Effect of Si3;N4 Addition on the Morphological and Structural Properties
of the 316L Stainless Steel for Nuclear Applications
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The effect of the submicrometer-sized Si;N, addition on the morphological and structural properties of the ceramic dis-
persion strengthened (CDS) 316L stainless steels prepared by powder technology has been studied. Two composites were
prepared: 316L/0.33 wt. % SisN4 and 316L/1 wt. % Si3N,. In order to assure a good dispersion of the ceramic particles
in the stainless steel powders and a grain size reduction at the same time, the high efficient attrition milling has been
used. Spark plasma sintering (SPS) was used for fast compacting of milled composites. Structural and morphological
changes were studied after milling and sintering process. It was found that the amount of Si;N, addition influenced the
efficiency of milling process resulting in powder mixtures with different 316L stainless steel grain size and shapes. In the
case of 0.33 wt. % Si3N, addition, the flat 316L stainless steel grains with submicrometer size in thickness have been
resulted after milling compared to 1 wt. % Si3N4 added powder mixtures which consisted of almost globular 316L stain-
less steel grains with 50-100 um in diameter. The intensive milling assured an optimal coverage of 316L stainless grains
with SizN, submicrometer-sized particles in both cases as demonstrated by energy dispersive spectroscopy (EDS) and
TEM. On the other hand, the 316L phase has been maintained during and after the milling and sintering. The partial
phase transformation of «-SisN, to SiO, was observed by EDS.
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1. Introduction

316L Austenitic stainless steel has attracted attention due to its
good mechanical properties at high temperatures, good corrosion
resistance, and good weldability, which can be an effective solu-
tion for several industrial applications [1-3]. Cracks-free welding
of austenitic metals can be obtained using filler materials with
nickel base [3]. The manufacturing route primarily determines
the materials properties. Some previous works studied the devel-
opment of 316L stainless steel powders by using different tech-
niques such as high-power direct laser deposition, selective laser
melting (SLM), hot isostatic pressing (HIP), and high-power di-
rect laser deposition (HP DLD) with large size and excellent me-
chanical properties [4]. Balazsi et al. prepared firstly the 316L
austenitic stainless steel composites by spark plasma sintering
(SPS) [5]. The SLM process provides considerably finer micro-
structure than the conventionally manufacturing processes [6].
SLM densified specimens have a fine-grained microstructure
with elongated grains in build-up direction, but no preferred crys-
tallographic orientation, such as in cast and HIP conditions [7].
During SLM process, the produced samples show different prop-
erties in the case of using different combinations of processing
parameters even if it is presenting similar energy density [8].
Zigtala et al. studied the properties of the 316L SS fabricated
by laser engineering net shaping (LENS) [9]. The study shows
that full dense samples without structural defects have been
obtained. The samples have a higher content of Mo and Cr in
the grain boundaries. A lower Ni content has been observed,
which allowed the formation of the delta ferrite on the sub grain
boundaries. The sigma-FeCr phase has been observed [9]. This
study showed better mechanical and corrosion properties due to
the formation of the ferrite phase and the formation of the pas-
sive oxide layer, caused by the presence of the chromium in the
bulk. The structural characterization shows a heterogeneous
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microstructure with elongated austenitic fine grains oriented
along the thermocapillary convection direction. This heteroge-
neous structure of the SS 316L fabricated by LENS had a clear
impact on the mechanical properties. The evolution of the struc-
ture during the direct laser deposition (DLD) is influenced by
the time interval between deposited layers. In the case of long
local time intervals, fine microstructures are obtained due to the
higher cooling rates. The reduced laser penetration depths result
in widespread porosity and less integral metallurgical bonds in
locations further upward from the build plate. In the case of the
short time intervals, which increases the bulk temperature, sam-
ples with coarser structure have been obtained due to lower
cooling rates [10]. Zhong et al. studied 316L samples fabricated
by electron beam melting for nuclear fusion applications [11].
In their study, the structural characterization show a mixture of
irregular shaped sub-grains, solidified melt pools, and columnar
grains. Precipitates enriched in Cr and Mo have been observed
at the grain boundaries, while no sign of element segregation
was shown at the sub-grain boundaries. The porosity in the
316L samples made by powder bed laser fusion is affected by
the laser energy density; at high laser energy density, the pores
are rounded and randomly distributed, unlike in the case of low
laser energy density where the pores are irregular and highly di-
rectional [12]. Over 1-5% porosity range angular porosity was
found to reduce the Young's modulus by 5% more than rounded
porosity [12]. Hajian et al. studied the structural and mechanical
properties of friction stir processed 316L stainless steel. They
showed that the friction stir process (FSP) exhibited ultrafine
grained structures at relatively low rotational speeds [13]. It has
been observed that the grain structure evolution of the 316L
samples made by FSP was mainly dominated by discontinuous
dynamic recrystallization. A significant reduction of twin
boundaries fraction in the stir zone was observed in comparison
to the base metal. Keller et al. studied the influence of SPS con-
ditions on the sintering and functional properties of an ultra-fine
grained 316L stainless steel obtained from ball-milled powder
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[14]. The study showed that the use of powder metallurgy tech-
nology and the SPS is suitable for the elaboration of AISI SS
316L with ultra fine (UF) grains size. High density values can
be obtained by SPS. The elaboration of 316L alloy by ball mill-
ing and SPS increases the formation of chromium carbides on
the sample surface, also it increases the formation of oxides in
the material. These oxides can represent around 10% volume
fraction [14]. The sintered samples by SPS has a homogeneous
microstructure without preferential grain orientation. The refine-
ment of the grain size increases strongly the samples hardness.
In order to improve the properties of the 316L alloy at high
temperature for many applications, researchers are using many
additives such as SizN4. A study made by Farid etal. [16]
showed that the addition of more than 2 wt. % SizN4 to the
stainless steel resulted in a decrease in the sintered density and
tensile strength values. The Si;N, dissociated to silicon and ni-
trogen which gives the Ni much higher content than its solubil-
ity limit in steel and the nitrogen diffuses out of the matrix
leaving pores. In this work, ceramic dispersion strengthened
(CDS) steel have been prepared by attritor milling and SPS.
The structural and morphological properties have been
investigated.

