(a, b) for crack initiation, and (c), (d) for crack propagation and final fracture zones, respectively
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Specimens with 0° orientation

Figure 2 demonstrates the fatigue fracture surface features of specimens with 0°
orientation. Crack initiation is shown in Figure 2a, and Figure 2b shows the same feature at a
higher magnification revealing pores. Figure 2c and 2d show characteristic fatigue striations
and faceted voids, respectively.

MTech 15.0kV X48.8

Fig. 2. Fatigue fracture surface features of 0° orientation specimens:
(a, b) for crack initiation, and (c), (d) for crack propagation and final fracture zones, respectively

Specimens with 30° orientation

Crack initiation process is revealed in Figure 3a, as well as in Figure 3b, showing the
presence of unmelted particles. The characteristic striation marks are visible in Figure 3c.
Figure 3d depicts the region of final fracture with secondary cracks.

Specimens with 60° orientation
Figure 4a and 4b demonstrate crack initiation zone with voids. As demonstrated in the previous
cases, striations are visible in Figure 4c and the final fracture surface features in Figure 4d.

Specimens with 90° orientation

Figure 5a and 5b show voids that are responsible for the crack initiation process. Final
fracture zone surface features are demonstrated in Figure 5¢c and 5d showing mostly ductile
fracture features.
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Fig. 3. Fatigue fracture surface features of 30° orientation specimens:
(a, b) for crack initiation, and (c), (d) for crack propagation and final fracture zones, respectively
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Fig. 4. Fatigue fracture surface features of 60° orientation specimens:
(a, b) for crack initiation, and (c), (d) for crack propagation and final fracture zones, respectively
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Fig. 5. Fatigue fracture surface features of 90° orientation specimens:
(a, b) for crack initiation, and (c), (d) for final fracture zones, respectively

Tensile fractured specimens

Tensile fracture morphology of 1.67 J/mm? energy density specimen.

Global energy density (GED) was calculated using the relation, GED = P/vh, where
P=laser power (W), v=travel speed (mm/s), and h=hatch spacing (mm).

Fig. 6. Tensile fracture (energy density, 1.67 JJmm?) surface showing unmelted particles and partial fusion

Tensile fracture surface features of a tensile fractured specimen (90° build angle
orientation) with a GED of 1.67 J/mm? are shown in Figure 6. Unmelted powder particles and
interlayer delamination due to incomplete fusion are clearly visible. Ductile fracture features are
visible in the areas of complete fusion.
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Tensile fracture morphology of 2.0 J/mm? energy density specimen

Stainless steel tensile specimen’s fractured surface with a GED of 2.0 J/mm? (90° build
angle orientation) is shown in Figure 7. A combination of ductile and brittle fracture features
are visible in this fractograph. Fractured surface is characterized by the presence of a honey
comb structure and relatively less ductile areas as indicated by relatively smoother/cleavage
surfaces.

Fig. 7. Tensile fracture (energy density, 2.0 Jmm?) surface showing honey comb structure and cleavage features at
isolated locations

Tensile fracture morphology of 3.75 J/mm? energy density specimen
In Fig. 8 is presented the tensile fracture of the surface with unmelted particles and
partial fusion.

Fig. 8. Tensile fracture (energy density, 3.75 JJmm?) surface revealing a highly ductile fracture features with voids
Figure 8 demonstrates the tensile fracture surface features of the specimen with a GED

of 3.75 J/mm® (90° build angle orientation). Highly ductile failure, characterized by the
presence of voids, fibrous features, is clearly visible.
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Conclusions

The lowest energy density (1.67 J/mm?) tensile specimens of 316L stainless steel
demonstrated relatively more brittle fracture surface areas due to incomplete fusion of build
layers during LPBF processing.

The highest energy density (3.75 J/mm?) tensile specimens exhibited predominantly a
ductile fracture as a result of complete melting and fusion of layers.

Mixed mode (ductile and brittle) fracture surface morphologies were observed for the
316L stainless steel tensile specimens produced with intermediate energy (2.0 J/mm?) density.

Wrought fatigue fractured specimens showed dominant ductile fracture characteristics.

Fatigue fractured LPBF processed specimens demonstrated fibrous/ductile fracture for
the specimens produced at 90° build angle.
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