
 
 

Development of the ceramic dispersion strengthened  
316L steel composites 

 
Haroune Rachid Ben Zine 

 
 
 

Ph. D. dissertation 
 

Supervisors: 
 Dr. Csaba Balázsi  

Dr. Katalin Balázsi 
 

 
 

 
 

 
 

 
 

 
Budapest, 2019 

Doctoral School of Materials 

Science and Technology 

Óbuda University 

 

Thin Film Physics Department  

Institute of Technical Physics and Materials Science 

Centre for Energy Research, Hungarian Academy of Sciences   



 
 

 

 

 

Acknowledgement 

 

Firstly, 

 I would like to thank and show my sincere gratitude to my supervisors Dr. Csaba Balázsi and 
Dr. Katalin Balázsi, whom I always felt and consider them as my family due to their continuous 
support, motivation and specially patience and understanding, where they believed in me when I 
even lost hope in myself, honestly, I wouldn’t be here today without their help-at least not at this 
time of my life. Their guidance showed me the right path during the research work, I will never 

be able to thank them enough for what they did for me. 

I would like to thank Dr. Judit Borsa for her help and support during my Ph.D. studies. Also, I 
thank all my teachers for their valuable efforts to enlarge my scientific knowledge. 

 

I thank Dr. Ákos Horváth for his support and motivation specially during the last period of my 
PhD work. 

I would like to thank Dr. Béla Pécz for his cooperation and support by providing me with access 
to all needed facilities in the MFA.   

I thank Prof. Dr. Filiz Cinar Sahin for her collaboration and help in sintering the composites. 

I thank Dr. Zsolt Czigány for his collaboration and help in TEM investigations.  

I thank Dr. Zsolt Horváth Endre for his collaboration and help in XRD investigations. 

I thank Dr. Zsolt Fogarassy for his help in the interpretation of TEM results and his support 
during my PhD 

I am grateful to all dear colleagues in MTA EK MFA for their collaboration and help, specially 
Viktor Varga, Andor Kovács, Levente Illés, Sándor Gurbán, Andrea Jakab and Erzsébet 

Dódony. 

 

 

 

 



 

3 
 

Table of Content  

      List of Acronyms .................................................................................................................. 4 

1. Introduction and motivation .................................................................................................... 5 

2. Literature review ..................................................................................................................... 6 

2.1. 316L austenitic steel (316L) ............................................................................................. 6 

2.2. Oxide dispersion strengthened steels (ODS) .................................................................... 7 

2.3. Preparation methods of 316L based ODS ........................................................................ 8 

2.4. Structural and mechanical properties of 316L based ODS .............................................. 8 

2.5. Tribological properties of 316L based ODS .................................................................. 11 

3. Experimental methods ............................................................................................................... 13 

3.1. Attrition milling.............................................................................................................. 13 

3.2. Spark Plasma Sintering (SPS) ........................................................................................ 14 

3.3. Density measurement ..................................................................................................... 15 

3.4. Vickers microhardness measurement ............................................................................. 15 

3.5. Tribological measurements ............................................................................................ 16 

3.6. 3-point bending test ........................................................................................................ 17 

3.7. Scanning Electron Microscopy (SEM) .......................................................................... 17 

3.8. Energy Dispersive X-ray Spectroscopy (EDS) .............................................................. 18 

3.9. X-Ray Diffraction (XRD) .............................................................................................. 19 

3.10. Transmission Electron Microscopy (TEM) ................................................................ 20 

4. Preparation of samples and parameters................................................................................. 22 

4.1. Milling and sintering of 316L reference and composites ............................................... 22 

4.2. Cutting of the sintered discs ........................................................................................... 24 

4.3. Density Measurement ..................................................................................................... 25 

4.4. Vickers Microhardness ................................................................................................... 25 

4.5. 3-point bending test ........................................................................................................ 26 

4.6. Tribological measurements ............................................................................................ 26 

5. Results and Discussion ......................................................................................................... 27 

5.1. Investigation of 316L reference material ....................................................................... 27 

5.2. Investigation of 316L/SiC composites ........................................................................... 32 

5.3. Investigation of 316L/Si3N4 composites......................................................................... 40 

5.4. Investigation of 316L/ Y2O3 composites ........................................................................ 53 



 

4 
 

6. Summary and Conclusions ................................................................................................... 61 

6.1. Structural properties of novel composites ...................................................................... 61 

6.2. Mechanical properties of CDS composites .................................................................... 64 

7. Thesis Points ......................................................................................................................... 65 

6. Research Achievements ........................................................................................................ 67 

7. References ............................................................................................................................. 69 

 

List of Acronyms 

316L Low carbon stainless steel 
ASP Active Screen Plasma 
CDS Ceramic Dispersion Strengthened 
DC Direct Current 
DLD Direct Laser Deposition 
DM Digital Microscope 
F/M Ferritic-Martensitic 
FSP Friction Stir Process 
GNG Gradient Nano-Grained 
HIP Hot Isostatic Pressing 
HP DLD High-Power Direct Laser Deposition 
HPT High-Pressure Torsion 
HV Vickers hardness 
LTC Low Temperature Carburizing 
MA Mechanical alloying 
MM  Mechanical milling 
ODS Oxide dispersion strengthened steels 
PCS Poly-Carbo-Silane 
PIM Powder Injection Modeling 
Si3N4 Silicon nitride 
SiC Silicon carbide 
SLM Selective Laser Melting 
SMRT Surface Mechanical Rolling Treatment 
SPS Spark Plasma Sintering 
SS Stainless Steel   
TEM Transmission Electron Microscopy 
UCFT Ultrasonic Cold Forging Technology 
UF Ultrafine 
UTS Ultimate Tensile Strength 
Y2O3 Yttria 
ρ Density 

 



 
 

1.  Introduction and motivation 

316L based oxide dispersion strengthened steels have attracted attention for advanced 
nuclear applications such as fast and fusion reactors as other commercially available materials. 
These materials can be used in harsh environments at high neutron doses and elevated 
temperatures [1]. Japan, Europe and the United States have developed this steel material for 
fusion and fission nuclear applications as well [2, 3]. Novel designs for future generation fusion 
reactors have demanding requirements for the structural materials. A new class of Oxide 
dispersion strengthened steels (ODS) materials which are currently being developed have a 
high chance of meeting these requirements [4]. Nanostructured ferritic, martensitic or 
austenitic ODS alloys are ideal candidates for high temperature applications such as high 
temperature heat exchangers or nuclear power plants [5–9].  

The production of the 316L based ODS steels involves many technological processes. The 
mechanical alloying, degassing, hot extrusion, and heat treatments are the most used 
technological methods. It was shown that powder metallurgy process helped the dispersion of 
the big oxide particle´s agglomerations during conventional casting processes [10]. 
 

The goal of my PhD work was the study of the effect of milling parameters and different 
submicron sized ceramics (Si3N4, SiC, Y2O3) addition on the structural, mechanical and 
tribological properties of final 316L based composites prepared by attrition milling and spark 
plasma sintering. These results demonstrated that the small amount of ceramic addition have 
influence on the final properties of composites and open the new routes for various novel 
applications.  
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2.  Literature review 

 
In this chapter, the fundamental knowledge on 316L based oxide dispersion strengthened 

steels are briefly reviewed with focus on preparation methods and properties of final material. 
Nowadays, powder mixing, mechanical alloying, degassing, canning, hot extrusion or heat 
treatments are most used technological methods for the production of the 316L based ODS steels. 

The stainless steels remain not easily replaceable taking into consideration their high 
mechanical characteristic (strength, hardness and impact resistance) what their offer to be used in 
significant fields such as the nuclear power, the storage of the chemical products. 

 

2.1. 316L austenitic steel (316L) 

The 316L steel is an austenitic chromium-nickel stainless steel where the 2-3 % 
molybdenum content increases the corrosion resistance and increases the strength at high 
temperatures. The “L” stands for “low carbon content” which is under 0.03 %, this increase its 
resistance to carbides precipitation and improves the corrosion resistance specially after welding. 
The 316L stainless steel has a density of 8000 kg/m3, an elastic modulus of 193 GPa and a tensile 
strength 485 MPa [11]. 316L austenitic stainless steel (316L SS) is generally employed as a 
structural material in numerous industrial applications such as a transport or energy production. 
316L SS has attracted attention due to its good mechanical properties at high temperatures, good 
corrosion resistance, and good weldability, which can be an effective solution for several industrial 
applications [12–14]. The Fig. 2.1 shows the typical structure of 316L steel, where the presence of 
dislocations and some twins is noticeable in the equiaxed grains of this alloy.   

 

 
Fig. 2.1. TEM image of a 316L stainless steel [15]. 

 
 



 

6 
 

2.2. Oxide dispersion strengthened steels (ODS) 

The ODS steels are designed to withstand extreme working conditions such as high 
temperatures (above 700 C°), high pressure, high neutron radiations. The idea behind the 
ODS steels is to sustain or slow down the deformation/degradation of steel under the 
mentioned conditions by blocking/pinning the dislocations and grain boundaries 
mobility/migration. Employing nanoparticles enriched with oxygen have been found to be 
promising solution unlike the conventional employment of precipitates in the steel matrix, 
which degrades the mechanical properties of steel furthermore at high irradiations and high 
temperatures because of their relatively large size [16]. Different type of ODS steels are 
being experimentally investigated for better understanding of the formation process of the 
oxygen enriched nanosized particles and their interaction with dislocations [16]. The 
mostly investigated ODS steels are the austenitic and the ferritic/martensitic (F/M) steels. 
 

The Fig. 2.2. shows an example of typical microstructure of an austenitic ODS steel. 
The nanosized ceramic particles are dispersed homogenously within the steel matrix and 
along the grain boundaries.  

 

 
 

Fig. 2.2. STEM image showing microstructure of ODS stainless steel [16]. 

Nowadays, the investigation of the employment of ceramic nitride, carbide nanosized 
particles instead of the ceramic oxides particles has a great interest [17]. 
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2.3. Preparation methods of 316L based ODS 

The manufacturing route primarily determines the materials properties. Some previous 
works studied the development of 316L stainless steel powders by using different techniques such 
as selective laser melting (SLM), hot isostatic pressing (HIP), and high-power direct laser 
deposition (HP DLD) with large size and excellent mechanical properties [18]. On the other hand, 
the mechanical alloying (MA) is attracting for researchers due to its unique advantages and large 
scale availability. Ni-based oxide dispersion strengthened (ODS) steels have been developed by 
this technique in early 1960s [19]. In their study about the effect of surface enriched chromium 
and grain refinement by ball milling on corrosion resistance of 316L stainless steel L. Jinlong et 
al. showed the possibility to enrich grain’s surface of the 316L stainless steel during the ball 
milling process, which improved the corrosion resistance by cancelling the negative influence of 
the α-martensite [20]. N. Kurgan et al. founded that cold pressing under 800 MPa and sintering at 
1300°C for 30 minutes in nitrogen atmosphere was more suitable for the 316L powders [21]. 

Spark plasma sintering (SPS) has been successfully used for the densification of a wide 
variety of materials (ceramic [22, 23], metals and alloys [24, 25], polymer and composites             
[26, 27]). C. Balázsi et al. realized as first the nanostructured 316L steel compacts and austenitic 
stainless steel based composites by spark plasma sintering (SPS) [28]. 
 

2.4. Structural and mechanical properties of 316L based ODS 

 
N. Jahanzeb et al. studied the effect of the microstructure on the hardness heterogenity of 

the dissimilar metal joints between 316L stainless steel and hot rolled steel (SS400). It was found 
that the strain distribution was locally heterogeneous at higher strains due to the unequal patterns 
of the γ phase transformation to α’ in 316L stainless steel. The deformation twinning was the 
dominant mechanism for the 316L during uniaxial tension [29]. 