2. Experimental Methods

The composites were prepared from two powders: 316L and
SizN,. Commercial austenitic 316L stainless steel from Hoganés
consisted of ~70 pm particles with 16.8Cr—12Ni—2.5Mo—1.5Mn—
0.6Si composition (Figure la). The average size of polygonal
«-Si3N, from UBE company is around 200-300 nm (Figure 1b).

The attritor milling (Union Process, type 01-HD/HDDM) has
been used for efficient dispersion of submicrometer-sized SizNy4
ceramic particles in CDS and for a simultaneously grain size
reduction of 316L grains at 600 rpm in ethanol for 5 h. The
stainless-steel tank, agitator, and grinding media with 3 mm
in diameter have been used for minimalizing of powder
contamination.

Spark plasma sintering (Sinter-SPS-7.40MK-VII) was used
for sintering of milled powders at 900°C under 50 MPa mechan-
ical pressure for 5 min in vacuum. Sintered solid disks with
~100 mm diameter and ~9 mm thickness have been obtained.

The scanning electron microscopy (SEM, Zeiss-SMT LEO
1540 XB and Jeol JSM-25-SIII) and transmission electron mi-
croscopy (TEM, Philips CM-20 with 200 kV acceleration volt-
age) were used for structural and morphological investigations of
base powder, milled, and sintered CDS. The elemental composi-
tions of CDS were measured by energy dispersive spectroscopy
energy dispersive spectroscopy (EDS) installed on SEM LEO

microscope. Phase analyses were performed by X-ray diffractom-
eter (XRD, Bruker AXS D8) with CuK« radiation. The hardness
of CDS samples was measured by Vickers method 10 N applied
load for 10 s.

