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Abstract 

Nano-oxide dispersed austenitic stainless steels are extensively used in nuclear industry, 

high performance pressure vessels, chemical and medical industry due to their superior 

mechanical properties, good weight to strength ratio, durability and very good corrosion 

resistance.Strength of the ODS alloys could be appreciably enhanced by uniform 

dispersion of higher amount of nanometric Y2O3 and TiO2. 

The present study aims at synthesis of 70.00Fe-19.00Cr-11.00Ni (alloy A), 

69.00Fe-19.00Cr-11.00Ni with 1.0 % Y2O3dispersed (alloy B) and 69.00Fe-19.00Cr-

11.00Ni with 1.0 % TiO2 dispersed (alloy C) all in wt. %, through mechanical alloying 

followed by conventional sintering. Sintering of the alloy powders (alloy A, alloy B and 

alloy C) are carried out in argon atmosphere at 1150°C for 1.0 hour. Characterization has 

been undertaken in different stages of milling like 1h, 5h, 10h, 15h, 20h, 30h and 40h of 

mechanical alloyed powders and sintered pellets, by X-ray diffraction study (XRD), 

scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). The XRD 

peaks of powder gradually get broadened with increase in milling time. Particle size of 

milled powders have been measured by using particle size analyser and find the average 

particle size get reduced from 51.2 µm to 7.5µm with increasing milling time. Physical 

(density and porosity) and mechanical (hardness and wear resistance) properties of the 

sintered pellets were evaluated. The density of sintered products has been calculated by 

using Archimedes principle. The sintered density of alloy C (1.0 wt. % TiO2 dispersed) is 

the best as compared to that of alloy A and alloy B.  

Vickers microhardness value is highest for alloy C (1.0 wt. % TiO2) (4.217GPa) as 

compared to that of alloy A (2.628 GPa) and alloy B (1.0 % Y2O3) (4.033 GPa). Similar 

kind of trend is found in wear resistance property of the sintered pellets. Hence, it can be 

summarised that oxide dispersions yield at least 1.5 times greater hardness than that of 

base alloy. 

 

Keywords: Mechanical alloying, Oxide dispersed austenitic steels, conventional sintering, 

density, XRD, SEM, mechanical properties. 
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1. Introduction 

1.1 Background 

Nuclear energy has been widely accepted as the ever increasing world energy needs. 

Among nuclear reactors generation IV reactors are the latest technology which has better 

energy utilization, improved reliability, better reactor life, improved explosion resistance 

and safety makes it superior from others. Nuclear power plants demands highest safety 

standards which led to the usage of stainless steel as it helps preventing the failure due to 

corrosion. Austenitic stainless steels are extensively used in nuclear industry, high 

performance pressure vessels, chemical and medical industry due to their superior 

mechanical properties, good weight to strength ratio, durability and very good corrosion 

resistance [1]. Austenitic stainless steel 304L is a good choice for structural components of 

pressurized water reactors such as reactor vessels and piping systems in comparison with 

ferritic steel due to its already proven superior corrosion resistance and much available 

data on its actual industrial use [2,3]. To improve mechanical properties of steels at high 

temperature, dispersion strengthening by oxide particles is done by mechanical alloying. 

Core components and Structural materials of nuclear reactors require better swelling 

characteristics, but austenitic stainless steels shows poor swelling resistance. Oxide 

dispersed strengthened (ODS) austenitic steels have the ability to suppress void formation 

due to slow recovery of initial dislocation structure immobilized by oxide particles [4]. 

Oxide dispersed strengthened Fe based alloys are the only materials showing high 

dimensional stability and high temperature strength properties resulting from the 

homogenous dispersion of oxide particles into metal matrix [5].  

 

Even though austenitic stainless steels are having good creep and excellent 

corrosion resistance at high temperature, its high temperature strength is less when 

compared to other steels which are used in nuclear industry [6, 7]. It has been illustrated 

that in ODS ferritic steels by introducing oxide particles is one of the effective way to 

increase high temperature strength [8, 9]. To enhance the mechanical properties of 304L 

austenitic stainless steel an attempt has been made to develop Y2O3/TiO2 dispersed 304L 

ODS steel. 
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1.2 Objectives 

The specific objectives are: 

(1) Synthesis of three different austenitic alloys with nominal compositions of 70Fe-

19Cr-11Ni (alloy A), 69Fe-19 Cr-11Ni-1.0Y2O3 (alloy B) and 69Fe-19Cr-11Ni-

1.0TiO2 (alloy C) (all in wt. %) by mechanical alloying and followed by 

conventional sintering at 1150C for 1.0 hour. 

(2) Study of particle size of mechanical alloyed powder samples at different stages of 

milling (0h, 1h, 5h, 10h, 15h, 20h, 30h and 40 h) through particle size analysis and 

micro structure analysis (SEM). 

(3) Study of phase evolution, microstructural evolution and chemical composition 

analysis in mechanical milled powder samples and sintered pellets through X-ray 

diffraction analysis (XRD), scanning electron microscopy (SEM) and electron 

dispersive spectroscopy (EDS) respectively. 

(4) Evaluation and comparison of physical property (density) and mechanical 

properties (hardness and wear resistance) of the three different alloys. 
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2. Literature review 

2.1 Preface 

Stainless steel is an alloy of steel with minimum of 10.5 wt% chromium content in it. 

Stainless steel are mainly used in corrosive environments due to its excellent corrosion 

resistance. There are mainly three type of stainless steel based on metallurgical phases 

present in it, namely,  

 Ferritic 

 Martensitic 

 Austenitic 

 Duplex steels 

There are various “grades” of stainless steel discrete according to their composition. 

Among all austenitic stainless steel are widely used in industry [10]. Austenitic stainless 

steels mostly consist of chromium (16-26%), nickel (6-12%), carbon (max 0.15%) and rest 

iron [11]. These steels are basically nonmagnetic in annealed condition, and cannot harden 

by heat treatment. Austenitic stainless steels are exceptionally difficult to machine and 

shock resistant unless they contain sulphur and selenium. Austenitic stainless steels have 

the best resistance to scaling and high temperature strength. Type 304 steel contains carbon 

content upto 0.08%. It has good weldability and decreased tendency towards carbide 

precipitation. To avoid carbide precipitation during welding, a lower-carbon version, type 

304L steel was developed. Austenitic stainless steel possesses more corrosion resistance to 

both martensitic and ferritic stainless steels. Austenitic stainless steels are mainly of 200 

and 300 series among all 304 grade is most widely used grade 304L grade are used in, 

where corrosive problems caused by welding are severe. Austenitic stainless steel have 

high toughness to cryogenic temperatures. They show superior thermal expansion and heat 

capacity with lower thermal conductivity than other stainless steels. They shows 

nonmagnetic nature so they can be readily welded. Other alloying elements are added to 

get desired properties. 