80% compressive strain can improve the 316L´s hardness with 150% due to the grain 
refinement and the massive creation of twin boundaries and dislocations [30]. J. Gubicza et al. 
showed that 10 turns of High-Pressure Torsion (HPT) of a ~ 42 μm duplex coarse-grained 
microstructure result in ultrafine grain size reduced of ~ 45 nm. During this process, the ɣ phase 
transformed to ε-martensite then to the α′-martensite. This martensitic phase showed exceptional 
high dislocations density [31].  

M. Ziętala et al. studied the properties of the 316L steel fabricated by laser engineering net 
shaping (LENS) [32]. The fully dense samples without structural defects have been obtained. The 
samples had 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 subgrain boundaries. The δ-FeCr 
phase has been observed [32]. This study showed better mechanical and corrosion properties due 
to the formation of the ferrite phase and the formation of the passive oxide layer caused by the 
presence of the chromium in the bulk. The structural characterization showed a heterogeneous 
microstructure with elongated austenitic fine grains oriented along the thermocapillary convection 
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direction. This heterogeneous structure of the 316L steel fabricated by LENS had a clear impact 
on the mechanical properties. 

 The evolution of the structure during the direct laser deposition (DLD) was influenced by 
the time interval between deposited layers. In the case of long local time intervals, fine 
microstructures were obtained due to the higher cooling rates. The reduced laser penetration depths 
resulted 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 increased the bulk temperature, 
samples with coarser structure have been obtained due to lower cooling rates [33]. Zhong et al. 
studied 316L samples fabricated by electron beam melting for nuclear fusion applications [34]. In 
their study, the structural characterization showed a mixture of irregular shaped submicron sized 
structure, 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 directional [31]. 

Over 1–5% porosity range angular porosity was found to reduce the Young's modulus by 5% more 

than rounded porosity [35]. 
  M. Hajian et al. studied the structural and mechanical properties of friction stir processed 
316L. They showed that the friction stir process (FSP) exhibited ultrafine grained structures at 
relatively low rotational speeds [36]. 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.  
316L prepared by selective laser melting (SLM) exhibited good mechanical properties at high 
temperatures [37]. This preparation improved the strength of the 316L by the formation of complex 
microstructure with large angle boundaries, a combination of brittle and ductile fracturing behavior 
has been observed. 

One of the novel preparation technique is the Spark Plasma Sintering (SPS) technique. In 
this technique, the current passes through the lowest resistance areas which can result in 
heterogeneous sintering of powder samples [38]. A. B. Kale et al. studied the deformation and 
fracture behaviour of 316L stainless steels fabricated by SPS technique under uniaxial tension and 
showed the high densities of sintered materials. However, the samples were not sintered 
homogeneously, therefore, two different fracturing mechanisms have been observed. Firstly, 
ductile fracture in the fully sintered regions, secondly powder/matrix interface decohesion in the 
partially sintered regions [39]. The investigations demonstrated that the fracture was started from 
the partially sintered regions [39]. 
C. Keller et al. studied the influence of SPS conditions on the sintering and functional properties 
of an ultra-fine grained 316L stainless steel obtained from ball-milled powder [40]. The study 
showed that the use of powder metallurgy technology and the SPS is suitable for the elaboration 
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of AISI SS 316L with ultrafine (UF) grains size. High density values can be obtained by SPS. The 
elaboration of 316L alloy by ball milling 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 [40]. The sintered samples by SPS has a homogeneous 
microstructure without preferential grain orientation. The refinement of the grain size increases 
strongly the samples hardness. 

Not only the sintering, the milling process had an influence to the final structure of the 
materials. Homogeneous interfaces with less pores have been found after 5 hours milling time. 
Longer milling time leads to less homogenous joint distribution and it was not optimal for 
obtaining graded interfaces because more micro-cracks, holes and intermetallics were created [41]. 
The selective laser melting (SLM) process provides considerably finer microstructure than the 
conventionally manufacturing processes [42]. SLM densified specimens have a fine-grained 
microstructure with elongated grains in build-up direction, but no preferred crystallographic 
orientation, such as in cast and HIP conditions [43]. During SLM process, the produced samples 
showed different properties in the case of using different combinations of processing parameters 
even if these different combinations are presenting similar energy density [44]. J. D. Majumdar et 
al. confirmed that the hardness and the wear resistance of the AISI 316L may be improved by 
dispersion of the SiC in the matrix, the precipitation of the Cr2C3 and the Fe2Si or by the grain 
refinement [45]. 

F. Akhtar et al. showed that the addition of more than 2 wt% Si3N4 to the stainless steel 
resulted in a decrease in the sintered density and tensile strength values [17]. The Si3N4 dissociated 
to silicon and nitrogen which gives the nitrogen much higher content than its solubility limit in 
steel and the nitrogen diffuses out of the matrix leaving pores. Near full densified 316L with 5 
wt% Si3N4 has been achieved by liquid phase sintering using high temperature vacuum furnace. 
The study showed that the Si3N4 was not stable above 2 wt% and it was dissolved in the 316L 
matrix. The dissociation of much higher amount of Si3N4 caused the decreasing of the density due 
to the diffusion of nitrogen out of the steel matrix [17]. 
Many researchers studied the effect of yttria (Y2O3) addition on the structural and mechanical 
properties of the steel where it was found that ultrafine yttria particles can improve significantly 
the hardness of steel, also its strength at high temperatures [46]. Composites with small particles 
exhibit higher strength because of their higher joining zone which is an effective heat source [47].  
The interaction between the yttria and the steel matrix increases the diffusion of this last which 
increases the densification of steel. It was confirmed that 12 wt% or higher content of yttria will 
not improve the densification due to the agglomeration of yttria [48]. Oxides with Y and Cr are 
influencing the porosity having a direct effect on the oxidation rate in steel composites [49]. A 
composite composition with high content of yttria nanosized particles results in a delay in the 316L 
sintering. The yttria nanoparticle´s agglomerates are created at sintering temperature bellow 
1300°C [50]. The oxide phase can enhance the upper temperature limit in mechanical creep 
strength with 100 C° at least [51]. R. Lindau et al. studied the effect of 0.3 wt% and 0.5 wt% yttria 
on the mechanical properties of the EUROFER 97 at high temperatures. It was found that the yttria 
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improved the yield strength, ductility and the creep strength as well [52]. S.-W. Baek et al. studied 
the hydrogen susceptibility of nanosized Y2O3 dispersed strengthened 316L austenitic steel, they 
found that hydrogen didn’t affect the yield strength and the elastic modulus of the 316L [53]. P. 
Hutař et al. studied the small fatigue crack propagation in Y2O3 strengthened steels [54]. They 
found that it has insignificant effect on the small fatigue crack propagation. P. K. Kumar et al. 
investigated the effect of Y2O3 and ZrO2 on the microstructure and mechanical properties of 
nanostructured ODS [55]. The hot pressed Y2O3 ODS steels showed higher tensile strength (UTS) 
comparing to the ZrO2 containing ODS. ODS/Y2O3 showed even higher tensile strength values 
compared with ODS/ZrO2. The yttria content under 0.6 wt% improves the oxidation resistance by 
forming a stable oxide scale and improving the adhesion, while higher amounts of yttria results in 
segregation of this last. The yttria addition tends to decrease the bending strength and the hardness 
of the steel [56]. 

A. J. London et al. developed ODS alloys (Fe / 0.3 wt% Y2O3, Fe / 0.2 wt% Ti / 0.3wt% 
Y2O3 and Fe /14 wt% Cr /0.2 wt% Ti / 0.3 wt% Y2O3) prepared by ball milling and then hot 
extrusion to find the effect of Ti and Cr on the size, distribution, crystal structure and composition 
of the nanosized oxide particles. The median particle sizes were 9.6 nm, 7.7 nm and 3.7 nm for the 
Fe /Y2O3, Fe/Ti/Y2O3 and Fe/Cr/Ti/Y2O3 alloys, respectively. The presence of Ti resulted in a 
significant reduction in oxide particle diameter and the addition of Cr gave a further reduction in 
size [57]. Fe/25 wt% Y2O3 composite powders fabricated by mechanical milling (MM). The 
milling periods of 4, 8, 12, 24, 36, and 48h, respectively were applied for milling of the Fe powders 
with average size 100 μm and Y2O3 nanoparticles in an argon atmosphere. The experimental 
results showed that the crystalline size of MM powders decreased with the increasing of the milling 
time. All elements distributed homogenously after 48h milling time. The lattice constant of the 
matrix α-Fe kept constant with the milling time, and no solid solution took place during MM 
process [58]. Novel sintering techniques have been used for preparation of ODS. A Fe/14 wt% Cr/ 
0.4 wt% Ti and 0.25 wt% Y2O3 alloy was fabricated by mechanical alloying and subsequently 
consolidated by SPS. The densification of these alloys significantly improved with an increase in 
the sintering temperature. Structural observations revealed that SPS-sintered at 1150 °C under 50 
MPa for 5 min. had a high density (99.6%), the random grains orientation and a bimodal grain size 
distribution (< 500 nm and 1–20 μm) [59]. 

H. Oka et al. studied the effect of milling process and alloying additions on oxide particle 
dispersion in austenitic stainless steel in order to understand the minor alloying elements on the 
dispersoids distribution [60]. They found that 6 hours are enough to disperse the Y2O3 in the steel 
matrix, also it was found that the usage of 0.2 – 0.3 wt% Zr or 0.6 wt% Hf increased the hardness 
of the steel by improving the finer oxides distribution in the matrix. Ball milling can be used to 
obtain nanosized grains, this refinement of the grains size increased the composites hardness 
despite the formation of the oxides. 

F. Akhtar et al. improved the sintering densification of the 316L by adding MoSi2. The 
investigations showed that the Mo and Si segregated at the grain boundaries and the excess formed 
separate phases. The best mechanical properties were found for samples with 5 wt% MoSi2 [61]. 
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The potential of the pitting corrosion has been decreased due to the presence of 
submicronic grains [62]. B.Al Mangour et al. investigated the in situ formation of TiC particle 
reinforced stainless steel matrix nanocomposites during ball milling up to 35 hours [63]. During 
prolonged mechanical alloying the grains are just flattened after 10h, become larger (coarsening) 
after up to 24h and the grains refinement took place at the end of the process. The final powder 
mixture showed the homogeneously dispersed TiC particles in steel matrix. It has been found that 
5 hours of milling provides better interface in the case of 316L-50 tungsten (W) comparing to 10 
hours milling. The interface formation in the case of 316L-50W/W showed uncompleted reaction 
which is related to the presence of residual pores. The excessive milling decreases the joint 
homogeneity and it was insufficient for graded interfaces [64, 65]. The volume fraction of tungsten 
(W) in the 316L matrix was the main factor for improving the hardness of 316L-W composites 
[65]. 
 

