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Abstract
This is a study of the micro- and macrostructural variations in samples of stainless steel with

the overall composition of the grade 316L, produced using electron beam melting. Electron
beam melting is one of the processing methods under consideration for manufacturing some
of the International Thermo- Nuclear Experimental Reactor In-Vessel components. Therefore
further studies of the homogeneity of the material were conducted. Electron beam melting
results in a complicated thermal history of the manufactured part giving a significant impact
on the microstructure. A cellular structure that is often observed in samples prepared by
selective laser melting was found in the top layers of the specimens. Further down, the
structure changed until the cellular structure was almost non-existing, and the grain
boundaries had become more pronounced. This revelation of a heterogeneous structure
throughout the entire part is crucial for large-scale industrial applications like the Thermo-
Nuclear Experimental Reactor to make sure that it is understood that the properties of the
material might not be the same at every point, as well as to assure that the correct post-
treatment is done. It is also exposed that a significant part of this change is due to
molybdenum redistribution inside the sample when it diffuses from the cell boundaries into
the cells, and into bigger agglomerates in the grain boundaries. This diffusion seems not to
affect the microhardness of the samples.

Keywords: Additive manufacturing, Electron beam melting, Microstructure, 316L stainless
steel, Heterogeneous material

1. Introduction

Additive manufacturing (AM), also known as 3D-printing, has historically mostly been used
for fast prototyping of parts and tools[1]. When using AM, it is possible to move from idea to
an industrial prototype quickly. In recent time this has changed, and many actors have started
to use AM also as an industrial production tool, and not only a prototyping tool[2,3]. As AM
becomes more commonly used for real applications, understanding of the process and the
microstructure of the resulting material becomes crucial. Stainless steel structures
manufactured with selective laser melting (SLM) have already been characterized and



manipulated to a high degree, but for electron beam melting (EBM®), very few sources
describing the resulting structures can be found[4—6]. Though both methods belong to the
powder-bed AM technology family, there are specific differences in both machine layout,
process settings and, as a result, in the microstructure of the produced components. The
EBM® process is a bottom-up process using a high power electron beam to melt powder
adding one layer of material at a time. During the preparation stage, a CAD file depicting the
desired geometry is produced. Next, specialized software is used to slice the images into
several layers. During manufacturing, a high energy electron beam is scanned over the surface
of the powder layer, melting the powder. As more layers are added, the previous layers are re-
melted or partially re-melted several times, resulting in a complex cycle of melting and
solidification, this, in turn, enables the formation of a complex heterogeneous microstructure.

Stainless steel with the overall composition of the grade 316L prepared by electron beam
melting is one of the materials considered for use in the International Thermo- Nuclear
Experimental Reactor (ITER project) and in other critical industrial applications. Therefore a
more in-depth knowledge of the microstructure and its dependence on the processing
parameters are desirable. Samples manufactured with EBM® have a thermal history unlike
both traditionally manufactured bulk parts and parts manufactured using laser-based AM
technologies[7—9]. The main difference is not only the layer-by-layer melting-annealing of the
material but also the prolonged exposure of components to elevated temperatures during
EBM®-manufacturing. During the EBM® process, the components and surrounding powder
are held at a temperature around 800°C. Moreover, the first layers of material are kept at these
temperatures much longer than the last ones in the build, and this could influence the
microstructure of the components differently at different locations, resulting in a structural
gradient that permeates the entire component. The input energy from the electron beam is also
higher than that from the laser beam which results in a higher amount of energy that needs to
be conducted away from the beam impact area. In this study, materials taken from different
locations of the EBM®-manufactured components are examined to determine the
microstructural effects of the unique thermal history of the samples produced.

2. Material and process

2.1 Precursor material

The precursor material was a gas atomized spherical 316L powder from Carpenter Powder
products AB (Torshalla, Sweden) with a composition shown in Table 1. The powder was
mostly spherical with only a small number of ‘satellites,’ and a grain size distribution between
53 and 150um. Just a few more substantial grains, mainly representing a few sub-grains
bonded together are present (Figure 1). Powder bed fusion systems such as EBM® have
certain demands to the powder flowability and apparent density to guarantee low porosity and
uniform quality of the manufactured material. Used powder has the flowability of 15.5 s/509
according to the ASTM B213, and the apparent density of 4.32 g/cm?®, which is within the
range suggested by the EBM® machine manufacturer.



