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Abstract

The objective of the present investigation was to evaluate microstructures of 316L stainless steel
produced by laser powder bed fusion (LPBF) processing, as a function of processing parameters
(specifically, build angle orientations and global energy density). Microstructures were
characterized using an optical microscope attached with a software for a detailed analysis.
Muicrostructure studies revealed that the grain size was only marginally affected by the build
angle orientation. Micro-voids were minimal and almost no unmelted particles were noticed at
relatively higher GED values, due to more complete melting conditions.

Keywords: Microstructure, 316L stainless steel, laser powder bed fusion processing (LPBF),
global energy density.

Introduction

Laser powder bed fusion processing (LPBF) is one of the types of Laser additive
manufacturing (LAM) processing that involves the production of 3D components by heating the
powder bed, layer by layer using laser energy. The loss of minimal material and the production
of complex shapes with desired mechanical properties are some of the highlights of this process
[1]. It is well known that austenitic stainless steels are difficult and expensive to machine because
of their higher hardenability characteristics. So, additive manufacturing is a better option for
producing engineering components made of austenitic stainless steels. Austenitic stainless steels
are also known to undergo sensitization when are fabricated by welding process. Also welding
may produce corrosion sensitive grain boundaries [2]. Austenitic stainless steel grade 316L,
offers excellent corrosion resistance, especially in marine environments [3]. Low carbon grade of
austenitic stainless steel (316L SS) is free from weld decay or sensitization issues [4]. LAM
process is typically used to produce a high density product with reduced porosity. However, the
high laser energy input could lead to many solidification defects including distortion and
subsequent cracking [5].

Solidification defects are common in LAM processing due to high laser power used. High
laser energy input also leads to defects like faceted voids, porosity, inclusions, micro-cracks,
balling, and denudation zones [6-9]. Distortion of the LAM processed component could also
result in micro-cracking and bending stress in them [10]. Gas porosity that are spherical in shape
occurs due to entrapped air in the powder bed [11-14]. On the other hand, non-spherical pores or
the faceted voids usually occur due to lack of fusion leading to the formation of unmelted particles
[15-16]. The objective of the present study is to characterize the microstructural details of 316L
stainless steel [17] as a function of build angle orientations and global energy density.

Corresponding author: kvsudhakar@mtech.edu


http://www.ejmse.tuiasi.ro/
https://doi.org/10.36868/ejmse.2019.04.03.103

P. Rawn et al.

Materials and Methods

Material and LPBF processing parameters

The chemical composition of the 316L stainless steel used in the present investigation is
shown in Table 1.

Table 1. Chemical composition of Stainless Steel (AISI 316L grade) [17]

Element C Cr Ni Mo Co Si
Wt.% 002 169 121 24 0.06 05

Energy density, a key processing variable, was calculated using the following equation (1);
E=— 1)

Where, P is the laser power in watt, v is the travel speed in mm/s, h is the hatch spacing in mm.
Layer thickness in mm, was kept constant in the present study.

Microstructure characterization

Microstructures of stainless steel were examined after etching with Kalling’s reagent (5 g
CuCly, 100 ml HCI, and 100 ml Ethanol) and Villella’s reagent (1 g Picric acid, 5 ml HCI, 100 ml
Ethanol), separately.

Results and Discussion

Effect of microstructure on energy density

Table 2 shows the details regarding the build parameters (process variables) in terms of the
energy density. It may be noted that while energy density is varied, the specimen build angle
orientation was kept constant, at 90°. In these experiments, factorial design matrix was used that
had a two-level, three sets of parameters.

Table 2. Build parameters used including global energy density [17]

Sample  Laser Power  Scan Speed Hatch Spacing Energy Density,

Label P), W (v), mm/s (h), mm ED (P/vh, JJmm?)
S-1 156 866.4 0.072 2.50
S-2 234 866.4 0.072 3.75
S-3 156 1299.6 0.072 1.67
S-4 234 1299.6 0.072 2.50
S-5 156 866.4 0.108 1.67
S-6 234 866.4 0.108 2.50
S-7 156 1299.6 0.108 111
S-8 234 1299.6 0.108 1.67

Table 3 summarizes the details for specimens having relatively higher and lower values of
processing variables used in the present investigation.

A typical LPBF processed austenitic stainless steel’s microstructure is demonstrated in
Fig. 1a. The microstructure reveals the presence of melt pool boundaries and columnar/cellular
structures including porosity. Higher resolution image of the cellular structures with
porosity/inclusions, shown in Fig. 1.b).
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Table 3. Build parameters selected for comparison

Lower range of Energy Higher range of

Parameter Density Energy Density
S-1 S-2
Power S-3 S-4
S-5 S-6
S-1 S-3
Travel Speed S-6 S-8
S-2 S-4
S-1 S-5
Hatch Spacing S-2 S-6
S-4 S-8

15.08k X9.B8BK 3.33wrm

a) b)
Fig. 1. Optical microstructure of sample S-1: a) showing melt pool boundaries with dendrites/cellular structure;
b) SEM micrograph image showing cellular structure with porosity

Fig. 2 shows relatively a more stretched grains/cells.