3. Results and Discussion

3.1. Morphology of Milled Powders and Sintered
Composites. Morphology investigations of milled powders and
sintered composites are shown in Figures 2 and 3. The 5-h
wet milling induced striking morphological changes of 316L/
0.33 wt. % Si3Ny grains of powders mixtures. The steel grains
transformed from a globular (Figure 1a) to lamellar shape with
two typical average sizes (Figure 2a), 100 um and 40 um. The
Si3N, addition was distributed homogeneously and covered the
surface of steel grains (Figure 2b). The morphology of ceramic
addition before and after milling is similar, the average size is
~2 times smaller after milling. In the case of 1 wt. % SizNy, the
milling was not so effective than in the case of lower ceramic
addition. The presence of three grain morphologies was
demonstrated: lamellar (~1 pm thin and ~150 pm long),
faceted (~25 pwm thick and ~50 pm in length), and globular
(~50 um in diameter) (Figure 2¢). Due to the milling process,
the sub-micrometer Si;N, grains are totally distributed on the
316L grains surface (Figure 2d). The higher amount of ceramic
additive prevents the deformation and fracturing of the steel
grains during the milling process. Two different effects were
observed after milling process. First, the steel grain size
reduction efficiency decreased and evolution of flat morphology
or shaping of 316L grains is suppressed as the result of SizNy4
coverage that behaves like the shielding of each steel particle.
On the other hand, the even distribution of ceramic additive
is higher. The EDS measurement confirmed the presence of
Si3Ny in the selected spots (marked by arrows in Figures 2b
and d). Figure 2e shows an EDS spectra comparison of 316L
stainless steel starting powder and the two prepared mixtures
(316L/0.33 wt. % and 1 wt. % Si3N4). We noticed two almost
similar high peaks of Si and N (due to the presence of SizNy)
in both mixtures. The decrease in the peaks intensities of the
316L stainless steel elements (Figure 2e) is due to the good
and homogenous coverage of the steel grains by SisN, particles.
The better coverage in the case of 1 wt. % Si3Ny resulted in
enhanced decrease in the peaks intensities of the 316L grains.

Morphological investigations on fractured surfaces (at room
temperature) of sintered 316L/0.33 wt. % Si3Ny4 and 316L/1 wt. %
SizN, after sintering are shown in Figure 3.

In the case of 316L/0.33 wt. % SizN4 (Figures 3a and b),
the analysis of the resulting fractured surface after three points

Figure 1. SEM micrographs of starting powders: a) 316L and b) - SizNy
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Figure 2. SEM images and EDS spectra of milled powders: a) 316L /0.33 wt. % Si3Ny, b) SizN, distribution on the surface of 316L/0.33 wt. %
SizNy, ¢) 316L/1 wt. % SizNy (1, lamellar grain; 2, facetted grain; 3, globular), d) SizNy distribution on the surface of 316L/1 wt% Si3Ny, and e)
comparison of EDS spectra (316L, 316L/0.33 wt. % and 316L/1 wt. % Si3N4 powders)

bending test by SEM revealed the dominance of the transgra-
nular fracturing behavior with the presence of intergranular
fracturing in some parts. This fracturing behavior is caused by
the complex grains boundaries formed by large and thin lamel-
lar grains (Figure 4). In this case, the fracture is propagating
both through intergranular or transgranular paths as shown in
Figure 4a. Unlike in the case of 1 wt. % SizNy, the slightly
damaged globular grains covered with SizN, particles clearly
affected the fracturing behavior as the SEM images show a
dominance of the intergranular fracturing with the presence of
very few transgranular fracturing (Figures 3¢ and d). In this
case, the necessary energy for braking the grains was higher
than the necessary energy for contouring them as on Figure 4b.

The average loads given by 3-point bending test were
2627 N for 316L/0.33 wt. % Si;N, whereas 2582 N resulted
for 316L/1 wt. % SizN4 composite.