Figue 1. SM image of th Ert;:uror
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Table 1. Chemical composition from the powder manufacturer

Element C Si Mn P S Fe Cr Ni Mo Cu N B O
wt.% 015 45 175 .009 .005 654 176 122 251 .01 .080 .001 95ppm

2.2 Electron beam melting process

Manufacturing of the samples was done using ARCAM A2 machine (ARCAM AB, Mélndal,
Sweden) operating at high vacuum. During the process temperature of the working area is
kept constant by the internal feedback system to provide stable melting conditions. Samples
were manufactured with a target process temperature of 800°C for the building plate during
the entire build duration. Processing parameters were optimized for 70um layer thickness and
to give an entirely dense material, each layer taking between 70 to 90 seconds each to
conclude, including the stages; pre-heating, melting of bulk material, melting of contours and
post-heating. The whole build plate was of a dimension of 150*150mm with several different
parts being spread across it, manufactured simultaneously. Overall build height for all
components was 55mm with no supporting structure being used, and the parts being built
directly on the building plate. The total built time was 20.4 hours before the helium is
introduced into the chamber, allowing the system to cool down to room temperature for
another 6 hours. In this study, two samples were used from this build: one with the
dimensions 5*5*55mm and another with the dimensions 15*15*55mm, only the inner bulk
part which was manufactured using single beam was investigated.

2.3 Characterization methods

Etching using Kroll's reagent (a mixture of 92 vol.% water, 6 vol.% concentrated Nitric acid,
and 2 vol.% concentrated Hydrofluoric acid) was performed to enhance the visibility of melt-
pool, grain, and cell boundaries. XRD analysis was carried out suing a PANalyticalX’Pert
alphal diffractometer using a Kopper Ka radiation source. Before XRD measurements were
carried out, the samples were thoroughly polished but not etched. The SEM images were
taken in a JEOL JSM-7000F field emission scanning electron microscopy (SEM, JEOL,
Tokyo, Japan). The EDS analysis was conducted using a TM3000 Tabletop SEM (Hitachi
High-Technologies, Tokyo, Japan).



3. Results and discussion

3.1 Phase and predominant crystal growth directions

From the XRD pattern, initial insight into the phase composition and the crystal growth
orientations can be gained. The precursor powder has a pure Austenite phase composition,
and this is also expected in the EBM® manufactured sample. Looking at the XRD patterns
(Figure 2) of the electron beam melted 316L stainless steel, reveals what appears to be a pure
austenitic phase in the entire sample. This observation is consistent with earlier studies[4].
When performing XRD investigations at different heights in the sample, no noticeable
difference is detected. The preferred crystal growth direction throughout the sample is along
the (200) direction, which is coinciding with the build direction (Z-axis of the sample). The
preferred growth direction in a fast cooling system is generally in the direction of the highest
temperature gradient; this has been discussed in earlier studies[10]. Electron backscatter
diffraction (EBSD) investigation of the samples shows the same results as XRD (Figure 3).
The preferred crystal growth direction is in the (100) direction, with close to pure austenite
phase. Comparing the texture of the EBM sample with a welded sample, where the preferred
crystal growth direction is (111)[11], this reinforces the impression that EBM can produce
components with a unique material microstructure and thus unique properties. A detailed
analysis of the EBSD results gives a clear indication that the sample consists of more than
99.5% austenite phase, with a small fraction of ferrite and cementite mixture.



40 mm from the top

A i _

10 mm from the top

(200)

Intensity (a.u.)

(111) (220) e
o | R

the top

) ) L

R N R L R R LR R R AR AR
40 50 60 70 80 90

Angle 26 (degree)
Figure 2. XRD pattern taken at three different
building heights in the sample.

3.2 Grain size and grain morphology

Based on EBSD images, analysis of the grain size distribution was conducted. No definite
difference could be detected among different areas along the sample height. The mean sizes of
the grains were about 8um across (normal to the build direction), but actual grain size
variation is rather significant. Figure 3 presents typical grain morphology observed along (A),
and normal to (B) the build direction, respectively. The grains are elongated along the build
direction with lengths of up to 1 mm, indicating that the grains can grow through several
layers by an epitaxial growth mechanism. This phenomenon is also present in parts built from
other alloys[12,13], as well as 316L samples prepared by selective laser melting [14,15].
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Figure 3. EBSD images of the EBM specimen with respective
pole figure: (a) a top-down view, (b) a side view.