2.5. Tribological properties of 316L based ODS 

 
Friction is the natural response of all tribosystems [66]. The fabrication process has great 

influence on the microstructure. This last property has great and direct influence on the tribological 
properties of the material. J. Menga et al. investigated the tribological properties of the 316L made 
by powder injection modeling (PIM) sliding against AISI 52100 steel at low loads [67]. The 
formation of carbide phase during the sintering in vacuum improved the tribological properties of 
the stainless steel, where a lower wear rate and friction coefficient have been recorded. The wear 
mechanism has been influenced by a combination of the formation of tribolayer and various iron 
oxides. In case of the sintered samples in hydrogen, severe worn marks have been observed on the 
surface [67]. F. Bartolomeu et al. found that the 316L stainless steel made by SLM show better 
tribological properties in comparison to the conventional casting and hot pressing (HP) because of 
its finer microstructure [68]. For this, SLM is a promising process to produce 316L SS with 
improved wear resistance. Y. Li et al. studied the tribological behavior of the oxynitrided austenitic 
stainless steel produced by Active Screen Plasma (ASP) [69]. They have found 95% decrease of 
the wear rate in the case of the oxinitrided samples, where abrasion marks and oxidation have been 
slightly observed on the worn surface. In the case of untreated samples, a plastic deformation and 
intense adhesive wear have been observed. D. Guan et. al. investigated the polycarbosilane (PCS) 
reinforced 316L made by SPS [70]. In their study the 3% PCS samples show the best wear 
resistance, where 86% decrease of the wear rate have been observed comparing to the pure 316L. 
In the same time higher microhardness values have been observed with the increase of PCS 
content. P.F. Wang et al. investigated the tribological properties of a gradient nanosized grained 
(GNG) layer fabricated by Surface Mechanical Rolling Treatment (SMRT) on a 316L [71]. In the 
both cases, the sliding tests have been performed at room temperature in dry and oil lubricated 
conditions and confirmed that the GNG layer enhanced the wear resistance in both cases. Y. Wang 
et al. studied the effect of the surface nanocrystallization on tribological properties of 316L 
stainless steel by ultrasonic cold forging technology (UCFT) under different lubrication conditions 



 

12 
 

[72]. It has been found that the low friction and antiwear performances of samples are influenced 
by the synergistic effects of the surface nanocrystallization. F. Rotundo et al. investigated the low 
temperature carburizing (LTC) influence on dry sliding tribological behavior of the 316L stainless 
steel at high and room temperature [73]. The LTC increased the hardness of the 316L significantly 
which in turn improved the tribological properties of the steel when tested at room temperature. In 
the case of high temperature testing, the tribological behavior of steel became similar to the 
untreated steels. This fact can be explained by the structural changes in the carburized layer due 
the high temperature combined with friction heating, and the formation of an oxide protective layer 
in the case of non-treated 316L [73]. 
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3.  Experimental methods  

The attrition milling and spark plasma sintering are in the bases of this Ph.D work, the same 
milling and sintering parameters have been used to produce all of the studied composites. 

3.1.  Attrition milling  

The attrition milling is the process of grinding materials using a mill with agitated media (balls) 
in order to reach very fine grinding. This last is a result of a combination of shearing and impact 
forces generated during the milling process. The agitator rotates at high speed creating irregular 
movement of the grinding media, resulted the impact between the agitator and the grinding balls 
or also by the impact of balls with each other. The irregular movement of the grinding media cause 
the shearing force, where the balls are rotating in different directions and speeds (Fig. 3.1) [74]. 

 

The attritors can be categorized as follow [74]:  

- dry grind attritors 
- wet grind attritors  
- regular speed attritors  
- high speed attritors  

Some of the main features of the attritor mills [74]: 

- jacketed grinding tanks for cooling or heating usage 
- sealed covers for controlling the milling atmosphere  
- cryogenic milling setup 

Fig. 3.1. Schematic view of an attrition milling process [75]. 
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3.2.  Spark Plasma Sintering (SPS) 

The Spark Plasma Sintering (SPS) is a rapid sintering method for production of 
homogeneous nanostructures and high-density composites. It is also known as the Pulsed Electric 
Current Sintering (PECS) [76].  The principle of the SPS is based on the very high heating and 
cooling rates of the composite/material in order to prevent grain growth and suppressed powder 
decomposition, for this, uniaxial pressure and a pulsed electrical direct current (DC) under low 
atmospheric pressure are applied [77]. The pulsed current is passing through the powder and 
graphite die (Fig. 3.2) producing a heating power at the macroscopic level (from the graphite die) 
and at the microscopic scale (at the contact points of the powder particles). The material transfer 
path during the SPS process (Fig. 3.3), where the diffusion mechanisms are defined as follow:  

 
1) vaporization and solidification,  
2) volume diffusion,  
3) surface diffusion,  
4) grain boundary diffusion.  

 
SPS process is attracting attention in the last two decades for showing successful sintering 

of nanosized composites which have been a big challenge using the conventional techniques such 
as Pressure Less Sintering (PLS) and Hot Pressing (HP) [79]. The SPS process is also used to 
elaborate high density nanostructural composites, thermo-electric semiconductors, fine ceramics, 
wear-resistant materials, functionally graded materials and biomaterials [80]. 

 

Fig. 3.2. Schematic view of the SPS 
process [78]. 

Fig. 3.3. Material transfer during the SPS 
process [77]. 



 

15 
 

 

3.3.  Density measurement 

The density measurement of materials and composites is essential for optimizing the 
processing parameters [81]. Archimedes method is one of the most commonly used methods. The 
principle of Archimedes states that an object partially or totally immersed in fluid is lifted (buoyed) 
by an equal force to the weight of the displaced water. This can be used in the determination of the 
object density. The kind of fluid used during the measurement have a huge effect on the normalized 
sensitivity coefficients, also, the density measurements should be repeated multiple times for 
samples less than 10 g for better precision and reliability [82].  

3.4. Vickers microhardness measurement 

Microindentation is a commonly used technique for the determination of the materials 
hardness [83]. In the case of Vickers measurement, a small load is applied on a pyramid-shaped 
diamond (Fig. 3.4) indenter for a specific short period of time against the tested material in order 
to make an indentation on it. The diagonals of the indentation are used for the calculation of the 
microhardness values. The microhardness values are not affected by the indentation time but are 
affected by the indentation loads [84]. Measurements were performed in respect to the ISO-6507-
1. Vickers microhardness was measured using the following formula:  

𝐻𝑉 =
ଵ଼ଽ∗ி∗ଵయ

ௗమ
                                (3.1) 

Where “F” is the applied load (N) and “d” is the diagonal’s length (μm) 

 

 
Fig 3.4. Vickers microhardness indentation [85]. 
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The wear rate is calculated using the following equation:  

𝑤ௗ =


ி
                                                                      (3.2) 

Where, wd is the wear rate, Fn  is the Normal Force (N) , l is the Distance of the test (m) 

The wear Volume is calculated using the following equation:  

𝑉ௗ௦ = 2𝜋𝑅[𝑟ଶ 𝑠𝑖𝑛ିଵ ቀ
ௗ

ଶ
ቁ − ቀ

ௗ

ସ
ቁ (4𝑟ଶ − 𝑑ଶ)

భ

మ                                              (3.3) 

Where R is the wear track radius, d is the wear track width, r is the ball radius. 

The tribometer has been calibrated before testing the composites. 

 

 

 

 

 

 

 

                          Fig. 3.5. Real photo of tribological measurement. 

 
3.5. Tribological measurements 

 
Tribology is the study of friction, wear and lubrication of interacting surfaces in 

relative motion between room and high temperatures. This measurement is very essential for 
technologies with vast applications [86]. The testing of the tribological properties can be 
performed using a linear or circular relative motion modes. The pin-on-disc is circular relative 
motion arrangement (Fig. 3.5) where generally a hard material ball (ex: Si3N4, Al2O3) is fixed 
on the tip of a pin. The pin is pressed by a perpendicular load against the rotating disc which 
is holding the sample/material with adjustable shift from the rotation axis. The friction 
coefficient and the penetration depth are recorded automatically. The wear rate can be 
calculated using the wear volume or the weight loss. A decrease of the wear volume 
dependence on the sliding distance is noticeable below 1250 m, where the opposite is observed 
at distances above 1250 m as a result of the onset of the microchipping wear mechanism [87]. 
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3.6.  3-point bending test 

The 3-point bending test is mechanical testing method used for the determination of the flexural 
stress, flexural strain, elasticity modulus of the material. The shape of tested sample is essential 
for result analysis, therefore, samples in the form of a cylindrical rods or rectangular bars are used 
for easy calculations. The tested sample is placed on two cylindrical rods, where a third rod 
transfers the applied load to the middle of the upper surface of the sample (Fig. 3.6) creating a 
stress peak at the middle of the sample causing it to flex, this creates three different strains and 
forces on different regions of the sample: 1) tensile strain on the convex side of the sample, 2) 
shear forces along the middle plane, 3) compressive strain on the concave side of the sample.  In 
the case of the 3-point bending test, the flexural strength values are higher comparing to the 4-
point bending test. This fact is resulted of the smaller involved zone in the 3-point bending test 
contains fewer defects [89]. In the used setup during the experimental work L0 =20mm. 

 

3.7.  Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy (SEM) is a characterization technique that employs the interaction 
between the specimen surface and the accelerated and focused electrons beam in order to generate 
topological images at the microscopical level. Basically, the SEM contains five main and essential 
components: 1- electron source, 2- column containing the electromagnetic lenses, 3- electron 
detectors, 4- sample chamber, 5- computer (Fig. 3.7). The interaction of the electron beam with 
the specimen results manly in the production of different type of electrons; secondary electrons, 
backscattered electrons, characteristic X-Ray, Auger electrons [90].  

Fig. 3.6. Schematic view of the 3-point bending test method [88]. 
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Fig. 3.7. Method of SEM measurement [92]. 

 

 
There are two main imaging modes in the SEM; secondary electrons imaging mode and the 
backscattered electrons imaging mode. Other imaging modes like “specimen-current image” and 
“voltage contrast” can be used in some cases [91]. Conductive samples don’t require any 
preparation. The surface of sample must be clean to avoid contamination. In the case of insulating 
materials, a thin conductive layer (Au or Pt) can be deposited on the sample to eliminate the 
charging effect. 

 

3.8.  Energy Dispersive X-ray Spectroscopy (EDS) 

The Energy Dispersive X-ray Spectroscopy (EDS) is an analytical technique based on the 
analysis of the X-ray generated from the interaction between the electron beam and the tested 
sample (Fig. 3.8). Two main types of X-rays are produced by the interaction of the electron beam 
with the sample; characteristic X-rays and continuum X-rays [93]. Usually EDS is mounted on 
SEM for qualitative or quantitative analysis and elemental mapping Overlaps of  
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different elements may occur specially at high energies. The overlap makes the distinguish/ 
identification of the elements difficult, in this case, peak separation can be used or decision of 
considering only the elements with presence possibilities based on the sample elaboration history 
[95].  

During this study, the Scanning Electron Microscope (SEM) LEO 1540 XB equipped with 
a Röntec Si(Li) EDS detector has been used to investigate all of the starting powders, milled 
composites, sintered composites and the broken surfaces after 3PB test. The SEM is equipped with 
InLens secondary electron detector, Eerhart-Thornley detector. The vacuum pressure inside SEM 
chamber was 10-7 mbar. The EDS measurements were performed using the Esprit 1.9 software. 
The samples were fixed on steel and aluminum sample holders using carbon tape.  

3.9.  X-Ray Diffraction (XRD) 

The X-ray diffraction (XRD) is a nondestructive characterization technique employed in 
analyzing crystalline materials [96]. The XRD provides the information about the crystal structure, 
crystal phases and orientation or grain size. The generated X-rays by the cathode tube are filtered 
into a monochromatic radiation and concentrated, when Bragg’s Law conditions are satisfied. A 
constructive interference is generated as a result of the interaction of the incident rays and the 
specimen. All the possible diffractions of the lattice should be detected by scanning the specimen 
through a range of 2θ angles, the diffractions are processed for the identification of the material 
by comparing the diffraction peaks with the standard reference patterns. The X-rays are generated 
as a result of an electron moving to lower energy orbit in order to fill a gap (Fig. 3.9a). The 
generated X-rays are divided into two different types: 1- characteristic X-rays, 2- continuum 
(Bremstrahlung) X-ray (Fig. 3.9b). 