The first mixture (316L/0.33 wt. % SizN,) has been investi-
gated by EDS in order to check presence and the dispersion of
the ceramic particles on the surface of the steel grains. The EDS
spectra combined with SEM picture with selected spots for EDS
are presented in Figure 5. Good dispersion and coverage of the
nano-sized ceramic particles (SizN4) on the surface of the stain-
less-steel grains are shown by SEM and EDS. Spot 1 represents
the 316L matrix. Presence of small dark particles (spot numbers
2 and 3) embedded in the steel gains surface is shown by SEM,
the EDS spectra show that these dark spots are a mixture of
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Figure 3. SEM images of sintered composites fractured surfaces: a) and b) CDS with 0.33 wt. % SizNy; ¢) and d) CDS with 1 wt. % Si3N,

SizNy, and oxides are also present (Figure 5). The small bright second mixture (316L+1wt. % SizN4, Figure 6) we also noticed
particles on the grain surface (spot numbers 4 and 5) are steel the good dispersion and coverage of the nano-sized SizN,4 on the
particles as it is shown in the EDS spectra. In the case of the surface of the stainless-steel grains but with the presence of more
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Figure 4. Schematic representation of the dominant fracturing behavior: a) Fracture propagation in the case of the 316L/0.33 wt. % SizN4; b) case
of the 316L/1 wt. % Si3Ny,
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Figure 6. Elemental composition measurements of the 316L/1 wt. % SisN, mixture: a) EDS spectra and b) SEM image

dark spots (spot number 2, 3, and 4) embedded in the steel
grains (spot 1) as it is shown in the Figure 6. The EDS spec-
tra shows that these dark spots are a mixture of SisN4 and
possible silicon oxide. The bright spot (number 5) has lower
amount of Si3N, and higher amount of oxide phases as
shown by EDS.
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3.2. Sintered Samples. The EDS spectra (Figure 7a) and
SEM image (Figure 7b) are showing the surface of the
sintered 316L/0.33 wt. % Si3N, where spot 1 is the 316L
matrix and spot 2 is silicon nitride with small amount of
oxygen (silicon oxide). The dark phases noted in spot 3 and
5 are silicon oxide with the presence small amount of

Figure 7. Elemental composition measurements of fracture surface of the 316L/0.33 wt. % Si3Ny sintered sample: a) EDS spectra and b) SEM image
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Figure 8. Elemental composition measurements of fracture surface of the 316L/1 wt. % Si3N, sintered sample: a) EDS spectra and b) SEM image

Figure 9. Structural characterization of 316L/1 wt. % Si3Ny sintered sample: a) SEM image, b) detail marked by arrow in a), and c) elemental
mapping of detailed area in b)
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nitrogen and carbon. In spot 4, no nitrogen is detected only
silicon and oxygen is showing the presence of an oxide
phase. We noticed an increase in the dark spots size due to
the agglomeration of the silicon nitride and silicon oxide
during the sintering process.

In the case of the 316L/1 wt. % SisN4, we noticed the in-
creased presence of well distributed dark spots (number 1).
The EDS spectra (Figure 8a) and fracture surface observed
by SEM (Figure 8b) show the presence of silicon nitride,
silicon oxide, and carbon. Figure 9a shows the microstruc-
ture of the 316L/1 wt % Si3Ny4 alloy in more detail. We no-
ticed the presence of two different phases (A’ and A”) in the
SEM images. It is interesting to compare the micro-hardness
of the two phases (Figure 9a); an average of HV ~2.53 =+
0.17 GPa has been measured for the A" phase and 7.03 +
0.41 GPa for the A” phase. In order to define the two phases
and understand the micro-hardness results, we investigated
the boundary between the two phases as in the yellow
square in the Figure 9a and higher magnification in Figure
9b and using EDS elemental mapping in Figure 9c. The side
1 (A") of Figure 9c shows the austenitic 316L steel with
good distribution of silicon, nitrogen, and very small
amount of oxygen in it; however, the side 2 (A") of Figure
9c shows a very high concentration of the silicon, nitrogen,
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and oxygen. This means that the dark phase (A") is a combi-
nation of silicon oxide and silicon nitride which explains its
higher hardness results.