Nickel and chromium contents (Wt. %) in Fe-Ni-Cr tertiary alloy determines the phases 

that are stable at room temperature. Fig.2.1 shows the phases stable at room temperature 

for corresponding weight percentages of nickel and chromium. 
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Fig. 2.1: Structure diagram at room temperature in the relation between 

Cr and Ni concentration for Fe-Cr-Ni ternary alloy [12]. 

 

Lines in the Fig. 2.1 express Ni equivalent to obtain fully austenitic structure at room 

temperature. 

2.2 Fine particle strengthening mechanism 

Strengthening in oxide dispersed strengthened austenitic steels is achieved by dispersoid 

particles acting as barriers to dislocation motion during deformation and as an increasing 

the load required to tear away to dislocation or bulge it through an array of particles. 

Strengthening depends on the interactions between particles and dislocations. Finer 

dispersoids have greater effect on strength than higher volume fraction [13, 14].Particles 

hinder dislocations and also apply a retarding force on grain boundaries that tend to 

migrate [15].This retarding force per unit area, Fr is given by  

r/fF gbr 23                                                              (2.1) 

Where, f is the volume fraction of particles, r is the uniform radius of particles, and gb is 

the grain boundary energy per unit area. From this equation it can be inferred that for 

certain volume fraction finer the particles greater will be the resistance to grain boundary 

movement [15]. 

 

2.3 Dislocation/ particle interaction in ODS alloys. 

Pinning of dislocations at hard oxide particles in an ODS alloy can be explained by several 

theories of the following researchers [16] such as: 
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a. Orowan bowing of dislocations between particles. This mechanism is for low 

temperature deformation.  However it has been reported that testing at high temperature 

yielded slightly different results from the Orowan stress for ODS alloys. 

b. Another mechanism ‘dislocation smearing’, explains the interactions between 

dislocations and disjointed dispersoids at elevated temperatures. The dislocation glides 

up to the particle and moves out over the interface between disjointed particle and 

matrix. This mechanism relays on diffusive processes and therefore is not likely to 

function at low temperatures 

c. Cross slip becomes less likely to occur when there is decrease in stacking –fault energy. 

Since Chromium additions decrease the stacking-fault energy in Ni-Cr alloys, cross slip 

is expected to be unlikely in alloys with high Cr concentrations.  

d. Climb over dislocations happens only if there is an attractive force between particles and 

dislocations. At High temperatures dislocations overcome the oxide particles by 

thermally activated climb, while at low temperatures where diffusion is slow, 

dislocation by-pass is assumed to occur by Orowan looping [17] 

e. Shearing of particle can take place if a dislocation bows around a particle (soft one), 

there is possibility for the particle to be sheared. 

 

2.4  Factors affecting mechanical property during strengthening 

The final mechanical property of the alloy depends both on matrix and Oxide particle 

strengthening. 

2.4.1 Matrix strengthening 

The yield strength can be increased by reducing the grain size of the metallic particles. The 

grain size of the material can be related to yield strength hall-petch equation. 

o = i + k d
-1/2

                                                  (2.2) 

where, I is the “lattice friction stress” which is temperature dependent, k is the hall-petch 

constant, and d is the grain size of the material. K is independent on temperature, 

composition. As the temperature increases, dislocation recovery processes occur and Hall-

petch effect becomes less effective. This happens because Hall-petch effect is based on 

dislocation mechanism. Subsequently weaker deformation mechanism may start to regulate 

the strength. In fine grained material this results in drop of yield strength at high 

temperatures [18]. Hence it is desirable to work with materials that possess a stable grain 

size at high temperatures. 
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2.4.2 Dispersion Strengthening: 

The strengthening from dispersoids comes from the need to move the dislocations pass the 

particles. According to Orowan model (Orowan 1946) the resolved shear stress(s) 

required for dislocation by-pass is given by the equation 

s = K (G b/)                                                 (2.3) 

Where, G is shear modulus of the matrix, b is the magnitude Burgers vector of the 

dislocation, is the inter-particle spacing and K is a numerical constant [19]. To establish a 

relation between hardness and grain size, if hardness H is assumed to be proportional to the 

yield strength, it follows that  

H = Hm+ k d
-1/2                                                                          

(2.4) 

where, Hm-hardness of the matrix and k-Constant. From these equations it is clear that for a 

fixed volume fraction of dispersed particles, the hardness increases with decreasing particle 

diameter and for a fixed particle size, hardness increases with volume fraction of 

dispersoids. Therefore, strengthening is increased if the dispersoids volume fraction is 

high, powder particles are fine, and distribution of particles is homogeneous. High 

temperature stability of the particles is necessary for high temperature applications [20]. 

Ashby M F et al. [18] modified the Orowan model to take account of the interaction 

between neighbouring dislocations which had bowed the line energy of the dislocations 

and the inter-particle spacing. The modified model resulted in a reduction of applied stress 

required for by-passing to occur.     

s = K

 (G b/) ln(x/2b)  K

o                                     (2.5) 

where, x is the average diameter of the circle of intersection between the particle and the 

slip plane,o is the increase in the tensile stress for dispersion strengthened alloys with 

uniform spherical particles and K

- Constant. 

2.5  Development of ODS alloy 

Oxide dispersion strengthened alloys (ODS) alloys are the potential structural materials for 

next-generation nuclear reactors which operate at temperatures much higher than present 

nuclear reactors. These applications demand superior alloy properties such as high creep 

strength and oxidation resistance.  

ODS alloys contain fine second phase particles dispersed in the alloy matrix. Oxides are 

the best dispersoids because of their high hardness, high temperature stability, and 
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insolubility in the matrix. For dispersion strengthening oxides of high temperature stable 

reactive elements like Y, Ti, Si, Be, Al, Mg and Zr are better dipersoids than that of noble 

metals like Ni and Cu [21].The nature and size range of dispersed oxide particles in the 

alloy matrix are two key factors that decide the properties of oxide dispersion strengthened 

alloy.It has been  reported that by increasing density of dispersoids mechanical properties 

such as strength ( >2 GPa) and tensile ductility (40 %) are increased[8].Oxide dipersoids 

can be dissolved into metal matrix either by using high speed blender technique or ball 

milling[22]. 