3.3 Optical microscope imaging

Optical microscopy investigation was carried out using the polished and etched samples. It
revealed clear differences in the microstructure depending on the distance from the top
surface (Figure 4). At the top, a commonly observed structure for some AM manufactured
materials can be seen with evident traces of melt pools formed during the layer by layer
manufacturing procedure. At higher magnification, the cellular structure can also be discerned
(Figure 5A) as a shifting gray color on the surface. Moving down from the top layers, the
structure gradually changes; the melt pool boundaries become blurrier, and the cellular
structure fades away and finally disappears, revealed as a white color covering the sample
(Figure 5B). The grain boundaries are also appearing more distinct at the bottom of the build.
Cells and melt pools are the elements of structural heterogeneity introduced during the AM
process because of the rapid thermal dynamics of the process (fast heating and cooling of the
melt and surrounding areas). Local equilibrium is not attained during the narrow time window
that the metal is in the liquid phase since this time is not adequate to allow for efficient
diffusion. The observation that less of these elements appear closer to the build plate indicates
that the structure there is less heterogeneous and much closer to a state of local chemical
equilibrium.

100 pm 100 pm 1 100 pm



Figure 4. Top-down view of; (A) Top surface (B) 10mm from the top (C) 40mm from the
top, showing a gradual change in the microstructural features.

100 pm

Figure 5. Top-down view at; (A) Top surface (B) 50mm from the top, at higher
magnification showing the comparison in microstructure between the top and the bottom of
the sample.

3.4 Segregation of Molybdenum

From the SEM images of the etched sample, the microstructure can also be seen changing
with the distance from the top (Figure 6). At the top surface, the typical cellular structure is
observed. This structure has earlier been reported for both SLM and EBM®[4,7,8]. The next
image was taken 5 mm from the top surface and also shows a cellular structure, but the cell
boundaries are thicker than at the top and not as pronounced. Further down, as can be seen in
Figure 6F, the cells are hardly distinguishable. Figure 6G-L show the change in cellular
structure observed in the direction perpendicular to the build direction. The same phenomenon
as can be seen in viewing the sample along the build direction, the gradual disappearance of
the cellular boundaries, is detected in the side view as well. An additional observation in this
view is the agglomeration of white precipitates in the grain boundaries further from the
surface. The brighter contrast, when using Backscatter detector in SEM investigations
indicates heavier elements, in this case in the cell boundaries and the precipitates (Figure
7).To verify what the precipitates consist of, an EDS analysis was carried out. Table 2 shows
the results of the EDS measurements, indicating that Molybdenum content in the investigated
area increased by approximately 100% compared to the precursor powder. This gives a clear
indication that Molybdenum segregation is a major part of the change in microstructure.
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Figure 6. SEM images of the etched, as-manufactured sample; in a top-down view of:
(A),(D) the top surface of the sample, (B),(E) the sample 5mm from the top, (C),(F) the
sample 10mm from the top; in a side view of: (G),(J) the top part of the sample, (H),(K) the
sample 10mm from the top, (I),(L) the sample 20mm from the top.

There are three different possible explanations for this phenomenon with the EBM® -
manufactured stainless steel.

Firstly, the continuous background heating during the process keeps the entire part at a
temperature of around 800°C, which is close to typical annealing temperatures used for 316L
steel. This can have an extensive effect on the microstructure of the part. The further down
from the top layers of the part, the longer time the material has been kept at this temperature
and thus the influence on the material structure should be more significant.

Secondly, when a new layer is added and melted with the electron beam, several of the
previously melted layers are also affected by the beam and re-melted one, or more time. If this



would be the primary reason for the differences in the microstructure, only the topmost few
layers that have not been re-melted as many times as the rest of the sample will display a
different structure. Figures 6G-L plainly illustrate the heterogeneity in the microstructure
along the top 20 mm of the sample manufactured with the layer thickness of 0.07 mm. Thus,
this is not the primary reason of the long-range heterogeneity in the sample materials
microstructure.

Figure 7. EDS results from the area inside
the yellow circle.

Table 2. EDS Elements distribution results
Elements Fe Cr Ni Mo Mn Si
wt. % 63.0 215 8.8 50 1.1 0.6

Thirdly, with each new layer, the electron beam melts the new layer on top of the previously
built part. When the melting happens, it significantly increases the temperature of the upper
component layers and causes the heat wave to travel downwards. Thus temperature in the
manufactured component is constantly oscillating around annealing temperature, periodically
pushing the temperature to above 800 °C. Moreover, the exact temperature dynamics would
be strongly dependent on the exact sample geometry and dimensions.

Table 3. Diffusion speed of Molybdenum in Austenite[16].