 

Fig. 3.8. The electron beam interaction volume [94]. 
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a)                                                                          b) 
Fig 3.9. Electron-induced X-ray emission. a) characteristic X-ray generation, b) schematic of an 

energy dispersive X-ray (EDX) [97]. 

The X-ray diffractometry (XRD) measurements were performed using a Bruker AXS D8 
Discover diffractometer equipped with Göbel-mirror and a scintillation detector with Cu Ka 
radiation. The X-ray beam dimensions were 1 mm * 5 mm, the 2q step size was 0.02°, scan speed 
0.5°/ min. We used the Diffrac.EVA program and the ICDD PDF database for phase identification.  

 

3.10. Transmission Electron Microscopy (TEM) 

The Transmission Electron Microscopy (TEM) is a very powerful characterization technique 
that uses a transmitted electron beam with high energy to acquire structural and chemical 
information about a specimen (Fig. 3.10). Special sample preparations are needed in order to make 
it supper-thin and transmittable by the electrons beam. The electron beam is generated using a 
cathode/anode system, where cathode is a filament and cap setup. The heated tungsten or LaB6 
emits electrons and the negative cap confines the electrons into a focused beam. The positive 
potential anode accelerates the electron beam then the electromagnetic lenses and apertures 
focuses it tightly. The focused electron beam with a very well-defined energy interacts with the 
atoms of the sample while transmitting it providing structural information. In TEM two modes are 
used; imaging mode and diffraction mode. The TEM provides high resolution images, information 
about the crystal structure, dislocations, grain boundaries and chemical analysis.   
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The Philips CM20 Transmission Electron Microscope (TEM) operated at 200 kV 
acceleration voltage has been used to investigate the composites microstructures. The discs with 3 
mm diameter and 50 μm thickness in the centre have been prepared by mechanical thinning, 
polishing, and dimpling.  Technoorg Linda ion mill has been used to reach electron transparency 
thickness (~ 10 – 100 nm), 10 keV Ar+ ions at an incidence angle of 5° with respect to the surface. 
In the final period of the milling process, the ion energy was decreased gradually to 3 keV to 
minimize ion-induced structural changes in the surface layers. The TEM images were taken in plan 
view.  

Fig. 3.10. Schematic view of a TEM [97]. 
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4. Preparation of samples and parameters 

4.1.  Milling and sintering of 316L reference and composites 

I used the commercial 316L stainless steel powder (Höganäs company) and various 

ceramic additions for novel CDS composite development. The submicron sized - Si3N4 (UBE), 
the grade “C” Y2O3 and the SiC (H.C. Starck) were used for the powder mixtures (Fig. 4.1).  

 

a) b) c) 

Fig. 4.1. Structure of starting ceramic additions. a) - Si3N4 (UBE), b) the grade “C” 
Y2O3, c) SiC (H.C. Starck). 

 
The 316L powder has an apparent density (Hall) of 4.5 g/cm3 and a flow rate of 18.2 sec/ 

50 g. The elemental composition of starting powder is shown in Tab. 4.1.  
 

Table 4.1. Elemental composition of the 316L stainless steel starting powder. 

Element Fe  Cr Ni Mo Mn Si C 
wt %  balance 17 12 2.3 0.1 0.9 0.015 

 
The Tab. 4.2. shows the composition of the composites. In order to have a clear and reliable 

results of research work the composites were investigated before and after every step of the 
experimental work, from the starting powders (SEM, EDS, XRD) to the tested sintered samples 
(SEM, EDS, XRD, TEM, density, hardness, 3-point bending strength and friction coefficient) as 
it is represented in the experimental work diagram (Fig 4.2) . 
 
The high efficient attritor mill (01-HD/HDDM, Union Process) has been used for efficient 
dispersion of submicron sized ceramic powders (SiC, Si3N4, Y2O3) in 316L steel matrix. A 
stainless steel setup (jar, crossbar agitator, 3 mm diameter milling balls) has been used in order to 
minimize the powder contamination. 
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Table 4.2. Summarized data of composition of the developed composites. 

Nr. milled 
316L 
(wt%) 

SiC 
(wt%) 

Si3N4 
(wt%) 

Y2O3 
(wt%) 

milled 
powder (kg) 

diameter of sintered 
sample (cm) 

1 100 0 0 0 1.2 10 
2 99.67 0.33 0 0 1.2 10 
3 99 1 0 0 1.2 10 
4 99.67 0 0.33 0 1.2 10 
5 99 0 1 0 1.2 10 
6 99.67 0 0 0.33 1.2 10 
7 99 0 0 1 1.2 10 
 

The milling was performed at 600 rpm in ethanol for 5 h for grain size reduction and 
homogenization of powder mixtures (316L and addition). Based on our previous experimental 
works, these parameters are suitable for efficiently assure both good distribution of the additives 
and reducing the size of the steel grains [28].  

 

 
The powders have been dried at 70°C, sieved for particles separation and stored well sealed 

boxes in order to avoid oxidation. The necessary powder amount for making two large sintered 
discs is 1200 g. The milling jar was relatively small, I could only mill 300 g at a time, as a result 
4 batches were prepared from each composite. Samples from every batch were taken for studying 
the structural and morphological changes after the attrition milling. 

Fig. 4.2. The schematic view of the experimental work diagram. 

Si3N4, 
SiC, Y2O3 
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The spark plasma sintering process was performed in collaboration with Prof. Dr. Filiz 
Cinar Sahin from the Department of Metallurgical and Materials Engineering, Istanbul Technical 
University in Turkey.  SPS (Sinter-SPS-7.40MK-VII) was used for sintering of the milled powders 
at 900°C under 50 MPa mechanical pressure for 5 minutes dwelling time in vacuum. Sintered solid 
disks with ~ 100 mm diameter and ~ 9 mm thickness have been obtained. 
 

4.2.  Cutting of the sintered discs 

Seven different large solid discs have been obtained after the spark plasma sintering. The discs 
surfaces were rough and hard due to the enrichment with carbon from the graphite mold during 
the SPS process, therefore, the removal of the discs outer layer was necessary in order to obtain a 
clean and smooth surface for precise cutting and easier samples preparation. For the removal of 
the outer layer I used a mechanical lathe machine (Fig. 4.3). During the removal of the disc surface, 
water has been used as a cooler to avoid over heating the composite. After the removal of the 
exterior layer the large discs needed to be cut into rectangular bars for density and mechanical 
properties testing, waterjet cutting machine has been used in order to assure precise cutting of the 
samples. The rectangular bars (Fig. 4.4) have dimensions of 4 mm x 50 mm x 9 mm, some of the 
bars have been cut into smaller bars of 4 mm x 25 mm x 4 mm for the 3-points bending test. 

In the case of the large samples, the possibility of having anisotropic properties is high due 
to the possible nonhomogeneous heat during the sintering process or the cooling time, therefor, 
the samples number: 1-4, 10-12 (Fig. 4.4) have been selected in order to cover most the disc area 
and to assure reliable structural and mechanical properties results.  

 

 
Fig. 4.3. Photo of the sintered 316L composite disc. a) before and b) after the removal of the 

exterior surface. 
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4.3.  Density Measurement 

The samples were not polished before density measurements to sustain the surface state 
and abolishing any possibility of closing open porosities. In the cases where contamination (with 
organic fluids) was suspected, I cleaned these samples by ethanol using ultrasonic cleaning device 
for approximately 2 minutes then dried immediately.  
 

The dimensions, the weight of dry samples, weight in water, water temperature and the 
weight after immersion in water for 72 hours were measured in order to calculate the density using 
the Archimedes equation 
 

𝐷௦ =
బ

୫భ ି ୫మ
∗ 𝜌௪௧                                             (4.1) 

 
Where 

Ds: density of the sample 
m0: mass of the sample in air before immersion in water 
m1: mass of the sample in air after immersion in water 
m2: mass of the sample in water. 
 

4.4.  Vickers Microhardness 

I polished all samples using abrasive SiC paper-starting with P120 and finishing with P1000- 
in order to have a clear surface for precise measurements and better observation of cracks in case 
they exist.  The hardness equipment (LEITZ WETZLAR GERMANY model 721 464) by Vickers 
diamond pyramid tip was used for determination of microhardness of reference and composites 
according to international standarts. I measured every sample 10-15 times taking in considerations 

 Fig. 4.4. Photo and schematic view of the sintered composite after waterjet cutting. 
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keeping 5 times the diagonal width of the microhardness print as indentations mark spacing as 
shown in Fig. 4.5.  5N load applied for 30 seconds was sufficient to make a clear and measurable 
indentation on all composites.  
 

 
Fig. 4.5. The principle of the microhardness indentations mark spacing, d: diagonal width of the 

microhardness print. 

 
 
 

4.5.  3-point bending test  

8 small bars with the dimensions of 4 mm x 25 mm x 4 mm from each composite were 
polished with sanding papers (P120-P1000) and their edges were rounded (Fig. 4.6) in order to 
minimize the possibility of crack initiating from a superficial crack. All the spots on the samples 
surfaces where a crack may start have been marked before testing in order to follow the crack 
propagation. The 3-point bending test has been performed using the INSTRON 2500 equipped 
with a special 3-point bending test setup, according to international standards. 
 

Fig. 4.6. The schematic representation of a rounded edges and polished sample. 

 

4.6.  Tribological measurements 

The samples have been polished by sanding papers (P120- P1000) in order to have similar 
surface roughness before testing the tribological properties. The tribology test has been performed 
at room temperature using a CSM+ HT Tribometer in dry conditions (no lubricant). A 5 mm Si3N4 

balls have been used as counterpart during the test. 5 N normal load was applied on the Si3N4 ball 
against the sample surface with 1mm shift from the rotation axis.  The samples were tested at linear 
speed of 0.07 m/s where the humidity ranges from 55% to 63%. 
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5. Results and Discussion 

In this chapter, the preparation and various properties of 316L reference and novel 
composites with SiC, Si3N4 and Y2O3 addition are discussed. The microstructure evaluation was 
studied by scaning electron microscopy (SEM) and transmission electron microscopy (TEM). The 
roughness and surface changes after tribological and mechanical measurements were investigated 
by digital microscope (DM). The mechanical properties (hardness and bending strenght) were 
determined by Vicker hardness measurements and Instron mechanical testing machine. 

5.1.  Investigation of 316L reference material 

Commercial 316L stainless steel (Höganas) with composition of 17Cr12Ni2.3Mo0.1Mn0.9Si 
and average size ~ 70 µm was used as reference material (Fig. 5.1a).  

 
a) b) 

Fig. 5.1. SEM images of 316L. a) starting powder, b) after high attrition milling. 

The starting powders transformed mainly from globular to flattened (2) and flakelike shape 
(3) with the presence of few slightly damaged grains (1) after 5 hours wet milling in ethanol        
(Fig. 5.1b). Some of the thin flake-like grains broke down into the very small particles (4) shown 
in Fig. 5.1b). The average grain size increased due to the grains flattening. The milling was not as 
efficient as we expected most probably due to the simultaneous increase in the grain’s hardness 
and plasticity. Therefore, the morphology of resulting powder is characterized by both flattened or 
partially transformed globular shape. However, the induced shape transformation by the attrition 
milling in 5 hours is much efficient comparing the induced transformation by planetary mill in 8 
hours [101,102].  