 

2.6 Oxide dispersion strengthened steels 

Mechanical alloying process is by far the most productive process to develop ODS alloys.  

ODS steels developed by this method have good high temperature properties, radiation 

resistance in terms of swelling and radiation embrittlement [23]. Different Oxide 

dispersion strengthened steels such as ODS ferritic, ODS ferritic/Martensitic (FMS) and 

ODS austenitic steels are being developed for applications in nuclear industry. The 

strengthening in ODS alloys is mainly due to fine dispersion of oxide particles which 

hinder the dislocation motion. Ferritic steels although having good mechanical properties, 

are poorer in corrosion resistance and creep properties compared to austenitic steels [24]. 

Also, related with ferritic-martensitic steels, austenitic steels are identified to have superior 

high-temperature strength and a reliable compatibility, but an inferior irradiation resistance 

[25]. An example of ODS ferritic steels developed for high performance is 14AlODS 

steels. It has yield strength of 652 MPa and Ultimate tensile strength 754 MPa which are 

greater than that of pre-alloyed non-ODS materials [26]. 

 

2.7 Oxide dispersion strengthened 304L austenitic stainless steel 

The 304L stainless steels are the foremost integral of residual heat removal circuits of 

pressurized water reactors (PWR) [27]. ODS steels have excellent thermal creep resistance 

but poor corrosion properties limit their use in nuclear applications. To enhance the 

resistance to corrosion in ODS steels, different ODS austenitic steels are in developmental 

stage [28]. One such steel is Oxide dispersion strengthened 304L austenitic stainless steel. 

304L stainless steel contains 18-20 wt. % Chromium, 8-12 wt. % Nickel and carbon 

content not exceeding 0.03 wt. %. ODS austenitic steels have higher values of Ultimate 

Tensile strength in comparison with non-ODS steels. UTS of a newly developed alloy with 

chemical composition Fe–18Cr–8Ni–1Mo–0.5Ti–0.35Y2O3 (in wt %) is approximately 
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1040 MPa at room temperature and 500MPa at 700
0
C [29]. Compared to this conventional 

304L steel has much less ultimate tensile strength value of 594 MPa [27]. In ODS steels, 

the substantial improvement in tensile properties even at elevated temperatures is attributed 

to strengthening by oxide particles. Metallic oxide particles are steady up to very high 

temperatures [30]. These ultrafine oxide particles (usually Y2O3) will slow down 

recrystallization, grain coarsening, and grain boundary sliding thereby significantly 

improving high temperature properties [31]. Addition of alloying elements such as Ti to 

the base composition of ODS 304L steel also induces isotropic characteristics in 

mechanical properties [25]. Although different strengthening mechanisms result in final 

mechanical properties, grain refinement and dispersion strengthening are dominant in ODS 

18-8 steel [30].  

 

2.8 Mechanical alloying 

Mechanical alloying (MA) is a solid-state powder processing method involving repetitive 

cold welding, fracturing, and rewelding of powder particles in a high-energy ball mill. 

General outline of MA starts with blending powders in a required composition and mill it 

with a grinding medium in a high energy ball mill for desired duration of time, until the 

composition of milled powder particle is similar to the proportion of powder particle 

before milling. The milled powder is then compacted into a required shape and sintered to 

obtain the preferred properties and microstructure.    

Suryanarayana et al. [32] Processing advanced materials under non-equilibrium conditions 

can control the structure and constitution of the material in a better way, which makes them 

to give precise properties for demanding applications. Commercially used processes to 

develop advanced materials include rapid solidification from liquid state, mechanical 

alloying, plasma processing and vapour deposition. The principle of all process is to 

process material in a non-equilibrium state by energising and quenching (shown in Fig. 

2.2), by applying dynamic forces via externally through application of pressure, melting, 

irradiation, storing of mechanical energy by plastic deformation. 
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Fig. 2.2: The basic theory of “energize and quench” to produce non- 

equilibrium materials [32]. 

 

The deciding factor for select a process to synthesis meta-stable structure is its maximum 

departure from equilibrium. Table2.1summarize the departures calculated for the different 

processing techniques. 

 

Table 2.1: Departure from equilibrium achieved in different non-equilibrium 

processing techniques [32]. 
 

Technique Maximum departure from 

equilibrium  (kJ/mol) 

Solid state quench 16 

Rapid solidification 24 

Mechanical alloying 30 

Mechanical cold work 1 

Irradiation/ion implantation 30 

Condensation from vapour 160 

 

The important modules of the mechanical alloying process are raw materials, mill, and 

process variables. Raw materials used for mechanical alloying are commercially available 

powders of metals, master alloys, pre alloyed powders and refractory compounds. These 

powders have particle size in the range 1-200µm. The milling process is further referred as 

wet grinding or dry grinding depending upon whether a liquid medium is used or not [33-

34]. To obtain finer particle size wet grinding is preferred over dry grinding as the solvent 
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molecules in wet grinding are adsorbed on the powder particle which results in lowering 

their surface energy [35]. Although wet grinding is advantageous in effective reduction of 

particle size, the major drawback is the contamination of the powder. Hence most 

mechanical alloying and mechanical milling processes have been carried out dry [32]. 

Different types of mills are used for mechanical alloying such as SPEX mills, planetary 

ball mills, attritor mills, Commercial mills etc., of these, planetary ball mill is one of the 

popular mill used for mechanical alloying. In a planetary ball mill few hundred grams can 

be milled at a time. Vials in a planetary ball mill are organised on a rotating support disk 

and a drive mechanism causes them to rotate around their own axes. The centrifugal force 

produced by the vials rotating around their own axes and that created by the rotation of 

support disk both contribute to vial constituents, consisting of material to be milled and the 

grinding balls [32]. Grinding vials and balls are accessible in different materials such as 

agate, silicon nitride, sintered corundum, zirconia, chrome steel, Cr-Ni steel, tungsten 

carbide, and plastic polyamide. 