Temperature [°C] Diffusion speed [nm/day]
820 1

950 30

1100 680

Table 3 shows typical Molybdenum diffusion rates in Austenite at different temperatures. At
820°C, the diffusion rate is extremely slow which implies that with only the building plate
heating and a build time of 20 hours the long-range heterogenic microstructure would not
form. A higher temperature is needed to initiate any significant diffusion of the Molybdenum.
This implies that the oscillating raising- and falling of the temperature with each newly
scanned layer has an essential role in this phenomenon.

3.5 Molybdenum precipitates



Performing EDS mapping on the cell boundaries at different sample heights consolidates the
fact that the molybdenum is diffusing away from the cell boundaries. Figure 8 presents color-
coded EDS images of the polished sample allowing for element ratio analysis. At the top
surface of the sample (Figure 8A), the contrast difference between the cell boundaries and the
middle of the cells is clear, indicating a difference in chemical composition between these
areas. Looking at the color-coded image shows more significant amounts of Molybdenum
along the cell boundaries compared to the inner part. The picture changes significantly for the
layers 20 mm down from the upper sample surface (Figure 8B), the contrast is not as
pronounced, and the cells are not as distinguishable. The EDS map also shows a good
distribution of Molybdenum throughout the sample in this area. This reinforces the conclusion
that molybdenum is diffusing through the sample during the manufacturing process. Also,
from Figure 6 it is possible to note that the cell boundaries get thicker further down from the
sample top, which implies that some of the molybdenum is diffusing towards the inner parts
of the cells. The diffusion distances seem to be in the order of only a few nanometers, a very
short distance, but it is still too far to be explained by the rates that should result in 1 nm/day.
At the same time, a significant amount of molybdenum was detected as a precipitate in the
grain boundaries. For substantial amounts to amass like this within the grain boundaries, it
would need to diffuse over long distances through the cell, and grain boundaries in the
sample. Indeed, it is known that diffusion through grain boundaries is significantly faster than
diffusion through the bulk material [17], but no research has been done on diffusion through
cell boundaries. From the results that the Molybdenum is accumulated in the cell boundaries,
and later gathers in the grain boundaries, it is apparent that diffusion through the cell
boundaries also has a lower energy threshold than for diffusion through the bulk. The
Molybdenum has to move from the cell boundaries to the grain boundaries; the distance is up
to several tenths of micrometers. The reason for the quicker diffusion through the grain
boundaries is explained by the high number of dislocations in the area. The fact that
Molybdenum also appears to have fast diffusion through the cell boundaries imply that there
is also a high concentration of dislocations in that area, this has been shown before to be the
case for SLM samples[9,18]. The way these dislocation networks form can be ascribed to the
fast solidification of the material as discussed in section 3.2, as the material does not have
time to attain a local chemical equilibrium, and therefore many dislocations will form in the
areas with high Molybdenum concentration.



Figure 8. EDS analysis of the cell boundaries of; (A) the top surface where marked areas
have a lesser amount of Mo, corresponding to the insides of the cells, (B) 20mm from the top.

3.6 Microhardness

Microindentation analysis was performed for three different areas of the samples (Table 4)
with 12 indentations in each area. There is no noticeable difference in the microhardness
between the different areas in the sample. The hardness values measured are lower than what
is achieved in specimens prepared by SLM process and are closer to what is measured for the
commonly HIPed material (around 170HV). The reason for this difference in hardness
between EBM and SLM manufactured samples is the greater segregation of molybdenum in
SLM as well as the formation of a lot of small precipitates during SLM[19,20].

Table 4. Hardness at different areas
Area Hardness 1kgf [HV]
Top 161+11

10mm from the top  157+10

40mm from the top  164+13

4. Conclusions

The continued heating and re-melting of the material during the EBM process generates a
complex annealing effect, depending both on the process parameter settings, and on the
particular component geometry and orientation in the build, that homogenizes the
microstructure. The cellular structure initially formed by rapid solidification appears less and
less pronounced further from the top of the sample, and simultaneously the grain boundaries
become more and more pronounced. At the parts of the component further from the top,
molybdenum has diffused away from the cell boundaries into the cells and the grain
boundaries by forming molybdenum-rich precipitates. The implication of this observation is



that diffusion through cell boundaries might be similar to diffusion through grain boundaries,
which is known to be faster than diffusion through the bulk material. Despite the local
enrichment of molybdenum in cell boundaries and grain boundaries, austenite is observed as
the dominating phase throughout the entire sample, with less than 0.5% other phases. No
differences in microhardness were detected at different sample locations.
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Highlights

Electron beam melting manufactured parts has a complicated thermal history.
The microstructure varies with the position in the sample.

Pronounced Molybdenum segregation at the top disappears at the bottom.
Fast molybdenum diffusion in cell boundaries as well as grain boundaries.