The investigation of the chemical composition by EDS confirmed the detailed 316L 
composition provided by Höganäs company (Fig. 5.2a). The milling process changed the 
morphology and grain size of powder, not the phase composition as it is shown on Fig. 5.2b. 
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a) 

b) 

Fig. 5.2. EDS analysis of a)316L powder of the starting powder, b) 316L powder after Attrition 
milling. 

 

Spark plasma sintering (SPS) was used for compactation of milled powders. The detailed 
sintering process with parameters was described in Chapter 4. The structural investigations of the 
sintered samples revealed the presence of randomly dispersed grains (dark spots) in the steel matrix 
(Fig. 5.3a). The elemental analysis of the selected spots showed that the selected spots are zones 
with high content of the manganese (Mn), silicon (Si) and chromium (Cr) oxide phases (Fig. 5.3b). 
The formation of these oxides occurred during the SPS process.  
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a) b) 

 
c) 

Fig. 5.3.  Investigation of sintered 316L. a) SEM images of milled and sintered 316L reference, 
b) EDS measurement of 316L reference sample, c) 3-point bending test results. 

The Fig. 5.3c shows a 3-point bending test result of a sintered 316L sample, the samples were bent 
and didn’t show any tendency to break, the testing had to be stopped when the setup limits have 
been reached.  

The structural investigation of the sintered 316L by TEM revealed the presence of dislocations 
and twins patterns in the steel matrix (Fig. 5.4). 
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Fig. 5.4. TEM image of sintered 316L reference. 

The XRD measurements confirmed the main lines of 2θ°= 43.532°, 50.705°, 74.535° in 
the case of milled and sintered sample as well (Fig. 5.5). There was no phase transformation 
detected after the SPS process. No open porosities have been clearly observed during the SEM 
investigation of the sintered 316L samples. 

 

Fig. 5.5. XRD measurements of 316L after milling and sintering process. 

The sintered sample showed an average density of 7.93 g/cm3 which is 99.17% 
densification comparing to the 8 g/cm3 theoretical density. The density of the 316L reference 
sample is in agreement with literature [35].  The samples sintered by SPS process are showing 
higher density values compared to the sintered 316L sintered in special furnace [17, 21, 63, 100, 
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101, 102] or selective laser melting (SLM) [98,99,102,104]. The mechanical properties of 316L 
were studied. The hardness (HV) was 1.75GPa.  
 

The tribological properties of sintered 316L confirmed the friction coefficient (μ ) ~ 0.962  
± 0.108 in dry conditions. 316L sample and the counterpart (Si3N4 ball) have been also damaged. 
The damaged surfaces study confirmed the formation of tribofilm (Fig. 5.6a). The wear track is 
uniform and takes a curved shape relatively matching the curvature of the counterpart (Fig. 5.6b). 
The elaborated 316L stainless steel showed a wear rate of ~1.36E-4 m2/N. 

 

 
a) b) 

Fig. 5.6. Tribological measurements of 316L reference. a) digital image of surface after 
tribology maesurement, b) morphology of wear track. 

.
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5.2.  Investigation of 316L/SiC composites  

In this work, the 316L austenitic steel (Fig. 5.1a) based milled and sintered composites with 
0.33 wt% and 1 wt% SiC nanoparticle (Fig. 4.1c) addition were prepared. The investigation of the 
milled powders revealed a total morphological transformation.  

The 316L steel grains in the case of the milled 316L/0.33 wt% SiC powder mixtures have been 
transformed from globular shape with satellites to considerably larger steel grains with 100 - 200 
μm in diameter and ~ 1 μm in thickness (Fig. 5.7a). The presence and the good distribution of the 
SiC particles on the 316L grains surface and a difference in the size of the SiC particles have been 
confirmed by SEM (Fig. 5.7b). A homogeneous coverage of flat steel grains by ceramic particles 
can be noticed. In the case of the 316L/1 wt% SiC, a similar morphological transformation has 
been observed (Fig. 5.8a). The Fig. 3b shows the presence and the uniform distribution of the SiC 
particles on the surface of the flat steel grains.  

  
a) b) 

Fig. 5.7. SEM images of the milled 316L/0.33 wt% SiC. a) milled powders, b) higher 
magnification of the selected area in Fig. 5.7a. 

  
a) b) 

Fig. 5.8. SEM images of the 316L/1 wt% SiC. a) milled powders, b) higher magnification of the 
selected zone in Fig. 5.8a. 
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SiC particles are covering the steel grains and in the same time show a tendency to 
agglomerate. This feature can be observed both on the surface of the 316L/1 wt% SiC grains (Fig. 
5.8b) and on the 316L/0.33 wt% SiC grains (Fig. 5.7b). The structural investigations of the milled 
powders with composition of 316L/0.33 wt% SiC and 316L/1 wt% SiC by SEM and EDS 
confirmed the presence of the SiC particles on the surface of the metallic grains (Fig. 5.9 and Fig. 
5.10). The relatively lower intensity of peaks related to presence of Fe, Cr and Ni in the selected 
dark spots shows the good and efficient coverage of the steel grains by the SiC particles. 

  
a) b) 

Fig. 5.9. Investigation of the 316L/0.33 wt% SiC composite, a) EDS spectra b) SEM image 
showing the EDS spots. 

 

  
a) b) 

Fig. 5.10. Investigation of the 316L/1 wt% SiC composite, a) EDS spectra b) SEM image 
showing the EDS spots. 

The phase composition of the milled 316L and 316L/SiC composites have been 
investigated by XRD. In the case of the milled 316L (reference) the analysis confirmed the 
austenitic stainless steel γ-Fe3Ni2 phase (JPC2:03-065-5131) with main lines 2θ = 43.532°, 
50.705°, 74.535° (Fig. 5.11a). In both cases, 316L/0.33 wt% SiC and 316L/1 wt% SiC composites, 
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two phases have been observed. The dominant phase is the same γ -Fe3Ni2 austenitic phase in 
addition to the ferrite α-Fe phase (JCP2: 03-065-4899) with main lines of 2θ = 44.663°, 65.008°, 
82.314° (Fig. 5.11a). The XRD diffractogram of the sintered composites (Fig. 5.11b) shows that 
the ferrite α -Fe phase has been transformed to the austenitic γ-Fe3Ni2 phase during the sintering 
process.  

  
a) b) 

Fig. 5.11. XRD diffractograms of 316L /SiC. a) the milled powder mixtures in comparison with 
the 316L powder, b) the sintered composites in comparison with the sintered 316L sample. 

The investigations of the sintered steel composites surfaces by SEM (Fig. 5.12) and EDS 
(Fig. 5.13 and Fig. 5.14) showed most probable of SiC particles with oxygen contribution (the dark 
spots distributed in linear form, white and black parallel lines). The high level of oxygen content 
in the areas where the SiC particles are distributed indicates the possible oxidation of added SiC 
particles. Larger silicon oxide particles have been observed in the case of 316L/0.33wt% SiC 
composite as it shown in Fig. 5.12a and Fig. 5.13a.  

  
a) b) 

Fig. 5.12. SEM images of the sintered composites. a) 316L/0.33wt% SiC, b) 316L/ 1wt% SiC. 
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An indication for this is the higher peak intensity of the silicon and oxygen in the EDS 
spectra (Fig. 5.13b) comparing to the peaks in case of the 316L/1wt% SiC (Fig. 5.14b). 

 

  
a) b) 

Fig. 5.13. Structure of the 316L/0.33wt% SiC. a) SEM and b) EDS. 

 

  
a) b) 

Fig. 5.14. Structure of 316L/1wt% SiC. a) SEM  and b) EDS. 

 

The density and microhardness of the sintered reference sample 316L and composites are 
shown in Fig. 5.15. The relative density of 99.17%, 96.66% and 95.2% have been achieved 
respectively for the 316L reference samples, 316L/ 0.33 wt% SiC and the 316L/ 1 wt% SiC. The 
density decreased with the increasing of the SiC amount in the steel matrix. Both composites 
showed higher microhardness (2.98 GPa and 2.79 GPa for the 0.33 and 1 wt% SiC respectively) 
values compared to the reference sample (1.75 GPa) and even to those sintered in furnace [21, 
61,102], SLM [98,103 and 105] and SPS [106, 117]. The lower microhardness value in the case 
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of the 316L/ 1 wt% SiC composite (2.78 GPa) compared to the 316L/ 0.33 wt% SiC (2.98 GPa) is 
due to its lower density. 

The 3-point bending test results of the 316L/ 0.33 wt% SiC composite are shown in 
Fig.5.16a. The samples were just bended and didn’t break, very small cracks occurred on the 
samples’ corners during the test. As soon the applicable load limit has been achieved the 
measurement had to be stopped in order to prevent damaging the used equipment (similar as 316L 
reference sample). 

 

 
Fig. 5.15. Comparison of the microhardness (Hv, [GPa]), density [g/cc ]and the flexural 

strength [MPa] of the sintered composites. 

In the case of the 316L/ 1 wt% SiC composite (Fig. 5.16b), the samples were broken and 
showed an average flexural strength of 1127 ± 10 MPa which was higher than for the 316L steel 
found in literature [21]. The investigation of the broken surface by SEM (Fig. 5.17) revealed 
cracking behaviour/mechanism of the composite, which is a mixture of transgranular and 
intergranular, as it is illustrated in the Fig. 5.18. The metallic bridges have been formed between 
the lamellar steel grains during the sintering process and it is clearly shown in Fig. 5.17 (insert). 
Complex grains boundaries have been observed. 

 



 

37 
 

  
a) b) 

Fig. 5.16. 3-point bending test results. a) 316L/ 0.33wt% SiC, b) 316L/1wt% SiC. 

 
Fig. 5.17. SEM image of the 316L/1wt% SiC fractured surface. 

 
Fig. 5.18. Schematic representation of the cracking behaviour of the 316L/1wt% SiC. 
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Tribological properties of the sintered composites have been studied as well. The friction 
coefficients of 0.962, 0.879 and 0.930 have been determined respectively for all composites 
(sintered reference sample 316L, 316L/ 0.33wt% SiC and the 316L/ 1wt% SiC). In all cases, the 
erosion has been noticed on the tested surface and the Si3N4 ball counterpart, as well. The 
investigation of the damaged and eroded surface showed the formation of tribo-layer on the steel’s 
surface (Fig. 5.19). The tribo-layers most probably consist of the crystalline or amorphous mainly 

Si3N4 originating from the counterpart (ball). The higher friction coefficient  0.930 in case of the 
316L/ 1wt% SiC composite (Fig. 5.19a) compared to 0.879 of the 316L/ 0.33 wt% SiC (Fig.5.19b) 
was due to its lower density and lower hardness. The structural observations of the sintered 
316L/0.33 wt% SiC and 316L/ 1wt% SiC composites are shown in Fig. 5.20. 

  
a) b) 

Fig. 5.19. SEM images of the damaged surface of the 316L/SiC after tribology test and friction 
coefficient curve (insert). a) 1wt% SiC, b) 0.33 wt% SiC. 

It was confirmed that the ceramic particles with average size ~ 50-100 nm particles (white 
rounded spots) were embedded into micrometer sized steel grains (Fig. 5.20). A better distribution 
of ceramic particles was observed for the 1 wt% SiC addition. 
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a) b) 

Fig. 5.20. Bright field TEM images of the sintered 316L/SiC composite. a) 0.33 wt% SiC,  

b) 1 wt% SiC. 