 

2.8.1 Process variables during mechanical alloying 

Mechanical alloying being a complex process, involves many process variables such as: 

 Type of mill, 

  Milling container, 

  Milling speed, 

  Milling time, 

  Type, size, and size distribution of the grinding medium, 

  Ball-to-powder weight ratio, 

  Extent of filling the vial, 

  Milling atmosphere, 

  Process control agent, and 

  Temperature of milling. 

Optimization of these variables is necessary to achieve desired microstructure, properties 

of the powder. More importantly the interdependence between the process variables is to 

be considered while optimization.   
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2.8.2 Mechanism of mechanical alloying 

High-energy milling of powder particles involves repeated flattened, cold Welded, 

fractured and rewelded.  During the milling process steel balls collide with each other 

trapping the powder particles between them shown in Fig. 2.3. Force of impact plastically 

deforms powder particles leading to work hardening and fracture. The new surface formed 

weld together and particles size increases. A broad range of particle sizes develops, with 

some as large as three times bigger than the starting particles. Upon continuing 

deformation particles get further work hardened and fatigue fracture takes place. The 

Fracture fragments reduce in size if there is no strong agglomeration force. Fracture 

tendency predominates over cold welding and due to continued impact of grinding balls 

the structure of the particles is steadily refined keeping their size same [32]. Milling 

process has very low efficiency. Even a high-energy ball milling has less than one percent 

efficient. Energy is lost mostly in the form of heat, utilising a small amount for particle 

deformation. 

 

 

Fig. 2.3: Ball-powder-ball collision of powder mixture during mechanical alloying [32]. 

 

There are three categories of mechanical alloying with different combinations of metals 

and alloys:  

 

1. Ductile-Ductile system. 

The ideal combination of metals and alloys for mechanical alloying are ductile-ductile 

system. For the ductile-ductile combination at least 15% of ductile component are 

necessary for achieving mechanical alloying, because true alloying occurs due to the 
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repeated action of cold welding and fracturing of powder particles, which means, cold 

welding can occur if and only if the particles are ductile [36]. It was reported that in the 

initial stages of MA, the ductile components get into platelet/pancake shapes by a micro-

forging process [37]. A small quantity of the powder also gets welded onto the ball 

surfaces which are advantageous for grinding medium, because the coating restricts further 

wear of it and more over contamination caused by the wear get reduced by this. But, the 

thickness of the powder layer must be kept to a minimum on the grinding medium to avoid 

the formation of heterogeneous product [38].In the second stage, these particles get cold 

welded together and forma composite lamellar structure of the constituent metals and it has 

been noticed that an increase in particle size has occurred during this stage. The composite 

powder particles get work hardened, with increasing mechanical alloying time as a result, 

the hardness and brittleness of the material get increased. 

 

Fig. 2.4: Scanning electron micrograph showing the long-winded lamellar structure 

obtained during milling of a ductile-ductile component system [32]. 

The particles get fragmented resulting in particles with more equiaxed dimensions. With 

progress in milling, the coarse and fine powders and also the elemental lamellae of the 

welded layer become long-winded instead of being linear(Fig. 2.4).During the milling 

operation heat produced, decrease in inter lamellar spacing and increase in lattice defect 

density leads to alloying. A steady-state processing stage will attain where the hardness 

and particle size reach a saturation value. Formation of solid solutions, intermetallics, or 

amorphous phases which are the results of true alloying occurs with further milling. The 

layer spacing will disappears at this stage which is no longer visible under an optical 

microscope, which is the indication of the completion of the MA process.  
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2. Ductile-brittle system. 

The conventional ODS alloys are under this category because the brittle oxide particles are 

dispersed in a ductile matrix. Benjamin and others [38, 39] described the microstructural 

evolution in the ductile-brittle. At the initial period of milling, the ductile metal powder 

particles become flattened by the force generated by the ball-powder-ball collisions, 

whereas the brittle oxide or intermetallic particles get fragmented. These fragmented brittle 

particles will trapped in the ductile particles as they tends to come in contact with the 

ductile constituents. 

 

Fig. 2.5: Microstructural evolution during milling of a ductile-brittle system (ODS) [32]. 

 

In the initial stages of milling the brittle component is narrowly spaced along the 

interlamellar spacing (Fig. 2.5a). Through progress in milling, the ductile powder particles 

get work hardened causes the lamellae become convoluted, and refined (Fig. 2.5b). As a 

result the individual particles composition meets toward the overall composition of the 

starting powder mixture. Through sustained milling, the lamellae become further refined, 

the Inter-lamellar spacing decreases, and the brittle particles get uniformly dispersed (Fig. 

2.5c). The ductile-brittle system also depends on the solid solubility of the brittle 

component in the ductile matrix. For mechanical alloying of ductile-brittle system, a 

ductile-brittle component requires both fragmentation of brittle particles to ease short-

range diffusion, and also reasonable solid solubility in the ductile matrix component [40]. 
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3. Brittle- brittle system. 

An instinctive stand point suggests that alloying in a system consisting of two or more 

brittle components is unlikely. In absence of a ductile component it is difficult for any 

welding to occur, consequently alloying is also not expected to occur. There have been 

reports claiming that alloying occurs in brittle-brittle component systems such as Si-Ge and 

Mn-Bi [41, 42]. Amorphous phases were produced by milling of mixtures of brittle 

intermetallics [43].As mentioned above, during milling of brittle components, particles get 

fragmented and size reduction takes place continuously, resulting in certain size where 

powder particles perform in a ductile fashion. At this stage additional reduction in size of 

powder particles is not conceivable; this is named as the boundary of comminution [44]. 

While milling of brittle-brittle component systems, it can be perceived that the harder 

component becomes fragmented and gets embedded in the softer component. Thus Si 

particles which are harder are embedded in the softer Ge matrix [32].Diffusion appears to 

be essential for alloying to occur in all types of systems. Hence, at very low temperatures 

(liquid nitrogen temperatures), alloying did not happen in the brittle-brittle systems (Si-Ge) 

while in the ductile-ductile and ductile-brittle systems alloying occurred at sub-ambient 

temperatures. This may be because of  the longer diffusion distances required in the brittle-

brittle granular vs. ductile-ductile lamellar geometry, and/or the enhanced diffusion paths 

provided by severe plastic deformation in ductile-ductile systems[32]. 