3.3. X-ray Measurements on Powders and Sintered
Samples. The starting powders, the milled powder mixtures,
and the sintered samples from the two prepared alloys have
been investigated by XRD in order to analyze the present
phases. The XRD results are shown in Figure 10. In the case of
first alloy (316L/0.33 wt. % SizN4) shown in Figure 10a, the
XRD confirmed that the starting powder is austenitic phase of
v-FesNi, phase (JPC2:03-065-5131) with main lines of (20 =
43.532°, 50.705°, 74.535°). We observed the same y-Fe;Ni,
with the presence of ferrite «-Fe phase (JCP2: 03-065-4899)
with main lines of (20 = 44.663°, 65.008°, 82.314°) after
milling of ceramic and steel powders. The presence of this
ferrite phase might be due to the contamination from the
milling setup (tank, balls, agitator). The very high peak at 20 =
69° is the Si peak from the sample holder used for XRD
measurement. After sintering, the ferrite «-Fe lines cannot be
observed. In the case of the second alloy (316L/1 wt. % SizNy)
shown in Figure 10b, the XRD measurement shows that we have
the austenite y-Fe;Ni, phase in the starting powder, the mixture
(milled powder), and the sintered sample as well. In this case,
there was no «-Fe lines present on XRD.
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Figure 10. XRD measurement of austenitic powders as received, after milling and after sintering: a) 316L/0.33 wt. % Si3Ny; b) 316L/1 wt. % SizNy

ODS steel
0.33% Si,N,

ODS steel 1% Si,N,

Figure 11. TEM images of sintered samples: a) 316L/0.33 wt. % Si3Ny; b) 316L/1 wt. % SizNy
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3.4. Structural Investigations of Sintered Samples.
The structural observations of two sintered samples 316L/
0.33 wt. % SisN4 and 316L/1 wt. % SisNy clearly demonstrate
the efficient coverage of steel grains by ceramic particles in both
cases (Figure 11). In the case of 316L/0.33 wt. % SizNy4 alloy,
we obtained a structure with finer grains than for 316L/1 wt. %
SizN4 alloy showing a more coarse grain structure. This
observation is in agreement with structural observations presented
in Figures 2 and 3, Figures 5 and 6, and Figures 8 and 9.

4. Conclusions

The effect of the submicrometer-sized Si;N, addition on the
morphological and structural properties of the ceramic dispersion
strengthened (CDS) 316L stainless steels prepared by powder
technology has been studied. Two composites were prepared:
316L/0.33 wt. % SizN4 and 316L/1 wt. % SizN4. In order to as-
sure a good dispersion of the ceramic particles in the stainless
steel powders and a grain size reduction at the same time, the
high efficient attrition milling has been used. It has been found
that 5 h of milling in ethanol at 600 rpm using 3 mm grinding
stainless steel balls was sufficient to obtain grains with flake-like
shape in case of 316L/0.33 wt. % Si3Ny4. SPS was used for fast
sintering of milled composites. The samples have been sintered
under 50 MPa at 900 °C for 5 min in vacuum. Structural and
morphological changes were studied after milling and sintering
process. It was found that the amount of SizN, addition influ-
enced the efficiency of milling process resulting in powder mix-
tures with different 316L stainless steel grain size and shapes. In
the case of 0.33 wt. % SisN, addition, the flat 316L stainless
steel grains with submicrometer size in thickness have been
resulted after milling compared to 1 wt. % Si;N, added powder
mixtures which consisted of almost globular 316L stainless steel
grains with 50-100 um in diameter. The intensive milling as-
sured an optimal coverage of 316L stainless steel grains with
Si3sN, submicrometer-sized particles in both cases as demon-
strated by EDS and TEM. On the other hand, the 316L phase
has been maintained during and after the milling and sintering.
The partial phase transformation of «-SizN4 to SiO, was ob-
served during sintering by EDS.
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