Conclusions 

The preparation of ceramic dispersion strengthened steel (CDS) with different compositions of 
SiC powders was successful. The distribution of the SiC particles was homogenous in both 
composites. A ferrite phase have been detected in the milled powders due to austenite-martensite 
transformation or contamination from the milling setup. This ferrite phase has been transformed 
to the γ-Fe3Ni2 during the sintering process. Densification of 99.17%, 96.66% and 95.2 % have 
been achieved respectively for the reference, 316L/0.33wt% SiC and 316L/1wt% SiC samples. 
The density decreased with higher amount of SiC addition to steel matrix due to its lower density 
and the presence of more porosities. The SiC addition increased the hardness of the 316L matrix. 
A simultaneous transgranular and intergranular fracture behavior have been observed after the 3-
point bending test of the 316L/1wt% SiC composite where an average bending strength of 
1127.4MPa has been recorded. In the case of the 316L/0.33wt% SiC the samples didn’t break due 
to their higher ductility. Tribological properties of the sintered composites have been studied. I 
observed that the addition of the SiC improves the tribological properties of the 316L stainless 
steel. The lowest friction coefficient 0.930 have been measured for the 316L/ 1wt% SiC composite. 
The structural investigation of the sintered composites by confirmed the distribution of the ceramic 
particles on the grain’s boundaries. 
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5.3.  Investigation of 316L/Si3N4 composites 

In this work, the 316L austenitic steel based milled and sintered composites with 0.33 wt% 
and 1 wt% Si3N4 nanoparticle addition were prepared. The morphology investigation of the 
starting powder confirmed the steel grains with average size ~ 70 µm with globular form (Fig. 
5.21a) and ~ 300 nm sized Si3N4 nanoparticles (Fig. 5.21b). 

  
a) b) 

Fig. 5.21. SEM images of the starting powders. a) 316L b) Si3N4. 

The morphological investigations of milled powders and sintered composites are shown in 
Figs. 5.22 and 5.23, respectively. The 5 hours long wet milling induced striking morphological 
changes in the composite with 0.33 wt. % Si3N4 addition. The steel grains transformed from a 
globular (Fig 5.21a) to lamellar shape with two typical average sizes (Fig 5.22a); 100 μm and 
40μm. The Si3N4 addition was distributed homogeneously and covered the surface of steel grains 
(Fig 5.22b). The morphology of ceramic addition before and after milling is similar (Fig. 5.21b 
and Fig. 5.22), only the average size is ~ 2 times smaller after milling. In the case of 1 wt% Si3N4, 
the milling was not so effective than in the case of lower ceramic addition (0.33 wt% Si3N4). The 
presence of three grain morphologies was demonstrated: lamellar (~1 μm thin and ~150 μm long), 
faceted (~25 μm thick and ~50 μm in length) and globular (~50 μm in diameter) (Fig. 5.22c). Due 
to the milling process, the submicrometer sized Si3N4 grains are fully distributed on the 316L 
grains surface (Fig. 5.22d). The higher amount of ceramic (1 wt% Si3N4) additive prevented 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 Si3N4 
coverage that behaves like the shielding of each steel particle. The EDS measurement confirmed 
the presence of Si3N4 in the selected spots (marked by arrows in Fig. 5.22b and Ig.5.22d). The 
elemental composition measurements confirmed two almost similar high peaks of Si and N (due 
to the presence of Si3N4) in both mixtures. The decreases in the peak intensities of the 316L 
stainless steel elements (Fig 5.22e) is due to the good and homogenous coverage of the steel grains 
by Si3N4 particles. The better coverage in the case of 1 wt% Si3N4 resulted in enhanced decrease 
in the peaks intensities of the 316L grains.  
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a) b) 

c) d) 

e) 
Fig. 5.22. SEM images and EDS spectra of milled powders. a) 316L /0.33 wt% Si3N4, b) Si3N4 
distribution on the surface of 316L/0.33 wt% Si3N4, c) 316L/1 wt% Si3N4 (1, lamellar grain; 2, 
facetted grain; 3, globular), d) Si3N4 distribution on the surface of 316L/1 wt% Si3N4, and e) 

comparison of EDS spectra (316L, 316L/0.33 wt% and 316L/1 wt% Si3N4 powders). 

Morphological investigations on fractured surfaces (at room temperature) of sintered 
316L/0.33 wt% Si3N4 and 316L/1 wt% Si3N4 after sintering are shown in Fig. 5.23. In the case of 
316L/0.33 wt% Si3N4 (Figs. 5.23a and 5.23b), the analysis of the resulting fractured surface after 
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3-point bending test by SEM revealed the dominance of the transgranular fracturing behavior with 
the presence of intergranular fracturing in some parts. 

Fig. 5.23. SEM images of sintered composites fractured surfaces. a) and b) CDS with 0.33 wt. % 
Si3N4; c) and d) CDS with 1 wt. % Si3N4. 

This fracturing behavior is caused by the complex grain boundaries formed by large and 
thin lamellar grains (Fig. 5.24). In this case, the fracture is propagating both through intergranular 
or transgranular paths as shown in Fig. 5.24a. Unlike in the case of 1 wt% Si3N4, the slightly 
damaged globular grains covered with Si3N4 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 (Fig. 5.23c and Fig. 5.23d). The required energy for transgranular fracture 
is greater than the intergranular fracture in the case of the 1 wt% Si3N4 due to the presence of 
thicker grains, therefore, the dominant fracturing behavior was intergranular as it is represented on 
Fig 5.24b.The average loads measured by 3-point bending test were 2627 N for 0.33 wt% Si3N4 
whereas 2582 N resulted for 1 wt% Si3N4 addition. The first mixture (316L/0.33 wt% Si3N4) has 
been investigated by EDS in order to check presence and the dispersion of the ceramic particles 
on the surface of the steel grains.  
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Fig. 5.24. Schematic representation of the dominant fracturing behavior. a) 316L/0.33 wt% 

Si3N4; b) 316L/1 wt% Si3N4. 

The EDS spectra combined with SEM image with selected spots for EDS are presented in 
Fig. 5.25. The good dispersion and coverage of the nanosized ceramic particles (Si3N4) on the 
surface of the stainless steel grains were investigated by electron microscopy. Spot 1 represents 
the 316L matrix. Presence of small particles (spot numbers 2 and 3) embedded in the steel grains 
surface is shown by SEM, the EDS spectra confirmed that these dark spots are a mixture of Si3N4, 
and oxides are also present (Fig 5.25). The small bright particles on the grain surface (spot numbers 
4 and 5) are steel particles as it is shown in the EDS spectra.  

  
a) b) 

Fig. 5.25. Investigation of the 316L/0.33 wt% Si3N4 composite: a) Elemental composition 
measurements by EDS, b) SEM image. 

In the case of the second mixture (316L+1wt% Si3N4, Fig. 5.26), I also noticed the good 
dispersion and coverage of the nanosized Si3N4 on the surface of the stainless steel grains but with 
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the presence of minor distributed phase (dark spots; spot number 2, 3, and 4) embedded in the steel 
grains (spot 1) as it is shown in the Fig. 5.26. The EDS spectra showed that this phase is a mixture 
of Si3N4 and possible silicon oxide. The bright spot (number 5) has lower amount of Si3N4 and 
higher amount of oxide phases as shown by EDS. 

  
a) b) 

Fig. 5.26. Investigation of the 316L/1 wt% Si3N4 mixture: a) Elemental composition 
measurement by EDS, b) SEM image. 

The EDS spectra (Fig. 5.27a) and SEM image (Fig. 5.27b) are showing the surface of the 
sintered 316L/0.33 wt% Si3N4 where spot 1 is the 316L matrix and spot 2 is silicon nitride with 
small amount of oxygen (silicon oxide). The spot 3 and 5 were confirmed as silicon oxide (dark 
phases) with a small amount of nitrogen and carbon presence. In spot 4, no nitrogen was detected 
only silicon and oxygen which resulted some oxide phase. I noticed an increase in the dark spots 
size due to the agglomeration of the silicon nitride and silicon oxide during the sintering process. 

  
a) b) 

Fig. 5.27. Investigation of the 316L/0.33 wt% Si3N4 sintered sample’s surface. a) elemental 
composition measurement by EDS. b) SEM image. 

In the case of the 316L/1 wt% Si3N4, I noticed the increased presence of well distributed 
minor phase (dark spots). The EDS spectra (Fig. 5.28a) and fracture surface observed by SEM 
(Fig. 5.28b) showed the presence of silicon, nitrogen, oxygen, and carbon elements. 
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a) b) 
Fig. 5.28. Investigation of the 316L/1 wt% Si3N4 sintered sample’s surface. a) elemental 

composition measurement by EDS. b) SEM image. 

 

Fig. 5.29a shows the microstructure of the 316L/1 wt% Si3N4 composite in more detail. I 
observed the presence of two different phases (A’and A”). It is interesting to compare the micro-
hardness of the two phases (Fig 5.29a); 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 microhardness results, I investigated the boundary between the two phases (as in 
the yellow square in the Fig. 5.29a-b and EDS elemental mapping in Fig. 5.29c). The side 1 (A’) 
of Fig. 5.29c shows the austenitic 316L steel with good distribution of silicon, nitrogen and very 
small amount of oxygen; however, the side 2 (A”) of Fig. 5.29c shows a very high concentration 
of the silicon, nitrogen, and oxygen. From this elemental composition I resulted that the phase (A”) 
is a combination of silicon oxide and silicon nitride and these phases explained its higher hardness 
results. 
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a) 

b) c) 
Fig 5.29. Structural characterization of 316L/1 wt% Si3N4 sintered sample. a) SEM image, b) 
detail marked by arrow in a) and c) elemental map. 

The starting powders, the milled powder mixtures and the sintered samples with two 
different amounts of the ceramic addition have been investigated by XRD in order to analyze the 
present phases. The XRD results are shown in Fig 5.30. In the case of 316L/0.33 wt% Si3N4          
(Fig. 5.30a), the XRD confirmed that the starting powder is austenitic phase of γ-Fe3Ni2 phase 
(JPC2:03-065-5131) with main 2θ lines 43.532°, 50.705°, 74.535°. I observed the same γ-Fe3Ni2 
with the presence of minor ferrite α-Fe phase (JCP2: 03-065-4899) represented by characteristic 
2θ lines 44.663°, 65.008°, 82.314° after milling of ceramic with steel alloy. The presence of this 
ferrite phase might be due to the contamination from the milling setup (tank, balls, agitator). The 
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very high peak at 2θ = 69° characteristic for Si may be eliminated as contamination from the 
sample holder used for XRD measurement. After sintering, the ferrite α-Fe lines cannot be 
observed. In the case of the 316L/1 wt. % Si3N4 (Fig 5.30b), the XRD measurement confirmed that 
the main phase in the starting powder, the mixture (milled powder), and the sintered sample as 
well was the austenite γ-Fe3Ni2. 

 

a) b) 
Fig. 5.30. XRD measurement of austenitic powders as received, after milling and after sintering. 

a) 316L/0.33 wt% Si3N4; b) 316L/1 wt% Si3N4. 

The structural observations of two sintered samples 316L/ 0.33 wt% Si3N4 and 316L/1 wt% 
Si3N4 clearly demonstrate the efficient coverage of steel grains by ceramic particles in both cases 
(Fig 5.31). In the case of 316L/0.33 wt% Si3N4 composite, I obtained the structure with finer grains 
than for 1 wt% Si3N4 addition showing a coarser grain structure. This observation is in agreement 
with structural observations presented in Fig. 5.22 - 5.23, Fig. 5.25 - 5.26, and Fig. 5.28 - 5.29. 