Material transfer during milling of brittle components may be explained by mechanisms 

involving plastic deformation, which is resulted by (a) local temperature rise, (b) Micro 

deformation in defect-free volumes, (c) surface deformation, and/or (d) hydrostatic stress 

state in the powders during milling [42]. 
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Fig. 2.6: Refinement of particle and grain sizes with milling time [32]. 

Rate of refinement enhances with higher milling energy, ball-to-powder weight ratio (Fig. 

2.6), lower temperature etc., [32]. 

2.9 Powder consolidation 

2.9.1. Compaction 

The main purposes of metal powder compaction are: 

 To compact the powder into desired shape 

 To impart the preferred final dimensions with due consideration to changes 

resulting from sintering. 

 To impart desired level and type of porosity [45]. 

 To impart adequate strength for subsequent processing. 

Compaction may be done either at room temperature or at high temperature. High 

temperature compaction gives advantage of the modified flow behaviour of powders. 

Room temperature compaction hires pressures in the range of 100- 700 MPa and can 

provide densities in the range of 60% to 90% of the theoretical density [46]. 

Compaction techniques used can be differentiated by the relative movement of individual 

tool elements – upper punch, lower punch and die (Fig. 2.7). In general, dies are fixed and 

upper punch or/and lower punch are movable. If only one punch is movable it is called 

single action pressing. While if both the punches are movable the process is called double 

action pressing. 
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Single action pressing: -In single action pressing lower punch and die are stationary. 

Pressing depends solely on movement of upper punch into fixed die [45]. While pressing, 

pressure distribution is non-uniform in the powder due to the die wall friction. 

 

Fig.2.7: Powder compaction- Single and double acting Presses [32]. 

Double action pressing- In double action pressing, die is stationary but both the punches are 

movable. High density at the top and undersides of the compact can be attained. In the centre there 

remains a ‘neutral zone’ which is relatively weak. 

 

2.9.2 Solid state sintering  

(a) Driving forces 

Elimination of internal surface area related with pores in the material is the main cause of 

reduction in the surface free energy during solid state sintering. Decrease in surface free 

energy is small when compared to other sintering processes, but the distance matter has to 

be transported is in the order of particle size, with the aim of occurrence of sintering at a 

reasonable rate and at adequately high temperature. The specific energy and curvature of 

particle surface provide an effective stress on the surface atoms. For a curved surface with 

principal radii of curvature r1 and r2, effective stress is given by young and Laplace 

equation [47]. 

   sv 
 

  
 

 

  
                                                                  (2.6) 

Where  sv is the specific surface energy. 
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(b)  Stages of sintering  

There are three distinct stages in sintering. As soon as some degree of atomic mobility is 

achieved initial stage would begin. During this stage sharp concave necks will form 

between individual particles. About 5% linear shrinkage can be developed during this 

process. In the inter-mediate stage, high curvature formed in the first stage have been 

moderated and microstructure consists of three-dimensional inter penetrating network of 

solid particles and continuous, channel-like pores. In this stage 5-10% porosity will be 

persist which covers most of densification. Grain coarsening starts to become important at 

this stage. Grain coarsening intensity will be high during final stage [47]. 

(c)  Mechanism of sintering 

Sintering of a material can be done by several mechanisms like surface diffusion, vapour 

transport, lattice diffusion, grain boundary diffusion and dislocation motion. Schematic 

diagram of matter transport paths for two sintering particles are shown in Fig. 2.8.Vapour 

transport, surface diffusion and lattice diffusion from particle surfaces to the neck prime to 

neck growth and coarsening of the particles without densification. Grain boundary 

diffusion and lattice diffusion from grain boundary to the neck are the most important 

densifying mechanisms. Neck growth and densification through deformation of particles 

are caused by plastic flow by dislocation motion which is more common in metal powder 

sintering [47]. 

 

Fig. 2.8: Schematic representation of the sintering mechanisms for a system of two 

particles [48]. 
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2.10 Hardness test of materials 

Strength of the material can be defined by micro-hardness of the materials. Crystal 

structure of the material is the basis of micro-hardness property. Resistance to the localized 

plastic deformation offered by crystal termed as hardness. It provides mechanical property 

of materials like elastic constant, yield strength etc [49]. Plastic deformation of material is 

directly proportional to the elastic deformation developed in a material during the 

indentation of material. Plastic deformation and the increase in surface free energy are 

caused due to the absorption of energy during indentation of material. 

D Taboret et al. [50]. explained different ways to measure hardness of material, namely,  

 Static indentation test. 

 Scratch Tests 

 Plowing Tests 

 Rebound Tests 

 Damping Tests 

 Cutting Tests 

 Abrasion Test 

 Erosion Tests 

Micro indentation method is the most commonly used method for measuring hardness of 

materials. Plastic and elastic properties of indenter and indenter material are the two factors 

which decide hardness of material. Among static indenter tests Vickers indenter test 

(pyramid indenter) are found to be best for hardness measurement due to two reasons. 

(a) Constant pressure for a pyramid indenter is independent of indenter size. 

(b) Pyramid indenters are less affected by elastic release than other indenters. 
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Chapter 3: Experimental work 

This chapter deals with the details of the experimental procedures carried out in this 

investigation. The materials were subjected to series of characterizations like X-ray 

diffraction (XRD), scanning electron microscopy (SEM), field emission scanning electron 

microscopy (FESEM), energy dispersive X-ray spectroscopy (EDS) and particle size 

analysis. Vickers hardness measurement and wear test has been carried out for evaluating 

mechanical property of the sintered alloys (alloy A, alloy B and alloy C). The details of 

each process are described in the following sections. 

 

3.1 Raw materials and alloy selection 

The raw materials used to prepare the desired alloys were 304L austenitic stainless steel 

(Fe, Cr, and Ni) pre alloyed powder and compound Y2O3 and TiO2 powders. The source 

and purity of the powders are summarized in Table 3.1 

Table 3.1: Source and purity of powders 

Powder Source Purity 

304L austenitic 

stainless steel 

Alfa Aesar, 30 Bond street, Ward Hill, 

MA O1835 
99.50% 

TiO2 
Alfa Aesar, 30 Bond street, Ward Hill, 

MA O1835 
99.50% 

Y2O3 
Alfa Aesar, 30 Bond street, Ward Hill, 

MA O1835 
99.50% 

 

The nominal composition for initial blending of the alloys synthesized in the present study 

is summarized in Table 3.2. 