Fig. 2. Optical microstructure showing elongated cells/grains for sample S-1

Microstructure of the sample S-2 that was produced using the highest energy density is
shown in Fig. 3.a) with relatively coarser columnar dendritic/cellular microstructure. Columnar
morphology appears anisotropic. Fig. 3.b) depicts the presence of porosity.
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Fig. 3. Optical micrograph of sample S-2: a) showing coarser columnar structure;
b) SEM micrograph revealing porosity

The columnar structure of the sample S-3 shown in Fig. 4.a), is relatively shorter and
wider, and finer cellular structure, in comparison to that for sample S-1. Fig. 4.b) illustrates the
presence of denudation zones in isolation.

a) b)
Fig. 4. Optical micrograph of sample S-3: a) showing shorter columnar and finer cellular structure;
b) SEM micrograph revealing denudation zone

Relatively coarser microstructure for the sample S-4 is revealed in Fig. 5. A highly
directional dendritic structure can be seen along with discontinuities such as pores and inclusions.

a) b)
Fig. 5. Optical micrograph of sample S-4: a) showing coarser columnar structure;
b) SEM micrograph revealing porosity and inclusions
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The coarse microstructure of sample S-5 is presented in Fig. 6.a) with dendrites relatively
shorter than for sample S-4, but with no voids. Multiple-oriented dendritic structures are
demonstrated using an SEM micrograph, as shown in Fig. 6.b).

MTech 15.8kV X1.80K

a) b)
Fig. 6. Optical micrograph of sample S-5: a) showing coarser, but shorter columnar structure;
b) SEM micrograph showing multiple-growth directions of dendrites

Fig. 7.a), corresponding to sample S-6, shows relatively a fewer dendritic/cellular structure
as compared to the previously described samples. SEM micrograph (as shown in Fig. 7.b) reveals
a denudation zone [18].

a) b)
Fig. 7. Optical micrograph of sample S-6: a) showing a few dendritic structures;
b) SEM micrograph showing a denudation zone

Many faceted voids are demonstrated in Fig. 8.a), corresponding to sample S-7, that was

produced with the lowest energy density. Fig. 8.b) shows a few unfused powder particle inside
those faceted voids.
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a) b)
Fig. 8. a) Optical micrograph of sample S-7, showing many faceted voids;
b) SEM micrograph revealing unfused powder particles during laser melting

Fig. 9.a) (for sample S-8) shows relatively the finest microstructure of all the samples,
with an isolated void. SEM micrograph (Fig. 9.b) shows a solidification cracking surrounded by
a columnar/cellular structure.

a) b)
Fig. 9. Optical micrograph of sample S-8: a) showing the finest microstructure;
b) SEM micrograph revealing solidification cracking

Microstructure as a function of build angle orientation

Finer columnar/cellular microstructures are shown Fig. 10a, for the sample with 0° build
angle orientation. Fig. 10.b) an SEM micrograph, shows denudation zones. Denudation zone
refers to the depletion of metal powder particles in the zone immediately surrounding the
solidified track, and is due to a competition between outward metal vapor flux directed away from
the laser spot and entrainment of powder particles in a shear flow of gas driven by a metal vapor
jet at the melt track [19-21].
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a) b)
Fig. 10. a) Optical micrograph of a 0° build angle orientation sample revealing a finer microstructure;
b) SEM micrograph revealing denudation zones

Denudation zone in another location for the metal is seen for the 0° orientation sample is
revealed in Fig. 11.

Fig. 11. SEM micrograph of 0° orientation sample showing a denudation zone in another location

Finer and coarser cellular structures for the 30° build angle orientation sample is shown in
Fig. 12.a) and Fig. 12.b) reveals balling, a defect due to the liquid-gas interfacial tension.

a) b)
Fig. 12. a) Optical micrograph of a 30° build angle orientation sample showing both finer and coarser
microstructure; b) SEM micrograph showing a balling discontinuity
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Fig. 13 shows a denudation zone for the sample described in Fig. 12.

Fig. 13. SEM micrograph showing a denudation zone
The microstructure of the sample with 60° orientation is shown in Fig. 14.a) which is

almost similar to 30° orientation sample. Fig. 14.b) shows micro-cracking, and the microstructure
features are similar to the one that was shown in Fig. 12.

a) b)
Fig. 14. a) Optical micrograph of a 60° build angle orientation sample showing both finer and coarser
microstructure; b) SEM micrograph showing a balling discontinuity

Fig. 15 shows a large faceted void that coincides with the melt pool boundaries, for the
60° build orientation sample.

Fig. 15. SEM micrograph revealing a large faceted void for the 60° oriented sample
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Fig. 16.a) shows a combination of finer dendrites and cellular structures for the 90°
oriented sample. Faceted voids are shown in an SEM image of Fig. 16.b).

a) b)
Fig. 16. a) Optical micrograph of a 90° build angle orientation sample showing very fine cellular microstructure;
b) SEM micrograph showing faceted voids

Fig. 17. SEM micrograph revealing balling defect for the 90° orientation sample

Similar to the defects shown in Fig. 12 and Fig. 14, 90° orientation sample also revealed
a balling defect, as shown in Fig. 17.

Conclusions

Overall grain size of the samples was affected by the specimen angle orientations, but the
orientations had only a marginal effect on the mean grain size

Higher energy density samples showed relatively coarser cellular structure with highly
aligned dendritic morphology

At relatively lower energy densities, several large faceted voids were observed with
unfused powder particles within the voids

The voids were minimal and almost no unfused/unmelted particles were noticed at
relatively higher energy densities

A combination of fine and coarse cellular structures were observed for 30° build angle
orientation samples as opposed to only very fine cellular or dendritic structures for the 0°
orientation samples

Microscopic studies revealed the presence of discontinuities like denudation zones,
balling, faceted voids, and spherical pores in LPBF processed 316L stainless steel
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