The friction coefficient curves were measured for 12 hours (Fig. 5.32). A perturbation in 
the friction coefficient has been observed in all cases. After analyzing the curves, I noticed that the 
perturbation started by a drop in the friction coefficient followed by immediate increase of its 
value. A mean friction coefficient of ~ 0.962 (Fig. 5.32a) has been recorded in the case of the 
reference sample. The 316L/1wt% Si3N4 (Fig. 5.32b) and the 316L/0.33 wt% Si3N4 (Fig. 5.32.c) 

composites showed a lower value of the friction coefficient due to their higher hardness, the 
recorded mean values 0.818 ± 0.62 and 0.803 ± 0.039  have been recorded for the   316L/0.33 wt% 
Si3N4 and the 316L/1 wt% Si3N4  respectively.  
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a) b) 
Fig. 5.31. TEM images of sintered samples. a) 316L/0.33 wt% Si3N4; b) 316L/1 wt% Si3N4. 

The perturbation (down and up striations) in the friction coefficient observed in both cases 
was related to the debris formation. The evolution of a metallic debris (in form of 316L powder) 
on the sample surfaces is presented in Fig. 5.33. The decrease in the friction coefficient (Fig. 5.32) 
is taking place when the removed steel grains are stuck under the Si3N4 ball and acting as a 
temporary lubricant before being ejected by the centrifugal force (Fig. 5.33). This removal of the 
steel grains from the path of Si3N4 balls caused an increasing of the friction coefficient. The 
damaged surface on the reference sample after the tribology measurement up to 2161m is shown 
in Fig. 5.34a. The higher magnification of the damaged area (Fig. 5.34b) showed the presence of 
Si3N4 originating from the damaged ball (Fig. 3.35a) embedded in the sample surface and forming 
a tribolayer. 

The investigation of the damaged ball (Fig. 5.35a) showed the presence of embedded 316L 
particles on the eroded ball surface (Fig. 5.35b). The Fig. 5.36a shows the damaged surface on the 
316L/1wt % Si3N4 sample. The wear track is not symmetrical to the rotation axis because this last 
slightly shifting from its position during the measurement. The higher magnification of the 
damaged area (Fig. 5.36b) shows high erosion of the surface together with Si3N4 originating from 
the damaged ball (Fig. 5.37a) embedded in the sample surface.  
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a) b) 

c) 
Fig. 5.32. Friction coefficient curves after 12hours measurement (2161m). a) 316L reference 

sample, b) 316L/ 0.33 wt% Si3N4. c) 316L/ 1 wt% Si3N4.  

 

Fig. 5.33. Schematic representation of the debris formation. 
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a) b) 

Fig. 5.34. SEM images of the 316L/0.33 wt% Si3N4 surface damage after 12 hours tribology 
measurement. a) tribology wear track, b) higher magnification of the wear track. 

 

  
a) b) 

Fig. 5.35. SEM images of a) the damaged Si3N4 ball, b) higher magnification of the selected area 
on (a). 

 

 
a) b) 

Fig. 5.36. SEM images of the 316L/1wt% Si3N4 surface damage after 12 hours tribology 
measurement. a) tribology wear track, b) higher magnification of the wear track. 
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The investigation of the damaged ball (Fig. 5.37a) showed the presence of embedded 316L steel 
particles on the eroded ball surface (Fig. 5.37b). 

  
a) b) 

Fig. 5.37. SEM images of the tribology counterpart a) the damaged Si3N4 ball, b) higher 
magnification of the selected area on (a). 

The density of the 316L composites decreased with increasing Si3N4 addition (Fig. 5.38). The 
addition of Si3N4 increased the microhardness of the 316L composite compare to reference 316L 
sample. On the other hand, 1 wt% Si3N4 addition resulted in the overall lower microhardness (2.69 
GPa) comparing 0.33 wt% Si3N4 (3.34 GPa, Fig. 5.38). 

 

 
 

Fig. 5.38. Density, microhardness, and flexural strength comparison. 

The decrease in the flexural strength in the case of 316L/1 wt% Si3N4 (931.8 MPa) comparing to 
the 316L/0.33 wt% Si3N4 (1255 MPa) is due to the induced morphological changes after milling 
as it was explained above.  
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Conclusions 

The effect of the submicrometer sized Si3N4 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% Si3N4 and 316L/1 
wt. % Si3N4. 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 highly 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% Si3N4. 
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. I found that the amount of Si3N4 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% Si3N4 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 stainless steel grains with 50–100 μm 

in diameter. The intensive milling assured an optimal coverage of 316L stainless steel grains with 
Si3N4 submicrometer sized particles in both cases as demonstrated 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 α-Si3N4 to SiOx was observed during sintering by EDS.
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5.4.  Investigation of 316L/ Y2O3 composites 

 

In this part, the 316L austenitic steel based milled and sintered composites with 0.33 wt% and 
1 wt% Y2O3 nanoparticle addition were prepared. The investigation of the atomised 316L stainless 
steel starting powder by SEM (Fig. 5.39a) shows that it is consisted of ~70 μm globular shape 
grains with the presence of satellites on their surface.  

The Y2O3 powder (Fig. 5.39b) is consisting of a flake-like shaped grains with ~700 nm particle 
size in average. The globular shape grains of 316L starting powder has been transformed into 4 
types/shapes (as in Fig. 5.1b, 1-slightly damaged, 2-flattened, 3-flake-like shape and 4-small 
broken grains) due to the high impact forces implemented by the steel balls during the 5 hours 
milling. The impact of steel balls is higher in the bottom part of the milling jar comparing the top 
part, that is why we have different grains morphologies. 

 

a) b) 
Fig. 5.39. SEM images of the starting powders. a) 316L, b) Y2O3. 

 

The ratio of flake-like shape grains to the flattened and slightly damaged grains is bigger 
in the case of the Y2O3 additions (Fig. 5.40a and Fig. 5.41a) comparing to milled 316L powder 
(Fig. 5.1b). The presence of the Y2O3 is clearly shown on the EDS spectra of the milled composite 
powders (Fig. 5.40b and Fig. 5.41b). The yttria particles were embedded into the surface of the 
316L steel grains making it harder, this increased the impact of milling balls which in turn 
increased the evolution of flake-like grains. 
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a) b) 

Fig. 5.40. Investigation of the milled 316L/0.33 wt% Y2O3 powder mixture. a) SEM image 
 b) EDS spectra. 

 

The milling efficiency was slightly decreased in the case of the 316L/1 wt% Y2O3 
composite comparing to the 316L/0.33 wt% Y2O3 because the yttria particles agglomerated 
together which influenced (decreased) the milling efficiency. 

 
 

a) b) 
Fig. 5.41. Investigation of the milled 316L/1 wt% Y2O3 powder mixture. a) SEM image, b) EDS 

spectra. 

The XRD results (Fig. 5.42) confirmed that the 316L starting powder is an austenitic 

powder of ɣ- Fe3Ni2 phase (JPC2:03-065-5131) with main lines of (2θ= 43.532º, 50.705º, 

74.535º). After milling, I noticed the presence of the ferrite α-Fe phase (JCP2: 03-065-4899) with 

the characteristic 2θ lines 44.663º, 65.008º. The Y2O3 phase (JCPDFWIN 00-041- 1105) with 

2θ= 29.150°, 48.541º was clearly detected in the case of the 316L/1 wt% Y2O3 milled powder. The 
presence of Si peak at 2θ= 6° from sample holder was observed.  
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Fig. 5.42. XRD diffractograms of the starting 316L powder, milled powder mixtures and sintered 

composites. 

After the sintering process, the ferritic α-Fe phase has been transformed to the austenitic 

ɣ-Fe3Ni2 phase as it was expected. The Y2O3 peaks disappeared after sintering. In the case of the 
reference 316L sample we noticed a reorientation in the direction [200] of the grains after sintering 
(Fig. 5.42). The sintered sample has the fully densified structure and surface with some 
inhomogenity and submicron sized roughness (Fig. 5.43a). The elemental composition of the 
sintered 316L/0.33 wt% Y2O3 show the presence of small amount of Y2O3 in the composite (Fig. 
5.43b). This finding is indicating some diffusion or agglomeration of the yttria particles in the steel 
matrix, resulting in the decrease of the Y peak intensity in the sintered composite comparing the 
milled powders. 

 
 

a) b) 
.a) SEM image, b) EDS spectra3 O2sintered 316L/0.33 wt% Y. 40.5 .Fig 
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The Y element was not detectable by EDS measurement in the case of the 1 wt% Y2O3 addition 
(Fig. 5.44b). It can be resulted of the non-homogeneous distribution of the yttria in the steel matrix 
created the agglomeration of yttria particles during the sintering process (Fig. 5.44b). The detailed 
structural observation of the sintered composites was studied by TEM measurements (Fig. 5.45). 
In the case of 0.33 wt% Y2O3 addition (Fig. 5.45a), we observed the relatively small steel grains 
of ~ 5-20 µm with a good and homogeneous distribution of the Y2O3 in the grain boundaries.  The 
yttria particles are agglomerated together in higher 1 wt% Y2O3 ceramic addition (Fig. 5.45b). 
Micrometer sized twinned regions can be distinguished in the steel grains in both composites. 

After tribology investigation both Si3N4 ball and the samples surfaces have been damaged. 
The damage on the ball was insignificant. The wear track width and depth have been measured for 
wear volume calculation. The wear rate of the 316L reference, 316L/ 0.33 wt% Y2O3 and the 316L/ 
1 wt% Y2O3 have been calculated (Tab 5.1). 

  
a) b) 

Fig. 5.44. Investigations of the sintered 316L/1 wt% Y2O3 composite. a) SEM image, b) EDS 
spectra. 

  
a) b) 

Fig 5.45. TEM images of the sintered composites. a) 316L/0.33 wt% Y2O3, b) 316L/1 wt% Y2O3. 
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Table 5.1 The wear rate of the sintered composites. 

 316L 316L/ 0.33 wt% Y2O3 316L/1 wt% Y2O3 
Wear rate (m2/N) 1.36177E-4 5.39844E-14 2.40614E-14 

 

The wear rate has been reduced significantly with the addition of yttria to the matrix. The 
investigation of the damaged surfaces shows the formation of tribofilms on the sample’s surfaces 
(Fig. 5.46a and Fig. 5.47a). No yttrium content was detected by EDS on the wear track of the two 
composites (Fig. 5.46b and Fig. 5.47b).  

  
a) b) 

Fig. 5.46. Investigations of the sintered 316L/0.33 wt% Y2O3 composite. a) SEM image, b) EDS 
spectra. 

High content of oxygen and silicon were measured in the same spot of the tribofilm in both 
composites, which can be explained by the formation of silicon oxide during the tribology test. 
Silicon oxide formation is a result of temperature increase in the contact zone as a result of a 
relatively high sliding speed. The lower intensity peaks of the 316L components in zone 2 (Fig 
5.47b and Fig. 5.48b) is due to the coverage of 316L composite by the tribo-film. The friction 
coefficients are represented in Fig. 5.49. The 316L/Y2O3 composites are showing higher densities 
comparing with the elaborated 316L/Si3N4 composite elaborated using the same parameters. The 
Y2O3 addition increased the hardness of composites compare to 316L reference (Fig. 5.49) The 
HV values 1.75±0.05 GPa (316L reference), 2.63±0.32 GPa (316L/0.33 wt% Y2O3) and 2.33±
0.165 GPa (316L/1 wt% Y2O3) have been measured. The friction coefficient dropped with addition 
of Y2O3. The value 0.962 ±0.108 was registered for the 316L reference sample, 0.863±0.078 for 
the 316L/ 0.33 wt% Y2O3 and 0.806±0.083 for the 316L/1 wt% Y2O3. 
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a) b) 
Fig. 5.41. Investigation of 316L/1 wt% Y2O3 sintered composite after tribological measurements. 

a) SEM image, b) EDS spectra. 