Table 3.2: Nominal composition of initial powder blends for mechanical alloying/milling. 
 

Alloys 
Fe 

(wt %) 

Cr 

(wt %) 

Ni 

(wt %) 

Y2O3 

(wt %) 

TiO2 

(wt %) 

alloy A 70.0 19.0 11.0 - - 

alloy B 69.0 19.0 11.0 1.0 - 

alloy C 69.0 19.0 11.0 - 1.0 
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3.2 Synthesis of alloys by mechanical milling  

Pre-alloyed 304L austenitic stainless steel powder was taken as starting material for 

mechanical milling. The grinding media of mechanical milling was taken as chrome steels 

balls and toluene as a control medium. BPR (ball powder ratio) was taken as 10:1 ratio 

which is 250g of grinding media and 25g of pre alloyed 304L powder. The weight of 

sample powder was measured using a standard weighing machine (FRITCSCH, 

Pulverisette-5). The weighed powder sample was added into a high energy planetary ball 

mill Milling has done for 40 hours with half hour cooling time for each 30 minutes of 

milling operation and the rotational speed has set to 300 rpm speed. To study the phases 

present in it and to study the changes in particle size of powder, samples were taken at an 

interval of 1 hr, 5hr, 10hr, 15hr, 20hr, 30hr and 40 hr respectively. The milled powder was 

taken out from the high energy ball mill after 40 hours of milling and kept it for drying in 

normal atmosphere, for the removal of toluene content in it. 

3.3 Sonication and blending of alloys 

To avoid agglomeration and for uniform distribution of ODS in master alloy matrix (alloy 

A) sonication and blending was done. 40 hours milled powder was taken from milling 

machine and did sonication of that sample for 1hour in a toluene bath and kept it for 

drying. The sonicated powder sample was divided into 3 sets, for preparing 3 different 

alloys.  1.0 wt % of Y2O3 and 1.0 wt % of TiO2 were added to the second and third set of 

powder samples respectively. For getting fine dispersion mechanical blending has done for 

3 hours in a blending machine and made 3 different compositions for consolidation and 

sintering processes. 

3.4 Compaction and Sintering 

The three different compositions were compacted in cold uniaxial hydraulic pressing 

machine at a load of 6 tonnes in a 10 mm stainless steel cylindrical die. The holding time 

was set to 3 minutes. For getting proper green strength of the pellets, powder weight was 

taken as approximately 2.4g for each consolidation process. Sintering of alloy A, alloy B 

and alloy C were done in a tube furnace at 1150°C for 1.0 hour in a controlled argon 

atmosphere. Densities of sintered pellets were measured using Archimedes' principle and 

tabulated in results. 

 

http://en.wikipedia.org/wiki/Archimedes'_principle
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3.5 Characterization of powders and sintered products 

3.5.1 X-ray diffraction study (XRD) 

The phase evolution of powder samples at different stages of mechanical milling and 

sintered pellets (alloy A, alloy B and alloy C) were studied by XRD analysis using the Cu 

Kα  λ=1.542Å) in a Philips X-pert MPD X-ray diffractometer. X-ray diffraction patterns 

were recorded from 20° to 80° scanning range with an accelerating voltage of 30 kV and at 

counting rate of 3°/min. The surface of the sintered samples was polished mechanically to 

get a straight plane on the surface before measurement to get exact peaks. XRD peaks were 

analysed using X’ Pert High Score software for the identification of phases present in the 

sintered pellets. 

3.5.2 Scanning electron microscopy (SEM), field emission scanning electron 

microscopy (FESEM) and energy dispersive X-ray spectroscopy (EDS) 

Micro-structural studies of different milled powder samples and sintered pellets were 

studied using scanning electron microscope (SEM). EDS of milled powder sample has 

done for the chemical composition of each element present in it. Surface morphology of 

milled powders at different stages of milling has been carried out by using JEOL/EO 

scanning electron microscope. Surface morphology and EDS of sintered pellets were done 

using FESEM (NOVA NANOSEM 450) 

3.6 Mechanical testing 

3.6.1 Micro hardness 

The micro-hardness test was executed to measure the hardness of alloy A, alloy B and 

alloy C using LECO (LN248AT) micro-hardness tester. The surface of the samples was 

mechanically polished before measurement. The micro-hardness test is more suitable for 

measuring the hardness of a specimen in a small scale. Experimental load applied during 

test was 50gf with a dwell time of 10 seconds. While loading the indenter, the indenter 

penetrates into the surface of the sample at constant velocity and the same velocity was 

applied in the unloading period, when the pyramid moved backwards. The indented area 

was observed and measured by a high-resolution microscope. Since the test carried in a 

micro scale level the hardness value was taken as the average of 10 readings. The 

measured hardness values were tabulated in results. 
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3.6.2 Study of wear behaviour 

Wear resistance of the sintered samples was evaluated using a DUCOM TR-208-M1 ball 

on plate type wear testing instrument having a diamond indenter. The device is operated at 

0.084 m/s speed and 500g load for 5 min at the ambient temperature and humidity (50-55% 

relative humidity).Sintered samples, subjected to wear test, were examined under optical 

microscope for close scrutiny of surface. Wear data obtained from the wear test and were 

collected and wear depth of the different alloys were plotted against time of wear.  
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4. Result and discussion 

4.1  Phase evolution during mechanical alloying 

 

Fig. 4.1: X-ray diffraction profiles of the powder sample (alloy A) subjected 

to mechanical milling for 0 h to 40 h. 

 

Fig. 4.1 shows the respective XRD patterns of the mechanically milled 304L steel powder 

sample (alloy A) for different increasing time periods (at 0 h, 1 h, 5 h, 10 h, 15 h, 20 h, 30 

h and 40 h, respectively).From the Fig. 4.1, the milled powder (0 h) shows the high 

intensity peaks indicating validate presence of austenitic phase. After 1 hour of milling, Ni 

and Cr undergoes in solid solution of Fe matrix. The interesting phenomenon is that the 

new ferrite peak  and austenitic peak  have been observed after 1 h of milling. It is 

observed that the austenitic peaks gradually get broaden from 5 h to 40 h of milling. It is 

also relevant from the peaks that number of peaks is more in initial stages of milling which 

shows fracturing, welding and rewelding of powder particles has happened during milling. 

Increase in full-width at half-maximum (FWHM) with increasing milling time depict that 

both plastic strain build up and crystallite size reduction are occurring. 
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4.2  Microstructural evolution during mechanical alloying 

Fig. 4.2 (a-h) shows the microstructural features of milled powders at different stages of 

milling time (0h, 1h, 5h, 10h, 15h, 20h, 30h and 40h). From the Fig. 4.2 it is very clear that 

powders get fragmented as the milling progress. The particle size is gradually decreasing 

as milling time increases. The decrease in powder particle size shows that plastic strain 

was developed during high energy milling. After close scrutiny of the microstructural 

features, it is observed that the average particle size gets decreases from 50 µm to 3.5 µm.  
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Fig. 4.2: Sem images of milled powders of alloy A: (a) 0 h, (b) 1 h, (c) 5 h,(d) 10 h,  

(e) 15 h, (f) 20 h,(g) 30 h and (h) 40 h. 

 

4.3  Particle size, crystallite size and lattice strain calculation 

 
Particle size analysis of different stages of milled powder shows the reduction of average 

particle size from 51µm to 15 µm with increase of milling time. The crystallite size and 

lattice strain is calculated by using Williamson–Hall equation [49] as follows: 

       
     

 
                                              (4.1) 

From the Fig. 4.3 it is clear that crystallite size decreases with the increasing milling time. 

It is observed that the average crystallite size gets decreases from 210 nm to 20 nm as 

milling time increases from 0 h to 40 h.  

 
Fig. 4.3: Crystallite size and residual strain plot against milling time of milled powders  

(0h, 1h, 5h, 10h, 15h, 20h, 30h and 40h). 
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4.4  Compositional micro-analysis of alloyed powder (EDS) 

 

 

 

Fig. 4.4 EDS patterns of 40h milled powder of alloy A. 

 

Fig. 4.4 shows the EDS spectrum of 40 h milled powder, revealing the presence of Fe, Cr 

and Ni (using quantitative EDS analysis) peaks. Table 4.1 presents the summary of EDS 

analysis of mechanically alloyed powder (40 h). From the table we can confirm the 

presence of Fe, Cr and Ni besides the results suggest that the final milled powder sustain 

almost same composition that present in initial powder blend. The increase in the 

percentage of Cr and Fe may due to the contamination from grinding medium (chrome 

steel balls). The changes which occurred were due to the contamination during milling 

which is inevitable in this condition of milling. 

Table 4.1: Compositional micro analysis by EDS of 40 h milled powder of alloy A 

 

Element Ni Cr Fe 

Wt.% 10.12 19.3 Balance 

 

4.5  Phase evolution in consolidated products 

Fig. 4.6 shows the XRD patterns of alloy A sintered at 1150C for 1 hour in Ar 

atmosphere. It appears that austenite phase is the predominant constituent and also the 

presence of BCC  ferrite phase has been identified in the sintered product. Similar, kind 

of observation have been found by Shahsanka R et al. [51].  
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Fig. 4.5: XRD profile of sintered alloy (alloy A) 

 

 

 
Fig. 4.6: XRD profile of sintered alloy (alloy B). 
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Fig. 4.7: XRD profile of sintered alloy (alloy C). 

 

Similar kind of trends was found in the XRD profile of alloy B (Fig. 4.6) and alloy C (Fig. 

4.7).  In addition to the phases present in alloy A, Y2O3and TiO2 phases were also observed 

in XRD profile of alloy B and alloy C, respectively.  

 

4.6  Micro-compositional analysis of sintered alloys  by EDS 
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Fig. 4.8 EDS patterns of sintered pellets (a) alloy A, (b) alloy B, and (c) alloy C. 

 

Figs. 4.8(a-c) show the EDS spectrum of all the sintered alloys, revealing the presence of 

predominant elements Fe, Cr and Ni. Fig. 4.8b shows the presence of predominant 

elements (Fe, Cr and Ni) and also element like Y and O which confirm the presence of 

Y2O3 in the austenitic matrix. Similarly, EDS spectrum of alloy C (Fig. 4.8c) confirms the 

presence of Ti and O which is strong evidence for the presence of TiO2 in the austenitic 

matrix. The micro-composition analyses from the EDS patterns (Fig. 4.8) are summarized 

in Table 4.2.   
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Table 4.2:  Summary of EDS analysis of all the three alloys sintered at 1150 °C 

 

Alloy 

Elements (wt %) 

Cr Ni Ti Y O Fe 

A 19.4 10.96 - - 0.63 Balance 

B 19.29 10.92 - 0.37  0.54 Balance 

C 19.21 10.94 0.58  - 0.38 Balance 

 

 

4.7 Microstructural characterization of consolidated products 

 
4.7.1 Microstructural characterization of alloy A 
 

 
Fig. 4.9: FESEM images of alloy A at different magnifications:  

(a) 2500x, and (b) 10 000x. 

 

Figs. 4.9 (a and b) show the SEM images of the sintered pellets of alloy A at different 

magnifications. It reveals that the combination of bright and dark phases presence through 

out the microstructure. By close scruitny of the micrographs, it is clear that the bright 

phase belongs to ferrite and dark phase belongs toaustenite.From the EDS analysis of alloy 

A (fig. 4.9 (b)), the bright areas are Cr-rich (-ferrite phase) and dark areas are Ni-rich (-

austenite phase). The XRD results (Fig. 4.6 to 4.8) also confirm the presence ferrite and 

autenite phases in the sinteted pelltets. The summary of EDS analysis of bright and dark 

phases present in alloy A are tabulated in Table 4.3 and Table 4. 4. 
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Table 4.3: Summary of EDS analysis of bright phase in alloy A 

Elements Wt % 

Fe 73.17 

Cr 23.08 

Ni 3.75 

 

Table 4. 4: Summary of EDS analysis of dark phase in alloy A 

Elements Wt % 

Fe 72.96 

Ni 18.23 

Cr 8.81 

 

4.7.2 Microstructural characterization of alloy B 

 

 

Fig. 4.10: FESEM images of alloy B at different magnifications:  

 (a) 2500x and (b) 50 000x 

 

The morphology of austenitic and ferritic grains in sintered product of alloy B is revealed 

by SEM investigation in Fig. 4.10. As discussed earlier bright and dark phases represent 

Cr-rich (ferrite phase) and Ni-rich (austenite phase) respectively. Correlating the FESEM 

image C (taken at higher magnification of 50000X) in Fig. 4.10 and EDS mapping of 

element yttium, Fig. 4.11, (yttrium exists as yttria in the alloy), fine Y2O3 particles 

dispersed in the alloy matrix were identified. The presence of Yttrium and oxygen 

elements in the EDS pattern of sintered pellet of alloy B (fig. 4.8 b), which was also 

validated by XRD analysis results stand as further evidence for  the existence of Y2O3 
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particles in the alloy. The improvement in the hardness of the steel can be attributed to the 

distribution of Y2O3particles in its matrix (discussed in section 4.8). 