 

 
 

Fig 5.48. Mechanical properties of composites vs. 316L reference. 

In the case of the 316L/0.33 wt% Y2O3 composite, the samples were ductile and behaved like the 
reference samples, where the samples just bent and didn’t break, unlike the case of the 316L/1 
wt% Y2O3 where the samples showed different behaviors during the 3-point bending test, 2 out of 
five samples were brittle and broke during the test, where the remaining 3 samples were ductile 
and just were bent. It can be expected that this mixed behaviour was resulted to the non-
homogeneous distribution of the yttria during the milling process (Fig 5.45b).  

The milling efficiency has been improved with the addition of the yttria as it observed clearly in 
Fig. 5.40a and Fig. 5.41a where the ratio of the flake-like shape grains to the slightly damaged and 
flattened grains is higher comparing to the milled reference 316L powder (Fig. 5.1). This 
improvement in the milling efficiency is attributed to the yttria addition which increased impact 
effect by hardening surface of the steel grains. 
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a) b) 

Fig. 5.49. 3-point bending test results. a) 316L/0.33 wt% Y2O3 b) 316L/1 wt% Y2O3. 

 

The EDS spectra of the milled powder with high intensity yttrium peak (Fig. 5.41b) and 
the milled powder X-ray diffractograms (Fig. 5.42) show the presence of Y2O3 in the 316L/1 wt% 
Y2O3 composite. In the case of sintered samples, no yttria peaks in the XRD and EDS may be 
observed (Fig. 5.42 and Fig. 5.44b, respectively). This finding proves that the agglomeration of 
the yttria particles in the 316L/1 wt% Y2O3 composite (Fig. 5.45b) took place during the sintering 
process. 

The presence of the ferrite α-Fe phase in the milled composites is a result of an austenitic-

martensitic/ferritic transformation during the milling process due to the severe deformation under 
the high impact of the milling balls or it is due to a contamination from the milling setup. The 
ferrite phase was transformed to the ɣ-Fe3Ni2 as it is shown in Fig. 5.42. Two main lines of yttria 
have been clearly identified in the case of the 316L/1 wt% Y2O3 (Fig. 5.42) unlike in the case of 
the 316L/ 0.33 wt% Y2O3 where the yttria content was under the detection limit. The distribution 
of the yttria particles in the 316L/1 wt% Y2O3 composite is not homogeneous as we can observe 
in Fig. 5.46b. The TEM results are in correlation with EDS and explain the disappearance of the 
yttria content in the 316L/1 wt% Y2O3 sintered composite (Fig. 5.42). The yttria content slightly 
dropped the density, however, the 316L/Y2O3 composites are showing higher densities comparing 
to similar composites made by the 3- Dimensional Fiber Deposition (3DFD) technique even when 
higher sintering temperatures were applied [50]. The prepared 316L/Y2O3 composites are showing 
higher hardness values comparing to the 316L/0.4 wt% Y2O3 prepared by electron beam selective 
melting (EBSM) and Spark Plasma Sintering even after hot rolling [108].  

The lower HV value of the 316L/1 wt% Y2O3 (2.33 GPa) comparing to the 316L/0.33 wt% 
Y2O3 (2.63 GPa, Fig. 5.48) is due to the non-homogeneous distribution of the yttria particles (Fig. 
5.45b). The lower friction coefficient in the case of the 316L/Y2O3 composites comparing to the 
316L reference sample is due to their higher hardness. The 316L/1wt% Y2O3 composite samples 
showed mixed behaviors during the 3-point bending test due to the difference in yttria content, 
where this last tends to agglomerate together during the milling process, unlike the case of the 
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316L/0.33 wt% Y2O3 where the yttria nanosized particles where homogeneously distributed but 
the content was not high enough to change the fracturing behavior. 

Conclusions 

The elaboration of yttria dispersed strengthened steel using attrition milling and spark 
plasma sintering has been demonstrated. The effect of changing chemical composition by addition 
of yttria to the 316L matrix on the structural and mechanical properties has been studied. The 
addition of yttria improved the milling efficiency. Agglomeration of the yttria particles took place 
during the sintering process in the case of the 316L/1 wt% Y2O3. The 316L hardness and 
tribological properties have been improved with the addition of yttria. The 316L/0.33 wt% Y2O3 
show better mechanical properties comparing to the 316L/1 wt% Y2O3 and the 316L reference 
samples. 
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6.  Summary and Conclusions  

 

6.1. Structural properties of novel composites 

The preparation, mainly the milling process have a strong effect on the structure of the composites.  
The morphological changes were observed after 5 hours high efficient milling in all types of novel 
CDS composites (Fig. 6.1). The reference sample consisted of 70 µm globular particles. During 
the milling process, the globular shaped-starting powders are plastically deformed/flattened into a 
very thin flake like shape grains (Fig. 5.1). These thin flake like shape grains are after that broken 
into smaller particles. As a result of the flattening behavior the average grain size increased. The 
type (SiC, Si3N4, Y2O3) and amount (0.33 wt%, 1 wt%) had influence on milling process and 
structure of final composite. 
I estimated the milling efficiency by the ratio of the thin flake-like shape grains to the globular and 
the flattened grains. The addition of 0.33 wt% SiC (Fig 6.1c), 1wt% SiC (Fig 6.1d) or 0.33 Si3N4 

(Fig 6.1e) showed the best milling efficiency results among the prepared composites (this is in 
comparison with the 316L milled powder). Followed by 0.33 wt% Y2O3 and 1 wt% Y2O3 addition. 
In the case of the 1 wt% Si3N4 addition there was no improvement of the milling efficiency 
comparing to the milled 316L steel powders.  
The difference in the milling efficiency was mainly related to the following: 

 

 The physical properties of the added particles. The density, hardness, size 
and morphology of the particles, these properties control the velocity, the 
dispersion of the added particles (top/middle/bottom of the milling jar) and 
the interaction with the steel grains under the impact forces. 

 The chemical properties of the added particles, mainly the reactivity with 
ethanol and the 316L SS which influence directly the viscosity of the 
mixture and as the results the milling efficiency.  

 The added ceramic particles are embedded in the surface of the steel grains 
under the strong impact forces which increases the hardness of the grain’s 
surfaces, this last means that higher impact forces are transferred to the 
grain’s cores. The plastic deformability of the grains increases significantly. 
 

A homogeneous distribution of the added non oxide and oxide ceramic particles in the steel matrix 
was observed in all composites (Fig. 6.1.) except in the case of the 316L/ 1wt% Y2O3. 
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a) b) 

c) d) 

e) f) 

g) h) 
Fig. 6.1. Comparison of the morphology of milled powder mixtures and reference. a) 316L starting 
powder, b) milled 316L powder, c) milled 316L/0.33 wt% SiC, d) milled 316L/1 wt% SiC, e) milled 
316L/0.33 wt% Si3N4, f) milled 316L/1 wt% Si3N4, g) milled 316L/0.33 wt% Y2O3, h) milled 316L/1 
wt% Y2O3. 
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The structural observation of the sintered composites showed the nanosized ceramic particles 
distributed along the grain boundaries in all cases (Fig. 6.2) except in the case of the 316L/1 wt% 
Y2O3 where the yttria particles are agglomerated together (Fig 6.3f). 
 

 
a) b) 

c) d) 

e) 
 

f) 
Fig 6.2. TEM images of the sintered composites. a) 316L/ 0.33 wt% SiC. b) 316L/1 wt% SiC, c) 
316L/0.33 wt% Si3N4, d) 316L/1 wt% Si3N4, e) 316L/0.33 wt% Y2O3, f) 316L/1 wt% Y2O3. 
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6.2.  Mechanical properties of CDS composites 

The most important property of the novel CDS sintered composites is the mechanical property  
(Fig. 6.3). The main focus of my PhD work was the enhance of hardness and bending strength of 
CDS composites compared to the 316L reference.  
The milled and sintered reference 316L showed the highest density values and the lowest 

microhardness value ~ 1.75 GPa. The 0.33wt% Si3N4 content caused the highest microhardness  
3.34 GPa. A very similar property was obtained by 0.33 wt% SiC addition with microhardness ~ 
2.98 GPa. The 1 wt% SiC, Si3N4 and Y2O3 addition resulted the lower hardness, but almost 1.2-
1.5 times higher than reference 316L; 2.79 GPa, 2.69 GPa and 2.33 GPa respectively.   
 

 
Fig. 6.3. Comparison of mechanical properties of final sintered composites and reference. The 
yellow bars in the chart means that the samples were broken during the 3-point bending test.  

 
The 0.33 wt% Si3N4 and SiC non oxide ceramic addition provided the best mechanical properties 
with the highest microhardness and flexural strength values. This was a result of two main factors: 

 the complex grain boundaries formed by the thin flake-like shape grains and the 
smaller broken particles. 

 the presence and the homogeneous distribution of the ceramic additives in the grain 
boundaries which increases the deformability resistance by blocking/slowing down 
the movement of dislocations and grain boundaries during the deformation process. 

 
The employing the nanosized ceramic additions provides better mechanical properties at room 
temperature comparing to the composites with nanosized ceramic oxides, which is more promising 
for applications at high temperatures.  
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7. Thesis Points 

1. I showed that the combined attrition milling and the spark plasma sintering are 

promising methods for the novel ceramic dispersed stainless steel composites (CDS) 

preparation. The wet attrition milling depending on ceramic content provided 

homogeneous distribution of the ceramic additives (Si3N4, SiC, Y2O3) in the steel 316L 

matrix and imposed significant morphological transformation. The short time 

consolidation by spark plasma sintering prevented the excessive grains growth and 

maintained the homogeneous distribution of the additives [S1, S2, S3, S4, S5, S6].  

 

2. I showed that the employment of well dispersed small amounts (0.33 and 1 wt%) of the 

nanosized SiC particles in the 316L SS matrix improves its mechanical properties 

significantly. The nanosized SiC particles embedded in the 316L SS grains and covered 

them homogeneously which increased its surface hardness and improved the milling 

efficiency resulting in a total morphological transformation of the starting globular shaped 

grains into larger and thin flake-like shape grains. The flake-like shape grains created 

complex grain boundaries during the sintering process and controlled the fracturing 

behavior.  [S5] 

 

 

3. I showed that the Si3N4 amount had significant influence on the milling efficiency 

resulting in grains with different sizes and shapes. The addition of 0.33 wt% Si3N4 gives 

better milling efficiency results comparing to the 1 wt% Si3N4 addition. The intensive 

milling assured an optimal coverage of 316L stainless steel grains with Si3N4 

submicrometer sized particles in both cases which in turn resulted in improved mechanical 

properties (higher hardness, strength, lower friction coefficient) compared to reference 

sample. [S2, S3, S7].  
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4. I proved that the addition of Y2O3 nanosized particles improved the tribological 

properties of the 316L SS. The addition of yttria nanosized particles reduce the wear rate 

of the 316L significantly. [S6] 

 

5. I proved that the CDS composites with nanosized ceramic particles (SiC and Si3N4) 

resulted better mechanical properties compared to the nanosized ceramic oxide 

particles (Y2O3). The CDS composites are showing higher microhardness and higher 

flexural strength due to their more complex induced microstructures and more efficient 

distribution to the grain boundaries of the matrix. [S2, S3, S4, S5, S6]. 
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