 

 

Fig. 4.11: (a-b): EDS element map of Y2O3 in alloy B sintered at 1150°C. 

 

4.7.3 Microstructural characterization of alloy C 
 

Similar kind of microstructural features were observed (Fig. 4.12) in the case of alloy C (1 

wt. % TiO2). Dark areas were identified as austenitic regions and bright areas as ferritic 

regions. The difference being that the alloy B contains Y2O3 particle dispersion and alloy C 

contains dispersion of TiO2 particles (Fig. 4.13). 

 

Fig. 4.12: FESEM images of alloy C showing TiO2 at different magnifications:  

(a) 2500x and (b) 50 000x 
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Fig. 4.13 (a-b): EDS Element map of TiO2 in alloy C sintered at 1150°C. 

 

4.8 Density of consolidated products 

 

 
Fig. 4.14: Comparison plot of density for the sintered products 

 

Fig. 4.14 shows the density plot of all the alloys sintered at 1150C. It reveals that the 

density of alloy C is higher than to that of alloy A and alloy B. This indicates the porosity 

of alloy C is 1.07-1.73% lower than that of alloy A and alloy B which is shown in Table 

4.5. 

 

 



34 
 

 

Table 4.5: Summary of density/porosity of the sintered products 

Alloy Density (g/cc) Porosity (%) 

Alloy A 7.12 11.22 

Alloy B 7.175 10.56 

Alloy C 7.261 9.49 

 

4.9 Mechanical properties of sintered products 

Fig. 4.15 shows the variation of hardness of the consolidated alloys (alloy A, alloy B and 

alloy C) which are measured by using Vickers micro-hardness testing machine. Among all 

the consolidated alloys, alloy C is having more hardness value than that of alloy B and 

alloy A. This is due to higher densification of alloy C as compared to that of alloy B and 

alloy A (Fig. 4.15). On the other hand, enhancement of hardness of alloy C is attributed to 

higher modulus of elasticity of TiO2 than that of Y2O3. 

 

 

Fig. 4.15:  Variation of hardness plot of the consolidated alloys  

 

Improvement of the hardness in the present alloys may be attributed to reduction of grain 

size by mechanical alloying, which directly follow the Hall–Petch equation [32]. The hard 

second phase particles or dispersoids in the soft-austenitic matrix which hindered the 
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dislocation motion hence leads to the enhancement of the hardness of the current alloys. In 

the present study, improvement of hardness of current alloys followed by the dispersion 

strengthening mechanism as the uniform distribution of nano-TiO2/Y2O3 into the austenitic 

matrix. This may be concluding that the solid solution strengthening, refinement of grain 

size, and dispersion strengthening affecting the increase in hardness of the alloys. 

4.10 Wear behaviour study of sintered alloys 

Fig. 4.16 shows the plot for the variation of wear depth (µm) vs. time (s) of alloy A, alloy 

B, and alloy C. It is evident from the plot the maximum wear depth value of alloy C is the 

least among the three alloys. This result suggests the superior wear resistance of TiO2 

dispersed alloy C over Y2O3 dispersed alloy B. While the maximum wear depth values of 

both alloy A and alloy B were observed to be lower than that of alloy A, indicating the 

improvement in wear resistance behaviour by oxide dispersion(Y2O3/TiO2) in general. 

 

Fig. 4.16: Variation of wear depth vs. time of the sintered products 

 

 

Figs. 4.17(a-b) show the wear tracks develop during wear testing using 5N load for 5 

minutes. It indicates that the degree of loss appears to be a strong indication of 

localized plastic deformation during wear testing. Examination of the optical images 
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(Fig. 4.17) point out that the presence of micro-cracks are on the wear tested surface of 

the alloy sintered at 1150C. 

Fig. 4.17 Optical microscope images of wear track. 
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5. Summary and conclusions 
 

In the present study, a comprehensive effort has been arranged to develop 1.0 wt% nano-

Y2O3 or TiO2 dispersed 304L austenitic alloys by mechanical alloying and subsequent 

consolidation by conventional sintering at 1150 C for 1.0 hour in argon atmosphere. 

Through close analysis of the results in terms of synthesis and characterization, sintering, 

density, hardness, and wear resistant property in three set of alloys, a new perceptive on 

structure-property correlation has distended about nano-oxide dispersed ODS 304L 

austenitic alloys. The summary and conclusions of the current investigations are primed as 

follows: 

 Mechanical alloying is a novel technique for the synthesis of nano-Y2O3 and nano-TiO2 

dispersed ODS 304L austenitic alloys. 

 XRD analysis of the milled alloy powder shows that Cr and Ni peaks are completely 

dissolved in Fe matrix in course of high-energy ball milling for 0-1h. The interesting 

phenomenon is that the new ferrite peak  and austenitic peak  have been observed 

after 1 h of milling, and after 40 h of milling only austenitic peak  is present.  

 Reduction in crystallite size of the parent matrix phase ( phase) to 210-20 nm with 

increase of milling time is observed.  

 Particle size analysis of different stages of milled powders show the reduction of 

apparent particle size to51µm to 15µm with increase of milling time. The similar kind 

of trends has been found by SEM analysis that the average particles size in range of 

55µm to 7µm with increase in milling time.   

 Presence of the nanometric (20-35 nm) dispersed phases (nano-Y2O3or nano- TiO2) in 

304L austenitic matrix are confirmed by FESEM analysis. 

 Alloy C (nano- TiO2 dispersion) consistently records superior property in terms of 

density, hardness and wear resistant  as compared to that of alloy A and alloy B. 

 

Therefore, by evaluation of the above mentioned conclusions recommend that 

mechanical alloying followed by conventional sintering with nano-oxide dispersed matrix 

offering attractive mechanical properties.  
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